
VOL. 7 

P O L Y M E R  
The Chemistl T, Physics and Technology of 

High Polymers 

Editorial Board 

C. H. BAMFORD, PH.D., Sc.D., F.R.S. 
Campbell Brown Professor of Industrial Chenzistry, University of Liverpool 

C. E. H. BAWN, C.B.E., F.R.S. 
Grant Brtomer Professor of hlorganic and Physical Chemistry, 

University of Liverpool 

GEOFFREY GEE, C.B.E., RR.S. 
Sir Samuel Hall Professor oJ Chendstry, University of Manchester 

ROWLAND HILL, PH.D. 

B U T T E R W O R T H S  
L O N D O N  

1 9 6 6  



The Polymerization of Some Ethylene 
Oxides by the Diethylz&c- Water System 

J. MALCOLM BRUCE and  S. J. HURST 

A kinetic study o/ the polymerization of several monosubstituted ethylene 
oxides by the diethylzhtc-water system is described. The results are discussed 
in terms o/ possible mechanisms, and it is concluded that steric factors probably 
play a domhlant role h~ determhdng the rate of polymerization. The poly- 
merization of styrene oxide appears to be of a rather different character 

from that of the alkyl substituted ethylene oxides. 

Tun polymerization of ethylene oxides by products from the partial 
hydrolysis of dialkylzincs has been known for several years, and a recent 
study t of the polymerization of propylene oxide by the diethylzinc-water 
system has shown that when the molar ratio of water to diethylzinc is 0-4 
the monomer is consumed in two stages, an initial fast onz producing low 
molecular weight polymer, and a subsequent slower one yielding high 
molecular weight polymer. However, firm conclusions concerning the 
nature of the catalytically active species could not be drawn, and it was 
hoped that the use of other variously substituted ethylene Oxides might 
afford indirect evidence relating to this problem. Polymerizations of ethylene 
oxide, four of its monoalkyl derivatives, and styrene oxide under con- 
ditions similar to those previously used for propylene oxide are described 
in the present paper, results for propylene oxide being included for 
comparison. 

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

Ethylene oxide was dried over calcium hydride, distilled, and stored at 0°C. 
1-Butene oxide was purified by preparative vapour phase chromatography. 
t-Butylethylene oxide 2, neopentylethylene oxide 2, and styrene oxide were 
fractionally distilled, the latter under reduced pressure. These monomers 
and propylene oxide were stored over calcium hydride. Other materials 
were purified as previously described 1, and reactants and solvents were 
transferred to the dilatometers used for the kinetic studies by the vacuum- 
line technique z. Polymerizations in dioxan using initial concentrations of 
monomer and diethylzinc of, respectively, 0"82 and 0.146 mole l -~, and a 
molar ratio of water to diethylzinc of 0"4 were carried out in the dilato- 
meters at 60°C, but, except for styrene oxide systems when 60°C was 
used, cathetometer readings of the meniscus levels were taken at 25°c, 
the rate of polymerization being negligible at this temperature. The 
densities of 1-butene oxide and neopentylethylene oxide at 25°C, and of 
styrene oxide at 60°C, required for interpretation of the dilatometric results, 
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were determined with a pyknometer and were,  respectively, 0"830, 0"829 
and 1.018 g e m  -3. Densities of the other monomers have been reported 
previously. The dilatometric results for neopentylethylene oxide were 
somewhat scattered above 20 per cent conversion, possibly due to precipi- 
tation of polymer. Reproducible results were not obtained for t-butylethylene 
oxide since separation of polymer commenced at an early stage, and the 
reaction was extremely slow. 

In order to assess the rate of polymerization during the slow stage it 
was necessary to know the value of the dilatometric contraction (Clo0) for 
100 per cent polymerization, and the partial specific volume (3.0) of the 
polymer in the polymerization mixture was therefore required. It was 
determined with a pyknometer at 25°C for dioxan solutions containing 
concentrations of polymer comparable with those produced in the dilato- 
meter: for the polymers from ethylene-, propylene-, and 1-butene-oxide, 
respectively, 3.,=0"919, 1-012, and 1.069 cm ~ g-1. The solubility of poly- 
(neopentylethylene oxide) was too low for comparable measurements to be 
made, and 32 was estimated to be 1-059 cm 3 g-L For poly(styrene oxide) 
32 at 60°C, calculated from the volume contraction per gramme of polymer 
produced, was 0.874 cm ~ g-1. 

The rate of the initial fast reaction was determined from the slope of 
the tangent to the dilatometric contraction, Ct, versus time, t, curve at zero 
time, and the conversion during this stage was found by extrapolating the 
linear portion, corresponding with the slow stage, of a plot of log (C~0o - Ct) 
versus t back to zero time. 

Overall conversions were determined by isolation of the polymers as 
previously described ~. Intrinsic viscosities, ['1], were measured at 25°C for 
benzene solutions, except with poly(styrene oxide) when toluene was used 
as the solvent, and viscosity-average molecular weight (M~) were calculated 
for poly(ethylene oxide) using the equation ~ [,i] =3.97 x 10 -~ ~-o.6s6, and for 

/ o \  
Table 1. Polymerization of ethylene oxides, R:---CH---CH,_ 

Fast stage 

R 10 ~ x Estimated 
initial rate, 
mole 1 -I h -I 

II  3"7 
3-8 

hie 2.1 
1.8 

Et 1-3 
1.3 

ButCHa 0-7 

Bu~ 

Ph ( f )  
(h) 

Estimated 
conv~;a$ion~ 

19 
18 

8 
8 

10 
12 

11 

m 

Slow stage 

I 0 s ×first order Polymeriz- 
rate constant, ation tittle, 

h -x h 

6 '5  786 
4"5 615 

5.1 275 
4- I 277 

2-2 2 124 
1.9 1 451 

0 .2  1 356 

- -  2 793 
2 606 

- -  497 
- -  4 9  ( i )  

Overall 

Conversion, [ ~ ] 
d i g  -1 

81 0.64 (a) 
75 O" 74 (b) 

77 (e) 
71 (d) 

79 3 "5 
66 2"2 

30 0-97 

90 0.56 (g) 
79 0.53 ( j )  

,N'atl#re of 
product 

White 
p o w d e r  

Rubber  

Tacky 
rubber 

Tacky 
rubber 

Viscous oil 
+f ibrous  
material (e) 

Glass 

(a) My=48000. (b) Mr=S8000. (c) 3"~v=480000. (d) ~v=450000. (e) Combined polymeric products 
soluble in benzene at  25" had Mn=6$0. 0') 10 '×Zero order rate conslant= 1"48 mole I-t h't. (g) M"-~= 

125C00; Mn=1000.  (h) 10*XZero order rate cons tan t=l '42  mole 1 "1 h "~. (i) End of fast stage. 

03 ~ =  12o 00o; ff,~= soo. 

2 



T H E  POLYMERIZATION OF SOME ETHYLENE OXIDES 

poly(styrene oxide) using the equation 4 [T1]=6.79x 10-SM°r~L Number- 

average molecular weights (M,) were determined for benzene solutions 
using a Mechrolab vapour pressure osmometer. Proton magnetic resonance 
spectra were measured with a Varian A-60 spectrometer for solutions in 
carbon tetrachloride at 40°C. 

Duplicate experiments were usually performed, and the results are sum- 
marized in Table 1. 

D I S C U S S I O N  

For the alkyl-substituted ethylene oxides listed in Table 1 polymerization 
is characterized by an initial fast consumption of up to 20 per cent of 
the monomer followed by a slower consumption of the remainder, as has 
previously been reported ~ for propylene oxide. The slower stage is first 
order in monomer for ethylene-, propylene-, and 1-butene-oxide, and is 
probably first order for the neopentyl- and t-butyl-compounds also, although 
accurate assessments were not obtained in these cases owing to, respectively, 
the low solubility of poly(neopentylethylene oxide) which necessitated the 
use of an estimated value for O.o, and the very slow polymerization of 
t-butylethylene oxide. Thus the qualitative features of the. polymerization 
are not greatly altered by the substituent R. However, the rates of poly- 
merization are appreciably dependent on it, and for both the fast and slow 
stages are in the order R = H > M e > E t ; > B u t C H _ o > B u  t. The most striking 
changes in the overall conversion rate occur for R=BufCH.o an d, parti- 
cularly, for R = B u  t, and in the latter case the polymer eventually isolated 
is of comparatively low molecular weight. 

Polymerization s of styrene oxide was initially much faster than that of 
the other monomers, and had proceeded to about 80 per cent conversion 
before the slow stage commenced, the rate then being similar to that of 
the slow stage for neopentylethylene oxide. The initial stage appeared to be 
zero order in monomer, and the overall features of the polymerization may 
be different from those of the alkyl-substituted ethylene oxides. 

Precipitation of catalyst was not observed during any of the polymeri- 
zations. The mixture was colourless only for ethylene oxide, but for the 
other monomers it was yellow, the colour being particularly strong with 
styrene oxide. The influence of the phenyl group on the optical properties 
of a monomer--catalyst complex or an intermediate may be responsible 
for this effect. Alternatively, rearrangement of some of the monomer to a 
carbonyl compound, particularly likely with styrene oxide, followed by 
aldol or related condensations might account for the formation of coloured 
materials, but this seems unlikely since the colour was largely destroyed 
when the polymerization mixtures were treated with methanol. Also, the 
proton magnetic resonance spectra of the polymers were consistent with a 
polyether-[-OCH_~CHR-]-, formulation, and their i.r. spectra did not show 
carbonyl absorption. 

The kinetic results can be discussed in terms of cationic active centre 
mechanisms 6 similar to those outlined 1 for propylene oxide. Thus if X ~  
represents a cationic site on the catalyst, initiation will probably involve 
coordination of monomer (as I) followed either by rlng-opening to a 



J. MALCOLM BRUCE and S. J. HURST 

carbonium ion (II) to which further monomer becomes associated to give 
the hybrid (III ~------> IV), or by ring opening assisted by a further monomer 
molecule to give (III ~-----> IV) directly. The polymer (V) would then be 
formed by repetition of one or both of these processes. Either mechanism 

/CHz/ X--O/i H2 X--O/i H2 __CH 2 
X~'*-" O\CH @CH inCH = 0 Cl 

\a  
( I )  (If)  (Ill)  

x -o  . c H 2  X--~OCH2CH__~ i e /  
CH--O I \'H ' c 'R 

\ R 
C1V) CV) 

requires electron-donation from the monomer and/or stabilization of a 
secondary carbonium ion by the substituent R, and the expected order of 
rates of reaction would be R=Ph,  B u t > B u ' C H = > E t > M e > H ,  which is 
the reverse of that observed. However, this argument neglects steri c factors, 
which are particularly great when R = B u  t since attack by monomer at the 
positive centre in (II) to give (III ~--> IV), or alternatively the formation 
of (III ~----> IV) directly by monomer-assisted ring-opening of (I) involves 
reaction at a neopentyl type of carbon atom, and therefore could account 
for the very slow polymerization of t-butylethylene oxide. Similar, though 
less severe, steric effects would operate for other R groups, and may be 
of greater importance in the overall consumption o f  monomer than the 
electronic effects. 

The reaction with t-butylethylene oxide allows a distinction to be made 
between the formation of (III ~---> IV) directly from (I) via a monomer- 
assisted process, or indirectly via the carbonium ion (II) since in the latter 
a 1,2-shift of a methyl group to give a more stabilized ion would be 
expected to occur more rapidly than attack of monomer on (II), and a 
product containing a carbon skeleton different from that expected from a 
normal epoxide polymerization would be formed: 

X__O/CHz X__O/i Hz I~e I~le 
~CH .- CH--Me b X-(- O-- C H2--- CH-- C--~- n 

I I I Me--C--Me Me--C@ Me 
I 
Me 

The proton magnetic resonance spectrum• of the polymer from t-butyl- 
ethylene oxide shows only a singlet at r9.1 (relative intensity 3) and a 
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broad band centred at r6.5 (relative intensity 1), indicating that it should 
be formulated as ~OCH.~CHBu'~-~, and that if a methyl-shift occurs its 
extent is small. If a cationic mechanism operates, and solvent effects are 
not dominant, this implies that ring-opening of (I) does not occur spontane- 
ously, but is assisted by monomer and leads directly to the oxonium ion 
(IV) as has been suggested previouslyL 

The much greater initial rate for styrene oxide than for any of the 
alkyl-substituted ethylene oxides indicates that, at least ifi this case, factors 
other than steric ones are of considerable importance, and although stabili- 
zation of carbonium ions generated at the carbon atom carrying the phenyl 
group would be particularly marked, the differing kinetic features suggest 
that the polymerization of styrene oxide may not be mechanistically parallel 
to the polymerization of monoalkylethylene oxides. 

Similar arguments can be applied to a coordinate anionic (insertion) 
mechanism 7 in which coordination of the monomer on to a catalyst site is 
followed by transfer of an anionic group from the catalyst to the coordinated 
monomer, with concomitant ring-opening, and, again, the sequence of rates 
observed for the monoalkylethylene oxides could be accounted for on steric 
grounds. In reactions of this type steric factors are likely to be large in 
the vicinity of an aggregated catalyst, particularly if it is producing isotactie 
polymer by an insertion mechanism. This lends support to the view x 
that polymerization of ethylene oxides by the diethylzinc--water system 
under the conditions outlined above involves two catalytically active species, 
and it could also indicate that polymer is produced in the initial fast stage 
by an oxonium ion mechanism, and in the later slow stage by. an  insertion 
mechanism. 

We thank Dr C. Booth ]or help]ul discussions, and Miss C. J. S. Gttthrie 
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The Crystallization and Melting of 
Copolymers I The Effect of the 

Crystallization Temperature upon the 
Apparent Melting Temperature of 

Polymethylene Copolymers* 
C. H. BAKEW[" and L. MhNDELKERN 

The apparent melth~g temperatures for it series of polymethylene copolymers 
were determhzed as a fttnction of crystallization temperature and level of 
crystallinity. The copolymers contah,ed #ore 1.2 to 6"4 mole per cent of 
either methyl or n-propyl side groups arranged in random sequence distribu- 
tion. The data could be analysed to yield extrapolated equilibrhtm melting 
temperatures by assuming the formation and melthlg of finite size crystallites. 
The size of the crystallites is taken to be dependent solely on the crystallization 
temperature. In accord with the previous observations of Richardson, Flory 
and Jackson, based o7, directly observed melting temperatures, it is concluded 
that at equilibrium the crystalline phase remahzs pure for n-propyl side group 

copolymers while soIM-solution occurs itl the methyl copolyniers. 

STUDIES and analysis of the crystal-liquid equilibrium in copolymers and 
the constitution of the crystalline phase formed possess all the problems 
associated with classical binary systems. In addition, matters are further 
complicated by the paucity of information in regard to the solidus com- 
position at the melting temperature, the finite size of the crystallites formed 
and compositional defects within the interior of the crystallites. It is not 
surprising, therefore, that many inconsistencies in interpretation exist even 
for a specific set of copolymers. 

In the present series of papers we re-examine the crystallization and 
fusion properties of a series of polymethylene copolymers. We take 
advantage of the previous work on the melting temperature/composition 
relations reported by Richardson, Flory and Jackson ~ on the same samples, 
and the recent information on the formation and melting of a polymorphic 
form of polyethyleneL The construction of phase diagrams, based on 
liquidus composition, is the major concern of this paper. In the accom- 
panying paper we critically examine the constitution of the crystalline 
state for these copolymers. All the experimental aspects of this work have 
been guided by a detailed study of the isothermal crystallization kinetics 
from the melt of the copolymers 3. The basic data thus obtained set limits 

*This work was supported by' a contract with the Division of Biology and ~,Iedicioe. Atomic Energy 
Commission. 

*Present address: Research Department, ICI Fibres Ltd, Harrogate, Yorks. 
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on feasible crystallization temperatures with respect to the time involved 
and the levels of crystallinity attained. Conditions can then be prescribed 
which enable the crystallization process to be conducted both under con- 
trolled conditions and at the highest practicable crystallization temperature 
for each polymer. 

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

Materials--The copolymers studied were kindly supplied to us by Professor 
P. J. Flory and had been prepared by the copolymerization of diazomethane 
with the appropriate diazoalkane so as to give a polymethylene chain with 
randomly distributed methyl or n-propyl side groups. Complete details of 
the preparation and compositional analyses of the copolymers have been 
reported previously by Richardson, Flory and Jackson ~. The compositions 
of the copolymers used in the investigation were as follows" four copolymers 
with methyl side groups were used, the composition in terms of CHR 
per 100 chain C atoms was 1-2 Me, 2"1 Me, 3.7 Me and 5"9 Me for 
copolymers M 1, M 2, M 3 and M 4 respectively. Copolymers containing 
n-propyl side groups had the compositions 2-0 Pr, 4.2 Pr and 6-4 Pr. These 
are denoted by the numbers P 7, P 8 and P 10 respectively. 

Crystallization and melting procedures--The fusion curves and melting 
temperatures were determined utilizing dilatometric techniques. Because 
of the very small quantities of copolymer that were available, a slight 
modification to the usual form of the dilatometer was made so as to 
minimize the volume Of mercury required. This modification consisted of 
using a spacer which was about 1 mm less in diameter than the internal 
diameter of the bulb, and which fitted all the way down into the horizontal 
bulb. Small pieces of bubble-free copolymer film were accommodated in a 
small saddle in the spacer, the ends of which were sealed around the ends 
of the bulb as shown in Figure 1. The stem of the dilatometer consisted 

5 
Figltre/--Schematic diagram of dilatometer 

of a 25 cm length of 1 mm precision bore tubing graduated in millimetres 
along its length. About 0"3 g of copolymer and 20 g of mercury were used 
in each dilatometer. The dilatometers were evacuated and the polymer 
outgassed for several hours at about 160°C before the mercury was Intro- 
duced. The weights of both copolymer and mercury in the dilatometer 
were determined in each case. 

The crystallization of the copolymers was conducted in the following 
manner. Initially the sample under investigation was completely melted, 
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by immersing the dilatometer bulb for half an hour in a silicone oil bath 
above 160°C. The dilatometer was then swiftly transferred to another oil 
bath controlled at a preset temperature to better than 0"02°C. The copolymer 
was then allowed to crystallize isothermally for a time interval predeter- 
mined from studies of crystallization kinetics 3. The times involved ranged 
from only a few minutes to forty days, depending on the composition 
and the crystallization temperature. Each sample was then heated, in the 
manner described below, to determine the apparent melting temperature. 
For subsequent crystallizations it was found necessary to heat the samples 
considerably above the apparent melting temperature in order to obtain 
crystallization kinetics and apparent melting temperatures which were 
reproducible. For purposes of the present study, the melting temperatures 
were deliberately determined utilizing a rapid heating rate. Melting tem- 
peratures so.measured will be termed apparent melting temperatures, T~, 
and should be distinguished from the equilibrium melting temperature of 
the copolymer, T~,, and from the corresponding homopolymer, T'~,. To 
determine the apparent melting temperature, the silicone oil thermostat 
was heated at a rate of 2°C per minute and the mercury level in the 
dilatometer stem recorded every degree, except in the immediate vicinity 
of the melting temperature. In this temperature range observations were 
made every half degree. Identical conditions with respect to heating rate, 
rate of stirring the oil bath and the positioning of the dilatometer were 
employed for each melting process for any one copolymer sample. This 
procedure rendered negligible the difference between the sample tempera- 
ture and the temperature of the oil bath. The heating was continued to a 
temperature some 20°C above the melting point of the sample. An accurate 
extrapolation of the liquidus to lower temperatures could then be made, 
enabling the melting temperature to be more clearly identified -t. A com- 
parison of the liquidus on slow cooling, where true thermal equilibrium 
was established, with the liquidus determined on fast heating demonstrated 
that any error in the latter case was less than 0.5°C. 

R E S U L T S  
The maximum degrees of crystallinity (I-3.) that were attained at the 
different crystallization temperatures for the seven copolymers studied are 
tabulated in Table 1, column (e). The constants necessary to calculate 1 -  ~. 

Table 1. Crystallization times, degrees of crystallinity (l--,X) and apparent  melting 
temperatures T$ for polymethylene copolymers 

m 

(a) 
Copolymer 

(b) (c) (d) (e) (f) (g) 
T e oC t I mDl tto t rain 1 --A t . . . .  ) T~ *C TI m °C 

× 10 -a  (max. l . A )  (low l--A) 

M1 
(1.2% Me) 

121 600 55 18"2 134"5 131.75 
120 150 45 22-0 133.0 130'5 
119 120 50 25'4 133"0 
117 20 14 29.5 132-0 128"5 
115 4-5 10 32"2 131"0 127"5 
113 2 10 35.0 130-5 
110 I 10 36.9 129"7 
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Table 1 (continued) 

(a) (b) (c) (d) (e) (f) (g) 
Copolymer T e *C I i milZ /tot rain 1 --X(max.) T~,~ °C T* m *C 

X 10 -a  (max. 1--•) (low l--2t) 
M2 113 200 50 2"4 125.5 124"0 

(2" 1% Me) 112 100 50 5"3 124.25 123'0 
110 15 50 14.2 123-0 120-5 
109 10 10 15"2 122"0 
108 5 I0 18"4 121"5 
107 3 5 19'4 121 "5 118-5 
106 2 5 21"4 120"5 
105 2 6 23-1 120"5 118"0 
104 2 5 23'9 120"4 118"0 
102 1 4 26'0 120"0 118"0 
100 1 • 5 28"0 119"75 117"5 
98 1 5 29"2 119"25 
96 1 4 30-9 119-0 
93 1 4 32"1 119"0 
90 1 4 33"2 118"75 

M3 100 150 21 4"8 111'0 
(3"7% hie) 98 40 20 7'9 109-5 

96 6 20 10.4 108"75 
94 33 9 13" 1 108-5 
92 2 9 15"3 107"5 
90 2 9 17-0 107-5 
85 1 9 21"1 106"5 

M4 75 50 30 1.0 84 + 1 
(5"9% Me) 72 15 10 • 1-7 83+ 1 

70 10 10 2-6 83 + 1 
68 3 10 4-2 82-3 4- 0-5 
66 2 I0 5"8 82:3 + 0"5 
64 1 5 7"2 82-1 +0-3 
60 1 5 10'5 82"0 
56 1 2 12-9 81-5 
52 1 2 14"8 81"0 
48 1 2 16"I 80-0 

P 7  104" 12-3 113.7 112.0 
(2.0% n-Pr) 103 200 39 12-5 113-0 111"5 

102 70 30 14"4 111"5 110"5 
100 20 10 15"9 110.75 109'0 
98 7 15 18.3 109.0 108"0 
96 2 10 19.3 107"5 106-5 
94 1 10 20'9 107"5 106-5 
92 1 10 22"3 107-5 
90 1 10 23-5 108-0 107.0 
86 I 10 25.4 108-0 
80 1 10 27" 1 107.25 

• isotherm not obtained 
P8 78 30 30 2"7 89'0 

. o /  (4 2 ,o n-Pr) 76 I0 30 4-4 86"5 
74 4 30 6.4 86"0 
72 2 30 8-2 87-0 
70 2 10 10.5 87.0 
68 1 5 11"4 87"0 
66 I 5 12"5 87'0 

PI0 45 2 5 4-4 64+2 
(6"4% n-Pr) 40 2 3 6"6 64+2 

35 2 5 9-0 64 + 2 

I0 
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on a weight fraction basis have already been reported ~, and the additivity 
of the volumes of the two phases has been assumed. The time interval 
which elapses before crystallization is detected is also given in Table 1, 
column (c), while column (d) gives the approximate time required to attain 
the level of crystallinity indicated. 

A typical set of fusion curves obtained on rapid heating is illustrated 
in Figure 2 for copolymer P 7 after crystallization to the maximum attain- 

10 

E 

t~ 
Figure 2--Dilatometer  scale -c-C- 9 
readings as a function of 
temperature for copolymer 
P7 ~-m°/,o n-Pr). Curve A 
crystallization temperature 
90"C, Curve B crystalliza- E 
tion temperature 104°C. o 
Rapid heating o; slow cool- .-=_'~ 8 

ing 0 o 

7 t• 

r 

/ 
- °/* 

. /  
/ 

/ 
./  

/ 
/ 

- -  l •  /J° 
I ! 

90 100 110 120 
T/°C 

able levels at two different temperatures. The liquidus, re-established on 
slow cooling, is also illustrated. It is clear that any thermal non-equilibrium 
between sample and bath during rapid heating cannot exceed 0"5°C. 
Sigmoidal shaped fusion curves, typical of copolymers ~ are observed 
always. There is a definite inflection in the fusion curve for this sample 
after crystallization at 90 ° . This inflection cannot be attributed to any 
experimental discrepancy since its presence was confirmed in several 
repetitive crystallizations and meltings. The shape of the curve in Figure 2 
is suggestive of the melting of a crystalline species in the neighbourhood 
of 97°C in addition to the major melting which occurs at 108°C. 

The apparent melting temperature T~ (obtained on  fast heating)is given 
in the last two columns of the table for each of the copolymers. The 
values listed in column (f) were obtained by melting the sample after the 
level of crystallinity in column (e) was reached. Melting temperatures 
characteristic of the low levels of crystallinity (about 20 per cent of the 
maximum attained) are given in column (g). The reproducibility of T:,,,, 
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for both high and low degrees of  crystallinity, was usually better  than 
+0-2°C.  However ,  for  copolymers M 4  and P I0, where only very low 
levels of  crystallinity could be attained, the uncertainty in T~ was some- 
what greater. 

The apparent  melting temperatures tabulated in column (f) are consistently 
greater than those in column (g). The  effect of  the degree of  crystallinity 
upon T ~  is depicted in F i g u r e  3 for  copolymer  M 2 (2-1 per cent Me) 

123 

122 

121 
o~. 
~E 

12(3 

/ 
- ./" 

T c =11.0 • 

/ 

llE 

I , T 115 I 10 20 
Degree of crystaUinity, "/, 

Figure 3--Plot of apparent melting 
temperature Tm* as a function of 
degree of crystallinity 1--3. for 
2-1% Me copolymer (M 2) at indi- 

cated crystallization temperature 

which was crystallized for various lengths of  time at three different tem- 
peratures. A steady increase of  about  3 ° is observed in T~ as 1--A is 
raised f rom just above zero to the practical max imum of about  0"20. 

A compar ison of the highest apparent  melting points recorded utilizing a 
fast heating process with those obtained by  Richardson,  Flory and Jackson r 
after careful crystallization and subsequent slow heating is given in T a b l e  2.  

Table 2. A comparison of highest apparent melting temperatures obtained on fast 
heating and previous report utilizing slow heating 

( a )  ( b )  
Sample T~ T m 

M 1 1.2% Me 134-5 135 
M 2 2.1% Me 125.5 127 
M 3 . o/ 3 7,o Me I11-0 112 
M 4 5"9% Me 84+I 92 
P7 2'0% n-Pr 113-7 113 
P 8 4-2% n-Pr 89.0 95 
P I0 6.4% n-Pr 64+2 70 

a'~ in this paper ob:ained by rapid heating at the rate of 2"C/min. T m obtained by Richardson. Flory 
and .lackson t usinz slow heatinz rate of l'C per day. 
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THE CRYSTALLIZATION AND MELTING OF COPOLYMERS I 

Higher values for the directly observed melting temperatures are invariably 
obtained when a slow heating process is utilized. The difference between 
the two kinds of melting temperatures becomes greater as the concentration 
of coingredient in either copolymer is increased. A significant amount of 
recrystallization on slow heating is thus indicated. The only advantage in 
the present method is that an extrapolation to the equilibrium melting 
temperature can be made. 

D I S C U S S I O N  

Theoretical background--One of our major objectives was to estimate the 
equilibrium melting temperatures of the copolymers from the experimentally 
observed apparent melting temperatures. The underlying principle utilized 
is based on the assumption that the thermodynamic properties governing 
the stability of the crystallites are solely dependent on the crystallization 
temperature. Moreover it is assumed that the fusion process is conducted 
in such a manner that no changes in the constitution of the crystallites 
occur prior to melting. These concepts have been shown to be quite useful 
in studies Of homopolymers 5 where the major factor is the finite size of 
the crystallites in the chain direction. To assess our results in terms of 
these concepts, we first extend the theory to include copolymers. 

The methods used in the similar prgblem concerned with homopolymers 
are followe# -7. It is necessary to calculate the free energy of fusion of 
an internally perfect crystallite of finite size, formed from a copolymer 
chain. The copolymeric character of the chain, however, requires the 
specification of the composition and sequence distribution of each phase. 
It is shown in the Appendix that if for a binary copolymer comprised of 
A and B units, the probability PA that an A unit selectedat random is 
followed by another A unit independent of its predecessor* then the 
thermodynamic activity of the unit in any phase is equal to this probability. 
Hence 

/,u~ _,,O.1)--~TI,, o (1) 
AoC F ' A . h  - - " ~ " "  PA 

Here.#!~ is the chemical potential of the A unit in the copolymer melt 
and ,,<o,~) the corresponding quantity for the pure liquid homopolymer ~ A , h  

composed of A units at the same temperature and pressure. A similar 
expression, equation (2) can be written for the crystalline phase 

in (2) 

The superscript (c) denotes the crystalline phase and pt¢) is the sequence - -A  

propagation probability of an A unit in this phase. For the special case 
where the crystalline phase remains pure, admitting for example only A 
units into the lattice, P~) is equal to unity. 

From equations (I) and (2) and the corresponding equations for species B 

+ R T  In In 

Ixo!~-b,~'e=Al'au=Alu,+RT In p<o)_RT in P~' (3) 

"This restriction is equivalent to considering cooolymerization processes where only the terminal u ~ t  
influences which of the two units will a d d  to the growing chain. 
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Here, Af. x which equals /~(_o.~)_/~0,,~) is the free energy of fusion per 
repeating unit of the pure A homopolymer of infinite molecular weight. 
At the equilibrium melting temperature T,~ of the copolymer both A]~x 
and A/'B must be zero. The resulting equation describes the equilibrium 
phase diagram in terms of the sequence propagation parameters of each 
phase. The analogy with the phase equilibrium of a binary monomeric 
system is apparenP with the Ps in the present case replacing the usual 
activities. 

Our immediate concern, however, is the melting of crystals of finite size. 
The free energy change in forming a cylindrical crystallite, p sequences 
in cross section and ~ units long, is given by 

AF = n.,A~x.+ ,zAJ; B- 2p0-o -- 2='o/=;0-, (4) 

Here o-u is the lateral interracial free energy per chain and 0-0 the excess 
free energy (or interracial free energy) attributable to a chain as it emerges 
from the 001 face of the crystallite. The number of A and B units in the 
crystallite is given by n,~ and n~. These latter quantities are equal to p~, 
and p~u respectively, where ~.~ and ~B are the numbers of A and B units in 
a crystalline sequence. Since ~x and ~ are equal to ~ equation (4) can be 
rewritten as 

AF ~XAt" 4- ~_ 20-, 2= '/= 

When the definitions of A t "  and A]" B given by equation (3)are used, the 
implicit assumption is made that the sequential distribution within the 
crystallite is the same as that for equilibrium. Hence equations (4) and (5) 
describe a crystallite whose properties, except for size, correspond to that 
for an equilibrium crystallite. At the melting temperature of the finite 
size crystal, T~, AF (T~,) = 0 so that 

2=~/-=0-~ x,Al'x (T~) + x~Ag. (T,*,,) = 2o-,~ + p,/---'-T- (6) 

which can be rewritten as 
2=t/=o % 

Af=(r~,) = + pxt= (6') 

where xx = ~, [ ~ and x~ = ~/~ and the definition of A/" follows immediately. 
Comparison of those equations with equation (3) gives the depression from 
the equilibrium melting temperature of the finite size crystal. 

For the special case where the crystalline phase remains pure, xB=0, 
equations (6) and (3) yield 

T,.-T~ 1 (2~  2=~'20-u~ 
T,. A n .  #,/-----~ .] (7) 

where AH. is the heat of fusion per repeating unit of a homopolymer of 
A units. The similarity of equation (7) with the corresponding equation for 
a pure homopolymer is apparentL When the lateral dimensions of the 
crystallite are very large, pit= > co, equation (7) can be reduced to 
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T= ~ (8)* 

In this development, there is no a priori need to prescribe the molecular 
nature of the interface. The analysis is based solely on the assumption 
of finite size crystals. If the'relation for the melting temperature of a 
crystallite of the same size ~ and interracial energy o-e formed from an 
infinite molecular weight homopolymer is inserted into equation (8) together 
with the equilibrium melting temperature equation for the copolymer 
[obtained from equation (3)], the equation derived by Wunderlich 9 in an 
approximate and indirect manner is obtained. 

In the treatment of homopolymers, it has been shown to be both useful 
and convenient to express the dimensions of the crystallite in terms of 
the critical nucleus dimensions p~r and ~¢r. The additional assumptions 
are often made 5 that the interfacial energies of these two entities are the 
same and that growth in the chain direction does not proceed significantly 
beyond ~'. Hence, in this approximation ~ and ~r are equal. We shall 
initially utilize this approximation to develop the relations between the 
apparent melting temperature of a copolymer and its crystallization tem- 
perature. 

The free energy surface described by equation (5) contains a saddle 
point, the coordinates of which define the dimensions of the critical sized 
nucleus. I t  is readily shown, since the composition of the crystaliite is fixed, 
that 

2r.'/=o-u (9) 
P*"== afo (Te) 

and 
40-° (10) 

;* = (T0-  

We note that the same form is obtained for p* and ~* as for an infinite 
molecular weight homopolymer with AJ~ in the above replacing Afu for 
the homopolymert case s. It is again implicitly implied that the sequence 
distribution within the nucleus is identical to that for the equilibrium 
crystallite at T=. By identifying ~* with ~ and assuming the same o-, for 
both crystallite and nucleus, equation (6') becomes 

A/" (T*,,,)=½Ajf~ (Te) (11) 

when p is large. If the entropy of fusion of the copolymer is independent 
of temperature over the temperature range of interest, then it is easily 
shown that 

T:-I(T,~+Tc)~,- 2 (12) 

in accord with the previous results for an infinite molecular weight homo- 
polymer. Equation (12) therefore can be used as a guide to estimate or 

*If the lateral interracial energy o- u is relatively small then of course the same equation results even if 
p does not become exceptionally large. 

"l'The relations derived for copolymers in th~s Daoer are in the infinite molecular weight approximat'on. 
Extension to the case of chains of finite length follows along the lines previously given for homo- 
Dolymcrs to-tt. 
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extrapola te  to the equi l ibr ium melt ing tempera tures  of  copolymers .  Within 
the l imitat ions of  the approx imat ions  made ,  it is not l imited to copolymers  
whose crystall ine phase  remains  pure. 

Analysis of experhnental data--In accordance  with the suggestion of 
equat ion (12), the apparen t  melt ing tempera ture ,  T~,  is plotted in Figures 4 
and 5 as a function of  the crystall ization tempera ture  for  bo th  types of  

160 

140 

~. 120 

100 

80 

z,O 

o 

60 80 120 . 140 100 160 
Tc°C 

Figure 4--Plot of apparent melting temperature, Tins as a 
function of crystallization temperature T c for Me side group 
copolymers, l'2°tjo Me high crystallinity A, low crystallinity A; 

• O /  2 1 ,o Me high crystallinity C-)., low crystallinity O; 3"7% Me E]; 
5-9% Me V 
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Figure 5--Plot of apparent melting temperature T,~; as a func- 
tion of the crystallization temperature T, for n-Pr side group 
copolymers. 2% n-Pr high crystallinity O, low crystallinity e. 

4-2% n-Pr C1; 6"4% n-Pr A 
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copolymers. There are, of course, two sets of values of T~ for each crystal- 
lization temperature corresponding to the low and high degrees of 
crystallinity. The experimental data, in either case, can only be represented 
by a straight line at the higher crystallization temperatures where the 
crystallization rate is relatively slow. Below these temperatures T~ is 
essentially independent of the crystallization temperatures. The extrapolated 
equilibrium melting temperature is then determined from the intersection 
of the linear portion of the plot with the straight line given by T~ =To. 
The values of T,, obtained in this manner are listed in the second column 
of Table 3 for copolymers M 1, M 2, M 3 and P 7. 

Table 3. Ext rapo la ted  equi l ib r ium mel t ing  t empera tu res  of  po lyme thy lene  
copo lymers  

T m ]rom extrapolated plots 
Copolymer o/ T~ versus T e °C Slope Theoretical* 

m 

High 1--A Low 1--,\ High I--,\ Low l--,\ Tm °C 

M I 
1"2% Me  

M 2 
2"1% Me 

M 3 
3"7% Me 

M 4 
5"9% Me 

P 7  
2"0% Pr  

P 8  
4.2% Pr 

P 1 0  
6"4% Pr 

152 150 

152 150 

140 

140 135 

0"57 

0-69 

0-73 

0"13 

0"73 

0"2 

0"65 

0"72 

0'74 

140-6 

137"4 

131-7 

123"7 

. "137 .8  

129-9 

122"2 

*C~lculated from relation IITm-IITm=-RIAHu In X A under the assumption that the crystalline phase 
remains pure. Here PA equals the mo!e fraction of A units, xA. for a random copolymer. 

The increasing values of T,*,, with increasing levels of crystallinity, at a 
fixed crystallization temperature, can be attributed in part to the change 
in composition and sequence distribution that occurs in the melt as 
isothermal crystallization ensues. Based on compositional changes alone, 
the crystallization process occurs at progressively decreasing undercoolings 
with time 13. Larger, thermodynamically more stable crystallites thus result. 
A qualitatively similar effect has been observed for poly-chlorotrifluoro- 
ethylene 7 which because of its stereo-irregular character must be treated 
as a copolymer. However, similar effects are also observed in homopoly- 
ethylene during the course of isothermal crystallization 14"1~. In this case, 
the changing constitution of the melt as crystallization ensues must have 
an important influence. For present purposes, we are primarily interested 
in the dependence of the equilibrium melting temperatures of the copolymers 
on the liquidus composition. Hence, we shall be mainly concerned with 
the apparent melting temperature obtained after the development of small 
amounts of crystallinity. 
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The slopes of the linear portion of the T~,, against Tc are also given in 
Table 3. The slope for a given copolymer must by necessity lie between 
zero and unity. If crystallites of maximum stability are formed at each 
crystallization temperature, then T~,, would always equal T,,. At  the other 
extreme, when the slope equals unity, 2"*,,, will equal To and the erystallites 
will be inherently unstable. When all the assumptions leading to equation 
(12) are satisfied, then the slope of the linear region of Figures 4 and 5 
should be one-half. The slopes found for copolymers M 1, M 2, M 3 and 
P 7 are all very close to 0.7. These results thus indicate the formation of 
crystallites of lower thermodynamic stability than those consistent with 
the aforementioned requirements. Various possibilities suggest themselves 
to account for this apparent discrepancy. If  the lateral dimensions of the 
crystallites do not become very large, as might be expected in random 
copolymers zs, then a slope greater than one-half could resulP. The distinct 
possibility also exists that the interracial energy o-~ of the crystallite will 
be greater than the nucleus from which it is formed. This effect will also 
lead to an increased slope ~. Moreover, the derivation of equation (12) for 
copolymers is based on the proposition that the equilibrium sequence 
distribution is found within the nucleus and crystallite at T~. This condition 
would be expected to be most difficult to fulfil for any real crystallization 
process. Its violation would lead to a reduced stability and increased slope. 
The various factors contributing to the observed deviations from the 
dictates of equation (12) cannot be separated at the present time. Hence, 
it must be recognized that although it is possible to estimate the equilibrium 
melting temperatures of copolymers by means of a linear extrapolation of 
the data of Figures 4 and 5, the equations derived for this purpose are not 
quantitatively obeyed. 

Phase diagrams, based on the liquidus composition can be constructed 
from the equilibrium melting temperatures determined in the manner 
described above. The diagrams are given in Figure 6. In this figure the 

~,..E ~ 160 l 
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~D 

E 
E 
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Figure 6--Plot of extrapolated 
equilibrium melting temperatures 
as a function of copolymer com- 
position for methyl side groups o, 
for n-Pr side groups O. Solid line 
calculated for crystalline phase re- 

maining pure 



THE CRYSTALLIZATION AND MELTING OF COPOLYMERS I 

solid line represents the melting temperature/composition relation calcu- 
lated on the basis that the crystal lattice contains only CH_, units. The 
result for the n-propyl side group copolymer adheres remarkably well to 
this requirement. On the other hand, the results for the methyl side group 
copolymers are quite different. The plot of the data for this copolymer 
is similar to that previously reported by Richardson, Flory and Jackson ~ 
from their study of the same samples. In the latter work, the melting 
temperatures utilized were obtained on slow heating rather than the 
estimated equilibrium melting temperatures employed here. The initial 
elevation of the melting temperature with increased concentration of coin- 
gredient is strong evidence for solid-solution formation (or possibly com- 
pound formation). Hence for this copolymer a proportion of the methyl 
side groups are present in the crystal lattice as an equilibrium requirement. 

The conclusion reached above with respect to the methyl side group 
copolymers is contrary to those previously reported by Wunderlich and 
Poland tr. It was concluded, from apparently equilibrium thermodynamic 
reasoning, by the latter investigators that  the CHCH3 groups are non- 
crystallizable units which should not enter the polyethylene lattice. This 
deduction was based on the observation that the melting temperature 
continuously decreased as the concentration of coingredient was increased. 
Concomitantly, these investigators observed from x-ray diffraction measure- 
ments that the lattice parameters increased as the concentration of methyl 
side groups increased. They concluded, therefore, that the side groups 
were located in the crystal lattice as so-called 'amorphous defects', 'These 
erroneous conclusions resulted from the failure to account properly for 
the melting of finite size crystals and the neglect of solid-solution formation 
as a possible equilibrium condition. As has been emphasized here and 
elsewhere z, the fact that an experimentally observed melting temperature 
decreases with increasing copolymerie content does not necessarily mean 
that the crystalline phase is pure. 

It has been noted, in discussing the plots of Figtires 4 and 5, that for 
crystallization conducted at the lower temperatures (about 100°C or less) 
T~,, does not vary very much with To. One possible explanation of these 
observations is that the crystallization process is so rapid in this temperature 
range that the major portion of the crystallization always occurs at the 
same temperature and not at the temperature recorded. However, as can 
be noted from Table 1, the crystallization of copolymers M 4, P 8 and P 10 
must be conducted below 80°C because of kinetic restrictions. The slopes 
from Figttres 4 and 5 range from 0-13 to 0-20. A linear extrapolation of 
the data yields equilibrium melting temperatures for M 4 and P 8 which 
are approximately 85°C and 90°C respectively. As is readily ascertained 
from the plots of Figure 6, these values are in complete disagreement with 
the melting points obtained by the introduction of small amounts of coin- 
gredients. It has been recently established, however, that a polymorphic 
crystalline form of polyethylene, whose melting temperature is below 1C0°C, 
will form under these crystallization conditions-°. Hence, the distinct possi- 
bility exists that the copolymers which contain a higher proportion of 
side groups will develop a crystalline structure significantly different from 
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that found at the higher temperatures. This suggestion receives strong 
confirmation from the analysis of the wide-angle X-ray diffraction of these 
copolymers which will be discussed in the following paper lr~. The inflection 
observed in the fusion curve of copolymer P 7 (Figure 2) subsequent to 
crystallization at 90°C can thus be attributed to the melting of the poly- 
morphic structure developed under these crystallization circumstances. 

In analysing the melting of copolymers, a key factor is the recognition 
that the thermodynamic activity of a chain unit, either in the liquid dr 
crystalline phases, is determined by the sequence propagation probability. 
The activity depends on composition only through this latter quantity. 
The important distinction must then be made between the equilibrium 
requirements with respect to the constitution of the crystalline phase and 
the occurrence of non-equilibrium defects. It can be expected that a major 
source of non-equilibrium defects will involve the sequence distribution 
within the crystalline phase. The apparent discrepancies between the con- 
clusions reached in this work, in regard to the constitution of the crystalline 
phase of polymethylene copolymers, and previous reports on the lattice 
structure xS-2x is discussed in detail in the following paper. 

A P P E N D I X  
We wish to calculate the thermodynamic activity of an A unit in a copolymer 
composed of A and B units. If it is assumed that during the polymerization 
reaction only the terminal group governs the selection of the adding 
monomer, then a unique parameter P• exists. This quantity is the probability 
that an A unit selected at random will be followed by another A unit 
irrest~ective of the nature of the preceding units. In terms of the monomer 
reactivity ratios r~ and r2, PA can be expressed as 2~ 

P~ =r~/~/(,'~/., + I~) (13) 
where/,~ and/B are the mole fractions of monomer in the reaction mixture. 

In order to calculate the free energy difference between an A unit in the 
copolymer and in the corresponding homopolymer, the copolymer is treated 
as an ideal binary mixture. Hence we seek, f~, the number of distinguishable 
ways in which the sequences of A and B units can be arranged in the 
linear i:hain. (This is analogous to the classical statistical derivation of 
Raoult's law in three dimensions. In this instance we seek the arrangement 
of sequences rather than units.) As Orr -"3 has shown 

f~ = NA ! Nn ! 
oo o2 
IIN~.~ l IIN~B I (14) 

~X =1 ~lq = 1 

Here NA and N~ are the total number of sequences of A and B units 
trespectively; N~A is the number of sequences containing ~ A units and 
N~n is similarly defined. For this ideal system there is no enthalpic contri- 
bution to the free energy so that by invoking the Boltzmann relation ~3 

AF/kT=Nox [(1 -P~) In (1 -PA)+ In P~ -(1 -P.0  In P,,] (15) 

Only terms dependent on the number of A units in the chain, Nox, are 
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included in equation (15). The other terms are of no importance for 
present purposes. The chemical potential of an A unit in the copolymer 
relative to that in a homopolymer, ,u~,~-/~.~,h is given by 

1~A,o-la~,h=(OAF/ONox).vo~ = R T  In P~ (16) 

Equation (16), based on ideal mixing theory, represents the chemical 
potential of the A units in any phase. The chemical potential thus depends 
solely on the sequence propagation probability and only indirectly on 
composition. This equation can be applied directly to problems involving 
crystal-liquid phase equilibria of copolymers. For example, the equili- 
brium melting temperature T,~ is defined as the temperature at which 
very long crystalline sequences melt. When the crystalline phase contains 
only A units then, since crystallite-end effects can be neglected, it immedi- 
ately follows by applying the conditions for phase equilibrium that 

1/T,~- 1 / T ° = ( - R / A H ~ )  In PA (17) 

This equation has been derived previously by Flory "'-'s using other methods. 
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Cocrystallization in Copolymers of 
c -Olefins II-Butene-1 Copolymers and 

Polybutene Type II/I Crystal 
Phase Transition 

A. TURNER JONES 

The cocrystallizhzg behaviour shown by copolymers of batene with a number 
of linear and branched ct-olefins made with titanium trichloride-diethyl alu- 
mhffrtm chloride catalysts has been investigated by x-rays over a range of 
copolymer compositions and the effect o] copolymerization on the spontaneous 
polybutene Type II (PB I1) to Type 1 (PB 1) crystal phase transition has been 
studied in unoriented specimens and fibres. Degrees o] crystallhrity, crystal phase 
changes / tom those o/ the relevant homopolymers including lattice expansion 
and contraction and helix modification, and melth~g pohrts have been observed. 
Pentene /orms a highly cocrystallizhlg system based on PB I; propylene shows 
limited, and ethylene practically t,o 'isomerism of monomer units'. These 
three comonomers markedly accelerate the PB l l l l  transition, and in sufficient 
amount cause direct crystallization ]rom the melt to PB I. 
Hexene and octene units can enter the PB II lattice but ct-olefins with C > 8 
do trot. Butene-3-methyl butene is a highly cocrystallizing system; 4-methyl- 
pentene and 4,4-dimethylpentene copolymers show limited and no cocrystal- 
lization respectively. Linear ct-olefins with C >" 5 and the branched como,zomers 
retard the PB 11]1 transition and in sufficient amotmt stabilize the PB H ]orm 
completely. For comonomcrs which enter the PB I1 lattice, stabilization is 
attributed to steric inhibition o] the change ]rom a PB I1 11~ (or more likely 
4On) helix to a more tightly coiled 37 (PB/) helix. For those that do trot enter 
the lattice, it is believed that the large units act as 'stops" at the ]old bottn- 
daries, which prevent the helical ~hahzs behrg drawn through the crystallites 
and thus inhibit the transition. The X-ray patterns of some of the copolymers 
show loss of short range order while preserving long range order. Phase separa- 
tion and lack o/ randomness in the copolymers are discussed; the degree o/  
copolymerization attahled with this highly stereospecific catalyst ~;ystem is 
shown to be related to the degree o/ cocrystallization possible hz each 

copolymer. 

THIs paper describes investigations on the cocrystallizing behaviour of 
isotactic copolymers of butene-1 with a number of a-olefin monomers 
branched and unbranched, namely ethylene, propylene, pentene, hexene, 
octene, nonene, decene, dodecene, octadecene, 3-methylbutene (3MB), 
4-methylpentene (4MP) and 4,4-dimethylpentene (44DMP), over a wide 
range of copolymer composition. At each composition crystal phases were 
identified and unit cell dimensions, degrees of crystallinity and melting 
points measured on samples slow cooled at 6°C per hour from above their 
melting points. This was done with a view to obtaining information 
regarding the degree to which copolymerization had taken place, the way 
in which the comonomer units were distributed in the chains, randomly, 
or blocked to different degrees, the distribution of chain composition, the 
degree of cocrystallization, complete, partial or non-existent, and the 
structure of the crystalline phases in relation to copolymer composition. 
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The paper also describes the effect of copolymerization of these monomers 
in accelerating or retarding the transition from the polybutene Type II 
(PB II) 1,z crystal form to the polybutene Type I (PB 1) form3; this takes 
place spontaneously at ambient temperatures in butene homopolymers ~,~. 
Sufficient amounts of comonomers can cause direct crystallization into 
PB I or stabilize the PB II form completely. A summary of the results 
given in this paper was presented at the IUPAC Conference on Macro-, 
molecular Chemistry in Prague, 30 August to 4 September 1965 and will 
be published in Journal oJ Polymer Science, Part C. Full experimental 
details (except for the butene-3MB system, which has been described 
separately 7) are given here complete with results and discussion. 

In Part I of this series of papers on copolym~rs with ct-olefins 8 work by 
Natta and others in this field has been referred to, and some of the 
theoretical considerations involved in cocrystallization have been discussed 
and will not be repeated here. As for the 4-methyl pentene copolymers 
described in Part I, it is useful, in considering the likelihood of cocrystal- 
lization in any olefi n copolymer system, to compare the homopolymer 
crystal phases of the different olefins from the points of view of their 
crystal symmetry and unit cell parameters, crystal density and melting 
point, together with their helical parameters, i.e. monomer units per turn, 
length parallel to the fibre axis per turn (lt), and length parallel to the 
fibre axis c per monomer unit (l,~) and cross sectional area per chain 
(CSA). These parameters have been summarized in Table 1, and for 
convenience of reference many have been taken from High'Polymers 
Volume XX, Crystallhte Olefin Polynwrs 9. 

At the high butene end of the composition ranges where the crystal 
phases observed are mainly those of polybutene homopolymer, or closely 
similar to them, modifications in the structure (helix type or lattice para- 
meters) have been particularly investigated in relation to the effect of 
copolymerization and cocrystallization on the rate of the well known 
spontaneous transition from PB II to PB I and on rates of crystallization. 

The spontaneous crystalline phase conversion from PB II to PB I shows 
an increase in rate from that at 20°C to a maximum at --~ 40°C ~, and then 
decreases with rising temperature until no discernible change occurs at 
N 100°C. The conversion must result from the difference in the free 
energies of the two forms. This difference results from several factors, 
amongst which are (a) the density difference between the forms (which at 
20°C is large, 0.95 g/cm 3 and 0"90 g/cm ~ for PB I and PB II respectively), 
(b) the potential energies of the PB I 3"0 (3~) helix (where all the chain 
bonds are staggered, either gauche or trans), and the PB lI 3.667 (113) 
helix (where they are not staggered), (c) the different side-by-side packings 
of the two forms, and also (tO the mobility of the helices, which must be 
greater in the PB II form of lower density and lower melting point. 
Natta 13 has shown by conformational energy calculations that the energies 
of the two helices are not very different and suggests that the differences 
in stability in the crystalline state are mainly due to their packing 
efficien~-y. The conversion will take place if the thermal motions are 

24 



C O C R Y S T A L L I Z A T I O N  IN C O P O L Y M E R S  O F  ~ - O L E F I N S  II 

E 
> ,  

"5 
o 

E 
o 

J A 

. ~  - - o o o o  o o o o  o o o o  

r q  

~ ~ ~  ~Z. 

~ ~ ~ ~ ~ ~ ' ~ ' ~  ~ ' ~  

• ~ ~ .'2 ,,5 
0 ~, ~ ~ 
OX ~ 

II II II ~ '  

• . . " r ' ~  . : - 6 , , . ~ A ~  

• . 

=o 

o e -  ~"  

~ 4  

~ " o  _ E E . ~ -  

~-~.~ 

o 

0 0 0 0 0 

6 

E 
o 

",7.. 

g 

o 

~1 ~ M  ~ 

U EI E ~ - ~  

E ° o 

o ~ ~ ' - . o  

II I ~-- 0 --~ ,tz: 

25 



A. T U R N E R  JONES 

great enough to.allow the energy barriers involved in the winding up of 
the helix from 3.667 to 3"0 and lengthening to Im=2"17 A from In = 1"87 A 
(Table 1) to be surmounted. It follows that the effect on the conversion of 
the presence in the chains of olefin units other than butene will depend on 
how the balance of these factors is adjusted. This in turn will depend on 
whether the copolymerized units enter the crystal lattice or are in the 
amorphous regions, and (if in the lattice) whether they can readily be 
incorporated in either of the two crystal forms, with or without lattice 
dimension changes, and the corresponding density changes. It will further 
depend on whether one of the butene helices is stabilized at the expense 
of the other; whether the melting points of the phases are raised or 
lowered, thus altering the mobility of the helices, and whether the units 
are randomly distributed in the chains or are present as runs of comono- 
mer units which tend to take up the preferred helical conformation of their 
own homopolymers. The effect of  copolymerization on the conversion is 
thus closely connected with the distribution of comonomer units in the 
chains, the extent to which cocrystallization takes place, and the crystal- 
line phase changes in the copolymers, i.e. with the crystal structure of 
the copolymers which are discussed below. Later it will be shown in 
addition that comonomer units in the amorphous regions can also affect 
the rate of conversion. 

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

Copolymerizations were carried out with TiCIs-AIEt~.CI catalysts by 
methods adapted for each pair of monomers, in particular byadjusting 
monomer ratios to take account of the different rates of polymerization 
and keeping the ratio constant throughout the reaction, but the results 
described below show that true random eopolymerization was not 
achieved except possibly in the butene-pentene system. In some systems 
a large measure of eopolymerization was obtained, in others a practieaUy 
complete phase separation occurred with homopolymer cimins developing 
separately (e.g. butene-44DMP). In the partially copolymerized systems 
chains may be present of varying composition and degrees of blocking, 
and the crystal phase behaviour may be very complicated especially in a 
highly cocrystallizating system. We have found that varying the poly- 
merization procedures with a view to achieving greater randomness did 
not greatly influence the phase distribution observed. Some copolymers 
were prepared with catalysts that had been pretreated by homopolymeriz- 
ing a small known amount of the comonomer, or of another monomer, 
before the eopolymerization was carried out. The copolymer composi- 
tions given throughout refer to 'randomly' polymerized copolymer only. 
The small amounts of homopolymer do not affect the results significantly. 

Copolymer compositions were measured by i.r. analysis. As each 
method is necessarily specific to each copolymer system, they will not be 
described here. The difficulties inherent in composition determinations 
in this type of copolymer where monomer sequences, helical conforma- 
tions, crystal phase changes, degrees of crystallinity and cocrystallization 
are variable over the composition range were well recognized and the 
methods used were designed to be as far as possible independent of these 
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parameters. The composition data, which are given in moles per cent 
throughout, place the copolymers in order across the composition range. 
Particularly in the more complicated systems in the middle composition 
ranges the data are approximate, but this is not important in considering 
the general phase behaviour. The i.r. spectra of the copolymers always 
resembled in broad features a mixture of homopolymers, indicating that 
even where considerable copolymerization was shown to have taken place 
at least short homopolymer runs were present in the chains. 

X-ray photographs were taken by Unicam 6 cm diameter cylindrical 
cameras and a Philips 11 cm diameter p~wder camera, and X-ray 
diffraction scans were obtained with Philips PW1010 or Hilger diffracto- 
meters, both with pulse height analysis. 

In the work described in this paper the emphasis has been placed upon 
observing the change with copolymer composition in various factors such 
as degrees of'crystallinity, rates of conversion from the Type I to the 
Type II crystalline form, and the rates of crystallization using X-ray 
techniques by methods which are both quick and simple to apply. This 
has necessarily been at a sacrifice of absolute accuracy, but usually it is 
the trend with copolymer composition and the variations with different 
o~-olefin comonomers that is required and absolute accuracy is less 
important even if it were obtainable. 

Determhlation o] degree o] crystallhzity 
Degrees of crystallinity were determined by methods similar to that 

used by Natta for polypropylenell; typical examples are illustrated in 
Figure 1 which shows diffractometer scans from several, copolymers 
obtained with the ,Philips diffractometer. In each case a linear background 
was drawn in and the area under the peaks was divided into amorphous 
(A) and crystalline (C) areas. The degree of crystallinity X was taken 
simply as C/ (A+C)  with no further correction. Composite correction 
factors to take account of the effect of Lorentz, polarization and thermal 
factors on the relative areas were not considered very practicable or useful 
for the following reasons. This method is not absolute but the use of 
more absolute methods was ruled out by variations in composition, crystal 
phases and lattice parameters. Moreover the composition of the amor- 
phous phase changes+ with comonomer content and this must .give a 
progressively changing amorphous intensity distribution and replacement 
of monomer units by others in the crystal lattices necessarily creates 
imperfections giving rise to amorphous scattering which will be included 
in the amorphous regions. Where two or more crystalline phases are 
simultaneously present a large number of unresolvable peaks may be 
present, which makes difficult the fitting of the amorphous curve. 
Maximum consistency in the placing of the amorphous curve under the 
crystalline peaks was aimed at, and use made where possible of the distri- 
bution of intensity in the crystalline and fully amorphous homopolymers 
and copolymers where this was known. The degree of crystallinity must 
be regarded as relative not absolute, and care taken in comparing 
crystallinities where a sharp change of phase occurs. 
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Figure /--X-ray diffractometer 
scans of butene homopolymers 
and copolymers Call annealed). 
Major peaks of crystal phases 
other than PBI or II marked 
X: (a) PBI and PB II (dotted 
curve); (b) mixed PBI and 
PB II; (c) 44 per cent propy- 
lene ('PB r arid 'PPr'); (d) 77 
per cent pentene ('PB I'); (e) 15 
per cent 3MB (PB II~ and IIc)r; 
(f) 27 per cent 4MP ('PB I1' and 
'4MP'); (g) 21 per cent 44DMP 
(PB II and 44DMP). Phases in 
parentheses show modified lat- 

tice dimensions 

Rates of conversion from Type I1 to Type I polybutene 
Rates of conversion from PB II  to PB I were measured by an X-ray 

method similar to that of ZanettP but developed independently with the 
aid of the Hilger diffractometer for which a heating oven had been 
designed. Measurements were made on a cylinder of about 2 mm 
diameter and 1.5 cm long cut from a moulded specimen" of polymer. This 
fitted closely into a thin walled 2 mm diameter glass tube transparent to 
X-rays. The tube containing the copolymer was heated to 200°C for ten 
minutes and then quenched rapidly into water at 20 ° to 25°C and immedi- 
ately transferred to the diffractometer and the diffracted intensity recorded 
at once over the 20 range 7 ° to 14 ° to include the low angle peaks HI and 
H2 at 2 0 = 1 0  ° and 11-8 ° which are due to Types I and II polybutene 
respectively [Figure l(b)], and at appropriate intervals of time subse- 
quently. The proportion of the total crystallinity in the Type I I  form was 
derived as described below. To investigate crystallization at higher 
temperatures the temperature of the oven, controlled by a thermistor 
controller, was set to the required crystallization temperature and the 
specimen quickly placed in it instead of being plunged into water; diffrac- 
tometer scans were run as before. 
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Figure l(b) shows an X-ray diffractometer scan of a butene homo- 
polymer indicating Types I and II forms simultaneously. To derive the 
relative proportions of the two forms in the crystalline portion of the 
polymer an amorphous background curve is drawn in under the two 
peaks H~ and H2 at 10 ° and 11-8 ° of 20 as shown, and their heights above 
this curve, h~ and h2, measured. The percentage in the Type II form of 
the total crystallinity (CI~), (i.e. CI+ CII= 100) was taken as 

C~=h,. x 100/(h2+ 2h~) 

It is appreciated that this may appear a somewhat arbitrary measure of 
relative proportions of Types I and II but it is simple and quick to apply. 
The justification for use of the above approximate formula came from 
earlier work when it had been found that C~ and CH derived by methods 
involving resolution of the diffraction scans of butene homopolymer at 
various stages in the conversion from 100 per cent Type II to Type I, into 
the separate peaks of each form, gave results varying less than + 2  per 
cent from the values derived from the above formula, ar, d it was a good 
approximation to take 

CdG~=2hdh,. 
The contraction or expansion of the polybutene homopolymer crystal 

lattice resulting from the inclusion of copolymerized units in the lattice 
causes a small shift of the Types I and II peaks at 10 ° and 11.8 ° of 20 
respectively; the maximum heights of the peaks above amorphous back- 
ground were measured in each case, irrespective of the precise 20 values 
at the maxima. 

Rates of crystallization 
• In the course of the above rate of conversion experiments, the develop- 

ment of crystallinity was simultaneously measured at various times t from 
the start leaving the specimen undisturbed throughout. Immediately after 
the last short scan across H1 and H2, a full scan to give a final crystallinity 
X was obtained. 

If hi and h2 were the heights of peaks H~ and H_, on this scan, t hen  the 
crystallinity X, at any time t was taken as 

X, = X (2h~ + h~) / (2hl + t12) 

when h~ and h i were the heights of the peaks at time t. When the time 
interval was reasonable the crystallinity scan was run when all the Type II 
had converted and h~ was zero, as the crystallinity measurements are then 
more accurate. Comparisons of rates of crystallinity where crystallization 
was directly into the Type I form (hz=0) are necessarily the most 
accurate. 

C O P O L Y M E R S  S t I O W I N G  A C C E L E R A T E D  P O L Y B U T E N E  

T Y P E  I I ' - - > I  P I I A S E  C O N V E R S I O N  

Butene-pentene copolymer structure (6 to 84 per cent pentene) 
Table 2 summarizes data relating to the crystallinity of copolymers of 

varying pentene contents. Crystallinity was observed throughout the whole 
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composition range but the series was unusual because only one phase was 
visible to X-rays over the range 0 to 84 per cent pentene, before and after 
annealing. This was basically the PB I phase, but with intensity changes 
due to the inclusion of pentene units and spacing changes due to a strictly 
linear increase with pentene content in the a cell dimension of the hex- 
agonal cell from 17.6A in PB I to 20-1 .~, at 84 per cent pentene while 
the c (fibre) axis remained constant at 6.5 A. The degree of crystallinity 
dropped progressively to about 40 per cent at 50 moles per cent pen~ene 
and then remained approximately constant over the range where the 'PB I" 
form persists. There is thus a substantial degree of cocrystallization with 
pentene units substituting for butene units without causing a change to a 
polypentene (PPe) crystal phase even at 84 per cent pentene. This fact 
together with the absence of crystal phase separation, which is observed 
in the ethylene and propylene copolymers with butene, suggests that a 
much higher degree of randomness in the distribution of monomer units 
has been achieved in the polymerization. This may well be the result of 
rather similar rates of polymerization of the two structurally closely 
related monomers. Figure l(d) shows the diffractometer scan of the 77 per 
cent pentene copolymer; the lateral lattice dimension changes from those 
of PB I homopolymer [Figure l(a)] are clearly observable with the PB I 
peak at 20-3 ° of 2 0 splitting into equatorial and first layer reflections at 
17.8 ° and 19.3 ° respectively. Only at a level of 84 per cent pentene was 
PPe type crystallinity sometimes observed. Fibres of "this copolymer 
drawn at 20°C showed oriented 'PB I' only, but those drawn at 100°C 
showed a little oriented PPe II also. Heating the latter tibiae at 80°C for 
20 hours converted all crystallinity to the 'PB I' phas e in contrast to fibres 
of pentene homopolymer (II) which convert t o  PPe I under these 
conditions,5. 

Within experimental error a linear reduction in final melting point of 
the 'PB I' phase with pentene content was also observed, so that in this 
phase the melting point varies linearly with crystal density (the density 
was calculated on the assumption that comonomer Units are randomly 
distributed in the polymer chains in both amorphous and crystalline 
phases). This provides additional evidence for isomorphic cocrystalliza- 
tion of comonomer units largely randomly distributed. Melting points 
were measured by X-rays because the rather poor spherulitic texture gave 
rather lower values by the optical birefringence method; the latter indica- 
ted the presence of trace amounts of higher melting spherulites in the 
middle composition range. These must arise from small amounts of 
butene-rich chains. Otherwise these values confirmed that one crystalline 
phase only was present in slow-cooled specimens provided, of course, that 
any PB II initially present had converted to Type I. The rise in melting 
point between 84 and 100 per.cent pentene corresponds to the crystal 
phase change from the 'PB I' phase to the pentene homopolymer phase 
and is reflected in an increase in crystal density (Table 2). 

Butene-propylene copolymer structure (3 to 89 per cent provylene) 
Table 3 gives crystallographic data and final optical melting points for 

'eopolymers of  varying molar composition. Although the method of 
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polymerization, which here involved feeding propylene at constant 
pressure into bulk butene, may favour a sliding composition, copolymers 
later made by improved methods did not differ significantly. 

The crystallinity present at all compositions was basically that of the 
principal homopolymer phases and both PB I and polypropylene (PPr) 
type erystallinity occurred simultaneously in the middle composition range 
but with lateral cell dimension changes. The PPr a-form transverse lattice 
expands progressively with butene content to accommodate larger butene 
units and the PB I lattice contracts owing to inclusion of smaller propy- 
lene units. Microscope observation showed that two physically separate 
phases were present with different melting points, and this was confirmed 
by X-ray examination of fibres drawn at temperatures between 20°C and 
100°C from specimens of ~ ,50/50 composition where highly oriented 
PB I developed but the PPr phase remained unoriented. 

The melting points and degrees of crystallinity showed a broadly 
eutectic behaviour. The cross sectional areas occupied per ternary 
helical chain in the two crystal phases are approaching each other in the 
copolymer composition of 44 per cent propylene, but cocrystallization 
does not occur, even into a third crystalline phase different from either 
homopolymer phase as has been observed in other copolymer systems. 
The results above are consistent with a heterogeneous system with butene- 
rich and propylene-rich, possibly blocked chains crystallizing in separate 
phases, together probably with more random polymer (non crystallizing). 
The difference in sizes between the polypropylene and polybutene side 
chains is too great to allow true isomorphous replacement and cocrystal- 
lization. It seems likely that comonomer units are increasingly accommo- 
dated in each of the crystal lattices as the overall proportion in the 
copolymer increases but in such a way that the change in lattice 
dimensions does not compensate to keep the density constant. The 
density falls until at a certain (as yet unknown) proportion of comonomer 
units the lattice is no longer stable. This suggests that a truly random 
(isotactic) copolymer wouid be amorphous in the middle composition 
range. 

Table 3 also shows that in copolymers made by polymerizing propylene 
after the butene polymerization the two homopolymers crystallize 
separately--polybutene with unchanged melting point and a lattice 
dimension, and polypropylene with a small change probably resulting 
from copolymerization with residual butene, although the system was 
evacuated between the polymerizations. 

Figure 1(c) shows a diffractometer scan of a copolymer containing 44 
per cent propylene showing both phases with modified lattice dimensions 
(the propylene peak at 20= 12.95 ° is at 20= 14 ° in the homopolymer). 

Butene-ethylene copolymers (20 to 91 per cent ethylene) 
Table 4 includes crystallinity and melting point data for copolymers of 
varying molar composition. Since crystallinity of both the polybutene 
type and polyethylene was present at all compositions examined except 
91 per cent ethylene, and microscope, observation confirmed that two 
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physically distinct phases were present the polymerization clearly had not 
taken place randomly. Drawn fibres showed different degrees of orienta- 
tion of polybutene and polyethylene crystallites thus confirming phase 
separation. 

Table 4. B u t e n e - e t h y l e n e  copo lymers  

Moles  % ethylene Crystal form Crystallinity, % * M.pt,  * C 
PB I PE 

24 20 

33 

46 

62 

91 

PB 1 
PE (trace) 
PB 1 
PE (little) 
PB 1 
PE 
PB I 
PE 
PE 

16 

ll 

10 
34 

lit 

'~90 

55 
l l 0  

122 

125 
126 

Major phases in italics. 
*Unannealed (annealed crystallinlties were slightly lower). 

No significant lattice dimension changes in the PBI form of the type 
observed in the copolymers of butene with propylene or pentene were 
observed; moreover the a cell dimension of the PE phase remained 
constant at 7"5 A over the range examined showing, according to 
P. R. Swann 1~, that not more than about 3"6 butene units per 100 carbon 
atoms are present in the lattice. Ethylene units would be expected to 
have a more marked effect than propylene in contracting the butene lattice, 
hence only a few units, probably solitary units, can be present in the 
polybutene crystalline phase. However, the low overall crystallinity and 
the loss of crystallinity in the middle composition range shows that a con- 
siderable degree of copolymerization had taken place without cocrystal- 
lization, and the relative proportions of the crystalline l;hases, degrees of 
crystallinity and melting points are consistent with a phase system of 
butene-rich block polymer and an ethylene-rich block polymer both 
crystallizing to a limited degree probably with varying block lengths and 
overall chain composition together with more random amorphous 
copolymer. The X-ray patterns of unoriented specimens and fibres of the 
butene-rich phases substantiate this; the relative intensities of the diffrac- 
tion spots change with composition, the upper layer lines decreasing in 
intensity with respect to the equatorial layer while the spots remained 
sharp. This suggests good lateral order in the crystallites but limited 
order along the length of the chains, decreasing with ethylene content and 
therefore consistent with blocking. A high degree of cocrystallization 
between the two units is not likely owing to the considerable difference in 
cross sectional area occupied per chain in the polybutene and polyethylene 
crystal lattices; very short runs of non-helically disposed ethylene units in 
the butene rich-phase must disrupt the helical crystallization considerably. 

Copolymers with ethylene, propylene and butene; PB I! to PB I conversion 
The structural investigations of these three copolymer systems have 

shown that PB I is the form preferentially involved in the cocrystallization 
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and it was found that at high butene compositions, where the crystallinity 
is mainly that of polybutene, rates of conversion from PB II to PB I in all 
three copolymer systems were markedly increased compared with the 
average rate in butene homopolymers, even by quite small amounts of 
comonomer. Table 5 gives the proportion of PBII  crystallinity (of the 
total I + II crystallinity) present at various times from the start of crystal- 
lization after quenching the copolymers from 200°C to between 20 ° and 
25°C and also to 50°C for copolymers with propylene. These data are 
taken from graphs of percentage PB II versus time. It will be seen that 
in all three copolymers the proportion of PB II initially produced becomes 
progressively lower as the overall comonomer content increases, until 
eventually crystallization takes place directly into the PB I form. The 
tables also show that as the proportion of PB II decreases the rates of 
crystallization also drop and progressively lower final crystallinities are 
attained. The latter were measured when the crystallinity was sub- 
stantially converted to PB I. 

The butene-propylene series of copolymers has been most extensively 
investigated so far. Up to N 10 per cent propylene the initial develop- 
ment of PB II on quenching to ,-~ 20°C and its conversion to PB II is 
somewhat variable, and probably reflects variations in the degrees of 
randomness of the copolymer due to differences in polymerization condi- 
tions. Above 10 per cent propylene crystallization occurs substantially 
directly into PB I with only a little PB II developing initially and traces 
developing in the course of crystallization. The initial rate of 
crystallization is still high (even at 30 per cent propylene) compared with 
the pentene series at the point where PB I develops directly, but the final 
crystallinities reached at 20°C were, as expected, consideIably lower than 
those attainable by slow cooling with the difference increasing with pro- 
pylene content. In a block polymer containing 30 per cent propylene 
(propylene polymerized first), the transition was only marginally accelera- 
ted compared with that in butene homopolymer showing that it is the 
randomly polymerized propylene that is effective. The relatively small 
accelerating effect of the blocked polypropylene is probably similar to that 
reported by Boor and Mitchell 17 in polybutenes to which small amounts 
of crystalline polypropylene had been added. 

At a quench temperature of 50°C (Table 5) direct crystallization into 
PB I did not occur until much higher propylene contents (~-~ 25 per cent) 
were reached. The initial rate of crystallization, particularly at ,-, 30 per 
cent propylene, had dropped considerably compared with the rate at room 
temperature and the copolymers were initially amorphous for several 
minutes. Figure 2 shows the rate of conversion to PB 1 on one sample 
containing 22 per cent propylene at various temperatures up to 60°C; the 
rate drops progressively up to 50°C, but rather unexpectedly at 60°C a 
higher proportion of PB I develops initially although not much further 
conversion occurs. 

In the butene-pentene series a considerably higher proportion of 
comonomer was required to effect direct crystallization into PB I. Rates 
of crystallization were much less reduced than in the butene-ethylene 
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Fig.re 2--PB II-PB I con- 
versions in 22 per cent pro- 
pylene copolymer quenched 
to various temperatures. 
Dotted lines represent rever- 

sion to 20*C 

copolymers at the same molar comonomer content and the final crystal- 
inities eventually reached were much higher in line with the higher 
annealed crystallinities. 

C O P O L Y ' M E R S  S H O W I N G  S T A B I L I Z A T I O N  O F  T Y P E  I I  
P O L Y B U T E N E .  B U T E N E - - L I N E A R  O ~ o O L E F I N  

C O P O L Y M E R S  

Table 6 lists crystallographic data obtained at several comonomer contents 
on the six copolymer systems of this series examined from hexene-1 to 
octadecene-1. Detailed examination was confined to copolymers of low 
comonomer content showing PB crystallinity only and where the crystal- 
linity remained relatively high to provide evidence on the stabilization 
of PB II. 

Stabilization h~ Type II Jorm 
In all these copolymer systems some degree of stabilization of PB 1I 

was observed. The degree of stabilization attained and the level of 
comonomer giving the highest stabilization was found to vary with the 
procedure used to measure it, and observations by several methods were 
made in order to make an overall assessment of each copolymer. The 
relative proportions of PB II and PB I crystallinity developed were 
measured by the method described in the experimental section and com- 
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pared with butene homopolymer treated under the same conditions (a) 
versus time in copolymers slow-cooled from 150°C at 6 degrees per hour, 
(b) versus time in compression mouldings quenched from 200°C (I0 min) 
to 20°C (here the degree of crystallinity is, as expected, appreciably lower 
than in the slow-cooled specimens) and (c) in similarly prepared mouldings 
(I in. x ~ in. x -~ in.) which were subjected immediately after moulding 
to rapidly applied and instantaneously released compressive forces of 
1.1 x l0 s and 2.2 x l0 s dyne/cm', and (d) in fibres drawn at varying 
temperatures. Several copolymers, particularly those ef lowest comono- 
mer content' showed considerable stability if left undisturbed by methods 
(a) and (b) but were still inherently unstable as they were appreciably con- 
verted if struck with a hammer or cut with a knife; it is well known that 
conversion of PB II is assisted by mechanical shock and by pressure 3,~ and 
method (c) was designed as a quick method of testing the stability of the 
copolymer in this respect. Where the mouldings were flexible this 
necessarily resulted in considerable deformation of the specimen. 

If conversion to not less than 70 per cent PB II is taken as the criterion 
of good stabilization on mouldings examined by method (c) (2-2x 10 ~ 
dyne/cm"-) then those copolymers marked with a rubric are all well 
stabilized by methods (a), (b) and (c). Results on fibres are discussed 
below and are generalized in the last column. Octene and nonene 
copolymers show the best stabilization and require the lowest comonomer 
contents to produce effectively complete stabilization (,--, 7 per cent octene 
and 4 per cent nonene) while 13 p~r cent hexene is required. Although 
5 to 7 per cent decene and dodecene produce stabilization, a fall-off in 
stabilization is observed above ,~7  per cent. Octadecene shows only a 
small degree of stabilization. 

Crystallhffty and melthzg pohtts 
The relative proportions of PB I and PB II of the total crystallinity must 

be assessed alongside the overall degrees of crystallinity since the results 
are necessarily less accurate where the crystallinity is low. The degrees of 
crystallinity in the PB II form (immediately after slow cooling) fall off 
markedly and regularly with increasing amounts of comcnomer and with 
increasing size of comonomer unit at comparable molar percentages. At 
the higher comonomer concentrations the crystallinity was sometimes 
decreased by slow cooling, presumably because crystallization from the 
melt is hindered by chain entanglements with the long side-groups. This 
effect was found in copolymers of 4-methyl pentene with linear a-olefins 8. 

The melting points given (PB II form), which in each case are final 
melting points, decrease in a regular manner with comouomer content, 
and with increasing size of monomer unit for the lower a-olefin comono- 
mers; with the higher o~-olefins as comonomers (nonene upwards) melting 
takes place over a much wider temperature range, sometimes starting 
from room temperature, compared with the hexene copolymers where the 
melting points are much sharper. Hence, the final melting points can be 
rather misleading. Both crystallinity and melting point behaviour are 
consistent with appreciable copolymerization having taken place, but with 
increasing range of chain compositions as the ,x-olefin increases in size. 
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The retention of even a small amount of crystallinity in the hexene and 
octene copolymers containing ~ 20 per cent comonomer suggest that 
possibly some degree of isodimorphic replacement of monomer units has 
taken place. This is consistent with the relatively sharp melting points 
of the hexene copolymers. It may alternatively be that, here too, there 
is a spread of chain compositions with butene-rich chains present which 
are more crystallizable than the remainder. No phase separation (except 
PB II. > I conversion) is observable under the microscope except at high 
contents of the larger comonomers (e.g. 12 per cent decene), but the 
spherulitic texture is poor and the melting points indistinct..The copoly- 
mers containing 7 per cent dodecene of final PB II m.pt 97°C gave a 
double melting point of 98°C (PB I---disperse phase) and 89°C (PB I I - -  
continuous phase) after partial conversion which is consistent with a 
butene-rich PB II crystallinephase converting first to PB I, leaving a less 
rich phase of lower melting point. No homopolymer of decene or 
dodecene is present since the X-ray diffraction scans of the copolymers 
containing 20 to 30 per cent by weight of comonomer do not show the 
typical low angle maxima at 20=5.9 ° and 5-5 ° 20 respectively. 

Table 7. Butene-linear a-olefin copolymers---equatoriaI lattice dimensions 

Mol. % PB 1 PB II ColllOllOllleF 
comononler a-axis, ,4 a-axis, A 

None 
Hexene 

Octene 

Nonene 
Decene 

Dodecene 

7 
13 
16.5 
6.5 
9-5 
6 
5-5 
7 
7 

17.65 
18.0 
18-36 
18.37 
17.98 
18.08 
17-85 
17-85 
17-85 
17-74 

14.85 

15-18 
15.25 
15.01 
15-14 
15.09 
15-01 
14.97 
14.91 

The hexene and octene c o p o l y m e r ~ w e d  a distinct increase in PB II 
and PB I lateral cell dimensions in slow cooled specimens (Tab le  7). It 
is doubtful whether the slight expansion of the lattices shown by 
copolymers with nonene and decene at ,--, 6 per cent comonomer is signi- 
ficant, but certainly the 7 per cent dodocene copolymer shows no lattice 
expansion. These results are consistent with some hexene and octene 
units entering the lattice and this in part can explain the retention of 
crystallinity at high monomer contents. As expected a greater expansion 
of the more compact PB I lattice (44 A 2 per chain) is found than in the 
P B I I  lattice (55 A" per chain). Marked intensity changes in the P B I  
X-ray pattern from those of butene homopolymer are observed in both 
annealed and unannealed copolymers containing 16.5 and 13 per cent 
hexene, which must arise from the incorporation of hexene units in the 
lattice; at 7 per cent hexene there was little change and no intensity 
changes were observed at 9"5 and 13 per cent octene (as originally made) 
or 6 per cent nonene. Whilst it is clear copolymerization has also taken 
place in the nonene to octadecene copolymers, comonomer units do not 
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enter the PB crystal lattice in dodecene and octadecene, and probably not 
in decene or nonene either. 

In general the physical texture of the copolymers varied according to 
their degree of crystallinity independently of comonomer content. At 
crystallinities of 30, or --~ 40 per cent (Table 6) they were received as 
white powders or relatively hard crepes which could be pressed into 
flexible mouldings. Below ,--, 30 per cent crystallinity they were rubbers, 
becoming softer and sometimes sticky as the crystallinity decreased. 

Fibres 
It is well known that in fibres drawn from butene homopolymer, the 

conversion of any oriented PB II crystallinity formed initially is so rapid 
that it is difficult to get an X-ray photograph of a fibre showing appreci- 
able PB II ~,~. Fibres of this series of copolymers were cold drawn at 
N 20°C and warm drawn at ~-, 70 ° to 100°C from copolymers at most of 
the compositions listed in Table 6 and the development of PB II and its 
conversion to PB I were followed qualitatively by X-ray diffraction 
immediately after drawing and at various time intervals. 

Cold drawn fibres of hexene copolymers showed oriented PB I pre- 
dominantly up to 13 per cent hexene, but as the temperature of draw rose 
the proportion of oriented PB II increased and at 90 ° to 100°C PB II  
predominated initially in all specimens. The rate of conversion to P B I  
was slower in fibres drawn at 90°C from copolymers containing 3"5 and 
7 per cent hexene, than in fibres of butene homopolymer, but very little 
PB II was left after one day. At higher hexene contents the PB II  form 
became increasingly more stable and the 90°C fibre of a 16.5 per cent 
copolymer was only very slightly converted after six months. 

A similar type of pattern was followed in all the copolymers of this 
series. In general cold-drawing at low comonomer contents favours the 
initial development of PB I, while development of PB II and stabilization 
in this form is favoured by higher temperatures of draw and by higher 
proportions of comonomer in both cold- and warm-drawn specimens, but 
stabilization tends to fall off beyond nonene. Both cold- and warm-drawn 
fibres from octene copolymers showed well stabilized PB II at all compo- 
sitions above 3.5 per cent, as did also warm.drawn fibres from copolymers 
containing 6 per cent nonene; at 4 per cent nonene slow partial conversion 
took place. Well stabilized PB II developed in warm-drawn decene 
(5"5 per cent and 7 per cent) and dod~cene (7 per cent) fibres, but  there 
was evidence for a decrease in stability at higher comonomer contents in 
both copolymers as also Shown by unoriented specimens; cold-drawn 
dodecene copolymer fibres also showed much higher initial PB I develop- 
ment than did the octene copolymers. Octadecene copolymers (1 to 3 per 
cent) showed very poor stabilization of PB II; PB I predominated in all 
fibres except the warm-drawn 3 per cent fibre and this converted to PB I 
predominantly after one day. 

Warm-drawn fibres showed the highest orientation and in several 
copolymers sufficiently high orientation.was obtained for a determination 
of the helical conformation of the chains to be made by the method of 
Coehran, Crick and Vand18; this in each case was 3.636 (40H) [see 
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Figure 3--Butene  homopolymers containing:  (a) 15 per cent 3MB, fibre 
drawn ,-~ 100°C (PB II~ form r, 3710 helix); (b) 5"5 per cent decene, fibre 
drawn ~ 100°(2 (PB II, 4011 helix, with some PB I); (c) 62 per cent 3MB, 
unoriented, annealed (P3MB chiefly); (d) 62 per cent 3MB, fibre drawn 

120"C and annealed at constant length 120"C (PB Ilb ~ chiefly, some 
P3MB); (e) 52 per cent 4MP, fibre drawn ~ 180"C (P4MP chiefly and PB II 
with weaker layer lines missing); (f) 32 per cent 4MP, fibre drawn ,-~ 180°C 
(PB II chiefly--weaker layers just present and P4MP--weaker  layers missing) 
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Figure 3(b)] although the distinction from a 3.625 helix (29s) is not always 
certain. As the proportion of comonomer increased the X-ray fibre 
photographs showed increasing signs of disorder in the crystal lattice. 
The helical conformations and the lattice disorder are considered later in 
the discussion. 

C O P O L Y M E R S  S H O W I N G  S T A B I L I Z A T I O N  O F  T Y P E  I I  

P O L Y B U T E N E .  B U T E N E - B R A N C H E D  ~ - - O L E F I N  

C O P O L Y M E R S  

Butene-3-methylbutene (4 to 96 per cent 3MB) 
This system has already been described 7. The crystal forms of poly- 

3MB and polybutene are crystallographically quite different (Table 1), so 
that true isomorphism is not possible; nevertheless this system showed a 
high degree of cocrystallization and the crystallinity nevec dropped below 
50 per cent in slow-cooled specimens even in the middle composition 
range. In this range several crystalline phases were obse~'ed which were 
related to the PB II crystal form but differed in helix and showed 
expanded tetragonal a-axis cell dimensions which must result from 
accommodation of monomer units of both types in the lattice; the melting 
points of the major crystalline phases rose with overall 3MB content in 
confirmation of this. Figure l(e) shows a diffractometer scan of a 15 per 
cent 3MB copolymer (unoriented) showing such modified PB II phases 
(Types IIa and IIc principallyT). Inclusion of 3MB units in the PB lattice 
caused marked stabilization of the PB II form, which was complete in 
fibres drawn at about 100°C at 10 to 15 per cent 3MB and in un0riented 
specimens at 8 per cent 3MB, while some degree of stabilization was 
effected by ~ 5 per cent 3MB as measured by a decreased rate of con- 
version to PB I. Stabilization results are included in Table 6 for com- 
parison with the other copolymers listed. At 8 per cent 3MB the helix 
was 3.667 (113) and at ~ 15 per cent 3MB is 3.70 (3710), see Figure 3(a). 
The multiplicity of phases observed suggests that chains of variable com- 
position and degree of blocking are present. Cop01ymers in the middle 
composition range can develop predominantly phases related to P3MB or 
to PB II depending upon their treatment. Figure 3(c) and 3(d) show X-ray 
photographs of a copolymer containing 62 per cent 3MB annealed un- 
oriented (P3MB type chiefly) and as a fibre drawn and annealed (PB IIb 
chiefly) 7. 

Butene-4-methylpentene copolb, mers (3.5 to 92 per cent 4MP) 
Table 8 gives crystallographic data on a number of copolymers selected 

to cover the full composition range from those examined. Basically two 
crystalline phases only were observed, those of P4MP and PB II (with 
Type I occurring at very low 4MP contents), but both phases were modified 
by inclusion of monomer units of the second type, which was shown by 
the gradual change in lateral (tetraeonal) a unit cell dimensions of both 
forms (decrease and increase respectively) with overall composition and a 
gradual change in melting point of both forms. Crystallinity was observed 
at all compositions, but dropped in the intermediate range where both 
phases were present simultaneously. It was clear the polymerization had 
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Table 8. Butene--4MP copolymers---crystallographie data 

AIol. % Crystal Crystal- Optical" a-axis, .d * 
4MP [orms* linity, %* m.pt°C P4MP PB 11 

0 
3"5 
5 
7 

I1 
14 
27 
32 
52 
79 
85 
92 

100 

4MP 
4MP 
4MP 
4MP 
4MP 
4MP 
4MP 

PB 1111 
PB l l l l  
PB 1111 
PB 1I 
PB !! 
PB il 
PB 11 
PB II 
PB II 

~"55 
40 
38 
40 
33 
31 
34 
30 
35 
45 
46 
57 
65 

P4MP PB II 
118 
112 
109 

103 
103 

196 '~ 100 
226 ~ 100 
235 
235 
240 
248 

14"85 
15"00 

15"1" 
15"15 
15"2 

17"9 15"35 
18"1 15"45 
18"2 ~15'6 
18"4 

18"5 
18"6 

*Slow cooled from 250"C. Major Dhases in italics. 

resulted in the development of butene-rich and 4MP-rich chains which 
separated into two crystalline phases on slow-cooling. True cocrystalliza- 
tion did not occur, owing to the difference in size of the monomer  units 
(compare the CSAs of the 4MP and PB I I  forms in Table 1), but a marked 
degree of replacement of monomer units occurred resulting in introduction 
of disorder into both phases, shown in X-ray photographs by loss of 
weaker reflections of both forms in both oriented, a n d  unoriented 
specimens. The a unit cell lengths were still very different in the middle 
composition range (Table 8). 

In copolymers of high butene content the helical conformation of the 
chains in the crystallites deduced from X-ray fibre photographs was 3.636 
(4011) at N 5 per cent 4MP and at N 10 per cent 4MP was 3.625 (298) 
although the distinction between these two helices is rather fine. At  27 
per cent 4MP, however, the weaker layer lines defining the PB I I  helical 
conformation had become very indistinct and the helix was uncertain, and 
at 52 per cent 4MP they had disappeared giving an apparent repeat of 
6 .9A corresponding to the pitch of the helix. This phase was now so 
disordered that only the three strongest reflections (two equatorial and one 
first layer, c=6-9)  were still observed, but these were still strong and 
sharp. The cold.drawn fibres of the 52 per cent 4MP copolymers showed 
this highly oriented 'PB I I '  crystallinity, with some less well oriented 
P4MP. At higher draw temperatures 100 ° to 180°C the P4MP phase well 
oriented predominated, presumably because the less mobile 4MP-rich 
chains had now had opportunity to crystallize; the odd layer lines charac- 
terizing the 7., helix were weaker than in the homopolymer but still present 
[Figure 3(e)]. At  32 per cent 4MP 'PB I I '  predominated at all draw 
temperatures with intermediate layers very weakly present [Figure 3(f)], 
but the proportion of P4MP increased with temperature of draw and the 
odd layer lines were now missing in this phase (apparent repeat 6"9 A) 
although annealing the fibres at constant length at l l0°C developed these 
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layers weakly and increased the proportion of P4MP. The structures of 
the disordered phases are discussed later. 

From what has already been said it will be apparent that the inclusion 
of 4MP units in the butene lattice stabilizes the PB II crystal form. 
Table 6 includes results on butene-4MP copolymers (3"5 to 14 per cent 
4MP) which have been investigated for PB II stabilization by the same 
methods as the butene-linear o~-olefin copolymers. As before the level of 
comonomer conferring stabilization varies somewhat with the test method 
but in general from these results and others not recorded here, some degree 
of stabilization, as measured by a slower rate of change to PB I in 
annealed specimens and quenched mouldings, is present at 3.5 per cent 
4MP. increased stabilization at 5 per cent, and good stabilization by all 
methods at 7 per cent and above. Some variation in stabilization was 
observed below N 7 per cent and could be due to variations in the degree 
of randomness in the distribution of 4MP units. 

As in the butene-linear o~-olefin series, drawn fibres showed a mixture 
of PB I and PB II at high butene contents, but the proportion of PB I 
developed initially decreased as the temperature of draw rose and as the 
4MP content rose, and stabilization of PB I1 increased with increasing 
4MP. At 14 per cent 4MP fibres drawn 120°C (PB II with a trace of I) 
showed only a small conversion after 18 days. At 26 per cent 4MP some 
PB I stilI developed on cold drawing, but not on drawing at 75 ° to i l 0 ° C  
and the latter fibres had remained completely stable in the PB II  form 
after six months. Hence stabilization in fibres requires a somewhat higher  
content than unoriented specimens. 

Btftet~e-4,4-dhtzethylpetztene copolymers (I to 93 per cent 44 DMP)  
All the copolymers were crystalline (Table 9) and showed the two 

normal homopolymer phases simultaneously in varying proportions with 
no change in lattice dimensions of either form (P44DMP is mainly 

Table  9. Butene- -44DMP copolyrners- - -crys ta l lographic  da ta  

Moles ~ Crystal Crystal- Optical 
4 4 D ~ I P  forms"  linity, O:/o * m.  pt  ° C* 

4 4 D M P  PB  11 

51 110 I 
3"5 
5"0 
8"5 

21 
50 
78 
93 

100 

PB I!, I t  
4 4 D P M t  PB l l ,  I t  
4 4 D P M t  PB l l ,  I t  
4 4 D P M  PB H 
4 4 D P M  PB 11 
4 4 D M P  PB 11 
44DMP ? 
44DMP - -  
44DMP 

43 
38 
30 

3>47 
60 
61 

:>350 103 
>350 99 
>-350 91 
>350 
>350 

*Slow cooled from 350"C under nitrogen. 
"tTrace. 
Major phases in italics. 

characterized by strong diffraction lines at d=10 .1  A and d=5-55 A); 
this shows that 44DMP units are not entering the polybutene lattice, and 
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probably few butene units are entering the P44DMP lattice since lattice 
contraction would be likely to result. The presence of crystallinity of the 
minor component at very low levels shows that the copolymers are not 
random but must contain butene-rich and 44DMP-rich phases or  mixtures 
of homopolymer chains or both. Under the microscope two physically 
distinct phases are seen confirming this. The melting points of the butene 
phase decrease with decreasing butene content suggesting that some co- 
polymerization has taken place; the melting point of the P44DMP phase 
is always > 350°C. 

Confirmatory evidence that copolymeriz,ation of some 44DMP units into 
the butene-rich phase has occurred, comes from the marked stabilization 
of the PB II form even at very low levels of 44DMP. Most specimens 
examined as made were in the Type III form of polybutene but on slow 
cooling from 200 ° to 250~C they showed good PB II stabilization. Even 
at only one per cent 44DMP no conversion to PB I had taken place after 
one year and only about half the PB II crystallinity present was converted 
to PB I by a sharp blow with a hammer. At  ~,  3 per cent or more 44DMP 
the copolymers were completely stable in the PB II form and only a trace 
of PB I was produced on hitting with a hammer specimens containing 
3.5 per cent and 5 per cent 44DMP. Quenched mouldings were equally 
stable. Fibres drawn ,--, 100°C from strips of pressed sheet of copolymers 
containing 3-5 per cent and 6 per cent 44DMP, showed oriented PB II 
crystallinity with only a little PB I and only slow conversion of a small 
part of the PB II  crystallinity took place in 12 months. Fibres drawn at 
---, 100°C of copolymers containing 8.5 and 21 per cent 44DMP, showed 
oriented PB II mainly, some PB I and some much less well oriented 
P44DMP, and again substantially no conversion of the PB II  took place 
in 12 months (the 21 per cent copolymer drawn N 1 5 0  ° showed no PB I). 
The difference in the degree of orientation of the two phases confirms 
their physical distinctness. At higher 44DMP contents it was not possible 
to draw fibres. 

As a large proportion of the--44DMP content is present as P44DMP-rich 
copolymer even at high butene contents it seems likely that never more 
than very few moles per cent 44DMP are present in the butene-rich phase 
and these are sufficient to cause PB II stabilization. Further information 
on this point should be gained from fractionation which is now 
proceeding. 

D I S C U S S I O N  

Copolynler structure and polybtttene Type I I  > Type 1 phase transition 
Consideration of Table 1, particularly the cross sectional areas (CSA) 

per chain of the homopolymers, which reflect the size of the side-groups, 
suggests that the greatest degree of isodimorphic replacement of monomer 
units is likely to occur in the butene-3MB and butene-pentene systems 
which in fact have shown the highest degree of cocrystallization as already 
described with butene-pentene copolymers showing one crystal phase only 
from 0 to 84 per cent pentene. The degree of cocrystallization falls as the 
size difference increases. T h e  particular form of polybutene with which 
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cocrystallization takes place preferentially is likely to be that which lies 
closest in helical parameters and CSA with those of the homopolymers of 
the comonomer, and the degree of cocrystallization (complete, partial or 
non-existent) will depend upon the ease with which chains containing both 
monomers randomly disposed or partially blocked can adjust to a 
common helix and fibre repeat (possibly different from those of either 
homopolymer) and pack side-by-side in a stable array which in turn 
depends on whether the CSAs now occupied by each type of monomer 
unit are not too different. 

Copolymers with linear a-olefin comonomers 
The results given above show that in the butene-ethylene system only 

very limited accommodation of monomer units of the second type in the 
homopolymer phase can occur owing to the large difference in size. With 
the larger propylene units as comonomer, partial isomorphic replacement 
occurs with appreciable incorporation of propylene units in the polybu- 
tene lattice and vice versa and lattice dimension changes, but no true 
cocrystallization. The propylene units are more stable in the PB I form, 
the form with identical (31) helix and fibre repeat (6.5 A) to the a-form 
of polypropylene, and produce a corresponding increased rate of 
PB II ---->- I conversion. 

Copolymers with hexene and higher a-olefins of high butene, content 
show a gradually decreasing ability to include comonomer units in the 
lattice. Hexene and octene units are already too large for true isodi- 
morphic replacement but some units can enter the PB lattice as shown by 
the lattice expansion. It is doubtful if even a very few nonene or dezen. ~ 
units can enter the lattice and dodecene-1 units do not. The PB II form 
primarily is involved and the effect of inclusion of these c0monomer units 
is to inhibit the conversion to PB I and stabilize PB II, i.e. the lattice of 
lower density (higher CSA) which more readily accommodates the larger 
side-groups. Nevertheless stabilization of PB II increases up to octene 
and nonene and is still good up to dodecene. Hence, stabilization is not 
only effected by entry of larger units in to  the lattice but by copolymerized 
large groups in the amorphous regions also. The helical parameters (m,  
it and !,,,) of polyhexene are closer to those of PB II than PB I (Table 1). 
Table 10 summarizes the helical conformations observed in highly 
oriented fibres of copolymers showing stabilization of PB II. The helix 
is 3.636 (401,) (or possibly 29,) in all the linear a-olefin copolymers where 
sufficient orientation was obtained for a determination to be made TM, and 
this includes one per cent octadecene. Figure 3(b) shows an X-ray fibre 
photograph of the 5.5 per cent decene copolymer typical of those obtained. 
The distinction from the very similar helix 3"625 (29,) is not completely 
certain as it rests entirely on very small changes in the ~ values of the first 
two observable layer lines and demands very high orientation. The distinc- 
tion from a 3-667 (113) helix is quite unequivocal. Hence it seems very 
likely that PB II itself has a 401, (or possibly 298) helix because decene, 
dodecene and octadecene units do not enter the lattice in unoriented 
specimens and modification of the PB II helix by these units seems unlikely 
even in fibre specimens, particularly at as low a level as one monomer 
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Table 10. Butene copolymers with PB II stabilizing monomers. PB II helical para- 
meters from fibre photographs 

Colnollomer 

3 M B  

4MP 

Hexene 

Octene 

Nonene 

Decene 

Dodecene 

Octadecene 

CODIOIIODleF 
mole % 

8 
20 
7 

11 
3'5 

16"5 
41 
3"5 
6"5 

13 
2 
6 
2 
5"5 

12 
3 

12 
1 

Fibre 
repeat, ,ff 

21"0 
69"5 
76'9 
55"5 

76"5 
6-85 

6'85 
76'8 

76"5 
"/K." 
0 D 3  

76"0 

Helix 

4011 
or 113 

113 
371o 
40n't 
29s 

Not 113 
40 t l "t 

¢ 

a 

a 

c 

4 0 n t  

b 
40nt 
4011 

blc  
4 0 i t  1" 

b 
4011 t 

M. pt, °C 
PB I1" 

129 
130 

103 
108 
89 

I01 
96 
87 

tO0 
92 
99 
96 
78 
97 
93 

103 

Intermediate layer lines (A/{ > 6"9); a present, but orientation not high; b weakly present" e absent. 
*Unoriented, slow cooled, tPossibly 298. 

unit per 100, probably not even randomly distributed. I t  follows that 
hexene and octene units are accommodated without helix modification 
either. Further examination of the PB I I  fibre on which the original 
determination of an 113 helix for the homopolymer was made °-, suggests 
that 4011 is acceptable and even more likely than 113 although the orienta- 
tion is not very high. Clearly helix modification by linear ot-olefins to a 
more open helix (3"70) does not occur as it does in the 3MB copolymers, 
and this is certainly associated with the absence of branching close to the 
main chain as in polybutene itself. 

The position occupied by pentene copolymers in this scheme is perhaps 
surprising. The CSAs of the chains in the two forms of polypentene are 
both larger than that of PB II,  in line with their longer side-chain, hence 
cocrystallization with PB II  and inhibition of the phase transition would 
seem likely. Type I PPe has a closely similar CSA to that of PB I I  but 
has a 31 helix like PB I, which makes a bad fit structurally, but there seems 
no reason why cocrystallization should not occur with Type I I  PPe which 
has similar helical parameters to P3MB (which gives a highly cocrystal- 
lizing system), more particularly as the PPe helix does not appear  critical, 
and both 31 and 41 helices are stable; they could be expected to adjust 
closer to the 3.667 helix of PB I I  without much difficulty. Somewhat 
unexpectedly, however, chains containing both butene and pentene units 
crystallize in the PB I form with 3.0 helix, even up to pentene contents as 
high as 84 per cent, and the PB I I  > I transition is correspondingly 
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accelerated by inclusion of pentene units. It appears that the preference 
for a 3.0 helix and a 6.5 A repeat, as in both the Type I forms, is the 
dominating influence in the crystallization and the rather large difference 
in the CSAs of the homopolymers is accommodated by lateral expansion 
of the PB I lattice to accept the larger pentene units, but the occurrence of 
a phase closely related to PB I up to so high a level of pentene is surpris- 
ing. It appears that a small proportion (16 per cent) of randomly 
distributed butene units is instrumental in causing the copolymer to 
crystallize into the 'PB I' phase in preference to the PPe II phase which is 
the form crystallizing directly from the melt in pentene homopolymers and 
in preference to the structurally more closely related PPe I with identical 
helix but different side-by-side chain packing. Table 2 shows that at 
84 per cent pentene-1 the transverse area occupied per ternary helix in 
the 'PB I' form has expanded to that occupied by the ternary helices in 
PPe I homopolymer. The crystal density is lower because of the presence 
in the lattice of 16 per cent of smaller butene units. Admittedly Danusso I~ 
has shown that PPe I is only formed with difficulty after prolonged heat- 
ing above the melting point of the II form (15 days at 80~C) but this only 
makes it more unexpected that the copolymer crystallizes more readily at 
84 per cent pentene into the related 'PB I' form of lower density, particu- 
larly as it would be expected that the larger pentene units would dominate 
the structure; this so far remains unexplained. In the middle range, ,-~ 50 
per cent pentene, it is less surprising because the density of the 'PB I' 
forms is rising (Table 2). ,' 

We have calculated the effect on the lattice dimensions o f  tlae PB I 
structure of adding an extra carbon atom to the ethyl side groups in the 
trans position while twisting the chains slightly round their helical axes to 
preserve the same type of basic side-by-side chain packing as in PB 13, and 
keep constant the interchain contact distances from these end carbon 
atoms of the side chains. On this basis the a-axis expands to 21.5 ~A 
compared with the observed value of 20"6 A (by linear extrapolation to 
100 per cent pentene) (Table 2), an increase of 4 A compared with an 
observed increase of 3 A. Although of the right order, the 1 A difference 
is large enough to suggest that the last C--C bond of the pentene side 
groups is not in the trans position. 

If, as the evidence suggests, there is good cocrystallization in 'PB I' 
phase over the whole range of composition, then we have to explain the 
initial drop in crystallinity with introduction of pentene units followed by 
a levelling off to ,-., 40 per cent crystallinity above 50 per cent pentene. 
The drop can be explained partially by loss of long range order as defined 
by Hosemann "*° owing to increasing numbers of imperfections in the lattice 
caused by two different randomly placed monomer units giving rise to 
X-ray scattering which is included in the amorphous scattering on the 
diffraction scans in the crystallinity determinations, together, possibly, 
with increased thermal movements at 20°C of the flexible side chains 
(particularly pentene) as the melting point drops. The X-ray photographs 
show a loss of the weaker reflections while the strong reflections, both 
equatorial and on the upper layers remain strong and sharp. No significant 
line broadening was observed over the whole range which is consistent 
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with long range order being preserved while thermal motions and 
imperfections increase. The levelling off above 50 per cent pentene might 
be accounted for by an increase in lattice perfection as the pentene units 
becomethe  majority, countered by increased thermal motions as the 
crystal density and melting point continue to fall. Extrapolation of the 
'PB 1' parameters to 100 per cent pentene gives a crystal density of 0"875 
g/cm ~ and melting point of 55 to 60°C both so appreciably lower than 
those of PPe II that it is not surprising pentene homopolymer has not be~n 
observed to exist in this lattice. 

Accelerated Type II > I transition 
Quantitative comparison of the relative effects of copolymerization of 

butene with ethylene, propylene and pentene on rates of crystallization 
and in accelerating the PB II ~ I transition is not possible because the 
ethylene and propylene systems are not homogeneous and contain 
ethylene-rich and propylene-rich chains and the comonomer content of 
the PB phase is necessarily lower than the overall composition while the 
pentene copolymers are substantially random. Nevertheless .Table 5 shows 
clearly that, mole for mole, pentene is the least efficient in accelerating the 
transition and causing direct crystallization, probably direct nucleation, 
into PB I. It also indicates that propylene is the most efficient, but it has 
already been shown that few ethylene units enter the PB lattice, and 
provided the responsible factor is units entering the lattice, then ethylene 
is more efficient than it appears. 

Ethylene is certainly the most efficient comonomer i n  retarding the 
initial rate of crystallization (at 20°C, 20 moles per cent overall is sufficient 
to inhibit crystallization for several minutes) and propylene, particularly 
in view. of the above remarks on composition, is more efficient than 
pentene. The decreased rate of crystallization is related to the melting 
points (reduced by copolymerization) of the PB phase of the slow-cooled 
copolymers (Tables 2 to 5) and also to the degree of cocrystallization 
points (reduced by copolymerization) of the PB phase of the slow-cooled 
specimens. Thus at 20 per cent ethylene where the rate of crystallization 
is very slow (0 per cent for 2½ minutes at least), the melting point has 
dropped to II0°C and the crystallinity is only 24 per cent and at 51 per 
cent pentene where the polymer also remains amorphous for several 
minutes after quenching the melting point has dropped to 95°C, although 
the maximum crystallinity is still 40 per cent. It will be noted that in 
these specimens crystallization takes place directly into the PB II form in 
the ethylene copolymer and into PB I in the pentene copolymer. The 
crystallinity attained in slow-cooled specimens is comparable in the 30 per 
cent pentene and propylene copolymers, i.e. when opportunity is given to 
the latter for crystal phase separation, and the greater inhibition to crystal 
growth on quenching to 20°C must be due to the interference with nuclea- 
tion and growth from the melt of the PB phase by chains which are richer 
in propylene units and not therefore crystallizable in this phase, while the 
pentene copolymer chains are all capable of crystallizing this phase. In 
this connection it should be mentioned that the melting points of copoly- 
mers containing 30 per cent propylene crystallized at 20°C were only70°C 
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compared with l15° to  120°C for slow-cooled specimens, and it was not 
found possible to regain the higher crystallinity or melting point by 
annealing near the 70°C melting point. This behaviour must be connected 
with the variation in chain compositions and the varying degrees to which 
chains of similar composition can phase separate at different temperatures 
of crystallization; it appears that at the low degree of mobility possible at 
the melting point of 70°C, the quenched material, which has not had time 
to phase separate during crystallization is still unable to do so. The 
decrease in the rate of crystallization with rising temperature in the pro- 
pylene system must be the result of the decreased degree of supercooling, 
and the slower rate of PB II > I conversion would appear to parallel 
the decreased rate of conversion in butene homopolymer above 40°C 
which in turn must result from changes in the relative free energies of the 
two forms with rising temperature. 

The factors likely to influence the rate of PB II ~- I conversion have 
been outlined in the introduction. Direct nucleation from the melt into 
either of the two forms will be subject to a similar balance of factors. 
Copolymerized ethylene units, which are most effective in disrupting 
crystallinity, because cocrystallization is not possible, can do so at 
comonomer levels where the butene runs are still sufficiently long to 
nucleate into PB II initially. The small cross-sectional area of the 
ethylene units included in the lattice and the more extended chain natural 
to ethylene sequencbs together with the reduction in melting point, aid, as 
expected, the conversion to the more extended PB I helix of smaller CSA. 
Propylene units reduce the initial rate of crystallization less than ethylene 
units since they can enter the PB II and PB I lattices to a limited extent 
without disrupting Crystallinity, but in so doing alter the relative stabilities, 
i.e. free energies, of the forms and accelerate the conversion to PB I, 
because, it seems reasonable to assume, the instability caused by gaps in 
the structures due to inclusion of smaller methyl, instead of ethyl, side- 
groups is less in the PB I structures of higher density and lower CSA than 
in PB II, and because the natural helical configuration and repeat unit are 
identical; short runs of propylene units will naturally attempt to form a 
3.0 helix. The reduced melting points of the two forms also would be 
expected to aid the conversion. Pentene units readily enter the PB lattice, 
in both forms, and hence (at high butene contents) reduce the rate of 
crystallization less than do propylene or ethylene units. Also, as already 
discussed, it appears that a structural or morphological preference for a 
3~ helix (as in the propylene system) seems to be the dominating factor 
in causing an increased rate of PB II to PB I conversion, together with 
reduction in melting point. Nevertheless, mole for mole, the effect is less 
than for propylene units, and hence the larger size of the side-groups 
deriving from the pentene units appears to offset the structural effect to 
some extent, and direct crystallization into PB I is not attained until high 
pentene contents are reached ( ~  50 per cent), where the rate of crystalliza- 
tion has also been markedly reduced owing to reduced melting point. It 
is interesting to note that as the pentene content rises, the difference in 
densities of the PB I and PB II forms at 20°C (measured on samples half 
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converted; Table 2) decreases: the density of the PB II form increases 
only slightly with increasing pentene content. Hence it is not the density 
component of the free energy difference between the two forms that 
accelerates the conversion, but the structural component, together with the 
increased mobility of the chains, as outlined above. 

Copolymers with branched comonomers 
The degree of isodimorphism observed in copolymers of butene with 

3MB, 4MP and 44DMP falls progressively with the size of the comonomer 
units as expressed by the CSAs of the homopolymer crystal forms 
(Table 1). With 3MB a highly cocrystallizing system is formed, although 
several crystal phases are observed, partly due to heterogeneity of chain 
composition. With 4MP partial isomorphic replacement of monomer 
units in the two homopolymer crystal phases is observed, with 
lattice dimension changes. With 44DMP both homopolymer phases 
occur, physically separate, without lattice dimension changes although 
some units of the second type are copolymerized into each phase. In each 
case at the high butene end the PB I! phase is involved in the cocrystalliza- 
tion, i.e. the phase which besides having the greatest room for inclusion 
of larger side groups also has a helix [3"667 (113) or more likely 3-636 
(4011) as already discussed] closer in all parameters (Table 1) to the 4"0, 
3.5 and 4.0 helices of the 3MB, 4MP and 44DMP homopolymer phases. 
The steric effect of increasing numbers of 3MB units'in the PB II chains 
is to cause uncurling of the helix to 3.667 (113) at ,-~ 8 per'cent 3MB and 
further to 3.70 (37,.) at 15 to 20 per cent 3MB (Table 10) nearer to the 4.0 
helix of P3MB, which itself results from steric interaction between the 
methyl branches close to the main chain and the main chain itself. The 
difference in the positions of the first two visible layer lines for a 3710 and 
a 40n helix is seen in Figures 3(a) and 3(b). The inclusion of 4MP units 
results in a 3.636 (40,1) helix at 7 per cent 4MP, which now probably does 
not involve any modification from the PB homopolymer helix, and a 
3.625 (298) helix at 11 per cent 4MP, although the distinction between a 
40~i and a 298 helix is rather fine; a slight coiling up towards the 3-5 helix 
of P4MP is passibly indicated. The inclusion of cocrystalline 3MB units 
results in an increase in PB II melting point, but inclusion of 4MP units 
reduces the melting point, which suggests that the expected increase in 
melting point from inclusion of a larger side-chaln branched in the 
4-position is more than offset by the imperfections introduced into the 
PB II crystal lattice because the 4MP units are not truly isomorphous, and 
by the lattice expansion, both factors reducing the melting point. The 
reduction in melting point by inclusion of copolymerized 44DMP units 
is the normal result of copolymerization without cocrystallization. Good 
stabilization of PB  II occurs at progressively lower overall comonomer 
contents as the size of the unit" rises and is complete in unoriented 
specimens at ,-.-, 8 moles per cent 3MB, 7 moles per cent 4MP and 3 moles 
per cent 44DMP. Owing to the production of butene-rich and 44DMP rich 
chains during polymerization the amount of 44DMP causing complete 
stabilization is likely to be less than three per cent. 
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Mechanism o[ stabilization of the Type H crystal [orm 
The transition from PB II to PB I involves a coiling up and lengthening 

of the helix, with reduction in the CSA per chain (Table 1). Theoretically, 
therefore, provided we can assume that in bulk crystallized PB crystalline 
lamellae occur as have been demonstrated in bulk crystallized polyethy- 
lene °'t and polypropylene ", it is morphologically possible for the change to 
take place by a simple thickening of the lamellae to provide for the helix 
extension and contraction followed by rearrangement of the lateral lattice 
on which the helices are arranged. (Holland and Miller ~3 have shown 
the crystallographic relationship between the two packings by observing the 
conversion in single crystals by electron diffraction.) Alternatively the 
rearrangement may involve passage of the chains along their lengths 
through the lattice and a readjustment of chain folds, which thus need not 
necessarily increase in thickness even though the length along the chain 
per monomer unit has increased. 

Stabilization of PB II occurs in 44DMP copolymers even though 
44DMP units do not enter the lattice. The same is true of the dodecene 
and probably decene copolymers also. It is clear, therefore, that copoly- 
merized large groups can effect stabilization while being incorporated in 
the amorphous regions only. It thus appears that the rearrangement does 
not just involve an increase in fold length keePing the large groups in th~ 
amorphous regions, but, at least in unoriented specimens, in~,olves passage 
of chains through the crystallites; stabilization is effected because these 
large groups act as 'stops' as they are too large tO be drawn through the 
lattice. Since much greater amounts than the 8 per cent 3MB Causing 
good stabilization can readily enter an expanded PB II lattice 7, the 
stabilization by 3MB units cannot be by the 'stop' mechanism, but must 
be due to their incorporation into the lattice, which locally prevents the 
extension of the helix and lateral contraction of the lattice. This may be 
attributed to the steric effect of the inclusion of isopropyl side-groups, 
branched close to the main chain, which cannot be incorporated into a 3~ 
helix without overcrowding, and indeed have the opposite effect of modi- 
fying the PB II helix tov,;ards the more open 4-0 helix of P3MB itself. The 
movement of chains-through the lattice may also be hindered by these 
side-groups so that a similar mechanism to that operating in the 44DMP 
copolymers may play some part. The increased melting point of the PB II 
form will also hinder the conversion; indeed all these effects are co-related. 

Both mechanisms may 0perhte simultaneously in the 4MP, hexene and 
octene copolymers where comonomer units enter the PB 1I lattice to some 
extent. The decrease in melting point with increasing monomer content 
in these series (and indeed in all the stabilized copolymers except 3MB) 
must offset the stabilizing effect to some degree Owing to increased thermal 
motions which could facilitate passage of the large gi'oups through the 
lattice. The fall in PB stabilizationshown by the decene and dodecene 
copolymers at comonomer conterits > 7 per cent might then be explained 
by their considerably lowered melting points, which tip the 15al~fnce 
towards conversion. This would imply that the side groups arising from 
the decene and d~lecene units can pass through the laltice provided the 
thermal motions are sufficiently large, and this will undoubtedly be helped 

53 



A. TURNER JONES 

by the linearity of the side-groups. The PB II phase remains well 
stabilized at 50 per cent 4MP (overall) even though the melting point has 
been reduced to 91°C (Table 8) which suggests that the branched side 
chain cannot pass through the lattice. However, in comparing the 
stabilities of the copolymers of Table 5 in relation to their melting points, 
it must be remembered that the values quoted are final melting points, and 
more particularly with the larger linear a-olefin comonomers and as the 
comonomer content rises, the melting points are gradual and the end 
points indistinct, indicating a spread of compositions and less random 
copolymerization; the bulk of the material melts appreciably lower than 
the final melting points, while, for instance, in the hexene series the 
melting points are much sharper. 

The failure of octadecene to produce more than a marginal stabilizing 
effect at the three per cent level could be due to blocking of the octadecene 
portion or failure to copolymerize. Hexene and octene units should be 
able to pass through the PB lattice as readily as decene or dodecene units, 
and hence their greater stabilizing effect at comonomer levels producing 
much lowered melting points must arise because the units are incorporated 
in the lattice. The rather lower stabilizing effect of hexene than octene 
reflects the fact that the next smallest monomer (pentene) has the opposite 
effect and accelerates the conversion. 

The mechanism of stabilization in drawn fibres has yet to be discussed. 
In general the degree of stabilization is higher in warm-drawn as opposed 
to cold-drawn fibres and parallels that in unoriented specimens but good 
stabilization occurs at a slightly higher comonomer content. This is 
similar to the effect in PB homopolymers where drawing fibres causes very 
rapid conversion, presumably because tension aids the elongation of the 
helix. It is reasonable to suppose that stabilization by comonomer units 
that enter the lattice is by a similar mechanism to that in unoriented 
specimens, but in copolymers where the 'stop' mechanism has been 
postulated, a different mechanism must operate if a fringed micelle type of 
morphology can be accepted for highly Oriented. fibres drawn at elevated 
temperatures. Here passage of chains along the folds of the crystal 
lamellae cannot occur. It seems possible that some large groups may 
become trapped and frozen into the crystallites in the drawing process and 
inhibit the transition, and in support of this the lateral cell dimensions of 
drawn fibres are usually larger than those of annealed unoriented speci- 
mens. However, the mechanisms of stabilization in these copolymers, 
unoriented and oriented warrant much further study. It is only possible 
here to put forward a few ideas arising from the relatively qualitative 
results so far obtained. 

Since the 'stop' mechanism of stabilization operates by the presence in 
the amorphous regions of large copolymerized groups which cannot pass 
through the crystal lattice, then it follows that other a-olefins yielding 
large branched or ringed side-groups which can be satisfactorily copoly- 
merized with butene are also likely to stabilize PB II. In confirmation of 
this many such comonomers have now been shown to be effective, among 
which are 3-methylpentene, 5,5-dimethylhexene, styrene, allylcyclohexane, 
allylbenzene and vinylcyclohexane. 
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Lattice hnper[ections and thermal motions 
Table 10 shows that as the amount of copolymerized linear o~-olefin 

rises the weaker layer lines on the X-ray photographs which define the 
helical conformation and the weaker reflections gradually disappear, but 
the strong PB II reflections on the equator 200 and 220, and on the 
strongest layer line corresponding to the pitch of the helix (h / [=6 -9 )  i.e. 
that indexed 123 (213) on the 113 helix, remain sharp and strong as for 
example in Figure 4. The apparent repeat unit is thus reduced to 
N 6-9A. The same effect is seen in the intermediate ct:mposition range 
in both phases of the 4MP-butene system. In the a-olefin series it occurs 
at roughly progressively lower comonomer contents as the length of the 
o~-olefin rises, but the particular level at which it occurs is undoubtedly 
complicated by the simultaneous increasing spread in chain composition. 

Figure 4--Fibre drawn ,-.oll0*C, of co- 
polymer containing 23 per cent octene; 

strong reflections only present 

The loss of weak reflections while preserving • these strong, sharp 
reflections suggests loss of short range order while preserving long range 
order as discussed by Hosemann ~. The loss of short range order can arise 
either from imperfections in the lattice arising from incorporation of two 
different monomer units, more particularly where no true isomorphous 
replacement occurs, and the lattice has to expand to accommodate the 
larger units, or from increased thermal motions resulting from reduction 
in melting point, or both. From Table 10 it is seen that the pitch of the 
helix (lt) remains constant at ~ 6.9 both when the helix is 40n and when 
the intermediate layer lines are disappearing. Preservation of long range 
order requires that the axes of the helices are effectively parallel and 
linear. The X-ray patterns thus demand good lateral correlation of 
parallel helices of constant pitch and good longitudinal correlation between 
helically arranged main chain atoms of the type required to give rise to a 
sharp strong reflection on the layer line corresponding to the pitch of the 
helix. This is schematically illustrated in Figure 5. The number of 
monomer units per turn of the helix (not shown in the diagram) need not 
be constant either between chains or within one chain, and indeed is likely 
to vary slightly depending upon the precise sequence of the two monomer 
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units, particularly where some degree of blocking is present and short runs 
of each type may occur. Thus the helix could vary from 3-5 (as in poly- 
hexene itself or P4MP) to the helix of PB II. Provided the pitch is 
constant the 'grooves' in the helices (considered as grooved cylinders) will 
still fit and permit an ordered side-by-side packing, with some lateral 
lattice expansion. The precise disposition of the side-groups will be con- 
trolled by adjacently packed side-groups of the same chain, which may be 
derived from either type of monomer unit, and may thus vary relative to 
tl~e helical axis and add to the imperfections caused by the presence of 
two kinds of monomer units and variations in numbers of monomer units 
per turn. Increased thermal motions, while preserving the basic lattice, 
reduce still further the short range order. Where the comonomer units do not 
enter the lattice, then it is suggested that increased thermal motions, as 
evidenced by lowered melting points, are largely responsible for the loss 
of weaker reflections and of intermediate layer lines. 

1 

6.9~ 

I 
Figure 5--Diagrammatic representation of pack- 
ing of helices of pitch 6-9 A (side chains, which 
may vary in number, not shown) giving rise to 
strong reflection on layer corresponding to 6-9A 

from planes indicated 

Phase separation dttrhlg polymerization 
From the foregoing it appears that using the TiCIj-A1Et2C1 catalyst 

system, the degree to which isomorphism and cocrystallization between 
butene and comonomer units occurs is inversely related to the degree to 
which butene-rich and comonomer-rich chains are produced in the poly- 
merization process. Thus with the highly isodimorphic 3MB unit, a 
largely copolymerized (even if somewhat blocked) system is produced 
while with 44DMP, where no isodimorphism and very little copolymeriza- 
tion occurs, P44DMP and PB chains are produced containing very few 
units of the second type, giving rise to complete phase separation. In 
both cases allowance was made in the polymerization for the very different 
rates of polymerization of butene and 3MB or 44DMP to their homo- 
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polymers. In the butene-4MP system, which shows partial isomorphism 
of monomer units, butene-rich and comonomer-rich chains crystallizing in 
physically distinct phases are produced, but both are far more 
copolymerized than the 44DMP system. 

It appears that in the polymerization process, the crystal or helical 
structure of the growing chains can influence the acceptance or rejection of 
incoming monomer units. This concept has been treated theoretically by 
Ham °-~ and discussed by Coover~5; it is postulated that a growing isotactic 
polymer chain is helical as it leaves the catalyst surface and that the 
addition of the next unit is governed by the steric contacts it makes with 
the monomer unit to which it is adding and the prcceding one, and 
probably with the units completing at least one turn of the helix; a 
correctly oriented monomer unit (giving isotactic placement) is accepted 
much more readily than one giving atactie placement. Coover suggests 
how this leads to phase separation in copolymerization of cz-olefins, 
where the two a-olefins have different helical chain conformations, since a 
growing isotactic helix of one monomer will not only reject monomers in 
atactic placement but also will reject comonomer units which do not 
readily fit into the same helix. We would take this a stage further and say 
that while this is true when the helical conformation and dimensions of 
the homopolymers are so different that no isodimorphism occurs, never- 
theless a large measure of copolymerization can occur when the helices of 
the two homopolymers are different provided isodimorphie replacement of 
comonomer units and cocrystallization can occur, if necessary by helix 
modification, because the side-groups are of comparable size. ' 

Thus in contrast to the 44DMP-butene system, a ~owing polybutene 
helix in butene-3MB copolymerization can accept 3MB units, and 
similarly a P3MB helix can accept butene units and, provided the relative 
proportions of the comonomers are adjusted so far as possible to take 
account of the much greater ease of addition of linear butene units than 
branched 3MB units, copolymers over the whole range of composition 
should be obtainable as we have observed. Even when complete co- 
crystallization is theoretically possible some degree of phase separation is 
likely where the steric configuration close to the double bond is very 
different, because it is not possible in a single polymerization system to 
adjust concentrations to take account of all the different rates of addition 
of the two monomer units to the various terminal helical monomer 
sequences which are possible. For example, in attempting to make a 
50/50 copolymer using an adjusted high 3MB concentration, a terminal 
helical sequence of butene units P - - B B B - -  or P---BBBB--  may still 
preferentially accept another butene unit to a 3MB unit, while the like, 
lihood of adding a 3MB unit might be relatively higher for a 
P - - ( 3 M B ) B B - -  or P - - ( 3 M B ) B B B - -  sequence and higher still for a 
P---(3MBI, B - -  sequence; possibly also an initial sequence of 3MB units 
might tend to propagate a 3MB-rich chain even though it would be 
expected that a butene unit would add readily on steric grounds. This 
will lead not only to chains of different composition, but also to blocked 
chains. The i.r. spectra of these copolymers indicate that at least short 
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runs of each comonomer unit are present because the general features are 
typical of a mixture of homopolymers. 

A similar situation can be envisaged in the 4MP-butene system, but 
owing to the much lower compatibility of the two units, propagation of 
4MP rich and butene-rich chains, leading to phase separation, becomes 
more likely. 

The linear o~-olefin series of copolymers is somewhat different from the 
branched o~-olefin series, because the steric configuration at the double 
bond is identical in all the a-olefins and only the length of the 'tail' varies. 
In the butene-pentene series, the similar rates of polymerization of two 
very similar monomers, and their ability to cocrystallize as already dis- 
cussed, makes this a nearly ideal system for random copolymerization. 
As the length of the o~-olefin rises the rate of polymerization decreases 
relative to butene, but provided the latter is allowed for in the high 
'butene-containing copolymers, there is rio steric reason why random 
polymerization should not occur because the same helix, 3~, is theoretic- 
ally open to all linear o~-olefins although the higher a-olefin 
homopolymers are not helicaP 1. Nevertheless the spread in chain compo- 
sitions increases as the comonomer unit becomes longer, so that the large 
size of the unit and its failure to enter the polybutene lattice appears to be 
having some effect. Local variation in monomer concentrations and 
diffusion of the two monomers may also play a part and failure to keep 
the correct relative concentrations in the system. 

Similar remarks apply to the butene-propylene system as for the butene- 
4MP system. The butene-ethylene system is different because the question 
of stereoregularity does not arise with polyethylene and ethylene units 
polymerize readily on almost any site. Hence, although cocrystallization 
is not possible, marked copolymerization does occur. 

From the foregoing it seems likely that this sort of ohase separation 
will occur in copolymerizations with any highly stereospecific catalyst, and 
that increased randomness is likely to be achieved with less stereospecific 
catalysts only at the expense of isotaxy as suggested by Coover ~. 

The question of solubles has been left out of the above discussion, but 
these in many cases do not amount to more than about five per cent. Where 
the soluble portion was much higher than this (I> 10 per cent) it was 
usually necessary to work up the whole polymer to isolate it satisfactorily. 
Clearly fractionation is necessary to characterize more precisely the various 
phases produced in the polymerization. 
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M. E. A. Cudby for i.r. composition data attd to them all [or uselul 
discussions, and to Mr D. R. Beckett and Mrs J. M. Selton [or their 
assistance fit experhnental work and calculations. 
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Notes and Communication 

A Reversible Change hi Long Period Spachlg 
with Temperature 

TtlEORETICAL treatments of the chain fold length in polymer crystallites 
have been presented from a kinetic viewpoint by Lauritzen and Hoffman ~. 
Price °-, and Frank and Tosi 3, while a thermodynamic theory was proposed 
by Peterlin and FischerL Both treatments predict that the fold period 
should become longer with increasing temperature, but according to the 
kinetic theory no change should occur upon lowering the temperature, 
whereas the thermodynamic treatment predicts that the equilibrium fold 
length should decrease when the temperature is reduced. 

There is considerable evidence that the long period increases at higher 
temperatures, and recently Hoffman and Weeks s showed that the fold 
length increases during isothermal ageing at the crystallization tempera- 
ture. This demonstrates that the intermolecular forces in the crystal are 
weak enough to permit a chain to be pulled through the crystal by 
Brownian motion. Hence one might expect that, although the first fold 
period formed is dictated by crystallization kinetics, the final state may be 
governed by thermodynamic considerations. However, in no previous 
case has the fold period been observed to decrease upon lowering the 
annealing temperature. We present an example of this behaviour. 

The sample studied was a crosslinked Neoprene HC film, which was 
cast and vulcanized by a procedure described elsewhere G. The sample was 
clamped in a frame at relative elongation a =  1.9, melted, and crystallized 
at 24°C. Measurements were performed using a Rigaku-Denki low angle 
diffractometer, Geiger counter, and heated sample holder. The variation 
of the long period spacing L with annealing temperature is represented by 
the filled circles in Figure 1. From measurements to be reported else- 
where, we estimate the thermodynamic melting point for this elongation 
to be 70°C. These data clearly resemble those obtained for other poly- 
mers. However, prior to this series of measurements, and immediately 
after the sample had been crystallized at 24°C, the measured spacing was 
170 A, as indicated by the open circle marked 1 in Figure 1. The sample 
temperature was increased to 40°C, and after 24 hours the observed 
spacing was 260 A, as represented by open circle 2. The temperature was 
then reduced to 22"C, and after one day L =  190 A, as shown by open 
circle 3. After collecting these results, the data represented by the filled 
circles were obtained by further measurements at 47 °, 22 ° and thence at 
the intermediate temperatures. After each change of temperature, the 
sample was maintained at a fixed temperature for at least one day prior to 
measurement. Thus, there appears to be no doubt tha~ the long period 
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observed for this polymer changes in a reversible manner with 
temperature. 

Several explanations might be offered for this observation. First, poly- 
chloroprene may have a bundle-like, rather than a folded chain, 
morphology. Neoprene HC is, in fact, a Copolymer containing about 10% 
cis units, and recent n.m.r, evidencC has indicated considerable H - - T  and 
H----H isomerism. The crystallinity probably did not exceed 30 per cent 
during our measurements. On the other hand, the available X-ray 
evidence does suggest a well-ordered, lamellar crystalline structure. 
Figure 2 illustrates low angle data obtained at 25°C for a similar vulcaniz- 
ate at three elongations. L is found to vary linearly with 1/cos X, where X 
is the angle between the fibre axis and the plane containing the incident 
and diffracted beams. This suggests an ordered array of thin lamellae. 
Furthermore, a wide angle study 6 has revealed that the c axis (chain axis) 
aligns along the fibre axis, so the chains run along the thin dimension of 
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the lamellae. This evidence is certainly suggestive of a chain-folded 
crystal morphology. 
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Proton Resonance Spectra and Tacticity of 
Poly-2-vhlylpyridine 

APPLICATION of high resolution nuclear magnetic resonance spectroscopy 
to polymers in solution can supply information on their tacticity. Among 
vinylaromatic polymers, poly-a-methylstyrene is a favourable case since 
the a-methyl group peak is split into three, ascribed to the iso-, hetero- 
and syndio-tactic configurations ~ but in polystyrene little or no difference 
in the spectra has been observed as a function of tacticity because the peaks 
of  the a and fi hydrogens are not quite resolved ~. 

In poly-2-vinylpyridine, however, the electron attracting power of the 
nitrogen atom reduces the electron density on the c~-hydrogen. So the 
a-hydrogen peak is expected to be shifted to lower field with respect to the 
fl-hydrogen peak allowing a better separation between them. It therefore 
seems possible to study the stereochemical configuration of various 
samples of that polymer by high resolution nuclear magnetic resonance 
spectroscopy and to characterize one obtained in acidic medium. Such a 
sample should be mostly syndiotactic since F. A. Bovey prepared syndio- 
tactic polymethylacrylic acid by polymerization of the monomer in basic 
medium ~. 
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and syndio-tactic configurations ~ but in polystyrene little or no difference 
in the spectra has been observed as a function of tacticity because the peaks 
of  the a and fi hydrogens are not quite resolved ~. 

In poly-2-vinylpyridine, however, the electron attracting power of the 
nitrogen atom reduces the electron density on the c~-hydrogen. So the 
a-hydrogen peak is expected to be shifted to lower field with respect to the 
fl-hydrogen peak allowing a better separation between them. It therefore 
seems possible to study the stereochemical configuration of various 
samples of that polymer by high resolution nuclear magnetic resonance 
spectroscopy and to characterize one obtained in acidic medium. Such a 
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medium ~. 
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E X P E R I M E N T A L  
Three samples of poly-2-vinylpyridine have been prepared. 

Sample 1 
Polymerization, initiated by phenylmagnesium bromide, was performed 

under nitrogen atmosphere, at 45°C ~. The acetone insoluble fraction of 
the polymer was used. 

Sample 2 
The outgassed monomer was polymerized in bulk wlth AIBN at 60°C 

in sealed bulb. The polymer dissolved in benzene was precipitated in 
hexane and dried. 

Sample 3 
10 g 2-vinylpyridine, dissolved in 50 ml 2M hydrochloric acid, was 

heated at 50°C with 0"1 g ammonium persulphate, in an atmosphere of 
nitrogen. The viscous solution was diluted with an equal volume of water 
and poured into ammonia solution. The polymer was then filtered and 
dried. 

Three samples of poly-4-vinylpyridine were also prep~red in the same 
way. 

Nuclear magnetic resonance spectra were obtained with a Varian 
spectrometer ,operating at 60 Mc/s on 10 weight per cent solutions Of 
poly-2-vinylpyridine in deuterochloroform at room temperature. Resolu- 
tion was not better in benzene or pyddine, even at 80°C. 

With poly-4-vinylpyridine, 10 weight per cent solutions in pyridine 
were used. 

R E S U L T S  A N D  D I S C U S S I O N  
The region of the spectra between 8= 1 and 3 from TMS is reproduced on 
Figure l(a), (b) and (c) for samples 1, 2 and 3 of poly-2-vinylpyridine 
respectively. The peak at 6=2-25 is ascribed to the o~ hydrogen and the 
one at 8 = 1.77 to the fl hydrogen. 

With sample 1 [Figure l(a)] the a hydrogen peak amounts to about one 
third of the whole (29 per cent). With samples 2 and 3[Figure l(b) and 
(c)], however, the same peak is only 13 per cent and 8 per cent of the 
whole so that it corresponds to part of the a hydrogen peak. According 
to the argument developed for the a-methylgroup of poly-o~-methyl- 
styrene 1, the a hydrogen peak in poly-2-vinylpyridine is expected to be 
split into three, associated from lower to higher field with the iso-, hetero- 
and syndio-tactic combinations of stereoisomers. 

The peak at 6=2.25 from TMS must then be assigned to the first of 
these. This is supported by the fact that sample 1 is known to be isotac- 
tic '. Consequently, sample 3 is the least isotactic of the three and could 
be mostly syndiotactic, as suggested by the method of polymerization 
used: the terminal carbon atom of the chain being planar, when reaction 
occurs with a new monomer, a syndiotactic configuration with respect to 
the penultimate monomer unit must be favoured because of coulombic 
repulsions between pyridinium cations. Sample 2 is intermediate between 
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samples 1 and 3 and can be called atactic in a qualitative way. I t  is 
highly probable that three peaks could be observed for the a hydrogen in 
poly-fl,fl-dideutero-2-vinylpyridine and that a quantitative determination 
would be possible. 

Spectra of poly-4-vinylpyridine samples show only one broad peak, 
associated with unresolved o~ and fl hydrogens. Even a qualitative estima- 

8=1.77 

8=1.77 

:J 
Ca) Cb) 

Figure /--Proton resonance spectra of 

:-- 1'77 

Cc) 

poly-2-vinylpyridine : 
(a) Sample 1 polymerized by phenylmagnesium l:romide at 45°C, 
(b) Sample 2 polymerized-with AIBN at 60°C, (c) Sample 3 poly- 

merized in hydrochloric acid at 50°C 

tion of tacticity based on the proton resonance spectra is excluded, 
although the sample prepared according to G. Natta 's  procedure ~ could be 
isotactic since it differs from others by its insolubility in chloroform. 

tVe are vetT grate/ul to Pro]essor L. tie Brouckkre ]o1" her htterest bz 
this work. tVe are also much hzdebted to ProIessor R. H. Marthz [or 
access to a proton magnetic resonance spectrometer and to Miss De/ay 
and Mr Polaht ]or recordhlg the spectra. 
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The Cold Drawhlg of Polyethylene Terephthalate 

EXPERIMENTS on the relationship of the birefringence and modulus to the 
draw ratio in a drawn polymer 1.~ have indicated that the development of 
anisotropy can be approximately interpreted in terms of orientation 
functions which derive from the affine deformation theory of rubber 
elasticity. This leads one to consider whether the deformation of a 
polymer in the drawing process, even at temperatures below the glass- 
rubber transition, may be related to some network structure which exists 
within the polymer. In this correspondence an attempt will be made to 
relate some relatively simple ideas on network deformation to the, process 
of cold drawing. 

Several investigators 3,~ have reported that the 'natural draw ratio' of a 
cold-drawn polymer is strongly dependent upon the amount of orientation 
which is introduced into the sample prior to drawing. In this context, the 
natural draw ratio is defined as the new length to which a unit length is 
extended as the sample is cold drawn. Experiments of this type have 
been carried out either by 'pre-orienting' samples by stretching them at 
temperatures above their glass transition and then measuring their natural 
draw ratios or by producing spun fibres of given orientation and then 
measuring their draw ratios. In either case birefringence has been used as 
a measure of orientation and the results have been presented in the form 
of plots of birefringence versus natural draw ratio. A typical curve of 
this type for polyethylene terephthalate is presented in Figure 1. The 
striking feature of this curve is the fact that a relatively small amount of 
pre-orientation, as determined by the birefringence, has an extremely large 
effect on the natural draw ratio. A total birefringence of about 200 x 10 -3 
units may be introduced into polyethylene terephthalate by large exten- 
sions. However, a small fraction of this orientation (hn=10x  10 -5) 
apparently reduces the natural draw ratio by about a factor of two. 

Let us assume that the deformation process which occurs in the glassy 
state is simply the stretching of a network system. The natural draw ratio 
can then be thought of as corresponding to the maximum extension which 
the network can undergo without breaking down. This particular extension 
of the network would then be a function of the original geometry of the 
network and the nature of the links of which it is comprised. Increments 
of strain applied to the system should be additive and the maximum 
extension should not depend on the way in which strain is applied as long 
as the junction points which hold the network together are not ruptured 
nor the links in the chain broken. Thus the ratio of the extended to unex- 
tended lengths of the network should be a constant which is independent 
of the route taken between these two states. 

Andrews L has previously considered the possibility that cold drawing 
might involve the extension of a network to an ultimate value, but his 
experimental results for polystyrene did not substantiate this. 

To test the hypothesis that the dimensions of the fully extended network 
should bear a constant relationship to the dimensions of the unstrained 
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network, the natural draw ratios and the shrinkage characteristics of 
several melt-spun polyethylene terephthalate fibres of different initial 
birefringences were examined. This combination of draw ratio and 
shrinkage measurements was necessary since the samples contained an 
amount of pre-orientation which depended on the spinning conditions 
(melt through-put, wind.up speed, etc.). Thus the dimensions .of  the 
unstrained network could only be measured by shrinking the pre:strained 
network back to its original state. 

Since the assumption is made that the deformation cf the network is 
'affine', changes in the dimensions of a macroscopic sample can be used as 
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a direct measure of the microscopic deformation of the network itself. 
The drawing was carried out at room tempsrature and at an extension 

rate of about 50 per cent/minute. The natural draw ratios were calculated 
directly from diameter measurements made on the drawn and undrawn 
fibres. Shrinkage measurements were made according to the method 
described elsewhere 5. The birefringence/draw ratio and birefringence/ 
shrinkage curves derived from these experiments are shown in Figures 1 
and 2. 

The relationship between the natural draw ratio, shrinkage and the 
dimensions of the network system can best be described with reference to 
Figure 3. A sample as prepared has an original length 11, and an original 

I I, An I f 
I ~ I  

S= IllllO 

2 ! N:/"~- 

Figure 3 - -A  representation of the shrinking and drawing processes 

amount of pre-orientation (as measured by the birefringence) of An1. If 
the sample is allowed to shrink back to its unoriented state, it will then 
have a length/0. The amount of shrinkage (S) is thus 

S=( l l -  ;o)/l, (1) 

Similarly, if a sample of length l~ and birefringence An1 is drav~n to its 
natural draw ratio, it will have a new length, lz, which is related to the 
natural draw ratio (N) by 

N=I,./I~ (2) 

By a simple manipulation of equations (1) and (2) it can be shown that 

12/10 =N/(1  - S )  (3) 

Since /2 and 1o are assumed to be simply related to the deformed and 
undeformed network, respectively, we thus have a direct measure of the 
value of the ratio. Furthermore, by measuring the values of N and S for 
samples produced under different conditions and having differing amounts 
of pre-orientation, we can obtain a good indication of how this ratio 
depends upon pre-orientation. 

Table 1 gives an outline of the results obtained in these experiments. 
The natural draw ratios and shrinkages were measured for samples which 
varied in original birefringence from 0.45x 10 -3 to 10x 10 -3. The 
measured draw ratios varied between 4-2 and 2"6 and the shrinkages 
between 4 and 37-8 per cent. In this range, however, the ratio N / ( I - S )  
remained nearly constant at a value of about 4"0. This gives some support 
to these ideas about the deformation of a network structure. 

The fact that Andrews' results for  polystyrene did not support a similar 
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Table 1, Values of N/.(1--S) for samples of differing amounts of pre-orientation 

nl:'< 103 N S (1--5") N/(I--S) 

0.65 4.25 0.042 0.958 4.44 
1.6 3.70 0.094 0-906 4.08 
2-85 3.32 0.160 0.840 3.96 
4.2 3.05 0-202 0.798 3.83 
7.2 2.72 0-320 0.680 4-01 
9.2 2.58 0.378 0.622 4.14 

hypothesis, may well be attributed to the fact that the pre-orientation was 
carried out at temperatures about 60°C above the glass transition. At  
such high temperatures molecular rearrangement might allow destruction 
of the network system. 

It should be noted that the N / ( I  - S )  ratio for the sample of nearly zero 
birefringence is somewhat greater than for the rest of the samples. This 
is an indication of the very strong curvature of the birefringence/draw 
ratio relationship at very low values of pre-orientatton birefringence. 
Apparently a secondary effect occurs at extremely low degrees of pre- 
orientation which cannot be explained on the basis of these elementary 
ideas of network deformation. 

I.C.I. Fibres Ltd, 
Hookstone Road, 

Harrogate, Yorkshh'e 
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The Crystallization and Melting of 
Copolymers H Variations in Unit-cell 

Dimensions in Polymethylene Copolymers* 
C. H. BAKER1- and L. MANDELKERN 

Lattice spachzgs have been determhzed ]or polymethylene copolymers contahz- 
ing either methyl or n-propyl side groups it, random seqttence distribution. 
Unique to this study are the varied attd controlled crystallization conditions, 
based on htdependent crystallization kinetic measurenlents, attd the subsequent 
determination and comparison of the Bragg spachlgs both at room tentperature 
attd at the crystallization temperature. 

For a given methyl copolymer the lattice spachtgs are essentially htdependent 
of crystallization conditions and the basal platte of the orthorhomb& unit cell 
expands as the side group concentration increases. These observations are in 
accord with the thermodynamic attalysis o/ the melting temperatttres tor this 
systent wherein it was conchtded that solid-solution formation occurs. In con- 
trast, the spachtgs observed [or the n-propyl copolymers depend markedly on 
the crystallization conditions. Under conditions condttcive to the [ormation o/ 
the most stable crystallites, lattice spacings approachhtg those o/ the pure 
homopolymer are observed for copolymers containhtg sntall concentrations o] 
side groups. For higher concentrations of both types of side groups, strong 
evidence exists [or the crystallization o / a  lower melting polymorph in relatively 
high proportion. The Bragg spacings attributed to this structure obscure the 

attalysis o[ the dhnensions o / the  orthorhombic ttnit cell. 

THE construction of phase diagrams representing the melting temperature/ 
composition relations for copolymers is complicated by the great difficulty 
in establishing the solidus composition in equilibrium with the liquid at the 
melting temperature. Consequently, melting temperature/composition 
relations have been usually based solely on the liquidus composition with 
a paucity of direct information being available as to the composition and 
sequence distribution existing within the crystalline phase at the melting 
temperature. In addition, it is necessary to distinguish between the equili- 
brium state expected and the state actually observed as a result of a 
particular set of crystallization procedures. 

Richardson, Flory and Jackson 1 have recently investigated the fusion 
process of polymethylene copolymers containing varying amounts of either 
methyl, ethyl or n-propyl side groups arranged in random sequence distri- 
bution. From an analysis of the melting temperature/composition relations 
they concluded that while small quantities of the methyl side groups are 
incorporated into the crystalline phase at equilibrium, the larger side 
groups are excluded. A subsequent study of the melting temperatures of 

"This work was supported by a contract with the Division of Biology and Medicine, Atomic Energy 
Commission.  

"l'Present address: Research Department, ICl  Fibres Lid, Harrogate. Yorks. 
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the same copolymers, using a semi-empirical procedure to estimate equili- 
brium melting temperatures -~ has substantiated this conclusion. 

These conclusions appear to be disputed however, by wide-angle X-ray 
diffraction studies of copolymers of similar composition. Various investi- 
gators 3-G have reported that the basal plane of the unit cell is expanded or 
distorted as the concentrations of either methyl, ethyl, n-propyl or n-butyl 
side groups are increased. This expansion of unit cell dimensions is inter- 
preted as resulting from the presence of the coingredient in the crystalline 
phase. Although the results for the methyl side group copolymers are in 
harmony with the thermodynamic analysis, an apparent discrepancy clearly 
exists for the other cases. It should be noted that the X-ray diffraction 
measurements previously reported have been carried out at room tempera- 
ture (far removed from the melting temperature) on samples whose crystal- 
lization was not controlled. Hence, the distinct possibility exists that the 
discrepancy arises from equilibrium considerations on the one hand and 
measurements on a crystalline phase which drastically departs from these 
conditions on the other. 

To investigate this major discrepancy and the possible explanation 
offered above, we have taken advantage of studies of the kinetics of 
crystallization from the melt of these copolymers at various temperatures 7. 
Data of this kind allow for well-defined crystallization procedures to be 
established and set the time/temperature requirements for crystallization 
to be conducted at elevated temperatures. These conditions are the most 
conducive for the formation of the more thermodynamically perfect crystal- 
line phase s. We have, accordingly, measured the lattice spacings of 
polymethylene copolymers crystallized from the melt by different procedures. 
In addition to performing X-ray diffraction measurements at room tempera- 
ture after attaining the maximum extent of crystallinity, measurements were 
also made at the crystallization temperature, while crystallization ensued 
isothermally. 

EXPERIMENTAL 

Materials--The copolymer samples utilized in this investigation were kindly 
supplied to us by Professor P. J. Flory and included those used in the 
studies of the melting temperature and crystallization kinetics 2' r. The details 
of the preparation and analysis of these samples have been described 
previously 1 and the methods of synthesis yielded copolymers which are in 
random sequence distribution. 

Crystallization procedures--In preparation for the X-ray diffraction 
studies, the samples were first formed into thin uniform films 0"25 mm 
thick by use of a heated compression mould. After the initial moulding at 
about 170~ the samples were allowed to cool down slowly in the press 
with the absence of any applied pressure. In order to minimize possible 
orientation, the samples were again reheated to 170~ in the mould, still 
under no pressure, and again allowed to cool gradually to room temperature. 
The samples were then wrapped individually in aluminium foil and crystal- 
lized from the melt in one of several prescribed ways. 

In order to afford the copolymer the best opportunity to develop large 
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crystallites, crystallizations of the various films were conducted isothermally 
at temperatures as high as practical for periods up to five or six weeks. 
This was accomplished by simply transferring the foil-wrapped sample from 
a silicone oil bath at 165 ~ to one set at a predetermined crystallization 
temperature, the temperature being controlled to better than 0-1~ Prior 
knowledge of the times necessary at various temperatures to develop a 
certain degree of crystallinity was available from crystallization kinetic 
studies. After this initial isothermal crystallization, the samples were 
gradually cooled to room temperature at a rate of 2~ per day for the 
first seven days and then at rates of 10~ per day. 

In another crystallization procedure, the samples of each copolymer were 
crystallized, after initially being melted at about 160~ by very gradual 
cooling from 135~ to 45~ at the rate of I~ per day. 

Crystallizations were also conducted under conditions removed as far 
as practicable from equilibrium by rapidly transferring the films from a 
silicone oil bath set at 160~ into liquid nitrogen. 

X-Ray diffraction measurements--X-Ray diffraction measurements were 
made on the samples using both flat-plate camera  and Geiger-counter 
techniques, with Ni filtered Cu Ks radiation. The first series of measure- 
ments were made at room temperature with a Norelco fiat-plate camera. 
An internal standard of silver was used in order to enable the sample-film 
distance to be accurately assessed. This took the form of a piece of very 
thin silver foil placed against one face of the copolymer film which was 
then mounted in a specially constructed brass holder. Exposures were made 
for about 24 hours with a 35 kV 15 mA X-ray beam. The exposed films 
were subsequently measured using a Nikon Comparator. The d spacings 
were reproducible to within 0.005 A for the non-quenched samples and to 
better than 0-015 A for the quenched samples. 

Another series of measurements were made using a Norelco diffracto- 
meter with a Geiger-counter detection system. Measurements were made 
both at room temperature and at the temperatures of crystallization for 
selected samples. The measurements at elevated temperatures were 
performed using a specially constructed specimen holder, shown in Figure 1, 
which could be attached to the diffractometer in place of the normal 
radiation shield. 

The specimen holder consisted essentially of a cylindrical aluminium 
block M, 2 in. in diameter and 2�88 in. in length, which had a slot -~ in. in 
width and 1~ in. in depth cut out. Below the slot a hole �89 in. in diameter 
was drilled and plugged with a cylinder of copper C. This copper cylinder 
was in turn drilled so as to accommodate a cylindrical 50 W heater H, 
the end of which extended to �89 in. below the surface of the copper block. 

5 " A slit ~ m .  wide and -~in. deep was cut out along the axis of the 
aluminium block so as to be parallel with the surface of the copper block 
C. A copolymer sample S in its individual frame could then be inserted 
into the apparatus and be held in position by two copper springs. The 
position of the copper core C was adjusted so that the upper surface of 
the copolymer sample S would lie along the axis of rotation R of the 
diffractometer arm and the axis of the aluminium cyclinder M. Two more 
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Figure /--Schematic 
N [qN diagram of high tem-  

perature specimen 
holder for diffracto- 

meter 

holes A and B were then drilled parallel to the axis of the cylinder M to 
accommodate a thermometer holder and thermistor respectively. These were 
situated so that the sample, thermometer and thermistor were all equidistant 
(~ in.) from the heating element H. 

Two thermally insulated radiation Shields N, 7in. in diameter, were 
mounted on the aluminium body of the sample holder, as shown in 
Figure 1, to afford protection from any scattered radiation. The whole 
specimen holder was then mounted on the diffractometer unit in the same 
way as the customary Norelco radiation shield. 

Since long periods of time were necessary to develop any substantial 
crystallinity at elevated temperatures, the copolymer samples were isotherm- 
ally crystallized in a silicone oil bath for several days before X-ray 
diffraction measurements were made. Before transfer of the sample from the 
oil-bath to the specimen holder took place, the latter was heated and thermo- 
stated some 3 or 4 degrees above the crystallization temperature. During 
the transfer, which took less than 5 seconds, heat loss from the sample was 
minimized by an insulating sleeve which slipped over the frame containing 
the copolymer sample. Diffractometer scans were then made over the 
angular range 20=18  ~ to 26 ~ at about 3~ above the crystallization 
temperature, and then at a series of progressively lower temperatures. 

R E S U L T S  AND D I S C U S S I O N  
The Bragg spacings obtained from the flat-plate camera photographs at 
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room temperature are summarized in Fi-,ures 2 and 3. F&ure 2 illustrates 
the variation of the d110 and d20o spacings (for the orthorhombic unit cell) 
with increasing concentration of methyl side groups. The room temperature 
crystalline samples were obtained from the melt by either (a) cooling 
subsequent to prolonged isothermal crystallization at low undercooling, 
(b) very gradual cooling from the melt at the rate of I~ per day or 
(c) quenching as previously described. A steady increase is apparent in 
the value of the spacings with increasing side-group concentration: The 
crystallization procedure has only a very slight effect on the observed 
spacings for the copolymers containing up to four per cent methyl side 
groups. However, at the higher concentrations of the coingredient, there 
is an indication that the crystallization conditions could be affecting the 
spacings. The slowly cooled samples appeared to have the smallest unit 
cell dimensions. The patterns obtained for these specimens are not as 
well-defined as those for the lower concentrations and hence, the possibilities 
of measuring errors cannot be dismissed. 

A similar plot for the n-propyl branched copolymers is given in Figure 3. 
The results from Figure 2 for the methyl copolymers are also indicated in 
this diagram by the dashed straight lines. The differences in the results for 
the two sets of copolymers are easily discerned in the figure:, Moreover, 
the spacings observed for the n-propyl copolymers depend on the crystal- 
lization conditions. When the lower concentration n-propyl branched 
copolymers are rapidly crystallized from the melt by quenching, the unit- 
cell dimensions are similar to those of the methyl branched copolymers. 
However, if the crystallization is conducted more slowly~ particularly at 
the elevated temperatures, the unit-cell dimensions definitely decrease. This 
effect is especially evident in the two per cent and four per cent copolymers. 
The analysis of the X-ray patterns of the quenched samples containing 
high concentrations of side groups is severely hampered by the presence 
of an intense halo which completely obscures measurements of the crystal- 
line reflections. (This difficulty can be overcome with the diffractometer 
type of analysis, see below.) However, if the crystallization process is 
conducted very slowly, accurate measurements of the reflections obtained 
in this concentration range are possible. Under these circumstances a 
definite contraction in the unit-cell size, relative to that of the corresponding 
methyl copolymer, takes place. Hence, for the n-propyl copolymers, over 
the complete composition range studied, the lattice spacings are significantly 
less than those for the corresponding methyl copolymers and are definitely 
dependent upon the crystallization condition. This latter point is emphasized 
by the behaviour of the two per cent n-propyl copolymer (sample P 7). 
As is indicated in Figure 3, when this sample is crystallized at 103~ and 
then slowly cooled, smaller spacings are measured than if the sample is 
crystallized at 100~ and then similarly cooled. We should note that at 
both these temperatures, relatively long times are required for crystal- 
lization. The results just described are typical of the behaviour of n-propyl 
copolymers and suggest that, in contrast to the methyl copolymers, as 
crystallization conditions approach those which would favour development 
of the equilibrium state, the lattice spacings approach those for pure homo- 
polyethylene. 
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A major difficulty in interpreting the results described above is that 
the specimens must be cooled from the high temperature of crystallization 
to room temperature. As is shown in Table 1, the relatively low levels 

Table 1. Degree of crystallinity attained at crystallization temperature and at room 
temperature for various copolymer samples 

Copol) 'mer % Side group T e *C 

M 1 1"2 Me 120 
M 2 2"1 M e  112 
M 3 3"7 M e  100 
M 4 5"9 Me ~ 70 
M 5 6" 1 M e  ~ 70 

P 6 1.8 n -Pr  ,~, 104 
P 7 2 '0  n-Pr  103 
P 8 4-2 n-Pr  78 
P 10 6-4 n-Pr  ,--,., 45 

o f  /~ Degree o[ crystallinity 

at Tc ~ at 30~  x 

22 
5"3 
4 '8  

~ 2 ' 6  
( ~  2.5) 

( ~  12-5) 
12.5 
2-7 

,--.-,4.4 

55"4 
50"0 

(,~-, 40) 
( ~  19) 

17"1 

41"0 
(,-~, 40) 

23-4 
10"0 

of crystallinity obtained at the crystallization temperature become sub- 
stantially enhanced on cooling to room temperature. The relative increase 
in the level of crystallinity upon cooling becomes more pronounced as the 
concentration of coingredient is increased. Hence, by necessity, the diffraction 
pattern observed at room temperature must represent the state wherein 
a significant portion of sample has crystallized under conditions well 
removed from equilibrium. This effect is accentuated for the samples 
containing the higher concentration of coingredient. 

To alleviate the difficulties cited above, experiments were performed 
at elevated temperatures utilizing the diffractometer equipped with the 
heated specimen holder. The results of these experiments are summarized 

Z,.18 
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Figure 4 - - P l o t  o f  dzx . spacing (A) for linear polyethylene 
and copo]ymers determined by diffractometer at indicated 
temperatures. Marlex-50, crystallization temperature 
130~ A; �9 ot 2 1 ,o M e  copolymer, crystallization tempera- 
ture I l I ~  121; 3"7% M e  copolymer, crystallization tem- 
perature 98~  I ;  2% n-Pr  copolymer, crystallization 
temperature 101 ~ O; 4 ' 2 %  n-Pr  copolymer, crystallization 

temperature 7 6 ~  �9 
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in Figure 4. The highest temperature indicated for each copolymer represents 
the d~o0 spacing at the crystallization temperature; the spacings observed 
at the lower temperature are a consequence of the subsequent cooling of 
the specimens. To compare the various samples and to allow for the normal 
thermal contraction of the crystal lattice, a reference curve was obtained 
by measuring the d~ao and d,.oo spacings of an unfractionated homopoly- 
ethylene sample (Marlex-50). By crystallizing at 130 ~ for a long period of 
time a specimen of very high density was obtained T M  and the spacings 
measured over the temperature interval between 25 ~ and 120~ The results 
for the 200 spacing (not shown) gave an expansion coefficient for the a 
dimension of the unit cell which was in excellent agreement with the results 
reported by Cole and Holmes 5. These in turn are consistent with 
Takayanagi's results over a limited temperature range H. 

The temperature coefficient of the duo spacing of the 2-1% Me copolymer 
(M 2) is very similar to that of the homopolymer although the spacings 
themselves are displaced upward by about 0-02 A at all temperatures. For 
the 3-7% Me copolymer an additional upward displacement of 0.01 .K is 
observed at the crystallization temperature. However, the apparent thermal 
expansion coefficient is significantly reduced for this copolymer. Hence, 
at room temperature the d spacing is displaced about 0-06 A from that 
of the homopolymer in accord with the results of Figure 2. The role of the 
crystallinity developed at the lower temperatures in affecting the lattice 
spacings is quite clear and the possible difficulties in interpreting the room 
temperature results are indicated. An explanation of these results is that as 
the crystallization temperature is lowered, crystallization Occurs under 
conditions farther removed from equilibrium and from a melt which now 
contains a higher proportion of coingredient than in the completely molten 
polymer. Hence, for both these reasons a progressively higher concentration 
of side groups will be expected in the lattice as the temperature is lowered. 

A similar but more accentuated situation is observed during the crystal- 
lization of the 2% n-Pr copolymer. As is indicated in the figure, the initial 
measurement of the spacing at very low values of crystallinity at 101~ 
gives a value close to that of the homopolymer at this temperature. This 
indicates that for the n-Pr copolymers, in this concentration range, the 
crystalline phase remains pure as equilibrium conditions are approached. 
However, the other experimental points indicated in the diagram at this 
temperature were obtained as further crystallization ensued. A definite and 
distinct increase in the d spacings is observed with isothermal crystallization. 
Subsequent cooling then produced a series of points paralleling the locus 
for homopolyethylene but the spacings were about 0.03A larger. It is 
clea~ that if the initial crystals formed could be cooled without further 
crystallinity developing," then the spacing in this copolymer would be 
virtually identical to that of the homopolymer. The expansion coefficient of 
the 4-2% n-Pr copolymer is very similar to that for the 3.7% Me although 
the spacings themselves are significantly smaller. 

As has been indicated previously, an analysis of the quenched copolymers 
of higher n-Pr concentration was virtually impossible with the fiat-plate 
camera at room temperature. However, an analysis was accomplished with 
the diffractometer. The results for the quenched samples are summarized 
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in Figttre 5 together with other pertinent data which are helpful for com- 
parative purposes. The obvious differences between the quenched and well- 
crystallized n-Pr copolymers are now clearly discernible. The spacings for 
the quenched samples are virtually identical to those for the Me branched 
copolymers, while those for the more slowly crystallized n-Pr copolymers 
are approaching the homopolymer values. These results thus reinforce the 
previous conclusions obtained from the data of Figures 2 and 3. 

Another complication that exists in interpreting the reflections for these 
copolymers is the simultaneous development of another crystalline form. 
It has been shown that in homopolyethylene, another crystalline modification 
identified as triclinic by Teare and Holmes '2 will form at temperatures 
below about 90~ and will melt 13 in the range of 90 ~ to 100~ For the 
polymethylene copolymers containing the higher concentration of side 
groups, the crystallization must be conducted at large undercoolings in 
order to develop a measurable amount of crystallinity 2. The crystallization 
temperatures are thus in the range where the formation of the polymorphic 
form can be anticipated. The apparent melting temperatures of the copoly- 
mers containing 5"9% methyl (M4) and 4-2% n-Pr (P 8) are consistent 
with the formation of the triclinic form in relatively high proportion. The 
fusion curves for copolymer P 7 (2% n-Pr) initially crystallized at 90~ 
and then cooled gives evidence for the melting at about 95~ of this 
crystalline form. Further evidence for the formation of the polymorphic 
form in the copolymers studied here is found in the X-ray diffraction 
photographs taken at room temperature. 
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The polymorphic form in the homopolymer  is characterized by a strong 
reinforcement of the diffraction ring found within the 110 orthorhombic 
reflection. This reflection has been a t t r ibuted"  to the 010 plane of the 
triclinic structure with a Bragg spacing of about 4-56.A. The  other 
reflections characteristic of this polymorph have been listed elsewhere'-1% 
A similar reinforcement of the innermost diffraction ring has been definitely 
observed for copolymers P 10 and P 11, 6.4 and 6-8% n-propyl respectively 
and is suggested by the photographs obtained for M 4, 5"9% Me. Table 2 
summarizes the relative intensities of the three innermost main diffraction 
rings for the various copolymers and a typical unbranched polymethylene. 
Column (a) is for the 010 reflection of the triclinic form; (b) is for the 110 
reflection of the orthorhombic form; (c) is for the reflection in the range 
3.70 to 3"85 A which can be assigned to either the 200 reflection of the 
orthorhombic form or the 100 reflection of the triclinic form. The intensity 
of the innermost diffraction ring, typical of the triclinic form, relative to 
the d , o  orthorhombic reflection increases appreciably as the concentration 
of coingredient increases. The value of the spacing itself increases for the Me 
copolymers with increasing copolymeric content, but remains essentially 
unchanged for the n-Pr copolymers. Hence, this form appears in concen- 
trations which are significantly greater than those previously observed in 
undeformed polyethylene. For copolymers crystallized from the melt below 
80~ this reflection is particularly pronounced and is consistent with the 
kinetic conditions required for the formation of the low melting polymorph 
and the fusion curvesL 

The reflection assigned to the d_~o0 spacing of the orthorhombic form in 
Figures 2 and 3 varies from 3"75 to 3.88 A for the copolymers which were 
crystallized below 80~ However, the dl0o spacing of the triclinic form has 
been calculated and observed to be 3-80 A for the homopolymer and its 
calculated intensity should be weaker than the dolo Spacing of the same 
form H. The data in the last column of Table 2 show continuous diminution 

Table 2. Variation of the intensities of the three innermost diffraction rings obtained 
hy the flat-plate camera technique and d spacings corresponding to the innermost 

reflection 

Sample % Side group 

Polymethylene Unbranched 
M 1 1-2 Me 
M2 2"I Me 
M 3 3.7 Me 
M 4 5.9 Me 
M 5 6"1 Me 
P 6 1.8 n-Pr 
P 7 2.0 n-Pr 
P 8 4-2 n-Pr 
P 9 4"6 n-Pr 
P I0 6"4 n-Pr 
P 11 6"8 n-Pr 

Diffraction ring intensities 

(a) 
innermost 

(b) (c) 
[II0] 

vw 4-56 A vs vs 
vw 4.55 vs vs 
vw 4.57 vs s 
w 4-(50 vs s 
w 4.62 s w 
m 4"64 s vw 
vw 4.58 vs s 
vw 4-54 vs s 
w 4"56 s m 
w 4-59 s m 
m 4"58 m vw 
m 4-59 m vw 

v s = v e r y  strong; s=strorlg; m=mcdiumi  w=wcak; 'vw=very v,'cak. 
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of the intensity of this reflection while it progressively increases in position 
from 3.70 to 3-85A. At the same time the intensity of the innermost 
reflection is increasing. These observations further support the concept 
that the concentration of the triclinic modification increases appreciably 
with copolymeric content. Hence it can be concluded that the observed 
spacings result not only from any possible distortions of the orthorhombie 
unit cell but also from the presence of the polymorphic form. 

A summary of the room temperature spacings in ethylene copolymers 
as reported by other investigators is given in Figttre 6. Eichorn's I results 
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for methyl branched polyethylenes are in good agreement with the data 
reported here. It is interesting to note that the point representing the dl00 
spacing of the quenched 1.2% Me copolymer which is off the line in 
Figttre 2 fits very well with Eichorn's data. There is, however, a large 
discrepancy between our data for unbranched polyethylene and those of 
Eichorn. The extrapolation of the copolymer spacings to those for an 
unbranched polyethylene agrees very well with our independent measure- 
ments on several Marlex-50 and unbranched polyethylene samples, as well 
as with Bunn's 1~ reported values of 4.106A and 3.696 A for the 110 and 
200 reflections of the orthorhombic unit cell. 

Swann's results ~ for methyl branched polyethylenes have a steeper slope 
than those reported here. This could be accounted for by slight discrepancies 
in the side-group concentrations or by a non-random sequence distribution 
in his case. The points representing Swann's results for samples with 
larger side groups lie fairly close to the line representing our results for 

81 



C. H. BAKER and L. MANDELKERN 

the methyl copolymers and the quenched n-propyl copolymers. This is the 
expected result since no effort was made to crystallize these samples under 
optimum conditions. The points representing the Walter and Reding data s 
for methyl branched copolymers are similarly distributed around our 
results. 

The results of the X-ray diffraction analyses can now be compared with 
the conclusions drawn from the studies of the melting temperature/ 
composition relation for the two series of copolymers. The differences i'n 
crystallization behaviour between the methyl and n-propyl copolymer have 
been confirmed and further emphasized. The phase diagram of the methyl 
copolymers, based on liquidus composition, is consistent with solid-solution 
formation in that a proportion of the side groups enters the lattice as an 
equilibrium condition. This conclusion is confirmed by the continuous 
expansion of the basal plane of the unit cell with increasing methyl group 
concentration, and the independence of the lattice spacings on crystallization 
conditions. 

For the n-propyl copolymer the extrapolated equilibrium melting tempera- 
tures monotonically decrease with increasing concentration of coingredient 1'-". 
This result is consistent with a phase diagram in which the crystalline phase 
remains pure. It is not necessarily an unequivocal demonstration of this. 
However, the experimentally extrapolated melting temperatures for the 
2% n-Pr copolymers are in virtual agreement with the value calculated on 
this basis. The analysis of the X-ray pattern indicates that, in contrast to 
the methyl copolymer, the lattice spacings for all the n-Pr copolymers are 
very sensitive to the crystallization conditions. For the 2% n-Pr copolymers 
the lattice spacings approach those of the homopolymer as equilibrium 
crystallization conditions are approached. This supports the contention set 
forth above of the crystalline phase being pure at equilibrium. However, 
the ease with which non-equilibrium compositional defects can be developed 
within the crystalline phase of this copolymer is also appai'ent. 

For copolymers containing higher concentrations of n-Pr side groups, 
comparable crystallization conditions cannot be experimentally achieved. 
The lattice spacings continually decrease as the crystallization conditions 
become more favourable and their values are less than the corresponding 
methyl side group copolymers. The analysis of the lattice parameters in 
this composition range is complicated by the reflections from the poly- 
morphic form. Though the purity of the crystalline phase at equilibrium, 
for the higher concentration n-Pr side group polymers, cannot be definitely 
established, the observations cited are indicators that under appropriate 
conditions spacings comparable to those for the homopolymers would be 
achieved. The theoretical possibility still exists for a small concentration 
of n-Pr side groups to be accommodated in the crystalline phase at equili- 
brium. 
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The Fractional Crystallization of 
Poly(ethylene oxide) 

C. BoorrI and C. PRICE 

Poly(ethylene oxide) has beets ]ractionated by crystallization ]rom dilute 
solution ia several solvents. Fractionation with respect to molecular weight is 
slight: there is a tendency ]or lower molecular weight polymer to crystallize 
first. The mechanisnz o] crystallization o/ poly(ethylene oxide) ]rom dilute 
solution is discussed briefly, and the application o/Jractional crystallization to 
both nomhmlly crystallhle and partially crystallhze polymers is considered. 

THE use of fractional crystallization in the separation of stereoisomers of 
high polymers is an established procedure. Such separation is possible 
because of variation in melting point (and perhaps in heat of fusion) which 
accompanies the introduction of disorders into an otherwise regular chain. 
Provided the molecular weight is high (i.e. provided the melting point of 
the polymer is not depressed by end effects) it is usually assumed that the 
fractionation is influenced solely by the degree of stereoregularity. Indica- 
tions are that this assumption is justified: we have found that" there is 
little or no variation in molecular weight or molecular weight distribution 
from fraction to fraction when high molecular weight poly(propylene 
oxide) is crystallized from dilute solution 1. Nevertheless, theoretical 
arguments concerning the crystallization of high polymers from solution 
suggest that the solubility should be slightly dependent upon molecular 
weight"-, and for this reason one might expect fractionation to occur with 
respect to both molecular weight and degree of stereoregularity. Unfortu- 
nately, in theoretical studies, account has not been taken of the fact that 
the nucleation temperature might be several degrees lower than the 
equilibrium melting temperature, nor of the possibility that the crystals 
might grow via a diffusion controlled mechanism. We have therefore 
carried out an empirical investigation of this problem. 

In order to avoid the complexities involved in the use of polymers of 
varying degrees of stereoregularity we have used linear, high molecular 
weight poly(ethylene oxide). In particular we have prepared dilute solu- 
tions of samples of poly(ethylene oxide) having wide molecular weight 
distributions, and have precipitated successive crystalline fractions. Measure- 
ments of the intrinsic viscosities of the various fractions could then be 
used to detect differences in solubility caused by the variation of molecular 
weights in the original polymer. 

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

Materials 
The samples of poly(ethylene oxide) were 'Polyox' WSR-205 resins 

prepared by Union Carbide Ltd, Chemicals Division. Two samples 
designated A and B were used: A (code niJmber FC 2075) had a slightly 
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higher intrinsic viscosity than B (commercial resin). Sample A was frac- 
tionated above the melting point by successive addition of quantities of 
iso-octane to a dilute solution in benzene. The l iq, id phases so obtained 

Table 1. Fractionation of poly(ethylene oxide) A at 65"C 
Initial concentration 1 g 1-~, ['1] =5'64 dl g-1 

Fraction Weight (%) [r/] (dl g-l) Fraction Weight (~ ['0] (dl g-l) 

1 8"9 16:4 5 11"8 1"67 
2 15-I 11-5 6 22"7 0'73 
3 17-3 5"2 7 14'9 0"15 
4 9"3 3"1 

Weight-average ['I] =4"77 dl g-1 

were separated by syphoning off the dilute phase. The results of this 
fractionation are given in Table 1; the molecular weight distribution is 
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Figure /--Molecular weight distribution of poly(ethylene 
oxide) A obtained by fractionation at 65~ (O) and at 

temperatures in the range 37 ~ to 24~ (e) 

seen to be wide (see also the Figure 1) and there is about 20 wt % of low 
molecular weight polymer. Sample B was shown to have a similar mole- 
cular weight distribution, although it contained rather mere  (some 30 wt 
%) low molecular weight polymer. 

The solvents used in the crystallization experiments were commercial 
samples which had been dried and distilled; an exception was xyiene 
which was shaken  with concentrated sulphuric acid and then washed with 
water before the drying and distillation were carried Out. The benzene 
used in the determination of dilute solution viscosities was obtained by 
drying and distilling analytical reagent grade solvent. Antioxidants of the 
hindered phenol type were added to all solvents at a concentration of one 
to two per cent of the polymer concentration. 

Fractional crystallization 
Dilute solutions (1 to 2 g 1-9 of the samples of poly(ethylene oxide) 

were placed in pear-shaped flasks and held at a controlled temperature 
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(+0 '01~  by immersion in a water bath. The solutions were stirred as 
the temperature was lowered to a value at which polymer was known to 
precipitate. After allowing crystallization to proceed for a given period 
of time (which varied from a few hours to several days depending upon 
the solvent and the temperature) the supernatant liquids were removed 
through a glass wool plug. The process was repeated to obtain further 
fractions. The crystalline precipitates were dissolved in benzene and 
freeze dried. 

Intrhzsic viscosity 
Dilute solution viscosities in benzene at 25~ were measured by means 

of modified Desreux-Bischoff viscometers of low shear stress. Viscosity- 
average molecular weights were calculated by use of the relationship ~ 

['q] =3"97 • 10 -~ M~ 6~ 

R E S U L T S  
Representative results of fractional crystallizations from dilute solutions 
in ethyl alcohol, methylethyl ketone and xylene are given in Tables 2 to 4. 
Similar results were obtained in ethylbenzene. In each case more than 
one fractionation was performed. The solvents chosen were those for 
which crystallization occurred in the temperature range 20 ~ to 40~ 

Table 2. The fractional crystallization of poly(ethylene oxide) A from ethanol 
Initial concentration 1"59 g 1-1, [~/] =4"98 dl g-t 

Precipitation temperature (*C) Weight (%) [~1] (dig -1) 
32-5 18"5 4"83 
32"0 7"7 4"96 
31"5 25"9 5"18 
31"0 26"8 5'65 
Residue 21" 1 3"96 

Weight-average [,j] =4"97 dl g-1 

Some degradation of the polymer occurred, especially in methylethyI 
ketone and xylene; values of the weight-average intrinsic viscosities of the 
fractions are quoted in the tables and can be compared with the intrinsic 
viscosity of the whole polymers before fractionation. Nevertheless, in all 
solvents, it is clear that fractionation of the high molecular weight 

Table 3. The fractional crystallization of poly(ethylene oxide) B from methyl ethyl 
ketone 

Initial concentration 2"5 g 1-1, [,I] =3'66 dl g-1 

Precipitation tetnperatttre (*C) Weight (%) [r/] (dig -1) 

30-5 24-3 3"97 
30"5 16'8 4"20 
30'5 23"7 4"15 
26-0 6"1 3"65 
Residue 29" 1 0"57 

Weight-average [,1] =3"04 dl g-1 
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polymer with respect to molecular weight is slight. Moreover, there is a 
tendency for the lower molecular weight crystallizable molecules to pre- 
cipitate first. This tendency is common to all solvents; though it is only 
in ethyl alcohol, where degradation is minimal, that the effect can be seen 
clearly from the raw fractionation data. In all solvents the residue 

Table 4. The fractional crystallization of poly(ethylene oxide) B from xylene 
Initial concentration 2 g 1 -~, [,1] =3-66 dl g-X 

Precipitation temperatttre (~ Weight (%) [r/] (dl g-X) 

37"7 9' 1 3-60 
37"7 12"2 3"75 
37"7 15"1 3"86 
37"7 9"7 3-38 
2"3 23"1 2"77 

Residue 31"1 1"87 

Weight-average [,i] =2"92 dl g-~ 

consisted of low molecular weight polymer: this material had a lower 
melting point than the other fractions and this would be expected for a 
fraction consisting mainly of molecules in the molecular weight range 5 000 
or less. In every solvent it was possible to precipitate all the polymer except 
the low molecular weight residue by allowing the solution to stand for a 
prolonged time at the temperature of separation of the first fraction. 

DISCUSSION 
The process of crystallization is one of nucleation followed by growth. 
Since our data relate to the precipitation of large fractions we can assume 
that the growth process alone is important in determining the nature of 
the polymer precipitated. This growth process includes the diffusion of 
polymer molecules to the crystal/solution interface and the incorporation 
of molecules at the interface into the crystal. If processes of diffusion are 
of primary importance in determining the rate of growth of a crystal then 
it is to be expected that lower molecular weight polymer will precipitate 
more rapidly: if interracial processes are rate-determining, in the sense 
that the' incorporation of each polymer chain into the crystal involves a 
distinct nucleation process, then it is to be expected that higher molecular 
weight polymer will precipitate more rapidly. The data presented earlier, 
especially those obtained with ethyl alcohol as solvent when degradation 
was not a problem, indicate that processes of diffusion control the nature 
of the polymer incorporated into crystals of poly(ethylene oxide) when 
they are precipitated from a dilute solution of the high molecular weight, 
heterogeneous polymer. It is not possible to conclude that the overall 
rate of growth is controlled by diffusion; the data would be consistent with 
the suggestion' that the rate of growth is determined by slow secondary 
nucleation processes, while the bulk of polymer crystallizes by rapid 
addition to the growing lamellae: measurements of the rate of crystal- 
lization, from dilute solution, of fractions of high molecular weight 
poly(ethylene oxide) are in hand at the present time. 
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"he fractionation with respect to molecular weight is slight and it is 
sible that there is a balance between nucleation and diffusion as has 
n suggested by others-". Whatever the explanation these data support 
finding that the fractionation of poly(propylene oxide) with respect to 

ree of stereoregularity is not influenced measurably by the molecular 
ght of the high polymer. The small effect of molecular weight on 
:ipitation noted here [we assume that poly(propylene oxide) and poly- 
ylene oxide) have similar characteristics] would be swamped by the 
:e changes in solubility which accompany even minor changes in degree 
stereoregularity. In this way our results add weight to the general 
imption that molecular weight has negligible influence upon the 
tional crystallization of partially crystalline polymers. 
inally these results confirm the widely held view that crystallization 
ot a useful process of fractionation with respect to molecular weight. 
he fractional crystallization of a linear, highly crystalline polymer such 
~oly(ethylene oxide) gives such poor results, then the method can be 
punted for all high molecular weight polymers. 

APPENDIX 
tractional crystallization oJ poly(ethylene oxide) ]rom a mixture of 

octane attd benzene. 
le have crystallized poly(ethylene oxide) from a mixture of 32% vol 
3ctane and 68% vol of benzene at temperatures in the range 37 ~ to 
2. Typical data are given in Table 5. Here fractionation occurs on 

ble 5. T h e  f r a c t i o n a t i o n  o f  p o l y ( e t h y l e n e  o x i d e )  A f r o m  i s o - o c t a n e  a n d  b e n z e n e  
In i t i a l  c o n c e n t r a t i o n  1 g i - 1 ,  [,/] = 5 " 6 4  d l  g-X 

ecipitation temperature ( ~  Weight ( % )  [ r t ]  (dig -1) 

37"0  19"3 1 5 ' 8  
35"0  1"6 12"1 
33"7  8"5 8 ' 6  
31"7  2"3 5"6 
28"3 14"3 3"88 
24"2  3 8 ' 6  2 ' 0 0  
R e s i d u e  15"3 0-21 

W e i g h t - a v e r a g e  [,1] = 5 " 4 3  d l  g - i  

basis of molecular weight, although the fractions obtained were 
:alline solids. These fractionation data are very similar to those 
ined by liquid-liquid phase separation above the melting point 
.le 1) and almost identical molecular weight distributions are obtained 
: the data of Tables I and 5 (see Figure 1). 
le similarity of the two sets of data, coupled with the wide tempera- 
range over which precipitation takes place (characteristic of liquid 

:r than crystal phase separation), implies that the mechanism is that 
quid phase separation even though a crystalline phase is recovered*. 
)~ible explanation of this phenomenon is that in this solvent the temperature of liquid phase 
ilion is lower than the equilibrium melting point o[ the polymer in solution but higher than the 
:rature at which nucleation takes place. Given the condition that the concentrated liquid phase 

higher nucleation temperature (because of the greater concentration of polymer) then the possibility 
that a crystalline phase separates. Moreover, if the activation energy for continued growth from 
solution is similar to that for nucleation then only" the highest molecular weight polymer ~,ill 

nize and separate. 
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This type of fractional crystallization is considered an exceptional case 
which will occur only when the temperature of liquid phase separation is 
at or about the melting point of the polymer in solution. However,  in 
interpreting the results of a fractional crystallization, the possibility of a 
hybrid separation of this type should be borne in mind. 
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The Influence of the Molecular Size 
Distribution within a Liquid on the 

Viscous Flow of the Liquid 
A. POWELL 

It is proposed that an empirical correction be applied to the Maxwel l  equation 
to take account o[ the distribution o] relaxation thnes. Literature data are 
advanced to suggest there is a definite relationship between viscosity measure- 

merits hz oscillatory shearhzg and those h~ contimtous shearing. 

IN considering a polymer melt, Ferry et  aL 1 represented the distribution of 
relaxation times by an empirical function, which could only be determined 
by a complicated method of successive approximations; the viscous flow of 
the melt was expressed in terms of this distribution of relaxation times. 
Tobolsky and Eyring ~, considering a polymer melt, represented it by a net- 
work structure comprising three types of flow unit; the viscosity of the melt 
was expressed in terms of the r61ative numbers of these units and their 
characteristic relaxation times. The parameters in the equations presented 
by the above workers are not easily determined. In the present work, 
relatively simple equations are presented for the viscosity of a liquid in 
terms of the molecular size distribution within the liquid. The necessity to 
determine the distribution of relaxation times is avoided, and the number 
of parameters introduced is small. The equations in this present work 
permit simple mathematical treatment. 

In the present work, considering a liquid in which the molecules have 
similar shapes and do not ionize, the liquid is represented by a model made 
up of a viscous component 

s=r/0~ (1) 

and an elastic component 

} =G~o6 (2) 

where co is equal to (27rD and is called the angular frequency; [ is the 
oscillatory shear frequency; ~/0 is the viscosity of the liquid at zero 
frequency; s is the stress; ~ is the rate of strain; s is the rate of change of 
stress with time; Go, is the rigidity modulus at angular frequency co. The 
rates of strain for these two components are added together to give for the 
complete model 

6=  slO~+sl~o (3) 
Equation 3 differs from the Maxwell model, in which the rigidity modulus 
is a constant, in that Go, in equation 3 is given by 

Go,= O (~.coy_r (4) 
where 

F = ( M . / M , , , )  ~ (5) 
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G and X are the values of the rigidity modulus and relaxation time which 
would be observed, for a liquid whose viscosity is "qo at zero angular 
frequency, if all the molecules were identical, each molecule having a weight 
equal to the viscosity average weight. Thus 

,k=r/0/G (6) 

X is called the representative relaxation time for a liquid of viscosity "q0 at 
zero angular frequency; M, is the number average weight and M,,, is,the 
weight average weight of the molecules; x is a constant for the particular 
molecular species. Equations 4 and 5 are empirical. The reasons for intro- 
ducing equations 4 and 5 into this model for the liquid are as follows. 

(/) In a liquid comprising molecules each of which is the same shape 
and size, and at any frequency of shearing, all the molecules of the liquid 
will be responding elastically to the stress cycle; since the number of mole- 
cules responding elastically to the stress remains the same, the rigidity 
modulus (G~,) should be the same at all values of co. For such a liquid 
(M,/M,,,)= 1 and equations 4 and 5 give F =  1 and G,,,=G, as expected. 

(ii) In a liquid comprising molecules of the same shape, and a size 
distribution specified by the representative relaxation time X and a value 
less than one for the ratio (M,,/M,,,), the number of molecules responding 
elastically to the stress cycle will depend on the frequency; as the frequency 
increases, the duration of the stress cycle becomes less, and the period of 
time in which the molecule can respond elastically decreases. ASk this time 
decreases, the maximum size of molecule which can respond elastically 
becomes less, and the total number of molecules contributing to the 
elasticity becomes less. Thus as the frequency to increases the rigidity 
modulus should increase; this is predicted by equation 4 which shows that 
as to increases Go, increases. 

(iiO In liquids with the same value for "O,, and for ,k, and containing 
molecules of the same shape, variation of molecular size distribution is 
accounted for by parameter F. At a particular frequency (or value of toX), 
widening the distribution should increase the number of molecules which 
can respond elastically and increase G,,,. In equations 4 and 5, a Widen- 
ing of the size distribution [that is, a decrease in the value of the ratio 
(M,]M,,,)] is seen to result in a decrease of F and an increase in the value 
of G,.,, as expected. 

(iv) In liquids with the same value for "q0 and for X, and with the same 
size distribution, the molecular shape is taken into consideration by para- 
meter x. The introduction of bulky side groups or chains along the length 
of the molecule will hinder the contraction of the molecule and limit the 
elastic response, hence increasing the value of G,.,. Thus the introduction of 
bulky side groups or chains along the molecule is considered in this inter- 
pretation to decrease slightly the value of x and therefore of F (equation 5), 
thus increasing the value of G,,, in equation 4. 

For a liquid represented by equation 3 subjected to oscillatory shearing 
at angular frequency to, equation 7 is obtained. 

r/a = r/o/{ 1 + (toh) "-r} (7) 
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where ~,,, is the viscosity at angular frequency to, 7/,., is equal to (g[co) where 
g is the imaginary part of the complex shear modulus. Equation 7 has 
been tested using viscosity data from oscillatory shearing experiments on 
glyceroP, mineral oilP, siliconeP .~ and polystyrene% log {('r/0/.r/,o)-1} being 
plotted against log co. Straight line plots are obtained for each of these 
materials in agreement with equation 7. Typical plots obtained are those 

Glycerol 

Table 1. Values of 

Material 

LVI mineral oil* 
MVI(N) mineral  oil* 
HVI mineral oil* 

Polydimethylsiloxane 
oil A 

MS200 silicone oil B 

DC200 silicone 

Polystyrene 

Polyisobutylene (Vistanex 
BI00) dissolved in decalin 
at concentrations w / w  

20 
13 
8 
5 

Polyethylene 
(Tenite 826F) 

9arameter F obtained from viscosity measurements 

Viscosity average 
molecular weight 

460 

2 .6x  10 t 
6"4X l0 t 
6X l0 t 

2-4x 10 ~ 

I 1"1 X 106 

Tempera- 
lllre. ~  

--42"0 
--34"0 
- -26 '0  
--18"0 

30"0 
3 0 0  
30'0 

30"0 
30'0 

--49"5 
--13"'/ 

52"0 

200 

1"00 
1 "00 
1 '00 
1"00 

0'55 
0"50 
0"55 

0"28 
0"34 
0"41 
0"41 
0"42 

0"26 

M n  

1"00 

0"65 

l ! 0"4 

6 x  l0 t 

25-0 

200 

0'42 
0-42 
0"42 
0"42 

0-50 

0"4 

0-5 

*The LVI oil is a Southern conventional oil, of Redwood viscosity index 260 see at 140*F. The MVI(N)  
oil is a Southern Edeleanu oil. of Redwood viscosity index 170 sec at 140*F. The  I lVI  oil is a Co/on 
Duosol oil. of Redwood viscosity index 330 see at  140*F. 

for glycerol (Figm'e 1) and DC200 silicone oil (Figttre 2). The values 
obtained for parameter F are given in Table 1. It is seen from the data for 
glycerol and for DC200 silicone that the parameter F is independent of 
temperature, as is suggested by equation 5. With glycerol, F--1 and 
equation 7 is then identical with the Maxwell equation. 

An equation is derived for a polymer solution subjected to oscillatory 
shearing; equation 7 is used to represent the dependence of viscosity on to 
for the polymer component, and the solvent viscosity (r/e) is assumed to be 
independent of the shear frequency. Adding together these two viscosity 
contributions gives the following equation for 7/ .... the viscosity of the 
polymer solution at angular frequency to. 

n.,=n.+ {(n,, ,) ,-n,}/{l + (coxpT'} (8) 
o r  

( tox.)  ~-" = { ('o.,)~ - ' o o 4  / {'o,,, - n . }  (9)  
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where (r/,,)0 is the viscosity of the polymer solution at zero frequency; and 
ka is the representative relaxation time for the polymer component in the 
solution. Equation 9 has been tested using data at 20~ for a solution of 
polyisobutylene of viscosity average molecular weight 6.2 x 10 ~, in cetane:. 

| 

0 

Figure 
_34.0o C 

1 I 

B'O B'5 
log 

/ - - -Glycero l  at --42"0"C (~), 
(O), - - 2 6 . 0  ~ C (O), and 

-18.0"c (@) 

log [{(nm)~-n,~}/{n,,-n,}] being plotted against log oJ. A straight line 
graph is obtained in agreement with equation 9. 

Equations 10 and 11 below have been found to describe the experimental 
behaviour of a polymer melt and a polymer solution, respectively, when 
subjected to continuous shearing 

no =To/{ 1 + (Oy) 'v} (10) 

{(n, .)0- (n.,),,} / {(nm)~- n.} = (DYp) '-'r (11) 
where To and To are the viscosities of the polymer melt at rates of con- 
tinuous shear D and zero, respectively; y is the relaxation time for the 

' 0 
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0 

,,,.r169 / | 1 7 4  ,.~ r169 
6 y  0 ~ o  

i I 
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polymer molecule in the melt for continuous shearing; 0b~.)o and (7/,,,)0 are 
the viscosities of the polymer solution at rates of continuous shear D and 
zero, respectively; ),v is the relaxation time of the polymer in the solution. 
Data have been obtained by Horio, Onogi and Ogiwara 8 in oscillatory and 
in continuous shearing experiments for molten polyethylene (Tenite 826F) 
at 200~ and by De Witt, Markovitz, Padden, Jr. and Zapas 9 for solutions 

Figure 3--Polyethylene (Tenite 826F) at 
200'C; log {0%/rlo)-l} versus log to 
(~); log {r/0lr/o)-ll versus log D (O) 

~r-~O 
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. /  
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o 

' o:5 
log(,, or log D 

ot polyisobutylene (Vistanex B100) in decalin at 25~ Figure 3 shows the 
data for the polyethylene, log {070/~7o,)- 1} being plotted against log oJ for 
oscillatory shearing (equation 7), and log {r/0/r/o)-1} being plotted against 
log D for continuous shearing (equation 10). Figure 4 shows the data for 
the solutions of polyisobutylene in decalin, log[{(~7,,,)0--q,,}/{r/,,-~?,}] 
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Lo I ' 
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I I I 
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t o g ~  or  t o g D  
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Figure 4--Solutions of polyiso- 
butylene (Vistanex B100) in 

decalin at 25~ log (- ~ j 

versus log to for polymer weight 
concentrations of 5~ (O), 8% 
(~), 13~ (| and 20% (| 
log [ ()/ ' )~ ('0~)o ] plotted 

against log D for polymer 
weight concentrations of 5% 
(O), 8% (qD), 13% (9) and 20% 
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being plotted against log to for oscillatory shearing (equation 9), and 
log [{(r/,.)0-(r/,,,)o}/{(r/.,)D-r/s}] being plotted against log D for continuous 
shearing (equation 11). In Figure 3 and also in Figure 4 the plots for 
oscillatory shearing have the same slopes as the plots for continuous shear- 
ing; thus, for each of these two materials, the viscosities in oscillatory 
shearing and in continuous shearing must be expressible in terms of the 
same molecular weight distribution parameter F. The values of F for the 
solutions of polyisobutylene (Vistanex B100) are given in Table 1. and are 
seen to be independent of polymer concentration, in accordance with 
equation 5. 

Equations 7 and 10 which apply to a molten polymer, and equations 9 
and 11 for a polymer in solution imply that the viscosity at oscillatory shear 
frequency o~ will be equal to the viscosity at rate of continuous shear D, 
when co=(y/h)D for the molten polymer, and when co=(yp/Xp)D for the 
polymer in solution. From the data plotted in Figure 3, the ratio (y]h) is 
seen to be approximately unity for the polyethylene. The data plotted in 
Figure 4 give, for the polyisobutylene in solution, a value of 1.4 for the 
ratio (y,/hp). 

Equation 10 has also been tested using viscosity data ~~ from continuous 
shearing experiments at 18~ on polydimethylsiloxane, of viscosity 
average molecular weight 10 ~. " A plot of log {(r/0/r/D)-1} against log D is 
found to give a straight line graph, in agreement with equation 10. 

Equation 11 for a polymer solution has been tested further by applying it 
to continuous shearing data for a number of polymers in solution for which 
the ratio (M,,[M,,,) is not known. Continuous shearing data for solutions of 
polystyrene in benzene u, polydimethylsiloxane in toluene ~, and polybuta- 
diene in benzene ~3 were used, log [{(r/,,)~-(r/,,,)o} ] {(r/,,)D-Tr/~} ] being plot- 
ted against logD, for each o f  these solutions. A straight line graph was 
obtained for each solution, as would be expected from equation 11. 
Equations 9 and 11 for a polymer in solution assume that r/,, the viscosity 
of the pure solvent, is independent of the oscillatory shear frequency and of 
the rate of continuous shear; this assumption is justifiable over the 
frequency or rate of shear range normally used. 

The available values for (M,,/M,,) are given in Table 1, together with the 
corresponding values for F. These values suggest that as the molecular 
weight distribution widens, that is, as (M,,]M,,,) changes from one to zero, 
the value of F changes from one to zero. The dependence of parameter F 
on the weight distribution and on the species of molecule does, however, 
require further investigation, and work is now in progress to this end. 

The evidence presented does suggest that there is a definite relationship 
between viscosity measurements in oscillatory shearing and those in con- 
tinuous shearing, through equations 7 and 10 for a molten polymer, and 
equations 9 and 11 for a polymer in solution. Also, the data for the mineral 
oil suggest that equation 7, and possibly equation 10, can be applied to 
liquids in which the constituent molecules are relatively small. 

John Dalton College o[ Technology, 
Chester Street, Manchester 
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INFLUENCE OF MOLECULAR SIZE DISTRIBUTION WITHIN A LIQUID 
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Network Scission Processes in Peroxide 
Cured Methylvinyl Silicone Rubber 

D. K. TtIOMAS 

Stress-relaxation studies show that network scission in peroxide cured methyl-  
vinyl silicone rubbers at temperatttres ttp to 250~ is largely the result o /  
hydrolytic reactions in the mah~ chahz polymer. There are indications that at 
250~ and above oxidative scission o] crosslhzks makes a significant contri- 
btttion to the observed rate o f  conthzuotts stress-relaxation. There is no htdi- 
cation that acidic byproducts o[ the vulcanization reaction catalyse the 

hydrolysis o[ siloxane bonds in the polymer. 

SILICONE rubber vulcanizates are extremely stable when subjected to con- 
ventional heat ageing tests at temperatures up to 250~ In these tests 
the specimens are aged in a relaxed state in an air circulating oven. In 
contrast the heat ageing of silicone rubbers at high temperatures in a 
confined space, where there is no opportunity for the diffusion of gases or 
vapours inwards or outwards from the system, leads to reversion. At 
temperatures above 250~ this process gradually reduces the rubber to a 
useless material of a soft cheesy nature. 

In a rubber vulcanizate the loss of rubbery properties during ageing is 
largely due to reactions leading to network scission, network formation 
(i.e. crosslinking), or to a combination of both. The embrittlement which 
occurs in silicone rubbers after long exposure to air at temperatures above 
200~ is presumably due to oxidative crosslinking reactions resulting 
from oxidation of the methyl side groups of the main chain polymer. The 
softening which occurs during confined heat ageing must be largely the 
result of network scission reactions; in general the rubber will be subject 
to both processes and the net effect on properties will be determined by 
the relative amounts of scission and crosslinking occurring. Commercial 
silicone rubbers usually contain high concentrations of fine silica, the 
presence of which may influence the heat ageing processes. In addition, 
the crosslinks in hot vulcanized silicone rubber may be of various types 
each having its having its own level of oxidative stability. 

In the present work an attempt is made to" identify those processes 
making the most significant contribution to network chain scission in a 
peroxide cured methylvinyl silicone at temperatures up to 250~ If this 
can be done the prospects for improving the performance of silicone 
vulcanizates in respect of reversion can be properly assessed. 

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

Materials 
The polymer used throughout was a methylvinyi silicone containing 

0-2 mole per cent of vinyl groups. The crosslinking reagent, bis-l,4- 
dichlorobenzoyl peroxide was used throughout. 
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Compottndhtg and vulcanization 
The silicone polymer and organic peroxide were mixed on a laboratory 

mill; where reinforcing fillers were used processing aids were employed. 
Sheets of 0.015 in. thickness were moulded for stress-relaxation work and 
they were cured under pressure for 20 minutes at 120~ followed by an 
oven cure of 3�89 hours at 250~ 

Stress-relaxation tneasttrements 
The technique of continuous stress-relaxation was used for following 

network scission processes; the apparatus used has been described fully 
elsewhere 1. In order to obtain 'dry' and 'moist' atmospheres of a repro- 
ducible kind the procedure of Lewis and Turner ~ was used. The rate of 
air flow through the relaxometer envelope was 0-76 litre per minute in 
both cases. 

R E S U L T S  AND D I S C U S S I O N  
The crosslinking of a methylvinyl silicone with bis-l,4-dichlorobenzoyl 
peroxide (DCBP) occurs mainly through the vinyl groups and this results 
in the" majority of crosslinks being of the type 

= C H - - C H 2 - - C H . ~ C H - -  

In addition aryloxy radicals may abstract hydrogen from some of the 
methyl groups on the polymer and form crosslinks of the type: 

=CH--CH2- -CH~ and --CH2--CH,_-- 

In a silicone rubber containing crosslinks of this type there are  a number 
of reactions which can lead to network changes during heat ageing, for 
example: (i) siloxane bond interchange, (ii) hydrolysi s of siloxane bonds, 
(iii) oxidation of hydrocarbon groups in the crosslinks and (iv) oxidation 
of hydrocarbon groups on the polymer main chain. 

Process (i) does not affect the overall network chain concentration but 
leads to stress-relaxation in constant strain experiments and creep in 
constant stress experiments. Processes (ii) and (iil ~) result in a change in 
network chain concentration but the silanols formed as a result of (ii) may 
re-condense to form new network chains and a dynamic equilibrium will 
be established whose position is determined by the concentration of water 
in the system. Process (iv) will lead to crosslinking and hence to an 
increase in network chain concentration. It is possible that all these 
reactions occur simultaneously at high temperature. 

By making use of stress-relaxation techniques it is possible to study 
chain scission processes in isolation from crosslinking reactions. Thus in 
a stress-relaxation experiment in which the rubber is held in continuous 
extension it can be assumed, at least over the initial stages of ageing, that 
the observed rate of relaxation is determined only by network scission 
processes. Any new network chains are formed while the network is in 
its equilibrium configuration, and they will not, therefore, support any 
stress at the instant of their formation. 

In terms of the silicone rubbers under test this means that the observed 
rate of relaxation in a continuous stress-relaxation experiment will be due 
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PROCESSES IN PEROXIDE CURED METHYLVINYL SILICONE RUBBER 

to processes (0, (it) and (iii). These processes will now be discussed in 
the light of the experimental results. 

Siloxane bond hlterchange 
Siloxane bond interchange was proposed 3 to account for the stress- 

relaxation in silicone rubbers at fairly low temperatures in dry air and 
dry nitrogen. This process does not lead to a change in network chain 
concentration and is thought to occur as follows: 

CH~ CH3 CH3 CH3 
I I I I ,"v--O--Si--O--Si--O--"v I I ",---O--~i \ / Si--O--",--"v I 

CH3 CH3 heat CH3 \ CHa 
> O + O  

CH3 CH3 CH3 / \ CH3 
J I I / \ I 

" v - - O - - S i - - O - - S i - - O ~ " ~  " a - - - O - - S i  / S i - - O ~ ' x r " u  . 
I I I I 

CH3 CH3 CH3 CH3 

This reaction was shown to occur with an activation energy of 22.8 
kcal/mole when uncatalysed and 5.1 kcal/mole when catalysed by bases, 
and it occurred with equal facility in the presence or absence of oxygen. 
The fact that this reaction does not require the presence o[ oxygen means 
that it can be separated from reactions (i0 and (iiO by measuring the rate 
of continuous stress-relaxation of an outgassed sample in vacuo. This has 
been done at 250~ at which temperature the reaction should proceed 
rapidly; the results (see Figure 1) show that with peroxide-cured methyl- 
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"i=5 
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$3 
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Figure /--Effect of environment on the rate of continuous stress-relaxation at 
250~ of an unfilled methylvinyl silicone rubber crosslinked with 0"6 per cent 

DCBP 
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vinyl silicone rubber siloxane bond interchange does not appear to make 
a significant contribution to the observed rate of continuous stress- 
relaxation. The vulcanizate used was unfilled but unextracted and so 
contained impurities arising from the polymerization and crosslinking 
reactions. There is still the possibility that in the presence of moisture a 
reaction of this kind will occur, i.e. with water acting as a co-catalyst. 
However, such a reaction could equally well be described as a base- 
catalysed hydrolytic reaction, the hydrolysis being followed by a conden- 
sation of silanol groups formed on adjacent network chains. 

o 

i'.90 

�9 i ry 

? ' ! ! 

30 60 90 120 150 
Time, rnTn 

Figure 2--Effect of environ- 
ment on the rate of contin- 
uous stress-relaxation at 
250"C of a silica filled 
methylvinyl silicone rubber 
crosslinked with 0"7 per cent 

DCBP 

An identical experiment carried out on a silica-filled vulcanizate showed 
a significant amount of stress-relaxation h7 vactto (see Figure 2); this is 
presumably due to water being evolved from the filler at high temperature 
and causing hydrolytic scission. 

Hydrolysis o/ siloxane bonds 
The elimination of siloxane bond interchange as a process making a 

significant contribution to the observed rate of continuous stress-relaxa- 
tion means that network scission is due almost entirely to hydrolysis of 
siloxane bonds, oxidation of crosslinks, or both. 
follows: 

c ~  c ~  c ~  
I I I 

. , ~  S i - - O - - S i - - O - - - S i - - O ~ ' ~  
I I I 

c ~  c ~  c ~  

Hydrolysis proceeds as 

+ H20 ---+ 

CH3 CH~ CH3 
I I I 

~ - - - S i - - O H  + HO---Si--O--Si  - ~ ' v  
I I I 
CH~ CH~ CH3 
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The rate of scission will be proport ional  to water conccntrat ion and the 
posit ion of equi l ibr ium will be determined by  the water content  of the 
system. The  rate of scission due to this react ion should be at a m a x i m u m  
when the env i ronment  is saturated with water vapour,  and perhaps under  
such condit ions hydrolysis will be  the major  cause of stress-relaxation. 

Exper iments  have been carried out in air  saturated with moisture at 
temperatures up  to 250~ and  the cont inuous  stress-relaxation data  
always fell on  reasonable straight lines when log Jt[[o was plotted against  
time. This  allows the rate of relaxation to be characterized by a ' relaxa- 
t ion rate constant '  k; the values obtained are shown in  Table 1. 

Table 1. Relaxation rate constants for methylvinyl silicone rubber in moist air at 
elevated temperatures 

Tempera- Tempera- 
ture, *C k, unextracted k, extracted ture, * C k, unextracted k, extracted 

120 6-39X 10 -s - -  172 - -  2"65X 10 -4 
140 1"03 X 10 -4 1-19X 10 -4 180 6-10x 10 -4 6"lOX 10 -4 
150 - -  1-28X 10 -4 200 9'04x 10 -4 9.58x 10 -4 
160 2.50x 10 -4 2-36X I0 ~4 250 6-96x 10 -3 4"70x 10 -a 
161 2'04x 10 -4 - -  275 1"91X 10 -2 - -  

When  log k is plotted against  1 / T  a reasonable straight line is obta ined  
(see Figure 3), and at all temperatures below 250~ no significantdifference 
exists between the results for extracted and unextracted vulcanizates. 

These results suggest t h a t  the effects of a single process are being 
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Figure 3--Arrhenius plot for 
'relaxation rate constants' in 
unfilled methylvinyl silicone 
rubber crosslinked with 1"5 per 

cent DCBP 
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observed at temperatures up to 200~ and in view of the conditions under 
which the experiments are being conducted this process is probably one 
of hydrolytic scission in the main chain polymer. The coincidence of 
results for extracted and unextracted vulcanizates shows that dichloro- 
benzoic acid is not catalysing hydrolytic scission over this temperature 
range. At 250~ extraction of the vulcanizate results in a significant 
decrease in rate of relaxation. 

Oxidative scission hz the crosslhlks 
It can be shown that added antioxidants reduce the rate of continuous 

stress-relaxation in methylvinyl silicone vulcanizates at 250~ (see Figure 
4). If one accepts Tobolsky's postulate that crosslinks formed during 
ageing do not contribute to the tension during a continuous relaxation 

00 

0 30 60 90 120 150 
Time, rain 

Figure 4--Effect of added antioxidant on the rate of con- 
tinuous stress-relaxation at 250~ of a silica filled methyl- 

vinyl silicone vulcanizate in air 

~o 

m T'950 
o 

experiment, the effect of an antioxidant can only be to reduce the rate of 
oxidative scission in the primary crosslinks. The fact that solvent extrac- 
tion reduces the values of the relaxation rate constant  k at 250~ 
sufficiently to bring it on to the Arrhenius plot for the hydrolytic scission 
reaction could be interpreted as evidence that the high value for k is due 
to a contribution from acid.catalysed oxidative scission of crosslinks. 

At temperatures of 200~ and below this process does not make a 
significant contribution to the rate of continuous stress-relaxation in 
unextracted vulcanizates. 

C O N C L U S I O N S  
In what appeared to be a complex system it transpires that network 
scission in methylvinyl silicone rubbers at temperatures below 250~ is 
due largely to hydrolytic reactions in the main chain polymer. At tempera- 
tures of 250~ and above there are indications that a significant amount 
of scission arises from oxidative reactions in the crosslinks, and that this 
reaction is catalysed by acidic residues in the rubber. 

In conventional heat ageing tests in which the rubber remains in an 
unstrained condition the effects of hydrolysis will only be observed if the 
concentration of water in the system is allowed to rise. Under these 
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circumstances softening will occur due to a shift in the position of 
equilibrium in the reaction 

~ x , ' ~ S i - - O - - S i - - O  ~ % "  + H~_O ~ ~"x ,~S i - -OH + H O - - S i - - O ~ " ~  

On ageing the material in a well ventilated situation the effects of hydro- 
lysis are not seen and the silicone rubber becomes brittle after long 
exposure at high temperature. This embrittlement must result f rom 
additional crossIinking caused by oxidative reactions in the methyl groups 
of the main chain polymer. When the rubber is used in compression or 
tension hydrolytic scission will affect performance, and in applications of 
this sort it is important to dry out the rubber before use and prevent access 
of  moisture to the component during use. With filled rubber the silica 
filler is a further source of moisture and drying needs to be carried out at 
elevated temperatures immediately prior to use. In order to improve the 
confined heat ageing performance of silicone rubber an alternative filler to 
fine silica is needed which does not have the same affinity for water. I t  
may be, however, that ability to reinforce silicone rubber and affinity for 
water are inseparable. 

The author is htdebted to Mr R.  Shmott and Mr J. Day [or their 
preparation of silicone vtdcanizates. 

Chemistry, Physics & Metallurgy Depm'tment, 
Royal Ah'cralt Establishment, 

Farnborough. Hants. 
(Received October 1965) 
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Some Solvent Effects on the Cobalt-60 
Gamma-ray Initiated Polymerization of 
Isobutene in the Presence of Zinc Oxide 

(Miss) J. A. BARTLETT and F. L. DALTON 

n-Hexane has been added to isobutene-zinc oxide mixtares in order to study 
monomer dilution behaviour during radiation-initiated polymerization. The 
results obtained may be understood within the ]rarnework of a previously 
proposed reaction scheme if Fontana-Kidder  type kinetics are assumed for the 

propagation and transfer reactions of the polymerization. 

WE HAVE recently published 1 a number of observations on the cobalt-60 
y-ray initiated polymerization of isobutene and discussed a selection of 
papers on this subject -°-9. An obvious extension of our own work was the 
addition of solvent to the system in order to gain further insight into the 
mechanism of the reaction. It was decided to use a hydrocarbon solvent of 
low dielectric constant for these experiments and n-hexane was arbitrarily 
chosen for this purpose. In view of our previous suggestion 1 that initiation 
occurs at the zinc oxide surface and that the energy absorbed in the zinc 
oxide is responsible for the observed polymerization, a fixed concentration 
(3"50 mole/1.) of zinc oxide of 0" 17 m2/g surface area was used throughout 
this work, and the concentrations of solvent and monomer in the liquid 
phase varied. Under these conditions measurements were made of the varia- 
tion of polymerization rate and molecular weight of the polymer produced 
as functions of monomer concentration, both at - 7 8 ° C  and at 0°C: the 
purpose of this communication is to report and discuss the data obtained. 

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

The preparation and purification of zinc oxide and isobutene, and the 
methods used for preparing samples and measuring polymerization rates 
have been given previously 1, ~0. Some modifications to the vacuum system 
were made for this work, in particular the substitution of all metal stop- 
cocks (BiPL valves, Scientific Instrument and Model Co., Ross-on-Wye, 
Herefordshire) for the rubber diaphragmed stopcocks used previously. This 
was necessary since hexane swelled the rubber of the diaphragms. Isobutene 
was finally dried by co-distillation with sodium vapour as described by 
Pleschl~; this was found more convenient than our earlier technique and was 
shown to give identical results. Arrangements were also made to introduce 
both solvent and monomer into dilatometers as liquids from burettes instead 
of as gases as h~is been done previously; this change again was a matter of 
convenience rather than principle. 

Hexane was obtained as 'Research grade' 99"96 mole per cent pure 
material from Phillips Petroleum Co., Bartlesville, Oklahoma, the most 
probable impurity being methyl cyclopentane. It was outgassed, roughly 
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fractionated under high vacuum, co-distilled three times with sodium 
vapour, and finally vacuum distilled from residual sodium prior to use. 

R E S U L T S  

The  rate and molecular weight data obtained from a series of runs carried 
out at - 78°C ,  at a zinc oxide concentration of 3"50 mole/1, and a nominal 
intensity of 390 r /h*  are given in Table 1, while the variation of rate and 

Table 1 

T e m p -  
erature  

°C 

- 78 

- 7 8  

- 78 

78 

- 78 

- 78 

- 78 

78 

- 78 
- 78 

- 78 

- 78 

I Monomer 
concen-  
tration 
m o l e  / l. 

11~89 

11"57 

11"27 

10"68 

9"49 

8"30 

7.10 

5"93 

4"72 

4"15 

3"56 

3"56 

R a t e  o/  Viscosity 

polymerizat ion average 
m o l e  1-1 sec -1  molecu lar  

weight  

1"27:< 10 -3  6"47:< 106 

1"84 x I0  -~ 
11.77 :< 10 -3  

1"66 :< 10 -~ 

1"35 :< 10 -~ 
1" 12 :< 10 -3  4"68 × l iP 

8 '97:< 1 0 - '  4"30:< 10'  

7"43 :< 1 0 - '  3"39:< 10'  

5"17:< 10-"  3"40::< l ip  

3"91 × 1 0 - '  2"64:< l ip  

2"39:< 1 0 - '  2 '54:< l0  B 

1"65 :< 1 0 - '  

T e m p -  
erature 

*C 

- 78 

- 7 8  

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

Monomer 
cotlcen- 
tration 
m o l e / l .  

1"50 

1"19 

11"21 

8"94 

7"96 

5-99 

4"96 

3"92 

3"93 
2"97 

2"98 

1"99 

Rate  o f  Viscosity 

polymerization average 
m o l e  1-1 sec -~ molecular 

weight 

9.63 :< 10-= 1"77:< l ip  

8"95 :< 1 0 - '  1-34 :< 10 '  

1"24:< 10 - s  1"10 :< l0  s 

1" 19 :< 10 -~ 1 '26 :< l iP  

1"17:< 10-= 1"27:< 105 

1'21 :< 10 - s  1"35 :< 105 

8"95:< 10-"  1"27:< 105 

5"51 X 1 0 - '  
6'OOx 10-"  1"25:< 105 

3"04 × 1 0 - '  

2 " 4 2 x  1 0 - '  1"29X l ip  

1"26:< 10-"  1"13:< l iP  

molecular weight with monomer concentration is shown in Figure 1. It  
should be mentioned that all conversion versus time plots were linear, and 
that reaction was generally continued to about ten per cent conversion of 
monomer to polymer. Data obtained at 0°C under otherwise identical con- 
ditions are also given in Table 1, while Figure 2 shows plots of polymeriza- 
tion rate and molecular weight as functions of monomer concentration at 
this temperature. 

D I S C U S S I O N  

In view of the variety of explanations of the polymerization of isobutene 
which have been considered in the literature, we shall here confine discus- 
sion to an attempt to link our present experiments with our own earlier 
suggestions. We have previously suggested that the polymerization of iso- 
butene in a T field might be due to the following processes. Initiation may 
be caused by the formation by the radiation of positive holes and electrons 
in the zinc oxide followed by the reaction of an adsorbed isobutene molecule 
at the surface of the zinc oxide with a migrating positive hole. The result- 
ing adsorbed isobutene ion may either begin to polymerize and desorb into 
"the liquid layer, or it may be neutralized rapidly by an electron in the zinc 
oxide. If desorption occurs the molecule continues to grow, undergoes 
several conventional chain transfers to monomer, and the kinetic chain 
eventually terminates by neutralization with an electron at the surface of a 
zinc oxide particle. Such a mechanism would suggest that at concentrations 
of monomer and solvent such that a relatively small proportion of each is 
adsorbed on the zinc oxide, the polymerization rate should show simple 

*By nomina l  intensi ty is m e a n t  the  intensi ty measu red  by the F r i eke  dos imeter  ( G =  15-5) when a s a m p l e  

was placed in the posi t ion of the d i l a tomete r  bulb. 
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Figure 1--(a) Rate of polymerizat ion as a function of monomer concentra- 
t ion at - -78°C (zinc oxide concentration 3'50 mole/L);  (b) Molecular weight 
as a function of monomer concentration at - -78°C (zinc oxide concentration 

3"50 mole/L) 

d i lu t ion  behaviour ,  and  reference to Figure 1 shows that  at  - 7 8 ° C  this is 
indeed so. A f t e r  an initial  sudden  increase in ra te  when very  small  quant i -  
ties of  hexane  are  added  to the isobutene,  which is poss ib ly  caused by  a 
more  rap id  ini t ia t ion process  when hexane is present  in the surface layer,  
the  rate  falls l inear ly  with d i lu t ion  until  low isobutene  concentra t ions  are  
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Figure 2--(a) Rate of polymerization as a function of monomer concentra- 
tion at 0°C (ginc oxide concentration 3"50 mole/L); (b) Molecular weight 
as a function of monomer concentration at 0°C (zinc oxide concentration 

3"50 mole/L) 

109 



(Miss) J. A. BARTLETT and F. L. DALTON 

reached, when a curvature due to the adsorption of a considerable fraction 
of the monomer by the zinc oxide is observed. If the temperature is raised 
to 0°C, the rate is independent of monomer concentration until the mono- 
mer concentration falls to about 6 mole/l.: further dilution leads to a linear 
fall in rate with dilution to low concentrations when a curvature is observed. 
It  should be pointed out that at both temperatures no sharp change of rate 
with dilution occurs at the solvent concentration at which the polymer 
becomes completely soluble in the liquid layer, suggesting either that a 
growing polymer chain terminates (by transfer) before it has time to pre- 
cipitate even in solvent-free monomer, or alternatively that the precipitated 
polymer coil is sufficiently extended to be readily accessible to monomer 
molecules. 

On the assumption that propagation and transfer occur in a conventional 
manner in the liquid phase it would be expected that the rate of propagation 
would be given by 

Rp = kp [M +] [M] (1) 

where Rp is the rate of propagation, [M +] and [M] are the concentrations 
of growing cations and monomer respectively, and kv is the propagation 
rate constant. Since polyisobutene ions do not undergo transfer to hexane 12, 
and the molecular weight of the polymer in the absence of solvent is transfer 
controlled, the effective rate of chain breaking should be 

Rtr = ktr [M +] [M] (2) 

where Rtr is the rate of transfer to monomer and ktr is the rate constant 
for the reaction, so that the degree of polymerization, DP, should be given by 

DP = R,, _ kp [M+_______~] [M] kp 
Rtr ktr [M +] [M] ktr 

that is, the molecular weight should be independent of monomer concen- 
tration. 

It will be seen from Figure 2 that this represents the molecular weight 
data obtained at 0°C, but that at - 7 8 ° C  the system is less simple. As shown 
in Figure l(b) the molecular weight is a linear function of monomer con- 
centration having a positive intercept on the axis at zero monomer 
concentration. 

The observed linearity of molecular weight with monomer concentration 
at  - 7 8 ° C  would seem to require the existence of two distinct propagation 
processes rather than the generally accepted propagation described above, 
since in the general case 

DP = E Propagation processes. 
Termination processes 

If it is accepted that termination is predominantly by transfer to monomer 
according to equation (2) and the usual propagation according to equation 
(1) occurs, then it is necessary to postulate a second propagation process 
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dependent on the square of the monomer concentration to give an expres- 
sion for D P  of the type 

D P  = kp [M +] [M] + k~ [M +] [M] 2 k,, k',~ [M] 
kt~ [M +] [M] kt,. + 

which is required by the molecular weight data. However, two simultaneous 
propagation processes of this form are not consistent with the linear varia- 
tion of rate with monomer concentration which is observed experimentally 
over wide limits. This difficulty may be met if a unimolecular mechanism 
of the type first envisaged by Fontana and Kidder in the polymerization 
of propene '3 occurs for both propagation and transfer, the second propaga- 
tion process now being first order in monomer concentration. The degree 
of  polymerization is then given by 

D P  = k~ [M +] + k~ [M +] [M] kp k;, [M] 
ktr [M +1 = k,~ + 

and the rate by 

Rp = k, [M +] + k~, [M +] [M] 

and these expressions are in agreement with the observed data if the devia- 
tions of the rate from linearity at very low and very high monomer con- 
centrations are due to the adsorption effects mentioned earlier. It also 
follows that over the linear region [M+], the concentration of growing 
polymeric ions, is independent of monomer concentration which suggests 
that electron neutralization of (isobutene) + ions formed in the surface layers 
of the zinc oxide is not significant under these conditions, since a competi- 
tion between this process and desorption following addition of further 
isobutene molecules would lead to an increase in [M +] with increasing 
monomer concentration. 

At 0°C, the assumption of a single propagation reaction and a transfer 
controlled termination, both proceeding by a unimolecular mechanism, 
leads to a DP independent of monomer concentration and equal to k p / k , ,  
and to a rate also independent of monomer concentration and equal to 
kp [M+]. This is an adequate description of the molecular weight data and 
can explain the constancy of rate with dilution down to an isobutene con- 
centration of 6 mole/1. Below this concentration the rate falls linearly with 
monomer concentration and it may be that in this region the mobility of 
electrons in the zinc oxide is sufficiently high to enable them to neutralize 
some isobutene ions formed on the zinc oxide surface and the number of 
such ions which desorb after addition to an isobutene molecule and lead 
to polymerization becomes dependent on monomer concentration: i.e. 
[M +] is no longer independent of monomer concentration. 

Summarizing, it appears possible to understand the effect of hexane as a 
diluent on the radiation initiated zinc oxide catalysed polymerization of 
isobutene in the terms given previously for the behaviour of the solvent- 
free system if it is assumed that two propagation processes can occur simul- 
taneously at low temperatures and that unimolecular kinetics may be applied 
to the propagation and transfer reactions at both 0 ° and -78°C.  The 
results presented do not enable any firm conclusions to be drawn as to the 
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ac tua l  n a t u r e  o f  t he  t w o  p r o p a g a t i o n  processes ,  t h o u g h  even  if  an  a l t e r n a t i v e  
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The Homogeneous Polymerization of 
Butadiene Catalysed by Rhodium Salts 

C. E. H. BAWN, D. G. T. COOPER and A. M. NORTH 

A study has been made o/ the solution polymerization of butadiene, to 
predominantly t r a n s  1,4 polymer, catalysed by rhodium salts. The reaction is 
accelerated by protonic acids (including water) and by those reducing agents 
which in aqueous systems would be capable of  reducing R h  H~ to R h L  Ligands 
such as organic amines, and also bromide and iodide anions, tend to retard 
or even inhibit the reaction. The overall process appears to be a chain reaction, 
but is not [ree radical in character. The mechanism which best fits all the 
observations is one in which the active species is a rr-allylic rhodium hydride, 
initiation occurring by hydride shift and propagation occurring by a ligand 

displacement process. 

RHODIUM salts are known to exhibit high stereospecific control over the 
polymerization of butadiene. Most of the published reports 1-'~, however, 
have dealt with emulsion systems in which mechanistic interpretation of 
kinetic data is extremely difficult. The accelerating effect of reducing 
agents in isomerization processes' and in butadiene polymerization ~, favours 
the existence of an active reduced state of rhodium. Possible organic 
complexes which might be intermediates and appear well substantiated 
include Rh~-complexes 6-8 and Rhm-hydride complexes 9'1°. 

In this paper are reported kinetic studies and mechanistic interpretations 
of the homogeneous solution polymerization of butadiene in the presence of 
certain rhodium compounds. 

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

Materials 
Butadiene--from British Hydrocarbon Chemicals, was purified by 

passage over silica gel and magnesium perchlorate, and then condensed on 
to a sample of the same catalyst as used in kinetic polymerization experi- 
ments. The liquid monomer was outgassed, prepolymerized with ultra- 
violet light at - 3 0 ° C  for 8 h, and monomer redistilled as required at 
-40°C.  

Styrene--was washed with 10 per cent sodium hydroxide solution and 
then with distilled water. The monomer was dried over calcium chloride 
and then calcium hydride, and then distilled under dry nitrogen through a 
3 ft column filled with Fenske helices. Prior to use aliquot samples were 
outgassed, prepolymerized by ultra-violet light, and residual monomer 
distilled into reaction vessels on the vacuum line. 

NN-dimethyl [ormamide--was dried by azeotropic distillation with ben- 
zene and then redistiIled over freshly ground barium oxide under reduced 
pressure. B.pt 48 °C at 30-32 mm Hg. 

Rhodium salts--were prepared by alkali hydrolysis of potassium chlor- 
rhodite to rhodium sesquioxide followed by treatment with the relevant 
acid. 
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The rhodium butadiene complex, (Rh~Cl~Cl~H18)--was prepared by satur- 
ating with butadiene a concentrated solution of rhodium trichloride in 
ethanol. After 24 hours at room temperature the yellow precipitate was 
collected, washed in petroleum ether, and dried. 

Dichloro tetraethylene dirhodium, [Rh2Cl~(C~H~)4]--was prepared by 
bubbling ethylene into a stirred solution of 0.74 g rhodium trichloride 
trihydrate in 1"5 ml water and 20 ml methanol. After three hours the 
orange/pink precipitate was collected, washed in methanol and ether, and 
dried under vacuum. The material was stored in a stoppered vessel in a 
refrigerator, and no decomposition was observed over eighteen months. 

Techniques 
All the operations involved in the preparation of the kinetic experiments 

were carried out under an air pressure less than 10 -~ mm of mercury, using 
conventional vacuum procedures. Solid reagents were outgassed in solution. 

Rates of polymerization were observed in conventional dilatometers, and 
unless stated otherwise all experiments were conducted at 71"5 °C. 

A frequently used polymerization composition contained 30 per cent 
v /v  butadiene in dimethyl formamide. The solubility of trans poly- 
butadiene in this system at 71.5°C is only 3 per cent w/w, so that deductions 
from kinetic observations were restricted to phenomena occurring at low 
conversions. 

The molecular weights of the polymer samples were determined on a 
Mechrolab vapour pressure osmometer, and the isomer content calculated 
from infra-red spectra using the extinction coefficients of Hampton 11. 

The density of dissolved monomer was determined dilatometrically, and 
that of polymer determined at the suspension point for a flotation/precipi- 
tation titration of absolute alcohol with water. Because the polymerization 
becomes heterogeneous at low conversions, accurate comparison of gravi- 
metric and dilatometric observations could not be used to obtain absolute 
polymerization rates. For  this reason rates of polymerization are relatively 
correct, although the absolute values may be in error by a quantity estimated 
as less than 30 per cent. 

Kinetic observations of oligomer formation were made by carrying out 
the reaction in a glass vessel fitted with a serum cap and analysing samples 
at regular time intervals using a Perkin-Elmer 800 gas-liquid chromato- 
graph fitted with flame ionization detector and temperature programmed at 
3"3°C mm -1 from 50°C. 

R E S U L T S  

The effect o/ rhodium salts on/ree radical polymerization 
It is conceivable that the three~valent rhodium salts might form, with 

solvent, a redox couple for the initiation of free radical polymerization. In 
order to test this hypothesis a series of rhodium salts were added to the 
solution polymerization of styrene initiated by azoisobutyronitrile. In no 
case was an enhancement of rate observed, and in every case involving three- 
valent rhodium effective retardation of free radical polymerization occurred. 
The results are summarized in Table 1. 
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Table 1. Effect of rhodium compounds on styrene polymerization. 
EAzoisobutyronitrile], 1'0× 10 -~ mole 1 a. Temperature, 40°C. 

[Styrene], 5'10 mole 1- '  

Solvent 

Dimethyl sulphoxide 

Dimethyl sulphoxide 
Dimethyl sulphoxide 

Dimethyl formamide 

Rhodium compound 

Type Concentration X lO t (mole l - ' )  

RhCIa.3H20 

RhC13 
Rh.,CI.,(C2H ~)~ 

Rh(NO3)3.2H20 

0"0 
0"0 
0'12 

48 
118 
206 

0'93 
0"0 
3"87 
4"14 
00 
7"2 

Rp x 10 5 

mole l - t  sec 

0"63 
0"71 
0"58 
0"38 
0"27 
0"18 
0"28 
0"62 
0"54 
0'65 
0'58 
0"47 

In the same way the addition of small quantities of butadiene did not 
accelerate the free radical polymerization of styrene in the presence of 
rhodium salts. Furthermore the rate of the rhodium catalysed polymeriza- 
ation of butadiene was not affected by traces of free radical inhibitors 
such as benzoquinone, hydroquinone, or oxygen. 

The butadiene, dimethyl  formamide,  water, rhodium trinitrate system 
The polymerization of butadiene in dimethyl formamide occurred in the 

presence of rhodium trinitrate and certain protonic compounds of which 
the commonest was water. When the concentration of each of the three 
reactants was varied independently, the polymerization rate was found to 
be proportional to the first power of the rhodium concentration, the square 
root of the water concentration and the first power of the monomer con- 
centration (below 3-0 moles l-S). At higher monomer concentrations the 
rate was essentially independent of monomer molarity. The relevant data 
are illustrated in Figures 1 to 3. 

~2.0 
01 

o 
E 
Ol.0 
x 

/ 

I J 
5 10 

I Rhl*l 0 3, mote [-1 

Figure /--Rate of polymerization against 
concentration of rhodium trinitrate dihydrate 
in dimethyl formamide. Butadiene 2"56 

mole 1 -t, water 1"1 mole 1-1 , 71"5°C 
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1'5 
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Figure 2--Rate of polymerization against the ® -~ 10 
square root of total concentration of water in , 
dimethyl formamide. Butadiene 2-56 mole 1 - t ,  ~o 
rhodium trinitrate dihydrate 6-7x10 3 mole 

1 - t ,  71'50C ~Q- 

0-5 

0 
[H20] I/2 ,molel/2 V I/2 

o 

"7 j 1 Figure 3--Rate of polymerization 
7 against monomer concentration in 

dimethyl formamide. © Rhodium 
E trinitrate dihydrate 6"7x 10 -~ mole 

~>" 1-1; water 1-1 mole 1-1; 71"5°C. 
• solvent dimethyl formamide-n- 

× 0  <~ hexane, total hydrocarbons 6'0 
a: mole 1-1 /- 

o 7, 
[M], mole [-1 

That the levelling off in the rate against monomer plot at high hydro- 
carbon levels is not a dielectric effect was shown by examining the poly- 
merization of varying concentrations of butadiene in a solvent containing 
n-hexane. The total hydrocarbon content was maintained above the 
threshold value (about 4.0 mole l-t), but the rates of polymerization fell 
on the same curve as before; Figure 3. 

The effect of added acids, reducing agents and ligands 
Various  protonic acids, added in concentrat ions from 10 -~ to 1 mole 

1-1, were found to increase the rate of polymerizat ion by amounts  up to a 
factor of ten. The increase was found to be proport ional  to the square 
root of the acid concentrat ion,  the effectiveness of the various acids falling 
in the sequence p-toluene sulphonic ~ formic > nitric ~ acetic. The very 
strong effect of formic acid seems to be due to its reducing properties. 
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Figure 4--Temperature dependence of poly- 
merization rate. (3 Monomer 2"56 mole 1-1 , 
rhodium trinitrate dihydrate, 6"7× 10 -3 mole 
1-1, water 1"18 mole 1-1 . • As above but 

with 0-36 mole 1 - I  formic acid catalyst 

The addition of reducing agents to this system is particularly informative, 
since a cocatalytic effect is observed only with those substances for which 
the aqueous molar redox potential is less negative than that for the 
Rhm-Rh ~ transition ( - 1"20 V). Thus the effect of three organic aldehydes 
is illustrated in Figure 5, and of three transition elements in Table 2. 

Table 2. Effect of soluble inorganic salts on polymerization rate. 
[Monomer] ,  2"39 mole 1-~; [rhodium trinitrate dihydrate], 6"7×10 ~ mole 1-1; 

[water], 1' 18 mole 1- 1. Temperature 71"5°C. 

Salt 

None 
( C u f l )  2 

MnCI 2. 4H20 

Cobaltous 2-ethyl 
hexoate 

Redox potent~l 

V 

--0"153 
--1"51 

[Salt] 

[Rh~ 

m 

0"14 
0'40 
065 

--1"81 
( C o  I I  - - C o  I I I )  

0"15 

Rp × 103 

mole l -  1 sec- 1 

1"16 
2"28 
0"06 
0"20 

0'56 

Reagents containing nitrogen had been reported to inhibit the emulsion 
polymerization of butadiene with rhodium catalysts 12. In an attempt to 
elucidate a number o,f active coordination sites per rhodium atom that are 
required for this polymerization, a series of amine and diamine retarders 
was studied. 

When rates of polymerization were plotted against the mole ratio 
[amine]/[Rhm], graphs were obtained which could be considered linear, 
Figure 6. For ligands characterized by a very low instability constant (very 
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Figure 5--Effect  of aldehydes on poly- 
merization rate. Monomer  2"39 mole 
1-1, rhodium trinitrate dihydrate 6 '66× 
10 -3 mole 1-1 , water 1'18 mole 1-1 . 
71"5°C. O formaldehyde, @ acetaldehyde, 

propionaldehyde 

] I I 

0 0-5 1"0 1'5 
[A] 1/2 mote 1/2 1-1/2 

t 

large equilibrium constant for complex formation) a linear plot would be 
expected and extrapolation to zero rate would yield the ligand to rhodium 

P 

1.5 

~ Figure 6--Effect of amines on poly- 
10 merization rate. Monomer  2'40 

0~ _~ mole 1-1; rhodium trinitrate dihy- 
drate 6 ' 6 6 x 1 0  -3 mole 1-1; water 
1"18 mole 1-1; 71'3°C. O o--pheny- 

~o'0. 5 lene diamine, ~ dia- m-phenylene 
mine, ~ p-phenylene diamine, [] 

"' aniline, A pyridine, V triphenyl 
phosphine 

I I 
0 0-5 1-0 1.5 

[N H 2] / [R h] 

ratio for complete blocking of polymerization sites. Of course it must be 
emphasized that this extrapolation is not valid for ligands which form 
complexes with large instability constants ! 

The 'inhibition ratios' found in this way are listed in Table 3. 

Table 3. ' Inhibit ion ratios' of various ligands 

Ligands Base strength Inhibition ratio 
PKa 

o--Phenylene diamine 
p-Phenylene diamine 

Pyridine 
m-Phenylene diamine 
Triphenyl phosphine 

Aniline 

2'0 
3"2 
5"2 
2"6 

4'6 

1"8 
2"4 
2"4 
2"9 
3'3 
4"1 
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The addition of nitrate, iodide, bromide and chloride was also investi- 
gated. It  was found that nitrate ions caused a very small rate acceleration, 
chloride ions precipitated the sparingly soluble rhodium chloride, but that 
the reducing ions bromide and iodide lowered the polymerization rate. 
When the halide/rhodium ratio was two, bromide and iodide ions lowered 
the rate to one fifth and one tenth of the original value respectively. 

Chromatographic analysis o[ oligomer formation during polymerization 
2/zl samples were withdrawn from a polymerizing reaction mixture after 

various times and were injected directly into, the vapour phase chromato- 
graph unit. Chromatograms of the type illustrated in Figure 7 were 

70 ° 

187oc \ 

2 1 @ 

Ti m e ,  h 

Figure 7--Typical vapour phase chromatogram of the low 
boiling components of a polymerizing mixture 

obtained. The nature of the oligomers was ascertained by comparison of 
retention times with those for C8, C1~, C16 and C.,2 unsaturated hydrocarbons. 

The quantities of each oligomer were estimated by comparison of peak 
areas (normalized for the number of carbon atoms) with those of an added 
inert internal standard or with that of the solvent peak. It was found that 
the separate rates of formation of dimer, trimer and tetramer were propor- 
tional to the rhodium concentration and to the square root of the water 
concentration just as was the overall rate of polymerization. At very high 
water concentrations a peak due to dimethylamine appeared. The relative 
rates of formation of the oligomers C8 : C12 : C16 was in the ratio 3 : 2 : 1, 
and there was no evidence that the concentration of any oligomer passed 
through a maximum value during the reaction, Figure 8. 

In]ra-red analysis of the polybutadienes 
Most of the polymers prepared had 1,4 trans isomer contents greater 

than 90 per cent, and many were greater than 95 per cent. However, the 
powerful cocatalysts cuprous chloride and formic acid gave polymers of 
72 per cent and 77 per cent trans character respectively. Only those 
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polymers with greater than 77 per cent trans content exhibited crystallinity 
as evidenced by absorption bands at 8" 1, 9-5 and 13"0/~. 

tO 

E 
:31 

,.4 
L 

6) 
12_ 

I r [ 

50 100 150 
Time, h 

Figure 8--Oligomer  concentration 
(VPC peak areas) as a function of time. 

© dimer, • trimer, ~ tetramer 

The fact that the fastest polymerizations lead to polymer of lower 
stereospecificity raises the question as to whether the propagation reaction 
is stereospecific, or whether a random polymerization is followed by a 
rhodium catalysed isomerization of inert polymer. It was found that the 
trans content of polymer formed in a reaction mixture was independent of 
time. Furthermore, while polymer of very high cis content (96 per cent) is 
isomerized by rhodium nitrate trihydrate in this system, Figure 9, the 
reaction is strongly inhibited by butadiene and could not account for the 
high trans contents observed in practice. 

50 

.-425 

2 J  

~ -  ________________-.---~ - 
I 

5 ~b 
Time, h 

Figure 9--Isomerizat ion of 96 per 
cent cis-l,4-polybutadiene. Rho- 
dium trinitrate dihydrate 6"66x 
I0 - a  mole 1-1. Polymer 6"7 g 
1-1; D M F  benzene 40 :60  v /v ;  
© no further  additive, ~ plus acetic 
acid 0"25 mole 1-1, ~ plus buta- 

diene 2"5x 10 - s  mole 1-1 

Some observations on rhodium butadiene complexes 
Robinson and Shaw 13 first isolated and characterized the complex 

[Rh2CI~CI~Hz8] which contains a trimer of butadiene as the organic ligand. 
Investigation of the catalytic properties of this complex showed that it is 
not the active intermediate in the formation of long chain polymers. How- 
ever, reaction mixtures containing this complex rapidly converted butadiene 
to sweet-smelling oils believed (from VPC retention times) to be cyclic 
telomers. 
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The addition of iodide ions to this complex in the presence of butadiene 
resulted in the formation of a deep-red complex which was inactive. 

An unstable complex was formed when liquid butadiene was allowed to 
stand over rhodium trinitrate dihydrate at temperatures below - 3 0 ° C  for 
several weeks being periodically irradiated with ultra-violet light. This 
complex, which could be obtained only as a red, viscous oil, could be 
separated from excess butadiene by pumping at -50°C.  On warming this 
complex to - 4 0 ° C  decomposition occurred yielding gaseous monomeric 
butadiene. No further characterization of this unstable material has been 
possible. However, it seems probable that some unstable intermediate 
such as this must form the active polymerization intermediate. 

A spectroscopic examination of the reaction mixture was carried out in 
an attempt to detect the presence of rhodium complexes as reaction inter- 
mediates. 

The charge transfer absorptions of the Rh ~ complex [Rh2CI4(C2HJ] and 
of rhodium trinitrate in dimethyl formamide both occur close to 272 m/.t. 
Consequently even large equilibrium concentrations of any intermediate 
Rh ~ complexes could be detected only if the two valence states had very 
different extinction coefficients. The characterization of the Rh ~ d-d 
absorption was not possible owing to the low extinction coefficient of the 
absorption and the low solubilities of the stable Rh I complexes available. 

No absorption bands other than those directly attributable to Rh m 
could be detected in polymerizing systems. 

D I S C U S S I O N  

The mechanistic interpretation o.f a complicated reaction such as this, in 
which attempts to characterize a definite reaction intermediate have failed, 
is always a devious and unsatisfying process. 

The most convincing statement that can be inferred from these studies is 
that this is not a simple free radical chain reaction. The retarding effect of 
rhodium complexes on other free radical reactions, the negligible effect of 
free radical inhibitors and the kinetic orders in catalyst concentration all 
point to a non-radical growth process. On the other hand the analysis of 
oligomer formation is in accord with a conventional chain reaction of some 
description. A stepwise growth or a process involving successive linking of 
all species present would require each oligomer to pass through a maximum 
in concentration, a time dependent phenomenon which was not observed. 

These conclusions, together with the low polymerization rates and the 
lack of any ultra-violet or visible spectrum other than that of starting mate- 
rials, suggests that we have a chain reaction propagated by a rhodium 
complex present only in trace quantities. 

Since at least two types of rhodium-butadiene complex have been iso- 
lated in this work, and since one of these is a powerful catalyst for the 
telomerization of butadiene, the postulation of an active polymerization 
intermediate is not too fanciful. The remarkable effect of reducing agents 
suggests that a reduced form of rhodium must be responsible for the 
reaction, the most likely intermediates will be discussed in turn. 
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(a) A RhLbutadiene 7r-allylic complex 
Rh ~ is isoelectronic with Pd ~ which is known to form a 7r-allylic com- 

plex by chloride ion migration. The incipient formation of a similar Rh ~ 
complex might result in a reaction whereby monomer addition replaces, 
the chloride ion migration at the ends of the 7r-allylic residue. 

CHzCI 

/CI HC,.., 
- .  . 

I H2 
CHzC[ 

However, two observations are against this. In the first place aromatic- 
amines are well known reagents for the detection of bridged complexes, 
and a base : transition ratio of 1 : 1 is usually observed. Here a ratio nearer 
2 :1  is required. Secondly the existence of a very small concentration of a 
binuclear complex in equilibrium with dissolved Rh m would require a 
kinetic order of two with respect to the rhodium concentration. The value 
unity is observed. Of course it is possible to construct a reaction scheme 
involving several intermediates such that a stationary state concentration of  
one (binuclear) will obey the kinetics observed; but the critical application 
of Occam's razor leads us back to the picture of a reduced intermediate 
in a redox system in equilibrium (however established) with the oxidized 
form. 

A highly unstable mononuclear Rh ~ ~--allylic complex can be postulated 
as the growth intermediate 

/1,c2H b c A 
HC : Rh ~/ 

W,C H - ~  ~ d~,N03 
I 

R 

where the rhodium is assigned square planar coordination and A is a 
neutral ligand such as solvent or monomer. The reversible formation of 
such a complex in which A is monomer would explain the kinetic depen- 
dence on rhodium and monomer, although not the square root dependence 
on proton donors. If chain growth occurs by a mechanism such that 
monomer, complexed on the c position of the rhodium, adds to the a-b 
7r-allylic ligand to form a new 7r-allylic group on the b-c  positions, then 
three adjacent coordination sites are required. For  such a reaction scheme 
only one amine ligand per rhodium should cause complete inhibition. 
Furthermore the initiation of chain growth is difficult to visualize. 

The conclusion would seem to be that a square planar Rh ~ complex 
does not completely fulfil all the requirements of the experimental observa- 
tions. 
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(b) A rr-allylic Rh H~ hydride 
It is immediately apparent that a Rh"~- -H system is analogous in 

certain respects to Rh~+H +. Indeed Chatt and Shaw 6 first pointed out 
that the possibility of hydride formation must always be considered for a 
transition metal in the presence of a reducing agent in protonic media. 

A six-coordinated RhH~-hyddde ~--allylic complex containing butadiene 
monomer and the growing chain would explain all the experimental obser- 
vations. The equilibrium concentration of such a complex would depend 
on the rhodium, acid, and reducing agent concentrations. Furthermore the 
initiation of chain growth would occur by a simple hydride shift to the 
w-carbon atom of the first adsorbed butadiene molecule. Such a complex 
would require at least two nitrogen ligands to inhibit the growth reaction, 
which would occur by addition of complexed monomer to the 7r-allylic 
growing chain with concomitant 1,2 to 2,3 shift of the 7r-allylic bonding 
on rhodium. 

Initiation 

HC ~CHz 
I + R h Ill - -  H 

HC~cH 2 + 

Propagat ion 

M 
/ ;  'cH2 I 

HC ~, - - R h - - H  
~'CH + 

L 
RH 2 

I 
R 

/CH2 
" HC ~ I - -  Rh ul~ 

CH3 

- - - - "  HcJCH2 

il 
jCH  

R.J CH2 

H 

] CHz 
Rh- -H 

The effect of bromide or iodide ions can now be explained in either of 
two ways. They may function as ligands competing with monomer for 
coordination sites neighbouring the 7r-allylic growing chain. Alternatively 
they may form a stable ligand, but unfavourably alter the butadiene or 
growing chain bond strengths (or distances) by the so-called 'trans-effect', 

C O N C L U S I O N S  

The kinetic observations of the rhodium catalysed homogeneous polymeri- 
zation of butadiene are best explained by a chain reaction propagated by a 
reduced state of rhodium present in a very low stationary state or 
equilibrium concentration. The initiation and growth processes, and the 
inhibition by amines are best explained if the active intermediate is a six- 
coordinated Rh ~H hydride containing the growing chain as a ~--allylic 
complex and to which the monomer adds by prior ~'-complexing. 

Donnan Laboratories, 
University of Liverpool 

(Received November 1965) 
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Limitations of the 
Network' Theory in 

of Stress-relaxation 

Tobolsky 'Two 
the Interpretation 
Data in Rubbers 

D. K. THOMAS 

Experiments have been devised which reveal shortcomings in tire accepted 
method of interpreting the results of continuous and intermittent stress- 
relaxation measurements in terms o/ the Tobolsky "two network' theory. In 
general the heat ageing o/rubbers is a complex process and in such cases there 
is a likelihood that the results o[ stress-relaxation measurements will not be 

amenable to analysis by the 'two network" theory. 

A PmENTIALLY powerful tool in the study of rubber ageing is the technique 
known as stress-relaxation; this is used in two ways, referred to as con- 
tinuous and intermittent stress-relaxation, the combination of which can 
lead to basic information on the rates of rubber network scission and 
formation during the ageing process I. 

The usefulness of stress-relaxation measurements derives from the rela- 
tionship between stress, strain, and network structure predicted by the 
kinetic theory of rubber-like elasticity 

f = 2 A , , C ,  (c~-c~ -~) (1) 

where / is the force required to extend a strip of rubber of unstrained cross- 
sectional area A,, to an extension ratio o~. The quantity C1 is equated to 
½ n k T  by the Kuhn-Wall-Flory elasticity theory, n being the number of 
network chains per unit volume of vulcanizate. Substituting for C, in 
equation (1) gives 

f = n k T A , ,  (ol - o! ~-) (2) 

Under conditions in which T, A,~ and oe are kept constant f is directly pro- 
portional to n. This corresponds to the technique of continuous stress- 
relaxation, and at any elapsed time t during ageing 

l , / f o  = n, In,, (3) 

where 1, and n~ represent the force and network chain concentration at time 
t, f,, and no being the original unaged values. 

This interpretation of continuous stress-relaxation measurements involves 
two major assumptions. First that the stress/strain relationship of equation 
(1) is valid, and secondly that [, is determined solely by the: fraction of the 
initial, or first, network remaining at time t, no account being taken of new 
network chains formed during ageing. 

The first assumption pertaining to the validity of the stress/strain relation- 
ship for rubber networks in simple extension has been the subject of much 
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discussion. A consideration of this assumption is not the objective of the 
present work since it is felt that the second assumption, concerning new 
network chains formed during ageing, is likely to be the more misleading 
in the interpretation of continuous stress-relaxation measurements. 

This second assumption is embodied in the 'two network' theory proposed 
by Andrews, Tobolsky and Hanson 2. They suggested that crosslinks intro- 
duced in a strained vulcanizate could be regarded as building up a new 
network, interpenetrating but otherwise separate from the original one, and 
in equilibrium under the condition of its formation when the original net- 
work is under strain. The permanent set frequently observed in a rubber 
vulcanizate aged in tension is then due to the balancing of the retractive 
force of the first network and the extensive force of the second. 

In the present work experiments are described which show that applica- 
tion of the 'two network' theory can lead to errors in the interpretation of 
continuous and intermittent stress-relaxation in terms of two interpenetrat- 
ing, but otherwise independent, networks. 

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

Materials 
The base polymer used throughout this work was the fluoroelastomer 

Viton B*; the crosslinking reagents used were hexamethylene diamine 
carbamate, p-phenylenediamine, and triethylene tetramine. 

Compounding and vulcanization 
All compounds were mixed on a small laboratory roll mill and they all 

contained 15 parts by weight of magnesium oxide. Thin sheets of thickness 
0.010 in. were produced for the stress-relaxation work by moulding under 
pressure. Compounds containing hexamethylene diamine carbamate were 
vulcanized at 160°C in the press followed by an open post cure of 24 h at 
200°C. Compounds containing triethylene tetramine were press cured for 
1 h at 130°C only. 

Stress-relaxation measurements 
The technique used for stress-relaxation measurements has been described 

in full elsewhere 3. Experiments were carried out in the temperature range 
from 130 ° to 250°C. 

Equilibrium swelling measurements 
About 0.2g of vulcanizate was weighed accurately and immersed in a 

large excess of acetone at 28°C. After a period of 48 h the rubber had 
reached its equilibrium swollen state. It was then withdrawn, surface dried, 
and weighed in a stoppered bottle. Finally it was dried to constant weight 
at room temperature. The fraction of soluble material was determined from 
the initial and final dry weights, and the volume of rubber in the swollen 
vulcanizate was calculated using values of 1-64 and 0"78 for the densities 
of polymer and solvent respectively. 

*Du Pont trade name. 
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R E S U L T S  A N D  D I S C U S S I O N  
There are several network change mechanisms which can lead to rubber 
ageing, and these can be of varying complexity, for example: 

(i) Network scission only, in this case scission may occur in the cross- 
links, in the main polymer chain, or in both. 

(ii) Crosslink formation without network scission. 
(iii) Crosslink scission with concurrent crosslink formation, both links 

being of the same chemical type. 
( iv)  Crosslink scission with concurrent crosslink formation, the new cross- 

links being immune from further scission. 
. . . .  and so on. 

[n case (i) continuous stress-relaxation measurements will clearly give an 
unambiguous measure of the rate of removal of chains in the first network. 
In case (ii) in which additional crosslinks are introduced into an otherwise 
stable first network there seems no reason to suppose that the 'two network' 
theory is invalid. 

T e s t  o f  case  (ii) 
Experimental tests have been carried out by Berry, Watson and Scanlan'. 

They used peroxide cured natural rubber in an atmosphere of nitrogen as 
a system which approximates in behaviour on ageing to this case. Additional 
crosslinks were introduced during heat ageing by swelling dicumyl peroxide 
into the already vulcanized rubber, drying off the solvent, and heating the 
strained rubber at a temperature sufficient to cause thermal decomposition 
of the peroxide. Continuous stress-relaxation data obtained in this way, far 
from showing a lower rate of relaxation relative to the vulcanizate contain- 
ing no additional peroxide, actually showed a significant increase in the rate 
of relaxation. Furthermore, the higher the concentration of peroxide intro- 
duced, the greater the: rate of stress-relaxation. Hence although the results 
did nothing to cast doubt upon the validity of the 'two network' theory 
they were of limited value in view of the network scission which seemed 
to accompany peroxide initiated crosslinking. Berry, Watson and Scanlan 
also carried out experiments on this same system to show the extent of 
agreement between the observed permanent set in the rubber heated in 
tension, and the set calculated on the assumption that the 'two network" 
theory is valid. 

Assuming that 
f = G A  (c~ - a-'-') (4) 

where G is equivalent to 2C1 of equation (1), then if f,, and f,, are the "tensions 
before and after introducing the crosslinks 

/e GeAr(tee - aS. ')  G~(a~ - a71)  _ Ge 
- 4 ,  ( 5 )  

fo G o A o ( a o  - c t o  2) G o ( a ~ - a o  a) G,, 

where A,,, A,. are the original and final unstrained cross-sectional areas and 
a,,, a,~ are the extension ratios at which crosslinks are introduced referred 
to the original length and set length respectively. Assuming that f~=f, ,  (i.e. 
assuming the: 'two network' theory to be valid) then 
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a~ - (1 / or,) Go (6) 
gb= a ~ -  ( l / a0)  G~ 

The experimental findings were that G,~b was lower than Go approxi- 
mately in the ratio 1 : 1"6; this is not particularly good, but again it must 
be remembered that the system studied was not ideal in that seission accom- 
panied crosslinking in the strained state. 

Viton, a copolymer of vinylidene fluoride and hexafluoropropylene, is an 
elastomer possessing outstanding heat stability ~. It can be readily vulcanized 
at 130°C with triethylene tetramine (TETA) to give a reasonably heat stable 
rubber. This rubber undergoes network scission through oxidative reactions 
in the crosslinks, the rate of scission being measurable even at 130°C. An 
alternative crosslinking reagent for Viton is p-phenylenediamine (PPD), this 
is much less reactive towards the polymer and requires a temperature of 
200°C to react at a reasonable rate. If a Viton compound is made up con- 
taining T E T A  and PPD and is press cured for one hour at 130°C only the 
T E T A  produces crosslinks (see Table 1). 

Table 1. Vulcan iza t ion  of Vi ton  wi th  T E T A  in the presence of PPD 

Curing agent Cure conditions . Vr (in acetone)* 

l ' 2 5 % T E T A  1 h at  130°C 0"26 
l ' 2 5 % T E T A + 4 % P P D  1 h at  130°C 0259 

*v r is the volume fraction of rubber in the vulcanizate swollen to equilibrium. 

If continuous stress-relaxation measurements are carried out at 200°C 
on the two vulcanizates listed in Table 1 in an atmosphere of white spot 
nitrogen, the results shown in Figure 1 are obtained. The rate of relaxation 

0 0  

~° ] .9  

O 

T.8 

Time, min 
20 40 60 80 I00 

le I I 

". .In nitrogen at 200°C j 

• TETA vulcanizate 

~ -  o TETA vuicanizate * 4 pts PPD 
In air at 200°C J > ~ ' ~  

Figure / - - -Con t inuous  s t ress - re laxa t ion  in Vi ton  vu lcan iza tes  at  
200°C  

of a T E T A  vulcanizate at the same temperature in air is shown by the dotted 
line. To within the limits of experimental error the rates of relaxation of 
the T E T A  and T E T A  + PPD vulcanizates are identical in nitrogen at 200°C. 
Swelling measurements carried out on these rubbers before and after the 
relaxation experiment shows that the T E T A  vulcanizate had suffered a 
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small amount of network scission, consistent with the relaxation data, while 
the T E T A + P P D  sample had experienced a large increase in crosslink 
density. The ratio of V, before and after the relaxation experiment was 1'95 
indicating a large increase in crosslink density. Despite this large ch~inge, 
the rate of continuous stress-relaxation remains the same. The small amount 
of network scission which occurs in nitrogen is thought to be due to traces 
of oxygen in the system. 

These results are regarded as being conclusive evidence for the validity 
of the ' two network' theory in systems conforming to case (ii). 

Test o] case (iii) 
This case has been treated theoretically by Flory 6, for the particular 

condition in which no change in crosslink density occurs, i.e. the original 
crosslinks introduced into the isotropic polymer undergo interchange in the 
strained state; a new crosslink being formed for each one dissociated. If  k' 
represents the rate constant for this process Flory finds that 

Ok 2 Ok '~ 

k't = o~ + 2 x 2~ + ~ + . . . .  (7) 

where ~o = - I n  (v,,/v), and v,, =-v at t = 0. 
If the sample is maintained at constant elongation o~ may be identified 

with - i n  ([,/[o), where ]t is the stress at time t and f,, that at t=0 .  
If  first stage crosslinks were destroyed without simultaneous formation of 

second stage linkages a first order decay of stress should occur. 
No actual system is known which undergoes crosslink interchange in the 

manner required by Flory's treatment and hence no experimental test of 
the validity of his deductions is possible. However, his conclusion that at 
high percentage of interchange the stress will decay more slowly than 
required by the 'two network' theory seems a plausible one. 

Test o] case (iv) 
The first instance in which serious doubt arises as to the validity of 

applying the 'two network' theory to the interpretation of continuous stress- 
relaxation measurements arises when scission and crosslinking (as distinct 
from bond interchange) occur simultaneously. Unfortunately in the heat 
ageing of rubbers this is a common occurrence. The only combination of 
scission and crosslinking which has received complete theoretical treatment 
is that represented by case (iv), in which scission occurs in the crosslinks. 
This is accompanied by crosslink formation, it being assumed that the new 
crosslinks are immune from further scission. The theoretical treatments of 
Flory '~ and Scanlan 7 both indicate that although the 'two network' theory 
is valid over the initial stages of reaction serious departures occur later. 
Both treatments show the decay in tension in a continuous stress-relaxation 
experiment to be less than that predicted by the ' two network' theory, the 
difference becoming significant as reaction exceeds twenty per cent based 
upon the first network. Scanlan's result for case (iv) as applied to stress- 
relaxation in simple extension is 

f / fo = - [7 + 3q - 8 exp (q/4)] (8) 
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where [0 is the original tension and [ the value after a fraction q of cross- 
links present in the first network have reacted. 

Flory's result for the same case is 

0.) 2 ( 0  3 (.0 4 

q = c o -  2 × 2 ~  + 3 × 3 ~  4 x 4 !  (9) 

where oJ = - I n  (f/fo) for simple extension. 

An experimental test of these predictions is now possible, again using the 
heat stable copolymer of vinylidene fluoride and hexafluoropropylene known 
as Viton. Viton can be crosslinked with hexamethylene diamine carbamate 
to give heat stable vulcanizates. The behaviour of these rubbers at high 
temperatures has been studied in conventional heat ageing tests and by the 
methods of continuous and intermittent stress-relaxation 5,8. As expected, 
there was a reasonable correlation between the results of intermittent stress- 
relaxation and conventional heat ageing tests. The results obtained in con- 
tinuous stress-relaxation experiments at temperatures up to 250°C were 
interesting in that they showed an exponential decay over the first 30 per 
cent of network scission but thereafter the rate fell below that expected for 
the first order process defined by this exponential region. The rate of con- 
tinuous stress-relaxation is independent of crosslink density and dependent 
upon crosslink nature in such a way as to show that scission in the first 
network is occurring in and at the crosslinks. Intermittent stress-relaxation 
measurements show this crosslink scission to be accompanied by a cross- 
linking reaction of high efficiency (~-~ 80 > 90 per cent), and further con- 
tinuous relaxation measurements show that the new crosslinks formed are 
stable at 250°C, any further network changes being due to processes occur- 
ring very slowly in the main chain polymer. 

It would appear, therefore, that in Viton crosslinked with hexamethylene 
diamine carbamate we have a system which, on heat ageing, conforms 
closely with that treated theoretically by Flory and Scanlan. In the first 
network at 250°C a rapid breakdown of crosslinks occurs, this is accom- 
panied by the formation of new crosslinks (with only a small decrease in 
overall crosslink density) which are stable at 250°C and therefore are not 
subject to further reaction. 

Making the reasonable assumption that the initial exponential portion 
of the continuous stress-relaxation curve (see Figure 2) represents the true 
rate of stress-relaxation due to crosslink scission in the first network, extra- 
polation (dotted line in Figure 2) allows one to obtain q as a function of 
time. Values of q from 01 to 0"9 have been introduced into equations (8) 
and (9) and the results are shown in Figure 2. In making calculations from 
equation (8) the exponential was not expanded to terms higher than q2 
and in equation (9) terms higher than oJ 2 were neglected. 

The agreement between theory and experiment shown in Figure 2 is 
remarkably good, particularly with the Scanlan treatment, and it can be seen 
that this represents a breakdown of the 'two network' theory once about 
30 per cent of the first network has been removed. 

An extension of case (iv) arises if stable crosslinks are introduced in 
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Figure 2 - - C o n t i n u o u s  s t ress- re laxat ion  in a conven t iona l  Viton vulcaniza te  
a t  250° C  in air 

excess of the number originally present in the first network. A system has 
been found in which this situation arises and this permits a striking demon- 
stration of complete breakdown of the ' two network' theory as applied to 
the interpretation of continuous stress-relaxation measurements. 

In this system a Viton elastomer is crosslinked with T E T A  and heat aged 
at 200°C in the presence of PPD. Viton is crosslinked effectively by T E T A  
at 130°C but reaction with PPD requires a much higher temperature. If 
one uses both reagents in the same compound, heating at 130°C will cause 
vulcanization with the T E T A  but no reaction with the PPD. If  this vulcan- 
izate is heated in air at 200°C oxidative scission of the T E T A  crosslinks 
occurs. This is accompanied by the formation of a much more: heat stable 
second network superimposed upon which is the appreciable amount of 
crosslinking due to reaction between the PPD and Viton. The crosslinks 

0-0 

,._o T9 
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Time, rain 
40 80 120 160 200 

Figm'e 3 - - C o n t i n u o u s  s t ress- re laxat ion in Vi ton vulcanizates  at 200°C 
in air 
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Figure 4--Intermittent stress-relaxation in Viton vulcanizates 
at 200°C in air 

formed in this second reaction will be stable at 200°C as also will be the 
main chain polymer. The results shown in Figure 3 illustrate the effect of 
various concentrations of PPD on the rate of continuous stress-relaxation 
at 200°C in a Vi ton-TETA network cured at 130°C. 

Clearly the slope of these curves can be varied at will by a suitable choice 
of PPD concentration. Swelling measurements on these vulcanizates before 
and after the experiment showed that the presence: of PPD resulted in a 
very large increase in crosslink density, the magnitude of the increase 
depending upon concentration. For example, in a Vi ton-TETA vulcanizate 
containing 4 per cent PPD, Vr in acetone had increased from 0'259 at the 
beginning of the experiment to a value of 0-41 after 160 minutes at 200°C. 
The intermittent stress-relaxation curves in Figure 4 illustrate the effect of 
PPD on the heat ageing of Vi ton-TETA vulcanizates at 200°C. The fact 
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• "fETA vu t can i za te  
TETA vu l can i za te  +4p ts  PPD 

Figure 5---42ontinuous stress-relaxation in Viton 
vulcanizates at 130°C in air 

that PPD is not behaving as an antioxidant in these experiments is shown 
by the relaxation curves in Figure 5. These show the PPD to have no effect 
on the rate of network breakdown of T E T A  vulcanizates in air at 130°C. 
At this temperature PPD is unable to produce crosslinks; if it were behaving 
as an antioxidant it would presumably be even more effective at 130 ° than 
at 200°C. 

There is little doubt that PPD is affecting the form of the continuous 
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stress-relaxat ion curves in V i t o n - T E T A  vulcanizates  at  200°C because it is 
p roduc ing  a large number  of  stable crossl inks in the s t ra ined state. Fu r the r -  
more  it is having an effect f rom the commencemen t  of  the exper iments  and  
this represents  a comple te  b reakdown  of the ' two ne twork '  theory  in this 
system. 

More complex cases 
No theoret ical  t rea tment  or  exper imenta l  test  has been possible  on any 

of the more  involved cases; however ,  in view of  the  results discussed under  
case (iv) caut ion must  be exercised in apply ing  the ' two ne twork '  theory  to 
the in terpre ta t ion  of cont inuous  s t ress-re laxat ion measurements  in such 
systems. 

The author is indebted to Mr  R. Sinnott and Mr J. Day for their pre- 
paration oJ vulcanizates. 

Ministry oJ Aviation, 
Chemistry, Physics and 

Metallurgy Dept, 
R.A.E. ,  Farnborough, Hants 
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Electron Diffraction and Microscopy 
Deformed Polymer Crystals 

II1 Annealing 

of 

P. INGRAM, H. KIHO* and A. PETERLIN 

Some aspects of annealing close to the vicinity of the melting point of spheru- 
lites and fibrils ot polyethylene (PE) and single crystals and fibrils of poly- 
oxymethylene (POM) are described. Electron diffraction and microscopy on 
deformed spherulites reveal considerable tilting of the molecules or lamellae 
resulting in a roof-tile stacking of the lamellae on annealing at 120°C. Elec- 
tron diffraction on the same PE crystal before and after heating showed that 
phase changes induced by the deformation relax on annealing without reverse 
stress and are elastic. The striations appearing on fibrils pulled from the 
lamellae of PE and from single crystals of POM are thought to be associated 
with a folded chain lamellae-like structure in the unannealed fibrils. The change 
of striation periodicity was measured as a function of annealing time on the 
POM fibrils. After an initial jump from the periodicity found on unannealed 
fibrils, it was found to decrease. This depended on the heating rate used, the 
decrease only being observed when the sample was wrapped in aluminium 
foil. By comparison with the behaviour of single crystals on annealing, it is 
thought unlikely that tilting of the chains in the fibrils is responsible for the 

decrease in periodicity. 

IT IS now well known that on annealing certain highly oriented polymers, 
particularly polyethylene (PEY -3 and polyoxymethylene (POM) 4, ~ close 
to their melting points, very conspicuous and sometimes highly regular 
morphological striations develop transverse to the direction of orientation. 
From studies on surfaces of bulk PE, it was suggested by Anderson 2 that 
these were the 'type II' lamellae previously reported by him ~' 7 and that 
they had their origins in epitaxial growth of lower molecular weight mate- 
rial fractionating and crystallizing. However, the fact that they have occa- 
sionally been seen on unannealed fibrils s' 9 can by a variety of techniques 
be made manifest in unannealed fibrils that normally show no structure ~, 10 
and be observed in fractions over a wide range of molecular weights 1° in 
annealed fibrils, strongly suggested that they may have some fundamental 
relationship to the mechanism of deformation 1° in the crystalline material. 
It is the purpose of this paper to discuss the significance of the annealing 
process in oriented crystalline material and to present results which seem 
to indicate that the appearance of striations may be related to the tilting 
behaviour of the molecular chains. Most of the work on PE has been 
performed on spherulites in order partly to be consistent with previous 
publications in this series 1°, 1i and partly because it is the best defined mode 
of crystallization associated with the bulk state ~2. They have also been 
shown to resemble the behaviour of lamellae type single crystals in many 
respects both in morphology 13' 14 and deformation u. Although there is 

*Present address: t(yoto University, Kyoto, Japan. 
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considerable evidence of similar morphology in POM single crystals and 
fibrils 4, 5, the preliminary measurements reported in the present paper with 
respect to the dependence of the fibril striation period on annealing time 
are different from those on PE. The relationship of this effect to tilting of 
chains in the original crystals is also considered. 

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

Sample preparation 
Single crystals and spherulites of PE were prepared from 0"1 per cent 

and 1 per cent xylene solutions respectively of a linear Fortiflex A60-500 
polymer (trade mark of the Celanese Corporation of America) as described 
previously10. 11. However, in some cases single crystals grown from a 
0.1 per cent solution of Alathon (trademark of E. I. du Pont de Nemours 
& Co., Inc.) in tetrachlorethylene by ambient cooling were used so that 
direct comparison could be made with earlier deformation studies 15. 

The POM single crystals were multilayer structures ~ grown by ambient 
cooling of a saturated solution of Delrin (trademark of E. I. du Pont de 
Nemours & Co., Inc.) in bromobenzene. 

All deformation was performed by depositing the polymer on to Mylar 
(trademark of E. I. du Pont de Nemours & Co., Inc.) film and then uni- 
axially stretching. This technique and the method of transferring the 
sample to the electron microscope has already been described in detaiP, ~, 16 

Samples were annealed in a test tube, except where stated, in a controlled 
temperature (+0"I°C) oil bath. Values of all periodicities and spacings 
were taken from the measurements plotted on distribution curves 5. 

Annealing be]ore delormation 
Initially it was interesting to compare the morphology of annealed and 

unannealed undrawn spherulites of PE. It can be seen from Figure 1 that 
only the 110 orthorhombic reflections appear on annealing at 120°C for 
one hour with the 200 reflections completely missing (compare Fig. 1, ref. 
11). This means that tilting of the chains, which prior to annealing are 
approximately perpendicular to the lamellae in the spherulites, must be 
taking place; this tilting must be around the 0 3 0 )  direction such that the 
{ 110} planes are normal to the plane in which the lamellae lie. This is in 
general agreement with the work of Balt~ Callej~ et al. 17 on single crystal 
mats of PE who also found a slight decrease in the long period on annealing 
at 120°C. Furthermore there appears to be some significant change in the 
morphology of the sample. While retaining an overall similar appearance 
to the unannealed spherulites, some reorganization of lamellae has taken 
place and in certain regions there are groups stacked in a roof-tile fashion. 
Geil has also reported observations of this nature (see Chapter V of ref. 1). 

Tilting is not observed on annealing POM single crystals at 170°C for 
one hour. Both before and after annealing prior to deformation the electron 
diffraction patterns remained essentially unchanged and dark field micro- 
graphs of the crystals are fairly uniform (excepting of course the holes). 
These are shown in Figure 2. This indicates that the molecules are normal 
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Figure /--Electron micrograph and diffraction from undeformed PE spherulites 
annealed at 120°C for 1 h. Scale bar represents 1 micron 

to the substrate and top surface of the crystals before and after annealing, 
much in contrast to the situation in PE. 

When PE spherulites are drawn (in this case about 30 per cent) imme- 
diately after annealing at 120°C for one hour and cooling to room tempera- 
ture, the same effects are obtained as in the deformation of unannealed 
material 11. Figure 3 shows that the usual phase change to a monoclinic 
unit cell occurs with the same orientation and chain tilting as in the 
unannealed case. The morphology remains similar to before deformation 
(Figure 1) with the additional appearance of some small fibrils between 
cracks in the lamellae (again cf. ref. 11). 

Annealing after deJormation 
The annealing of single crystals of PE after deformation and the effects 

on the fibrils pulled from them has been the subject of extensive investigation 
and has been reported elsewhere 3-s. We have therefore been concerned 
mainly with the morphology of spherulites of PE deformed and annealed 
under similar conditions. Figures 4 to 6 show some aspects of this. The 
samples were all deformed 30 per cent and annealed at 125 °C for one hour. 
As can be seen from Figures 4 and 5 there is a much greater tendency for 
the lamellae to be stacked in a roof-tile fashion and the resemblance is 
very strong to the type I I  lamellae described by Anderson ~. The electron 
diffraction pattern in Figure 4 indicates that the molecules must be still 
oriented and tilted to a large extent from the vertical (to the substrate). 
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(a) 

(b) 

Figure 2--Electron diffraction and dark field micrographs of 
POM single crystals (of slightly dendritic shape) taken (a) 
before annealing, (b) after annealing for 1 h at 170°C. Scale 

bars represent 1'0 micron 
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Figure 3--Electron diffraction from PE spherulites annealed at 125°C for I h and 
subsequently drawn about 30 per cent on Mylar film 
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Figure 4--Electron micrograph and diffraction from a portion of a PE spherulite 
drawn 30 per cent and subsequently annealed at 125°C for 1 h. Note the apparent 

finite length of the lamellae. Scale bar represents 0"2 micron 

Furthermore annealing has removed the monoclinic phase, only the l l0or 
and 200o~ reflections remaining. 

A similar effect is found on annealing deformed single crystals 3. In that 
and subsequent studies TM on relaxation at room temperature, it was sug- 
gested that if the monoclinic phase relaxed, a set of orthorhombic reflec- 
tions would appear  near the position for 110 twin reflections. We have 
therefore performed observations on the same deformed (unshadowed) 
single crystal before and after annealing on a heating stage in the electron 
microscope. Figure 7 shows the results of this. The crystals had been 
deformed 25 per cent on Mylar film before transferring to a carbon 
substrate. It  can be seen that after heating for one hour to l l 0 °C  both the 
monoclinic phase is removed and new reflections appear near the l l0or 
twin position. Also with more prolonged irradiation (even before heating) 
the 200or reflections were found to have shifted into new positions such that 
hexagonal symmetry was evident. This is believed to be associated with an  
irradiation effect involving the liberation of radicals in the lattice which can, 
by rotation of the broken bonds or crosslinking, cause a new packing in the 
hexagonal phase TM ~2 

It  will be noticed that there is some variation in what we have taken to 
be the 200~r reflections in Figure 4 such that some diffraction appears inside 
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the 200 reflection; because of the multilayer nature of the lamellae in the 
spherulites we take this not to be due to a monoclinic phase, but rather to 
a slight broadening of the reflecting points from thin layers (in reciprocal 
space) where the, diffracting planes are tilted very slightly out of their diffrac- 
ting positions 20. The Debye~Scherrer rings will then become ellipsoids 
thereby changing the spacing of the reflections. This effect can also be 
seen on the 110 reflections in Figures 1 and 4. In Figure 5 the roof-tile 

Figure 5--Another part of the same sample as in Figure 4. Unaffected lamellae can 
be seen in the upper left of the micrograph. 'Tilted' lamellae appear in the centre. 

Scale bar represents 0"2 micron 

type lamellae appear better defined, together with the usual lamellae in the 
top left of the micrograph. A few striations are also evident on the latter. 
In these regions the chains probably have a slightly different tilt or orienta- 
tion. In general it can be seen that there has been considerable reorganiza- 
tion in some regions of the spherulite, much more for example than in the 
undeformed case (cf. Figure 1). I t  was not possible to obtain electron 
diffraction from Figure 5. 

Figure 6 shows the structure which appears on the fibrils pulled out 
between the boundaries of spherulites after annealing. This is the 'shish- 
kebab'  type striation effect produced on fibrils from single crystals 3-5 and 
observed on oriented bulk materiaK While the orientation of the striations 
is determined by that of the fibrils, it was not necessary that they were in 
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Figure 6--The 'shish-kebab' structure appearing on fibrils pulled from between the 
boundaries of spherulites, annealed at 120°C for 1 h. Scale bar represents 0"2 micron 

contact with the substrate to show the effect (note the absence of shadows 
even though the sample was fairly heavily shadowed with platinum) in 
contrast to Geil 's findings 3 for single crystals. However, all the fibrils we 
observed were fixed at both ends and could not be described as freely 
suspended, as in Geil 's case 3. Furthermore we have never been able to 
observe this type of 'freely suspended' fibril with no structure and the 
explanation for their appearance remains in doubt. 

I t  has been shown in another publication s that the spacings (L) of the 
striations increases with annealing temperature between 163°C and 173°C 
in fibrils pulled from single crystals of POM. No definitive time depend- 
ence of annealing was found as might have been expected from long 
spacing measurements by X-ray diffraction in PE fibres 8 and POM single 
crystals 21. However, if the heating rate was increased by wrapping and 
sealing the sample in aluminium foil and annealing in silicone oil, initial 
results showed that a larger value of L was attained than annealing in air 
in a test tube, and that there was an indication of a decrease in L with 
annealing time at 170°C. Annealing at different times has confirmed this 
and the results are shown in Figure 8. The type of morphology is almost 
identical to that of PE and can be seen in Figure 9. Also as previously 
reported ~ .5 a striated effect is sometimes observed near holes, wrinkles and  
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Figure 7--Electron diffraction from PE single crystals deformed 25 per cent on Mylar 
film (a) before and (b) after heating for 1 h to 110°C 
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Figure 8--Periodicity of striations on POM fibrils as a function of 
time of annealing at 170°C. Crystals were deformed 100 per cent 

on Mylar film 

Figure 9--Striations on POM fibrils after annealing in air for 100 min at 170°C. 
Samples were wrapped and sealed in aluminium foil and immersed in silicone oil. 

Scale bar represents 0"5 micron 
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Figure 10--Striations near holes and wrinkles (indicated by arrows) on POM crystals 
drawn 100 per cent on Mylar film at room temperature and annealed for 60 min 
at 170°C in air. Scale bar represents 0"5 micron. Double arrow indicates draw direction 

the edges of cracks with a spacing approximately the same as on the fibrils. 
This is shown in Figure 10. 

D I S C U S S I O N  

As with drawn bulk ~2 and single crystals of PE 3 the contribution to the 
deformation process in spherulites of a phase change from orthorhombic 
to monoclinic unit cell is completely removed on annealing. It has been 
shown that the original transformation is elastic TM. However, it was sug- 
gested that the monoclinic I I I  of ref. 15 could transform by the reverse of 
the type I phase change to the original orthorhombic phase by stress 
relaxation. The subsequent appearance of the 110o, reflections near the twin 
position by relaxation on annealing now unambiguously proves this point. 
(In ref. 18 it was written that the orthorhombic reflection near the 1 10 twin 
position could occur by the reverse of the type 11I phase change. From 
ref. 15 it is clear that this should be written as the monoclinic 111 trans- 
forming by the reverse of type I.) That the monoclinic phase is only stable 
under stress at least ut~ to l l 0 ' C  is further confirmed by the results of 
Magi lP  who succeeded in polymerizing linear polymethylene at tempera- 
tures below the glass transition and observed an irreversible change from 
triclinic to orthorhombic during warming to room temperature. Neverthe- 
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less there are indications from the recent work of Fatou et al. 24 that a 
monoclinic phase may crystallize slowly at temperatures greater than 100°C 
in bulk PE. It is not clear from their results whether the new phase is 
really stable at those temperatures. Although it has been shown that 
annealing undeformed crystals on a carbon substrate can induce phase 
changes in the crystals due to thermal stresses set up between crystals and 
substrate19, 25, no effects due to this difference of coefficients of expansion 
were observed in the deformed crystals. This is because any phase change 
induced in this way would also relax above about 100°C 19. 

The appearance of lamellae stacked in roof-tile fashion is the most 
striking phenomenon to occur on annealing deformed PE spherulites, and 
to a certain extent undeformed ones (Figure 1). A similarity exists both in 
appearance and spacing to the striations produced on fibrils after annealing. 
Anderson ~ has suggested that they are identical in both cases and has called 
them 'type II' lamellae, ascribing their formation as due to fractionation, 
and to epitaxial recrystallization of lower molecular weight polymer in 
oriented material (after annealing). While it is recognized that such a 
process is possible, there are two reasons why it seems unlikely. (i) 
Striations can be observed over a wide range of oriented fractionated 
material ~ from single crystals, and (ii) as has been pointed out before 3, there 
would not seem to be enough low molecular weight polymer present to 
account for all the material observed on the fibrils. In another paper of this 
series 5 it was suggested that the origin of these striations was in folded chain 
portions of the original lamellae being pulled out into the fibril. Subsequent 
annealing would induce more order into these regions and also incorporate 
the relaxed tie molecules 3. It was therefore necessary to investigate the 
effect of temperature and time of annealing on the: periodicity. 

It has been shown by Fischer and Schmidt 8 for PE single crystals and 
by Hirai et al. ~1 for POM single crystals, that the folded chain crystals 
show an increase in thickness (or long period) with temperature and time 
of annealing. (This dependence was also found on highly oriented bulk PE.) 
An increase in the striation periodicity in POM fibrils was found with 
temperature of annealing 5 which is very consistent with this model, and 
also in good agreement with small angle X-ray measurements 8. Neverthe- 
less little time dependence could be observed ~. However, there did appear 
to be a dependence on heating rate in POM fibrils and either no time 
dependence (a result recently found for single crystals of PE ~' 57) or pos- 
sibly a slight decrease at short annealing times. From the results shown in 
Figure 8 there clearly is a decrease at 170°C. Geil ~ has also found similar 
behaviour at this temperature on undeformed bulk POM. First it was 
thought that since in  PE single crystals or spherulites tilting of the chains 
or lamellae occurs on annealing, this might be the cause of the decrease in 
spacing iV. However, in POM single crystals the chains are generally every- 
where normal to the lamellae surface as is shown in Figure 2 by the 
uniform contrast 29 of the dark field image (taken from the { 10.0} planes), 
and there appears to be little change on annealing. Consequently it is 
unlikely that this could be the explanation. There is no evidence from low 
angle X-ray data of any decrease in long spacing for drawn PE. 

Another approach, however is possible. If we consider the measured 
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long period (L) in the fibril as the sum of an amorphous component (L,) 
and a crystalline component (Lc), it could decrease if Lo is reduced by 
relaxation and retraction of the tie molecules between the crystals, for 
example. This would have the effect of drawing the crystalline components 
closer together. It is also possible that the crystals are not in thermo- 
dynamic equilibrium when in the fibril. According to current theory :~'' 
folded chain crystals could be stable at a finite long period even close to 
the melting point. If there is a distribution of L~ some could be expected 
to be reduced on annealing in the direction of the position of minimum 
free energy 3°. There are also indications that the equilibrium melting 
temperature T,,~ decreases with time ~7 which would be consistent with this 
view. Additionally there may be effects due to partial melting ~1 of the 
crystals and recrystallization. Due to a reduction in the amorphous portion 
and increase in Lc the crystalline components would move closer together 
thereby decreasing L. 

The experimental observation of a rapid rise of long period on annealing 
in PE ~ as well as in POM is suggestive of melt recrystallization taking 
place, and would not interfere with any of the above considerations. It 
seems unlikely that any one process is solely responsible for the change in 
long period on annealing, and the material used may be expected to 
influence the application of these processes. While it is known from 
diffraction contrast microscopy which part of the striated morphology is 
crystalline both before 1° and after annealing ~, it is clearly necessary to 
specify more precisely how and where the crystallinity changes in the fibrils 
during annealing. 

The appearance of striations near holes and wrinkles in POM (Figure 10) 
is probably associated with molecular motion or melting on annealing 
when the lamellae thicken. Consequently the chains would be oriented in 
the direction of the motion, or at least highly tilted with respect to the 
substrate. The chains comprise new lamellae and may well be of the same 
origin as those observed in PE spherulites (Figures 1, 4 and 5). In the 
undeformed spherulites some melting might have been expected to take 
place and new crystallization occurred with the tilted chains. The effect 
naturally would be more pronounced in the spherulites after deformation 
where that action had already induced considerable tilting. However, the 
identification of this type of morphology with the 'type II '  lamellae 
observed ~ in fracture surfaces of unannealed undeformed bulk PE is by no 
means clear. There is no reason to suppose fractional melting and re- 
crystallization or fractional crystallization should occur with a morphology 
any different from lamellae ('type I') crystals. Certainly single crystals from 
fractions do not appear significantly different from those from unfraction- 
ated material. The 'type II' lamellae in untreated PE may be 'type l '  
lamellae seen in cross section. 

C O N C L U S I O N S  

(I) In agreement with other work on PE single crystals there is consider- 
able tilting of the chains on annealing spherulites which sometimes results 
in a change in morphology. 

(2) This change is greatly emphasized on annealing after deformation, 
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the molecules  remain ing  in a h ighly  t i l ted state. Phase  changes incurred  on  
de fo rmat ion  relax on anneal ing  wi thout  app l ied  reverse stress and  are  
elastic.  

(3) St r ia t ions  observed  on annea led  fibrils pu l led  f rom crystals  of P E  
and P O M  are  thought  to or iginate  f rom blocks  of  fo lded chains  in the fibril  
before  anneal ing.  

(4) I t  is unl ike ly  that  any  dependence  of  long spacing on anneal ing  
t ime of  these str iat ions,  pa r t i cu la r ly  the decrease  observed  in P O M  fibrils, 
is associa ted  with ti l t ing, since no t i l t ing could  be  observed  before  or  af ter  
anneal ing  P O M  single crystals.  Converse ly  no decrease  in L has  ever  
been observed  in P E  fibrils where  t i l t ing is evident .  

(5) The re  are  cons iderab le  differences in behav iour  in long pe r iod  of  
single crystals  and  fibrils on anneal ing  and  on subject ion to different heat-  
ing rates. Fu r the r  invest igat ions  m a y  reveal  how impor t an t  a role ini t ia l  
recrys ta l l iza t ion  p lays  in the ear ly  stages of annealing.  
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ANNOUNCEMENTS 

C O N F E R E N C E  ON A D V A N C E S  I N  P O L Y M E R  S C I E N C E  A N D  

T E C H N O L O G Y ,  L O N D O N ,  S E P T E M B E R  1 9 6 6  

The second Conference to be organized jointly by the Plastics and Polymer 
Group of the Society of Chemical Industry, the Plastics Institute and the 
Institution of the Rubber Industry will be held at the Institution of Electrical 
Engineers, Victoria Embankment, London, W.C.2. on 20, 21 and 22 
September. The Oil and Colour Chemists Association and the Society of 
Dyers and Colourists will participate. Papers will be preprinted and 
presented in summary form at the Conference which will consider: (1) 
Structures of polymeric systems; (2) Polymerization reactions, particularly 
polymerization and crosslinking reactions in films, and interaction with 
substrates and adhesion; (3) Physical and chemical changes in polymers 
with particular reference to long term ageing and load-bearing properties; 
(4) Practical implications of rheological measurements. Full details are 
obtainable from the Assistant Secretary, Society of Chemical Industry, 
14 Belgrave Square, London, S,W.1, under reference 'Joint Plastics 
Conference'. 

G O R D O N  R E S E A R C H  C O N F E R E N C E S  

The 1966 Gordon Research Summer Conferences will be held during 
13 June to 2 September in New Hampshire and from 20 June to 2 September 
in Enumclaw, Washington. Full details and application forms are obtainable 
from the Director, Dr. W. G. Parks, Gordon Research Conferences, 
University of Rhode Island, Kingston, Rhode Island 02881, U.S.A. 

Polymers will be discussed at Colby Junior College, New London, New 
Hampshire during 4 to 8 July when four one-day seminars will be held on : 
(1) Structure--properties relationships; (2) Conducting polymers; (3) Poly- 
electrolyte polymers; (4) Coordinate polymerization, followed by discussions 
on 8 July. 

The physics and physical chemistry of biopolymers will be considered 
at Tilton School, Tilton, New Hampshire during 1 to 5 August. 
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Thermodynamics of Mixing: Excess 
Volumes in Polyisobutylene-Solvent 

Systems 
C .  C U N I B E R T I  a n d  U .  B I A N C H I  

Measurements of excess vohtmes of polyisobutylene in eight solvents are 
reported. The heats of mixing are examined with a view to rationalization. 

T R A D I T I O N A L  theories 1' 2 on liquid mixtures relate the heat of mixing to the 
difference in the interactions between like and unlike neighbouring mole- 
cules. On this account and assuming intermolecular forces to be of the 
London type% the beat of mixing AU'I! ix expected for non-polar polymer-  
solvent systems has been shown to be always positive (endothermic), being 
proportional to the square of the difference between polymer and solvent 
solubility parameters' (8). 

Experimental results have often given negative AH'~ "x values for various 

non-polar polymer-solvent mixtures '-6. It is, however, known that whereas 
experimental AH mi~ values are measured at constant pressure, theoretical 

10 

treatments give the change in energy AU mi~ at constant volume; consequently 

a comparison between calculated and measured heats of mixing is ecluivalent 
to the unjustified assumption of an excess volume (change in volume on 
mixing) equal to zero. Simple thermodynamics shows: 

AHm~ = AU:" '+ T ( OP ) AV,,,~+ . . .  ~.~ Aum,x + p, AI/~ .... 
P " () 7- ! r " *" 

(1)* 

where Pi is the internal pressure 7 of the solution. As P~ is of the order of 
60 to 100 cal /cm a it is apparent that even a small change in volume AV""" 
can result in a significant term P~ AV ~ .  

In an attempt to rationalize A/-/~ ~ values for polyisobutylene (PIB) in 

various solvents ~, we report here some results obtained in measuring excess 
volumes for PIB in eight organic solvents at 30°C. Measurements were 
made at high dilution (final polymer concentration less than one per cent) 
first because AHr~,) ~ values were measured in the same conditions, and 
secondly because for these concentrations AV mi: was expected to be indepen- 
dent of the amount of dissolved polymer. 

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

Materials 
PIB was a fraction obtained from Enjay-Butyl Vistanex (LM-MS) in a 

previous fractionationg; its number average molecular weight is about 

*zxtr-/~ Ix, AU~  nix and AV mix are all referred to a quantity of polymer equal to a mole of repeating unit 
(mole unit) dissolved in a very large amount of solvent (final concentration below one ~ cent). 

151 



c. CUNIBERTI and U. BIANCHI 

5 × 104. The solvents (benzene, toluene, cydohexane, methylcyclohexane, 
chlorobenzene, n-heptane, n-hexane and n-decane) were all reagent grade 
and were purified by fractional distillation. 

Apparatus 
The basic idea of our method to measure AV m~x is to convert volume 

changes into capacity changes which can be measured with very high preci- 
sion by standard electronic circuits. 

As the apparatus has been fully reported elsewhere 1°, only the special 
dilatometer used to convert volume changes into capacity changes (Figure 1) 
is described briefly. 

CD 

J 

Figure /--Mixing cell and dilatometer to mea- 
sure AV mix. C is the cell containing polymer 
(at the bottom) covered by mercury. T is the 
silver-coated capillary tube, which acts as a 

capacitor 

A given amount of a PIB solution, containing from 0.02 to 01  g of 
polymer, is put in one end of the cell C; then the solvent is evaporated 
under vacuum, leaving a thin layer of polymer. With S closed, the dilato- 
meter is joined through the spherical joint J to a vacuum line, carefully 
evacuated to 10 -~ mm of mercury and completely filled with mercury. The 
solvent in which AV mix has to be measured is then introduced into the cell 
(up to the level shown) by means of a syringe with a long Teflon tube 
passing through J. The dilatometer is then assembled with the capacity 
capillary device CD and the mercury level adjusted at about half way up 
the capillary T. T is externally silver-coated and thus acts as a capacitor 
whose dielectric is glass. With the temperature thermostatically controlled 
at 30 ° +0.001°C, mixing is obtained by rotating the cell C through 180 °. 

Calibration was performed before each AV ~ix measurement, by increasing 
the thermostat temperature (this producing a known thermal expansion of 
the cell contents) and measuring the corresponding capacity change 1°. 
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R E S U L T S  
F i g u r e  2 shows AV obtained for PIB in various solvents as a function of 
the amount of polymer dissolved. As expected in the range of concentratioq 
studied. AV is proportional to the amount of polymer. 

i 
~x ~ ~ .  4 8 12 16 20 

2 

-1 '0 

-1.2 

24 

F i g u r e  2--Plot  of AV against amount of PIB used, in various 
solvents: • chlorobenzene, C) toluene, & benzene, ~ methylcyclo- 
hexane, @ cyclohexane, [] n-hexane, @ n-heptane, × n-decane. Values 

shown for n-hexane ([]) are multiplied by a factor 0"5 

Table 1 summarizes the average values of AN mix. referred to one gramme 
or to a mole of polymer repeating unit. Errors vary from system to system, 
reaching a maximum of + 5 per cent for PIB in chlorobenzene. It should 
be noted that this uncertainty corresponds to a relative change in volume 
of about one part per million. 

T a b l e  1. Average excess volumes at 30°(? for dilute PIB solutions in the solvents 
indicated. One mole uni t=56 g r  

S o h ' e n t  

Chlorobenzene 
Toluene 
Benzene 
Cycl ohexane 

AV x103 
gr 1, 

cm s (g 
p o l y m e r )  -a 

+4 '4  
+5"8 
+9 '6  
- -8 '2  

AV~nix 

c m  a On.u.)  -1 

+0"24 
+0"32 
+0"54 
--0"46 

S o l v e n t  

M ethylcyclohexane 
n-Hexane 
n-Heptane 
n-Oecane 

_AV ×10s 
gr  t, A V mix 

crn~ (g c m  a (m .u . )  -1 
p o l y m e r )  - I  

- -121 --0"68 
- -322  --1"80 
--25"5 --1"43 
--10.8 --0"60 

D I S C U S S I O N  
We may now apply equation (1) to convert A / - / ~  into AU mtx data. The 
internal pressure P~ appearing in equation (1) should be that of the dilute 
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THERMODYNAMICS OF MIXING 

polymer solution; it is, however, reasonable to expect that it would not 
differ significantly from the internal pressure of the pure solvent. We have 
shown 1I this to be so in two instances, where the P~ of a 0-5 per cent PIB 
solution in benzene and cyclohexane were measured (at 30°C} to be 92.8 
and 79'1 cal/cm 3 respectively, whereas P~ of the pure solvents are 91 and 
778 cal/cm 3. We have therefore used the Pi values of the pure solvents in 
what follows. 

Table 2 collects all the data necessary to evaluate the energy change on 
mixing at constant volume. 

The data of Table 1 allow some interesting observations. The negative 
excess volumes found in paraffinic hydrocarbons (with an absolute value 
increased by decreasing the number of carbon atoms) is in agreement with 
previous work of Gee et al. on the system PIB-n-pentane 13. 

The magnitude of this term is sufficient to convert the negative sign of 
2xH~ 'j~ for PIB in cyclohexane, methylcyclohexane and paraffinic hydro- 
carbons into a positive (endothermic) value for AU~ ix thus showing agree- 
ment with Hildebrand's expectations for such non-polar systems. 

Moreover, AU mi~ can be compared with the values calculated from the 
well known equation ~ 

mix AU, (H~d~,.,,~,) -- VM (6p - ~)2 ~ p ~  (2) 

where V,r denotes mixture volume, 6,, and 6s are polymer and solvent 
solubility parameters, and ~,~ and ~s are polymer and solvent volume frac- 
tions. Assuming ~.~-----1, VM~e ~ gr of polymer/polymer density and, 
using for PIB a* 6,,=7.5 (cal/cm3) ~, we get the values reported in the last 
column of Table 2. 

The density value used for PIB at 30°C was 094,  as interpolated from 
the values at different temperatures reported by Bawn et al. in Trans. 
Faraday Soc. 1956, 52, 1664. 

In spite of the rather large uncertainty characterizing the AU'~)~it,.) 
values (6p values have been reported .5 in the range 7"5 to 7.8), one can see 
the calculated values to be in broad agreement with experimental AU~ ~* 
except perhaps the systems containing paraffinic hydrocarbons as solvent, 
where deviations seem to be outside the uncertainty involved. 

New ideas ~6, ,7 about previously ignored contributions to the total heat 
of mixing in polymer-solvent systems could provide an explanation for 
these discrepancies and work is in hand to give a rational interpretation of 
existing heat of mixing measurements. 

It is a pleasure to thank Pro]essor C. Rossi ]or his interest in this work 
and Mr G. Parma for his collaboration during experimental work. 
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The Refinement of the Crystal and 
Molecular Structures of Polymers using 

X-Ray Data and Stereochemical 
Constraints 

STRUTHER ARNOTT and A. J. WONACOTI" 

A general method is descr ibed/or  the automatic determination o[ the positions, 
orientations and con[ormations of  molecules in crystals which best correspond 
to observed X-ray diffraction. The molecular con[ormations are described in 
terms of chain parameters, attd standard bond lengths and angles are main- 
tained during the refinement. For this reason the method is particularly suit- 
able ~or establishing structures o.f polymers in crystalline fibres where the poor 
quality dif[raction data requires to be supplemented by stereochemical in/orma- 
tion. Additional constraints which ensure that successive monomer units are 
linked appropriately are achieved by means of  Lagrange multipliers. Re[ine- 
ment of the structures of Terylene and c~-poly-L-alanine are used to illustrate 
success[ul application of this approach in the analysis of  polymer structure. 

IN TIlE solid state the highest degree of order attained by most polymers is 
in crystalline fibres. These may be considered to be arrays of microcrystals 
randomly arranged except that each has the same single axis parallel to 
the fibre length. The X-ray diffraction pattern therefore has the character 
of a single crystal rotation diagram, with the possibility of overlap of reflec- 
tions on the layer lines. (Then, only the sum of the intensities in the group 
can be measured.) The quality of the data is frequently poor because of the 
difficulty of measuring intensities against a background of diffuse scattering 
from the non-crystalline regions of the fibre or from disorder within the 
crystallites. In addition, the parallelism of the crystallites is invariably im- 
perfect and the diffracted intensities are distributed not in spots but along 
arcs the length of which increases with distance from the pattern centre. 
This dissipation of diffracted intensity over increasing lengths of arc 
implies a similar rise in the threshold for observation and even at moderate 
distances from the pattern centre all but the strongest intensities are merged 
in the background. The result is that the number of data is much Jess than 
that which could be obtained from a single crystal, and also that the resolv- 
ing power of the data is low since it is the diffraction furthest from centre 
that defines the finer periodicities in crystals. (For Cu Ko~ X-radiation of 
wavelength, )t = 1-5418A, a single crystal of Terylene theoretically could give 
588 independent reflections with an average spacing of 1A, while only 140 
reflections occur in the observable region for the crystalline fibre, the lowest 
periodicity being 1' 1A.) This lack of resolving power in the diffraction data 
has limited or precluded the use of the powerful methods of conventional 
crystallography such as Fourier synthesis of electron density or least-squares 
refinement of atomic parameters since in the former, atomic positions would 
not be located, and in the latter, the calculated diffraction amplitudes are 
insufficiently sensitive to changes in individual atomic coordinates even 

157 



STRUTHER ARNOTT and A. J. WONACOTT 

where there is a sufficient excess of data over parameters for the method 
to be undertaken. Consequently the usual method of structure refinement 
in such cases has been to incorporate knowledge of chemical sequence, bond 
lengths and angles in molecular models and then, by systematic trial and 
error, to adjust their conformations and crystal positions to obtain a good 
agreement between the observed amplitudes of diffraction, oF, and the 
structure amplitudes, F, calculated from the model system. In the use of 
such methods it is difficult to decide that the best fit achieved is indeed the 
best fit possible and where competing model systems exist which give 
similar diffraction patterns it may, for that reason, be difficult convincingly 
to demonstrate that one system is preferable, and to what degree this is so. 

In the following we describe a method for refining the positional and 
conformational parameters of model systems while retaining given stereo- 
chemical constraints. It is readily adaptable for automatic digital computers 
and is related to one studied for DNA fibres ~ and to others described for 
single crystals ~-~. 

M A T H E M A T I C A L  A N A L Y S I S  O F  T H E  R E F I N E M E N T  

The 'best fit' considered to be that which minimizes 

M M 
d) = X  w,, (oF.,-F,,~) 2 = X  w,~AF~ (1) 

1 1 

where there are M observed diffraction amplitudes, oFm, and F,. a r e  the 
corresponding amplitudes calculated for the model. 

F~ = (A~ + B~) ~ . (1 /K) .  exp ( -  Bp2/4)  
where 

P 
A ~ = ~ [p (h,,kml,~) cos 27r (h,jcp + kmyp + ImZp) 

1 

and 
P 

B,, = 2~ fp (hmkml,,) sin 27r (hjcp + kmyp + lmZp) 
1 

when there are P atoms with fractional cartesian coordinates (xpypzp) in the 
crystal unit; [~ (Izmk,,,l,,) is the scattering power of the pth atom and hmk,nl,~ 
are the indices of the X-ray reflection; K is the factor required to put the 
observations on an absolute scale; B is the average isotropic thermal vibra- 
tion parameter which results in a radial fall-off of diffraction intensity; 
p = 2  (sin O)/h where 0 is the diffraction angle, w,,, the weight of each term 
in ~b, should be proportional to the reliability of oF,.. Usually an analytic 
function { ( l + a . o F ~ + b . ' o F ~ ) . p }  -1 is satisfactory, a and b are chosen 
constants which result in the very intense reflections having low weights 
while p-1 reduces the weight of the reflections in the outer part of the 
diffraction pattern where observed intensities have large geometrical factors 
to convert them to oFms. When a reflection is composite 

B 

F,, = (X F~r) ½ . (1 /K) .  exp ( - B p ~ / 4 )  (2c) 
l 

where the Fmrs are the amplitudes of the reflections in the group. 
If we begin with a model with N parameters [un] we can obviously ealcu- 
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late the value of qb. If we change the parameters to [u. + Au.] the new value 
of q~ will be by Taylor's expansion 

(~ =~1 Wm AF,, ([u.]) - E  AH,, Of,n ([t!n]) !2 (3) 
Ou,, t 

if the terms in (~u,,) 2 are small, which will be so if the position represented 
by [u,,- £xu,] is close enough to [u,,]. The N values of [Au.] which will 
minimize • are given by the N linear equations 0q~/0 (Au.)=0, i.e. by N 
equations like 

0qb/0 (Auq)= w~ ~ A F ~ - E  Au. OF..10Fm :0 (4) 
1 Ou,, ] Ou~, 

'They may be conveniently written in matrix notation (which also provides 
an indication of how they may be solved using standard computer routines) 

F . M -  U . M ~ . M - 0  

i.e. U = F.  M. ( n  ~' . M) -1 (5) 

where (6) F =- [ V w,~F,  . . . . . . . . . . . . . . . . . .  ~/w.,±F.,,] 

OF, rOF, 
M - -  V w, Ou, . . . . . . . . . . . . . . . . . .  ~/ W'  O-~u,~ 

I : 

[ : : 
_ _  OFM ~/ w,,, OF,, ~/ w,, _~u, ~ 

c) bt z . . . . . . . . . . . . . . . . . .  

(7) 

0 0 

C ~ c ~ C  

i 
c \  

o 

c ~ 

\1 
(a) 

~ 5 

148 

125 c 118 ° 
I 

127°J 110 ° 

(b) 

2 

1 45 

I12~245 135 
>ly~ 131 

127 07 ° 

138 ° I I0 o 

(c) 

~ '54 

(d) 

Figure / - - T h e  refinement of Terylene. (a) the chemical constitution 
with stars indicating where molecular centres of symmetry coincide 
with ones in the crystal unit cell. The bond lengths and angles (b) 
calculated from the coordinates of Daubeny, Bunn and Brown s 
Ic) after atomic coordinate refinement by least-squares and (d) used 

in the present constrained least-squares analysis 
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U =  [ A u l  . . . . . . . . . . . . . . . . . .  Au~] (8) 

In general equation (3) is an inadequate approximation (the [~u,] are not 
small enough) and the parameters '[u, + au,] obtained after solving (5) will 
not give minimum q~ and the process has to be repeated with the new 
parameters and iterated until the [Au,] are so small that • does not change 
significantly in successive cycles. 

When the structure parameters refined are the fractional cartesian co- 
ordinates of the atoms in the crystal unit we have the case usual in single 
crystal analyses. What happens when this approach is used in refining the 
structure of Terylene is illustrated in Figure 1. There are 72 above threshold 
reflections, 23 parameters and even with this data/parameter ratio unusually 
favourable, convergence to a position with negligible shifts was achieved 
only after twenty refinement cycles from initial parameters given for the 
best published model 6. In token of the inadequacies of the data for the 
reasons previously cited there are large estimated standard deviations in 
the coordinates, equivalent to 0 ' IA in bond lengths and 6 ° in bond angles. 
Nevertheless no bond length or angle differs from the expected one by 
more than three times the standard deviation. 

Zcryst 

3b' 

~'cryst 

3a 

Figure 2--The chain geometry of Terylene. 
and 4> 3 are bond angles along the chain 

The scheme we have devised allows a set of standard bond lengths and 
angles to be included explicitly in the least-squares analysis. This is achieved 
in the manner indicated in Figure 2 where Terylene is the example chosen. 
The unit in the Terylene molecule consists of four main chain atoms, 
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I, 2, 3, 4, and three substituents, 2a, 3a, 3b (for the moment hydrogen 
atoms will be ignored). Sets of axes may be set up at each atom of the main 
chain after the first in a systematic way such that in each case the x axis 
lies along the bond between atom n and atom ( n -  1); the y axis is perpen- 
dicular to the x axis and lies within the obtuse angle formed by atoms 
( n - 1 ) ,  n, and (n+ 1) and is coplanar with them; the z axis completes a 
right-handed orthogonal set. The coordinates of atom 1 with respect to 
the set of axes at 2 are immediately known and are given by 

where 1,2 is the bond length between atoms 1 and 2. Its coordinates with 
respect to the next axial system at atom 3 are 

X~ = [ - cosqb_o - sin6., 
sin~nC°Sr=asi~b~ -cosq5._, sinr=,a t - COS%a cosq5._, sinr._, a 

i.e. X:, = A23X 2 + Lea = AeaL, o + L2a 

o ] 
sinr._,a 
COST:za 0 

(9) 

This transformation involves the stereochemical constants ~bo and 1,_,a together 
with angle r= ,  the dihedral angle between the plane formed by atoms 1, 2 
and 3 and that formed by 2. 3 and 4. It is this angle which is regarded as 
a refinable parameter of the chain. A further similar transformation involving 
(h:,, r:~.~ and 13, will yield the coordinate of atom 1 with respect to the axial 
set at 4. 

X.t - A3.1X 3 + La~ - Aa.,A~:,L, =. + Aa.,L_,a + La~ (10) 

It is clear that the coordinates of all the atoms in the asymmetric unit of 
Terylene with respect to the axial set at 4 can be derived in a similar way as 
functions of the chain parameters %a and r~, and the various bond lengths 
and angles. It remains only to relate them to the unit cell axes. Since crystal 
axes are not generally orthogonal it is convenient to define an orthogonal 
set which has Zo~.~ho~o,,~ coincident with z,.,,~t~,, y,.-.,,,~o:,,~ in the same plane 
as ycrysta~ and Zcrystel. 

Coordinates can then be transformed to a set at 4 parallel to the crystal 
set by 

Xo,..~,,go~.l = R . X  (11) 
where 

R =  [10 0 ] [cos0 0  in0 ] icon0 sin03 0] 
0 cos0~ -sin01 0 ~ 1 0 - sin03 cos0:, 0 
0 sin01 cos0~ sinO, 0 cos0., 0 0 1 

(12) 

0~, 02 and 0a are the Eulerian angles relating the orientation of the axial 
set 4 to the orthogonal crystal set. A final transformation 

Xo,.~t.1 = C.X,.r~,.,,n~t + T (t3) 

yields fractional crystal coordinates 
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a sin fi sin y* 0 0 

1 1 0 (14) 
C = b sin a tan y* b sin a 

- (sin fi cos y* + tan c~ cos fl) .  - 1 1 
c tan a sin fi sin y* c tan ot c 

T =  [.i] 
H2 
H3 

(15) 

u~, u2, u3 are the fractional crystal coordinates of atom 4 and are the 
parameters necessary to define the position of the chain. For  example, 
for atom 1 

Xcry~ta~ = C.R.A34A23L12 + C.R.A3aL23 + C.R.L34 + T (16) 

and there are similar expressions for the coordinates of the other atoms. 
For pendant atoms like 2a the first set of coordinates (with respect to 

axial set 3) would be 

X =  [kl32~] 

Lvl32~ 
where l 32~ is the length of the 3---2a bond and h, /~, v are the (stereo- 
chemically predetermined) direction cosines of 3--2a  in the axial system 3. 

This description of a chain molecule is entirely general and since it 
involves a set of systematic transformations in matrix form it is readily 
adaptable for automatic computation. The immediate advantages achieved, 
apart from the important one of maintaining predetermined bonded 
stereochemistry, are twofold: the number of parameters is reduced by 
a factor of two (in the case of Terylene) and since changes in these para- 
meters will, in general, result in movements of large groups of atoms the 
lack of resolving power in the diffraction data becomes irrelevant. 

To set up the least-squares equation the coefficients of M, OF,./Ou., 
must be determined. 

In equation (2) F,,~ is not an explicit function of %3, %4, Ol, 0~, 0~, u .  
u,,, u3 and it is desirable to use 

OF. ~ (OF,~ Ox~ OFmOyp OF,~ Ozp) (17) 
Ou. - 7  Ox. Ou.. + -Oy, Ou----] + Oz, Ou~ 

since OF,~/Ox~ etc. and 0xp/0u~ are easily calculated. 
As it stands the analysis has one important deficiency: it does not ensure 

that the correct stereochemistry is maintained at the junction of successive 
chain units, i.e., in the Terylene example, it does not ensure that the implicit 
relationship will exist among %3, r34, 0~, 02, 03, u .  u2, u3 which will result 
in lw and (h2 having their normal values. Nor does it ensure that the 
benzene ring centre coincides with the origin of the crystallographic axes. 
It  is not easy explicitly to ensure that the parameters refined are appro- 
priately constrained. This may be done implicitly using Lagrange multipliers. 
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If there should exist H. H < N .  implicit relationships Gh=0.  among the 
parameters [u.] then the best least-squares fit under these constraining 
conditions is obtained by minimizing 

M H 

(9=~ w m A F ~ , . +  E hh G,, (18) 
1 I 

As in equation (3). at a nearby point [u,~ + A u.]. 

.~h,, G, ,+~ A (19) 

and the values of '[Au.] and [Xh] which will make O a minimum are given 
by N linear equations 

~ OF,,, OF,,~ +E)t~, 0 
O 0 / O ( A u ~ ) = - 2 ,  wm AF,,,-~Au., ~ !  ?)u,, , Ou,, 

(20) 
and H linear equations 

N O G ,  
0 0/0  hr= G , + E  Au,~ 0 (21) 

1 0 II n 

[A u,,] and [X~,] can be obtained by a matrix process reminiscent of equation 
(5) 

[ M L M  ½ N ]  
[u  I L] ~ -0----- ] = [F.M I ½ G] (22) 

In these partitioned matrices F, M, U, are defined by the conditions (6), (7) 
and (8) 

L = [h~ X . . . . . . . . . . . . . . . . . . . . . . . . . . . .  X,] (23) 

N = 0 G~ O G .  
Ou~ . . . . . . . . . . . . . . . . . .  Ou~ 

(24) 

OG1 O G n  

OUN . . . . . . . . . . . . . . . . . .  OUN 

G = [ -- G . . . . . . . . . . . . . . . . . . .  -- G,,] (25) 

In Terylene H = 5 and 
G1 = qS, - 109.5 ° (26) 

2 2 2 2 2 1 2 G 2 = a  x~+ b y ~ + c  (Z 1 --5)  + 2 b c  cos c~ (z1-½)Yl 
+ 2 ac  cos/3 (zl - ~-) xl + 2 ab cos y xlya (0"77) 2 (27) 

3 ~ 2 2 a x~ + b2y] + c2z~ + 2bc  cos c~ z.Y4 

+ 2ac cos/3 z~x4 + 2ab cos 3/x~y~ - (1 395) 2 (28) 

b y.~. + c z:,. + 2bc  cos c~ z3ay3. G4=a2x~o+ ~ 2 2 

+ 2ac cos/3 z3ox~. + 2ab cos y x~.y3~ - (1 "395) 2 (29) 

G~= ~ 2 ~ 2 c 2-2 +2bccos  c~Z3.y3o a X3b + b Y3~ + z3b 
+ 2ac COS/3 Z ~ o  + 2ab cos y x~y~ .  - (1 "395) 2 (30) 

163 



STRUTHER A R N O T T  and A. J. W O N A C O T F  

Equation (27) ensures that l l l , =  1.54A and that (0 0 ½c) is the centre of 
the 1--1 '  bond; (28), (29) and (30) ensure that the benzene ring is centred 
on the unit cell origin. 

R E S U L T S  
A general computer programme capable of refining any long chain molecule 
with short side chains according to this scheme has been devised for the 
ATLAS computer. Using it a model of the Terylene structure was refined 
and a reduction of ~=~WmAF~ from 14 617 to a minimum value 4 058 
achieved after 12 cycles, each taking six seconds, by which time the shifts 
were less than a quarter of the estimated standard deviations in the para- 
meters. The mean shift in 0 was 17 ° and in ~-, 10-1 °, corresponding to 
changes in atomic position up to 1A. The conventional crystallographic 
index of reliability, R = E  I AFml /EoF~, was reduced from 0-28 to 0.237 
during the refinement. This value is not significantly inferior to that obtained 
previously G (0"19) whose model did not have standard bond lengths and 
angles, see Figure 1. R is of course much smaller (0"13) for the refinement 
of atomic parameters since the greater the number of variables the better 
the fit that can be achieved. The Daubeny, Bunn, Brown model (DBB) and 
the refined models have no non-bonded interatomic distance less than the 
accepted van der Waals distances, r34 is expected to be approximately zero 
because of conjugation of the carboxyl group with the benzene ring; in the 
present study its value was found to be 7 °, in DBB it was 12 °. Further, 
although the hydrogen attached to atoms 1, 3a and 3b were ignored in this 
discussion, they were in fact included in the analysis as pendant atoms 
since no extra parameters are required once their relationship with the 
chain atoms is defined. 

Terylene was unusual in providing more diffraction data than are nor- 
mally available from crystalline fibres. In contrast only 61 X-ray reflections 
are observed for poly-L-alanine. Previous studies r,8 have established that 
the molecule is a right-handed a-helix with 47 L-alanine residues in 13 
turns of the helix. There is the equivalent of only 47 residues per unit cell 
but the crystal structure is apparently a statistical one with 'up-pointing' 
and 'down-pointing' molecules occurring at random (the a-helix possesses 
chain sense - - C O .  N H .  CHR-- ) .  The statistical unit cell contains therefore 
470 half atoms heavier than hydrogen and since the highest crystallographic 
symmetry present is a two fold axis relating 'up'  and 'down' molecules, 705 
atomic coordinates need to be determined. A least-squares analysis can only 
be undertaken when the number of data observed is greater than the number 
of parameters to be refined and this can be achieved here if the molecule is 
described as a regular helix and the structure amplitudes and their deriva- 
tives are expressed as functions of the atomic positions in the molecular 
asymmetric unit 9. Then the data/crystal parameter ratio becomes 61/19 at 
most. (This assumes that 'up'  and 'down' molecules have the same con- 
formation, that their helix axes coincide and that only one translational and 
one rotational parameter are then required to fix their relative positions.) 
By describing the molecular conformation in terms of chain parameters (see 
Figure 3) only 11 crystal structure parameters are necessary and 5 con- 
straints can be defined to ensure that the 1---2 bond is the helical repeat of 
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Figure 3--Four residues of an a-helix showing the chemical constitu- 
tion, standard bond lengths and angles, and the chain geometry of 

poly-L-alanine. R denotes methyl 

5a--5.  The da ta /parameter  ratio is then effectively increased to 61/(11 - 5 )  
and a continuous a-helix with standard stereochemistry ensured. 

I t  has been found convenient to have a separate programme for regular 
helical structures. Using it the structure of poly-L-alanine has been refined 
in eight cycles each taking 30 seconds. The initial model had (I>=550/643, 
R = 0 4 5 2 ,  the final one q~-164029,  R=0"235.  The refined chain para- 
meters result in the N H - - O  hydrogen bond having a length of 2-86A and 
being very close to linear, the angle O N H being 13 °. In addition 
z3, = 179 ° with an estimated standard deviation of 10 ° so that the amide 
groups are planar. These results support the belief that the backbone is 
indeed a regular helix. However, it is necessary to postulate that the methyl 
groups are distorted on average up to 0" 1A from regular helical positions 
both to avoid short methyl-methyl contacts and to explain additional meri- 
dional reflections which could not be produced by a regular a-helix. This 
implies bond angle distortions averaging 3 ° which are possible without 
greatly increasing the energy of the system. The refined crystal structure 
can be used to predict the position and intensity of streaks in the diffraction 
pattern which result from the statistical nature of the structure and these 
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have been found to coincide with the observed ones. It is proposed to 
discuss the analysis and its result in more detail in a separate paper. 

CONCLUSION 
This analytical method is of completely general application in the refine- 
ment o~ molecular models with respect to X-ray data. The incorporation of 
chain parameters and constraints avoids meaningless changes in atomic 
parameters, while the resulting smaller number of parameters allows a 
sharper average to be drawn over errors in poor quality data. With fibres 
this is peculiarly important because of the smaller number of data. The 
reduction in the number of parameters avoids also the necessity of handling 
matrices of large order and since the parameters allow cooperative move- 
ment of large numbers of atoms the probability of poor initial models 
converging to the correct refined one is considerably increased. 
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The Dilute Solution Properties of 
Poly@ropylene oxide) 

G. ALLEN, C. B o o m  and C. PRICE 

The dilute solution properties of several [ractions of poly(propylene oxide) 
have been determined in two solvent systems; hexane at 46°C and iso-octane 
in the temperature range 46 ° to 89°C. In general these properties show no 
dependence on the degree of  tacticity of  the fractions. An  exception is the 
second virial coefficient measured by light scattering in hexane at 46°C, which 
varies considerably from fraction to fraction. A tentative explanation, in terms 
of  the incipient crystallization of  the polymer, is ~tdvanced to account for this 

anol?laly. 

MOST studies of the influence of the degree of tacticity of a polymer upon 
its dilute solution properties lead to the view that the solution parameters 
do vary, but that this variation is seldom much greater than the errors 
involved in the measurements. The position has been summarized by 
Krigbaum et al. 1. By contrast we have presented results which suggest that 
the dilute solution properties of poly(propylene oxide) in hexane at 46°C 
are greatly affected by the structural regularity of the polymerL In that work 
the second virial coefficients of fractions of poly(propylene oxide), dissolved 
in hexane at 46°C, were shown to vary from - 1-8 x 10 -4 cm '~ g--~ mole for 
the most isotactic fraction to + 4.0 × 10 -4 cm 3 g-2 mole for the most atactic 
fraction. These data could only be explained in terms of dilute solution 
theory if the theta temperatures for the fractions ranged over 40 centigrade 
degrees 2. Unfortunately it proved impossible to measure theta temperatures 
directly because most of the fractions available crystallized from hexane at 
relatively high temperatures; for this reason the interpretation of the data 
remained in doubt. In this work we have re-examined the dilute solution 
properties of poly(propylene oxide) in order to answer the question as to 
whether the properties of poly(propylene oxide) are exceptional or whether 
specific interactions, which are not accounted for by dilute solution theory. 
are playing an important role in the system. 

We have chosen to repeat the measurements in hexane and also to use 
iso-octane as a solvent. Iso-octane is a poorer solvent for poly(propylene 
oxide) than is hexane and we hoped to observe theta conditions at tempera- 
tures high enough to preclude crystallization. An additional advantage was 
the higher boiling point of iso-octane, which enabled measurements to be 
made over a wide range of temperature. A disadvantage was the small 
difference in refractive index between iso-octane and poly(propylene oxide); 
the measurement of the dilute solution parameters by light scattering was 
more difficult on this account. 

E X P E R I M E N T A L  
Mater ia l s  

The poly(propylene oxide) was prepared by means of the zinc diethyl- 
water catalyst using techniques developed by Powell et  al?.  Briefly, pro- 
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pylene oxide (6"8 mole 1-1), zinc diethyl (0.52 mole 1-1) and water (0"48 
mole 1-1) were mixed in dioxan under high vacuum conditions and allowed 
to polymerize at 25°C for one week. The reaction mixture was dissolved 
in benzene to which had been added a little methanol, and the catalyst 
residues were removed by centrifugation. The product was finally isolated 
by freeze drying. The conversion was better than 90 per cent. 

The solvents used for fractionation and measurement of solution 
properties were dried and fractionally distilled. In order to minimize 
degradation of the poly(propylene oxide), hindered phenol antioxidants 
were added to the solutions at a concentration of "about one per cent 
that of the polymer. 

Intrinsic viscosities 
The viscosities of dilute solutions were measured by use of modified 

Desreux-Bischoff viscometers of low shear stress. Intrinsic viscosities were 
obtained by extrapolation of data to zero concentration. Viscosity-average 
molecular weights could be calculated by means of the relationship estab- 
lished" for benzene at 25 °C. 

'[~7]= 1.12 x 10-" M °Tr 

Melting points 
Melting points (T~) were determined by means of a polarizing microscope 

fitted with a hot stage; crystallization temperatures of 40°C and a heating 
rate of 12 deg h -1 were used. 

Fractionation 
Poly(propylene oxide) was fractionated by cooling a dilute solution of 

the polymer in iso-octane, and separating the crystalline precipitates by 
filtration. Details of the technique have been given earlier 2. 

Light scattering 
Light scattering measurements were made over the temperature range 

40 ° to 89°C using a Sofica photometer. Polymer solutions and solvents 
on which light scattering measurements were carried out were clarified by 
centrifugation. This was done in a No. 30 rotor of a Spinco Model L pre- 
parative ultracentrifuge for at least 1-5 h at 20 000 rev/min. The relatively 
large volume of dust-free solvent required for rinsing out glassware before 
each experiment was clarified by filtration through 100 m/z Millipore 
filters. Light scattering was performed with light of wavelength 546 m/~ 
at ten angles between 30 ° and 150 ° for each of four dilutions. No significant 
depolarization of the scattered light was detected. The instrument was 
calibrated using benzene for which the Rayleigh ratio was known over 
a range of temperature 5. For high temperature measurements it was found 
more convenient to use the glass reference standard, supplied by Sofica, 
which had been calibrated against benzene. 

The second virial coefficient, A2, the weight-average molecular weight, 
Mw, and the z-average mean-square-radius of ~yration (S2), were calculated 
using the equation 
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(Kc/Ro)~_~o = (1/M--w) [1 + ~/x 2 (~2)~] + 2A2c (1) 
0-->0 

where /z=(47r/h)sin ½0 and the other symbols have their usual meaning '~. 
In order to evaluate the parameter K in equation (1) it was necessary to 

measure the refractive index increment, dn/dc. Since the light scattering 
study of poly(propylene oxide) in iso-octane was made over a range of 
temperature, dn/dc had to be known as a function of temperature. A Brice- 
Phoenix differential refractometer fitted with a lagged water jacket was 
used for the determination of refractive index increments up to 60°C. Above 
this temperature values of K were obtained by substituting known values 
of M,,, into the equation 

K:=(Ro/M~c)c=o 
# = 0  

R E S U L T S  

Fractionation 
A portion of the poly(propylene oxide), designated part A, was fraction- 

ated by crystallization from dilute solution. The fractionation data, which 
are given in Table 1, are similar to those presented earlier ~ with the excep- 
tion of the molecular weights of fractions A7 and A8, which are higher than 

Table 1. Fract ionat ion data for poly(propylene ox ide )~Pa r t  A 

Fraction 

Crystallization 
temperature [~l dl g-1 

f rom Wt % (Benzene at Y,,, 
iso-octane, 25 ° C) ' C 

°C 

A 1 47 2" 99 6' 82 69 
A2 46 2'31 6'10 67 
A3 45 1 "72 6"78 66 
A4 44 1 "80 7"26 63 
A5 43 1'12 7"0 63 
A6 41 1"69 6"27 61 
A7 41 1 "03 9'61 58 
A8 0 64"8 10"21 

Residue* - -  22'5 

*The residue was a low molecular weight fraction. Similar fractions have been shown to have Mn ~ 700. 

anticipated. Since the fractional crystallization of high molecular weight 
poly(propylene oxide) almost certainly occurs solely on the basis of struc- 
tural regularity 7, we conclude that the preparation conditions we used 
produced, inadvertently, a polymer having a dependence of structural 
regularity on molecular weight. Accordingly, a second portion of the poly- 
(propylene oxide), designated part B, was degraded mechanically before 
fractionation. A solution containing 3%-wt of the poly(propylene oxide) and 
a little antioxidant in benzene was stirred using an Ultra-Turrax homo- 
genizer rotating at approximately 20 000 rev/min. The temperature of the 
solution was kept below 35 °C by surrounding the flask containing the solu- 
tion with ice-water and switching off the homogenizer at ten-minute 
intervals. After a total stirring time of three hours the viscosity of the solu- 
tion ceased to fall and the maximum amount of degradation possible under 
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these conditions had been achieved. The polymer was recovered from 
solution by freeze drying. 

The fractionation data for part  B are recorded in T a b l e  2. The molecular 
structure no longer depends on the molecular weight; all the fractions of 

Table 2. Fractionation data for poly(propylene oxide)--Part B 

Fraction 

Crystallization 
temperature [r/] dl g-1 

f rom Wt  % (Benzene at T m 
iso-octane, 25°C) ° C 

°C 

B1 45 2.43 3.77 69 
B2 44 0"95 3"71 67 
B3 43 1"32 3'83 66 
B4 42 1'27 3'84 65 
B5 41 2"01 4"03 62 
B6 38 2'28 3"86 62 
B7 36 4"02 3'40 59 
B8 30 61-12 4'04 - -  

Residue 0 23"60 - -  - -  

high molecular weight have similar intrinsic viscosities regardless of their 
melting point. We have demonstrated earlier 2 that a fractional crystalliza- 
tion of this type yields fractions of similar molecular weight distribution. 
With part  B we can expect that this distribution will be fairly narrow, since 
it is formed by a mechanical degradation process in solution; we have 
evidence of this from the light scattering measurements. These measure- 
ments also show that no detectable amount of branching (or crosslinking) 
occurred during the degradation process. Thus the fractions isolated from 
part B were excellent material with which to study the dilute solution 
properties of poly(propylene oxide), since molecular weight, molecular 
weight distribution and branching had all been eliminated as variables. 

D i l u t e  s o l u t i o n  p r o p e r t i e s  
Light scattering data for fractions of poly(propylene oxide) in hexane at 

46°C are given in T a b l e  3; these data substantiate the claim that the second 
virial coefficient in hexane increases markedly as the structural regularity of 
the polymer decreases. By contrast the light scattering data obtained over a 
range of temperatures for selected fractions in iso-octane, given in T a b l e  4, 
show little variation in A~. 

Table 3. Light scattering data : poly(propylene oxide) in hexane at 46°C 

Fraction M w x 10 -6 A~ × 104 ( S ~  
cm ~ g-2 mole 

B1 0'783 0"46 535 
B3 0"833 0"93 565 
B5 0"881 1"18 578 
B7 0"651 2"10 519 
B8 0'901 4"50 503 
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Table 4. Light scattering data : poly(propylene oxide). Fractions in iso-octane 

Fraction T, °C A 2x 10 4 ($2)~ 
cm 3 g-2 mole A 

B8 48 0 348 
49 0 331 
53 0"26 344 
57"5 076 348 
64"0 0'91 351 
69"0 0"98 369 
71"5 1"40 364 
81"0 1"60 361 
85"0 158 375 

B1 50 --0"25 358 
55 050 354 
60 0'65 365 
70"5 113 386 
76 156 392 
86 1-81 385 
89 1'72 398 

B5 50 0'10 339 
59'0 0'46 361 
70 0"90 370 

A8 46 -- 0'20 
50 000 

A1 57"5 066 
66'5 O'97 
79'0 1'14 
89"0 1 "40 

o~2 

1 A8 ~ A1 y 

I BSo B6~ BI. 
l - -  l I -- 

50 60 70 
LoC 

F i g u r e / - - T e m p e r a t u r e  dependence of intrinsic viscosity of 
poly(propylene oxide) fractions in iso-octane 
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Figure 2 - - T e m p e r a t u r e  dependence  of  intrinsic viscosity of  poly(propylene oxide) 

fractions in hexane  

Intrinsic viscosities obtained over a range of temperature in hexane and 
in iso-octane are recorded in Figures 1 and 2. By comparing data for 
fractions having nearly the same molecular weight (i.e. B1, B6 and B8 in 
Figure 1 and B2 and B8 in Figure 2), [~7] in both solvents is seen to be 
independent of structural regularity; such variations as do occur can be 
accounted for by the slight variation in molecular weight. However, [77] is 
independent of temperature in hexane but dependent on temperature in 
iso-octane. 

D I S C U S S I O N  
Current theories of the thermodynamic properties of dilute polymer solu- 
tions express the second virial coefficient (A.0 for a monodisperse polymer 
a s  s 

A: =Nofln2h (z)/2M 2 

where No is Avogadro's number, fl the excluded volume integral, n the 
number of equivalent statistical segments in the mathematical model, and 
M is the molecular weight of the polymer. The term h (z) is a series expres- 
sion in powers of z, where 

z = ( 3 1 2 ~ r ~ ) ~ l ' 3 n 2  

and r2o is the unperturbed mean square end-to-end distance. The tempera- 
ture dependence of A2 is governed by the expression for the excluded volume 
integral, which is usually assumed to be of the form 

/3 =2%~,~ (1 -O/T)  

where ~:1 is the volume of a solvent molecule and ~1 and 0 are the entropy 
parameter and the theta temperature of Flory's dilute solution theoryL 

For high molecular weight polymers the intrinsic viscosity is given by 
the expression 9 

[~71 =O (r~o)3/2aZ/M 

where ~I) is the 'Flory-Fox parameter' and a is the coil expansion factor. 
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While the three parameters P0, qb and a are all influenced by temperature, 
with polymer chains which are flexibly coiled the temperature dependence 
of [7/] is determined predominantly by the temperature dependence of c~. 
Expressions for c~ vary, but are in agreement that ot is a function of 
~b~ ( 1 - 0 / T ) .  For  example, the Flory-Fox treatment would put 

a ~ --  OZ 3 = C z  

where C is a constant. 
Thus, theory predicts that when a polymer solution is at or near its 

theta temperature, A2 and [~/] increase rapidly with temperature, while at 
temperatures substantially higher than 0 there is a region where A: and [7] 
are essentially independent of temperature. The fact that our fractions are 
not monodisperse does not detract from these predictions. 

In terms of these theories there is a clear contradiction between our light 
scattering and viscometric data in hexane solution. The intrinsic viscosity/ 
temperature plots are characteristic of good solvent systems, while the light 
scattering data indicate that hexane is a poor solvent for the more isotactic 
fractions at 46°C (e.g. it would appear from the light scattering data that 
hexane is a theta solvent for fraction B1 a little below 46°C). On the other 
hand the iso-octane data are consistent; both indicate that iso-octane is a 
theta solvent for poly(propylene oxide) in the region of 50°C. 

If we compare the data obtained for fractions B1 and B2 in the two 
solvents, a second inconsistency becomes apparent. For these fractions iso- 
octane at 50°C and hexane at a temperature a little below 46°C appear 
to be theta solvents if we take the evidence of the second virial coefficients 
at face value. One would expect that the dimension of the polymer chains 
measured in the two solvents at the temperatures in question would be very 
similar, since they should be the unperturbed dimensions in each case. In 
the same way one would expect the intrinsic viscosities in the two solvents 
to be similar, since I[~] is related to ~ by equation (3). In fact both these 
quantities differ considerably between the two solvent systems. This discre- 
pancy is far too large to be explained in terms of the temperature dependence 
of the unperturbed dimensions. 

Taken as a whole the data we have obtained suggest that hexane at 46°C 
is a thermodynamically good solvent for all the stereoregular modifications 
of poly(propylene oxide) we have isolated. We believe the explanation for 
the low values of A~ obtained in this solvent for the more stereoregular 
fractions lies in some form of incipient crystallization. 

According to nucleation theory, at a temperature somewhat above the 
equilibrium melting point of a crystallizable polymer, the crystallizing units 
form an equilibrium array of associates; as the temperature is lowered the 
size and number of associates increases, but irreversible growth to crystals 
will occur only when the temperature is lower than a critical nucleation 
temperature, i.e. at a temperature at which the size of the associates is 
sufficient to ensure stability. In dilute solution the majority of the associates 
will be intramolecular, but the proportion of intermolecular associates will 
increase as the concentration of polymer increases; only at infinite dilution 
will there be complete absence of intermolecular associates. If we now 
suppose that the formation of an intermolecular associate by two polymer 
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molecules leads effectively to their dimerization during the lifetime of the 
associate; then, since the associate need only contain small sequences of 
units, we may treat this dimer, to a crude approximation, as though it 
were a flexibly coiled polymer molecule having twice the molecular weight 
of the original polymer. Given certain simplifying assumptions, the effect 
of a small amount of association upon the apparent value of As can be 
calculated; the results of such a calculation are given in Figure 3. The effect 
is seen to be that of lowering the apparent value of As while changing the 
intercept, which gives the apparent value of Mw, hardly at all. 

24 

%, 

x 22 

~ 20 

1 8  I I I I I 
1 2 3 4 5 

Concentration, g/m[ x 104 
Figure 3--Effect of reversible dimerization (2P., " P2) on the light 
scattering plot. (Calculations are made on the assumption that the 
molecular weight of P----5× 10 z, that A2=4× 10 -4 cm 3 g-2 mole for both 
P and P2 and that equilibrium constants are (1) 0, (2) 5×1@, 

(3) 2"5x 1051mole -1 

Thus, a possible explanation of the different values of A~. observed for 
the fractions of poly(propylene oxide) in hexane at 46°C is that these are a 
consequence of the different degrees of association in the solution; the latter 
difference is to be expected since the fractions crystallized from solutions at 
different temperatures. The insensitivity of the intrinsic viscosities of the 
fraction measured in hexane at 46°C, to the degree of tacticity is in accord 
with our explanation, since the intrinsic viscosity is a property of molecules 
at infinite dilution where intermolecular association is absent. 

It remains to examine the light scattering data obtained in iso-octane. The 
theta temperatures of the poly(propylene oxide) fractions in iso-octane were 
determined from the intercepts of plots A~ versus T upon the A~=0 axis. 
No difference outside experimental error could be detected between the 
theta points of the different stereoisomers, which were found to be 50 °:+ 
1 °C. Also no meaningful difference in ~b 1 could be detected and, assuming 
vlNo = 165 cm ~ and the partial specific volume of the polymer=0"94 cm~/g, 
the average value of ~bl was found to be 0'47. Below 50°C we found some 
evidence of association, although in this case we were unable to establish 
any consistent results. We cannot completely rule out the possibility that 
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some association was present above 50°C since the strong dependence of  
A ,  on temperature in this region could mask  the effect. However ,  we incline 
to the view that 50°C is a good assessment of the theta temperature in iso- 
octane of  all the structural modifications of poly(propylene oxide) we have 
investigated. 

CONCLUSIONS 
There is no measurable effect of tacticity on the thermodynamic  properties 
of  dilute solutions of poly(propylene oxide) in iso-octane. 

There  is a large effect of tacticity on the second virial coefficient of 
poly(propylene oxide) in hexane at 46 °C, but the data are inconsistent with 
the established theories of dilute polymer  solutions. We believe this dis- 
crepancy is due to specific interactions which must  occur between small 
groups of crystallizing segments in the region of  the critical nucleation 
temperature. It  seems likely that the effects we have observed are general 
and that light scattering studies might be used to obtain insight into the 
molecular  processes which occur just pr ior  to nucleation. 
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The Thermodynamic Analysis of the 
Effect of Pressure on the Glass 

Temperature of Polystyrene 
G. GEE* 

The applicability o/ the equations 
dTo /de=AB/  Ae~= TVAa /  AC~ 

is examined, and it is pointed out that an equivalent procedure is to compare 
the properties o/ two glasses /ormed under different pressures. A detailed 
analysis is given of published data on the isothermal compression of poly- 
styrene, showing that the first equation /ails because a glass Jormed at 
1000 atm is approximately one per cent denser than one ¢ormed at atmospheric 
pressure. Measurements o[ ACp suggest, however, that the two glasses probably 
do not differ correspondingly in energy and entropy. The bearing o[ these 

conclusions on theories o[ the glass temperature is briefly discussed. 

RENEWED attention has been given in recent years to the possibility of a 
thermodynamic analysis of glass transitions in polymers, and in particular 
of the effect of pressure z-t°. The present position appears extremely con- 
fused, different authors drawing contrary conclusions from the same experi- 
mental observations. Two major factors contribute to the confusion: lack 
of rigour in defining a glass temperature, and uncertainties in the inter- 
pretation of the measurements. In this paper we shall first present a defini- 
tion unambiguously related to experiment, and then analyse in detail one 
of the most extensive bodies of data available. 

(1) Def in i t ion  o f  To 
In a typical experiment a dilatometer is filled with polymer and volume 

measurements are started at a temperature high enough to ensure that the 

A 

, B 

Figure /--Definition of T o 

r9 r 

*University of Manchester. This analysis was carried out while the author was a fellow of the Michigan 
Foundation for Advanced Research, Midland, Mich., U.S.A. 
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polymer is fluid (Point A, Figure 1). The temperature is then lowered slowly, 
and the contraction observed. The word 'slowly' requires that the time scale 
shall be such that the volume is not time-dependent; in this region (A B, 
Figure 1) this condition is easily satisfied. Continued cooling takes the 
polymer into a region (point C) where the time factor is important and 
the shape and position of the curve depend somewhat on the patience 
of the experimenter. Beyond this region we come to a further one (DE) 
where time effects again disappear and the polymer is now in the glassy 
state. The line DE is not a unique property of the polymer, but depends on 
its history, i.e. on the way in which the transition BCD was accomplished. 
Nevertheless the line DE can be traversed reversibly and represents the 
actual behaviour of a real material, i.e. the glass as it has been produced 
in this experiment. 

We now extrapolate the lines AB, ED to meet at F, and define this as 
the glass temperature. As is entirely proper for a thermodynamic definition, 
this avoids any discussion of mechanism, and relates directly to observa- 
tions. It also focuses attention on the fact that To is a property of an experi- 
ment as well as of a material. Clearly a similar definition can be written for 
experiments in which variables other than V and T are used: the detailed 
study in §3 relates to isothermal compression. 

In this definition we have implicitly assumed that there is only a single 
glass transition. Studies of cyclic deformation, using either dynamic mech- 
anical or dielectric techniques, reveal the existence of several relaxation 
regions 1. Of these, one can usually be associated unambiguously with the 
glass temperatures as observed in measurement of volume or heat capacity, 
while the others are not generally detected in such measurements. Our 
definition assumes the existence of regions of behaviour on each side of 
the glass transition, in which the property under investigation (e.g. volume) 
is not significantly influenced by relaxation phenomena. This condition 
appears to be generally satisfied. 

(2) Thermodynamic analysis 
We now wish to compare the properties of the polymer in the two states: 

liquid (AB) and glass (DE). We shall not discuss at all the time-dependent 
properties in the transition region. The two properties to be related are: 
(i) the coefficient of cubical expansion oil = (0 In V/OT)e 

(it) the compressibility/3L = - ( 0  In V/OP), 
For the liquid region, these definitions suffice, for the volume is there 
uniquely determined by P and T. To describe the behaviour of the glass we 
need at least one further parameter, denoted by Z. Its necessary property 
is to be constant for a given glass (i.e. for the lino DE in a particular experi- 
ment), and to vary with T (P) in the liquid region. In other words we assert 
that V depends on three variables T, P and Z, but that in a liquid, Z is 
uniquely determined by T and P. The physical significance of Z does not 
immediately concern us, but it may be thought o~ as a measure of order, or 
perhaps of free volume. 

We can now define oto and rio for the glass: 
ao=(O In V/OT)~,z ; /3g= - ( 0  In V/OP)r,z 

where differentiation is to be carried out at that value of Z which the liquid 
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would have at T,, (point IV). We shall be concerned with A a ~ a , - a , ,  ; 
~/3 ~/3,~ -/~. 

Consider the isothermal compression of the material. At constant T, V 
is a function of P and Z, so that 

8 In V=(O In V/OP)T, z6P+ (6 In V/OZ)r,,,6Z 

In the liquid, P and Z both vary, and we have: 

{OlnV] = {OlnV] = {OlnV 1 {OZ] 
- 3 , . :  \ - ~ F - !  ~. \ - - - f f U - l  ~ z ' \--b--Fir., . . , ,  ~-E? ) ~ 

whence 

- A/3 = (0 In V / 6 Z ) ~ ,  ~ (OZ/0P) ,  (1) 

By an exactly similar argument: 

Aoe = O In V/OZ),,p(OZ/OT),, (2) 

Dividing (1) by(2) Aa ffP r ~ ,'== ~ z 

In these equations the derivatives (~Z/OP)~., ff)Z/OT),, and (OT/OP)z are 
properties of the equilibrium liquid. 

Equation (3) follows logically from the assumed properties of Z. To deter- 
mine this derivative we must be in a position to compare experimentally 
two states of the material characterized by the same value of Z. It  has been 
suggested that we can do this by determining the glass temperature at 
different pressures. We therefore repeat the experiment of F~,ure 1 at a 
different (constant) pressure, obtain a new T,,, and assume that this corres- 
ponds with the same value of Z, so that 

(OT / OP)z =dTo/ dP= Afi / Aee (4) 

This is the equation whose applicability we shall examine, but it is clear, 
from this derivation, that there are no strong grounds to expect it to hold 
for experiments carried out as described. To ensure its validity, we should 
simply reverse the foregoing: the two experiments should start from two 
samples of the same: glass (i.e. made under identical conditions) and all 
measurements in the glass region (ED) should be completed before the 
transition state is entered. 

(3) Isothermal compression of polystyrene 
Hellwege, Knappe and Lehmann 1° have carried out a detailed study of 

the isothermal compression of three polymers, up to 2 000 bars, over a wide 
temperature range; we select their polystyrene data for detailed analysis. 
In each experiment a sample of pglymer was compressed isothermally, 
and the volume recorded every 200 bars. In the intermediate temperature 
range the polymer became converted from liquid to glass during the experi- 
ment, so the data can be used to determine glass temperatures as defined 
above. Plots of total volume against pressure, for this temperature range, 
are shown in Figure 2, and a highly significant feature is at once apparent. 
The vertical separation of the curves at zero pressure is of course a measure 
of the coefficient of expansion of the liquid. In the same way, one might 
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t °C 136"7 
126'0 
115"4 
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P 

Figure 2--Isothermal com- 
pression curves 1° in the tran- 
sition region. Temp. (°C): 
1, 136"7; 2, 126"0; 3, 115"4; 
4, 106"7; 5, 100-6; 6, 96'1. 
Points O transition, as loca- 

ted from Figure 7 

expect to find a vertical spread at 1 800 bars, corresponding to the coeffi- 
cient of expansion of the glass. Instead, all the curves are seen to converge 
to approximately the same volume. The circles on the six curves represent 
the glass temperatures (determined by a method described below), and it is 
evident that the properties of the glass are a function of the conditions of 
its formation. There is therefore no reason to expect equation (4) to hold, 
and our final conclusion will in fact be that it does not, in disagreement 
with the claim of the original investigators. To test the equation we have 
to analyse the data to obtain as reliably as possible the various quantities 
involved. As this is by no means a straightforward procedure, it seems 
essential to describe our methods in some detail. We need values extra- 
polated to the glass temperature, and have therefore sought empirical 
relationships. Those described below were adopted after a number of others 
had been examined and rejected. 

(4) Determination of compressibilities 
In agreement with Wood 11 and Nanda and Simha 12, we find the Tait 

equation to give an accurate description of the compression of liquid poly- 
styrene. Using the equation in the form 

Vo - V= VoC In [1 + P/B] (5) 

the compressibility is given by 

B = VoC/V (P+ B) (6) 

Applying equation (5) over a pressure range Ap, the compression, - A V ,  
is related to the mean pressure P by 

- Vo/AV =B/(C.  Ap)+ P/(C.  Ap) (7) 

Using a pressure interval AP=400 bars, the result of applying (7) to the 
data at the highest temperatures is shown in Figure 3. The lines are drawn 
with a slope making C=0"0894, in accordance with Nanda and Simha's 
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6C 

Figure 3--(Reciprocal) compressibility 
of liquid polystyrene as a function of:~]~ 
pressure. Temp. (°C): 1, 162"3; ~, 

178'7; 3, 202'9; 4, 229'0; 5, 248"9 

4£ 

8.9oc 

t~ 
0 500 1000 1500 

P 

conclusion '-~ that this can be used as a universal value for  hydrocarbon 
liquids and polymers. The  fit is very satisfactory up to 1 600 bars, but 
values for  the interval 1 600-2 000 bars are more  scattered and generally 
somewhat  lower; these have been ignored for  the present analysis. 

Taking C to be independent of  temperature and applicable also to the 

glassy state, a further plot was made, subtracting the term ff/(C. Ap), and 

c~ 
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Figure 4--Estimation of Tait con- 
stant B from compressibility. 
Temp. (°C) (top to bottom): 1, 
200; 2, 60"5; 3, 96"1; 4, 100'6; 
5, 1067; 6, 115"4; 7, 126"0; 8, 
1367; 9, 145"2; 10, 162"3; 11, 
178'7; 12, 202"8; 13, 229'0; 14, 

248"9 
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Figure 5--Temperature dependence of B 

plotting B from equation (7) against ft. The result is shown in Figure 4, 
where the points shown for the two lowest temperatures confirm both this 
method of analysis and the value assigned to C. The intermediate curves 
show the transition, and it is possible to estimate approximate values of B 
for both liquid and glass at the same temperature. We shall need (below) 
the temperature dependence of B; Figure 5 shows that this is well repre- 
sented by a linear plot of log B versus T for the liquid, giving BL (bars)= 
10 560 exp (0"00506~T). The glassy state presents a more difficult problem. 
The line drawn in Figure 5 takes account only of the two lowest tempera- 
tures, and has been used to obtain d In B/dT. Data for higher tempera- 
tures are not directly comparable, since they refer to different glasses. In 
Figure 4 all the intermediate curves appear to tend towards approximately 
the same limiting value at high pressures. It was therefore concluded that 
the most plausible assignment is B ~-~ 2 700 bars at the glass temperature, 
for each glass formed in this region, with d In B/dT= -0'00333 deg -1. 

These values have been used, in conjunction with equations (5) and (6), 
to calculate the compressibilities given in §6. 

(5) Coefficients of expansion 
The coefficient of expansion at zero pressure is usually treated as a con- 

stant, though there is considerable evidence that it increases with tempera- 
ture. Bueche 13 has deduced the relationship ot=A,,/T, and Flory et al. 14 a 
more complex equation giving a somewhat larger dependence. Simha and 
Havlik's general equation of state leads to polystyrene data 15 approximating 
to ~/T dependence~ while Fox and Flory 1G found evidence of a change of 
coefficient (more or less sharp) for the same polymer at about 160°C. 
However, the present data are well represented (Figure 6) by a linear plot 
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of log V against  T, and  we have accordingly  taken  aoL = 5"34 x 10 -~ deg- 1. 
Only  two points  are  avai lab le  to  de te rmine  a0o, which we therefore  take  as 
constant  and  equal  to  2"50 × 10 -~ deg -1. 

T h e  pressure  dependence  of a fol lows f rom our  analysis  of  the Tai t  
equat ion.  Different iat ing equa t ion  (5) w.r.t. T we obta in  

aL =aor, + PIlL (d In B, . /dT)  (8) 

with a s imilar  equa t ion  for  ao. 

(6) Numerical  results 
The  methods  out l ined in {}{}4 and 5 were used to evaluate  the quant i t ies  

required,  at  the  t empera tu res  and pressures cor responding  to the  assign- 
ment  of To ({}7). T h e  results  (Table 1) are  not  in good  agreement  with those  
deduced  by  Hel lwege,  K n a p p e  and Lehmann .  The  main  d iscrepancy  is that  
they obta in  much  smal ler  values of  Aft, so tha t  their  ra t io  of A f i / A a  is 
app rox ima te ly  0 0 3 .  The  present  analysis  is bel ieved to  be sound,  but  its 
precis ion could  have been cons iderab ly  improved  had  P - V - T  measurements  
been made  on the glasses formed under  pressure.  

Table 1 

t P aL ag ~a /3L flcj A/3 ~/3 
~Xa 

° C bars deg_l × 104 bar_ 1 × 105 deg 
bar-1 

*89"0 0 5"34 2"50 2"84 5'33 3"31 2"02 0"071 
96'1 225 4"78 2"27 2'51 4'90 3"08 l'82 0"072 

100"6 390 4'43 2"12 2"31 4'62 2'93 1'69 0"073 
106"7 580 4"06 1"97 2"09 4"35 2"75 1 "60 0"077 
115"4 875 3"58 1'75 1"83 3"98 2'57 1"41 0"077 
126"0 1250 3'06 1"52 1 "54 3'59 2"35 1"24 0"081 
136"7 1640 2'64 1"32 1"32 3"25 2'16 1"09 0"083 

*Ext rapola ted .  
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(7) Location of the glass transition 
The determination of To, in accordance with our definition, involves 

extrapolation of the liquid and glass curves, which can only be done reliably 
when the equations to these curves are known. Inspection of the raw V/P 
curves (Figure 1) fails to disclose any obvious breaks. Using the Tait equa- 
tion constants already assigned, we therefore subtract from the measured 
volume the calculated volume of the liquid. So long as the polymer remains 
liquid the answer should be zero, but when the polymer becomes glassy the 

10 

S 
+ j +  

/ / / y  .f, ' //, / / ,  / - ,  ...--, 
0 500 1000 1500 

P 

Figure 7--Location of glass temperature in isothermal 
compression. Temp. (°C) (left to right): 1, 96'1; 2, 

100"6; 3. 106"7; 4, 115"4; 5, 126"0; 6, 136"7 

1500 

100C {L 

50C 

o o 

100 120 140 
rg,°C 

Figure 8--Relat ion of glass temperature 
to pressure 

difference becomes positive, as shown in Figure 7. Extrapolation of the high 
pressure lines to P =  0, ignoring curvature at low P, gives the results plotted 
in Figure 8. Smoothed values from Figure 8 were used in Table 1, and 
agree well with those found by Hellwege, Knappe and Lehmann. They give 
dTo/dP ~-~ 0'03 deg bar -1, falling slightly with rise of P. 
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(8) Discussion 
How far can we be sure of the results of these computations? The coeffi- 

cients of expansion at P = 0  of the fluid and of the love temperature glass 
should be reliable; so should the compressibility of the fluid. To make 
dT,,/dP=Afi/Aa at P = 0  all the adjustment has therefore to be in fi,,. This 
requires B,~=2 010, compared with our value of 2700. The admitted un- 
certainty in B,~ is much less than this. 

The coefficient of expansion of glass made at high temperature and 
pressure has been assumed equal to that of the low temperature glass; 
it may well be lower. An alternative assumption would be that the internal 
pressures of the various glasses are equal (at the same temperature). Since 
we have taken B,, = 2 700 for all glasses at their T~,, this makes a0fl propor- 
tional to 1/T. The effect of this assumption would be to increase 10'Aa 
for the highest temperature from 1.32 to 1-61, reducing Afi/Aa to 0"068. 
The true value of Aa probably lies betweenthese two extremes. 

This analysis is therefore believed to show that equation (4) is ru~t 
obeyed by the results analysed. It has already been pointed out that 
agreement was not to be expected, since the properties of the glass depend 
on the conditions of its formation. It is now possible to analyse this 
variation more quantitatively. Figure 9 compares the temperature depend- 
ence of four volumes: 

1"00 

09~ 

0.96 

0'94 

~ i g  V°L 

oog 

Og 

i r I 
100 120 140 

L°C 

Figure 9--Compar ison  of measured and 
calculated volumes. V0L denotes volume 
of liquid at P- -0 ;  Vg denotes volume of 
glass at transition temperature and pres- 
sure; V0g denotes calculated volume of 
glass if decompressed at transition tem- 
perature; V00g denotes calculated volume 

of glass if heated at P = 0  

V0,, denotes volume of liquid at P = 0  
Vo denotes volume at glass temperature and pressure 
Vow, denotes calculated volume of glass at To but decompressed to 

P = 0  without conversion to liquid 
V00~, denotes volume of glass formed at P = 0 ,  heated without conversion 

to liquid. 
Evidently V0~/ and V00g are hypothetical quantities incapable of experi- 

mental realization. The difference between them is, however, a measure 

185 



G. GEE 

of the additional compression which the polymer has sustained as a 
result of the glass being formed under pressure. 

An alternative estimate of this compression has been obtained by carrying 
through the following cycle of calculations. Start from glass at T=20°C,  
P = 0 V = 0' 9574 

1. Heat through To (89°C) to 126°C V=09942  
2. Compress at 126°C to 1 250 arm (glass transition) V=0-9377 
3. Cool to 20°C at 1 250 atm V=0-9238 
4. Release pressure at 20°C V=0-9470 

Loss of volume 0'0104 
(Compare Vooo- Voo at 126°C=0'012~) 

A cycle of this kind has in fact been carried through experimentally by 
Shishkin 17, who has confirmed directly the 'compression' resulting from 
glass formation at high temperatures and pressures. 

(9) Theoretical isobars and glass temperatures 
The results of dilatometric experiments at constant pressure are readily 

predicted from the P - V - T  relations we have set up. If the experiment is 
carried out with rising temperature the glass is the same in each experiment, 
and its properties are those of the low temperature glass, for which 
B = 8 420 exp ( -  0'00333T). Glass temperatures were found 'experimentally' 
by plotting log V versus T for glass and liquid at P =  0, 500 and 1 000 arm; 
these intersect at Tg. The data are summarized in Table 2. 

Table 2 

0 
500 

1 000 

A~x 

Isobaric 'experiment' 

Tg (° C) 

'obs.' calc. 

0"056 78'4 (78"4) 
0'060 108 107"5 
0"064 139 138"5 

Isothermal experiment 
(Hellwege) 

T o (°C) 
AB ' obs.' calc. 
Aa 

0.071 89-0 (89-0) 
0.075 104.3 125.5 
0.078 118.9 164 

The agreement between 'observed' and calculated values in our paper 
experiment is easily shown to be a mathematical necessity. In other words, 
provided that the same glass is used in each experiment and that it shows 
reversible P - V - T  behaviour well below To, the relationship dTo/dP= 
Aft~he< MUST hold. Observed genuine departures from this equation, in 
such experiments as those of Hellwege and co-workers, therefore reflect 
the dependence of glass properties on the conditions of formation. 

(10) A modified equation for isothermal experiments 
The analysis has shown that in Hellwege's experiments, a degree of 

compression occurs before glass formation, which is a function of T. We 
represent this as a fraction f of V0o. It has also been observed that the Tait 
constant for each glass has the same value at its own glass temperature: 
denote this by B~. The condition for To is then VTj = Vo, which gives 
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Vor[1 - C  In (1 ÷ P/BD] = Vo,(1 - ] )  [1 - C  In (1 + P/B~)] 

Differentiation with respect to T (remembering that B~ is a constant) leads to 

dT,~ Aft 
d~-fi = aL-C~o~ - {d In (1 - ] ) } / d T  (9) 

Rearranging this as an equation for f 

- l n ( 1  - D  "~ [ 

= ~o [Afl/(dT~/dP) + c~,,, - c~i.] dT  (10) 

Table 3 gives values of f derived in this way, in comparison with our  former  
estimate I=(V, , , , ,JVo,) -1 ,  and with a value Is, calculated f rom Shishkin's 
value ~ of df/dT, ,=3.3 × 10 -4 deg-k  The agreement leaves no doubt  that 
this compression is the origin of the observed departures f rom equation (4). 

Table 3 

(V00, _ 1) T~ 100f(eq. 10) lOOf~ 100 \Vo, 

89 (0) (0) (0) 
96"1 0"26 0'24 0"16 

100'6 0.43 0-39 035 
106'7 0"65 059 0"56 
115"4 0'98 0"88 0'87 
126"0 1 "38 1 "23 1 '30 
1367 1 "79 1-59 1 71 

Bianchi 9 has argued that equation (4) should be modified to take account  
o f  the fact that  the volume at To is not  a constant,  and has proposed the 
equat ion 

dT~ _ Aft ( l l )  
dP Ac~-d  In V , / d T  

Table 4 shows that this is just as far out as equation (4), but in the 
opposi te  direction. 

Table 4. Observed and calculated dTo/dP 

Eq. (9) 
T~, C°C) Eq. (4) Eq. ( 1 1 )  104d[/dTo ~- Exptl 

3"30* 3"70+, 

89"0 0"071 0'0144 0"033 0'031 0"031 
96' 1 0"072 0"0135 0"032.~ 0'0305 0"030~ 

100"6 0"073 0'0129 0'032~ 0"030 0"030; 
106'7 0"077 0"0127 0'033 0"030~ 0"030 
115"4 0'077 0"0117 0"032 0"029; 0"029 
126"0 0"081 0"0109 0'032 0"029 0"028 
136"7 0"083 0'0102 0'032 0'028 0"027 

* S h i s h k i n ' s  v a l u e .  • i ' A d J u s t e d  t o  f i t  dTJdP. 
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(11) Comparison w#h other polymers 
Hellwege, Knappe and Lehmann also give data for polymethyl metha- 

crylate (PMMA) and polyvinyl chloride (PVC). These have not yet been 
subjected to the same critical analysis as those for polystyrene, but a 
preliminary assessment is possible. The paper can be assumed to give 
reasonable values at P = 0  for To, dTg/dP and An. Nanda and Simha 12 have 
estimated B as a function of T for both glass and liquid; except for the 
values for PMMA at 109 ° these are consistent with linear log B versus T 
plots, from which the following values are obtained: 

Table 5. Comparison with PMMA and PVC 

Material 
Glass 

dlnB 
-1@ B0 B0 

PMMA 11 820 4"23 31 500 7"50 
PVC 7 270 2"56 26 400 7"00 

Using these values, we obtain Table 6. 

Table 6 

Values at P=0 PMMA PVC 

111 

Liquid 
dln B 

- - 1 0 3  - -  
dT 

(To) (°C) 
10 s/3L 
I0 s/30 
105 A/3 
104 Aa 
AB/Aa 
dTg/dP 

A[3 
Aa+df/dT 

75 
5'07 3'89 
3"84 3"00 
1"23 0-89 
2"95 2"15 
0"042 0"041 
0"023 0"0135 
0"023 

The value of d f / d T = 2 . 5  × 10 -4 used in the last line (Table 6) is taken 
from Shishkin's direct measurements 17. 

It  appears quite certain, from this preliminary survey, that both these 
polymers show the same kind of deviation from equation (4) as is shown 
by polystyrene. 

(12) Calorimetric evidence 
By an argument exactly parallel to that used in §2, a further relationship 

can be derived 
dTg /de  = T V  Aa/ACp (12) 

where ACp is the difference of heat capacity fluid-glass. O'Reilly e has 
collected data for a number of polymers which suggest that this relationship 
is at least approximately true. 

Two independent studies of the specific heat of polystyrene have recently 
been published, giving the following results: 
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Authors AC~, T~ ToVAa/AC~ 
(cal g-~ deg -1) °K (deg. ba r -0  

Abu-Isat and Dole TM 0'0645 366 0"0375 
Karasz, Bair and O'Reilly ~9 00708 362 0"0339 

(The last column was calculated using our values of V,,=0974, and A a =  
2"84 × 10 _4 deg-1.) 

There are unexplained differences of detail between the two investiga- 
tions, and the values both of T, and of AC~ are somewhat dependent on 
the procedure used to obtain them from the data. For example, Abu-Isat 
and Dole give linear equations for C~, b ~ h  below and above T,,; when 
combined these give ACx,=0"2249-0.417× 10-:~T. Taking T=366,  this 
makes ACp-0"0722 and ToVAa/ACp=O0335. A similar method applied 
to the other set of data requires a quadratic equation below T,, and leads to 

AC,=0.1196+0.0957 × 10-3T-0-637 × 10 '~T ~ 

Moreover T0-366  seems more consistent with the data than the authors' 
own estimate of 362; at T=366  we find AC~=00689 and ToVAa/AC,,= 
0"0352. A quadratic equation has also been fitted to the low temperature 
data of Abu-Isat and Dole; this gave T ,=368°K,  ACp=0.0629, and 
T, VAa / AC,, = 0" 0385. 

This analysis of the two papers suggests that there is an uncertainty of 
at least _+ 5 per cent in ACp. Taking into, account the uncertainty in Aa, 
it cannot be claimed that T, VAa/AC, is known to better than + 10 per cent. 
To this degree of precision, the conclusion must be 

_ _  AB TVAa ,.~ dTa < __ 
AC~ - dP Aa 

The interpretation of this conclusion is less straightforward. A difficulty 
becomes apparent if we use these heat capacity data to evaluate the changes 
in energy and entropy in the cycle described in §8. There are no measure- 
ments of C,, under pressure but the relationship (OCp/OP)~= - a W T  shows 
that a pressure of 1 200 atm will at most depress C,,, by 2-5 × 10 -4 cal g-1 
deg -1. Less certain is the effect of the higher density of glasses formed 
under pressure: in the absence of data, any such effect has been neglected. 
The calculations summarized in Table 7 were carried out as follows: 

AU~ (AU~) =SC. dT-PAV/4I 9 

AU~ (AU~)= 4~-~9 f ( a f  - P )  V 

AS~ (AS3) = ~ (CST) dT 

A(P)V 
AH = AU + - ~ '  

41 9 

1 P aV  
AS._, (AS3 = 4T-.-~.9J--~--dV 

The equations of Abu-Isat and Dole were used for C,. 
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Table 7 

State of polymer T P AU AH AS 
°K (bars) cal g-1 cal g-Z cal g-1 deg-1 

Glass 293 0 0 0 0 
Glass-liquid (Too) 362 0 21"75 21"75 0'0664 

I Liquid 399 0 16'12 16"12 0"0424 
2 Liquid-glass (To) 399 1 250 --3"68 24"27 --0"0111 
3 Glass 362 1 250 --13.25 --13'40 --0'0359 

Glass 293 1 250 --21'75 - -22"01  --0'0664 
4 Glass 293 0 1"30 --26"24 0"0055 

Overall cycle 0"49 0'49 0'0009 
Increment Too to T O 12"44 40"39 0'0313 

Thus despite the considerable contraction during the cycle, the enthalpy 
and entropy return, at least approximately, to their original values. This 
conclusion is equivalent to Goldstein's argument 3 that the 'excess' quan- 
tities He and Se are zero. The intuitive expectation would be AH 
( O U / O V ) r x A V . ~ - 0 " 8  cal g-l; AS,~ (OS/OV)rx  A V N - 0 " 0 0 2 5  cal g-1 

deg-k It is in fact easily shown that these relationships would hold if 
V T A a  / ACT "~ Af t  / Aa .  

(13) Conclusions 
This analysis illustrates the limited significance of questions as to the 

applicability of thermodynamic equations to glass transitions as observed 
experimentally. Discussions as to whether there is a limiting thermodynamic 
glass temperature, as suggested by Kauzmann 2° and Gibbs and DiMarzi& 1, 
are not directly relevant to this issue. Any study of the pressure coefficients 
of a glass temperature involves two experiments, and our thermodynamic 
enquiry is equivalent to asking whether the glasses produced in these two 
experiments are identical. Table 8 summarizes our tentative comparison of 
two polystyrene glasses made by cooling the liquid slowly at (a) P = 0 ,  (b) 
P =  1 250 atm. 

Table 8. Properties of polystyrene glasses at P----0, T-----293 

Property (a) (b) 

V (cm 3 g-l) 0"9574 0'9470 
104 c~ (deg -1) 2'50 (250)* 
10 z/3 (bar -1) 2-82 2"33 

C~ (cal g-X deg-1) 0"298 (0'298)* 
S~r-- ~ (cal g-1 deg-1) 0"2945i" 0"2954 

0 - -  0 Hr H 0 (cal g-l) 42"45 4294 
Internal pressure (bar) 2 600 3 150 

*Assumed.  "~Ref. 18. 

This comparison is based entirely on indirect argument, and for two pro- 
perties we have no comparison at all. The neglect of any difference in ot 
and Cp necessarily affects the other quantities and limits their quantitative 
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significance. It is clear that a direct comparison of these materials would 
be much more reliable, and that for future work, such comparisons would 
be far more profitable than further studies of pressure coefficients of To. 

These thermodynamic studies give no direct evidence as to the mechanism 
of glass formation, but a few comments may be added. It was pointed out 
in §1 that T,~ is dependent on the experiment as well as on the material. 
It is therefore the more striking that values of dTg/dP obtained in different 
ways show general agreement. In particular, from dynamic experiments 
(OT/OP)~, has been found ~ independent of the relaxation time ~- and equal 
to the 'static' value of dTf,/dP. This seems to leave no doubt 4 that the 
observation of the transition is determined by the correlation between 
relaxation time and the time scale of the experiment. The fundamental 
mechanistic problem therefore is how the relaxation time is influenced by 
temperature and pressure. 

On the negative side, it is evident that the iso-free volume theory ~ is 
unacceptable in its simplest form, for the volume V,, at the glass temperature 
is seen to depend strongly on the pressure (Figure 9). It may be noted that 
V,, would still fall with rising pressure, even if equation (4) held, for we 
should then have d In Vo/dP-flLt3~AyT/Ac~, and Aye, the change in thermal 
pressure coefficient (o~/fl) is observed to be negative. 

Goldstein's suggestion:', that the key is to be found in the zero values of 
'excess' entropy and enthalpy, is interesting, but it is clear from the last 
line of Table 7 that the values of U, H and S at the glass temperatures are 
far from constant. Any explanation of this kind therefore encounters the 
same kind of difficulty as that represented by the non-constant V,. 

Department o[ Chemistry, 
University of Manchester 

(Received January 1966) 
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ANNOUNCEMENT 

Symposium on polymer degradation 
1 July 1966 

The Department of Chemistry and Biology of the Welsh College of 
Advanced Technology, Cardiff have arranged a one-day Symposium on 
Polymer Degradation on Friday 1 July 1966. The four papers to be 
presented are: 

Thermal degradation, by N. GRASSIE (Department of Chemistry, Univer- 
sity of Glasgow); Oxidative degradation, by N. URI (Ministry of Aviation, 
Waltham Abbey); Photochemical degradation, by H. R. COOPER (Shirley 
Institute, Manchester); and Radiolytic degradation, by A. J. SWAH_OW 
(Christie Hospital and Holt Radium Institute, Manchester). 

Further details may be obtained from the Organiser of Short Courses, 
Welsh College of Advanced Technology, Cathays Park, Cardiff. 
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Note and Communication 

Thermal Stability of Amine-cured Epoxide Polymers 

THE purpose of work described herein was to determine effects of positions 
of amino groups on thermal stability of corresponding epoxide polymers. 
It was thought that thermal stabilities of diaminobenzene-epoxide polymers 
would decrease in the order of o-, m-, and p-diamino-benzenes because of 
decreasing crosslink densities between the amino groups. This was not the 
case, however, as will be shown later. 

Three crosslinked epoxide polymers were prepared by causing stoichio- 
metric amounts of m-phenylenediglycidyl ether (MPDE) to react with o-, 
m-, and p-diaminobenzenes. 

CH.,CHCH,,OROCH.,CHCH._, + H~NR'NH, :, crosslinked polymer 
\ /  \ /  

O 0 

by way of epoxide and amino groups as shown below for ethylene oxide and 
an amine. R and R" denote an ortho-, para-, or meta-phenylene group. 

RNH., + CH~CH_. > CH2CH~NR ~ CHzCH2NR 
\ \ /  ] H CH=CHzl I 

o OH \ / / O H  H~C--CH._, 
o 1 

OH 

A linear epoxide polymer was prepared from stoichiometric quantities of 
m-phenylenediglycidyl ether and aminobenzene. Highly purified materials 
were used throughout. The crosslinked epoxide polymers were cured in a 
nitrogen atmosphere as follows: 96 hours at 100°C, 48 hours at 125°C, 
24 hours at 160°C, 6 hours at 200°C, and 0.75 hour at 250°C. Differential 
thermometric (DT) apparatus was used to cure the linear polymer from 25 ° 
to 185°C at a heating rate of 25 deg C/min. Thermogravimetric* and differ- 
ential thermometric z apparatus described previously was used to determine 
thermal stabilities. 

Thermogravimetric curves for the four polymers are shown in Figure I. 
Each curve is an average of three experiments. Curves for the MPDE,-o- 
diaminobenzene, MPDE-m-diaminobenzene, and MPDE-aminobenzene 
polymers practically coincide. These results indicate that the three polymers 
have about equal thermal stabilities. It is remarkable that the linear MPDE- 
aminobenzene polymer is as stable as the crosslinked MPDE-diamino- 
benzene polymers. The curve for the MPDE-p-diaminobenzene polymer 
differs from the others by breaking at a lower temperature and by showing 
a larger residual weight. On the basis of residual weight, this polymer is 
more stable; on the basis of temperature of initial decomposition, it is less 
stable. 
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F i g u r e  2--Differential ther- 
mogravimetric (DTG) and 
thermometric (DT) curves of 
m-phenylenediglycidyl ether- 
diaminobenzene polymers : 
(a) ortho; (b) meta; and (c) 
para. Heating rates: DTG 
in v a c u o ,  5 deg C/min;  DT  

in air, 2'5 deg C /min  
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As a check on the thermogravimetric results for the three crosslinked 
polymers, differential thermometric experiments were performed. In Figure 
2, the resulting DT  curves are compared with the corresponding differential 
thermogravimetric curves. Each set of curves shows that the MPDE-p-  
diaminobenzene polymer has a lower maximum rate of decomposition than 
the other two polymers. This maximum also occurs at a lower temperature 
in both cases. The differential thermometric results, therefore, enhance the 
validity of the thermogravimetric data. Different heating rates caused the 
two sets of curves in Figure 2 to appear in different temperature ranges:'. '. 
Exothermic DT peaks in the decomposition range are due to exothermic 
isomerization of residual epoxide groups '~,'~. 

Two findings lead to the conclusion that crosslinking is not a major factor 
in the thermal decomposition of the epoxide polymers studied. They are: 
(1) Order of thermal stability for the three crosslinked polymers did not 
correlate with crosslink densities between amino groups; (2) The linear 
polymer was just as thermally stable as the crosslinked ones. It would be 
informative to make a similar study of the o-, m-, and p-phenylenediglycidyl 
ether cured with an aromatic diamine. 

H. C. ANDERSON* 
Chemistry Research Department, 

Polymer Research Group, 
U.S. Naval Ordnance Laboratory, 

White Oak, Silver Spring, Maryland 20910 
(Received November 1965) 

*Present address: Exploratory Research Division. National Research Corporation, 70 Memorial Drive, 
Cambridge, Massachusetts. 02142. 
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On the Reliability of the Gradient Column Method for 
Measuring Densities of Polymer Single Crystals 

THE degree of crystallinity of polymer crystals grown from dilute solutions 
is a very important property of those samples since the structure of the 
so-called 'single crystals' is not yet completely elucidated. The simplest and 
most convenient method for determination of crystallinity is the measure- 
ment of density. With polyethylene different values are reported in the 
literature, One group of authors '-~ found values in the region of 0"97 indi- 
cating an amorphous fraction of about 20 per cent. On the other hand Kawai 
and Keller '~ obtained a value very close to, the ideal crystallographic density 
and concluded that no appreciable amount of an amorphous phase is 
present. The reasons for this discrepancy are still unknown. 

There are two types of observations supporting the lower value of crystal- 
linity. First, the amorphous content can also be detected by other methods, 
e.g. bv X-ray scattering (literature is cited in ref. 6): secondly, the crystal- 
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linity of the so-called single crystals increases by annealing. We have shown 2 
that this increase is connected with the growth of the long period L by the 
relation 

p = p ¢ - A / L  (1) 

where p is the density of the single crystal mat measured by the gradient 
column method, pc approaches the ideal crystallographic density and A is a 
constant. 

Referring to our publication Kawai and Keller 7 pointed out that the 
method of density gradient can give erroneous results due to the additional 
interracial free energy gradient present in the column. Taking into account 
this effect they found for the apparent density p~pp. the equation 

p~pp. = pt - K~ 1 (2) 

where pt is the true density, l is the thickness of the crystals, and K is a 
constant. On the basis of the similarity between equations (1) and (2) the 
authors suggested that the values of p measured by the gradient method 
may not be directly related to changes of density. 

Our previous results 2 gave strong evidence that the increase of density 
was really caused by annealing of the 'single crystals'. It was found that the 
constant A in equation (1)depends strongly on the temperature of anneal- 
ing, whereas the: constant K in equation (2) is proportional to, the interracial 
energy gradient and therefore, of course, dependent on the history of the 
sample. In this note we present additional proof that the gradient column 
method gives reliable results for polyethylene single, crystals. 

We compared the specific volumes measured by means of that method 
with the heat content of the same samples. 'Marlex-50' was crystallized from 
dilute solutions under different conditions and annealed at various tempera- 
tures. Some parts of the samples were used for repeated density measure- 
ments, other parts for measuring the heat content by differential thermal 
analysis (DTA)with a modified commercial apparatus (Gebr. Netzsch 
404). The areas under the fusiort curves of the polyethylene samples 
were calibrated by the heat of fusion of COfNt-I~)_~ and indium 8. 
The reproducibility of the data is very good, the relative error is about one 
per cent. Details of DTA measurements and sample preparation will be 
reported in a subsequent publication on the analysis of the melting behav- 
iour of single crystals. The mean square fluctuation of the density data is 
0"002 as stated in our previous report s . 

In order to take into account the energy content of the surface 
of the crystals the measured values of AH" have to be corrected accord- 
ing to A H ' = A H - 2 o - , / p d ,  where AH is the true heat of fusion of the 
crystalline fraction of the sample and o-e is the specific surface enthalpy of 
the longitudinal boundaries of lamellar crystalsL The crystal thickness l can 
be estimated from the long periods measured by X-ray small angle scattering 
from the same samples. Choosing a value s of o-e = 60 erg/cm 2 the corrections 
amount to 1 to 4 cal/g. These corrections and the choice of o-~ do not 
affect the qualitative conclusions described below. 

In F i g u r e 1  the heat of fusion AH per gramme is plotted as a function 
of the specific volume measured at 30°C in the gradient column. From 
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Figure /--Plot of corrected values AH of heat of fusion against the specific volume 
measured at 30°C ' by means of a density gradient column. Single crystal samples have 
been crystallized from 0-01 per cent xylene solution. Specifications of temperature 

and time indicate annealing conditions of crystals grown at 80°C 

these results the following conclusions can be drawn: 
(1) The data are reasonably represented by a linear relationship be- 

tween heat of fusion and specific volume. This verifies the assumption that 
the values of specific volume measured by the gradient method are deter- 
mined by the crystallinity of the samples and not by the inteffacial energy 
gradient present in the column. Indeed, degrees of crystallinity calculated 
either from specific volume or heat content data do agree for almost all 
samples within the limits of experimental error. This fact also excludes 
the possibility of there being an appreciable content of voids in our samples. 

(2) The heat of fusion of the untreated crystals, for example crystallized 
at 80°C from xylene, indicates an amorphous content of about 20 per cent 
in agreement with other calorimetric datal° , ' I ,C There is no doubt that 
polyethylene crystallized from the melt (for example at 129'6°C) can yield 
higher heat of fusion than the samples crystallized from dilute solutions. 

(3) The heat of fusion of the single crystals increases by annealing 
at temperatures below 130°C. This result proves our previous conclusions 
from density measurements that the overall order of crystal mats can be 
improved by annealing 2, ~'. 

(4) The extrapolation to a 100 per cent crystalline sample (ve= 1002 
cm'~/g at 30°C) yields a heat of fusion of 70 cal /g in excellent agreement 
with data reported recently by Mandelkern et aLL This value does not 
depend strongly on the choice of surface energy. It changes + 1 cal/g 
within reasonable limits of or,., but the extrapolation to the specific volume 
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of a completely amorphous sample (AH=0)  reveals rather different values 
depending on O-e. For  the value of 60 erg/cm ~ used in Figure 1, a specific 
volume va--1"17 cm3/g is obtained in agreement with the data of Chiang 
and Flory 12 and other authors. Making use of o-~=0, 30, or 90 e rg /cm 2, 
however, extrapolation yields va= l ' 10 ,  1.12 or 1.20 cm3/g respectively. 
So o-e=60 e rg /cm ~ seems to be a reasonable estimate of heat content of 
the crystal surface. I t  may be mentioned that the data of drawn poly- 
ethylene samples do not fit into the plot of Figure 1, the points are placed 
considerably above the straight line. This indicates the strain imposed on 
the molecule sequences in the amorphous regions of drawn material 13. 

In  connection with the basic question for the crystallinity of the so-called 
polyethylene single crystals it should be mentioned that Martin and Passag- 
lia 14 recently repeated the density measurements by the pyknometer method 
used by Kawai and Keller 5. They found values close to those of other 
authors 1-~ and significantly less than the crystallographic density. I t  may 
or may not be that there are two different kinds of single crystals as was 
suggested by Keller 15 and that one kind possesses 100 per cent crystallinity. 
This suggestion has yet to be tested. From the measurements reported here, 
however, it can be concluded that Kawai 's  and Keller's considerations on 
the irrelevance of density data obtained by the gradient method cannot 
be applied to polyethylene crystal mats. 

The authors are indebted to Professor H. A.  Stuart for his encouragement 
of this work and to, Dr G. F. Schmidt for his helpful advices. 
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An Infra-red Study of the Interaction of 
Polyamides with Iodine in Iodine- 

Potassium Iodide Solution* 
IKOO MATSUBARA~" and J. H. MAGILL 

The infra-red spectra of  thirty one polyamides of  different structures have been 
examined. The spectral changes which occur on iodine sorption in iodine- 
potassium iodide solutions and the accompanying changes on iodine desorption 
with sodium, thiosulphate solution have been studied. The spectral observations 
have been analysed in relation to the changes in the polymer structures. Results 
show that polyamides of  similar structural types, i.e. "even-even', 'odd-odd', etc., 
usually conform to a given pattern of behaviour. It is concluded from the 
spectral evidence that iodine is involved in complex formation with polyamides 

as the tri-iodide ion. 

X-RAY studies of polyamides (Nylons) have revealed that these polymers 
exist in different crystal forms which depend not only on the type of 
polymers, but sometimes on the method of sample preparation. The c~ 
and /3 forms were initially proposed by Bunn and Garner 1 for Nylon 6.6 
and Nylon 6.10. These triclinic structures consist of sheets of fully extended 
chains joined by hydrogen bonds. More recently another structure desig- 
nated as the y form was found by Kinoshita 2 for Nylon 7.7. In this structure 
the molecular chains are slightly contracted because of internal rotation 
around the single bonds adjacent to the: amide groups along the chains. 
The plane of these amide groups makes an angle of about 30 ° with the 
polymer chain axis. The unit cell of this form is found to be pseudo- 
hexagonal. A further structure described as the S form was proposed by 
Miyake '~ for polyamides such as Nylon 6.9 and Nylon 7.6. However, other 
studies revealed that the ~ form is likely to be a mixture of the (o~,/3) and 
the y structures ~, so that all known polyamides exist in the (o~, fl) or the 3' 
form or mixtures of these structuresL 

Infra-red (i.r.) measurements have been made in the medium frequency 
range (4 000 to 400 cm- ' )  for a variety of polyamides "~, .~,_8, but a detailed 
analysis of the relation between the spectra and the chain conformations 
of the polymers has been lacking until recently. Miyake:' first observed 
and realized that the amide V (N-H out-of-plane bending) frequency was 
associated with the change in crystal modification in polyamides; the 
characteristic absorption occurs at about 690 cm -1 in the a form and at 
about 725 cm 1 in the y form. A detailed i.r. and X-ray work by 
Arimoto". '° deals with the a > y transformation in Nylon 6. This author 
attributed the= 692 cm -~ band of the c~ form and the 708 cm -1 band of 
the y form of Nylon 6 to the amide V vibration characteristic of each 

* Pape r  p r e s e n t e d  at  the  16th P i t t s b u r g h  Confewence o n  Ana ly t i ca l  C h e m i s t r y  a n d  A p p l i e d  SPec t ro scopy ,  
P i t t sbu rgh .  M a r c h  1965. 

? P r e s e n t  add re s s  : Cen t r a l  R e s e a r c h  L a b o r a t o r i e s ,  T o y o  RayGn Co.  Ltd,  S o n o y a m a ,  Otsu .  J a p a n .  
~tl~ th is  p a p e r  w e  s i m p l y  use  t h e  t e r m  = f o r m  w h e n  r e f e r r i n g  to  b o t h  ~ a n d  ( : ,  13) s t ruc tures .  
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structurC. 10. He also assigned the 578 cm -1 band of the a form and the 
619cm -1 band of the y form to the amide VI ( C = O  out-of-plane 
bending) mode of each structure 1°. Schneider et a l ."  also studied Nylon 6 
and Nylon 6.6 in this respect. Recently, one of us (I.M.y ~ has studied the 
spectra in the lower frequency region (800 to 200 cm-9 of several poly- 

amides of the diamine--diacid type and of to-amino acid class. In this 
work the following structure/frequency correlations have been established: 

a form 7 form 
Amide V ca. 690 cm -1 ca. 710 cm -~ 
Amide VI ca. 580 cm -~ ca. 620 cm -1 

Furthermore the band appearing in the 400 to 209cm -1 region was 
tentatively assigned to amide VII (CO--NH torsion) and the frequency 
shift of this band was discussed in relation to the polymer structures. 

In the present study, measurements were made in the medium :frequency 
i.r. region (4 000 to 400 cm -~) on the widest variety of polyamides so far 
examined, and also in the lower frequency region (400 to 33 cm -1) on 
some of the polyamides. It concerns the effect of sorption and desorption 
of iodine-potassium iodide solutions in these polymers and the subsequent 
changes in chain conformation accompanying this treatment. Earlier 
published works also dealt with this topic in a limited sense 9-11,13. The 
spectrum of the potassium tri-iodide complex of a model compound, 
N-methylacetamide, which was studied previously by Dosko6ilov~i and 
SchneiderlL has been re-investigated and confirmed in the present study. 

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

Materials 
Twenty three polyamides of the diamine-diacid type and eight of the 

o-amino acid type were examined. The polyamides of the diamine-diacid 
type, [NH(CH~)xNHCO(CH2)~__~CO],~--, are sub-divided into the follow- 
ing groups : 
(1) 'even-even' polyamides, 2.10, 6.6, 6.8, 6.10, 8.6, 8.8, 10.6 and 10.10; 
(2) 'even-odd' polyamides, 2.9, 4.9, 6.7, 6.9 and 10.9; 
(3) 'odd-even' polyamides, 5.6, 7.6, 7.8, 7.10 and 9.6; 
(4) 'odd-odd' polyamides, 5.7, 7.7, 7.9, 9.7 and 9.9. 
Polyamides of the to-amino acid type, [NH(CH_oL_ICO],--, where z is 
4, 6, 7, 8, 9, I0, 11 and 12, were studied. 

Polymer films of suitable thickness for i.r. measurements were cast 
from formic acid solution. Traces of formic acid were removed at 
temperatures mostly below 100°C on a hot plate. 

Iodine treatment of  samples 
Polyamide samples were treated for different periods (a quarter of an 

hour to 200 h) with aqueous iodine-potassium iodide solutions. Concen- 
trations of iodine, in aqueous potassium iodide solution from 0-25N to 4N 
were used. Some of the polymers were also treated with saturated 
solutions of iodine-potassium iodide in methanol, chloroform, cyclohexane 
and acetonitrile. 
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Iodine removal 
Iodine was removed from the iodine-potassium iodide treated samples 

with aqueous sodium thiosulphate solutions. I t  was sometimes necessary to 
warm this thiosulphate solution to remove the iodine completely from the 
sample. Complete removal of iodine was judged from the colour of the 
films and also from the appearance of the i.r. spectra. 

Infra-red spectra 
The i.r. spectra in the region 4 000 to, 400 cm ' of the polymer films and 

the model compounds were taken using a Beckman IR-9 spectrophotometer. 
The lower-frequency spectra of Nylons 6.6, 7.7 and 6 and of the model 
compounds were also measured in the region 400 to 33 c m '  with a 
Beckman IR-11 spectrophotometer. 

Measurements on the polymer films were made before and after iodine 
treatment and then after iodine remowd. 

R E S U L T S  

Iodine sorption and desorption 
The efficacy of iodine sorption from iodine-potassium iodide solution 

was shown qualitatively (by i.r. spectra) to depend on (a) specimen, 
(b) concentrations of iodine and potassium iodide, and (c) time of treatment. 

In general, the extent of iodine sorption decreases as the methylene chain 
length increases (e.g. the change: occurs with greater ease in Nylon 6 than 
in Nylon 11). The: extent of iodine sorption was influenced by changing 
the potassium iodide concentration, but no detailed measurements were 
made at this stage of the investigation. 

The ease of iodine desorption also depends on the nature of the sample 
and time of treatment. 

ln[ra-red spectra 
'Even-even' polyamides- All the polyamides of this series exhibit the 

same behaviour (as assessed by i.r. measurements) except Nylon 2.10. 
Typical spectra before and after iodine treatment as well as after iodine 
removal are illustrated for Nylon 6.6 in Figure l(a). The atypical spectrum 
of Nylon 2.10 after similar treatment is shown in Figure l(b). The 
characteristic amide V and amide VI  frequencies for untreated polymers 
are listed in Table 1. 

Table 1. Amide V and amide V1 frequencies for 'even-even' polyamides 
Polymer Amide V Amide VI Predominant 

c m  - 1  c m  - 1  structure 

6.6 692 581 a 
6.8 692 581 a 
6.10 689 583 a 
8.6 691 582 a 
8.8 689 581 a 

10.6 689 581 a 
10.10 687 582 a 

2.10 706 sh* 630 y 

*sh denotes shoulder. 
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Figure I (a) 
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Figure /(a)---The i.r. spectral changes in Nylon 6.6: (a) untreated 
sample, (b) moderate iodine treatment, (c) severe iodine treatment, 

(d) iodine removed 
Figure /(b)---The i.r. spectral changes in Nylon 2.10: (a) untreated 

sample, (b) moderate iodine treatment, (c) iodine removed 

With the exception of Nylon 2.10 all the polyamides exhibit the amide V 
and VI bands around 690 and 580 cm -1, respectively, before iodine treat- 
ment and after iodine was removed, showing that the polymer chains take 
the ct conformation in these polyamides. In Nylon 2.10 the amide V band 
appears at 706 cm -1 as a shoulder on the 723 cm -~ CH2 rocking band 
and the amide VI  band occurs at 630 cm -1. Therefore, the T structure 
must be predominant in this polyamide. 

A sequence of spectral changes occurred on complexing these polyamides 
in iodine-potassium iodide solution. At first the amide V band of the 
untreated samples decreased in intensity and a broad band appeared in the 
range 570 to 550 cm -1. This band is assigned to the amide V vibration of 
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the complex itself. On more severe treatment (for longer periods or in 
more concentrated solutions) this band moves towards higher frequency 
to about 605 cm -1. The amide VI band appears to remain unchanged 
throughout this treatment but it is sometimes partially obscured by the 
broad band of the complex in the 610 to 550 cm -1 region. More specifically, 
when Nylon 6.6 was treated with a 2N iodine-potassium iodide solution 
for less than four hours, amide V shifted from 692 to 550cm- '  
(Figure l(a)b). However, on more severe treatment (four hours to 70 hours 
in this solution) an upward shift in frequency to about 605 cm -~ occurred 
(Figure l(a)c). Noteworthy too in such circumstances are the changes 
wrought at the amide I (1640cm- ' )  and the amide II (1540cm -1) 
frequencies. Both these bands are reduced in intensity and a new stronger 
band appears at 1 610 cm -~. At  the same time some broad, strong 
absorption occurred in the 1 200 to 900 cm- '  region accompanied by a 
weaker one at about 840 cm -~. The amide A (N- -H  stretching) absorption 
which occurs at about 3 300 cm -r in untreated material moved to around 
3 360 cm -~ after complete complex formation. After iodine was desorbed, 
Nylon 6.6 showed the same spectrum as the original one regardless of 
whether the sample had undergone a moderate or severe iodine treatment. 
This behaviour is followed by all the other polyamides. 

The spectrum of Nylon 6.6 in the CH: scissoring frequency region shows 
four distinct bands at 1 476, 1 467, 1 438 and 1 418 cm -1. On complexing 
the polymer with iodine-potassium iodide, however, the bands at 1 476 and 
I 418 cm-'  decreased in intensity, while the 1 438 cm -1 band increased 
in intensity. Only two peaks with comparable intensities are observed at 
1 463 and 1 440 cm -1 on complete complex formation. When iodine was 

removed from the polymer, the original four peaks reappeared. All the 
other even-even Nylons, except Nylon 2.10, behaved as Nylon 6.6 in this 
respect, though the spectral changes were less pronounced with the poly- 
amides having longer methylene chains. 

'Even-odd' polyamides--The significant amide V and amide VI fre- 

Table 2. A m i d e  V a n d  a m i d e  V I  f r e q u e n c i e s  f o r  ' e v e n - o d d '  p o l y a m i d e s  

Polymer  A mide V .4 mide V1 Predominant 
c m -  1 c m -  1 structure 

2.9 b* 715 s h t  .... 630 - -  y 
a . . . . .  

b 7 1 5 s h  693 - -  582 c~ 
4.9 

a 712 sh - -  6 2 1  - -  3 '  

b 716 sh 696 sh 634 590 sh 3' 
6.7 

a 716 - -  637 - -  y 

6.9 b 7 1 2 s h  692 6 2 0 s h  584 a 
a ~ 7 1 0  sh - -  622 - -  3" 

10.9 b , ~ 7 1 0  sh - -  622 - -  3" 
a , ~ 7 1 0  sh - -  620 - -  y 

*b d e n o t e s  b e f o r e  iodine treatment; a, after iodine has been removed from the iodine trealed saml~le. 
"~sh denotes shoulder. 
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quencies before iodine treatment and after iodine desorption are listed in 
Table 2. The: polyamides of this series appear to exist as mixtures of the 
a and the 3' structures. The observed spectra depend on which o4 the two 
structures is predominant in each polymer. Thus Nylons 4.9 and 6.9 
exhibit the amide V and amide VI  peaks at about 690 and 580 cm -1, 
respectively, which shows that the a form is predominant in these poly- 
amides. The fact that weaker shoulder bands are observed around 715 
and 620 cm -1 suggests that the 3' form also exists as a minor component. 
Typical spectra are shown for Nylon 6.9 in Figure 2(a). The spectra of 

100 
Fiqure 2(a) Figure 2(b) 
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Figure 2(a)--The i.r. spectral changes in Nylon 6.9: (a) untreated 
sample, (b) moderate iodine treatment, (c) iodine removed 

Figure 2(b)--The i.r. spectral changes in Nylon 7.8: (a) untreated 
sample, (b) moderate iodine treatment, (c) iodine removed 

50 

Nylons 2.9, 6.7 and 10.9 resemble those of the 'odd-odd'  polyamides (see 
below). The amide V and amide VI  bands appear  around 715 and 630 
cm -1 respectively, showing that the 3' structure is predominant in these 
polymers. Nylon 6.7 must contain a small fraction of the a form, because 
it exhibits weaker shoulders at about 690 and 590 cm -1. 

When the polyamides were subjected to iodine treatment, the amide V 
band decreased in intensity or disappeared on severe treatment, and a 
new band appeared in the 610 to 550 cm -1 region which is the same as 
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found in the 'even-even'  series. When iodine was desorbed, amide V and 
amide VI  of all the polyamides appeared around 715 to 6 3 0 c m  -~ 
respectively, showing that  they take only the 7 structure irrespective of 
whether the a or  the 7 form is predominant  in the untreated polymers. 

Nylon 4.9 and Nylon  6.9 show four CH~ scissoring bands around 1 475, 
1 465, 1 440 and 1 420 cm -1. On  iodine treatment of the polymers, the 
1 475 and the 1 420 cm -1 bands decreased in intensity, while the 1 440 cm 
band increased in intensity. On complete complex formation,  the poly- 
amides show two peaks with comparable  intensities around 1460 and 
1 440 cm - ' .  These bands remained unchanged when iodine was removed 
from the sample. On the other hand, Nylons 2.9, 6.7 and 10.9 have only 
two peaks around 1 460 and 1 440 cm -1, and this structure of  two peaks 
was retained throughout  the process of iodine treatment and subsequent 
iodine removal. 

"Odd-even' polyamides--The amide V and amide VI  frequencies before 
iodine treatment and after iodine desorption are listed in Table 3. 

Table 3. Amide V and amide VI frequencies for 'odd-even' polyamides 

Polymer Amide V Amide V1 Predominant 
c l n -  1 C n l -  1 S l r l t C t t l r c  

5.6 b* 713 sht 693 - -  580 a 
a 710sh - -  614 - -  7 

7 . 6  b 7 1 2  s h  6 9 0  - -  5 8 1  a 

a 7 1 0 s h  - -  , - ~ 5 9 0  h~ 7 

7.8 b - -  691 - -  5 8 3  a 

a 710sh - -  612 - -  7 

7 . 1 0  b - -  6 8 8  - -  5 8 3  
a 7 1 0 s h  - -  6 2 0  - -  7 

9.6 b - -  689 - -  580 a 
a ~705 sh - -  ,-~590 b 7 

*b d eno t e s  before  i o d i n e  t r ea tmen t ;  a, af ter  i o d i n e  h a s  been  r e m o v e d  f r o m  the iodine  t rea ted  s amp le .  
t s h  deno tes  shou lde r .  

Sb d eno t e s  b r o a d .  

Typical spectral changes found after iodine sorption and desorption 
experiments are illustrated for  Nylon  7.8 in Figure 2(b). Before iodine 
treatment the amide V and amide VI  bands appear  at about  690 and 
580 c m - '  respectively. This shows that the a structure is predominant  in 
the untreated polyamides. However,  the existence of weaker satellite bands 
around 715 and 630 cm -1 suggests that the 7 structure also exists as a minor  
component .  

On iodine treatment of the polyamides, amide V disappeared and a new 
band appeared in the 610 to 550 cm 1 region. After iodine was desorbed, 
amide V was observed around 7 1 0 c m  - '  as a shoulder on the 725 cm -~ 
CH_, rocking band and amide VI  appeared in the 620 to 590 cm 1 region, 
showing that all the polyamides take the 7 structure under  this condition. 

All the polymers of this series have four  CH., scissoring bands around 
1 475, 1 465, 1 440 and 1 420 cm ~1. When the polymers were subjected to 
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iodine treatment, the 1 475 and 1 420 cm -1 bands decreased in intensity. 
Only two peaks were observed around 1 460 and 1 440 cm -~ on complete 
complex formation, and they remained the same after the iodine was 
removed. 

'Odd-odd' polyamides--All the polyamides of this series show similar 
i.r. spectra before iodine treatment and after iodine removal. The amide V 
and VI frequencies for untreated polymers are listed in Table 4. Typical 

Table 4. Amide V and amide VI frequencies for 'odd-odd' polyamides 

Polymer Amide V Amide VI  Predominant 
cm-1 cm-  ~ structure 

5.7 710 634 y 
7.7 718 sh* 633 y 
7.9 717 sh 624 
9.7 716 sh 635 
9.9 ~ ,718sh 624 y 

*sh  d e n o t e s  s h o u l d e r .  

spectra before and after iodine treatment as well as after iodine removaI 
are illustrated for Nylon 7.7 in Figure 3(a). The amide V band appears 

FTgure 3 ( a )  F/gure 3(b) 
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Figure 3(a)---The i.r. spectral changes in Nylon 7.7: (a) untreated 
sample, (b) moderate iodine treatment, (c) iodine removed 

Figure 3(b)---The i.r. spectral changes in Nylon 7: (a) untreated 
sample, (b) moderate iodine treatment, (c) iodine removed 
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around 715 cm - t  as a shoulder on the 725 cm -~ CH2 rocking band  and  
amide VI is observed at about  6 3 0 c m - ' .  This shows that all the~e poly- 
amides take the y structure. 

On iodine t reatment  of the polymers, amide V disappeared and a new 
band appeared in  the 610 to 550 c m - '  region. 

All the polyamides of this series exhibit only two CH2 scissoring bands  
around 1 460 and 1 440 cm-L and. no change in  f requency nor  in  intensi ty 
of these bands was noted throughout  the course of complex formation with 
iodine-potass ium iodide and subsequent  iodine removal.  

Polyamides of the to-amino acid t y p e - - T a b l e  5 lists the amide V and 

Table 5. Amide V and amide VI frequencies for ~-amino acid type polyamides 

Polymer Amide V Amide VI Predominant 
cm--1 cm- 1 structure 

b* - -  694 - -  576 4 
a - -  693 - -  575 

b 712 sh? 692 623 w~ 579 6 a 712 - -  623 - -  y 

7 b ~710sh  691 620 w 581 
a ~705 sh 691 ~610  sh 582 

8 b 714sh 690 633 w 583 
a 714sh - -  631 - -  y 

9 b --- 690 - -  582 
a ~710sh  690 62l w 583 

10 b 714 sh - -  627 - -  y 
a 714sh - -  623 - -  y 

11 b - -  690 ~625 w 584 
a ~710sh  690 622 w 584 

12 b 712 sh - -  627 - -  y 
a 714sh - -  626 - -  y 

*b denotes before iodine treatment; a. after iodine has been removed from the iodine treated sample. 
i'sh denotes shoulder. 
~.w denotes weak. 

amide VI  frequencies of the polyamides of this series before iodine treat- 
ment  and after iodine removal.  These polyamides may be classified into 
the following three sub-groups according to the positions of the amide V 
and amide VI  bands and their frequency changes when the polymers are 
subjected to iodine sorpt ion and desorpt ion treatments.  

(1) Nylons  4, 7, 9 and 11 exhibit  the amide V and  VI  bands a round 
690 and 580 cm -1 respectively, showing that the a form is predominant  in 
these polyamides. 

On iodine t reatment  of these polymers the amide  V band  decreased in 
intensity and a new band  appeared in the 610 to 550 cm -1 region, al though 
the spectral changes become less pronounced  with the increasing methylene 
number  of the polymers. When iodine was removed, amide V moved 
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back to the original position of 690 em -~. In Nylons 7, 9 and 11 weaker 
bands were observed around 710 and 620 cm -1 both before iodine treat- 
ment and after iodine desorption. This suggests that the y structure also 
exists as a minor component in these polymers. Typical spectral changes 
are shown for Nylon 7 in Figure 3(b). 

Nylons 7, 9 and 11 show four CH~ scissoring bands at about 1 475, 
1 465, 1 440 and 1 420 cm -1, except that the 1 475 cm -1 band appears 
only as a shoulder to the 1 465 cm -1 one in Nylon 9 and Nylon 11. When 
the polyamides were subjected to iodine treatment, the 1 475 and 1 420 cm -1 
bands decreased in intensity, while the 1 440 cm -1 one became more intense. 
When iodine was removed, the spectra of all the polyamides resumed the 
original structure of four peaks. Nylon 4 has three peaks at 1 473, 1 451 
and 1 417 cm -1 and a weak shoulder around 1 440 cm-L The frequency of 
the second band, 1 451 cm -~, is noticeably lower than the value of 1 465 
cm i of the other polyamides. 

(2) Nylon 6 and Nylon 8 exhibit the amide V and VI  peaks around 
690 and 580 cm - '  respectively, which shows that the a form is predominant 
in these polyamides. However, the existence of two weaker bands around 
715 and 630 cm -a is evidence that a considerable portion of the polymer 
chain takes the y structure. 

When the polyamides were subject to iodine treatment, both the 690 
and 715 cm -~ amide V bands disappeared and a new band appeared in 
the 610 to 550 cm -1 region. On iodine resorption, amide V and amide VI  
appeared at about 715 and 630 cm -~, respectively, but no band was observed 
around 690 nor 580 cm -a. This means that only the y structure exists 
under this condition. Typical spectral changes are illustrated for Nylon 8 
in Figure 4(a). 

These polyamides exhibit four CH~ scissoring bands around 1 475, 1 465, 
1 440 and 1 420 cm-L On iodine sorption and desorption treatments of 
the polymers, these bands behaved in the same way as in the 'odd-even'  
polyamides. 

(3) Nylon 10 and Nylon 12 exhibit amide V around 715 cm -1 as a 
shoulder on the 725 cm -t CH~ rocking band and amide VI  at about 
630 cm -t, showing that these polyamides exist in the y form. 

On iodine treatment of the polyamides, amide V behaved in the same 
way as in the 'odd-odd'  polyamides, and returned to the original position 
when iodine was removed. Typical spectral changes are shown for Nylon 10 
in Figure 4(b). 

These polyamides have only two CH2 scissoring bands around 1 460 
and 1 440 cm- ' ,  and this structure of two peaks is retained throughout the 
process of iodine treatment and subsequent iodine removal. 

Iodine treatment in solutions other than water Nylon 6 treated with 
saturated iodine-potassium iodide in methanol showed a similar but less 
pronounced change in the spectra than that observed when the sample was 
treated with an aqueous iodine-potassium iodide solution for a com- 
parable period. Nylons 6, 10.6, 4.9 and 9.7 are unaffected by saturated 
iodine-potassium iodide in dry acetonitrile, chloroform or cyclohexane 
solutions respectively. 
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Figure 4 (a) 
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Figure 4(a)--The i.r. spectral changes in Nylon 8: (a) untreated 
sample, (b) moderate iodine treatment, (c) iodine removed 

Figure 4(b)--The i.r. spectral changes in Nylon 10: (a) untreated 
sample, (b) moderate iodine treatment. (c) iodine removed 

N - m e t h y l a c e t a m i d e  c o m p l e x  
Character is t ic  amide frequencies of  N-methy lace tamide  and its potassium 

tri- iodide complex are shown in T a b l e  6. The results are essentially the 
same as those reported by Doskoeilovfi  and Schne ide r" .  

Table 6. Amide frequencies of N-methyl acetamide and its potassium 

tri-iodide complex 
N-methyl  acetamide* Complex t  

Band cm -1 cm -~ 

Amide A 3310 3374 
I 1659 1650 
II 1566 1548 
III 1300 1294 
IV 629 638,627 
V 720 547 
VI 602 - -  

*Cap i l l a ry  f i lm b e t w e e n  c a e s i u m  i o d i d e  p l a t e s  a t  c a .  3 0 ' C .  

~-Nujol  m u l l  b e t w e e n  c a e s i u m  i o d i d e  p la tes .  

209 



IKUO MATSUBARA and J. H. MAGILL 

i -  
.o 
o l  

12 

100 / 

100 

50 

l I I I I I I I 

(b) 

I I I I I I I I 

(c) 

I I I I I I I I 
400 300 200 100 

Wave number, cm -1 

100 

50 
Figure  5 - -  Lower - fre- 
quency i.r. spectra of 
Nylon 6.6 : (a) untreated 
sample, (b) iodine treated, 

(c) iodine removed 

~ ~oo t ~ ~ ~ ~ ~ t 

(b) 
i_ 

50 

210 

100 

5( 

I I I I I I I I 
400 300 200 100 0 

-I 
Wave number, cm 

Figure  6--Lower-frequency i.r. spectra of the model 
compounds: (a) N-methylacetamide (film between poly- 
ethylene plates), (b) potassium tri-iodide complex of N- 
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AN INFRA-RED STUDY OF THE INTERACTION OF POLYAMIDES 

Lower-frequency i.r. spectra 
All of the three different polyamides so, far examined (Nylons 6.6, 7.7 

and 6) exhibit the same behaviour in the lower-frequency region (400 to 
33 cm -~) when treated with iodine-potassium iodide solution. Typical 
spectra are illustrated for Nylon 6.6 in Figure 5. When the polyamides 
are treated with iodine--potassium iodide solution, a strong band appears 
at 140 cm -~ which is not observed in untreated materials. This is so even 
when the polyamide complex with iodine-potassium iodide is not fully 
formed. The band at 140 cm -~ remained unchanged after the sample had 
been pumped out under a vacuum (10 ~ to 10 -'~ mm of mercury) for a few 
days. This band disappeared after iodine was removed from the sample 
with sodium thiosulphate solution. 

The spectra of the model compounds, N-methylacetamide and its 
potassium tri-iodide complex, are shown in Figure 6. The complex 
exhibits a strong band at 140 cm-'  which is not observed in N-methyl- 
acetamide. The band of the complex observed at 110 cm -1 may have the 
same origin as the broad band of N-methylacetamide at 115 cm -1. 

D I S C U S S I O N  
The nature o[ the iodine complex 

Polyamides form complexes with an aqueous iodine-potassium iodide 
solution, but not in non-aqueous media, as judged from the i.r. spectral 
observations. Evidence presented in this paper indicates that iodine 
forms complexes with polyamides as the tri-iodide ion and not as ~he 
molecular species 15 as has been suggestedL 

The strong band observed at 140 cm 1 in the iodine-potassium iodide 
treated polyamides must correspond to some vibration of complexed iodine 
in these polymers. It is believed that this band is due to tho tri-iodide ion 
because caesium tri-iodide exhibits a strong band at 149 cm -1 which is 
assigned to the I ~ I  stretching vibration of tri-iodide ion. The i.r. inactive 
vibration of molecular iodine at 213 cm -~ becomes i.r. active in the presence 
of a strong donor molecule such as pyridine 1~ giving an absorption band 
above 180 cm -1. This frequency is considerably higher than the 140 cm -1 
band found for the polyamide complexes. This fact, together with the 
observed similarity between the spectra of iodine treated polyamides and 
the tri-iodide complex of N-methylacetamide 1", is in accord with the 
presence of I~- ions in these polymer complexes. 

X-ray evidence from polyamide complexe¢, 17 reveals a shortening of 
the molecular repeat distance with the concomitant appearance of new 
meridional reflections which must be attributed to the presence of halogen. 
These results (which were obtained on oriented fibres) usually refer to 
comparatively short periods of treatment with aqueous iodine-potassium 
iodide solution. The diffuse nature of the X-ray pattern for fully complexed 
polymers (as judged from the i.r. spectra) arises because of the powerful 
scattering effect of the large halogen ion compared with the polymer itself. 
Radiation other than CuKa which is less strongly scattered may be used 
with particular reference to the halogen spacing in the complex. WesP ~ 
proposed (on the basis of dichroic and X-ray measurements on oriented 
specimens) that the halogen was present as 'polymeric iodine' but this 
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explanation has been refuted by Tranter and Collins 17 who find no evidence 
for this type of structure. 

From the observations that the amide I ( C = O  stretching) frequency 
decreases by about 10 cm -1 and the amide A (N - -H  stretching) frequency 
increases by about 60 cm -1 when Nylon 6 is complexed in aqueous iodine- 
potassium iodide solution, ArimotC. 10 assumed that the hydrogen bond 
between the amide groups was weakened or broken and iodine was co- 
ordinated to the amide oxygen to, form a halogen-molecule bridge. How- 
ever, the decrease of the amide V frequency by almost 170 cm -1 on complex 
formation of the polymer, which is much larger than would correspond 
to the weakening of the hydrogen bond, led Dosko~ilov~i and Schneider 1~ 
to conclude that the halogen ion is coordinated to the nitrogen of the 
amide groups. The additional fact, in the present work, that the amide I 
at 1 640 cm -1 moved down to 1 610 cm -1 and some broad, strong bands 
appeared in the 1 200 to 800 cm -1 region, in polyamid~ which had under- 
gone drastic treatment (i.e. complete complex formation) suggests that 
protonation occurred (as K + or H +) at the oxygen atom 1.. The ingress of 
the large halogen ion into the polyamide structure can occur only after the 
original hydrogen bonded network has been disrupted by protonation of 
the carbonyl oxygen in the aqueous ionized medium and is accompanied 
by a concomitant zig-zag type chain contraction to facilitate the entrance 
into the network of tri-iodide ions, which have a strong affinity for the amide 
group,s. Because of space requirements this large: and linear or nearly linear 
tri-iodide ion ~'° must be aligned predominantly in the direction of molecular 
chains. At the same time, a 'bridge' is formed between an amide nitrogen 
atom and a protonated carbonyl group in adjacent 'crumpled' or distorted 
polymer sheets. When the iodine is removed, the amide groups re-form 
hydrogen bonds with the neighbours of the adjacent sheets which may differ 
from the original ones. A similar kind of structure has been independently 
proposed for the hydrochlorides of Nylon 6.6 and Nylon 6.10~k 

The incorporation of tri-iodide ions into the polyamide is also accom- 
panied by an increase in density as witnessed by the different flotation 
properties of untreated and iodine treated polymer films. Furthermore, 
the fully complexed polymer films are plastic and have elastomeric 
properties arising from their modified structures on iodine treatment. After 
iodine is desorbed from these films they are mechanically weaker than 
the untreated samples. 

Structural c 'hanges in polyamides 
Amide V and VI  bands--Tables 1 to 4 summarize the predominant 

structural forms of the polyamides before complex formation and after 
iodine desorption. The assignment of these conformations is based on 
the correlations between the amide V and VI frequencies and the crystal 
structures of the polyamides 1~. Those polymers which have the e~ structure 
show the definite amide V and VI absorption bands at about 690 and 
580 cm -1 respectively. All the polymers existing in the Y form have the 
amide V and VI frequencies at about 715 and 630cm -1 respectively. 
Consistent behaviour is noted, in respect to these bands, for the wide variety 
of polyamides examined, though there are some exceptions to the general 

212 



AN INFRA-RED STUDY OF THE INTERACTION OF POLYAMIDES 

classification of polyamides according to polymer classes such as 'even- 
even', and so on, 

Except for Nylon 2.10,, the 'even-even' series of polyamides which have 
originally the c~ structure with fully extended molecular chains, revert to 
this structure after iodine is desorbed from the complex. In the complexed 
condition a twisted chain conformation exists. This conformation is 
independent of the original polymer structure (i.e. whether oz or 7 forms). 
The c~ form must be the more stable form in the 'even-even' series since 
it allows maximum hydrogen bonding. On the basis of molecular models. 
complete hydrogen bonding is possible in the linear or extended chain form 
of Nylon 2.10. However, the short diamine sequence in this polymer may 
impose some restrictions on the molecular chain conformation (especially 
in the hydrogen bonded state) which makes it energetically more feasible for 
this polymer to form pleated hydrogen bonded sheets in preference to the 
sheets of fully extended chains present in the other members of this series. 
To test this suggestion, it would be necessary to examine Nylon 10.2 or 
some other polyamide possessing a comparable long and short sequence 
in the molecular chain. 

All the 'even-odd' polymers in Table 2 exist in the 7 form after the Nylon 
complex is freed of iodine, suggesting that the 7 structure is the more 
favourable conformation. During this desorption process, the polymer 
chains are probably facilitated into states of lower chemical potential with 
complete hydrogen bonding. This process must be accompanied by a con- 
traction of the chains from their dilated condition in the complex. An 
inspection of Table 2 reveals that some of these polymers have been 
obtained initially in the c~ form during the film preparation. Under suitable 
conditions it is believed that all of these 'even-odd' polymers can be obtained 
in the c~ form even though this molecular arrangement may not be the one 
of lower chemical potential. Miyake ~ has reported that Nylons 4.9, 6.7, 6.9 
and 10.9 exist in the S structure when prepared from formic acid or benzyl 
alcohol solution. However, this structure is believed to be a mixture of the 
c~ and the 7 forms'. 

The 'odd-even' polyamides, illustrated in Table 3, follow a consistent 
pattern and proceed from the a - -+ 7 conformation on desorption of iodine. 

'Odd-odd' polyamides do not undergo a conformational change, but 
retain their original 7 structure after iodine is removed. Arimoto 1:' also 
tinds that Nylon 5.7 and Nylon 5.9 retain their 7 conformation under the 
above circumstances. Miyak& reports that Nylons 7.7, 7.9 and 9.9 exist in 
the 7 structure when cast from formic acid solution in agreement with our 
results. 

At first sight, the poly-w-amino acid series presents a complicated pattern 
but, on closer inspection, some uniformity is observed. The even members 
of the series with longer methylene chains usually have the 7 conforma- 
tion before and after iodine sorption and desorption treatment, but the 
odd members generally exist in the c~ form. Nylon 6 and Nylon 8 represent 
an intermediate stage of behaviour and undergo an o~ > 7 transformation. 
Nylon 4 either behaves anomalously, or else marks the beginning of a 
trend where c~ > a transformations are predominant in polymers with 
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short methylene sequences and y > y changes are prevalent when these 
sequences are longer and more capable of forming twisted structures. In 
this respect, it must be stated that Nylons 3, 4 and 10 have been pre- 
pared in the a form s though it is anticipated that the ot form of Nylon 10 
would change to the y structure on complex formation with iodine-potas- 
sium iodide solution and subsequent iodine removal. 

The fine structure ol CH2 scissoring bands--The fine structure of the CH2 
scissoring bands in the 1 500 to 1 400 cm -1 region is also related to the 
change in chain conformation of the polyamides with iodine sorption and 
desorption treatment. Miyake 3 noticed earlier that the peak around 1 415 
cm -1 appears only when amide V absorbs at 690 cm -1 and suggested that 
it may correspond to the scissoring vibration of the CH2 groups adjacent 
to the amide group. On the basis of a detailed analysis of the spectra of 
Nylon 6.6 and some of its analogues deuterated in the a-position to the 
amide group, Heidemann and Zahn ~ assigned the 1 474 cm -1 and the 1 416 
cm -~ bands to the scissoring vibration of the N-vicinal and the CO-vicinal 
CH~ groups, respectively, and the 1 460 cm -1 band to the scissoring vibra- 
tion of the other CH~ groups. They also, concluded that the scissoring 
frequencies of the N-vicinal and the CO-vicinal CH_~ groups coincide at 
1 435 cm -~ as a result of the rotation of the - - C H ~ - ~ O N H ~ C H ~ - -  group 
out of the ideal trans conformation. The assignment is in conformity with 
our observation that the polyamides of the a form which, like Nylon 6.61, 
have the trans planar chain conformation around the amide group, exhibit 
four peaks at about 1 475, 1 465, 1 440 and 1 420 cm -~, one of which at 
1 440 cm -~ is much weaker than the others, while all the polyamides of 
the y form which have twisted chain conformation around the amide group 
as does Nylon 7.72 exhibit only two peaks at about 1 460 and 1 440 cm-k 
All the iodine-potassium iodide complexes of polyamides have only two 
absorption bands around 1 460 and 1 440 cm -1. This is a further indication 
that the polymer molecules, when combined with tri-iodide ions, have a 
twisted chain conformation around the amide group regardless of the 
original chain conformation of the molecule. 

C O N C L U S I O N S  

The complex formed when polyamides are treated with iodine-potassium 
iodide in aqueous solution involves the tri-iodide ion (I3-), not molecular 
iodine (I2). 

The tri-iodide complexes of polyamides are characterized by i.r. bands 
at about 3 360 cm -1 ( N - - H  stretching), 1 460 and 1 440 cm -1 (CH2 scissor- 
ing), 570 cm -1 ( N - - H  out-of-plane bending) and 140 cm -1 (Is- ion). Com- 
plexes formed on more severe iodine treatment exhibit i.r. bands at about 
1 610 cm -1 ( C ~ O  stretching), 605 cm -1 (N- -H  out-of-plane bending) and 
an overlapping of several broad absorptions in the 1 200 to, 800 cm -1 region, 
which are probably due to protonation at the amide oxygen atom. 

Polyamides of the diamine-diacid type generally conform to the follow- 
ing pattern of behaviour before and after iodine sorption and desorption: 
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Polyamide Be[ore A[ter 
iodine treatment iodine desorption 

even-even o~ ot 
even-odd a y 
odd-even o~ 3' 
odd-odd 3' Y 

T h e  ~o-amino acid  type  p o l y m e r s  usua l ly  c h a n g e  f r o m  ot to  y s t ruc tures  
with the inc reas ing  methylene:  s e q u e n c e  length.  T h o s e  wi th  shor t  m e t h y -  
lene sequences  genera l ly  u n d e r g o  a > ~x t r a n s f o r m a t i o n s  whe rea s  wi th  
longer  sequences  the  c h a n g e  is y ~ y t r a n s f o r m a t i o n s ,  wh i l e  N y l o n  6 a n d  
N y l o n  8 a re  i n t e rmed ia t e  in charac te r .  
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Model Polyethers II Synthesis by 
Polycondensation of Glycols & the 

Presence of Alcohols 
T. P. HOBIN and R. T. LOWSON 

The acid-catalysed condensation o] glycols in the presence of alcohols has 
been investigated as a potential synthesis for model polyethers 
H[(CH,2)xO],~(CH~)zH where n=2, 3, 4, etc. The method proved to be 

satisfactory where x = 6  and 10 but failed where x = 4  and 5. 

THE use of the Williamson reaction for the stepwise synthesis of model 
polyethers was described in Part 11. A batch synthesis yielding a homo- 
logous series of model polyethers was required and a possible method of 
achieving this was by a polycondensation of glycols in the presence of 
alcohols; the latter to provide terminal alkoxy groups on the condensed 
glycols. 

Earlier work by Hibbert and Perry 2 had shown that ethylene glycol 
would undergo polycondensation in the presence of iodine to give a homo- 
logous series of model polyethylene glycols; the same catalyst was also 
effective for the depolymerization of polyethyleneglycol. Later, Rhoad and 
Flory ~ reported that sulphuric acid catalysed the polycondensation of 1,10- 
decanediol but decomposed lower glycols. Subsequently, Lal and Trick" 
found that sulphuric acid used in conjunction with borontrifluoride etherate 
was a successful catalyst for the polycondensation of both 1,6-hexanediol 
and 1,10-decanediol. 

The various catalysts used by the previous workers were tried in the 
course of the present work. Optimum conditions for condensation were 
ascertained from a preliminary study of the condensation of n-hexanol to 
di-n-hexylether. These conditions were employed in attempts to achieve 
polycondensation of glycols, both alone and in the presence of alcohols. 

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

(1) Optimum conditions for the condensation of n-hexanoI 
n-Hexanol was heated with the catalyst in a two-necked fask. A thermo- 

meter with a ground-glass conical joint was inserted into one of the necks 
of the flask to record the temperature of the reactants. A Dean and Stark 
apparatus, inserted into the other neck of the flask, was used to isolate 
the water produced in the reaction. A series of experiments was carried out 
using various concentrations of several catalysts (sulphuric acid alone and 
sulphuric acid, sulphamic acid or p-toluene sulphonic acid in conjunction 
with borontrifluoride etherate). 

Some results are summarized in Table 1. The yields quoted were only 
approximately reproducible because the rise in temperature as the n- 
hexanol was converted to di-n-hexylether was not necessarily the same in 
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all the experiments and because the composition of the condensate in the 
Dean and Stark separator was not controlled. In all cases some unreacted 
hexanol remained in the separator at the end of the experiment. The follow- 
ing conclusions were drawn from the results. 

Efficiency of the catalysts--Comparison of half-reaction times for runs 
5, 11 and 12 shows that in the presence of borontrifluoride etherate the 
order of catalytic activity was sulphuric acid > p-toluene sulphonic acid 
sulphamic acid. Comparison of runs 2, 4, 6 and 7 shows that the presence 
of borontrifluoride etherate had very little effect on the rate of reaction or 
on the yield of hexylether. 

Effect of catalyst concentration~Comparison of the half-reaction times 
for runs 8, 9, 10 and 4 shows that increase of catalyst concentration 
increased the rate of reaction. 

Effect of temperature--The temperatures at half-conversion ranged from 
162 ° to 181°C. This range of temperature is therefore adequate for the 
condensation. In the later stages of the reactions, however, the tempera- 
tures rose as high as 208°C but at the same time there was some loss 
of n-hexylether, presumably by acid-catalysed degradation (compare 
runs 2 to 5). In keeping with this it was observed that there was consider- 
able darkening of the reaction mixtures when the temperatures exceeded 
180°C. 

By-products--In all cases a small amount of hexene was obtained (aver- 
age 1 '7 per cent, maximum 3"0 per cent) and an involatile residue remained 
after distillation of the products (average 6.7 per cent, maximum 10 per 
cent). In addition, reactions in the presence of borontrifluoride etherate 
produced a white deposit in the condenser. The latter contained both 
silicon and fluorine but it had no catalytic activity. 

(2) Attempted polycondensation of glycols 
(i) Catalysis by iodine--Some preliminary experiments showed that 

iodine is a general catalyst for the condensation of glycols. 1,4-butanediol 
and 1,5-pentanediol, when heated with half per cent by weight or iodine, 
were readily converted into cyclic ethers. Under the same conditions, 1,6- 
hexanediol and 1,10-decanediol were converted into low polymers. The 
latter developed a yellow colouration on storage. 

(ii) Catalysis by sulphuric acid--Sulphuric acid was found to be a more 
active catalyst than iodine for the condensation of glycols but it caused 
some charring of the products (less darkening was observed when the re- 
actions were carried out under vacuum). Catalyst concentrations of half 
per cent by weight and a reaction temperature of 180°C were found to be 
suitable for the polycondensation of both 1,6-hexanediol and 1,10-decane- 
diol, although, with the former, about ten per cent of the glycol was con- 
vetted to cyclic ether. All the polymers, after decolourization with charcoal, 
exhibited no discolouration on storage. 
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Table 1. Condensation of n-hexanol to di-n-hexylether 
Runs 1 to 10 Sulphuric acid catalyst 
Run 11 p-Toluenesulphonic acid catalyst 
Run 12 Sulphamic acid catalyst 

Run 

4 

7 

8 

9 

10 

lq 

12 

Catalyst (% by wt) Hall-reaction poMtion 

Time, 
h 

Acid BF3, Et20 
catalyst 

0 '6  0-9 

0"6 0"9 

0 ' 6  0.9 

0"6 0"9 

0"6 0-9 

0 '6  

0 ' 6  

0"1 0"3 

0"2 0"3 

0"4 0"6 

1"2 0"9 

0"6 0 '9  

12 

12 

13 

104 

39 

2O 

253 

45 

Temp. 
°C 

169 

181 

168 

178 

175 

162 

165 

174 

178 

Final position 

Time, 
h 

15 

20  

25 

3O 

63 

2O 

32 

129 

56 

52 

73 

72 

Temp. 
°C 

172 

180 

194 

208 

210 

180 

204 

181 

190 

206 

213 

208 

Yields % 

Hexyl- 
ether 

84 

86 

74 

64 

68 

86 

65 

62 

83 

7O 

42 

57 

Water 

93 

88 

95 

77 

94 

95 

81 

87 

64 

96 

59 

66 

Two solvents were tried namely, n-decane (b.pt 171 ° to 175°C) and, 
for the reactions involving hexanediol, di-n-hexylether (b.pt 223°C). There 
was no evidence that these interfered with the reactions, except for the 
expected reduction in rate. Two comparative experiments were carried out 
in n-decane for the purpose of ascertaining the effect of borontrifluoride 
etherate on the polycondensation of 1,6-hexanediol. In these 1,6-hexanediol 
(75g) and n-decane (50 ml) were reacted with sulphuric acid (0-45g) in 
one case and sulphuric acid (0.45g)+borontrifluoride etherate (0.9g) in the 
other. The rate at which water collected was found to be the same in both 
experiments and both reactions approached completion after five hours. 
In each case about 7 g of hexamethylene oxide and 52 g of low polymer 
were obtained. 

(3) Attempted poIycondensation of glycols in the presence o[ alcohols 
(i) Buta~ediol--l,4-Butanediol (1 mole), n-butanol (2 mole) and sul- 

phuric acid (1.5 g)reached 118°C on heating and steadily evolved a vapour 
which passed over at 95 ° to 100°C. Most of the reactants had been con- 
verted to product after eight hours. The distillate contained n-butanol, 
tetrahydrofuran and water. 

(ii) Pentanediol--l,5-Pentanediol (1 mole), n-pentanol (2 mole) and sul- 
phuric acid (1 "5 g) attained 140°C at reflux and evolved water at the rate 
of I g/h.  A considerable quantity of tetrahydropyran was formed (b. pt 
88°C) and because this tended to lower the temperature of the reactants 
it was distilled over and collected from time to time. The reaction was 
stopped after 40 h when 19 g of water had been collected. The product 
was neutralized with aqueous sodium carbonate solution and on fractional 
distillation yielded the following: n-pentanol ( l18g) ,  tetrahydropyran 
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(48 g), di-n-amylether (7 g), pentyloxypentanol (7 g) and a higher-boiling 
residue (7 g). 

(iii) Hexanediol--The ease of condensation of n-hexanol at its boiling 
point (158°C) and the reluctance of 1,6-hexanediol to undergo intramole- 
cular condensation contributed to the success of attempts to prepare model 
hexamethylene oxide polymers from condensations involving 1,6-hexane- 
diol and n-hexanol. The results of two experiments are given in Table 2. 

Table 2. Condensation of hexanediol (1 mole) with hexanol. Sulphuric acid catalyst 
(0"6% by wt) 

H exano l 
(moles) 

5 

3 

Final Oosltion Crude yields (g) 

Time, 
h 

Te~o ,  
*C 

180 

190 

Water 
lormed 

g 

50 

34 

i 
Cyclic Hexanol, Hexane- Mono- 

Hexene, ether, i 140"- dtol, ether, 
70*-90* 105 °- 160" 250*- 200"- 

(760 125" (760 265* 225* 
ram) (760 ram) (760 (760 

ram) mm) mm) 

4"6 6 '5  148 - -  234 

15 7 25 20 160 

DI- 
ether, 
140 * - 
160 * 

(2 ram) 

60 

6s- 

Trt- 
ether, 

190"- 
220 ° 

(2 ram) 

38 

34 

Tetra- 
ether, 
250*- 
275 ° 

(2 ram) 

21 

21 

It can be seen that increase in the ratio of hexanol to hexanediol from 3 : 1 
to 5 : 1 did not appreciably affect the yields of diether ~[(CH0~O]~(CH~)6H, 
triether or tetraether but produced a substantial increase in the yield of 
di-n-hexylether. The crude diether and triether referred to in Table 2 were 
at least 80 per cent pure by vapour phase chromatography (VPC). The 
ethers were further purified by repeated fractional distillation from sodium 
and characterized by boiling point and refractive index (diether 135°C/1 
mm n~2°=1"4381, triether 190°C/0"7 mm nD2°=1"4457 and tetraether 
240°C/0.4 mm n~°=1"4511). The diether and triether were also mixed 
with the same compounds prepared by the Williamson method 1 and 
subjected to VPC; the mixtures were unresolvable. 

(iv) Decanediol--As might have been expected, model decamethylene 
oxide polymers were satisfactorily obtained by the polycondensation of 
1,10-decanediol in the presence of n-decanol. A mixture of decanol (1 
mole), de:~_nediol (½ mole) and sulphuric acid (0-6% w/w) at 180°C gave 
12 g water in eight hours. The product was neutralized with aqueous 
sodium carbonate solution and all material of boiling point less than 
180°/5 mm was distilled off and discarded. Fractional distillation of the 
residue gave the following: 

180 ° to 190°C/5 mm 28 g 
172 ° to 220°C/1 mm 10 g 
235 ° to 240°C/1 mm 29 g 
240 ° to 300°C/1 mm 5.5 g 
300 ° to 305°C/1 mm 15"5 g 

Residue 32 g 

(decylether) 

(diether) 

(triether) 
(tetraether, etc.) 

The diether H[(CH~)100]~(CH0x0H and triether were fractionally distilled 
several times from sodium and characterized by melting points, boiling point 
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and refractive index (diether m.pt 40°C, b.pt 235 °/0-4 mm, n ~ ° =  1'4366, 
triether m.pt 50°C, b.pt 305°/1-0 mm, nD 6°= 1.4416). The values of these 
physical constants agree with those of the analogous compounds prepared 
by the Williamson reaction. 

D I S C U S S I O N  

The preliminary experiments on the condensation of n-hexanol had indi- 
cated that in order to minimize degradation of the products the least 
quantity of sulphuric acid catalyst consistent with a convenient time scale 
should be employed (e.g. 0"5 per cent H~_SO~ w/w) and that the temperature 
should not be allowed to rise much above 180°C. This was satisfactorily 
achieved by the use of n-decane (b.pt 171 ° to 175 °) as a carrier for the 
removal of water from the reactants. Rhoad and Flory ~ used more drastic 
conditions (2 per cent H~SO~, 200°C) and so it is perhaps understandable 
that 1, 6-hexanediol decomposed in their experiments. Lal and Trick ~ 
apparently did not try sulphuric acid alone; they used a mixture of 
sulphuric acid with borontrifluoride etherate but did not explain why they 
used this combination. The polycondensation of 1, 6-hexanediol is accom- 
panied by some intramolecular condensation to hexamethylene oxide 
and it is known that borontrifluoride is a catalyst for the polymerization of 
some cyclic ethers:'. There have been no reports, however, of hexamethylene 
oxide having been so polymerized. The nearest cyclic ether to have been 
polymerized is tetrahydrofuran and the polymerization of this has a ceiling 
temperature of 83°C 6. The ceiling temperature for the polymerization of 
hexamethylene oxide would have to be well above 200oc (the temperature 
used by Lal and Trick) for there to be~ any appreciable polymerization at 
this temperature. In the present work it was found that the same quantity 
of hexamethylene oxide was formed whether borontrifluoride etherate was 
used or not. In fact borontrifluoride etherate was found to have very little 
effect on the sulphuric acid catalysed condensation of either n-hexanol or 
of I, 6-hexanediol. There is a theoretical objection to the use of boron- 
trifluoride in that it might conceivably be converted to boric acid which 
is known to be an excellent reagent for the conversion of alcohols to 
olefins 7, the yield of 1-hexene from n-hexanol in reaction with boric acid 
is of the order of 90 per cent. 

The possibility of obtaining high-molecular-weight polyethers by the acid 
catalysed condensation of diols is doubtful. The experiments on the 
condensation of hexanol showed that some hexene was formed in the 
reaction; a similar reaction in a diol during polycondensation would produce 
inactive end-groups which would result in limitation of the molecular weight. 
Another snag is that towards the end of the reaction the ratio of catalyst 
to hydroxyl groups increases rapidly and at this stage degradation of the 
ethereal products becomes significant. This might possibly be overcome 
by first preparing and purifying the low polymer and then applying very 
low catalyst concentrations and extended reaction times in an attempt to 
convert the low polymer to material of higher molecular weight. 

The main objective of the present work, the synthesis of model poly- 
ethers from glycols and alcohols, was successfully achieved with 1,6-hexane- 
diol and 1,10-decanediol. The method failed for 1,4-butanediol and 

221 



T. P. HOBIN and R. T. LAWSON 

1, 5-pentanediol ,  no t  because  these dia ls  resisted condensa t ion  but  because  
of thei r  preference for  in t r amolecu la r  condensat ion .  O n  this basis i t  is 
expected tha t  the  synthesis would  be satisfactory for  all  d ia ls  h igher  than  
hexane  dial .  

The author is grateful to Mr  I. Tunstall of the E.R.D.E.  Anctlyticat 
Section for carrying out VPC analysis. 

Explosives Research and Development Establishment, 
Waltham Abbey  

(Received September 1965) 
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ModelPolyethers III Acid-catalysed 
Condensation and Degradation Reactions 

of Hydroxyl-terminated Ethers 
T. P. HOBIN 

Alko:xyalcohols, H(CH2):~O(CH,_,):,OH , where x=4,  5, 6 and 10, undergo acid- 
catalysed condensatton at 180°C to give triethers HI[(CH~)~.O]z(CH2).~H. In 
addition, where x = 4  and 5, simultaneous degradation takes place to give 
cyclic ethers, lower alcohols, and lower model poIyethers. Under com- 
parable conditions triglycols show a similar pattern of behaviour. Some 
conclusions have been drawn regarding the stability of polyalkylene ethers 

to acids. 

FOELOWTNG the methods of synthesis of model polyethers described in 
Parts I and 1I 1,2 the present investigation was undertaken with the specific 
objective of the synthesis of alkylene triethers from alkoxyalcohols 

2H(CH,,)~O(CH_~)~,OH > H[(CH.~LO]3(CH2)x)H + H,.,O 

When it had been found that in some cases the alkoxyalcohols were prone 
to degradation, the acid-catalysed reactions of triglycols were investigated 
to ascertain whether they exhibited a similar pattern of behaviour. 

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

(1) Characterization o] model polyethers 
For simplicity, the model polyethers H[(CH_~)xO],(CH2)~H will be referred 

to as diethers where n = 2  and as triethers where n =3 .  In all cases below 
where it is stated that a particular model polyether was obtained it is 
implied that the product, after distillation from sodium until no longer 
reactive to sodium, gave a fraction of sharp boiling point which was identical 
to the corresponding model polyether prepared by the Williamson method 1. 
The criteria used to establish identity were boiling point, refractive index 
and infra-red (i.r.) spectra. In addition, vapour phase chromatography 
(VPC) was used to establish that mixtures of the model polyether with the 
corresponding material prepared by the Williamson method were not 
resolvable. 

(2) Apparatus and technique 
In general two methods were used for the condensation reactions. 
Method l ~ T h e  reactants were heated in a flask connected to a Dean 

and Stark apparatus for the isolation of the water produced in the reaction. 
In this method there was a steady flow of condensate back into the 
reactants. 

Method 2 ~ T h e  reactants were heated in a flask with a short distillation 
head and the: volatile products were condensed and collected. Because there 
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was a continuous transfer of volatiles away from the reaction mixture it 
was arranged that the distillation took place slowly so that the loss over 
the period of the reaction was relatively small. 

In all cases the products were neutralized with aqueous sodium hydroxide 
solution and washed with water prior to fractional distillation. 

(3) Reactions of alkoxyalcohols 
The alkoxyalcohols used were those described in Part 11. 

(A) Butoxybutanol--Butoxybutanol (73 g 80 per cent pure by VPC), 
n-decane (15 g) and sulphuric acid (0"7 g) were reacted by Method 2 for 
two hours at 175°C. The following fractions were obtained: 

60 ° to 
116 ° to 
170 ° to 
180 ° to 
234 ° to 
238 ° to 

75 °C (mainly tetrahydrofuran) 10 g 
122 ° C (mainly n-butanol) 6 g 
175°C (n-decane) 12 g 
230°C (crude butoxybutanol) 4 g 
238°C (diether) 8 g 
310°C (diether and triether) 5 g 
310°C (triether) 24 g 

The tetrahydrofuran fraction after several distillations from sodium and 
fractionation gave a liquid b. pt 64 ° to 66°C, n~ ~°= 1"407. These results 
agree: with those expected for tetrahydrofuran. 

The n-butanol fraction gave a 3,5-dinitrobenzoate which melted at 63 ° 
to 64°C. The expected melting point for n-butyl-3,5-dinitrobenzoate is 
64°C. 

(B) Pentyloxypentanol--(t) Pentyloxypentanol (300 g, 99 per cent pure 
by VPC), di-n-amyl ether (150 g) and sulphuric acid (1-8 g) were reacted 
by Method 1 for 21 hours at 188°C. 5 ml water was obtained after five 
hours; this rose to 8"2 ml after 21 hours. The following fractions were 
obtained: 

75 ° to 90 °C (mainly tetrahydropyran) 33 g 
90 ° to 137°C 10 g 

138 °C (n-pentanol) 46 g 
180 ° to 190°C (di-n-amyl-ether) 143 g 
270 ° to 300°C (diether) 86 g 
180°C/1-0 mm (triether) 50 g 

The tetrahydropyran fraction, after several distillations from sodium, 
distilled at 88°C. The i.r. spectra and refractive index (riD2°= 1-420) were 
in agreement with those of a known specimen of tetrahydropyran. 

The n-pentanol fraction gave a 3,5-dinitrobenzoate which melted at the 
required temperature (46°C). 

(ii) Pentyloxypentanol (348 g), di-n-amyl ether (180 g) and sulphuric 
acid (2-5 g) were reacted by Method 2 at 186°C for two hours. Fractiona- 
tion, as above, gave 74 g tetrahydropyran fraction, 67 g n-pentanol fraction, 
165 g di-n-amyl ether, 57 g diether fraction and 71 g triether fraction. 
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(C) Hexyloxyhexanol--(i) Hexyloxyhexanol (40 g, 97 per cent pure by 
VPC) and sulphuric acid (1 g) were reacted by Method 2 for two hours at 
180 o C. The following were obtained: 

100 ° to 260°C 1.2 g 
260 ° to 290 °C (mainly hexyloxyhexanol) 5"0 g 
130 ° to 150°C/1-5 mm (crude diether) 3"0 g 
150 ° to 180°C/1"5 m m  (diether and triether) 1 '5 g 
180 ° to 220 °C/1 '5 mm (crude triether) 20 g 
Residue 2 g 

(ii) Hexyloxyhexanol (30 g), n-decane (50 ml) and sulphuric acid (0'2 g) 
were reacted by Method 1 at 172°C for eight hours. The following were 
obtained : 

150 ° to 160°C (crude hexanol) 0-4 g 
170 ° to 180°C (n-decane) 49-0 ml 
200 ° to 260°C 0"5 g 
260 i° to 290°C (mainly hexyloxyhexanol) 15"5 g 
310 .0 to 320°C (crude diether) 0-5 g 
190 ° to 200°C/0-8 mm (triether) 9-3 g 
Residue 1" 1 g 

The hexanol fraction gave a 3,5-dinitrobenzoate which melted at 58°C. 
The same derivative from a known sample of n-hexanol melted at 59°C. 
The mixed m. pt was 58'5°C. 

(iii) Hexyloxyhexanol (44 g), di-n-hexyl ether (50 ml) and sulphuric 
acid (1 "5 g) were reacted by Method 2 at 180 ° for two hours. The follow- 
ing were obtained: 

150 ° 
220 ° 
230 ° 

140 ° 
180 ° 
210 ° 

to 165°C (crude hexanol) 2 g 
to 225°C (di-n-hexyl ether) 46'0 ml 
to 300°C (crude 

hexyloxyhexanol) 8 g 
to 180°C/2 mm (mainly diether) 7 g 
to 210°C/2 mm (diether and triether) 1-5 g 
to 220°C/2 mm (mainly triether) 14 g 

(D) Decyloxydecanol--Decyloxydecanol (50 g, 98 per cent pure by 
VPC), n-decane (50 ml) and sulphuric acid (1 '5 g) were reacted by Method 
1 at 175°C for two hours. Difficulties in phase separation during the 
aqueous washing process resulted in some loss of product. After removal 
of materials boiling up to 200°C/2 mm, the dark residue was dissolved in 
ether, treated with decolourizing charcoal and filtered. The  ether was 
removed from the filtrate by distillation and the residue was vacuum 
distilled. The following were obtained: 

190 ° to 210°C/2 mm (decyloxyder, anol) 6 g 
210 ° to 300°C/2 mm 4 g 
310 ° to 330°C/2 to 3 mm (triether) 15 g 
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There was no trace of decanol in the original volatiles and no trace of 
diether in the residue. 

(4) Reactions of triglycols OH[(CH2)xO]3H 
The triglycols used were those described in Part I x. 
(A) Tri-decamethylene glycol--This underwent a slow, steady poly- 

condensation at 180°C in the presence of one per cent of sulphuric acid 
(w/w). There was no evidence of any significant degradation beyond the 
usual darkening of the reactants. 

(B) Tri-hexamethylene glycol--This reacted at 180°C, in the presence 
of one per cent sulphuric acid (w/w) in a manner analogous to tri-deca- 
methylene glycol. 

(C) Tri-pentamethylene glycol--O) Tri-pentamethylene glycol (25 g) 
and icdine (0-1 g) were reacted by Method 2 at 200°C for four hours. A 
distillate was obtained which contained 2 ml of tetrahydropyran and 0.2 
ml water. The residue contained unreacted triglycol (180 ° to 190°C/1 mm) 
and 2 g of a higher boiling liquid (200 ° to 300°C/0'5 ram). 

(ii) Tri-pentamethylene glycol (17 g) and sulphuric acid (0"5 g) were 
reacted by Method 2 at 200°C. After half an hour only a small amount of 
charred residue remained. The distillate consisted of tetrahydropyran and 
water. 

(iii) Tri-pentamethylene glycol (10 g), 1,5-dipentyloxypentane (11'5 g) 
and sulphuric acid (0.1 g) were reacted by Method 2 for two hours at 180°C. 
The distillate consisted mainly of tetrahydropyran. The residue, on vacuum 
distillation, gave 10 g of 1,5-dipentyloxypentane (120°C/0"3 mm) and 5 g 
of higher boiling residue. 

(iv) Tri-pentamethylene glycol containing 05 per cent w/w of sulphuric 
acid was reacted by Method 2 at 180°C. The reaction was stopped when 
about one third had been converted to cyclic ether (about one hour). The 
residue was neutralized and vacuum distilled, A small amount of unreacted 
triglycol was obtained, but nothing of lower boiling point. The polymeric 
residue was crystallized several times from methanol-water to give a waxy 
solid m. pt 375 °C. 

(D) Tri.tetramethylene glycol--Tri.tetramethylene glycol (5 g) and sul- 
phuric acid (0.1 g) were reacted by Method 2 at 180°C. After ten minutes, 
2 ml of distillate (mainly tetrahydrofuran) had collected. The residue was 
poured into methanol-water to give low molecular weight polytetramethy- 
lene glycol as a viscous oil. 

(5) Other reactions 
(t) The triether H:[(CH~)50]~(CH~)~H was heated with 0"5 per cent 

sulphuric acid (w/w) by Method 2 at 180°C. After six hours, although 
considerable darkening had occurred, there had been no loss in weight (i.e. 
no volatile degradation products). Most of the triether was recovered. 

(i/) Hexamethylene oxide was heated under reflux (120°C) with 0"5 
per cent w/w sulphuric acid. Considerable darkening occurred but most of 
the cyclic ether was recovered after six hours. 
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E X P E R I M E N T A L  R E S U L T S  S U M M A R I Z E D  

The following generalizations refer to reactions in the region of 180°C 
and in the presence of catalytic quantities of sulphuric acid: 

(I) All the alkoxyalcohols and triglycols which were investigated 
exhibited some degree of intermolecular condensation. 

(lI) Alkoxyalcohols and triglycols with six or more recurring methy- 
lene groups did not undergo any appreciable degradation and did not yield 
any cyclic ethers; they gave high yields of condensation products. 

(III) Alkoxyalcohols and triglycols with sequences of four or five methy- 
lene groups underwent significant degradation to give cyclic ethers. Other 
degradation products were water in the case of the triglycols and lower 
alcohols in the case of alkoxyalcohols. 

(IV) The alcohols produced by degradation reacted with alkoxy- 
alcohols to give diethers. This could be prevented to some extent by removal 
of the alcohols as they were formed, e.g. by using Method 2 rather than 
Method 1. 

(V) Under comparable conditions, the model polyethers 

H[(CHo)~O]3(CH.,)~H, where x = 4 or 5, 

did not undergo any significant degradation in the time required for the 
complete degradation of the corresponding triglycols, even when mixed 
with the triglycols. 

D I S C U S S I O N  

It is well-known that the stability of polyoxymethylene can be considerably 
improved by the replacement of terminal hydroxyl groups by alkoxy 
gro,ups 3. It is perhaps not surprising, therefore, that alkoxy-terminated 
tetramethylene ethers and pentamethylene ethers were more stable to acids 
than their hydroxyl-terminated counterparts. The degradation of the latter 
to cyclic ethers presumably occurred by the formation of a transient ring 
structure at the end of the chain, a process not sterically favoured for 
higher alkylene ethers. This agrees with the results given in Part II 2 where 
it was shown that butane-l,4-diol and pentane-l,5-diol underwent intra- 
molecular condensation under conditions in which hexane-l,6-diol and 
dccane-l,10-diol reacted by intermolecular condensation. It can be inferred 
that the stability of polytetramethylene glycol and polypentamethylene 
glycol to acids should be considerably improved by replacement of hydroxyl 
end-groups by alkoxy groups; copolymerization with hexamethylene glycol 
or higher glycol might also be expected to, arrest the degradation process. 

The cleavage of ethers has been reviewed by BurwelP. It is generally 
believed that any process which results in a net transfer of positive charge 
to the oxygen atom will increase the tendency to cleavage by attack by a 
nucleophilic species. Dilute aqueous acids cleave ethers slowly, probably 
as follows 

+ + 

R2OH + H20 ~--~ ROH + ROH2 (1) 

With sulphuric acid, although the acidity is high the bisulphate ion has 
low tendency to nucleophilic displacement and so cleavage does not readily 
occur. The water molecule likewise has low nucleophilic reactivity. 
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These generalizations agree with the present observations that the ethers 
were not easily cleaved by traces of sulphuric acid under anhydrous 
conditions. It  is possible that some ether cleavage occurred, thus, in the 
reactions involving hexyloxyhexanol both hexanol and diether were found 
but no trace of cyclic ether was detected. The yields of these byproducts 
were increased when di-n-hexylether was used as solvent, presumably by 
acidolysis of this solvent. In this particular case there was probably a mass 
action effect because of the high concentration of ether at the start of the 
reaction when the rate of water production by condensation was at its 
greatest. In most of the other reactions, however, the ether concentration 
was zero at the start and did not become appreciable until after the rate 
of water formation had decreased considerably. This might explain why 
very little cleavage was detected in these cases. 

The reactions involving hydroxy compounds were much more rapid; they 
presumably took place as follows: 

+ + 

. . . . .  (CH~)xOH + H \ ~ . . . . .  (CH2)xOH2 (2) 
followed by 

(a) Condensation 
+ + 

. . . . .  (CH2)~OH2 + . . . . .  (CH2)~OH ~ . . . . .  (CH2)xO(CH0 . . . . . .  + H30 
(3) 

(b) Degradation (where x = 4 or 5) 
+ + 

. . . . .  (CH2)~O(CH2)~OH2 > . . . . .  (CH2)~OH2 + (CH2)xO (4) 

The degraded species produced by reaction (4) would then either con- 
dense or degrade in a similar manner. With triglycols most of the conden- 
sation reactions would involve triglycol or higher glycol as one of the 
reactants and so very little accumulation of diols lower than triglycol would 
be expected. This is in agreement with the experimental observations. 

If the above mechanism is correct then it can be inferred that cleavage by 
reactiort (1) did not occur to any appreciable extent because the ROH~ + 
ion so produced would be expected to degrade to cyclic ether [as in 
reaction (4)] with both tetramethylene ethers and pentamethylene ethers, 
and this would have been contrary to observations. It  may have been that 
the hydroxy compounds acted as proton scavengers so that fewer protons 
were available for a cleavage reaction; this might also explain the observa- 
tions recorded in Part II that better yields of ethers were obtained when 
the condensations were not allowed to go to, completion. Obviously, as the 
hydroxyl concentration decreased during the condensation there would be 
more and more protons available for other reactions and more ethers 
available to take part in such reactions. 

The author is grateful to the E.R.D.E. Analytical Section for i.r. and 
VPC measurements. 

Explosives Research and Development Establishment, 
Walttzam Abbey, Essex 

(Received September 1965) 
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Thermal Degradathgn of Piperazine 
Polyamides H Poly(terephthaloyl 

piperazine), Poly(terephthaloyl 2-meth- 
ylpiperazine) and Poly(isophthaloyl 

trans-2, 5-dimethylpiperazine 
S. D. BRUCK* 

The thermal degradation of poly(terephthaloyl piperazine), poly(terephthaloyl 
2-methylpiperazine) and poly(isophthaloyl trans-2,5-dimethylpiperazine) is 
discussed, thus extending the previously published work on poly(terephthaloyl 
trans-2,5-dimethylpiperazine) and poly(oxalyl trans-2,5-dimethylpiperazine). 
The results are discussed in terms o.¢ rates, activation energies and degradation 
products. These piperazine polyamides may be arranged according to the fol- 
lowing order o[ decreasing thermal stability in a vacuum: poly(terephthaloyl 
piperazine) > poly(terephthaloyl trans-2,5-dimethylpiperazine) > poly(tereph- 
thaloyl 2-methylpiperazine) ~> poly(oxalvl trans-2,5-dimethylpiperazine) ~ poly- 
(isophthaloyl trans-2,5-dimethylpiperazine). The data indicate that methyl 
substitution of the piperazine rings of the polymers d e c r e a s e s  the thermal 
stability of the system in a vacuum, whereas the presence of terephthaloyl 
moieties (polyeondensation in the p a r a  positions of the acid component) i n -  

c r e a s e s  the thermal stability in comparison with the system having isophthaIoyl 
moieties in the polymer chains (polycondensation in the m e t a  positions of the 
acid component). The high activation energies, the nature of the volatile 
degradation products, and the character of the rate curves indicate essentially 
random thermal breakdowns. However, the degradation is influenced by com- 
peting hydrolytic processes, especially with poly(isophthaloyl t r a n s - 2 ,  

5-dimethylpiperazine). 

IN A previous publication the thermal degradation of two heterocyclic poly- 
amides, poly(terephthaloyl trans-2,5-dimethylpiperazine) and poly(oxalyl 
trans-2,5-dimethylpiperazine) was discussed 1. The present study deals with 
the thermal degradation in a vacuum of three other piperazine polyamides 
in the series, namely poly(terephthaloyl piperazine), poly(terepthaloyl 2- 
nlethylpiperazine) and poly(isophthaloyl trans-2,5-dimethylpiperazine). The 
objects of this investigation were: (1) to study the effects arising from 
systematic structural variations of the polymers on their thermal stability; 
(2) to determine the rates, activation energies, and the nature: of the volatile 
degradation products; and (3) to establish a correlation between structural 
parameters and thermal stability of the piperazine polyamides. 

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

Materials 
The piperazine polyamides were prepared by the low-temperature solu- 

tion condensation method of Morgan and Kwolek ~ in chloroform with 
*Present add re~ :  IBM Research Center, P.O. Box 218. Yorktown Heights, New York 10598, U.S.A. 
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excess diamine as the acceptor. The inherent viscosities of the polymers 
were as follows: (a) poly(terephthaloyl piperazine)= 1-06; (b) poly(tereph- 
thaloyl 2-methylpiperazine)= 0"83; (c) poly(isophthaloyl trans-2,5-dimethyl- 
piperazine) = 2"77. The number-average molecular weights of these polymers 
are in the range of 14 000 to 38 000 as indicated by end-group/viscosity 
data and by the results of osmotic measurements as well as differential 
vapour pressure lowering ~,'. 

Polymer melting points 
The polymer melting points were estimated from differential thermal 

analysis data (heating rate 30°C/minute, nitrogen-bleed) obtained with a 
du Pont 900 Differential Thermal Analyzer using the Standard Cell 
Assembly. 

Viscosity measurements 
The inherent viscosities [(In ~7~el.)/c, where c=0-5 g/100 ml] were deter- 

mined in m-cresol at 30°G+0"05 ° with Cannon-Fenske viscometers. 
Intrinsic viscosities @7] = lira ~Tt~.) were determined in a 40 : 60 mixture by 

c-~0 
weight of sym-tetrachlorethane :phenol at 30°C_+0'05 ° with Cannon- 
Ubbelohde semi-micro dilution viscometers. 

T hermogravimetry 
The thermogravimetric studies were carried out in a vacuum (~-d0 -5 mm 

of mercury) with 3 to 5 mg samples using a Cahn RG electrobalance. The 
method was described in detail in previous publications ~-~. 

Mass spectrometric analyses of volatile degradation products 
To prevent contamination of the collected gaseous products by materials 

which may be adsorbed on the electronic components of the electrobalance, 
separate degradation experiments were carried out with approximately 10 
mg samples of the polymer. Each sample was first pre-heated at 100°C 
for 30 minutes under a vacuum of --,10 -~ mm of mercury with continuous 
pumping to remove moisture and adsorbed gases; while maintaining this 
vacuum, the collection vessel was sealed and the sample pyrolysed at 475°C 
for one hour. During the pyrolyses the collection vessel was cooled with 
liquid nitrogen to facilitate rapid diffusion of the volatile degradation pro- 
ducts from the hot zone and thereby minimize the occurrence of secondary 
reactions. As in the previous work 1, a fractionation technique was used 
(liquid nitrogen, dry ice-acetone) in admitting the volatile degradation 
products into the mass spectrometer. 

R E S U L T S  

The general scheme for the preparation of the piperazine polyamides dis- 
cussed in this paper may be illustrated by the following reactions: 
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0 0 . 0 0 \ 

n HN ._jNH + n C[--C ~ - ~ / ~ ' ) - - -  C-- C[~[--N\\ " ~ N - -  C - - ~ < , , ~ \ / ~  C---//n 

+2 n HC[ 

Poiy(terephthatoy[ piperazine) 
m pt > 450°C 

C~ CHa 
0 0 " 0 0 

n HN _ /NH + n C [ - - C - - - ~ / ~ \ ) - - -  C--C[~t--N,\, ' , .~ /N- -C ~-~/~___~\)~c-/n) 

+2 n HCt 
Po[y(terephthatoy[ 2-methy[- 
piperazine) 

mpt ~ : 430 °-460°C 

C~_H3 CH3 
o o ~ k o ~ 

C[- -C--~ / / '~ ' - r - -C- - -C[  -',--N N- C ~/ /~ ~ - n H N _  /NH+n i i ,. '-- / / II C- - /n  

CH3 CH3 
+2 n HCI 

Poty(isophthatoyt t r u n s  -2~ 5 - 
dimethytpiperazine) 

m.pt* :380°-420°C 
*The first value represents the beginning of  the endotherm, the second the maximum. 

As the first step in the thermal degradation study of the above polymers, 
experiments were carried out by programmed thermogravimetry at a heat- 
ing rate of 4°C/minute in a vacuum (~10 '~ mm of mercury). The results, 
illustrated by Figure 1, indicate that no appreciable weight loss occurs up 
to approximately 400°C. However, poly(isophthaloyl trans-2,5-dimethyl. 
piperazine) starts to lose weight rapidly at about 420°C (Curve C), whereas 
poly(terephthaloyl 2-methylpiperazine) and poly(terephthaloyl piperazine) 
are quite stable up to approximately 440°C and 450°C respectively (Curves 
B and A). This behaviour of poly(terephthaloyl piperazine) is very similar 
to that of poly(terephthaloyl trans-2,5-dimethylpiperazine), reported 
earlier 1 . 

To study the kinetics of the thermal degradation, experiments were also 
carried out under isothermal conditions in a vacuum between 462°C and 
390°C. Figures 2 to 4 show, respectively, the percentage volatilization as a 
function of time at various temperatures for poly(terephthaloyl piperazine), 
poly(terephthaloyl 2-methylpiperazine) and poly(isophthaloyl trans-2,5- 
dimethylpiperazine). Since thermal equilibrium was reached usually within 
15 to 20 minutes from the time the pre-heated furnace was positioned 
around the sample tube, zero time denotes the start of the isothermal 
heating period. The small weight losses that occur prior to the attainment 
of isothermal conditions are possibly due to loss of moisture. Whereas poly- 
(isophthaloyl trans-2,5-dimethylpiperazine) almost completely volatilizes 
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Figure/--Thermal degradation of (A) 
poly(terephthaloyl piperazine), (B) 
poly(terephthaloyl 2-methylpipera- 
fine), and (C) poly(isophthaloyl 
trans-2, 5-dimethylpiperazine) in a 
vacuum by programmed thermogravi- 

metry of 4°C/minute 

at the higher temperatures, both poly(terephthaloyl 2-methylpiperazine) and 
poly(terephthaloyl piperazine) leave small quantities o~ residue. Program- 
med temperature thermogravimetric experiments (Figure 1) also confirm 
these results. 

The rates of degradation were obtained from the slopes of the volatiliza- 
tion versus time curves with the aid of an electronic computer, and are 
characterized by the appearance of distinct maxima, as illustrated in Figures 
5 to 7. With poly(terephthaloyl piperazine) these maxima occur between 
15 and 20 per cent conversion, whereas with poly(terephthaloyl 2-methyl- 
piperazine) and poly(isophthaloyl trans-2,5-dimethylpiperazine) they appear 
at somewhat higher conversions. 

The activation energies were calculated from the maximum rates of 
degradation using the Arrhenius relationship k=Sexp( -E /RT) ,  where 
k is the rate constant, S is the frequency factor, E is the activation energy, 

80 

462"C 445"C 
60 / / /  .435% 

._. / /  / f 

.£ / /  

0 30 60 90 120 150 180 210 240 270 300 

Time, rain 

Figure 2--Thermal degradation of poly(terephthaloyl piperazine) 
at various temperatures in a vacuum 
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Figure 3--Thermal  degradation of poly(terephthaloyl 2-methyl- 
piperazine) at various temperatures in a vacuum 
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Figure 4--Thermal  degradation of poly(isophthaloyl trans-2, 
5-dimethylpiperazine) at various temperatures in a vacuum 
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Figure 5--Rates  of thermal  degra- 
dation of poly(terephthaloyl piper- 
azine) at various temperatures in a 
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Figure 6--Rates  of thermal  degrada- 
tion of poly(terephthaloyl 2-methyl- 
piperazine) at  various temperatures 

in a vacuum 
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Figure 8--Arrhenius plot for the thermal 
degradation in a vacuum of (A) poly- 
(terephthaloyl trans-2, 5-dimethylpipera- 
zine), (B) poly(terephthaloyl piperazine), 
(C) poly(terephthaloyl 2-methylpipera- 
zine), (D)poly(oxalyl trans-2, 5-dimethyl- 
piperazine), and (E) poly(isophthaloyl 

trans-2, 5-dimethylpiperazine) 

R is the gas constant, and T is the absolute temperature). Figure 8 illus- 
trates the straight-line relationships which were obtained by plotting the 
logarithm of the maximum rates (expressed in sample volatilized per 
minute) against the inverse of the absolute temperatures. These are 
Arrhenius plots for poly(terephthaloyl piperazine), poly(terephthaloyl 2- 
methylpiperazine) and poly(isophthaloyl trcms-2,5-dimethylpiperazine), and 
also for poly(terephthaloyl trans-2,5-dimethylpiperazine) and poly(oxalyl 
trans-2,5-dimethylpiperazine), reported earlier 1. It should be noted that 
the activation energy of poly(terephthaloyl trans-2,5-dimethylpiperazine) 
was found to be slightly higher (68 kcal/mole) than the value reported 
previously (64 kcal/mole). The maximum rates of degradation and the 
activation energies for the five piperazine polyamides are summarized in 
Table 1. 

The nature of the degradation products volatile at room temperature 
was determined by mass spectrometry, following separate pyrolysis experi- 
ments in a closed system which had been evacuated to approximately 10 -5 
mm of mercury prior to sealing. Table 2 summarizes the results in mole 
per cent. As in the previous studies I, the chief volatile degradation product 
is carbon monoxide, with lesser amounts of carbon dioxide, hydrogen, 
hydrocarbons, pyrazines, pyrroles and ammonia. Water is not considered 
to be a product of the pyrolytic degradation but rather to originate from 
adsorbed moisture held in the polymer by hydrogen bonds. Hydrogen 
chloride was not detected among the volatile degradation products most 
likely due to the hydrolysis of the acid chloride end-groups prior to the 
thermal degradation experiments. The data in this and the previous paper 1 
indicate that increased methyl substitution of the piperazine rings increases 
the yield of those degradation products which are volatile at room tem- 
perature and decreases the residue remaining in the combustion tube. 
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Table 1. Maximum rates and activation energies for the thermal degradation of 
piperazine polyamides in a vacuum 

Polymer Pyrolysis Max. rate Activation energy Reference 
*C % sample~rain kcaI/mole 

Poly(Pip-T) 462 5-800 
445 2"700 
435 1" 170 71 This paper 
425 0- 580 
418 0"280 

Poly 462 6" 342 
(t-2, 5-DMePip-T) 452 3"000 

440 1"500 68 (64) (1) 
420 0-388 
400 0"084 

Poly(2-MePip-T) 450 4" 800 
440 2'680 
427 1"000 67 This paper 
415 0-450 
403 0"200 

Poly 445 4"920 
(t-2, 5-DMePip-2) 437 3-000 

430 1 "880 64 (1) 
421 1-I10 
412 0-678 
397 0'229 

Poly 439 8"600 
(t-2, 5-DMePip-I) 432 6'000 

422 3-400 53 This paper 
410 1"900 
400 O940 
390 0'560 

Legend: 
Poly(Pip-T) = Poly(terephthaloyl piperazine) 
Poly(t-2, 5-DMePip-T)=Poly(terephthaloyl trans-2, 5-dimethylpiperazine) 
Poly(2-MePip-T) = P oly(terephthaloyl 2-methylpiperazine) 
Poly(t-2, 5-DMePip-2)=Poly(oxalyl 2, 5-dimethylpiperazine) 
Poly(t-2, 5-D,MePip-I)= Poly(isophthaloyl trans-2, 5-dimethylpiperazine) 

D I S C U S S I O N  
AS seen in Table 1 the activation energies o f  the thermal degradation of 
the piperazine polyamides are considerably higher than the 24 to 43 kcal/  
mole reported for aliphatic polyamides 9. According to Straus and WalP, 
the low activation energies which characterize the thermal degradation in 
a vacuum of aliphatic polyamides suggest that a hydrolytic scission of the 
amide links competes with thermal free radical (random) cleavage. Such 
hydrolytic processes can be promoted by relatively small quantities of 
water (held tightly by hydrogen bonds) which cannot be removed by 
ordinary drying procedures. Simha and Wall 1° have shown on theoretical 
grounds that for a random type breakdown, the rates versus conversion 
curves display maxima at about 26 per cent conversion. I t  is known, how- 
ever, that the maxima do not always occur at 26 per cent conversion but 
could shift to higher (or lower) conversions if the polymer breakdown is a 
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Table 2. Mass spectrometric analysis of degradation products volatile at room 
temperature of piperazine polyamides during pyrolysis in a vacuum (4750C, I h, 

,-~ 10 -5 mm of mercury) 

Component Poly(p~p-T)* Poly(2-MePip-T)t Poly(t-2,5-DMePip-l)~ 
Mole % Mole % Mole % 

Carbon monoxide 18"7 378 43 4 
Carbon dioxide 9"9. 9 1 11 '3 
Water 41"3 19"3 12"3 
Ammonia 7"0 7"9 0"4 
Hydrogen 10-5 6' 1 88 
Methane 3-6 87 12"2 
Ethane 1-3 2"2 2-9 
Propylene 0"5 0'6 1"6 
Butane - -  1"2 1 '5 
Butylene - -  0"8 - -  
2, 5-Dimethylpyrazine - -  - -  1" 3 
2-Methylpyrazine - -  2"9 0"8 
Pyrazine 4'8 - -  - -  
Pyrrole 1'0 02 0-3 
2-Methylpyrazine 0"2 0-9 0"3 
Benzoic acid - -  I 0"2 
Benzaldehyde 0" 4 0- 3 0" 1 
Xylene - -  - -  0"2 
Benzonitrile 0"3 0"2 0"2 
Benzene 0"4 0"7 1 "5 
Phenol 0"4 0 1 - -  
Toluene 0"4 0"6 0-7 
Acetylene - -  0"4 - -  

Total volatiles at room 
temperature, % 33-3 42-5 20'5 

Total non-volatiles at 
room temperature, 
% 45'6 46"2 73"8 

Residue, % 21"1 11"3 5"1 

*Poly(terephthaloyl piperazine) 
t Poly(terephthaloyl 2-methylpiperazine) 
:~Poly(terephthaloyl trans-2, 5-dimethylpiperazine) 

non- random one. Such a situation may  arise if the degradat ion process is 
influenced by so-called 'weak- l inks '  in the polymer,  or  if a compet ing 
degradat ion process, such as hydrolyt ic  cleavage, is also operative. I t  is 
interesting to note that  with poly(terephthaloyl  piperazine) and poly(tereph- 
thaloyl 2-methylpiperazine)  the max ima  in the rates versus volat i l izat ion 
curves appear  between 15 and 25 per cent conversion,  but with poly(isoph- 
thaloyl  trans-2,5-dimethylpiperazine) the m a x i m a  shift to 30 to 40 per cent 
conversion. Fur thermore ,  the act ivat ion energy of  the overall  degradat ion 
of this latter po lymer  is significantly lower (53 k c a l / m o l e )  than that  found 
for the o ther  members  in the series (64 to 68 kca l /mole ) .  The  shift of the 
m a x i m u m  rates to higher  conversions and the reduced act ivat ion energy of  
53 k c a l / m o l e  are probably  effects of  a hydrolyt ic  b reakdown of the amide  
groups,  which competes  with a r andom free-radical  cleavage. Such a hydro-  
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lytic type breakdown will also promote the formation of carbon dioxide 
according to the following reaction 

O 
II A 

R - - N H - - - C ~ R '  
H~O 

> R--NH~ + HOOC--R '  
CA 

COs + R 'H 

Mass spectrometric analyses (Table 2) of the degradation products indi- 
cate the presence of large quantities of carbon monoxide and lesser amounts 
of carbon dioxide, in addition to other materials. The appearance of carbon 
monoxide has also been reported in the previous study 1 with poly(tereph- 
thaloyl trans-2,5-dimethylpiperazJne) and poly(oxalyl trans-2,5-dimethyl- 
piperazine). This is unlike the situation with aliphatic polyamides where 
pyrolysis in a vacuum produces large amounts of carbon dioxide but only 
trace amounts of carbon monoxideL The view that polyamides may be in- 
fluenced by a hydrolytic type thermal breakdown gains further support 
from the observation that special drying procedures and extraction of acidic 
catalysts from Nylons prior to pyrolysis in a vacuum increased their activa- 
tion energy and diminished the evolution of carbon dioxide 11. However, 
other workers attribute the production of carbon dioxide to crosslinking 
and branching reactions involving the amide links and end-groupslL 

With the piperazine polyamides, large quantities of carbon monoxide are 
produced in addition to lesser amounts of carbon dioxide. This observation, 
coupled with the high activation energies and the general character of the 
rate curves, points to an essentially random breakdown during pyrolysis 
in a vacuum which, however, may be influenced by a hydrolytic type 
cleavage of the amide groups, especially with poly(isophthaloyl trans-2,5- 
dimethylpiperazine). 

The appearance of small quantities of ammonia in the volatile degrada- 
tion products suggests the participation of end-groups in the overall 
degradation process, as was proposed in the previous publication 1. Such 
a process will yield, in addition to ammonia, hydrogen and carbon dioxide 
according to the following scheme: 

o o o o .  0.3 
I1 /7-'-6, I I /  ~ II /7--~, I I \ / - - - X  Ho C {-- C ~ ~ - x  C-~N~//N-- C~,~/~x C--~n Nx~--H "-w~--~ 

,_ , C, H3 - 0 C H3 

,HO--C ~ ~ x  Cq-'N N--C---( / '~'~C -'-I-N Nz-z-R~ 
, _ _ _  _', / x _ p - - -  

A im 

i C H  3 _ _ CH3 
N~N I ~ ~ Y C I  N + NH3 +C02 +H2. 
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Considering the available experimental evidence, the piperazine poly- 
amides described in this and the previous paper ~ may be arranged accord- 
ing to the following order of decreasing stability: poly(terephthaloyl piper- 
azine > poly(terephthaloyl trans-2,5-dimethylpiperazAne) ~> poly(tereph- 
thaloyl 2-methylpiperazine) ~ poly(oxalyl trans-2,5-dimethylpiperazine) 
poly(isophthaloyl trans-2,5-dimethylpiperazine). 

I t  is apparent that methyl substitution of the piperazine rings decreases 
the thermal stability of the polymers in a vacuum. On the other hand, the 
presence of terephthaloyl moieties (polycondensation in the para positions 
of the acid component) increases the thermal stability, in comparison with 
the system having isophthaloyl moieties in the polymer chains (poly- 
condensation in the meta position of the acid componen0.  
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The Crosslinking of Methylvinyl Silicones 
with Organic Peroxides 

D. K. THOMAS 

A study o[ the crosslinking eO~ciency of selected organic peroxides in a 
methylvinyl silicone polymer and o] the mechanical properties, heat stability 
and processing of the vulcanizates indicates that 2,5-dimethyl-2,5-di-tert- 
butylperoxy hexane is to be preJerred to the dichlorobenzoyl peroxide 
normally used. Vulcanizates produced with this peroxide give a better all 
round level o[ properties at high temperatures with a much more economical 

cure cycle. 

AN OUTSTANDING feature of silicone rubbers is their heat stability. In view 
of the reported sensitivity of silicone polymers to traces of acidic 1'2 and 
basic ~ impurities at high temperatures it is important, when a rubber com- 
ponent is being made for high temperature use, to ensure that the process 
of vulcanization does not leave residues of this nature in the rubber. 

Hot vulcanization of methylvinyl silicone polymers involves the use of 
an organic peroxide to initiate crosslinking; this peroxide is commonly bis- 
1,4-dichlorobenzoyl peroxide which leaves an acidic residue in the vulcaniz- 
ate. There are other peroxides which, from a technological standpoint, appear 
as suitable as bis-l,4-dichlorobenzoyl peroxide (DCBP) for the crosslinking 
of methylvinyl silicones, and which do not leave acidic residues in the 
vulcanizate. Two such materials are dicumyl peroxide (DCP) and 2,5- 
dimethyl-2,5-di-tertbutylperoxy hexane (VX). 

The present work is concerned with the evaluation of the three peroxides 
DCBP, DCP and VX, as crosslinking reagents in a methylvinyl silicone 
polymer. They are compared in terms of crosslinking efficiency, and the 
corresponding vulcanizates are compared in respect of their mechanical 
properties and behaviour on heat ageing in the relaxed state, in tension and 
in compression. 

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

Materials 
The polymer used in this work was a methylvinyl silicone containing 

about one vinyl group for every 500 methyl groups. The molecular weight of 
the polymer as determined by solution viscosity measurements was 6 × 10 ~. 
The organic peroxides were all commercially available materials dispersed 
in inert mineral powders for processing safety. 

Compounding and vulcanization 
All compounds were mixed on a laboratory roll mill. A low molecular 

weight hydroxy terminated silicone polymer (ESP.2436) was used as pro- 
cessing aid in the preparation of silica-filled compounds for mechanical and 
compression testing; it was introduced on the mill during the mixing of 
the raw polymer and fine silica filler. Rubbers for compression tests con- 
tained 40 parts by weight of fine silica, and those for conventional heat 
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ageing tests 20 parts. Sheets of thickness 0.010 in. were moulded for 
stress-relaxation experiments. 

In those cases where crosslinking efficiencies were being determined the 
compounds were heated for a time sufficient to decompose the peroxide 
virtually completely, this amounted to at least eight half-lives. 

Rubbers for mechanical testing received a press cure of one hour at 
160°C and in some cases this was followed by a post cure of three and a 
half hours at 250°C in an air-circulating oven. Thin sheets for stress- 
relaxation studies were cured for one hour at 160°C in the press only. 

Equilibrium swelling measurements 
About 0.2g of vulcanizate was weighed accurately and immersed 

in a large excess of benzene at 28°C. After a period of 48 hours the 
rubber had reached its equilibrium swollen state; it was then withdrawn, 
surface dried, and weighed in a stoppered bottle. Finally it was dried to 
constant weight at 40°C. The fraction of soluble material was determined 
from the initial and final dry weights, and the volume fraction of rubber in 
the swollen vulcanizate was calculated using values of 1.08 and 0"876 for the 
densities of polymer and benzene respectively. 

Stress-relaxation measurements 
The apparatus used for stress-relaxation measurements has been described 

elsewhere'; only continuous stress-relaxation measurements were made and 
these were performed in a moist atmosphere. The moist atmosphere was 
obtained by bubbling air at a constant rate (0"76 litres per minute) through 
a saturated solution of sodium chloride at room temperaturC, it was then 
pre-heated before being passed into the relaxometer envelope. 

Mechanical testing 
Measurements of tensile strength, elongation at break, and modulus 

were made in the temperature range from 20 ° to 250°C, six specimens 
(C- type dumbells) being tested at each temperature. 

Compression testing 
Compression set tests were carried out at 160°C on filled and unfilled 

vulcanizates and also on rubbers which had been subjected to different 
curing cycles. The tests were based on B.S.903 in which discs of rubber 
0'25 in. thick and 0.564 in. in diameter are compressed by 25 per cent of  
their original thickness. After release from compression the specimens are 
allowed to recover for ten minutes at 160°C and ten minutes at room tem- 
perature before being measured. Compression set is then defined as 
(E0--Es) × 100/0.25 ~0, where E0 is the original uncompressed thickness and 
cs the final uncompressed thickness. 

Heat' ageing tests 
c-type dumbells were suspended in an air-circulating oven at 200°C and 

groups of six specimens were periodically withdrawn for mechanical testing 
at room temperature. 
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R E S U L T S  A N D  D I S C U S S I O N  

Crosslinking efficiency oJ the peroxides 
Flory and Rehner 6 have related the degree of swelling of rubber vul- 

canizates in a swelling liquid to network structure in the following way 

- In (1 - V , ) -  V~ -/~V~ = 2VoC~R-aT-IVy. (1) 

In this equation V~ is the volume fraction of rubber in the vulcanizate 
swollen to equilibrium, V0 is the molar volume of the swelling liquid,/~ is 
the interaction parameter for the polymer and solvent in question, R is the 
gas constant and T the absolute temperature. The quantity C1 is the elastic 
constant which elasticity theory relates to the concentration of network 
chains per unit volume of vulcanizate (n). 

C1 = ½nkT = (pRT / 2Me) (1 - 2Me / M) (2) 

where p is the density of the polymer of initial molecular weight M, and 
Mc is the number average molecular weight between crosslinks. 

The value of /z  is known to be 0.53 for the system methylvinyl silicone- 
benzene at 28°C 7 and hence the crosslink density can be calculated from 
the experimentally determined values of V,  

The peroxides used in this work are known to undergo first order homo- 
lytic scission on heating and their half-lives for decomposition have been 
well defined over a range of temperatures. It is therefore possible to deter- 
mine the number of molecules of peroxide which decompose in a given 
time at any temperature and the number of crosslinks which they produce. 
In the present work the system was always heated for a time sufficient to 
decompose almost all of the peroxide thus allowing the amount of peroxide 
decomposed to be identified with the initial concentration. 

A striking feature of the results is the strong dependence of crosslinking 
efficiency on peroxide concentration, the values usually falling below 30 per 
cent at a concentration of greater than two weight per cent of peroxide. It 
can be seen from Figure 1 that, to within the limits of experimental error, 
results for all three peroxides fall on a common curve. The plateau at 
higher concentrations in Figure 1 indicates that for this particular methyl- 
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Figure 1----Crosslink density (1/2Me) as a function of 
peroxide concentration 
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vinyl polymer there is an upper limit of crosslink density, and therefore 
modulus, which can be achieved in the vulcanizate. This limit is presum- 
ably set by the concentration of vinyl groups in the raw polymer, and the 
only consequence of using high concentrations of peroxide will be to cause 
an accumulation of decomposition products which may have a harmful 
effect upon the thermal stability of the vulcanizate. 

Therefore, as far as their ability to produce crosslinks is concerned there 
is nothing to choose between DCBP, DCP and VX. 

Thermal stability of the rubber networks 
Two techniques have been used in a study of network stability; first, 

network scission reactions have been followed by means of continuous 
stress-relaxation measurements, secondly the overall effect of scission and 
crosslinking has been assessed by means of equilibrium swelling measure- 
ments. 

In order that a fair comparison of network stability may be made it is 
necessary to use vulcanizates of closely similar crosslink densities. Where 
stress-relaxation measurements are used they should be carried out in a 
controlled environment. These requirements are met by using 1"5 weight 
per cent of DCBP, 1.0 weight per cent of DCP, and 2'0 weight per cent 
of VX, and observing the rate of relaxation in moisture-saturated air at 
any particular temperature. In addition the reinforcing filler is omitted as 
it may obscure differences in thermal stability which may exist between 
the gum vulcanizates. 

The results of continuous stress-relaxation measurements at 160 ° , 200 ° 
and 250°C are shown in Table 1 as relaxation rate constants (k), which 
correspond to the slope of the ln ft/lo against time (in minutes) plots, i0 
and ft being the values of the force required to extend the rubber to the 
same extension ratio ~, at zero time and at time t. 

Table 1. Relaxation rate constants (k) for continuous stress-relaxation in unfilled 
methylvinyl silicone rubber in moist air 

W e i g h t  160 ° C 200 ° C 250 ° C 
Cur ing  % o /  
agen t  cur ing  k k k k k k 

agent u n ex t r a c t ed  ex t rac t ed  u n ex t r a c t ed  ex t rac ted  unex t rae t ed  ex t rac ted  

I 3 t C B P  1"5 2 " 5 X  1 0 - "  2 " 4 X  10 - 4  9"1 X I~0 - 4  9"5 X 1 0 - '  7 x  10 - a  4 " 8 X  1 0 - *  
D C P  1"0 4 - 3 × 1 0  - ~  9 " 4 × 1 0  - 5  7 " 9 × 1 0 - '  8 ' 9 × 1 0  - 4  9 " 7 ×  10  - s  1 " 6 × 1 0  - ~  
' V X  2"0  1 - 6 × 1 0  - ~  1"7 × 1 0 - "  7 " 6 × 1 0  • 9 " 2 × 1 0  - 4  9 " 7 × 1 0  - 8  1 " 0 ×  10  - j  

The results at 160 ° and 200°C fit into a pattern in that for unextracted 
materials the least heat-stable network is that produced by DCBP, while 
solvent extraction has no effect upon the rate of network scission in DCBP 
systems but produces an increase in the rate of scission in DCP and V X  
networks. At 250°C the situation is changed, the most stable unextracted 
network is now that produced by DCBP; solvent extraction produces a 
small decrease in stability of DCP and VX networks and a larger increase 
in stability of the DCBP network, with the result that the latter is substanti- 
ally more stable with respect to network scission than the other two. 

It  has previously been shown that network scission in peroxide-cured 
methylvinyl silicone rubber at temperatures below 250°C can be accounted 
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for largely in terms of a hydrolytic reaction in the main chain polymer". At 
and around 250°C oxidative reactions in the crosslinks make a significant 
contribution to the rate of network scission. In conventional heat ageing 
tests at 160 ° and 200°C methylvinyl silicone rubbers show an extremely 
slow increase in modulus; in these tests the rubber is in a relaxed state 
throughout and the values for the modulus are an indication of the change 
in crosslink density. Increases in crosslink density in these systems must 
result largely from oxidative reactions in the methyl side groups and it 
would appear therefore that such reactions also proceed very slowly below 
200°C. Undoubtedly the most rapid reactions occurring in this temperature 
range are those of hydrolysis in the main chain polymer and re-condensa- 
tion of the silanols thus formed, and these reactions will determine the per- 
formance of silicone rubbers in tests in which they are continuously under 
strain. It follows that the resistance to compression set of the unfilled 
vulcanizates over fairly short periods at 160°C should correlate with the 
'relaxation rate constants' obtained from continuous stress-relaxation 
measurements at this temperature. Reference to the data in Table 2 shows 
that this is so. 

Table 2. Correlation of compression set resistance at 160°C with relaxation rate o f  
constants f rom continuous stress-relaxation measurements  at 160°C 

Curing 
agent 

DCBP 

VX 

DCP 

Weight 
% ol 

curing 
agent 

1"5 

2"0 

1'0 

Cure 
conditions 

1 h at 120°C 

1 h at 160°C 

1 h at 160°C 

Test 
duration, 

all at I60°C 

24 h 
48 h 

2 4 h  
48 h 
72 h 
2 4 h  
48 h 
72 h 

Com- 
pression 

set % 

50'9 
Specimen 
broken up 

22"7 
42'8 
53"5 
14'3 
17"0 
269  

Relaxation 
rate 

constant 

2"5 × 10 -4 

1"6× 10 -~ 

4"3 × 10 -5 

At 250°C a similar correlation would not be expected because of the high 
rate of oxidative crosslinking which occurs at this temperature; indeed 
these crosslinking processes may dominate compression set behaviour at 
such high temperatures. This is confirmed by the value of 160 per cent 
obtained for the compression set of an unfilled DCBP vulcanizate after 
24 hours compression at 250°C. 

The combined effect of scission and crosslinking is shown by results of  
swelling measurements on unfilled vulcanizates which had been exposed 
to air at 250°C (see Figure 2). A marked difference is now apparent between 
the three systems; the rate of embrittlement is DCP ~ DCBP >~ VX. 

The overall picture which emerges from this work on network stability is 
that the DCBP system is inferior to the others at temperatures below 250°C. 
At the lower end of the temperature scale, where oxidative reactions pro- 
ceed relatively slowly the most heat-stable network is obtained with DCP, 
the VX system coming a close second. At temperatures near 250°C, where 
oxidative reactions are important the most stable network is obtained with 
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VX,  DCBP and DCP systems being much inferior. The effect of solvent 
extraction upon the relaxation rate constants for continuous stress-relaxation 
at 160 °, 200 ° and 250°C serves to emphasize the bearing which byproducts 
.of vulcanization can have upon network stability. 

Mechan ica l  propert ies  and convent ional  heat ageing tests 

When silicone rubber articles are produced commercially they are always 
filled with fine silica; in addition to a press cure they are often subjected to 
:a high temperature post cure, and this is frequently three and a half hours 
:at 250°C. The effect of this post cure treatment on vulcanizates produced 
f rom all three peroxides is shown by the results of mechanical tests (see 
Tab le  3) and compression set tests (see Table 4). 

:Table 3. Mechanical properties of filled silicone vulcanizates before and after post- 
cure treatment 

Tensile strength (lb / in 2) 

Tempera- DCBP 7X DCP 
ture 

Press Press+post Press Press+post Press Press-t-post 
cure cure cure cure cure cure 

20 
100 
150 
200 
250 

20 
100 
150 
200 
250 

821 
447 
445 
316 
270 

181 
186 
204 
195 
197 

465 
375 
265 
180 
140 

673 
543 
405 
341 
226 

240 
226 
213 
199 
180 

275 
235 
203 
180 
127 

20 
I00 
150 
200 
250 

817 
562 
439 
332 
242 

100 per 

676 
456 
315 
296 
182 

cent modulus (lb / in 2) 

191 240 
179 231 
180 191 
174 205 
153 200 

Breaking elongation (%) 

487 315 
365 220 
315 170 
210 148 
127 82 

984 
634 
545 
347 
292 

146 
169 
179 
169 
167 

557 
410 
352 
245 
193 

679 
390 
374 
241 
197 

265 
228 
235 
230 
220 

273 
183 
165 
108 
93 

Reference to the data in Table 3 shows that the effect of high temperature 
post cure on all three vulcanizates is to increase the modulus and hence the 
.crosslink density by substantial amounts. This is presumably the result of 
oxidative reactions and is reflected in the increase in modulus and decrease 
in breaking elongation of the vulcanizates. It is interesting to note that by 
far  the greatest rise in modulus and greatest fall in breaking extension 
occurred in the DCP vulcanizate, this being consistent with the results of 
heat  ageing in unfilled vulcanizates in air at 250°C (see Figure 2). 

The strength and elastic properties of all three vulcanizates fall off in a 
similar way as the temperature is raised, the rubbers that were not post 
cured always showing a higher strength and breaking extension at 250°C. 
O n  the basis of mechanical properties over the range 20 ° to 250°C there is 
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Table 4. Compression set tests on post cured silica filled methylvinyl silicone 
vulcanizates 

Curing 
agent 

DCBP 

DCBP 
DCP 

DCP 
VX 

VX 

Weight % 
of curing 

agent 

1"5 

1'5 
1"0 

1'0 
2"0 

2"0 

Duration of 
press cure, 

all at 160°C 

l h  

l h  
l h  

l h  
l h  

l h  
l h  

Duration of 
post cure, 

all at 250°C 

3½b 

24h 
3½h 

24h 
3{ h 

24 h 
None 

Test 
duration, 

all at 160°C 

24h 
48 h 
72 h 
24 h 
24h 
48 h 
72 h 

168 h 
24 h 
24 h 
48 h 
72 h 

168 h 
24 h 
24 h 

Com- 
pression 

set % 

69.2 
75.3 
80.7 
29-1 
34.4 
46.4 
48.4 
57.0 
35.9 
31.0 
37.6 
43.3 
54.3 
38.9 
33.0 

little to choose between the three systems whether in the post cured condi- 
tion or without post cure. 

The compression set data in Table 4 show up some interesting differences 
which may be of practical significance. The results for silica-filled DCBP 
vulcanizates show that  for the best resistance to compression set the rubber  
must receive a prolonged post cure treatment of 24 hours at 250°C. With 
DCP and VX vulcanizates the prolonged high temperature post cure has 
no effect upon resistance to compression set at 160°C, furthermore the 
values for compression set in the compounds that were not post cured are 
7¢irtually the same as the value shown by the fully post cured DCBP 
vulcanizate. 

Viewing the results in Tables 3 and 4 together it is clear at this stage that  
a good all round level of properties can only be attained with DCBP 
compounds if they receive a post cure of 24 hours at 250°C; however, if  
DCP or VX is used there is no necessity for a post  cure, the best level of 
properties being obtained after press-curing. With DCP vulcanizates the 

0-7 
(D 

~05 
C 

N 

"~03 

0I 
Time, h 

)0 

Figure 2--Volume fraction of rubber (V0 in the swollen 
vulcanizates as a function of time of exposure to air 

at 250°C 
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results shown in Figure 2 give a warning that the behaviour of these 
materials on ageing at temperatures above 200°C may not be good. Con- 
ventional heat ageing tests have been carried out on DCBP and VX 
vulcanizates at 200°C and the results are summarized in Table 5. 

Table 5. Conventional heat ageing tests on filled vulcanizates in air at 200"C 

T~ne, 
days DCBP 

0 560 
30 497 
60 437 
90 450 

120 403 
150 407 
180 384 
210 

T.S. (lb / in) z 
I v x  

620 
510 
498 
490 
463 
456 
414 
393 

M.IO0 (lb / in) ~ 
DCBP 

118 
216 
273 
325 
364 
350 
328 

EB% 
VX DCBP [ 

114 390 
205 195 
265 156 
267 146 
298 105 
282 110 
311 103 
330 91 

VX 

448 
228 
177 
167 
147 
143 
126 
110 

The rate of increase in modulus is noticeably lower with the VX 
,compound and this is in qualitative agreement with the results of heat 
,ageing on unfilled vulcanizates. 

C O N C L U S I O N S  
A study of the crosslinking of a methylvinyl silicone polymer by three 
,different organic peroxides, and of the properties of the vulcanizates over 
a range of temperature from 20 ° to 250°C reveals no good reason why 
DCBP should be specially favoured. Of the peroxides used the best would 
appear  to be VX, and the case for using it is especially strong in view of 
the processing advantage it appears to have over DCBP. Thus a vulcanizate 
7having the best possible all round properties can be obtained without sub- 
jecting the rubber to a long high-temperature post-cure; with DCBP vul- 
canizates the best all round properties for high temperature applications 
°are only achieved after a post cure of 24 hours at 250°C. 

The author is indebted to Mr R. Sinnott and Mr J. D a y / o r  preparing 
.:the vulcanizates and carrying out the heat ageing programme. 

,Chemistry, Physics and Metallurgy Department, 
Royal Aircraft Establishment, 

Farnborough, Hants. 
(Received November 1965) 
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Book Reviews 

The Macromolecular Chemistry o[ Gelatin 

A. VEIS. Volume 5 in Molecular Biology Series edited by B. HOaF~CKEa, N. O. KAt'LAN, 
H. A. SCHERAGA. Academic Press: London and New York, 1964. x + 4 3 3  pp. 

6k in. by 9 in. 103s 6d 

UNTIL the publication of this book, the most useful starting point  for a study of the 
avai lable  data on collagen and gelatin was the 1956 monograph The Chemistry and 
Reactivity of Collagen, by K. H. Gustavson. As the author  is very willing to point 
out, Gtlstavson's work provides an excellent background to a complex topic which 
has not  been correlated since the 1.920s. Such a correlation was needed; the excellence 
.of this book makes it doubly valuable. 

The current concepts of the chemistry and structure of collagen, the main com- 
ponent  of animal connective tissue, are reviewed, with particular emphasis on the 
recently developed concepts of the collagen-fold formation, and the details of the 
transitions between collagen and gelatin. A major  part of the book is devoted to 
methods used for the molecular characterization of gelatin, in which it is considered 
as a high .polymer, a polyelectrolyte, and as a protein; the techniques of molecular 
weight determination (and their relative value), titration studies, and configurational 
studies by optical rotation measurements are discussed in relation to these concepts. 

Methods of conversion of collagen to gelatin are then described: this is probably 
the weakest portion of the book, since the behaviour of two idealized cases (conversion 
o f  acid-soluble tropocollagen and of purified insoluble collagen to gelatin) only are 
considered. The general principles of commercial manufacture of gelatin are presented 
soundly--publ ished data are notably scanty in this field, as the author is aware, 
al though perhaps he is less aware that  frequently the paucity of information is often 
due to the ignorance of gelatin manufacturers,  rather than to commercial secrecy. It 
is indeed here that  the contribution of a book such as this can be most valuable, 
with its emphasis on elucidation of basic principles from much generalized data. Many 
such empirical data exist, but their organization is frequently rudimentary. 

Much important  information obtained in studies of hydrolytic and enzymatic 
degradation of gelatin is discussed in relation to data obtained in the great amount  of 
work on cleavage of the gelatin chain with a variety of oxidizing agents. The rest of 
the work is devoted to an extensive study of the gelatin-to-collagen transformation, and 
of  the stability and rheology of gelatin gels. 

The work is recommended to biochemists, biophysicists, and molecular biologists--  
it is also to be warmly commended to polymer chemists as an excellent t reatment 
.of a difficult and rewarding topic which still presents many unsolved problems. The 
book is well produced and printed, but suffers from a number  of misprints, notably 
amongst  the references. 

C. A. FINCH 

Crystalline Olefin Polymers 

R. A. V. RAFF and K. W. Donut (Editors). High Polymers, Volume X X - - P a r t  I. 
Interscience: New York, 1965. 1003 pp. 7 in. by 10 in. 249s 

THIS book is a recent addition to the firmly established Interscience series on High 
Polymers. Volume XX will consist of two parts which together supersede Volume XI 
on Polyethylene published in 1956. The complete new volume is about 3½ times the 
length of the old one. 

The increased length is due partly to the inclusion of other olefin polymers, 
particularly polypropylene. It is mainly due to the great advances in the past nine 
years in the knowledge and understanding of polyethylene itself. 

Naturally, much of this new information concerns the practice and theory of 
stereospecific polymerization but it is pleasing that the progress made in studying 
and interpreting the physical properties of partly crystalline polymers has been very 
well covered in the text. 
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Unlike Volume XI, which had only two authors, the new one is the work of 
large team. Twenty eight have contributed to Part 1. This has allowed each topic t~ 
be treated by experts and has led to a gain in the depth and breadth of the treatment. 
It has led also to some loss of coherence in the book as a whole. There is some 
overlapping of chapters, for example the simple basis of monomer reactivity ratio~ 
in copolymerization is given three times. This is nowhere very serious but is most 
marked in chapters 3, 5 and 8 when polymerization on Ziegler-Natta catalysts is~ 
being discussed. 

Occasionally different authors express apparently conflicting views. For  example 
excellent cases are presented in separate chapters for the anionic mechanism and 
for the radical-ion mechanism of propagation on heterogeneous catalysts. This makes 
it difficult for the inexpert reader to formulate his own opinion clearly. 

The most serious weakness in the book is that whereas some chapters were obviously 
written for the benefit of generally well-i,nformed polymer scientists others were 
equally clearly directed towards specialists in individual fields. They would not be 
fully comprehended by a wide range of potential readers. 

It is impossible in a short review to deal adequately with each of the sixteen 
chapters. The first two follow closely those in Volume XI with the addition of  
material on higher olefins. Chapters 3, 5, 6, 7 and 8 deal with polymerization in 
various ways. Chapters 5 and 6 can be especially recommended as readable accounts 
of topics which are very difficult to summarize at the present time. Despite a 
misleading title, Chapter 4 is a good logical presentation and explanation of stereo- 
regularity of polymers in general. It is marred by a rather poor English style and 
some loose remarks about entropy. Chapters 9 and 11 deal with dilute solutions in 
relation to molecular weights and distributions (Chapter 11) and to branching and 
stereoregularity (Chapter 9). Their order would be better reversed. Chapter 11 is art 
excellent basic account with special emphasis on the study of crystalline polymers. 
Chapter 9 is a highly sophisticated account by specialists for specialists. Chapter 12 
gives an orthodox survey of polymer crystallinity with examples chosen from poly- 
olefins. Chapters 10 and 13 are mainly qualitative accounts of the effects of chemicaI 
structure, molecular weight distribution, branching and crystallinity on melt viscosity, 
viscoelasticity, transitions and tensile properties. The chapters are pleasant to read 
and show that much more research is required in these areas. Chapter 14 contains 
about 100 pages on infra-red, n.m.r, and mechanical relaxation spectra of poly- 
olefins. About 40 pages is spent on basic theory. Although very well written it would 
be hopeless to try to learn about such complex phenomena from so compressed an. 
account. The remaining 60 pages are a fine review of the mass of published data 
on polyethylene and polypropylene. It is more valuable to experts than to beginners. 
Chapters 15 and 16 deal with the breakdown and change of poly-olefins by heat, 
halogens, oxidation (Chapter 15) and radiation (Chapter 16). Chapter 15 is only a 
brief sketch but Chapter 16 is systematic, exhaustive, and not easy to read. Neither 
of these chapters seems really to belong in Part 1 and might have been better placed 
at the beginning of part 2. 

The title of the book is not quite accurate. 'Crystallizable' would have been better 
as many matters unconnected with crystaUinity are discussed. It is well styled and 
produced but printed on paper which reflects too much light. Regular purchasers o f  
this series will certainly wish to have this volume and it can also be recommended 
to all who are interested in poly-olefins and in crystallizable polymers generally. 

P. ME^RES 

Polymers: Structure and Bulk Properties 

P. MEARES. Van Nostrand: New York and London, 1965. x i+  381 pp. 6¼ in. by 9 in. 70~ 

As A result of our increased understanding of the microstructure of polymers in 
recent years an important consideration is the relation between bulk properties o f  
polymers and their fine structure. Where possible the present volume lays emphasis 
on this relationship and, in general, is a well produced and readable account of most 
aspects of bulk properties. 
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about 100 pages on infra-red, n.m.r, and mechanical relaxation spectra of poly- 
olefins. About 40 pages is spent on basic theory. Although very well written it would 
be hopeless to try to learn about such complex phenomena from so compressed an. 
account. The remaining 60 pages are a fine review of the mass of published data 
on polyethylene and polypropylene. It is more valuable to experts than to beginners. 
Chapters 15 and 16 deal with the breakdown and change of poly-olefins by heat, 
halogens, oxidation (Chapter 15) and radiation (Chapter 16). Chapter 15 is only a 
brief sketch but Chapter 16 is systematic, exhaustive, and not easy to read. Neither 
of these chapters seems really to belong in Part 1 and might have been better placed 
at the beginning of part 2. 
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recent years an important consideration is the relation between bulk properties o f  
polymers and their fine structure. Where possible the present volume lays emphasis 
on this relationship and, in general, is a well produced and readable account of most 
aspects of bulk properties. 

252 



BOOK REVIEWS 

The conditions of polymer formation have an important bearing on polymer 
properties; the preparation and characterization of polymers is covered in the first 
three chapters, dealing in turn with methods of polymerization, microstructure and 
molecular weights and their distributions. Inclusion of such accounts is very useful 
in a book of this type, although the chapters covering polymer formation and 
molecular weights cannot be considered as comprehensive. The bulk properties of 
polymers are described in the remaining ten chapters, the first two of which are 
devoted to polymer crystal structures, crystallinity, the thermodynamics of fusion and 
kinetics of crystallization. An excellent treatment of elastomers in the following 
lhree chapters discusses the thermodynamics of rubber elasticity, statistical thermo- 
dynamics of networks and practical aspects such as thermo-elastic phenomena and 
the effects of plasticizers. The nature of viscoelasticity is the subject of Chapter 9, 
followed by a discussion of the glassy state and the glass transition, including the 
-effect of polymer structure on the transition temperature. There follows a description 
of mechanical models of viscoelastic behaviour and a molecular interpretation of 
viscoelasticity. The next chapter is rather unconventional in a book of this type, 
but is useful in showing how diffusion studies help in the study of molecular mobility 
in polymers. Finally, there is a discussion of irreversible deformations. 

As a textbook this volume will be of considerable use to students taking advanced 
courses on polymer physics, to postgraduate students and other research workers 
who require a good grounding in this field. It contains a wide selection of references 
and gives a good coverage of the most important aspects of this branch of polymer 
science. 

G. C. EASTMOND 

Proceedings of the Natural Rubber Producers' Research Association 
Jubilee Conference Cambridge 1964 

L. MULL1NS (Ed.). London : Maclaren, 1965. 250 pp. 42s 

AT A time when scientific progress is taking place at a truly remarkable rate twenty 
five years can seem a very long time. It is now difficult to realize how little was 
known of the science of rubber in those days, just prewar, when the then British 
Rubber Producers' Research Association was founded. The technology had advanced 
with little help from any basic scientific knowledge and the BRPRA's aim was to 
lay a firm scientific foundation upon which further technological advance could lze 
based. In this aim it has had outstanding success and it is by no means an accident 
that such tremendous progress has been made during its lifetime. 

The purpose of the present book is to record the proceedings of the Research 
,Association's Jubilee Conference held in Cambridge in April 1964. After interesting 
background Plenary lectures by Sir HARRY MELVILLE, Professor MARK and Professor 
BONNER, the conference was subdivided into two concurrent symposia on 'Rubber 
biosynthesis' and 'The relation between chemical structure and mechanical properties'. 
T o  a mere physical scientist like the present reviewer the section on biosynthesis is 
o f  great interest, especially when viewed, as it must be, against the background of 
man's difficulties in producing stereospecific rubbers synthetically. 

Before reading the proceedings of the second symposium I was apprehensive lest 
I should find a mere repeat of sections from the earlier excellent book written by 
members of the Association's staff*. These fears were groundless; there is of course 
some overlap but the subjects covered have been emphasized rather differently, new 
material has been introduced where available and, in general, a more detached and 
critical view of sections of a field have been taken. The introductory paper by 
Professor GEE is of particular interest reviewing, as it does, the various theories 
of rubber elasticity, their successes and failures. One is perhaps, however, wrong 
in singling out separate chapters, all the papers reprinted are well worth reading 
and no rubber scientist can afford to overlook this book. 

The volume concludes with the closing remarks of Dr. BATEMAN and a list of 
participants; this list seems rather superfluous but is a very minor blemish in a 
very well-produced book. 

L. D. LOAN 

~'The Physics aml Chemistry of Rubberlike Substances. Edi ted  by L. BATEM ~,N, Mac la ren :  London .  
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The Temperature Dependence of 
Viscoelastic Behaviour & Polyethylene 

Terephthalate 
P. R. PINNOCK and I. M. WARD* 

Dynamic mechanical measurements of unoriented crystalline polyethylene 
terephthalate fibres have been made over the temperature range of  the glass/ 
rubber transition. The results have been conlpared with previously reported 
creep data. A consistent representation of both sets of data can be obtained 
using first-order approximation methods and defining the transition tenlperature 

as that for which t a n  8 is a maximum. 

DYNAMIC mechanical measurements on polyethylene terephthalate fibres 
of different physical structure have been reported in a previous publication 1 
which was primarily concerned with the anisotropy of elastic and visco- 
elastic behaviour in oriented fibres. The present paper deals particularly 
with the frequency/temperature relationships for these fibres, and the 
earlier work has been extended in several ways. First, the dynamic 
mechanical measurements have been extended to lower frequencies by 
construction of an apparatus with a working range of 10 -:~ to 10 c/s.  
Secondly, the dynamic measurements are compared with extensional creep 
data obtained elsewhere 2 and previously reported dielectric loss :~ and 
dilatometric measurementsL 

The previous dynamic mechanical measurements 1 were restricted to a 
narrow range of frequencies, and it was found adequate to describe the 
frequency/temperature behaviour as that of a constant activation energy 
system. The extensional creep data 2 for unoriented crystalline fibres, on 
the other hand, showed shift factors which could be fitted to the Williams- 
Landell-Ferry relationshipL It also appeared that the dielectric loss and 
dilatometric measurements were consistent with this representation. It is, 
ihowever, not easy to distinguish between the WLF representation and a 
constant activation energy over a narrow range of frequencies, particularly 
at high frequencies. I t  is therefore of interest to examine dynamic 
mechanical measurements over a wide range of frequencies for crystalline 
unoriented fibres, together with the creep data, to see if a consistent 
representation of both can be obtained. 

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

Preparation of samples 
The fibres were made by the conventional melt-spinning process in 

which molten polymer is extruded through small orifices to produce non- 
crystalline fibres with a very low degree of molecular orientation. These 
fibres were then subjected to a heat-crystallization process. The latter 

*Present address: H. H. Wills Physics Laboratory, University of Bristol, 

255 



P. R. PINNOCK and I. M. WARD 

process is necessary to stabilize the samples before subjecting them to 
the range of temperatures encountered during the dynamic mechanical 
testing. 

Physical characterization of samples 
A detailed investigation of the molecular structure of the samples was 

not undertaken. However, it was of value to obtain empirical measures 
of crystallinity and molecular orientation, recognizing the arbitrary nature 
of these types of measurement. 

The measure of crystallinity was an X-ray diffraction method devised 
by Farrow and Preston 6, which compares the integrated intensity of the 
sharp X-ray reflections from crystalline material with the integrated intensity 
of the diffuse reflections from the non-crystalline material. 

A measure of the overall molecular orientation was obtained from the 
optical birefringence. This is the difference between the refractive indices 
of the fibres, along and at right angles to the fibre axis, and was measured 
using polarized light and a Berek compensator. 

Measurement of dynamic extensional modulus (Young's modulus) 
The apparatus used in the measurement of extensional modulus is shown 

diagrammatically in Figure 1. It is identical in principle to that described 
in a previous publication I but possesses a wider frequency range (10 -3 to 

Strain J Carrier 
gauge I 

Fibre [ 
sample 

~ n c h r o  
hi ~ etement 

L . . . . . . . .  J 

• Scotch-yoke 
mechanism 

Phase 
sensitive 
rectifier 

Sine 
t 

Integrator 

t 

In phase 
E' 

t 
I Phase 

sensitive 
rectifier 
Cosine 

t 
Integrator 

f 

Ouadrature 
E rt 

Output display 

Figure/--Schematic diagram of the dynamic mechanical apparatus 

10 c/s). It was also found to produce results with greater accuracy and 
reproducibility than had proved possible using the earlier apparatus. 

The sample is subjected to a sinusoidal strain of fixed amplitude, which 
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is provided by a Scotch-yoke mechanism driven by a servo-controlled 
motor. The stress is measured by a non-bonded strain gauge transducer 
attached to the other end of the sample. Simultaneous comparison of stress 
and strain is made electronically using a Servomex Transfer Function 
Analyser (TFA). 

The TFA provides a servo-controlled motor  which, in addition to 
providing a means for a sinusoidal strain, rotates a loop in a high frequency 
(to~) alternating magnetic field (2kc/s) .  Since the loop rotates at a very 
low frequency (to,D, i.e. the test frequency, this produces a carrier modu- 
lated at the rotational speed of the form 

K sin to,,,t cos to,,t for w, >~ w,,, 

which can then be fed to the system under test. However, in our application 
the mechanical signal is used and consequently the return signal presented 
to the measuring system by the transducer will be of the form 

K1 sin (to,,t+3)+N 

where 3 is the angular phase shift produced by the system under test and 
N represents unwanted elements such as harmonics, random noise, etc. 
At this stage a carrier is introduced and the signal is then multiplied 
simultaneously but separately by sin to,,t and cos w,,y. This multiplication 
at the modulation frequency, to .... is carried out by a synchro element with 
resolver type windings. This element is directly coupled to the same motor 
shaft which drives the Scotch-yoke and the rotor winding is fed with the 
signal from the transducer plus carrier. The two stator windings are at 
90 ° to each other and from these are derived the sine and cosine functions. 

These two signals after being demodulated to remove the carrier 
frequency component are of the form 

Ks sin (to,d+ 3) sin to,~t+N sin ¢0,,,t 
= ½K2 [cos 3 - cos (2tomt + 3)] + N sin to,,y 

and K2 sin (to,,,t + 3) cos to,~t + N cos to~,t 
= ½K2 [sin 3 + sin (2to,,,t + 3)] + N cos to,d 

These signals are then integrated over a complete cycle to remove all 
unwanted terms. Two steady signals are then obtained which are propor- 
tional in magnitude and polarity to the real and imaginary parts of the 
system output at the fundamental frequency, i.e. 

I / m  m 1 ,,, m 

f ~K2cos 3 a t  and j'½K~sin3dt 
0 0 

It  is essential that the Scotch-yoke mechanism be as free from noise as 
possible and this was largely achieved by making the eccentric collar of 
Nylon which, in turn, rotates in contact with polished stainless-steel 
surfaces. Provision was also made for aligning the eccentric Nylon collar 
with respect to the loop thereby avoiding any constant additional phase 
difference between the loop and the strain. 

As in the previous apparatus a sinusoidal strain of + 0 . 2 5 m m ,  i.e. 
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,+ 0.25 per cent on the 10 cm sample, was chosen, having already established 
that this is within the range of the linear viscoelastic behaviour. The sample 
was also subjected to a static strain of approximately 0.25 mm to prevent 
it going slack. The fibre is connected to both the Scotch-yoke mechanism 
and to the strain gauge by German-silver tubing connections. 

The fibre is surrounded by an annular copper can through which heated 
air may be passed. The copper can in turn is insulated by a Thermos 
jacket enabling the temperature of the fibre to be controlled to within 
1 deg. C. 

Creep measurements 
The creep data discussed in this paper were all obtained in a previous 

investigation which has been reported fully elsewhere 2. The creep measure- 
ments were confined to unoriented monofilaments which had been heat- 
crystallized by heating at 180°C for one hour. These samples were therefore 
exactly equivalent to the unoriented crystalline fibres used for the dynamic 
mechanical measurements. 

The reader is referred to the previous publication for details, but to 
summarize, the creep compliance of unoriented crystalline polyethylene 
terephthalate was measured in the linear viscoelastic range from 65 to 
115"5°C, isothermal creep data being obtained at nine fixed temperatures, 

T H E O R Y  
Linear viscoelastic behaviour 

There are several equivalent ways of determining the mechanical 
behaviour of a linear viscoelastic system. These are broadly of two types, 
the first being the response of the system to transient stress or strain, and 
the second its response to dynamic stress or strain. The results of transient 
measurements define a relaxation modulus or a creep compliance and the 
dynamic measurements define a complex modulus or compliance. 

A convenient starting point for consideration of the transient type 
measurements is the Boltzmann superposition principle. For uniaxial creep, 
this relates the final strain e (t) to the elemental increments of stress do-(~-) 
applied at times ~-. 

Thus 
t 

e (t) = ~-0 + J (t - r) dr  

where J (t) is the creep compliance, and similarly for stress relaxation 
t 

where E (t) is the stress relaxation modulus, E0 is the instantaneous elastic 
modulus and de (r) are the elemental strain increments. 

From the dynamic mechanical approach, consider the system to be 
subjected to a sinusoidal stress 

o- = o'0 sin tot 
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Then the sinusoidal strain produced will be given by e=e~ sin (cot-6)  
where 6 defines the phase lag between stress and strain. The ratio between 
strain and stress e/o- defines the complex compliance J * = J ' + i J ' .  Alter- 
natively, we may define the complex modulus E * = E ' +  iE' ,  from the 
reciprocal ratio of stress to strain. 

The mathematical relationships between the creep compliance, the 
stress-relaxation modulus and the dynamic compliance and modulus, have 
been discussed in detail by Gross 7 and others. These relationships are 
complex and involve, for example, recourse to the methods of Fourier or 
Laplace transforms to relate transient to dynamic quantities. Although it 
is possible to compute exactly one quantity from another, provided that 
a sufficient time-scale is covered, this is rarely profitable for considerations 
of the viscoelastic behaviour of polymers. In the first place, the visco- 
elastic behaviour can rarely be determined experimentally with sufficient 
accuracy, and secondly the behaviour normally changes fairly slowly with 
change in frequency. It is therefore often adequate to resort to approximate 
methods, and these will be discussed in the next section. 

Use of approximate methods 
The relaxation modulus can also be expressed as 

o o  

E (t)=Eo+ ( H (z)e- '  ~ d ln  z (1) 

where H (T) is a function defining the relaxation spectrum (see, for example, 
ref. 8, p 41). 

A similar generalization for creep gives the creep compliance in terms 
of a 'retardation-time' spectrum, L (z). 

Y ( t )=/0+ t" L (T) (1 - e-','O d In T 

where J0 is the instantaneous elastic compliance. 
The real and imaginary parts of the dynamic modulus can also be 

expressed in terms of H (7-). 

E '  (w)= E0 + . ~--ro-~ J d In ~- (2) 
- - : x z  

and 
o o  

E" (09)= 
- - 0 o  

The approximations to be used in 
methods to obtain H (T). 

Equation (1), which has the form of a Laplace transform, can be used 
t o  evaluate H (z) to various orders of approximation, as has been extensively 
discussed in the literature (see, for example, ref. 8, p 44). 
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The first-order approximation was proposed by Alfrey and is generally 
known as the Alfrey approximation. 

It gives 
n (~')=[-dE (t)/d ln t]t=~ 

and can be considered to arise by approximating the intensity function 
e-t/~ which goes from 0 at ~-=0 to 1 at ~- > ~ by a step function going 
from 0 to 1 at r = t. 

Second-order and higher-order approximations can be obtained involving 
the first derivative and higher derivatives of E (t) with respect to Int.  

As discussed in detail by Staverman and SchwarzP and others the first- 
order Alfrey approximations hold provided that the relaxation spectrum 
or retardation spectrum do not change very rapidly with frequency. In 
mathematical terms this requires that the second- and higher-order 
derivatives should be small compared with the first-order derivative. 

The analysis of the creep and dynamic data presented here suggests that 
first-order approximations are adequate. Furthermore this will be shown 
to be expected from examination of the creep data alone. 

Thus we shall assume that the relaxation spectrum is given by 

H (r) = [ - dE (t)/d In t]t ,. 

To a similar degree of approximation equations (2) and (3) can be shown 
to give 

[dE' (~0) ] 2 [E" (co)]1/ ..... (4) 

From the latter approximations it follows that 

d In E' (w)/d In co =(2/70 tan 8 (5) 

In a similar manner it can be shown that 

d In J' (oJ)/d In w=  (2/7r) tan 8 (6) 

It is also noted that E(t)=E'(o)) and J(t)=J'(o)) for o)=l/t. 

Frequency/temperature equivalence and the definition of 'transition 
temperatures' 

The discussion has so far only been concerned with the variation of 
mechanical properties with time or frequency at a fixed temperature. This 
paper is, however, primarily concerned with the temperature dependence 
of the viscoelastic behaviour. With transient measurements, it is fairly 
straightforward to obtain the frequency/temperature dependence by 
comparison of data obtained at different fixed temperatures. The procedure 
is to obtain a 'master creep curve' or a 'master stress-relaxation curve' by 
superposition of the isothermal data. The linear frequency shifts corres- 
ponding to shifts in temperature are thus obtained directly. 

It is, however, not so obvious how to obtain shift factors directly from 
the dynamic mechanical data, obtained at constant frequency over a range 
of temperatures, because each set of data for the real and imaginary parts 
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of the modulus or compliance does not in itself define a particular tem- 
perature. Strictly, the measurements of E'  and E"  at constant frequency 
over a range of temperatures should be used to construct plots of E '  and 
E"  at constant temperature for a series of frequencies. These plots can 
then be superimposed to obtain the shift factors. A similar procedure. 
of course, can be applied to measurements of J '  and J"  at constant 
frequency, with an identical result. 

A somewhat simpler procedure has been used in this paper, which will 
be shown to be adequate. It  is based on the following considerations. 

The previous dynamic mechanical measurements ~ showed that to a 
first approximation change in temperature produced a uniform shift on a 
logarithmic time scale. However, the creep data show that this is not 
strictly true over a wide time scale, since the so-called WLF equation 
gives a better fit to the shift factors than one with a constant activation 
energy. However, the difference between these two representations is not 
large for a restricted time scale. 

It  follows from equation (4) that a peak in the relaxation spectrum 
(which will correspond to a 'transition') occurs when dE'  (6o)/d In ~o and 
E"Io~) have a maximum value. In a system with a constant activation 
energy A then time is related to temperature 0 by the equation 

r ( 0 ) = r  (0) exp CA/RO) 

Hence for measurements at constant frequency a passible definition of 
the transition temperature is the temperature at which dE'(O)/dO and 
E " ( 0 )  have a maximum value. For reasons of experimental convenience, 
this definition was adopted in one of our previous publicationd and used 
to define transition temperatures for extensional and torsional viscoelastic 
behaviour. Similarly an alternative definition can be the temperature when 
dJ '  (0)/d0 and J'" C0) have a maximum value. A further definition, following 
from equation (5) and (6), is that the transition temperature is the tempera- 
ture for a maximum value of tanS, which is equivalent to that for a 
maximum in d In E '  (0)/d0 and d In J '  (0)/d0. 

These three definitions of transition temperature give appreciably 
different values for that temperature. This was remarked in the previous 
paper' ,  and shown to follow very simply from the standard linear solid 
representation which was considered adequate for the previous investigation 
in a very narrow frequency range. In particular, it is to be expected that 
the maximum in tan 8 will occur at a temperature intermediate between 
the maximum in dE'  (0)/d0 or E"  (0) and that in dJ '  (O)/dO or J"  (0). 

The aim of our simplified procedure can now be defined. It is to select 
one point from the E'(O), E"(O), J'(O), J"(O) or t an8  (0) results and 
observe how this point shifts with change of frequency. Since our frequency 
shifts must be identical whether we use modulus or compliance results it 
would suggest the best approximation will be obtained by defining the 
transition temperature as the temperature of the maximum in either tan 8, 
d In E" (O)/dO or d In J '  (0)/d0. 

R E S U L T S  
Typical results for the variation of the measured quantities E '  and E"  are 
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Table 1. Transit ion temperatures for unoriented crystalline PET fibres 
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shown in Figures 2(a) and 2(b), together with the derived quantities 
dE'/dO, tan 6 and d In E/dO. Values of the transition temperatures defined 
by the temperature at which these quantities have a maximum value are 
given in Table 1 for various frequencies. Table 1 also includes the X-ray 
crystallinity. 

D I S C U S S I O N  
Dynamic mechanical data 

The results in Table 1 show that, to a good approximation, the maxima 
in dE'/dO and E"  occur at the same temperature and similarly the maxima 
in d in U/dO and tan 6 also occur at the same temperature, although the 
latter temperature is appreciably higher than the former. These similarities 
in temperature substantiate to a large extent the approximations made 
earlier which resulted in equations (4), (5) and (6). 

The transition temperatures which are defined as the temperatures for 
maximum tan 6 have been plotted as a function of log frequency in Figure 3 
in a way suitable for fitting to the WLF equation. The value of T,, needed 
to give agreement between these data and the equation (also shown in 
Figure 3) is 79°C. As will be remembered this form of the WLF universal 
equation was formulated such that the fitting temperature T, should be 
similar to the dilatometrically-measured transition temperature. This is 
certainly verified here where previous dilatometric measurements 4 gave a 
value of 81°C for crystalline polyethylene terephthalate polymer. It  should 
also be noted that it was not possible to fit the temperatures for maximum 
E"  to the WLF equation. 

Further justification for use of first-order approximations 
Further justification for the use of the first-order approximations can 

be obtained directly from the creep data. 
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The master creep compliance curve (Figure 4 in Ward ~) shows that the 
creep compliance J (t) is, to a good approximation, a linear function of 
In t over the time range l0 s to 1014 sec. This range corresponds to creep 
data obtained in the time interval 10 to 10 ' sec over the temperature range 
84.4 ° to 115.5°C. Over this range it therefore follows that dJ ( 0 / d l n  t is 
approximately constant and that dZJ ( t ) /d ln  t 2 and higher derivatives are 
zero, giving direct justification for the first-order approximation. 

Outside this range, i.e. from 10 -4 to 105 sec on the master curve, the 
first-order approximation is not satisfactory, particularly at the lowest 
times. This range covers creep data obtained at the three lowest tempera- 
tures only (65.0°C, 70°C and 76.6°C). I t  will be noted that the shift factors 
from these results do not, in fact, fit on to the WLF curve (Figure 5 in 
Ward2). Over the central and higher range of the creep data, however, 
where the link with the dynamic data is being established, the approxi- 
mation holds and a good fit is obtained to the WLF equation. 

Comparison of dynamic mechanical and creep data 

Using the approximations described earlier it is possible to check the 
internal consistency of the dynamic mechanical data and the previously 
published creep data. From the creep measurements (Figure 3 in Ward ~) 
E '  was computed over a range of temperatures at a number of fixed 
frequencies (times) by assuming that E'(oJ, O)=l/J(t,O) with t=llto.  
These derived dynamic data are given in Figure 4 where log E '  (co) is shown 
as a function of temperature for four frequencies, viz. 10 -4, 10 -3, 10 -5, 
10 - l c / s .  The transition temperatures which are defined as those at the 
point of maximum d ln E'/dO are also included in the figure. Comparison 
of these with corresponding dynamic data of Table 1 shows reasonable 
agreement confirming the equivalence of the creep and dynamic mechanical 
measurements and the validity of the approximate procedures. 

Figures 5(a) and 5(b) show the shift factor a~ as a function of temperature, 
these data being obtained from the previous creep measurements. The 
curve shown in Figure 5(a) is  similar to that obtained in the previous work 
where no correction was made for changes in the unrelaxed modulus (or 
the factor pT/poTo) with temperature. Although such factors are extremely 
small in polyethylene terephthalate where the creep compliance changes 
markedly with temperature recent work by Morris and McCrum 9 prompted 
us to attempt such a correction. On the basis of the high frequency results 
of Thompson and Woods I° it was estimated that the change in the unrelaxed 
modulus was approximately 0-2 per cent per deg. C. New shift factors were 
then obtained from the previous data, taking into account this correction 
factor. The data can again be fitted to the WLF equation, and the value 
of T~, is slightly reduced, to 82°C from 85°C [Figure 5(b)]. 

This value of 82°C is in excellent agreement with both the dynamic To 
of 79°C and the dilatometric transition temperature of 81 °C. This confirms 
the expectations of the theoretical discussion that definition of dynamic 
transition temperature as that for the maximum in tan 6 is necessary to 
produce a consistent shift factor for both creep and dynamic data. 

Over this wide frequency range, there is a definite divergence of the 
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frequency/temperature behaviour of the dynamic data from that of a 
constant activation energy system. The fit to a WLF equation for the 
dynamic data alone is probably not completely conclusive, but it would 
certainly appear that this representation gives a consistent fit for both 
dynamic and transient data. 

Comparison with dielectric measurements 
In the paper on creep measurements, it was noted that the dielectric 

loss measurements were consistent with the WLF equation. The shift 
factors were obtained by Reddish 3 from the dielectric data by measuring 
the frequency at which the tan 6 maximum occurs at a given temperature 
and are also plotted in Figure 3. The consistency of the dielectric and 
mechanical data is further confirmed by the present work, although it may 
be possible that the best fit for the dielectric data does involve a small 
vertical displacement with respect to the dynamic data. This displacement 
would not affect the choice of the T,,, although it is to be noted that there 
is not a significant difference between the WLF equation and a constant 
activation energy at high frequencies. 

CONCLUSION 
]it is concluded that dynamic mechanical data on polyethylene terephthalate 
are consistent with the WLF equation relating time-temperature equiva- 
lence. Consistency between our previous creep data and the dynamic results 
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can be obta ined if the t ransi t ion temperature  is defined f rom the dynamic  
data  by the tempera ture  at which tan ~ is a max imum.  

Research  Department ,  
Imper ia l  Chemical  Industr ies  Fibres L imi ted ,  

Harrogate,  Yorksh i re  
(Rece ived  December  1965) 

R E F E R E N C E S  
1PL~NOCK, P. R. and WARD, I. M. Proc. phys. Sac. 1963, 81, 260 

WARD, I. M. Polymer, Lond. 1964, 5, 59 
a REDDISH, W. Trans. Faraday Sac. 1950, 46, 459 
4 KOLB, H. J. and IZARD, E. F. J. appl. Phys. 1949, 20, 564 
5WILLIAMS, M, L., LANDELL, R. F. and FERRY, J. D. ]. Amer. chem. Sac. 1955, 

77, 3701 
6 FARROW, G. and PRESTON, D. Brit. ]. appl. Phys. 1960, 11, 353 
~GRoss, B. Mathematical Structure of the Theories of Viscoelasticity. Hermann: 

Paris, 1953 
s STAVERMAN, A. J. and SCHWARZL, F. Die Physik der Hochpolymeren, Band IV. 

(F_.d.H.A. STUART), Springer: Berlin, 1956 
9 MORRIS, E. L. and McCRuM, N. G. ]. Polym. Sci. B, 1963, l ,  393 

I0 THOMPSON, A. B. and WooDs, D. W. Trans. Faraday Soc. 1956, 52, 1383 

266 



Limiting Viscosity Number versus 
Molecular Weight Relations for 

Polyo xac y clobutane 
KAZUHIKO YAMAMOTO, AKIO TEI~AMOTO and HIROSHI FUJITA 

Relations between limiting viscosity number ['0] and molecular weight for 
polyoxacyclobutane ([O--(CH.,):~],) in benzene, carbon tetrachloride and acetone 
at 30°C were determined over a range of weight-average molecular weight 
M~,. from 3 000 to 30000. It was found that the osmotic second virial co- 
efficients of this polyether in these solvents were abnormally large, being of 
the order of 10 -3 in c.g.s, units. The data for l~] as a function of M,,. were 
analysed in terms of the equation derived by Stockmayer and Fixman. The 
results yielded o-=1"43, where o- is a parameter which represents the hindrance 
to the internal rotation of the successive bonds of a polymer chain in a theta 
solvent relative to that obtained for a freely rotating chain. Comparison of 
this o- value with those reported for the first, second and fourth members" of 
this polyether series and that for linear polyethylene indicates that am~ong 
these polymers the molecular chain of polyethylene oxide has the least 

hindrance to internal rotation and thus may be said to be most flexible. 

THE flexibility of a polymer chain is expressed in terms of a parameter  o-, 
which is defined as the root mean square end-to-end distance of the chain 
in a theta solvent relative to its value which would be obtained if the 
hindrance to the rotation of successive bonds were absent except for the 
bond angle restrictions 1. I t  is of interest to compare the values of this 
parameter for polymers whose structural units vary in a systematic fashion. 
An excellent example pertinent to this problem is the series of polyethers 
represented by [O--(CH~),,],,. Recently, the first'-', second ~ and fourth :' mem- 
bers of this series have been studied in various solvents, and their cr values 
have been evaluated from the viscosity versus molecular weight relations 
obtained. In the present paper we report a similar study on the third 
member of the series, i.e. polyoxacyclobutane. 

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

The monomer oxacyclobutane was prepared by the method of Rose ~. 
One more of propane-l,3-diol and one mole of acetyl chloride were mixed 
in a glass tube a t -  80°C, the tube was sealed, and the mixture was stood 
overnight in an ice-bath. The tube was then heated at 100 °C for eight hours. 
The product formed was neutralized with an aqueous solution of potassium 
carbonate and distilled under reduced pressure (14 mm of mercury). The 
distillate (b.pt 66"5 ° to 68°C at 14 m m  of mercury), which is 1-acetoxy-3- 
chloropropane, was converted to oxacyclobutane by distillation in the 
presence of fused potassium hydroxide. The boiling point of the product 
was 47,9 ° to 48-0°C. Its purity, when estimated by gas chromatography, 
was 99-5 per cent. 
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A 40 m mole portion of the oxacyclobutane so prepared was dissolved 
in one of the following organic solvents: n-heptane, toluene, methylene 
chloride or ethylene bromide. The solution was cooled to - 8 0 ° C ,  four 
m moles of a borontrittuoride ether complex was added, and the tube con- 
taining the mixture was sealed. Polymerization of oxacyclobutane was 
allowed to proceed by keeping the tube at various temperatures ( - 8 0  ° to 
20°C) and for various intervals of time (10 to 100 hours), depending on 
the degree of polymerization desired. The polymer formed was dissolved 
in a mixture of aqueous ammonia and methanol, the solution was dried, 
and the residue was twice precipitated from a methanol solution by the 
addition of cold water. The final product was freeze-dried from a benzene 
solution and stored in a freezer. From a number of polyoxacyclobutanes so 
prepared, fifteen samples were chosen for the present study. 

Solvent 
The solvents used for the physical measurements were benzene, carbon 

tetrachloride, acetone and methylethyl ketone. These were dried with 
molecular sieves and fractionally distilled before use. 

Number-average molecular weight M, 
The values of M, of the fifteen samples chosen were determined using 

a Mechrolab vapour pressure osmometer (Model 301A) with benzene at 
37°C as solvent. The osmometer was calibrated with the systems benzene- 
benzil, carbon tetrachloride-benzil, and acetone-benzil. Additional 
measurements were made on three samples in carbon tetrachloride at 37 °C 
and one in acetone at 37°C. In each case, the plot for inverse apparent 
molecular weight versus polymer concentration c (g/dl) was linear within 
experimental uncertainty, and the desired values of M,  and the osmotic 
second virial coefficient A 2 were evaluated from the ordinate intercept 
and the slope of the linear plot obtained. 

Weight-average molecular weight Mw 
Four samples were chosen and the M~ of each was evaluated by sedi- 

mentation equilibrium experiments with methylethyl ketone at 25°C as 
solvent. Plots of M~,/M, against Ms derived from these data showed a 
definite correlation between Mw and M,. We therefore drew a smooth curve 
fitting the plotted points and, with this as the calibration line, calculated 
Mw of all other samples from their M, values obtained in benzene at 37°C. 

For the sedimentation equilibrium experiments we used a Spinco model 
E ultracentrifuge equipped with the Rayleigh interference optical system. 
No bottom liquid was introduced into the cell. The thickness of the solution 
column in the cell was adjusted to 2 to 3 mm. The partial specific volume 
of the polymer in methylethyl ketone at 25°C was 0'956 ml/g, and the 
specific refractive index increment of this solution, measured by a Brice- 
Phoenix differential refractometer, was 0-0946. The highest molecular 
weight sample among the four chosen was examined with the ultracentri- 
fuge for two initial concentrations co, while the: other three were studied at 
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only one co (0"3 to  0"5 g /d l ) .  The  a p p a r e n t  (weight-average)  molecu la r  
weights M,pp ob ta ined  for  the last  three  samples  were  subst i tu ted into  the 
equation: '  1 / M ~ p = ( 1 / M ~ ) ( 1  +2A'~M~c--) to eva lua te  the Mw values  of  the  
respective samples.  H e r e  ~ is the average  concent ra t ion  between the menis-  
cus and the bo t tom of the  cell, and  A'~ is the l ight-scat ter ing second vir ial  
coefficient of the solution. I t  was assumed that  the A,'_, va lue  es t imated f rom 
lhe  da ta  for the highest  molecu la r  weight sample  was app l i cab le  to the 
others.  

l/iscosity 
Values of the l imit ing viscosity number  [B] were obta ined  for all 15 

samples  in benzene, for l l  samples  in ca rbon  te t rachlor ide,  and 7 samples  
in acetone,  all at 30°C. The  measurements  were  made  with a capi l la ry  
viscometer  of the  Ubbe lohde  type (suspended-meniscus)  that  had  an upper  
bu lb  of about  2 ml capac i ty  and an efflux t ime of 404.0 sec for  benzene  
at  30'~C. The  wate r  ba th  for  the viscometer  was regulated to within 
~+ 0.01 ~C of the desired temperature .  

R E S U L T S  AND D 1 S ( ' U S S I O N  
[r/] versus molecular weight relation 

Table 1 summarizes  the numer ica l  results obta ined.  One: can see tha t  the 
samples  of po lyoxacyc lobu tane  we p repared  cover  a range of M,, f rom 
2 000 to 16 000. Efforts to obta in  a sample  of  higher  M,, were unsuccessful.  

Table l. Summary of numerical results obtained for solutions of polyoxacyclobutane 
Thermodynamic Viscometric 

Sample M,~ × 10 -3 A2 × 103 M,~ × 10 -4 Limiting viscosity number (dl/g) 
No. (benzene) (ml mole/g 2) (butanone) at 30°C 

(benzene, 37°C) Benzene C C I ~  Acetone 

1 193 23 2"86 0105 0'107 0085 
2 30a 2"7 451 0.159 
3 3"16 23 4"72 a) 0155 0147 0.116 
4 32., 22 4"85 0'150 0154 
5 46:~ (4'7D/~'~ 32 (15)/a~ 6"% 0'202 0"158 0"141 
6 5"08 3"9 7"67 0"253 
7 6"0o 3"2 9"12 0"251 0'238 0'168 
8 7"46 (7"2~) (b) 2"8 (2"9) (b/ 11'8 (d) 0'302 0"285 0'200 
9 8"0,1 3"2 12"4 0'338 

10 10"0 4"5 15"9 0"402 0'392 
11 10"0 (10"1)/b) 3"5 (3'2) !b~ 15"9 0"412 0"377 
12 11"1 3'3 18"0 0"464 0"442 0'264 
13 11'8 (11"2) (b) 3'5 (3"1) (4) 19"1/~) 0"466 0'443 0"265 
14 14"3 3"4 24"7 0"554 0"528 
15 15"6 3"6 (0"15) (°~ 28"1 (~l/ 0'590 

(a) D a t a  in a c e t o n e  at  37° C .  
(b) D a t a  in c a r b o n  t e t r a c h l o r i d e  a t  3 7 ° C .  
(el D a t a  in m e t h y l c t h y l  k e t o n e  at  2 5 ° C  d e t e r m i n e d  f r o m  s e d i m e n t a t i o n  e q u i l i b r i u m  m e a s u r e m c n t s .  
(d) D e t e r m i n e d  d i rec t ly  by  s e d i m e n t a t i o n  e q u i l i b r i u m  e x p e r i m e n t .  

Where  compar i son  can be made ,  the  M,, obta ined  in different  solvents are 
in good agreement ,  suggesting that  our  M,~ da ta  are  p r o b a b l y  rel iable.  
The  most  s t r iking feature  exhibi ted by Table 1 is the  fact  that  the indica ted  
A:, values a re  abnorma l ly  large. They  are  of the  o rde r  of  10 :' (in ml mole  
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g-2) and thus about ten times as large as the values which are usually 
encountered with ordinary polymers in good solvents. It can be noted that 
the values of A~ in benzene solutions decrease appreciably as M. becomes 
smaller than about 4 000. Elias and Lys ~ and independently Yamada et aU 
have observed a similar trend of As for polyethylene oxide (the second 
member of the polyether series considered) in benzene and in acetone. 

The data for '[~] as a function of M~. are plotted double-logarithmically 
in Figure 1. The corresponding plots for log [r/] versus log M.  may be 

I 

0'5 

% 
7 3  
v 

% 

0 / 

0 " 0 3  I I C p I t a i l  I I I I r I t  

10 3 10 4 10 5 

Mw 

Figure /--Double logarithmic plots of limiting viscosity 
number [~] (dl/g) versus weight-average molecular 
weight Mw for polyoxacyclobutane [O--(CH2)~]. in 
various solvents at 30°C. © in benzene; • in carbon 
tetrachloride; & in acetone. Dashed line represents the 

relation expected under theta conditions 

constructed from the data given in Table 1, but they will not be shown 
here because '['q] is a quantity which is related more closely to Mw than to 
M.. The plots for each of the three solvents are fitted reasonably well by a 
straight line over the range of M~ indicated. The resulting Houwink-Mark-  
Sakurada relations for polyoxacyclobutane in benzene, carbon tetrachloride, 
and acetone, all at 30°C, are as follows: 

[7] =219 × 10-" Mw 978 

['0] =2-6, x 10-" Mw °'5 

[~7] =760 × 10 -~ Mw °'59 

(benzene) } 

(carbon tetrachloride) (1) 

(acetone) 

It  should be noted that the exponents in the Houwink-Mark-Sakurada 
equations for benzene and carbon tetrachloride are as high as about 0-8 
in the region of relatively low molecular weight studied in this work. This 
feature must be related to the fact that the A2 values in these solvents are 
abnormally large, as has been remarked above. 
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Evaluation of the parameter o" for polyoxacyclobutane 
As has been done for the first, second and fourth members of the poly- 

ether series considered, we now analyse our viscosity data on polyoxa- 
cyclobutane in terms of the equation derived by Stockmayer and Fixman ~. 
The appropriate expression is 

['q]/Mw ~''~ = K + BM~ 1:2 (2) 

where K is a constant characteristic of a given polymer (precisely speaking, 
it depends slightly on temperature and solvent), and B is a parameter 
associated with the long-range interference between segments on the poly- 
mer chain and should be independent of molecular weight. Tests of 
equation (2) with the present data on polyoxacyclobutane are shown in 
Figure 2. One can see that the linear relation between [~]/Mw 1,'2 and M,,/1'2 

Figure 2--Stockmayer-Fixman 
plots for polyoxacyclobutane in 
benzene (©), in carbon tetra- 
chloride (e), and in acetone 

(&), all at 30°C 
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predicted by equation (2) is well obeyed in any of the three solvents studied. 
Moreover, the plots for the three solvents give an identical ordinate inter- 
cept, in agreement with the requirement that K in equation (2) is indepen- 
dent of the solvent used (to a good approximation). Thus the present study 
yields 1-26 × 10 -3 (dl mole1; = g-2/3) for the K of polyoxacyclobutane. 

Once the value for K is known, the desired value of o- for the given 
polymer can be calculated by the well-established method 1 with a relevant 
value being taken for the Flory constant @. To be consistent with the 
previous calculations of o- for other members of the series, here we use 
2"5 × 1021 for qb. Then the result is o--= 1 "43. 

Comparison of o- values for members in the polyether series 

Table 2 summarizes the values of K and o- for the first four members 
of the polyether series and those for linear polyethylene 9. The data for the 
last polymer are cited here, since this polymer may be regarded as the 
limiting case of the polyether series in which the number of carbon atoms, 
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m, between ether oxygen atoms becomes indefinitely large. Table 2 also 
includes, for comparison, the data for polypropylene oxide, the isomer of 
polyoxacyclobutane, which have been derived from the article of Moacanin 9. 
Figure 3 shows or as a function of m. It is seen that among the members 

Table 2. Values of  K and o- for  polye thers [ (CH2)~--O]  . 

K ×  IO z 
Polye ther  (dl molet  /2 / g "w2) cr (f) 

m =  1: 
m =  2: 
m =  3: 
m =  4:  
m = O G :  

po lyoxymethy lene  
polyethylene  oxide 
polyoxacyclobutane  
po ly te t rahydrofuran  
polyethylene  

Polypropylene  oxide 

3"8 (~) 2-43 
1' 10 (hI 1"38 
1 '26 1"43 
1"96 (c) 1 "58 
2-95 (d) 1'81 

1'92 (at 30*C)(g) 

1"15 (e) 1'59 

(a) S t o c k m a y e r  a n d  C h a n ' .  
(b) T a k e n  f r o m  K u r a t a  a n d  S t o c k m a y e P .  
(e) K u r a t a ,  U t i y a m a  a n d  K a m a d a * .  
(d) C h i a n g  1.. 
(e) M o a c a n i n L  
(f) C a l c u l a t e d  a s s u m i n g  the  F l o r y  c o n s t a n t  • to  be  2"5 × 102~. 
(g) T h e  v a l u e  1"81 r e f e r s  to  1 6 1 ° C ,  a n d  the  v a l u e  a t  3 0 ° C  is  d e r i v e d  f r o m  this ,  a s s u m i n g  11 - 1 . 2 × I 0  - a  

d c g  -~ fo r  dln(&)o/dT, w h i c h  is  eq u a l  to  4 1 n o - 2 / d T .  T h e  o- va lues  fo r  o the r  p o l y m e r s  re fe r  t o  
r o o m  t e m p e r a t u r e .  

c~ 
i 

V 

c~ 

II 
b 

2'5 I I i 

2"C 

15 

"LC I I I 
2 3 4 

Figure 3- - ( r  values for  the polyethers  as 
a funct ion of  m, the number  of  CH~ 
groups  between ether  oxygen atoms. 0 ,  
po lypropylene  oxide (isomer of  poly- 
oxacyclobutane);  - - - ,  l inear polyethy-  

lene (m = oo)  

oO 

of the series concerned the molecular chain of polyethylene oxide has the 
least hindrance to internal rotation. It  would be of interest to investigate, 
by performing similar viscometric studies for members higher than poly- 
tetrahydrofuran, the manner in which o- approaches the level for polyethy- 
lene as m increases. Finally, we wish to remark that in this polyether series 
the third member has the lowest melting temperature 12. 

We wish to thank Pro[essors Kurata and lnagaki of the Institute for 
Chemical Research, Kyoto University, for their helpful discussion. Thanks 
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are also due to Mr Umehara o[ this Department who helped us with the 
preparation o[ the polymer samples. 
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Some Polymers of Substituted Acetylenes 
B. J. MACNULTY 

Polymers of low molecular weight have been prepared from methyl propiolate, 
propiolamide and cyano-acetylene. These have been briefly examined for heat 

resistance and semiconductive properties. 

RECENT Russian work 1 reports that heat treatment of polyacrylonitrile gives 
rise to a product with semiconducting properties. Vosburgh ~ describes a 
fireproof fabric obtained by heat-treating an acrylic fibre (Orion) at 
temperatures between 150 ° and 300°C in the presence of oxygen. The 
Russian work suggested the following scheme of reaction: 

1 1 1 1 

%N C~N %N C 

HC~C 
I 
CN 

IV 

.~.- 1 1 1 1 

c~ ~c~ ~c~ ~c~ 
"<N "~N XN ~N 

o2 I[ 

I | I I>.  
./C~N/C~N/C~N/C~ N / 

IH 

Vosburgh suggests a similar mechanism for the formation of the textile 
fibre. Both are in agreement with earlier suggestions of Houtz 3 and the 
:more recent work of Grassie and McNeil on the structure of heat-treated 
acrylonitriles 4-7. If the structures proposed for these materials are sub- 
stantially correct then polymerization of cyano-acetylene (IV) should give 
a polymer possessing heat resistance and semiconductive properties similar 
to heat-treated acrylonitrile (III). This possibility has been investigated 
and polymers have been prepared from cyano- and other substituted 
acetylenes. 

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

Propiolic acid--manufactured by L. Light & Co. 
Methyl alcohol--Analytical Reagent grade. 

lnlra-red spectra 
These were obtained on a Grubb Parsons S3A double beam spectrometer 

with sodium chloride optics. Band frequencies are quoted in cm -1. 
Methyl propiolate, propiolamide and cyano-acetylene were all prepared 

by the method of Moureu and Bongrand s with only minor alteration as 
regards quantities. 
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Methyl propiolate (CH------C'COOCH3)--B.pt 103 ° to 104°C at 762mm 
Infra-red bands : 3 337, 2 940, 2 146, 1 712, 1 446, 1 266, 1 190, 1 124, 990, 
859, 756. 

Propiolamide ( C H - C ' C O N H 2 ) - - T h e  method was changed so that 
instead of lixiviating the reaction mixture with ether, the mixture was 
ground up and extracted with sodium-dried ether by shaking in a closed 
vessel. 

M.pt 61.5°C Found: C 52.4, H 4.9, N 20.5 per cent; C3H3ON requires : 
C 52-17, H 4.35, N 20.3 per cent. 
Infra-red bands: 3 400, 3 300, 3 200, 2 120, 1 670, 1 620, 1 590, 1 460, 
1 385, 1 130. 

Cyano-acetylene (CH ~ C'CN)--M.pt  5 ° C. 
Found: C69"1, H2.7 ,  N27.0 per cent; C~HN requires: C70.59, H 1.96, 
N 27-45 per cent. 
Infra-red bands: 3 940, 3 311, 2940w, 2262, 2080, 1 316, 1299. 

Polymethyl propiolate 
Method 1--Methyl  propiolate (1 g) was added in 0.05 g portions to 

triethylamine (1 "2 g) (redistilled b.pt 89'5 ° to 90.5°C), over a period of 20 
to 30 minutes. At each addition the temperature rose about 5 deg.C and 
the flask was cooled to room temperature. A dark brown product started 
to precipitate immediately. After two hours at room temperature the 
volatile fraction, pure triethylamine, was removed under a vacuum and 
collected in a liquid nitrogen trap. The residue, a dark sticky resinous 
mass, was extracted for 30 minutes with dry ether (2 × 20 ml) leaving a 
dark resinous material which was dried in a vacuum over sulphuric acid 
for 14 days. [Yield 60 per cent; Found: C 57-9, H 6.6, N 2.4 per cent.] 
The product, a brown powder, was soluble in acetone and methyl alcohol 
and insoluble in diethyl ether and benzene. 

Method l l - -Tr ie thylamine (0.36g) was added in 0.02g portions to 
methyl propiolate (5g), the flask being thoroughly shaken between 
additions. At each addition, a temperature rise of 10 ° to 15°C occurred 
and the reaction vessel was cooled to below 25°C. The reaction mixture 
darkened steadily and was finally a thick almost solid black mass which 
was dissolved in 200 ml of a 1 : 1 : 1 acetone-ethyl alcohol-benzene mixture 
and precipitated with 3.5 litres of diethyl ether. The dark brown solid was 
filtered, washed with dry diethyl ether (3 × 150 ml) and dried in a vacuum 
over phosphorus pentoxide. 

The product was soluble in acetone, methyl alcohol and chloroform 
in the cold, slightly soluble in warm benzene and insoluble in diethyl ether 
and petroleum ether. 

On heating at about 3 deg.C/min it sintered slightly at 180°C to 190°C; 
sintering became marked at 220°C. At 254°C there were distinct signs of 
melting, but the product looked like a firm tar at 280°C. [Yield 50 per 
cent on monomer. Found:  C57.4, H4"9, N0.8  per cent; (C~H~O2), 
requires: C 57" 14, H 4.76 per cent,] 

Infra-red bands : 3 000, 2 950, 1 730, 1 630, 1 400, 1 370. 
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Polypropiolamide 
Triethylamine (0.1 g) was added with shaking in 0.02 g portions, allowing 

an interval of several minutes between additions, to molten propiolamide 
(3-0g). The reaction proceeded quietly until the final addition, when it 
became violent and about 0.5 g of amide was lost. The product, a black 
sticky solid, was Soxhlet-extracted with methyl alcohol until the extracting 
portion was pale orange in colour. (The main bulk of the solvent was 
then coloured deep claret.) The undissolved residue was ground with 
methyl alcohol, filtered and washed successively, with alcohol, a 1:1 
methyl alcohol-ether mixture, and ether. The final liquid was colourless. 
On heating at about 3 deg.C/min the product appeared stable up to 310°C 
when a small amount of material distilled out of it; there was some sintering 
at 330c'C leaving a black granular product which was unchanged at 360°C. 
Found : C 52-0, H 4"9, N 17.7 per cent (C~H~NO),, requires : C 52.2, H 4.4, 
N 20.5 per cent. Infra-red bands : 3 400, 3 226, I 670, 1 610, 1 430. 

Poly-cyano-acetylene 
In a dry nitrogen atmosphere about 0.1 g of triethylamine was added a 

drop at a time, allowing several minutes between additions, to cyano- 
acetylene (2g) at about 6°C. The reaction started immediately and 
occasionally became quite violent, when considerable amounts of the 
reactant were lost due to its high volatility. The product, a black sticky 
solid, was washed with acetone, and poured into a crystallizing dish where 
it dried out to a hard glassy brittle coating which could be broken up 
with some difficulty with a spatula. On heating it showed slight shrinkage 
above 320°C which was progressive, but there was no sign of softening or 
melting up to 400°C. It appeared to decompose at approximately 600°C. 
The black shiny powder was insoluble in benzene, methyl alcohol, diethyl 
ether, petroleum ether 40/60, chloroform, glacial acetic acid and water. 
It was unattacked by hydrochloric acid, only slightly attacked by concen- 
trated sulphuric acid, but more readily by concentrated nitric acid or aqua 
regia. Some preparations were fairly soluble in acetone, probably due to 
a high proportion of low molecular weight material, but the best 
preparations were insoluble. 

The reaction also took place in the vapour phase since when the reaction 
became violent the whole of the inside of the apparatus to a distance of 
several feet from the reaction vessel became coated with a hard black 
product that was very difficult to remove. Found: C 69, H 5-8, N 23 per 
cent; (CMN)n requires: C70.59, H 1.96, N27.45 per cent. Infra-red 
bands: 3 570, 2222, l 704w, 1 630, 1 200, 1 140. 

Polymer A 
Methyl propiolate (5 g) was poured rapidly into 0.88 ammonia (15 ml), 

allowed to stand for one hour and evaporated to dryness in a draught of 
air. The glassy solid was ground to a fine powder and dried at 105°C 
overnight; the treatment was repeated daily until after standing one hour 
in a closed weighing bottle the powder did not smell of ammonia. The 
product, an orange or yellow powder (the exact colour seemed to depend 
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on particle size), appeared to soften at about 135 ° to 136°C but did not 
liquefy below about 150°C. Found:  C44.9, H5.7,  N 16.7 per cent; 
HECH~-C(CONH2)~-2OH requires: C46"15, H5"13, N17"95 per cent. 
Infra-red bands : 3 400, 3 200, 1 670, 1 590, 1 400, 1 250, 1 100. 

Polymer B 
This was obtained by heating polymer A for four weeks or more at 

105°C. The product appeared to sinter at 170°C and decomposed giving 
tarry products at about 180°C. Found: C52-5, H 5.7, N 16"7 per cent; 
(C3H3NO), requires: C 52.17, H 4.35, N 20.29 per cent. Infra-red bands: 
3 333, 3 279, 1 670, 1 600, 1 520. 

D I S C U S S I O N  

Although numerous partially successful attempts have been made to 
polymerize acetylene compounds 9-~3, in many cases 9-1~,1s ring compounds 
were obtained and most linear polymers were low molecular weight 
oligomers 13-17. In some cases high molecular weight polymers have been 
claimed16,19-22 but these were insoluble intractable materials for which no 
figure was quoted. Molecular weights have never been quoted in excess of 
about 1 200, which is low compared to polymers in successful use. 

The three compounds methyl propiolate, propriolamide and cyano- 
acetylene have not previously been polymerized. Meriwether and co- 
workers 1~ mention the last two compounds amongst seven which they failed 
to polymerize with dicarbonyl-bis-(triphenylphosphine). In general the 
polymerizations seemed to occur by an ionic mechanism. Although satis- 
factory molecular weights have not been obtained consideration of the 
analysis of the present polymers indicates molecular weight no higher than 
those obtained with other polyacetylenes. 

In their preparation of propiolamide Moureu and Bongrand 8 mentioned 
the production of a considerable amount of yellow oil as a byproduct. We 
also found this yellow oil (Polymer A) and from the conditions of its 
formation concluded that it was a polymer of propiolamide, methyl 
propiolate, or a copolymer of the two and that the polymerization was 
initiated either by the ammonium or hydroxyl ion. Analysis for carbon, 
hydrogen and nitrogen indicated an oligomer of the amide initiated by a 
hydroxyl, with an approximate formula H[CH~---C(CONI-I2)~OH. 

On the basis that concentrated aqueous ammonia initiated a polymeri- 
zation reaction under suitable conditions, the effect of an organic base on 
cyano-acetylene was tried. Triethylamine was chosen because its volatility 
would facilitate removal of excess from the product and because it was 
hoped that the relatively bulky group at the end of a chain would hinder 
the formation of cyclic compounds. A black solid, partially soluble in 
acetone, was obtained. When the triethylamine was added to solid nitrile, 
which is snow white, the rapid formation of oligomer could be followed 
by the expansion of a black area arising from the point of contact of the 
initiator. The polymerization was, however, only completed if a consider- 
able amount of triethylamine was added and the reaction could be made 
to stop at any time by ceasing to add triethylamine. However, the polymer, 
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as denoted by acetone solubility, had a molecular weight in inverse 
proportion to the amount of triethylamine added. 

Triethylamine successfully initiated polymerization of both propiolamide 
and methyl propiolate. At about the same time as these experiments were 
started it was reported ~ that tertiary amines dimerized methyl propiolate 
and that when triethylamine was used a considerable amount of black 
polymer was produced. 

The assumed structure of the polymers was confirmed by infra-red 
spectra, none of which shows bands in the region of 2 100cm -~ (C~C)  
and all show indications of a band in the 1 630 cm -~ region corresponding 
to a carbon-carbon double bond. Consideration of the carbon hydrogen 
nitrogen analyses, which were difficult to obtain as most of the polymers 
resisted combustion, and of possible end groups, indicated chains containing 
between four and ten conjugated double bonds. 

Much larger molecules could be present if they existed as stabilized 
biradicals such as "[-CH=CR~-,~', which has been suggested by Berlin ~. 

Conductivity and e.s.r, measurements were carried out on my behalf at 
Nottingham University by Miss Pamela Wynne-Thomas and Professor 
Eley. The polymers were ground to a fine powder and pressed into discs 
13mm in diameter and 0 .1mm to 1.0mm thick under a pressure of 
10000kg /cm 2. The disc was mounted in the conduction cell and the 
resistance measured using a d.c. voltage and a Vitron electrometer, after 
heating in a vacuum for 12 hours. The method is fully described 2G and will 
be referred to in papers now being prepared at Nottingham. Tables 1 and 
2 give the results which are typical of polyconjugated systems with unpaired 

Table 1. Conductivity results for polyvinylenes 

Polymer log R93oc logp293oc log o- o E (eV) 

A 14'08 15"l 1 19 18 2"00 
B 16'73 18"16 12"07 1 '81 
C 16'88 17"96 9'34 1 "59 
D 15"57 16"75 8"85 1 "49 
E 17'36 18"68 3"61 1 '29 

Table 2. Electron spin resonance results for polyvinylenes 

Polymer Colour Free spins per gramme H (Gauss) 

A Orange 0"48 x 1017 8'0 
B Brown 2'29 x 1017 10'0 
C Brown 337 x 1017 6-5 
D Black 995 x 10 lr 7'5 
E Brown I 56 x 10 TM 80 

Polymer  C is polymethyl  propiolate .  Po lymer  D is poly-cyano-acetylene.  
Po lymer  E is oolyoropiolamide .  E A denotes  energy of act ivat ion for the conduct ion orocess. 

R = res is tance in ohms.  = ½Eo" 
~r=w 0 exp (-E~;,/2kT), where o- is conducl ivi ty  and  o=1 Iw, denotes  resistivity. 

% is an  exponent ia l  constant .  

electrons delocalized over the chains. Treatment of the conductive process 
by the potential box modeP 7'~8 indicates that the polymers only have five 
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to ten conjugated bonds per chain ~1 as has been deduced from carbon 
hydrogen nitrogen determinations, and that the measurements are in accord 
with the theories of Berlin 25. 

The elemental analyses, infra-red spectra, and conductivity measurements 
all indicate that polymers A and B are both oligomers of polypropiolamide 
differing only in chain length and end groups. 

Of the polymers prepared, that from cyano-acetylene is the most heat 
resistant (decomposition about 600°C) and nearly possesses semiconductor 
properties, E~=3-18eV, and electron spin concentration of l x 1018g -1, 
compared to Topehiev's values of 1.7 eV and 1.7 to 15 x 10 ~s g-1 for heat- 
treated polyacronylonitrile. The infra-red spectra are very similar to those 
published for heat-treated polyacronylonitrile 29,3°. The material, although 
promising and possessing properties close to those expected for a' com- 
pound having the structure of a heat-treated acrylonitrile (III), is brittle 
and intractable, probably due to its relatively low molecular weight. If 
means could be found to produce a polymer of high molecular weight a 
most useful product could be expected. The most likely route to such a 
polymer seems to lie in a thorough investigation of the initiators and 
catalysts for polymerizing acetylenes and their oligomers and a study of 
the mechanisms of their action, such as is being undertaken by Evans 31 and 
by Angelescu 3~. 

In a recent publication 33 a preparation of poly-cyano-acetylene is 
described using sodium cyanide as catalyst in dimethyl formamide. The 
product appears to be similar to our preparation but its total solubility 
in acetone would indicate a low molecular weight. 

It should be noted that the combined vapours of methyl propiolate and 
ammonia have a marked anaphylactic effect on the skin, which should be 
rigorously protected from contact. 

The author wishes to thank his colleagues, Mr H. E. Poupard for some 
repeat preparations, Mr G. Howell for in[ra-red spectra, Mr W. H. G. 
Wright [or micro-analyses, and Miss Pamela Wynne-Thomas and Professor 
Eley o[ Nottingham University Jor conductivity and e.s.r, measurements. 
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Irradiated Polyethylene I--Free Radical 
Formation* 

I. AUERBACH 

Several aspects of alkyl and allyl free radical formation in Marlex 50 
polyethylene are examined. The free radicals were generated with 6°Co ,y-rays 
and examined qualitatively and semiquantitatively by electron spin resonance 
techniques. Irradiations were performed at -196°C.  The following conclusions 
are derived from this study: (1) the aIkyl radical is relatively stable in [he 
glassy amorphous region of polyethylene and relatively unstable in the viscous- 
elastic region. Alkyl  radical decay takes place by a diffusion process; (2) in the 
decay process, few of the alkyl radicals, if any, are transformed to allyl 
radicals, and (3) preliminary results suggest that allyl radical formation a t  

room temperature involves an intermediate other than the alkyl radicals. 
Conclusion (1) is derived from the following: (a) isochronal measurements 

of the relative alkyl to allyl radical concentrations, as a [unction of temperature, 
decrease markedly as the temperatures go through the glass transition range; 
(b) a 12 kcal/mole activation energy value [or alkyl radical decay, obtained 
from data above the glass transition temperature, Tu, is the same as that 
obtained from diffusion studies in polyethylene at higher temperatures; and 
(c) temperatures below T,  provide a linear relationship between the specific 
heat, C~, for amorphous polyethylene and the decay rate. This relationship 
indicates that the molecular motions which determine the value for Cv also 
govern diffusion. Conclusion (2) is derived from a comparison of the residual 
allyl radical concentration at room temperature, following alkyl radical decay, 
with the initial alkyl radical concentration for radicals formed at - I 9 6 ° C .  
The comparative concentrations show that a very small fraction of allyl radicals 
remains following alkyl radical decay. Conclusion (3) is suggested from a 
comparison of the larger G values for allyl radical formatior~ at room tem- 
perature irradiations with the smaller G values for alkyl and~or allyl radical 

formation at - 196 ° C irradiations. 

FREE radical formation in polyethylene by high energy radiation has been 
a subject for a large number of studies in recent years. Many of these 
investigations have used electron spin resonance (e.s.r.) techniques as the 
experimental basis for obtaining an understanding of the free radicals that 
are formed. The subject of free radical formation in polyethylene, studied 
by methods other than e.s.r, spectroscopy, is reviewed and discussed by 
Bovey 1, Charlesby 2, and Chapiro *. 

The e.s.r, techniques have provided not only quantative estimates of the 
free radicals formed but have shown qualitatively that three distinct radicals 
exist ~-a~. The literature is in general agreement that the alkyl radical, 
- -CH~--CH--CH2-- ,  is one of the first observable products formed in 
irradiated polyethylene at very low temperatures. It has a sextet e.s.r. 
spectrum and it was evident in this study at temperatures below the glass 
transition temperature, T,,. 

Polyethylene samples irradiated at room temperature possess an e.s.r. 
*This work was supported by the United States Atomic Energy C, ommission. Reoroduction in whole or 
in oart is oermitted for any purpOse o f  the U.S.  Government.  

This 0ataer, ila part, was presented at the Fall Meeting of the American Chemical Society, 1962. 
Atlantic City. N e w  Jersey. 
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septet spectrum which may have overtones of the alkyl radical sextet 
spectrum 4-8,~°-12,'~-'. The septet spectrum is generally associated with the 
allyl radical, - - C H z C H - - ( ~ H - - C H ~ - - .  The extent to which each species 
is present is dependent on the type of polyethylene, the administered dose, 
and the time that has lapsed from radiation to measurement. 

A third radical which has been observed by Lawton, Balwit and Powell ~ 
and by Ohnishi, Ikeda, Sugimoto and Nitta G, 1, possesses a singlet spectrum. 
A conjugated polyene structure adjacent to the unpaired electron, 
- -CH2- - (~H-- (CHzCH) , , - -CH2- - ,  has been postulated for this radical. 
Doses of several hundred Mrads are required before this radical is evident 
in the e.s.r, spectra. The formation of conjugated double bond systems in 
irradiated polyethylene associated with this radical has been studied by 
Fallgatter and Dole 18 using u.v. spectrophotometric techniques. 

In this study the effect of temperature on the e.s.r, spectrum is re- 
examined. It is shown that the disappearance of the alkyl radical can be 
correlated with the transition of the amorphous glassy state to the viscous- 
elastic state. Evidence is provided which indicates that an alkyl to allyl 
radical transformation cannot account for all of the allyl radicals formed 
during room temperature irradiations. The effect of matrix condition on 
the type of free radicals formed will also be discussed. 

These conclusions were derived from the following experiments. 
(1) Marlex 50 polyethylene samples were irradiated in a 6°Co source at 
- 1 9 6 ° C  and the derivative spectrum recorded at a series of temperatures. 
(2) Alkyl radical concentrations were determined for samples irradiated at 
- 196°C and measured at - 185°C. The allyl radicals remaining when these 
samples were allowed to warm up to room temperature were also deter- 
mined. The ratios obtained by dividing the initial alkyl radical concen- 
trations into the resultant allyl radical concentrations were determined as a 
function of dose. 

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

Linear polyethylene in rod form (3/16 in.) was used for this study. It was 
prepared from a Marlex 50 stock which has a density of 0.96 and a melt 
index of 0.9. The rod is supplied by Allied Resinous Products Inc. and 
is listed as Resinol Type F polyethylene. The polyethylene specimens were 
irradiated in tubes which were evacuated for 24 hours at 10 -~ to 10 -6 Torr. 

The G°Co source consists of a 13 cm diameter cylindrical configuration 
of 6°Co slugs in 12 capsules. The capsules are 8 cm in height. The dose 
rate was approximately 6 Mrad /h  at the time of this study. Ceric sulphate, 
nitrous oxide, cobalt glass and ionization chamber techniques provided 
dose rate calibration data. These calibration materials gave consistent 
results. 

The free radical e.s.r, spectra were obtained with a Varian Model 4500 
X-Band EPR Spectrometer which was equipped with a variable temperature 
cavity. Temperature control was maintained within ,+0.05°C. The 
microwave power supplied to the cavity was 0.5 roW. 

Radical concentrations in arbitrary units were obtained by double 
integration of the derivative spectral form. The first integration which 
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provided the absorption spectrum was obtained electronically by passing 
the e.s,r signal into an RC analogue type integrator. A second integration 
was performed with a planimeter using the absorption curve realized from 
the first integration. 

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

Effect of temperature on the e.s.r, spectra 
The relative concentrations of the alkyl and allyl radicals were deter- 

mined as a function of temperature for constant doses and constant decay 
times in the present study. Lawton et aU '8, Kashiwabara 1° and Ohnishi 
et al. "-'~ have investigated the changes in the e.s.r, spectra of Marlex 50 
as a function of radiation dose, radiation temperature and decay time. 
Their data, however, do not lend themselves well to the objectives of 
this study. 

The alkyl radical is far less stable than the allyl radical. Any ratios of 
their concentrations would, therefore, be time dependent. The following 
experimental procedure was, therefore, adopted to determine the relative 
concentrations of the alkyl and allyl radicals as a function of temperature. 
Samples were irradiated with 12 Mrad doses at - 196°C. The samples were 
then placed in the spectrometer cavity which was maintained at various 
temperatures and allowed to equilibrate over a 15 minute period before 
the spectra were recorded. Because alkyl radical decay took place during 
this period, the resultant spectra represent an isochronal picture of the 
relative radical concentrations. 

Examples of the derivative spectra that were obtained at the various 
temperatures are shown in Figure 1. The multiplication factor represents 
attenuation. Figure l(a) to (c) represents the alkyl radical sextet. The 
integrated form of this radical's spectrum is shown in Figure 2(a). The 
derivative form of the allyl spectrum is shown in Figure l(e). The integrated 
form of the allyl spectrum, Figure 2(b), appears to be devoid of the fine 
structure depicting the five lines. The lack of structure is due to the 
condensed scale common to both spectra. Although forms of these spectra 
have been published elsewhere 7,~''j,1~-~, they are presented here again so 
that the analytical technique for estimating the relative concentrations of 
the alkyl and allyl radicals may be adequately described. The technique 
provides an easy but approximate method for determining the relative 
concentrations of these two coexistent radicals. 

The premise for this analytical technique is that the heights of the e.s.r. 
component bands are proportional to the concentrations of the respective 
species represented by the bands. The centre band of the derivative sextet 
spectrum, hi in Figure l(a), and those bands marked off with dashed lines in 
Figures l(b) and (c), correspond to the symmetrical depression on the 
integrated spectrum, Figure 2(a). Conversely, the centre band of the septet 
spectrum in the derivative form, also designated as ht and marked off by 
the dashed lines in Figure l(e), corresponds to its centre band on the 
integrated form, Fi,oure 2(b), rather than the absence of a band as in 
Figure 2(a). Therefore, h~ represents the difference of two bands, h~-h~', 
where h~ and h~' represent the height of the centre bands in the sextet 
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"l'ernperature 

(d) x I~ 

Figure 1--E.s.r. spectra of alkyl and aUyl radicals at 
several temperatures. The spectra represent the follow- 
ing: (a) to (c), alkyl radical; (e), allyl radical and 
(d), an intermediate stage in the spectral transfor- 
mation. The multiplication factors represent attenu- 

ation 

and septet spectra, respectively. Also, h' 1 is always negative since it repre- 
sents the absence of a band. As the sextet spectrum disappears with 
increasing temperature and the septet spectrum takes its place, h~ (absolute 
value) will approach a minimum and then increase. Although the spectro- 
scopic splitting factors (g) for these spectra are not quite equal, they are 
sufficiently close to cause overlapping of these bands. 

In addition to the spectral conversion which takes place, the total radical 
concentration decreases due to radical decay. Changes in the value for hi, 
therefore, reflect changes in concentration as well as the sextet-septet 
spectral transformation. An approximate method for normalizing con- 
centration variations and one which still makes it possible to follow the 
variation in hi is obtained by studying the ratio h l /h2=(h~-h 'q /~h 'q -h"~  

1 / / \  2 - - ° ' 2  J 

where h~ and h i" represent the height of the component bands next to 
the centre band in the sextet and septet spectra; both have positive values 
since they represent the presence rather than the absence of bands in the 
integrated spectra. As the spectral transformation proceeds, hl/h2 (absolute 
value) will also go through a minimum. The effects of superimposing the 
radical spectra and the resultant observed spectrum are illustrated 
graphically by Lawton et al. 7 in their Figure 5. 
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(a) 

/ 
30 gauss 

\ 

Figure 2--Integrated forms of the e.s.r, spectra for 
the alkyl radical, (a), and the allyl radical, (b) 

Values for hi~h,2 are instructive when the natural logarithm for hl/h~ is 
plotted against 1/T, Figure 3. T is the absolute temperature. It shows the 
relative concentrations of the alkyl and allyl radicals as a function of 
temperature. The linear relationship for values of 1/T greater than 6 
( -106°C) ,  section (a) of the plot, may be due to motional narrowing of 
the spectral bands. As the temperature increases beyond this point, hi~h2 
decreases [section (b)] indicating that the relative allyl radical concentration 
is increasing. These results do not necessarily imply that alkyl radicals 
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Figure 3--Relationship between temperature and the ratio of 
the peak-to-peak amplitude for the centre depression in the 
alkyl radical, h 1 (see Figures 1 and 2), with the peak-to-peak 

amplitude for the bordering spectral bands, h,~ 
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are being converted to allyl radicals, however. The apparent results may, 
rather, be a reflection of the more rapid decay of the alkyl radical at these 
temperatures. The relatively more stable allyl radical would, therefore, 
constitute a higher percentage of the total residual radical concentration. 

The decreasing values for In (hl/h2) approach a linear relationship with 
1/T [section (c)]. The very low values realized for hi~ha and the apparent 
minimum [sections (c) and (d)] are the result of the depression being 
replaced in the alkyl radical spectrum, Figure 2, by the centre band of 
the allyl radical spectrum which has been described. Thus, sections (a), (b) 
and (c) correspond to hi~h2 values where the alkyl radical spectrum is 
predominant after the 15 minute equilibration period. Similarly, section (d) 
corresponds to the predominance of the allyl radical in the centre band 
of the spectrum. 

The absolute values for the slopes of the linear portions of the two 
plots, sections (c) and (d), are equal. The equality emphasizes the inter- 
pretation that hi~h2 has the same significance in both plots. It was 
estimated that the slope in section (c) becomes constant at temperatures 
above - 36°C. 

An activation energy can be obtained from sections (c) and (d) of the 
Arrhenius plot in Figure 3, which reflects the energetics involved in the 
decay process. A value of 12 kcal/mole was realized. This value compares 
with a value of 12-2 kcal/mole which was obtained from the diffusion study 
of octadecane in polyethylene over the temperature range of 40 ° to 90°C 19. 
The comparable activation energy values indicate that alkyl radical decay 
is a diffusion process and that the same matrix is involved in both systems 
and temperature ranges. The temperature at which the slope in Figure 3 
becomes constant in the range where decay takes place, -36°C,  is of 
significance since it corresponds to the maximum temperature in the glass 
transition temperature range noted by Wunderlich 2°, -36°C.  The constant 
slope above this temperature indicates that diffusion is taking place in a 
matrix that is not changing form. 

Evidence that the increase in decay rate with respect to temperature, 
section (b), is related to the glass transition is found in the relationship 
of h~/h2 to the specific heat, Cp, of amorphous polyethylene. C~ is a 
convenient parameter for this comparison since it also changes rapidly in 
this temperature range. The linear relationship is shown in Figure 4. 
Experimental values for hi~h2 and the Cp data of Wunderlich 2° were used 
for this plot. Although the range of values covered in this plot is small, 
it covers all of the hi~h2 data in the curved portion of Figure 3, section (b), 
and all of the Cp data in the glass transition range reported by Wunderlich 20. 

The relationship probably arises from the fact that the specific heat is a 
measure of the motional freedom of the polymer molecules. The decay 
rate being a diffusion process is also dependent on molecular motion and, 
therefore, is related to the transition of the polymer molecules from the 
glassy state to the viscous-elastic state. The fact that the relationship is 
linear over the entire range of section (b) in the Figure 3 plot shows that 
a relatively simple relationship is involved. 

The gradual increase in the activation energy in section (b) is probably 
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Figure 4--Relationship lzetween h l /h  2 and specific heat, Cp, in the 
range of 183 ° to 238°K 

due to the fact that two competitive processes are involved, (1) the motional 
narrowing of the spectral lines which increases hi~h2, and (2) the decay 
process which decreases h,/h2. As the temperature increases, increasing 
molar quantities of the radicals are involved in the decay process. The 
latter process with its higher activation energy therefore becomes more 
prominent over the former process as the temperature increases. These 
results provide added evidence for a diffusion-controlled decay process 
which is dependent on the phase transition of the amorphous state. 

Very little, if any, alkyl radical decay involves an alkyl-allyl radical 
transformation. This conclusion is derived from a series of experiments in 
which alkyl radical concentrations, in arbitrary units, were determined by 
double integration of the e.s.r, signal at - 1 8 5 ° C  immediately following 
irradiation at -196°C.  The samples were then allowed to remain at room 
temperature for one hour after which alkyl radicals were not observed. 
The allyl radical concentration was then measured by double integration. 

The absence of alkyl radicals after the one hour decay period was 
indicated by the observations that the allyl radical septet spectra showed 
no overtones of the sextet alkyl radical spectrum. In addition, the residual 
allyl radicals showed no measurable decay over a period of several hours. 
These results suggest that any allyl radicals formed directly at the lower 
temperatures or by a radical transformation process were also measured 
at room temperature. 

The conclusion that very little, if any, alkyl radical decay involves an 
alkyl-allyl radical transformation is derived from Figure 5 where the con- 
centration ratios of atlyl radicals/alkyl radicals are plotted against dose. 
It  is evident that only a few per cent of the alkyl radicals could have been 
converted to allyl radicals. Figure 5 also shows that the ratio is at its 
maximum at the lowest dose. It  is of interest that the reverse process, allyl 
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Figure 5--Relationship between dose and the ratio of the 
residual allyl radical concentration following alkyl radical 
decay to that of the alkyl radical concentration following 

irradiation at - 196°C 

to alkyl radical transformation, can be induced by ultra-violet irradiation 17. 
Ohnishi, Sugimoto and Nitta 17 provide no explicit evidence that the forward 
process is also induced by u.v. irradiation. 

The allyl radical/alkyl  radical ratios obtained in this study compare 
favourably with those obtained from the data of Ohnishi". His G values 
for allyl and alkyl radical formation, 0-3 and 6-4, respectively, provide a 
ratio of 0.047. This compares with an initial ratio value of 0.039 obtained 
in the present study. 

It  is of interest that Ayscough and Evans 21 also report that significant 
amounts of allyl radicals remain when the alkyl radicals of straight chain 
terminal olefins disappear. They state that it has never been possible to 
establish whether the allyl radicals were initially present or not. The results 
of the present study are, therefore, in general agreement with those of 
Ayscough and Evans 21. They show a similarity in behaviour of Marlex 50 
with lower molecular weight olefins. 

A corollary to the observation that few, if any, alkyl radicals formed at 
- 196°C are converted to allyl radicals is the probability that allyl radicals 
formed at room temperature do not involve an alkyl-allyl radical trans- 
formation. This conclusion is derived from a comparison of the G values 
for alkyl radical, G (M), and allyl radical, G (A), formation for the two 
sets of irradiation conditions, those described above and those involving 
allyl radical formation by irradiation at room temperature. Ohnishi 1~ 
provides a G (M) value of 6.4 for Marlex 50 irradiations in the 0 to 15 Mrad 
range at -196°C.  Assuming that allyl radicals are formed initially from 
vinyl groups on a 1:1 basis, then the initial G value for vinyl group 
disappearance provided by Dole, Milner and Williams ~, 9.6, is sufficiently 
larger than G (M) to indicate that another mechanism for allyl radical 
formation is operative. 
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The basis for assuming a 1 : 1 relationship between allyl radical formation 
and vinyl group disappearance lies in a consideration of the comparative 
rate constants for the two processes. Dole e l  al. ~2 provide a first order rate 
constant for vinyl disappearance of 1.61 x 10 -2~ g/eV. In a subsequent 
publication it will be shown that the first order rate constant for allyl 
radical formation, in the dose range where vinyl groups disappear, is 
1.77 x 10 -~' g/eV. 

The evidence for a non-alkyl radical intermediate in allyl radical 
formation which is provided by the above comparative G values is 
supported by the data in F i g u r e  5. They show that the allyl radicals 
remaining at room temperature following alkyl radical decay are a very 
small percentage of the radical concentration at -185°C.  

The possibility exists that the high G (A) value at room temperature is 
due to a difference in behaviour of (1) alkyl radicals formed at - 1 9 6 ° C  
and then raised to room temperature, and (2) alkyl radicals formed initially 
at room temperature. This possibility is remote. Instead, the prevalence of 
different radicals is probably due to a difference in behaviour of a radical 
precursor at these different temperatures. At low temperatures, the 
precursor forms alkyl radicals which decay at temperatures above T,,, 
whereas at the higher temperatures it is involved in allyl radical formation. 

The results of the present study are interpreted in the following manner. 
The formation of allyl radicals at very low doses, where the relative yield 
is highest, presumably involves vinyl groups since vinylene groups are 
initially not present in Marlex 50. The vinyl groups are probably present 
to a large extent in the amorphous portion of the polymer since they 
represent defects and are probably rejected by the lamellae during the 
crystallization process. 

Vinylene groups are formed during the radiation process and are also 
available for allyl radical formation. The vinylene groups may be in 
amorphous regions since the regions in which they are formed may have 
received sufficient radiation to be converted to amorphous material. They 
may, however, also be present in the crystalline regions. 

It is believed that the state of the amorphous region, i.e. glassy or viscous- 
elastic, influences the type of radical formed, i.e. alkyl or allyl radical, 
hence, the emphasis which has been placed on the vinyl and vinylene 
groups being present in amorphous regions. 

These results can be explained if it is assumed, as Ayscough et  al. ''''"3 

suggest, that allyl radicals are formed by the transfer of hydrogen as an 
atom or proton from the /?-carbon relative to the double bond to an ion 
or an unsaturation site. In the glassy state such transfers would be highly 
restricted because of the mobility limitations. In the viscous-elastic state, 
greater mobility is possible and the hydrogen can diffuse to another site. 

The glass to viscous-elastic transition affects the radical processes in 
two ways. (1) Hydrogen atom or proton mobility, which is possible in the 
viscous-elastic state, permits allyl radical formation as described in the 
above paragraph. (2) Alkyl radical decay increases because of the similar 
freedom for mobility allowing for radical recombination. 

The decay results would also suggest that most of the radicals in this 
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study were in the amorphous region. If radiation interaction with poly- 
ethylene is assumed to be random, then some of the radicals must have 
formed in regions which were formerly crystalline since Marlex 50 is 
approximately 80 per cent crystalline. The conditions through which these 
radicals are concentrated in amorphous regions could result if it is assumed 
that the radiation damage is sufficiently severe to create amorphous regions 
and trap the resultant alkyl radicals. 

S U M M A R Y  
Alkyl radicals in polyethylene, produced by "y-rays at -196°C, are 
relatively stable in the glassy state of the amorphous phase and unstable 
in the viscous-elastic state. Their decay is associated with the glass 
transition and is dependent on a diffusion process. Their decay does not 
proceed in large measure through an alkyl-allyl radical transformation. 
At -196°C alkyl radicals are formed predominantly whereas at room 
temperature allyl radicals are mainly formed. It is believed that the state 
of the amorphous phase determines the type of radical which is formed. 

The author is grateful to Arthur W. Lynch for his technical assistance. 
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Albuquerque, New Mexico 87115 
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Rapid Turbidimetric Determinations of 
O-Conditions 

C. F. CORNET and H. VAN BALLEGOOIJEN 

This paper describes rapid semi-empirical methods for the turbidimetric 
determination of O-conditions. The O-compositions and O-temperatures thus 
obtained agree well with those found by other methods. The theoretical 

background of the methods is discassed. 

A DILUTE polymer solution is said to be under 0-conditions if the second 
virial coefficient, A2, is zero (see ref. 1, p 425). A single solvent or a mixture 
of solvents with a constant composition may have a 0-temperature for a 
certain polymer. Similarly, a mixture of solvents at constant temperature 
may have a 0-composition for a certain polymer. The knowledge of these 
0-conditions is important for several obvious reasons. 

Therefore we need rapid and simple methods to determine these con- 
ditions. Elias 2-6 has developed such a method for 0-compositions using 
turbidimetric titrations. 

However, the knowledge of 0-compositions is usually only of importance 
when intrinsic vicosities must be measured at 0-conditions. Light-scattering, 
osmotic-pressure and ultra-centrifugation measurements in 0-mixtures may 
lead to erroneous results. Therefore we need the knowledge of 0-tempera- 
tures of single solvents for such measurements. 

As far as we know no rapid method for the determination of 0-tempera- 
tures is as yet available. One must either measure the second virial coeffi- 
cient, A 2, at several temperatures and find the 0-temperature by interpolation 
to A 2 - 0  or determine the 0-temperature by extrapolating the critical 
miscibility temperature of a polymer-solvent system to infinite molecular 
weight (see ref. 1, p 613). Both methods are very time-consuming. 

We have now developed a rapid and simple semi-empirical method to 
determine 0-temperatures of polymer-single solvent systems, analogous to 
the one described by Elias 2-6 for the determination of 0-compositions. 

The results of our theoretical work have also led us to modify Elias's 
procedure. 

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

Methods 
(1) Determination of O-compositions--Non-solvent is added to a stirred 

and thermostatically controlled dilute polymer solution until phase 
separation starts. This is done with various solutions, the polymer con- 
centration ranging between about 1 and 0.001 per cent by weight. The 
volume fraction of non-solvent necessary for incipient precipitation is 
plotted versus the logarithm of the corresponding volume fraction of 
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polymer*, resulting in a linear dependence. Extrapolation to pure polymer 
gives the 0-composition. 

We have found that the rate of addition of non-solvent must be below 
1 ml/min if a 100 ml cuvette is used. Furthermore, the temperature must 
be kept constant within about 0.1 °C. 

(2) Determination of O-temperatures--A stirred dilute polymer solution 
is slowly cooled down until phase separation starts. This is done with 
several polymer concentrations between about 1 and 0.001 per cent by 
weight. The values of the reciprocal absolute temperatures of incipient 
turbidity are plotted versus the logarithm of the corresponding volume 
fraction of polymer, which results in a linear dependence. Extrapolation 
to pure polymer gives the reciprocal 0-temperature. The cooling rate must 
be below about 1 °C per minute. 

Apparatus 
A 109 ml cylindrical glass cuvette, which contains the solution under 

study, just fits in a thermostatically controlled brass jacket. A lamp, fed 
by a constant voltage unit and facing a hole in the jacket, illuminates the 
solution. A photocell is placed before a second hole in the jacket, opposite 
to the first hole. The photocell output is fed to one input of a two-pen 
2½ mV Brown recorder. The other input of the recorder is connected 
to an iron-constantan thermocouple placed in the solution. The solution 
is stirred magnetically at a rate of about 200 rev/min. A constant volume 
pump (a DCL micro-pump with a plunger head of the C type) supplies 
non-solvent through a stainless-steel injection needle. The tip of this needle 
is placed just above the bottom of the cuvette, and so the non-solvent is 
brought to the temperature of the solution while being passed through the 
needle. The temperature of the brass jacket is regulated by means of 
circulating water or alcohol originating from an outside thermostat 
(type: Haake, Kryotherm KT 62), whose temperature can be programmed. 
The appearance of any turbidity causes a change in the light transmission 
and thereby in the photocell output. The apparatus allows the 'first cloud 
point' of polymer-solvent systems with concentrations as low as about 
0.001 per cent by weight of polymer to be detected with sufficient accuracy 
(see also ref. 5). 

R E S U L T S  

(A) O-temperatures--We have determined the 0-temperatures of the 
systems : 

(1) poly-c~-methylstyrene (PAMS)-cyclohexane; 
(2) polystyrene (PS)-cyclohexane; 
(3) polyisoprene (IR)-methyl isobutyl ketone (MIBK). 
Re (1): independent measurements on three samples of PAMS in 

cyclohexane gave experimental 0-temperatures for this system of 35.7 °, 
36.1 ° and 36.8°C (see Figure 1). The real 0-temperature is therefore 
* Th i s  is in  con t r a s t  w i t h  E l i a s ' s  p r o c e d u r e .  H e  p lo t s  t h e  logarithm of  the  v o l u m e  f r ac t i on  of  n o n -  

so lven t  versus  the  l o g a r i t h m  of  the  concentration ( in  g / m l )  o f  the  p o l y m e r .  F r o m  E l i a s ' s  p a p e r s  i t  ap!aears  
t h a t  he  ex t r apo l a t e s  to  a p o l y m e r  concentration of  un i ty ,  w h i c h  c o n c e n t r a t i o n  differs  f r o m  p u r e  p o l y m e r  
b y  a f ac to r  e q u a l  t o  the  dens i ty  of  the  p o l y m e r  (see e .g .  F i g u r e  1 of  ref .  3). See  the  theore t i ca l  p a r t  
for  f u r t he r  detai ls .  
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Figure 2--Turb id imetr ic  determination of 0-temperature of system 
PS-cyc]ohexane I /T versus ]og qS~. Sample: polystyrene Dow 666. 

0=33 .7 °C  

e x p e c t e d  t o  b e  36.2°~+_ 1 . 0 ° C  *. T h i s  v a l u e  is  i n  a g r e e m e n t  w i t h  l i t e r a t u r e  

d a t a .  K o t e r a  et al. 8 a n d  C o t t a m  et al? r e p o r t e d  3 6 ° C  a n d  3 8 ° C  r e s p e c t i v e l y .  

R e  (2 ) :  t h e  0 - t e m p e r a t u r e  o f  t h e  s y s t e m  P S - c y c l o h e x a n e  w a s  f o u n d  t o  
b e  3 3 - 7 ° C  ( s ee  Figure 2). T h i s  v a l u e  is  i n  g o o d  a g r e e m e n t  w i t h  l i t e r a t u r e  

d a t a  ( s ee  e .g .  re f .  1, p 6 1 5 ;  r e f s .  1 0 a n d  11). 

*This is in agreement with other experiments carried out in this laboratory. Mr H. Zeldenrust has measured 
the second virial coefficient of the system PAMS-cyclobexane at temperatures from 26 ° to 38°C by 
means of light-scattering experimentsL He found that A~=0 at 35.5°±0"5°C. 
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Figure 3--~b'tr" versus titration tem- 
perature for the system polyisoprene- 
methyl isobutyl ketone-butanol-2. 

At ~b'extr.=0, t = 13°C 

Re  (3): the system I R - M I B K  proved to be under 0-conditions at 13°C. 
An indirect measurement gave the same result (see the following section, 
re (2), the 0-compositions of IR-MIBK-bu tano l -2  mixtures at various 
temperatures, Figure 3). 

(B) O-compositions--We determined the 0-compositions of the following 
systems : 

(1) PS--cyclohexane-n-heptane at 34°C; 
(2) IR-MIBK-bu tano l -2  at various temperatures. 

016 
- 3"40 

0.1z, ~ 3-20 

. ";~- 006 / ~ 240 

004 / ~ . 0 0  O/or 2-20 

. ~  . . . . . . . . .  , , ~  2.00 
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10-4 I0 -3 10 -z 10 -1 

Figure 4--Turbidimetric titrations of polystyrene-cyclohexane with n-heptan¢ 
at the 0-temperature of the PS-cyclohexane mixture (34°C). Extrapolation 

according to Elias gives an erroneous 0-composition 
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Re (1): as expected titrations performed in the system PS--cyclohexane 
at the 0-temperature (34°C) with n-heptane show that the 0-composition 
is equivalent to that of the pure 0-solvent (see Figure 4). 

Re (2): we have measured the 0-composition of an MIBK-butanol-2 
mixture for polyisoprene at various temperatures. A plot of 0-composition 
versus corresponding temperature gives a straight line, which extrapolates 
to the 0-temperature of the solvent at a 0-composition equivalent to that 
of the pure solvent (see Figure 3). The 0-temperature (of IR-MIBK)  thus 
obtained agrees well with that found from direct measurements. 

T H E O R E T I C A L  B A C K G R O U N D  

(A) Determination ol O-temperatures 
The rapid method to determine 0-temperatures was found empirically 

by searching for a method analogous to Elias's procedure for the deter- 
mination of 0-compositions ~'-6. Elias's method is based on work by Patat 
and Tr~ixler le, who found that the composition of the gel phase precipitated 
in a polymer-solvent system is constant. However, later measurements by 
M~inner ~:t showed that the precipitate composition depends on the molecular 
weight and concentration of the polymer. Although Elias's theoretical 
explanation cannot therefore be entirely correct, his experimental results 
clearly show the practical value of his method. Since our method also gave 
good results, we have looked for a theoretical explanation. The results 
of this theoretical work have led to a few modifications in the evaluation 
of our experimental results and in the procedure as given by Elias 2-~. 

Up till now it has not been possible to find a closed expression for the 
relation between the polymer concentration and the temperature of a 
polymer-solvent mixture which is on the verge of separating into two 
phases. 

In order to find such a relation we have carried out numerical calculations 
in a way indicated by for example Flory (see ref. 1, p 545) and Tompa 
(see ref. 14, p 178). In the temperature/composition diagram of a polymer-  
solvent system a binodal line indicates the temperatures and compositions 
at which the system just separates into two phases. At equilibrium con- 
ditions the chemical potential of either component in one phase is equal 
to that in the coexisting phase. 

The various theories on thermodynamics of polymer-solvent mixtures 
relate the chemical potentials of the components to the composition of the 
mixture, to the ratio between the molecular volumes and to a polymer-  
solvent interaction parameter. Combination gives two equations with three 
variables, viz. the two compositions and the polymer-solvent interaction 
parameter. By elimination of one of these variables a relation between the 
other two can be found. 

We started from a modification of the Flory-Huggins expression for the 
Gibbs free energy of mixing, AG, as proposed by Holly 1~ 

with 
AG = kT  [n~ In 4~ +np In ~ + xon~d?p + o-n~dp~ r] 

(as=n~/(n~+ mn~) and c~=mn./(n~+ mn~) 
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where k is the Boltzmann constant, T is the absolute temperature, n, and 
np are the numbers of molecules of solvent and polymer, ~b, and ~bp are 
the volume fractions of solvent and polymer, rn is the ratio between the 
molecular volumes of polymer and solvent and X0 and o- are polymer- 
solvent interaction parameters. The chemical potentials of polymer and 
solvent are the partial derivatives of AG with respect to the numbers of 
polymer and solvent molecules. 

When thp' and ~p" are related to the dilute and concentrated phases 
respectively, and m and o- are fixed, the relation between ~bp', qS," and X, 
can be found by numerical computation. This has been done for values of 
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m ranging from 103 to 105 and values of o- ranging from + 0.15 to -0 .20*.  
The results of these calculations are shown in Figures 5 to 7. 

When plotting (X0-o-) versus log qS~', we find that the part of the curve 
lying somewhere between log S p ' - - -  2 and log 6 , , ' = -  5 is approximately 
a straight line, which can be extrapolated to (X0-O-)-0.50 for log ~b1,'=0. 
Owing to the approximate character of equation (1) it seems useless to 
search for a curve which fits better. Following Flory (ref. 1, p 522), it can 
be shown that the condition (X0- o-)= 0.50 corresponds to the 0-temperature, 
because (X0-or -  ½) is equivalent to -tpl  ( 1 -  0/T),  where ~bl is an entropy 
parameter. Therefore X0 - o- varies linearly with 1 / T and T = 0 if X0 - o- = ½. 

The extrapolation method as described above gives (X0-or) values near 
0.50 but not equal to 0.50. The most serious deviation 6, occurring with 
a low-molecular-weight polymer, is approximately 0.005. The deviation 
corresponds to an error in the 0-temperature, A0=06/tbl. As 0 is usually 
about 300°K and ~bl may vary between 0-15 and 0.70, the deviation A0 
could according to these theoretical arguments reach a value up to 10°C. 
However, in polymers with a moderate or high molecular weight A0 would 
usually be less than 1 °C. Our experimental results indicate that only small 
errors are involved. 

It must be remembered that this theoretical explanation is based on an 
approximate equation for the Gibbs free energy of mixing. However, our 
experimental results support the above arguments. 

(B) Determination of O-compositions 
The analogon of a temperature/composition diagram of a polymer-single 

solvent system is a composition/composition diagram of a polymer-mixed- 
solvent system at constant temperature. Instead of the temperature, the 

*VCe are indcbted to Mr J. Ponstein who carried out the calculations with the aid of an IBM 7070 
computer. 
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composition of the mixed solvent is plotted versus the volume fraction of 
polymer. The positions of coexisting phases relative to each other are not 
known for this diagram, because in general the compositions of the mixed 
solvent in these coexisting phases differ (see e.g. ref. 1, p 548 and ref. 14, 
p 192). As a rough approximation we can, however, neglect this difference 
and then it is possible to regard a solvent-non-solvent-polymer system 
as a quasi-single solvent system, where the polymer-solvent interaction 
parameter is now determined by the composition of the mixed solvent 
(see e.g. ref. 14, p 192). This apparent interaction parameter is given by 

X=X~p+~b n + 2 (X.~- X~ - X,.) Xs.~. (3) 
where 

~,,,= ~./(~,,  + ~.) 
and ~bn and t h, are the volume fractions of non-solvent and solvent, 
respectively, and X,p, X~p and X,n are the interaction parameters of the 
systems solvent-polymer, non-solvent-polymer and solvent-non-solvent 
respectively. 

At constant temperature the parameter X is a function of ~b," only, 
because X,,, X,~ and Xnp are then constant. In a sufficiently small range of 
~b,,'-values the relation between X and ~n" is even approximately linear. 

We now assume that X at constant temperature is equivalent to X0 in 
equation (1) and accordingly that a plot of X or ~b~" versus log thp' is 
equivalent to a plot of X0 or 1 /T  versus log ~b/. 

Extrapolation to log t h / = 0  in a X or ~,<' versus log ~bp' plot must then 
give a value of ~b,,' equal to (~b,')<~t,.., and so X =½ and the second virial 
coefficient is zero. 

These qualitative arguments indicate that the results of turbidimetric 
titrations must not be plotted according to Elias 2-6, viz. log th,' versus 
log th/, but as described above, viz. ~b,' versus log ~b/. We have the following 
experimental evidence to support this statement. A turbidimetric titration 
on a polymer-0-solvent-non-solvent system only produces the correct 
0-composition, viz. the pure 0-solvent, if our extrapolation method is used 
(see Figure 4). If titrations are involved on systems whose 0-composition 
differs enough from zero, the two extrapolation methods give identical 
results. 

Realizing that all X s are approximately linear functions of 1/T, it can 
b e  seen from equation (3) that there must be a relationship between 
(~Jnt)extr. and the temperature T at which the titration has been carried out. 
In a sufficiently small temperature range the relation between (~n'),~t~ and 

' 0 T is even approximately linear. Extrapolation to (~b,),~t, = must give a 
temperature equal to the 0-temperature of the polymer-solvent system 
and extrapolation to (On')~,..=l must give the 0-temperature of the 
polymer-non-solvent system. 

Part of these theoretical arguments is in agreement with our experimental 
results (see the measurements on the system iR-MIBK-butanol-2;  Figure 3). 

C O N C L U S I O N S  
We have shown experimentally and theoretically that 0-conditions can be 
found by means of turbidimetric measurements. The logarithm of the 
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vo lume  fract ion of p o l y m e r  in a di lute  po lymer  solut ion at  the beginning  
of  phase  separa t ion  is l inear ly  re la ted  to the rec iprocal  abso lu te  t empera tu re  
o r  to the re la t ive  vo lume f rac t ion of non-solvent .  Ex t r apo l a t i on  of this 
l inear  re la t ionsh ip  to pure  po lymer  (log vo lume f r a c t i o n = 0 )  gives the 
0 - t empera tu re  or  the 0-composi t ion .  The  me thod  appears  to be rapid.  

The  knowledge  of the re la t ions  between p o l y m e r  concentra t ion,  t empera-  
ture  and  solvent  compos i t ion  is ind ispensable  to the use of a tu rb id imet r ic  
m e t h o d  as a means  to charac ter ize  molecu la r -weigh t  d is t r ibut ions  and  
m a y  be  of great  he lp  when employ ing  other  f rac t iona t ion  techniques based  
on  p o l y m e r  solubil i ty .  

KoninklOke / Shell Laboratorium, 
Ams terdam,  Netherlands 

Shell Research N.V.  
(Received January 1966) 
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Yield Stress Behaviour of Isotactic 
Polypropylene 

J. A. ROETLING* 

The tensile yield stress behaviour o[ isotactic polypropylene was measured 
over wide ranges of strain rate and temperature. As was found with amorphous 
materials studied previously, the yield stress behaviour could be described as 
the sum o5 the stresses due to two rate processes. One of these processes again 
appears to be the a-process (i.e. the process associated with the glass tem- 
perature, To) but the second process appears to be associated with the 
crystalline melting temperature (Tin). It is believed that the relaxation time of 
the usual fl-process is too short for this process to make a significant contri- 

bution to the stress in the temperature region studied. 

IN PREVIOUS papers 1,' it was shown that the tensile yield stress behaviour 
of the amorphous polymers poly(methyl methacrylate) (PMMA) and 
poly(ethyl methacrylate) (PEMA) could be described by means of the 
Eyring viscosity theory. However, it was found that it was not possible to 
describe the data by means of a single process. To describe the observed 
behaviour over wide ranges of rate and temperature, it was necessary to 
assume that two rate processes were involved and that the stresses due to 
these two processes were additive. This not only permitted an excellent 
fit of the theoretical equation to the experimental data, but the activation 
energies obtained for the two processes were close to those obtained by 
means of dynamic mechanical and dielectric measurements. From this and 
other considerations it appears that the non-linear deformation processes 
involved at high stress levels are related to the linear processes which are 
observed at low stresses and that this relation is provided by Eyring's 
viscosity theory. The present paper describes the results obtained when the 
yield stress measurements were extended to isotactic polypropylene as an 
example of a crystalline polymer. 

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

The sample used in this investigation was a commercially available isotactic 
polypropylene sold under the trade name 'Profax't". Test specimens were 
injection moulded bars of the type used in the previous investigations and 
the experimental procedure was the same as described previously. 

The results of the tensile yield stress measurements on the polypropylene 
sample are shown in Figure 1, where the ratio of yield stress to absolute 
temperature ( t r /T)  is plotted as a function of the strain rate at each of 
several temperatures. The solid curves drawn through the data were calcu- 
lated from the equation 

(o-/T)---E (1/Ai) sinh -1 {(Ci ~/T) exp (AHi/RT)} (1) 
t 

*Present address: General Electric Co., M.S.D., P.O. Box 8555, Philadelphia, Pa 19101, U.S.A. 
tHercules Powder Company, Wilmington, Delaware. 
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Figure l~Measured ratio of yield stress to temperature as a function of 
rate of strain 

where o- denotes yield stress (dyne cm-2), E is strain rate (sec-~), T is 
temperature (°K) and the A ,  C~ and AH~ are material constants. The values 
of  these constants are given in Table  1 and were chosen so as to result in 
a reasonably good fit of equation (1) to the data. As with previously 
studied materials, the equation describes the data quite well if it is assumed 
that  two rate processes are involved. 

Table 1. Polypropylene constants 

Process (i) a 

AHi ( kcal / mole) 45"6 88" 6 
Ai 19 × 10 -6 62× 10 -6 
In Ci --58-8 --90-4 

D I S C U S S I O N  

Dynamic mechanical measurements 3'~ on crystalline polypropylene have 
shown the presence of at least three processes, These appear to be the usual 
,oz-process (i.e. the process associated with the glass transition temperature), 
a lower temperature process which will be referred to as the fl-process, 
plus a third process which is associated with the crystalline melting point 
(Tin) and which will be referred to in this paper as the ~-process. Con- 
sidering the data presented in Figure 1 and comparing them with similar 
data  on P M M A  and P E M A  published previously, it will be noted that 
the yield stress at the higher rates and lower temperatures is relatively low 
for the polypropylene*. This lower yield stress together with a lower rate 

*At  the  h igher  ra tes  and  lower  temlx:xatures P M M A  and  P E M A  m a y  fa i l  be fore  ~ e l d  is r eached .  
However ,  the yield stress m a y  be ca lcu la ted  f rom equa t ion  (1~ using the  constants  given for  P M M A  or  
P E M A .  
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of change of stress with increasing strain rate and the fact that only two 
processes are necessary to describe the data, suggests that one of the three 
processes observed in the dynamic (oscillatory) measurements is too rapid 
(i.e. the relaxation time is too short) to make a significant contribution to 
the stress in the range of rates and temperatures studied. The presence of 
at least one such rapid process will permit some relaxation at points of 
stress concentration and is possibly a characteristic of ductile polymers ~. 
Of the three processes observed in the dynamic testing of polypropylene, 
one might expect that the /3-process (i.e. the process associated with the 
lowest temperature loss peak) is too fast to contribute to the yield stress 
in this temperature range and that it is the remaining two processes which 
are observed in the yield stress measurement. This appears to be so, as 
will be noted from the considerations which follow. 

The value of 62× 10 -~ obtained for one of the A constants (A;) is 
unusually large compared to values previously obtained for either the a-  
or/3-processes. A large value for A implies a large volume swept out as a 
segment jumps and this in turn means a larger segment, a longer jump 
distance, or both. This does not seem to be in accord with what may be 
expected for the relatively flexible polypropylene chain. On the other hand 
the value of 19 × 10 -~ (A,) is in line with previously obtained values of A 
for the a-process. Since the polypropylene sample was crystalline, large 
deformations may be expected to involve motion or deformation of 
crystallites or aggregates of segments. For a process consisting of the 
deformation of these larger entities a larger value for the constant A would 
be reasonable. Considering the values obtained for the activation energies, 
AH~ is much less than that observed for the a-process of previously studied 
polymers, but this could be the result of greater chain flexibility. Further- 
more, if one of the observed processes does involve the deformation of 
crystallites as expected, this might be expected to be the higher energy 
process. 

As a final consideration, it may be noted that dynamic measurements ~ on 
amorphous polypropylene show a broad, weak peak at 235°K and a much 
sharper peak at 270°K. These are probably the usual/3 and a process loss 
peaks respectively. For crystalline material these loss peaks are shifted to 
240°K and 300°K respectively, and a peak corresponding to the crystalline 
melting point appears at 435°K. Making use of the constants given in 
Table 1, one may calculate the temperature at which the apparent 
Newtonian (i.e. linear behaviour region) viscosity of each of the processes 
involved in the yield stress is equal to that due to the a-process of, for 
example, PEMA when P E M A  is at its glass temperature (65°C). If this is 
done we obtain a calculated temperature of 296°K for the process which 
is being referred to here as the a-process (of the polypropylene) and a 
value of 410°K for what is referred to as the ~-process. These calculated 
temperatures are in good agreement with the observed temperatures at 
which the loss maxima occur in the dynamic mechanical measurements 
and this is taken as an indication that the correct assignment of the processes 
was made. That  is, this calculation indicates that the process referred to 
as the ~-process acquires a degree of mobility at T~,~ comparable to that 
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attained by the a-process at temperatures near Tg and hence is probably 
to be associated with T,,. 

A similar calculation may be made, with essentially the same result, if 
the constants for PMMA 1 are used together with a To of 105°C for the 
PMMA. This calculation is similar to that done previously ~ to show that 
the glass temperature of PEMA could be calculated from the a-process 
constants. This calculation made use of the or-process constants of both 
PMMA and PEMA, a knowledge of the To of PMMA, and the assumption 
that the Newtonian viscosity due to the a-process was the same for the 
two polymers when each was at its glass temperature, This assumption 
is probably most valid when the polymers being compared are similar in 
structure. 

The author is indebted to Mr W. W. Moore, IH, for very capable 
assistance in the gathering and reduction of data and to Mr L. R. De 
Fonso [or computational assistance. 

Rohm and Haas Company, 
Research Laboratories, 

P.O. Box 219, 
Bristol, Pa, U.S.A. 

(Received January 1966) 
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Electron Microscope Studies of the 
Fracture of Glassy Polymers 

R. J. BIRD*, J. MANNt, G. POGANY~" and G. ROONEY* 

Electron microscopy of fracture surfaces has shown that polystyrene, styrene- 
acrylonitrile copolymer and polymethylmethacrylate behave with a good 
measure of similarity under conditions of fast flexural fracture. The surface 
detail is considered to be due mainly to plastic deformation and the size of 
this detail is slightly influenced by both the molecular weight of the polymer 
and the temperature at which samples are fractured. Polycarbonate, a tougher 
polymer, surprisingly shows less detail suggestive of plastic deformation. 

In polystyrene, regions of different crack growth velocity have been shown 
to have characteristically different fracture surface appearance. Much of this 
may be due to differences in the extent of plastic deformation ahead of the 
propagating crack and the consequent differences in the radius of curvature of 

the tip of the crack. 

ALTHOUGH electron microscopy has been used by other workers to study the 
fracture surfaces of brittle polymers 1-3, surprisingly little systematic work 
has been done in this field. The present authors found the technique valuable 
with rubber modified styrene-acrylonitrile copolymers (ABS polymers) ~ and 
they have now extended their studies to the pure styrene-acrylonitrile 
copolymer, polystyrene, polymethylmethacrylate, polycarbonate and, for 
comparison purposes, soda glass and sucrose sugar glass. The main object 
of the work was to establish whether fracture surfaces show characteristic 
surface detail, and to lay the foundation for more systematic work. 

The work presented here may be divided into two parts. The first consists 
mainly of a comparison between the various materials under constant con- 
ditions of fast flexural fracture. With polystyrene, however, extra specimens 
were prepared at a second temperature to assess the temperature dependence 
of fracture surface detail. The second part of the work was carried out on 
a tensile specimen of polystyrene with the object of finding the effect of 
speed of fracture on surface detail, for this one material only. 

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

For the fast flexural fracture work specimens, mainly in the form of strips 
about 1.5 mm thick, were gripped between two pairs of pliers and bent 
sharply to fracture. For the high and low temperature experiments the 
pliers were correspondingly heated or chilled to minimize heat transfer. 

The speed of fracture is something that cannot be closely defined and 
controlled in absolute terms. Indeed it is accepted that where slow fracture 
is attempted, a wide range of crack propagation rates occurs during the 
formation of a single fracture. We therefore used one specimen only, a 

*Thornton Research Centre, Shell Research Ltd. Chester. 
+C-Mrrington Plastics Laboratory, Shell Research Ltd, Urmston, Manchester. 
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Figure / - -Bri t t le  fractures. Magnification× 25 000; reduced 2/3 on reproduction. 
(a) Glass at 300°C; (b) Sucrose; (c) Glass at 20°(2 
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STUDIES OF THE FRACTURE OF GLASSY POLYMERS 

compression moulded strip of polystyrene pulled at an elongation rate of 
0"01 min -1, and on the fracture surfaces produced we selected regions of 
different appearances associated with different rates of crack growth. 

The fracture surfaces were replicated by the preshadowed carbon tech- 
nique due to Bradley. For the shadowing gold-palladium alloy was 
deposited at a mean angle of about 30°. After this a thicker layer of carbon 
was deposited at normal incidence. The samples were then immersed in 
methylethyl ketone to release the replicas by partial dissolution of the 
plastics. After release the replicas were washed in fresh solvent before 
collection for examination. 

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

The fracture surfaces of all the organic polymers show considerable amounts 
of detail compared with those of sucrose and the inorganic glass. Before 
.discussing these results, however, it will be valuable to consider what is 
giving rise to the detail. 

From the work of Berry 5-7 on polymethylmethacrylate and polystyrene 
we know that fracture produces plastic deformation of a thin layer at the 
surface generated, even at temperatures well below the glass transition point 
of the material (i.e. down to -190°C). Thus the structure we see on the 
fracture surfaces is likely to arise from plastic deformation. In support of 
this, the fracture surfaces of inorganic glass* and sucrose glass shown in 
Figure 1 (a) and (b)are  featureless. Of these, inorganic glass is generally 
held to approximate to ideal brittle fracture, and any plastic deformation is 
confined to an extremely thin surface layer za. Similarly we would not expect 
sucrose to give plastic deformation, since it behaves as a brittle material in 
all mechanical tests carried out at normal speeds. The fracture surfaces 
will, therefore, not give direct evidence: of the structure of glassy polymers. 
They will give: information on the plastic deformation which accompanies 
fracture and this may of course have structural implications. 

(I) Fast 1racture in flexure 

(i) Polystyrene--The effect of temperature on fracture surfaces--The 
surfaces of a low molecular weight polystyrene fractured rapidly in flexure 
at - 180°C and 19°C are shown in Figure 2 (a) and (b). Both surfaces are 
covered with small hillocks of size 400A to 800A and there are occasional 
ridges of similar substructure. There is a suggestion of slightly larger 
hillocks at the higher temperature, which is maintained in other micrographs 
~ff these surfaces. 

We imagine that the structure results from the fracture of a plastically 
,deformed layer of material, which forms ahead of the tip of the fracture 
crack. This plastic deformation involves orientation of molecules perpen- 
dicular to the fracture surface. The structures which we observe are 
surprisingly rounded, suggesting that relaxation of the oriented material has 
occurred. The rounding is equally evident on fracture faces produced at 
-180°C and 20°C and this might suggest that any such relaxation is 

' ~For  th is  c o m o a r i s o n  t he  g lass  w as  f r ac tu red  a t  3 0 0 ° C  so  tha t  it w o u l d  be  be low  its g l a ~  t e m p e r a t u r e  
b y  a b o u t  the  s a m e  a m o u n t  as  the  plas t ics .  
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brought about by the heating associated with replica making, when the 
surface is bombarded with metal and carbon atoms. However, this now 
seems less likely since in later work (to be published) finer more intricate 
detail in polystyrene has satisfactorily survived the replica process. 

(ii) Polystyrene--The effect of molecular weight--Molecular weight has 
no noticeable influence on the nature of the fracture surface at 19°C as 

Figure 2--Polystyrene. Effects of molecular weight and temperature. Magnification× 
25 000; reduced 6/10 on reproduction. (a) Low molecular weight polystyrene - 180"C; 
(b) Low molecular weight polystyrene 19°C; (c) High molecular weight polystyrene 

.-  180°C; (d) High molecular weight polystyrene 20"C 
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can be seen by comparing Figure 2 (b) and (d). At - 180°C, however, there 
is slight evidence of increased hillock size for the high molecular weight 
material [compare 2 (a) and 2 (c)]. 

(iii) Styrene-acrylonitrile copolymer--Two samples of low and high 
molecular weight respectively were fractured at -180°C.  These showed 
the same type of surface as polystyrene and again there was slight evidence 
of high molecular weight giving rise to larger hillocks [Figure 3 (a) and (b)]. 

Figure 3--Styrene-acrylonitrile (ACN) and polycarbonate at -180°C. Magnification x 
25000; reduced 6/10 on reproduction. (a) Low molecular weight styrene-ACN 
copolymer; (b) High molecular weight styrene-ACN copolymer; (c) Polycarbonate; 

(d) Potycarbonate 
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(iv) Polymethylmethacrylate--Fractured at low temperature this 
material also largely resembled polystyrene though there were some areas of 
fracture surface where the fine detail was noticeably smoother (not 
illustrated). 

(v) Polycarbonate--Since polycarbonate is a tough polymer and becomes 
brittle only below -135°C we might expect that fracture surfaces of this 
polymer would show more pronounced indications of plastic deformation. 
This is not so, however, and much of the fracture surface has comparatively 
little fine detail as in Figure 3 (c), though other parts do show detail more 
like that of polystyrene '[Figure 3 (d)]. 

(II) The effect of speed of fracture in polystyrene 
The fracture surface of the specimen used for this work is shown 

diagrammatically in Figure 4. This appearance indicates that the fracture 
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Figure 4--Diagrammatic representation of fracture 
surface of polystyrene 

started at the corner contained by the mirror area. There is universal agree- 
ment that the rough area corresponds to a region o~ fast crack growth s' 9. 
The lined area, according to the studies of Schardin 1°, corresponds to a 
region where the crack is accelerating. For the mirror area, all our observ- 
ations agree with Sauer a in suggesting that the fiat mirror area is a region of 
slow crack growth.  This appears to be at variance with Berry's conclusions 
on polymethylmethacrylate that the fiat mirror area is a region of fast 
crack growth. However, there may well be some confusion with terms 
since crack speeds cannot be quoted quantitatively, and there is a further 
difficulty in distinguishing crack growth from the growth of a craze 11. A 
craze may form slowly, and subsequently the crack may progress through 
the affected region more rapidly. 

Other work we have done shows that fiat mirror surfaces are associated 
with fracture of crazed material, and we would suggest that this appearance 
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is not diagnostic of slow crack growth. We suspect it results from the 
fracture of crazed material or fracture where orientation of the material 
occurs well ahead of the crack tip. 

One real difference exists between Berry's observations on poly- 
methylmethacrylate and our own on polystyrene. Berry observed a deeply 
furrowed region before the mirror region, which we have never observed 
with polystyrene. It may be that in the latter material, this region is too 
small for easy observation. 

Since we cannot define: absolutely the speeds of crack growth occurring 
in our experiments, we shall discuss results in terms of the three areas of 
distinctive appearance to the unaided eye, and we postulate that in this 
experiment at least, these surfaces in order of increasing speed of crack 
growth are: 

'mirror' ,  'lined', 'rough'. 

(i) Mirror area--Representative micrographs of this region are shown in 
Figures 5 and 6. The most characteristic features are the grained appearance 

Figure 5--Polystyrene. Mirror area of fracture face. Magnifications (a)X25000, 
(b) x 3 750, (c) x 3 750; all reduced 6/10 on reproduction 
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and the secondary fracture features. These latter are well known. Their 
outlines are formed by the meeting of the main crack front and those of 
the subsidiary cracks formed ahead of it. Frequently these outlines are 
parabolas resulting from the meeting of a straight main crack front and a 
circular secondary front travelling at about the same speed TM. Many of the 
secondary fracture features we observe are not parabolas but closed pear- 
shaped figures. These must result from the main crack front travelling 
faster than the secondary fracture and overtaking it. 

Figure 6--Polystyrene. Mirror area of fracture face. Magnification×25 000; 
reduced 6/10 on reproduction 

The secondary fractures allow us to identify the direction of propagation 
of the main crack front. In Figure 6 for example the main crack propa- 
gated from the upper left of the plate towards the lower right, while in 
Figure 5 (b) it was in the reverse direction. The grain on the surface always 
lies along the direction of travel of the crack. It often changes direction 
close to secondary fractures, showing the influence of the latter on main 
crack propagation. 

Plastic deformation is known to accompany fracture s. 6, but apart from 
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Figure 7--Polymethylmethacrylate fractured at elevated 
temperature. (a) General view. Magnification x 5"5; 
(b) Crack tip. Magnification x 25; (c) View of one face. 
MagnificationX 16"8; all reduced 2/3 on reproduction 

315 



R. J. BIRD, J. MANN, G. POGANY and G. ROONEY 

the edges of secondary fractures, and perhaps their points of initiation, 
there is little obvious sign of it on the fracture surfaces. The main feature 
of the fracture surfaces is the grain, however, and we must consider whether 
this could be formed by plastic deformation. 

For brittle fracture the two fracture faces will be exact negative counter- 
parts of one another. On one fracture face, therefore, we would expect to 
see roughly equal numbers of raised and sunken features of a given size. 
A grain which is clearly of this type is shown in Figure 1 (c) for soda glass. 
When we turn to the grain on polystyrene, as on the left hand side of 
Figure 6 for example, it is less easy to visualize the opposite fracture face 
being a negative counterpart. The raised and sunken features do not appear 
to be statistically equal in number and in size. This suggests that the grain 
is produced by plastic deformation accompanying fracture. 

We have, with polymethylmethacrylate, obtained some evidence to sup- 
port the view that the grain is a result of plastic deformation. A specimen 
of this material was heated above its glass transition temperature. It was 
then rapidly withdrawn from the oven and fractured in a room temperature 
environment. The conditions in this experiment should be similar to those 
in the fracture of polystyrene in that the material is capable, during fracture, 
of undergoing extension which will then be frozen in. The appearance of 
the resulting fracture surface is shown in Figure 7. It has much in common 
with the polystyrene results except that the grain is on a larger scale. The 
ridges on one fracture face correspond with ridges on the other. The draw- 
ing of material in the crack tip is shown at Co) and the rather ragged ridges 
(cooling was too rapid to allow relaxation) are best seen in (c). The pro- 
gressive restriction of ridge formation to the middle part of the fracture 
face is also thought to be due to cooling of the specimen during fracture. 

The precise mechanism by which the grain is formed in polystyrene is 
not clear, but we offer the following hypothesis based on the Griffiths ideas 
on cracking. We assume that, due to plastic deformation, the tip of the 
crack has a finite radius. We further assume that the material is not homo- 
geneous on the microscopic scale, and that in some places the crack advances 

/ 

I 
(a) 

(b) 

Figure 8--Suggested forms of crack tip. (a) Slow crack generating grained 
surface. (b) Fast crack generating stippled surface 
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slightly ahead of the mean crack front and in other places, regions of 
greater strength, it lags a little '[see Figure 8 (a)]. Places where lagging 
occurs will be flanked by newly generated surfaces which, because they 
have not yet relaxed to the horizontal, will still constitute part of the apex 
of the crack. The force on the lagging regions may, therefore, be thought 
of as being directed upwards and forwards with respect to the new surface. 
As the crack progresses regions of lead and lag will move about, and it is 
not difficult to imagine plastic deformation, in response to such stresses, 
giving rise to the system of short ridges all of one orientation, i.e. the grain. 
If the leading parts of a crack break through into a secondary crack, we 
might expect the lagging regions to give rise to drawn necks or fibrils: there 
is some evidence of this in Figure 6, for instance. 

This type of reasoning can also be used to explain the change in surface 
appearance which is found as the crack speed increases. At slower speeds 
extensive plastic deformation occurs ahead of the tip of the crack, and 
this generates a crack tip radius which is larger than the inhomogeneities 
giving rise to the regions of lag and lead. When a fast crack develops, 

Figure 9--Polystyrene. Domains in lined area of fracture face. Magnification X 
25 000; reduced 6/10 on reproduction 
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however, the plastic deformation ahead of the crack is much smaller, as 
is the radius of curvature of the crack tip. With a sufficiently small radius 
of curvature, the newly generated surfaces flanking the lagging parts of the 
crack front will be essentially horizontal, as in Figure 8 (b). The stress on 
the lagging parts will then be normal to the adjacent surface, and we 
would no longer expect ridges to be pulled along the surface. Instead, we 
might well expect plastic deformation to take the form shown, for instance, 
in Figure 2. 

(ii) Rough area--It is easier next to consider the rough area, the region 
of greatest crack speed. Its matt appearance, to the unaided eye, is caused 
by surface roughness on a scale upwards of a few microns. Nevertheless 
at electron microscope magnifications individual areas in this region are 
found to be relatively smooth as in Figure 2 (c). They show merely a fine 
texture such as is seen on surfaces produced by fast flexural fracture as 
discussed il~ section I (i). This fine texture appears, therefore, to be charac- 
teristic of fast fracture over a wide range of temperature. 

Figure 10--Polystyrene. Fibrils in lined area of fracture face. Magnification× 
25 000; reduced 6/10 on reproduction 
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(iii) Lined area--Results on the lined area are less easy to interpret. 
This region exhibited a wide variety of surface texture due perhaps to local 
variations in crack speed and direction. Much of the surface had the fine 
texture invariably found in the 'rough' area. This suggests that for the most 
part crack speed in the lined area was also high. In many places, however, 
the surface had a more directional texture. This occurred in domains, as 
shown in Figure 9, but these were very variable both in size and the direction 
of the texture. These domains may perhaps have resulted from secondary 
fractures which, from our earlier discussions of surface texture, we would 
say propagated relatively slowly. Unfortunately, it was not possible to 
relate the microscopic detail to the lines and the areas between the lines as 
seen with the unaided eye. 

Occasionally in the lined area long fibrils were found such as those shown 
in Figure 10. If these form by simple drawing of the material their lengths 
would suggest considerable local heating. However, consideration of 
several micrographs which show this type of feature suggests that the fibrils 
are in fact rolled up thin sheets or ribbons. These are probably formed 
where the main crack overtakes a secondary crack not quite ir~ its own 
plane. This could happen in a purely brittle material such as glass, as 
suggested in Figure 1 (a). It seems more likely, ho~wever, that with poly- 
styrene they arise from plastic deformation of the thin sheet of material 
remaining between two such cracks. 
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Thermal Degradation of Piperazine 
Polyamides 111 The Effect of Ultra- 
violet Irradiation on Poly(isophthaloyl 

trans-2,5-dime th ylp iperazine) 
S. D. BRUCK* 

The thermal degradation o[ ultra-violet irradiated films of poly(isophthaloy[ 
trans-2,5-dimethylpiperazine) was studied in terms of changes in the molecular 
weight, absorption spectra, rates and activation energies. Ultra-violet irradia- 
tion causes progressive yellowing of the samples and a rapid drop in their 
intrinsic viscosity from 2"91 to 1"25 during the initial ten hours; this is followed 
by a levelling-off in [urther degradation and increasing gelation. Films o[ the 
polymer which had been irradiated for 42"5 hours in a vacuum ([~7] of the sol 
fraction ~ 1"0) showed increased thermal stability, as evidenced by the reduc- 
tion in the rates of degradation, and an increase in the activation energy from 
53 kcal/mole to 78 kcal/mole, in comparison to un-irradiated control samples. 
The increased thermal stability of the irradiated system is attributed to the 

effect of crosslinks. 

1N previous publications t, ~ the thermal degradation of a series of piperazine 
polyamides was discussed in terms of rates, activation energies and 
degradation products. It was shown that these polymers, in contrast to 
aliphatic polyamides, exhibit good thermal stability up to 400 ° to 450°C 
in a vacuum. Recent technological activities, especially in the aero-space 
area, created new demands for non-metallic materials which may be useful 
in a combined environment of heat and radiation. However, to understand 
properly the overall degradation process, it is desirable first to study each 
environmental effect separately. The behaviour of piperazine polyamides 
under both programmed temperature and isothermal conditions was pre- 
viously reported 1' 2. This paper deals with the thermal degradation of film 
samples of poly(isophthaloyl trans-2,5-dimethylpiperazine) that has been 
irradiated prior to pyrolysis by ultra-violet radiation in a vacuum. 

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

Materials 
Poly(isophthaloyl trans-2,5-dimethylpiperazine) was prepared by the low 

temperature solution condensation method described by Morgan and 
Kwolek 3, with excess diamine as the acceptor. The number-average mole- 
cular weight of this polymer was approximately 37 000 as determined from 
end-group/viscosity data, osmotic measurements, and by thermoelectric 
differential vapour pressure lowering 4. Transparent films were cast from 
a 6-5 weight per cent solution of the polymer in chloroform with a 
micrometer-equipped 'doctor-knife '5. The thickness of the film samples 
was in the range of 0.001 to 0.0015 inch. 

*Present address:  Thomas J. Watson Research Center, IBM Corpn, P.O. Box 218, Yorktown Heights, 
New York 10598, U.S.A. 
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Viscosity measurements 
The inherent viscosity '[In ~1/c), where c=0-5 g/100 ml] was determined 

in m-cresol at 30°C+0"05 with Cannon-Fenske viscometers. Intrinsic vis- 
cosity measurements ('[,/] = lim ~/in~) were made in a 40: 60 mixture by weight 

of sym-tetrachlorethane-phenol at 30°C+0"05 ° with Cannon-Ubbelohde 
semimicro dilution viscometers. In the case of those irradiated samples 
which contained gel particles, the polymer solution was filtered through a 
medium porosity sintered glass filter by the application of a slight vacuum, 
the gel particles washed with a predetermined volume of the solvent, and 
the washings combined with the polymer solution. Because of the possi- 
bility that some of the sol-fraction might have been retained by the gel, 
the intrinsic viscosity of the sol fractions may be accurate only within 
+ 10 per cent. The percentage gel content was determined by weight after 

extraction with ethyl alcohol, followed by drying at 100°C for three hours 
in a vacuum oven. 

End-group analyses 
The carboxyl end-groups were determined by dissolving the polymer in 

a 90:10 mixture (by volume) of benzyl alcohol-methyl alcohol and titrating 
it with a 0-1 N methyl alcohol solution of potassium hydroxide using 
phenolphthalein as indicator. The amine end-groups were determined 
conductometrically in a 90:10 mixture (by volume) of benzyl alcohol- 
methyl alcohol with a 0"01 N aqueous solution of hydrochloric acid. 

Ultra.violet irradiation 
Film samples (0.001 to 0-0015 inch thick) of poly(isophthaloyl trans-2,5- 

dimethylpiperazine) were irradiated in a quartz cell under a vacuum of 
--~ 10 -~ mm of mercury by the unfiltered radiation of a Hanovia Type AdO 
high pressure mercury lamp. Approximately 46 per cent of the total 
radiant energy of this lamp is emitted between 2 224 and 3 660 A. The 
intensity of the radiation at the sample's position was 31 000/zwatt/cm2+ 10 
per cent as measured by an Eppley thermopile. 

Thermogravimetry 
Thermogravimetric analyses were carried out in a vacuum ( ~  10 -5 mm 

of mercury) with 1 to 2 mg samples using a Cahn RG electrobalance by a 
method described in detail in previous publications 6-9. 

Spectroscopy 
Absorption curves in the ultra-violet and visible regions of the spectrum 

were obtained directly on the dry film samples with a Beckman DK-2A 
spectrophotometer. The attenuated total reflectance spectra (ATR) in the 
infra-red region were determined with a Beckman IR-7 spectrophotometer 
equipped with a Barnes Model 3 ATR unit. 

RESULTS AND DISCUSSION 
Poly(isophthaloyl trans.2,5-dimethylpiperazine) is prepared in chloroform 
according to the following reaction s 
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CH3 

H~ ~NH + n h 

CH3 

0 0 C~__ 0 0 

CH3 ~ /  n 

HC[ 

The polymer is soluble in various solvents including chloroform, formic 
acid, and a 90:10 mixture (by volume) of benzyl alcohol-methyl alcohol. 
This solubility behaviour was partly the reason for this piperazine poly- 
amide being selected for the present studies over the other members of 
the series 1' 5. The molecular weight of the polymer can be controlled by 
changing the diamine/diacid ratiot With equimolar quantities of ingre- 
dients, a polymer with an intrinsic viscosity of 2.91 was prepared, whereas 
by changing the ratio of the diamine/diacid to 2"5, a polymer with an 
intrinsic viscosity of 1"05 was obtained. The relationship between intrinsic 
viscosities (measured in a 40:60 mixture by weight of sym-tetrachlor- 
ethane-phenol at 30°C+0"05 °) and the inherent viscosities (measured in 
m-cresol at 30°C_+ 0'05 °) is illustrated in Figure 1. 

35 - -  J . . . . . .  

3C . . . . . . . . . .  J r  

~ 2~ . . . . .  

I 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

0 0.5 10 15 2.0 25 30 
r/inh , m- c,esoi (30°C) 

Figure / - -Relat ionship between 
intrinsic viscosity in sym-tetra- 
chlorethane : phenol (40 : 60 wt %) 
and inherent viscosity in m-cresol 
of poly(isophthaloyl trans-2,5- 

dimethylpiperazine) 

The number-average molecular weights of the un-irradiated polymer 
samples were determined by end-group analyses. The number-average 
molecular weight of the control sample having an intrinsic viscosity of 2.91 
was also determined osmometrically (in chloroform) and by thermoelectric 
differential vapour pressure lowering (in 90 per cent formic acid). The 
agreement between end-group analyses, osmotic measurements and thermo- 
electric differential vapour pressure lowering was reasonably good, as seen 
from the following results : M. (end-group analyses) = 36 700, M. (osmotic 
pressure) = 38 000, and M. (vapour pressure lowering) = 32 500. In contrast 
to the successful use of thermoelectric differential vapour pressure lowering ~ 
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in 90 per cent formic acid with Nylon 6 and poly(terephthaloyl trans-2,5- 
dimethylpiperazine), the lower molecular weight samples of poly(isoph- 
thaloyl trans-2,5-dimethylpiperazine) gave results which were considerably 
below those obtained from end-group analyses and expected from viscosity 
data. The substitution of chloroform for 90 per cent formic acid as solvent 
in the vapour pressure measurements did not change the situation to any 
significant extent. The problem is likely due to the formation of an exces- 
sively large fraction of low molecular weight material which apparently 
becomes entrapped in the precipitated polymer. Similar discrepancies were 
also reported by others 1° in the osmotic determination of the number- 
average molecular weights of 6-10 polyamides prepared by interracial 
polycondensation. 
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Figure 2--Relationship between intrinsic viscosity in 
sym-tetrachlorethane : phenol (40" 60 wt %) and 
number-average molecular weight (end-group analysis) 

of poly(isophthaloyl trans-2,5-dimethylpipera~ne) 
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dimethylpiperazine) under ultra-violet irradiation 
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The relationshir, between intrinsic viscosities and the number-average 
molecular weights determined by end-group analyses for the un-irradiated 
samples of poly(isophthaloyl trans-2,5-dimethylpiperazine) is illustrated by 
Figure 2. The line yields an equation, [~7] = 5-99 x 10 -~ (M,) 079. 

To study the degradation of the polymer under ultra-violet irradiation, 
film samples were irradiated for various times in a vacuum by the unfiltered 
radiation of a Hanovia Type A-10 high pressure mercury lamp, with a 
total intensity of 31 000/zwatt/cm% The intrinsic viscosity of the samples 
after irradiation was determined in a 40:60 mixture by weight of sym- 
tetrachlorethane-phenol, but the samples which contained gel particles 
were first treated as described in the Experimental section. Figure 3 
illustrates the degradation of the polymer in terms of decreasing viscosities 
and increasing gelation. There is a large drop in the intrinsic viscosity of 
the polymer during the first 10 to 15 hours of irradiation, followed by a 
levelling-off. Gelation was observed only in those samples that had been 
irradiated for approximately 15 hours and the total amount of gel did not 
increase significantly beyond 48 hours of irradiation. 

The ultra-violet and visible spectra of the film samples show progres- 
sively decreasing transmission between 290 and 600 m/z with increasing 
limes of irradiation, as seen in Figure 4. The progressive decrease in per- 
centage transmission was also evidenced by the yellowing of the samples. 
The attenuated total reflectance spectra (ATR) between 2.5 and 16 microns 
of the un-irradiated and irradiated samples showed no significant differences 
(Figure 5 curves A and B). 

too 

8o 

2o 

280 300 320 340 360 380 400 450 500 600 
Wavelength ~ miitirnicrons 

Figure 4----Change in per cent transmission in the ultra-violet and visible 
regions of the spectrum of poly(isophthaloyl trans-2,5-dimethylpiperazJne) 
as a function of time of ultra-violet irradiation; A denotes zero time, B 2 h, 

C 6 h, D 12 h and E 30 h of irradiation 
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Figure 5--Attenuated total reflectance (ATR) spectra of A, 
un-irradiated and B, ultra-violet irradiated poly(isophthaloyl 

trans-2,5-dimethylpiperazine) in a vacuum for 42"5 h 

To evaluate properly the effect of ultra-violet radiation on the mechanism 
of thermal degradation, experiments were carried out not only with the 
irradiated polymer but also with two un-irradiated samples having intrinsic 
viscosities of 2.91 and 1.05, respectively. Because of the drop in the 
intrinsic viscosity of the polymer from 2-91 to approximately 1-0 (sol 
fraction) after 425 hours of irradiation, the un-irradiated control sample 
having the lower viscosity served to screen out possible effects which may 
be attributable to a decrease in the molecular weight alone. 

Thermogravimetric studies were carried out under isothermal conditions 
in a vacuum (,~ 10 -s mm of mercury) between 440 ° and 380°C. Figures 6 
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Figure 6--Thermal  degradation of un-irradiated poly(isophthaloyl 
trans-2,5-dimethylpiperazine) in a vacuum (initial [7;] = 2 '91) 
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Figure 7--Thermal degradation of un-irradiated poly(isophtha- 
loyl trans-2,5 dimethylpiperazine) in a vacuum (initial [~]----1"05) 

and 7 show the percentage volatilization as a function of time at various 
temperatures for the un-irradiated control samples of poly(isophthaloyl 
trans-2,5-dimethylpiperazine) having intrinsic viscosities of 2-91 and 1.05, 
respectively. Zero time denotes the start of the isothermal heating period 
which was usually reached within 15 to 20 minutes from the time the pre- 
heated furnace was positioned around the sample tube. The data indicate 
no appreciable difference in the behaviour of the two samples. The corres- 
ponding rates of degradation are illustrated by Figures 8 and 9. These rate 
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Figure 8--Rates of thermal degradation of un-irradi- 
ated poly(isophthaloyl trans-2,5-dimethylpiperanne) in 

a vacuum (initial [~]=2-91) 
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Figure 9--Rates of thermal 
degradation of un-irradiated 
poly(isophthaloyl trans-2,5- 
dimethylpiperazine) in a 

vacuum (initial [~]= 1"05) 

curves were calculated (with an electronic computer) from the slopes of the 
volatilization versus time curves and are characterized by distinct maxima 
between 30 per cent and 40 per cent conversions. Here again, there is no 
significant difference in the rate curves between the two control samples. 

Thermal degradation studies were carried out with a sample of 
poly(isophthaloyl trans-2,5-dimethylpiperazine) that had been irradiated 
for 42-5 hours with a total intensity of 31 000/zwatt /cm ~ by the unfiltered 
radiation of a Hanovia Type-A high pressure mercury lamp. The intrinsic 
viscosity of this sample prior to irradiation was 2.91, whereas that of the 
sol fraction after irradiation was approximately 1"0. The gel was not 
removed from the sample prior to the thermal degradation studies. These 
experiments were carried out under conditions similar to those employed 
for the two control samples. 
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Figure /O--Thermal degradation of ultra-violet irradiated poly- 
(isophthaloyl trans-2,5-dimethylpiperazine) in a vacuum ([~1] of 

soI fraetion"l'00) 
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Figure //--Rates of thermal degradation of ultra- 
violet irradiated poly(isophthaloyl trans-2,5-dimethyl- 
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Figure 12--Arrhenius plots for 
the thermal degradation in vacuum 
of A un-irradiated and B ultra- 
violet irradiated poly(isophthaloyl 

trans-2,5-dimethylpiperazJne) 

Figure 10 shows the percentage volatilization as a function of time 
between 435 ° and 404°C. The corresponding rates of degradation are 
illustrated by Figure 11. Although the maxima in the rate curves occur 
between 30 per cent to 40 per cent conversion, the rates of degradation 
show a much greater decrease beyond the maxima, in comparison to the 
un-irradiated control samples. Apparently, the irradiated sample becomes 
stabilized due to the effect of crosslinks, which are produced by the irradia- 
tion. In the irradiated sample, thermal degradation experiments conducted 
at 380°C showed an abnormal pattern (not illustrated), suggesting that at 
the lower temperature competing reactions may predominate. Further work 
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must be carried out to explore the nature of this behaviour at l~,wer 
temperatures. 

Figure 12 shows Arrhenius plots which were constructed from the maxi- 
mum rates of degradation of the irradiated polymer and one of the control 
samples ([~] = 1 "05). A similar plot for the other control sample ([~/] = 2"91) 
is not shown in Figure 12 because the slope of the line was identical The 
activation energy of both control samples is 53 kcal/mole, whereas that of 
the irradiated sample is 78 kcal/mole. This large increase in the activation 
energy in the irradiated sample is most likely due to the formation of 
intermolecular C--C crosslinks, which stabilize the system. 

In summary, poly(isophthaloyl trans-2,5-dimethylpiperazine) shows rapid 
degradation during the initial ten hours of ultra-violet irradiation from an 
intrinsic viscosity of 2-91 to approximately 1"25, followed by a sharp 
levelling-off, due to the stabilizing effect of crosslinking which competes 
with chain scission. The irradiated polymer shows increased thermal 
stability and a much higher activation energy than the un-irradiated control 
samples. These are attributed to the stabilizing effect of intermolecular 
crosslinks which are formed during the ultra-violet irradiation. 
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The Dynamic Mechanical Properties 
of Some Polyethers 

R. E. WETTON* and G. ALLEN 

The dynamic rigidity moduli (G' and G") have been measured [or a number 
of poly(ethers). Measurements were made in the [requency range 0"01 to 
1000 c/s at temperatures ]rom -150°C to +109°C, on a new apparatus 
which is briefly described. A t  1 c /s  the G" peak locations were as ]ollows: 
Poly(methylene oxide) fl peak --69"7°C; poly(propylene oxide) t8 peak 
--60"7°C; poly(ethylene oxide) fl peak --55°C, with a t an  6 crystalline 
melting peak at +69°C; poly(tetramethylene oxide) 3' peak --139°C, fl peak 
--74°C, t a n  6 melting peak +38"5°C; poly(ethylvinyl ether) fl peak --27°C. 
Correlation in loss peak positions is observed between G" and E" and 
activation enthalpies are calculated therefrom. The variation o/ activation 
enthalpy and the width parameter (Fuoss and Kirkwood's fl) wRh tempera- 
ture are discussed. Poly(ethylvinyl ether) data are reduced by the W L F  
scheme over limited temperature ranges and the activation enthalpy variation 
explained by Bueche's theory. The discussion also deals with the effect of 
crystallinity on loss peaks, the origin of t a n  ~ loss peaks at the crystalline 

melting point and the correlation between G" and E" peaks. 

THE characteristic general features of the dynamic mechanical behaviour 
of high molecular weight amorphous polymers are well known and qualita- 
tively understood. In particular, frequency/temperature measurements in 
the rubbery region can be correlated by the Williams, Landel and Ferry 1 
expression and the molecular theories of Kirkwood 2, Rouse 3 and Bueche ~ 
meet with some success. The nature of the glass transition in polymers is 
still a subject of discussion and all treatments of dynamic behaviour 
become empirical as the glassy state is approached. 

Partially crystalline polymers present a much more complex picture and 
even their simplest dynamic properties 5 cannot at present be treated 
theoretically with any success. The present work constitutes an experi- 
mental study of some polyethers, which, with one exception, were all 
partially crystalline. The aim of this work has been to obtain data on a 
single undisturbed specimen over wide frequency and temperature ranges 
in order to obtain approximations to relaxation spectra without recourse 
to time/temperature, reductions. This has necessitated the use of measure- 
ments mainly under non-resonant conditions. 

The specimens measured were: poly(methylene oxide)[-CH2--~-, ,  two 
poly(ethylene oxide) samples-[CH2--CHr--C~]-,, two poly(propylene oxide) 
samples [-CH2--CH(CH0---C~]-,, differing in crystallizability, poly(tetra- 
methylene oxide) [-(CH2),--~-,, and poly(ethylvinyl ether) [CHr- -CH 
(O--GH~-,, .  

Dynamic mechanical, dielectric and n.m.r, data for some of these 
polymers have already been published. For example, extensive dielectric 
measurements have been made on poly(methylene oxide) by Williams s, 
Read and Williams', Thurn 8, Ishida 9 and Mikhailov and Eidelnaut '°. 
*Present address : Chemistry Dept, University of Technology, Loughborough. 
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Mechanical data covering a wide range of frequency and n.m.r, wide-line 
studies have been published by Thurn 8 and over a more limited range by 
McCrum u and by Read and Williams 7. Nuclear spin lattice relaxation 
times of poly(ethylene oxide) were reported by Allen, Connor and Pursey 12 
and these results together with mechanical and dielectric data have been 
reviewed by Connor, Read and Williams ~3. Ferry et al. 14 have made mech- 
anical measurements on poly(ethylene oxide) networks above the melting 
point and McCrum 1~ has presented mechanical data at one frequency over 
a wider temperature range. Other mechanical measurements at a single 
frequency have been made for the remaining polymers including work by 
Willbourn 15 [poly(tetramethylene oxide)], Woodward et al36, Schmeider and 
Wolf t7 [poly(ethylvinyl ether)] and Read TM [poly(propylene oxide)]. Wetton 
and Williams TM have reported dielectric loss measurements over a range of 
frequencies for poly(tetramethylene oxide). 

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

Data characterizing all the polymers are given in Table 1. Number average 
molecular weights, M~, were determined by osmometry, weight averages, 
M~, by the light scattering technique and M~ is the viscosity average, 

Densities were measured by a flotation technique. Degrees of crystallinity 
were estimated from literature values for the densities of the purely 
amorphous and completely crystalline regions. Glass transitions, Tg, and 
melting points were determined dilatometrically using slow rates of heating. 

Poly(methylene oxide)--was a commercial sample of Delrin 500. 
Hammer, Koch and Whitney's 2° values of 1.250 and 1"506 g. cm -3 for the 
densities of, respectively, the amorphous and crystalline regions were used 
to estimate the degree of crystallization. Polymer degradation at 180°C 
prevented a determination of the melting point. 

Poly(ethylene oxide)---Two samples were used. The first (I) was Poly-ox 
F.C.118 and the second (II) was prepared by D. W. Farren in this depart- 
ment using a zinc diethyl-water catalyst 21. 

Intrinsic viscosities were measured in water at 35°C and molecular 
weights were estimated from the relation 22 

[~7]----6"4 × 10 -5 M °82 

The amorphous density was estimated as 1' 178 g. cm -3 by extrapolation 
from the density of the melt. Price and Kilb's 2~ value of 1-23 g. cm -~ was 
used for the crystal density. 

Poly(propylene oxide)--Two fractions of different degrees of crystalliz- 
ability were obtained from a whole polymer prepared ~ by polymerization 
in dioxan, using a zinc diethyl-water catalyst. The first fraction crystallized 
from iso-octane solution above 42°C while the second fraction precipitated 
between 39 ° and 42°C. There is now evidence that the first fraction is 
more stereoregular than the second onC ~. 
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Densities of 1"002 g. c m  -3  and 1.157 g. cm -3 were used 26 for respectively 
the amorphous and crystalline regions. 

Poly(tetramethylene oxide)---was prepared by D. Sims using phosphorus 
pentafluoride (PFs) as catalyst. The density of the crystalline regions has 
not been reported but a preliminary X-ray measurement based on the 
intensity of the amorphous halo indicates approximately 33 per cent 
crystallinity. We are grateful for the gift of this sample. 

Poly(ethylvinyl ether)---D. W. Farren used borontrifluoride etherate in 
n-pentane at - 8 0 ° C  as the catalyst for this polymerization 27. The polymer 
was amorphous and its molecular weight was determined in solution in 
butanone from the relation ~ 

['q] = 1' 37 X 10 a M °u 

Table 1 

Polymer 

oly(methylene 
xide) 

oly(ethylene 
xide), I 
~oly-ox' 

oly(ethylene 
xide), II 

oly(propylene 
,xide), 
igh density 

'oly(propylene 
,xide), 
3w density 

'oly(tetra- 
aethylene 
xide) 

'oly(vinyl- 
thyl ether) 

Molecular 
weight 

Mn=4X 104 

M,, = 1'4× 106 

My=4'4× 10 ~ 

Mw = 1"2 X 106 
Mn=3 X 105 

~tw=l'2X 106 
M~=3 X 10 z 

Mw=5"l X 10 ~ 

My=2 × 10 5 

Density 
at 20°C 
(g. cm -3) 

1 "424 

1'203 

1"210 

Crystal- 
linity 

(approx. % 
by weight) 

70 

44 

63 

To(° C) 

--82 

--66"5 

(--66"5) 

1 "086 

1 "034 

1"036 

0"976 

54 

20 

33 

(--75) 

--75 

--84 

--43 "6 

TM°C) 

+ 180 

+66 

+64 

+70 

+62 

+38.3 

Dynamic mechanical measurements 
The instrument used was a much improved version of that described by 

Lord and Wetton 29. A small cylindrical specimen was oscillated torsionally 
and the phase and ampfitude of vibration used to compute the storage (G') 
and loss (G") components of the complex dynamic rigidity modulus. Mea- 
surements could be made over continuously variable frequency and tem- 
perature ranges, which were 0.01 c / s  to 1 kc / s  and --150°C to +120°C 
respectively. Full details of the new apparatus are given elsewhere 3°. 
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The instrument is shown in Figure 1. A cylindrical polymer specimen, P, 
was clamped rigidly at its lower end in a fixed pin vice, K, while the top 
end was firmly attached to a small coil, C. This coil was pivoted vertically 

Figure /--Photograph of apparatus with thermostat 
removed. B~ylindrical rubber block, C--former 
carrying copper coil, E--PTFE discs, K--pin vice, 
M--Brass platform, P--polymer specimen, R--support 

rods, T--transducer, X, Y--pivots 

between the poles of a permanent magnet, so that an alternating current 
passing through the coil applied a sinusoidal torque to the specimen. The 
current was generated by a variable frequency oscillator and fed to the upper 
pivot of the coil, the lower one being earthed. 

The angular oscillation of the coil and hence of the upper end of the 
specimen was followed with the aid of a capacitance change transducer, T 
in Figure 1. It  is also shown schematically, in plan view, in Figure 2. The 
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transducer comprised a set of four radial vanes, which were mounted at the 
lower end of the coil so that they lay adjacent to a complementary set of 
fixed vanes. Rotation of the coil produced a change in the separation of 
adjacent vanes and hence a capacitance change proportional to the angular 
displacement. The stationary set of vanes were electrically connected to a 
capacitance meter ~I, which produced an output voltage accurately propor- 
tional to the capacitance change in the transducer. 

I~--~ Osciltator" t 

S 

~ . . . .  a 

P t a n  view of vibrating sysi~ 

Figure 2--Block diagram of electrical circuits and transducer 

A block circuit diagram is shown in Figure 2. The variable frequency 
oscillator (Solartron O.S.103) applied an attenuated voltage to a non-induc- 
tive resistance and hence on to the coil, the remote end of which was 
earthed. The r.m.s, current passing through the coil was determined from 
the voltage drop across a 100 ohm series resistance. The signal from the 
capacitance meter was applied to a resolved components indicator (Solar- 
tron V.P.253) which also received four phase reference signals from the 
oscillator. The resolved components indicator then read the amplitude of  
the output signal from the capacitance meter and its phase relative to the 
input driving voltage applied to the coil. Both input and output signals 
were monitored on an oscilloscope, which was used to make the necessary 
phase and amplitude measurements at frequencies below 0.5 c/s. 

The most general equations relating dynamic moduli to the measured 
terms are : 

G" =(Ni / kBV) cos fl + 1o92/k 

G" =(Ni / kBV) sin fi 

(~) 

(2) 

where fl is the phase lag of strain behind stress, i is the current through the 
coil, N is the proportionality constant between current and applied torque, 
obtained from initial calibrations, V is the output voltage from the capaci- 
tance meter, B is the proportionality constant between V and the angular 
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displacement, I is the inertia of the vibrating system, to is the angular fre- 
quency of measurement and k is a geometrical factor incorporating the 
sample dimensions (k = ~'a 4 / 2l, where a is the radius and I the length). 

At some high frequency (--~1-2 kc/s) the vibrating system resonated and 
cos /3=0, sin /3= 1. Using this condition, equation (1) gave an absolute 
measure of G', which, combined with a measurement of the half width of 
the resonance curve, gave an absolute value for G". In equation (2) the 
only unknown constant B could be determined for the pertaining transducer 
setting. A more convenient procedure for determining B was to extrapolate 
lower frequency measurements of G' to the resonant frequency, where the 
absolute value was known. The extrapolation only extended results by a 
quarter of a decade and could normally be used with good accuracy. 

Spurious phase shifts were introduced by the capacitance meter, particu- 
larly at high frequencies. To eliminate these and other instrumental errors 
as far as possible, a background calibration of phase shift versus frequency 
was obtained using specimens of zero loss. As no polymer has a sufficiently 
low loss for this purpose, a series of steel and copper wires was used. The 
required phase shift,/3, for any polymer specimen was always taken as the 
difference between actual measurements and the background values*. 

Specimen clamping is always a source of difficulty in mechanical measure- 
ments. In this work the cylindrical specimen was moulded with a short 
square cross-sectioned length at one end, The cylindrical end was clamped 
tightly in a pin vice with rounded jaws, while the square end was forced 
into a matching hole in the former of the coil and clamped on one side by 
a small grub screw. The length of the specimen used was normally of the 
order of 1 cm. When measurements were required under conditions in 
which the polymer could flow, pressure clamping was useless. In such 
cases a cylinder of polymer was stuck with Kodak Eastman adhesive 
between two brass jigs which could easily be clamped in position. Data 
obtained with the two different types of clamping agreed to better than ten 
per cent. 

Temperature control was by an adiabatic vacuum system. The instru- 
ment was hung from an insulating support and surrounded by a double 
walled Dewar-like vessel, which could be evacuated. The temperature of 
the instrument could only change by heat transference between an external 
temperature bath, via the air inside the double walled vessel. After the 
vessel had been evacuated to a pressure lower than 10-2mm of mercury, 
the instrument was essentially thermally isolated and its temperature re- 
mained constant to within +0.3°C, for at least an hour. Suitable external 
temperature baths were chosen to cover the range -150°C to + 120°C. 
The two copper-constantan thermocouples used to measure the temperature 
were positioned just above and just below the specimen. 

Several other unrelated points, which were fully considered, may be worth 
a brief mention. The maximum rate of energy dissipation by the electro- 
magnetic drive was 5 x 10 -3 W, which is sufficiently small to be negligible. 
The phase of driving current to driving voltage was slightly dependent on 
the mechanical impedance of the specimen. This effect was made negli- 

*A recent modification has  rem o v ed  this spurious shift. The  new results indicate that the true phase shift 
is obtained by the above procedure. 
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gible by incorporating an 800 ohm resistance in series with the coil. The 
frictional torque at the pivots was maintained at about 60 dyne cm, a 
sufficiently low value to be negligible compared to the loss components of 
the specimen. The pivots were supported on short leaf springs so that 
thermal expansion or contraction of the specimen could occur without pro- 
ducing high stresses in the pivots. Small phase angles could be measured 
with more accuracy by backing off the in-phase component with an exactly 
180 ° out-of-phase signal and then measuring the quadrature component on 
a more sensitive range. 

All the specimens, except one, for dynamic measurement were injection 
moulded and allowed to cool very slowly (about five hours) to room tem- 
perature, then they were stored under vacuum prior to measurement. 
Delrin was the only polymer not moulded, this polymer being easily 
machined to size. 

R E S U L T S  
Each polymer was measured in a similar manner. Measurements were 
made always in the direction of increasing temperature, results being 
obtained over the full frequency range of the apparatus at a series of con- 
stant temperatures at intervals of approximately 10°C. These data have 
been cross-plotted against temperature at selected frequencies, which were 
normally l0 -2, 10 -l, l0 °, l0 s, l02 and 103 c/s. We present the data in this 
form to give the most concise and easily interpretable summary. Figures 
3 to lI show the results for all the polymers measured. 

Poly(methylene oxide)--One broad transition occurs in the temperature 
range - l l 0  ° to 0°C (Figure 3). At 1 c/s  the maximum in G" lies at 
- 6 6 . 7  while at 0.02 c/s  the very broad peak is located at about -83°C.  
This is close to the proposed glass transition temperature ( -82°C) .  The 
high values of G' (~1 .3  × 101°), which persist even above the fl dispersion, 
are due to the high degree of crystallinity. 

There is evidence in the 0 ° to 100°C temperature range of further loss 
peaks (in tan ~) occurring at low frequencies only. Complete presentation 
of these high temperature results is impossible because of the poor accuracy 
of our data in this region, but the low frequency results are similar to those 
of Read and Williams 7. 

Poly(ethylene oxide)--The results for polymers I and II are shown in 
Figures 4 and 5 respectively. In each sample there is one fairly broad 
transition at low temperatures. The location of this peak is the same for 
each sample. At the lowest frequency of measurement (0.01 c/s) the G"  
maximum lies at - 60 .5°C  supporting the assignment of -66-5°C as the 
dilatometric T~, for high molecular weight polymer. 

At a temperature 2°C below the melting point of each sample the G" 
values drop very sharply as crystallites melt, 

Above the melting point (66°C), the modulus of sample 1 has a value 
of 10: dyne cm -~ at high frequencies over a considerable range of tem- 
perature. It seems that an M~ of 1.4× 106 is high enough to allow 
temporary entanglements to act as effective crosslinks at high frequencies. 
Rather surprisingly, the lower molecular weight sample II (?1~--4-4 × 10 w) 
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Figure 3--Dynamic  rigidity moduli of poly(methylene oxide) as functions of 
temperature. © 1 kc/s, + 100 c/s,  [] 10 c/s,  x 1 c/s,  A 0"1 c/s, • 0"02 c/s  
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Figure 5--Dynamic rigidity moduli of poly(ethylene oxide) II as 
functions of temperature. • 1 kc/s, A 100 c/s,  x 10 c/s,  [] 1 cls .  
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Figure 6--Loss tangent peaks at the melting point for 
poly(ethylene oxide) I. + 1 kc/s, [] 100 c/s, × 10 c/s, 
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Figure 7--Dynamic rigidity moduli of low density poly(propylene oxide). 
• 1 kc/s, & 100 c/s, × 10 c/s, [3 1 c/s, + 01 c /s ,©0-01 c/s  
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does not show a plateau region in G', the values of which decrease slowly 
with increasing temperature. This suggests that entanglement coupling 
is weakened at this molecular weight so that whole chains can move relative 
to each other within the time of stressing. Normally such behaviour would 
only be expected at Mv--~104. 

An extremely interesting observation with sample I is that although 
there are no maxima in G" values in the melting range, a re-plot of the 
data as tan 6, in Figure 6, shows pronounced loss peaks centred precisely on 
the melting point. 

There are signs of similar tan ~ peaks in the experimental sample, but 
the behaviour is obscured by high tan ~ values due to viscous flow in this 
lower molecular weight polymer. Dispersion behaviour in the melting 
range will be considered further in the discussion. 

Poly(propylene oxMe)---The two samples differ only in their tacticity and 
degree of crystallinity. The low temperature data, shown in Figures 7 and 
8, reveal only one dispersion region. With the low density sample the 
peak in G" moves from -52°C at 1 kc/s to -650C at 0'01 c/s, the corre- 
sponding peaks in the high density sample being lower by about two 
degrees at each frequency. 

The G' values decrease fairly rapidly a few degrees below the melting 
point of each sample. The decrease is sharper in the more tactic sample 
in keeping with its sharper melting point. In both sets of results G" 
values decrease in sympathy with G' without a dispersion of any kind. 

Poly(tetramethylene oxide)---This polymer exhibits two dispersions 
below 0°C, as can be seen in Figure 9. The temperature location of the 
lower dispersion shows the stronger frequency dependence, with the result 
that greater separation is achieved at lower frequencies. The locations of 
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Figure / / - -Dynamic  rigidity moduli of poly(ethylvinyl ether). A 1 ke/s, 
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these two dispersions agree with those discussed by Willbourn 15. The latter 
are included in Figure 15 of the discussion. 

The dispersion behaviour in the region of the melting point is not dear. 
More work is required to investigate the reality of G" peaks just below 
the melting point. Centred on the melting point, however, there are certainly 
low frequency peaks in tan 8 without accompanying G" peaks. These tan 8 
peaks are similar (cf. Figure 10) to those for the poly(ethylene oxide) 
sample I, being much more pronounced at lower frequencies. 

Poly(ethylvinyl ether)--This polymer was amorphous and un-crosslinked, 
with the consequence that the main glass-rubber transition was complicated 
on the high temperature side by viscous flow. Results are shown in 
Figure 11. 
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Figure 12--Locations of maxima of 
loss peak of poly(methylene oxide). 
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At 1 kc / s  the main dispersion peak in G"  occurred at - 1 1 ° C .  The 
temperature of the peak decreases with decreasing frequency to attain a 
value of - 3 0 ° C  at 0"1 c/s.  The peaks are less asymmetric in the tempera- 
ture plane than in the frequency plane. 

Accuracy 
Dynamic mechanical measurements using driven frequency techniques 

are less accurate than single frequency resonance methods. In the present 
work the limit of error on the absolute value of G '  is approximately twelve 
per cent. The relative values of G '  in any one set of measurements will 
be considerably better than this, i.e. changes in G" have an error of about 
two per cent. 

Agreement of G'  values with other published data bears out the order of 
magnitude of the absolute error. For  example, the value of G'  at - 120°C 
for poly(ethylvinyl ether) is given by Saba, Sauer and Woodward 16 as 
101° dyne cm -2 which compares with our value of 1.2 x 101° dyne cm -2. 

The worst agreement between the present work and published data, where 
accurate comparison is possible, is with the low temperature storage moduli 
of McCrum 11 and of Read and Williams r, who used closely similar torsion 
pendulums. A larger disagreement than expected from random error is 
found in the glassy state moduli, as the data in Table 2 show. 
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Table 2 

G'(dyne/cm 2) 
Polymer 

Poly(methylene oxide) 

Poly(ethylene oxide) 

T(*C) 

--110 

- -  1 2 0  

i(c l s) 

0-3 

1"0 

Present 

3"OX 1010 

2 '0x 101° 

Torsion 
pendulun 

3.7x 10 xc 

2.5X 10 zc 

Figure 13--Locations of maxima of loss peak 4 
of poly(ethylene oxide). • present work 

p /  sample II (GI), + present work sample I I ~ 3  
p t  (G) ,  © present work sample I (G';), ° 

× present work sample I (G'~), A Connor, 2 

Read and Williams la (~'), [] Read t9 1 

0 

7 
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-2 w 
4"2 

Toc 
-40 -50 

I I 
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I 

.\ 
I l ° ~  

4.4 4.6. 4"8 
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103/TOK 

Figure 14--Locations of maxima of loss 
peak of poly(propylene oxide). • present 
work less dense sample (G~'), + present work 

less dense sample (Gg), © present work more 
dense sample (G~'), x present work more 

dense sample (Gr), A Williams 6 intermediate 

density (¢~'), [] Read 1~ intermediate density 

(G)'), • Woodward and Sauer te syndiotactic(?) 

sample (G'~) 
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T °C 
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Figure 15--Location of maxima of loss peaks of poly(tetramethylene oxide). 
G" © present work (GT), x present work ( ~ ) ,  • present work (tan 6), A Wetton 

and Williams 18 (¢),), + WillbournZ5 (tan 81) 
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Figure 16--Location of maxima of loss 
peaks of poly(ethylvinyl ether). © present 
work (G'~), × present work (G~), A Wetton 
and Williams TM • (e'~), Woodward and Sauer 16 

(G'1') , • Thurn and WolP a (U.S. damping 

maxima) 
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Figure /7--Reduction of the data for 
poly(ethylvinyl ether) to 257"0°K. 
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Differences between the low temperature moduli are of the order of 20 
to 25 per cent. Any one of the following explanations may be correct, but 
the last seems most feasible. 
(a) Torsion pendulum amplitudes were a factor of 103 greater than those 

of the present work. 
(b) Low temperature clamping might be at fault in the present work but 

no discontinuities were observed. 
(c) The torsion pendulum data may be too high because the ends of the 

rectangular specimen were constrained always to be planar by the 
method of clamping. The geometric factor used in the torsion pen- 
dulum work overestimates the modulus by the factor 32 2x (0"43 
breadth/length). Taking the breadth to length ratio as one fifth we see 
that the modulus is overestimated by about 20 per cent. 

The error in G" is _+5 per cent for values greater than 0.1G' but this 
becomes progressively worse at lower phase angles. 

The shape of relaxation spectra, as approximated by G" versus In (1/oJ), 
is dependent largely upon relative changes and should thus have fairly 
good accuracy. Good agreement of loss maxima loci with published data 
is obtained. This can be seen from Figures 12, 16 and 17, which show 
all available loss maxima locations. 

D I S C U S S I O N  
Treatment of experimental data 

(i) Comparison of mechanical and dielectric loss peaks--Mechanical 
compliance terms J" and ]" might be expected to be directly comparable 
with dielectric components e' and e" since both are measured with respect 
to the applied potential (respectively stress and voltage). Alternatively one 
might expect agreement between locations of the maxima in tan 8 values 
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obtained from mechanical and dielectric measurements since tan~ is 
dimensionless. In practice closest agreement is found between E" and G" 
(or E" the loss component of Young's modulus~6). The mechanical response 
of a typical polymer system in modulus, compliance and tan ~ is shown 
schematically in Figure 18. The exact shapes of the curves depend on the 
individual polymer system. Differences in location of the maxima occur 
also in the temperature plane and are less pronounced for weaker transi- 
tions. For example in the present work, the temperature difference, at 
1 kc/s between the G" and tan ~ peaks was 9 ° for poly(ethylvinyl ether) 
but only 4 ° for Delrin. 

v 

tan d'(d ielectric ) 

G ~ 

~ , ~ , ~ a n  o" 

tog (~o) "1 

Figure 18--Typical mechanical loss peak and dielectric loss peak 
locations for the glass-rubber dispersion in the same polymer 

The difference in position of the mechanical peaks is due to the different 
weightings imposed upon the basic time spectrum by defining it in terms of 
either modulus or compliance contributions. As the largest relaxation 
strength in terms of the modulus increment occurs with the small scale 
motions in a nearly glassy state, G" is biased to emphasize short time 
effects. The opposite argument holds for ]" where the largest compliance 
change occurs with large scale chain motion in an essentially rubber-like 
state. A retardation spectrum at the same temperature will thus emphasize 
the long time scale end of the basic time spectrum. As tan ~ is dimension- 
less, it does not suffer from arbitrary weighting distortions, and is probably 
the best indication of the spectrum of molecular motions contributing to 
mechanical energy dissipation. 

In the dielectric case tan 8 is the best indication of the spectrum of 
molecular motions contributing to dielectric energy dissipation. The di- 
electric retardation spectrum (E") although dimensionless is slightly dis- 
totted by the weighting given to dipole orientation as well as the time 
scale of individual processes. 

Comparison of mechanical and dielectric spectra should, on the grounds 
of the above arguments, best be made in terms of tan 8 in each case. In 
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fact the positions of the tan 8 peaks do not coincide. The micro-Brownian 
molecular" motions must be identical in both mechanical and dielectric 
cases since these are characteristic of the polymer not of the measurement 
and so we conclude that the molecular mechanisms most effective in 
dielectric energy dissipation have slightly faster motions than those most 
effective in mechanical energy dissipation. The agreement between G" 
and E" loss peak locations may result fortuitously from the different weight- 
ings given to the slightly different basic time spectra. 

A mechanical description of a dynamic system is given by reporting two 
of three possible parameters, G', G" and tan 8 (----G"/G') as functions of 
frequency and temperature. In this paper we have reported G' and G" 
because they are, by definition, governed by the same relaxation time 
spectrum. Furthermore presentation of G" facilitates comparison with 
dielectric results, tan 8 is obtained readily from the results, if required. 
From the point of view of calculation of activation enthalpies and deducing 
relaxation time distributions there is little to choose between the convenience 
of using either tan 8 or G",  but the presentation of G' with tan ~ is 
inconsistent in the sense that they are governed by different distributions. 

(ii) Temperature dependence of relaxation processes--The temperature 
dependence of relaxation phenomena is discussed either as an activated 
rate process or by the applicability of the WLF 1 empirical equation. This 
equation is most successful when the relaxation time spectrum is essentially 
independent of temperature, This condition holds for a rubber, where the 
relaxation spectrum is governed largely by the chance of cooperative modes 
of motion of statistical chain segments. It  is not expected to hold at or 
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Figure 19--Variation of AH 
with temperature. • Poly(tetra- 
methylene oxide), To--A; • 
Poly(methylene oxide), Tu---B; 
• Poly(propylene oxide), Tg-- 
C; • Poly(ethylene oxide), T o -  
D; • Poly(ethylvinyl ether), T o 
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Open symbols are results calcu- 
lated from areas, ringed sym- 
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erature variation required by 
the WLF equation for Tg-- 
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below the glass transition temperature, nor for systems having a distribution 
of relaxation times created in part by a distribution of activation enthalpies. 

In the present discussion an average activation enthalpy (SH) defined by 

r~,.. = 1/o)m=A exp (AH/RT) (3) 

is used, where r,,,. is an average relaxation time characterized by the angular 
frequency (co,,,) for a maximum in G". Although the results allow a 
distinction to be made between loss maxima in the temperature or frequency 
planes, the scarcity of data in the frequency plane necessitates the use of 
both sets of values and AH has been averaged from both sets of data. 
Equation (3) does not fit the results unless zXH is, itself, a function of 
temperature. Thus AH pertaining at a particular temperature is determined 
from the instantaneous slope of In (1/oJ,,,) versus l IT  at that temperature. 
The physical significance of equation (3) is more uncertain when applied to 
systems having broad, asymmetric and temperature-dependent distributions 
of relaxation times since the nature of the average value of r then changes 
with temperature. 

An alternative approach uses the area method proposed by Read and 
Williams 34 which defines an average activation enthalpy as 

(1/AH)~,. = {(Gv - Gn) R r r } / 2 ~ G " d  (1/T) 
0 

(4) 

This solves the problem of defining a specific average, because equation (4) 
is valid even for distributions changing with temperature. There still re- 
mains the practical problem, however, of estimating the area under a broad 
asymmetric peak. 

(iii) Characterization o] relaxation time distributions--The distribu- 
tions of relaxation times required to describe the dielectric behaviour of 
polymers are much broader than that predicted by use of a single relaxation 
time in the modified Debye equation ~2, ~ 

e~/e',;= sech (In oJr;v.) (5) 

Here e~ is the dielectric loss at frequency oJ, e~ is the maximum value of e~ 
in a frequency plane, and ~'~,,. is the most probable retardation time defined 
as 1/OOm where O)m is the angular frequency of maximum loss. 

Fuoss and Kirkwood showed 43 that the broad distributions in a polymer 
system could be fitted by the expression 

e~ / e~" = sech (fi In oJr,~ v.) (6) 

where/3 measures the breadth of the distribution, being unity for a single 
retardation time and zero for an infinitely broad distribution. 

Read and Williams 7 have recently applied equation (6) to dielectric and 
dynamic mechanical data on Delrin. We have also employed this approach 
to obtain a quantitative comparison of the distributions of relaxation times 
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at different temperatures. The expression analogous to equation (6), relating 
shear moduli to the most probable relaxation time is 

G~ / G~' = sech (/3 In oJr~v.) (7) 

Read and Williams give three possible methods for determining/3: 

(a) Using 
tl t / 1 G,,= (G v - G n) z/3 (8/ 

when/3 can be found if the frequency coverage is great enough to obtain 
the limiting moduli values G'~ and G' R . 

(b) From 

,~ ,, /3 I . G,,, = [2G,,, (cor,,v.) ] / [ + ((o7"~,)2~] (9) 

log G~ versus log oJ has a slope 

- / 3  when oa>~oJm 

and +/3 when oJ ~ com. 

(c) Since 
cosh -1 (G'~/G~) = fi In (co~-av.) (10) 

a plot of cosh -1 (G~/G~)versus  log co, with a sign change at G~o' =G~ has a 
slope of 2- 303/3 over the whole frequency range. 

A fourth method (d), not given by Read and Williams, has proved more 
useful than the others. It involves a measurement of the half width of the 
loss peak and uses the equation 

( d )  g o s h  -1  2 = / 3  I 1 n (O,)l/O.)m) I (t[) 
tp 1/'2_pt where oJ1 is the angular frequency at which Go, has dropped to ~'-'m. 

When dynamic behaviour only approximately conforms to equation (7), 
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Figure 20---Frequency dependence of 
the reduced G" for the less dense 
poly(propylene oxide) sample. /3 
values are given for the high and low 
frequency sides of the loss peak. 
• --51'2"C, ×--56"5"C, A--62,7"C 
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1.(3 
Figure 21--Frequency depend- 
ence of the reduced G" for the 
more dense poly(propyleno 
oxide) sample, fl values aro "~0.5 
given for the high and low-'~ 
frequency sides of the loss 
peak. e--53-3°C, 0--59.0°C, 

x--66.4 °, • --74°C 

0 
0'3}' ' :wl -; 4~V'l"" , , ..... q '34,  

-3 -2 -1 0 1 2 3 
[og f 

the most satisfactory value of /3 is obtained by reiterative curve fitting. 
Figures 20 and 21 show the data for two different polypropylene oxide 
samples in the dispersion region with the best approximations of 
equation (7) to these curves. In assessing the most appropriate value of fl 
required to fit any data, particular attention has been paid to exact corres- 
pondence near the maximum, where most of the relaxation occurs. More 
precisely the accuracy of fit at any frequency has been made roughly 
proportional to the relaxation strength at that frequency. 

In fitting equation (7) to the experimental data, satisfactory agreement 
could only be obtained by using a different value of/3 for each side of the 
maximum. Thus the dispersion on opposite sides of a maximum has been 
characterized separately as if it were one half of a symmetrical distribution. 
There are no assumptions made here, we are merely seeking a quantitative 
description of the distributions. 

Individual polymers 
Poly(methylene oxide)---The relaxation spectrum of this polymer is broad 

and asymmetrical in the temperature range of the present measurements. 
The G" peaks plotted against temperature are also very asymmetrical at 
low frequencies but become shexper and more symmetrical at higher 
frequencies. In fact the behaviour of the mechanical (G") and dielectric 
loss (g,)7, 8 peaks is very similar. The changing asymmetry of the loss peaks 
at low temperatures makes conditions unfavourable for obtaining meaning- 
ful values of AH. 

The locus of the G" and ~" loss peaks on the log/,,, versus 1/T,, plot of 
Figure 12 are in close agreement. In the temperature plane, extrapolation 
of the G" data to meet those of Thurn 8 at high frequencies, gives a curve 
very close to the E'~ locus. In the frequency plane agreement becomes 
progressively worse at lower temperatures. In this low temperature region 

AH (dielectric at constant T)= 19.4 kcal mole -1 

compared with AH (mechanical)= 31 kcal mole -1. 
Curvature of the log ]m versus 1/T,, plots in the temperature plane cannot 

be attributed wholly to changing distributions in the mechanical case, as 
the slopes of plots in both the temperature and frequency planes are in 
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reasonable agreement at low temperatures. At higher temperatures the 
curvature can, with some certainty, be attributed to a variation in AH 
because of the sharper loss peaks and the parallel dielectric data. The most 
reasonable interpretation of the low temperature mechanical and dielectric 
relaxation in poly(methylene oxide) is of a single type of relaxation mech- 
anism with a varying relaxation time distribution and an average activation 
enthalpy varying as shown in Figure 19. A H  increases fairly sharply as the 
temperature is lowered and the mechanical data suggest that there is a 
limiting value at low temperatures of 31 kcalmole -1. As these data are 
obtained entirely from loss peak positions, AH refers always to the same 
basic molecular relaxation process. 

We assign this transition to the onset of cooperative main chain rotation 
in the amorphous phase in agreement with Read and Williams 7 and con- 
clude, because all the dipoles in this polymer lie on the main chain, that 
the molecular process followed by mechanical and dielectric processes is 
probably the same. The transition is classified by Saito, Okano, Iwayanagi 
and Hideshima ~, as due to 'local mode' vibrations. This is an interesting 
possibility. However, the dependence of the temperature of maximum loss 
on molecular structure shown in Table 3 seems to justify the assignment 
of the peak at - 6 5 ° C  as the glass transition loss. 

Table 3 

Polymer Repeat unit T ]or maximum in G" 
and E" at 1 c / s 

P.ooly(tetramethyleneoxide) _ --(CH2)~--O-- -- 74 ° C 

Poly(ethylene oxide) --(CH2)z---O-- -- 55 ° C 

Poly(propylene oxide) - -CHz--CH--O--  
I - 6 0 ° c  

CHs 

Poly(acetaldehyde) ----CH~---O-- 
I - 3 0 ° c  

CH3 

Poly(methylene oxide) - - -CH~O--  -- 65 ° C 

Poly(e thylene  o x i d e ) - - T h e  low temperature behaviour of both the experi- 
mental and commercial samples is very similar. The only low temperature 
dispersion found is that due to the glass transition. The relaxation time 
distribution is broad (/3 = 0"25), but in the temperature and frequency planes 
the loss peaks are reasonably symmetrical above 0"1 c/s. The plots of 
log ] versus 1 /T  in both the temperature and frequency planes are shown 
for the two different samples in Figure 13. Frequency and temperature 
plane data are coincident for each sample and the plots linear. The loci of 
maximum loss differ by only half a decade for both polymers. 

The torsion pendulum data obtained by Read ~g on a similar sample agree 
with our data in  the location of the loss peaks, but the magnitudes of the 
loss peaks are less in the present work. If the change in storage modulus is 
small through the dispersion, then the area under the loss modulus curve 
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will be correspondingly smalP 4. The magnitude of the loss peaks are also 
sensitive to water sorption and crystallinity. 

The dielectric loss maxima 19 appear to be governed by a different activa- 
tion energy in this region. The AH values are : 

Dielectric (high temperature), 30.5 kcal mole -1 
Mechanical (low temperature), 66 kcal mole -1 

Using the total area beneath G"  over the temperature interval of major 
relaxation for the mechanical data we obtain a value of AH varying 
between 60 and 70 kcal mole -~. By the same method Read TM has obtained 
a value of about 35 kcal mole -1. Yin, Lovell and Ferry ~ have obtained a 
value of 11-7 kcalmole -1 for the activation enthalpy between 70°C and 
120°C (at these temperatures the polymer is above its melting point). From 
,our values of AH at lower temperatures we would predict a value of 20 to 
30kcal mole -~ at 70°C. This is the only polymer used in our work for 
which correlation between G" and e" loss peaks has not been demonstrated. 

The behaviour at the crystalline melting point is discussed later in con- 
_junction with the corresponding results for other polymers. 

Poly(propylene oxide)--The two samples differed in their tacticity and 
crystallinity, but not in their molecular weight. The mechanical data give 
parallel log f versus 1 /T  plots for the two samples. Frequency and tempera- 
ture plane data are coincident and the loci of loss peaks for the two 
.samples are separated by less than a decade as shown in Figure 14. The 
activation enthalpy from these data is calculated as 72 kcalmole -~ at 
-60°C.  

The G" maximum from the torsion pendulum measurements of Read, 
Williams and Connor 13 is also shown in Figure 14 together with a wide 
frequency range of dielectric loss maxima locations. The dielectric data 
refer to a sample differing only in its intermediate crystallinity. The close 
proximity of G" and ~" maxima leads us to postulate that the mechanical 
data at higher frequencies would lead to a curved locus for the mechanical 
loss maxima very similar to that obtained dielectrically. The corresponding 
variation of AH with temperature is shown in Figure 19. Activation 
enthalpies obtained by the area method also follow this trend. 

Saba, Sauer and Woodward ~G have obtained torsion pendulum data on a 
sample claimed to be syndiotactic. At the same frequency our results for 
isotactic samples show the loss peak to be 11 deg C higher. 

A low-temperature secondary (y) dispersion of small magnitude 
(tan ~=0-03) has been reported 16 for this polymer at - 1 5 0 ° C  and 0-6 c/s, 
This is below the sensitivity obtainable in the present work. 

Poly(tetramethylene oxide)--This polymer exhibits two definite low tem- 
perature mechanical maxima which are clearly shown in the temperature 
plane in Figure 9. The low temperature transition will be termed y and the 
other, which is believed to be the glass transition,/3. In terms of the mech- 
anical relaxation spectrum, approximated by G", the relaxations are of 
similar magnitude whereas in terms of the dimensionless spectrum, approxi- 
mated by tan 6, the/3 relaxation is the larger. The storage rigidity modulus 
increment for the y transition is 3-5 × 109 dyne/cm 2 and for the/3 transition 

_ J  
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7"2 x l& dyne/cm ~. On this evidence the main glass transition is ascribecl 
to the fl peak because it is the stronger transition, i.e. To = - 84°C. 

The temperature loci of the loss peaks are complicated by the consider- 
able overlap of the dispersions. At 1 kc/s the separation in the temperature 
plane is 37°C and in the frequency plane at -80°C it is approximately four 
decades. Separation increases at lower temperatures and frequencies. The 
log f versus 1/T plots for both peaks are shown in Figure 15. Neither of 
these plots will give a precisely correct activation enthalpy because of the 
change in overlap with temperature. Consideration of the effect of changing 
overlap shows that the fl peak locations in the frequency and temperature 
planes are shifted to higher frequencies and higher 1/T values respectively 
as 1 / T decreases. The reverse is true of the y peak locations. 

Dielectric data have been obtained TM on a closely similar sample of 
poly(tetramethylene oxide) and the locations of the ~" maxima for the [3 
dispersion are shown in Figure 15. The pronounced curvature at the low 
frequency end of the dielectric locus is due to the rapidly changing dielectric 
spectrum in this region. Again, there is fair agreement in the position of 
the E" and G" maxima and this is taken to indicate that the mechanical 
and dielectric fl-dispersions have the same molecular origins. The overall 
impression is that AH exhibits a small sigmoidal change as shown in 
Figure 19. Calculations using the area method agree reasonably well with 
low temperature values of AH but do not confirm the low temperature 
plateau in AH values. The dielectric data for this polymer can be resolved 
also into two loss peaks in the frequency plane, despite the appearance of 
only a single E'~ peak in the temperature plane. The /3 and y dielectric 
(e'~) peaks correlate with the mechanical fl and y dispersions. Thus the 
low temperature process must involve some dipole motion. Onset of rota- 
tional freedom of some five or six main chain units, similar to that suggested 
(see ref. 33) by Schatzky is one possibility. 'Local mode' angular oscilla- 
tion of the main chains about their equilibrium positions is an alternative 
explanation. Recent X-ray studies indicate that the chains have a zig-zag 
configuration in the crystalline phase. It is most probable that the short 
range amorphous configuration will also tend to a zig-zag. Rotational 
oscillation of any chain length greater than a single monomer would pro- 
duce a dielectric transition of very low strength, because of the alternating 
dipole opposition along the main chain. We conclude that if local oscilla- 
tions are responsible for the y process, the basic unit involved approximates 
to the length of the monomer. 

Poly(ethylvinyl ether)--This was a completely amorphous un-crosslinked 
polymer so that at low frequencies and at temperatures above To some 
viscous flow occurred. Fortunately flow interfered seriously only at tem- 
peratures well in excess of To so that the positions of the peaks themselves 
(in G" in particular) were unaffected. Only one dispersion region associated, 
with the glass transition, was found in the temperature range studied. 
Secondary transitions due to side group motion, which have been 
reported 16,17 at low temperatures, were below the sensitivity of the apparatus. 

The relaxation spectra for this polymer are relatively sharp (/3=0-4) but 
the spectrum is broader on the high frequency than on the low frequency 

356 



THE DYNAMIC MECHANICAL PROPERTIES OF SOME POLYETHERS 

side. The log ] versus 1/T plot is shown in Figure 16. The locus in the 
temperature plane is well represented by a curved plot which is very nearly 
contiguous with the corresponding plot of dielectric loss (e"). The curvature 
in this plot is ascribed to a temperature dependent activation enthalpy. In 
the frequency plane the limited data show considerable scatter. Also shown 
in Figure 16 are loss peak locations found in other work. Dielectric data 3s 
at 2 x 10 ' c/s  are consistent with the plot shown. The location of the 
maximum in the ultrasonic damping coefficient, also at 2 × 10" c/s, gives 
weight to the idea of a curved locus for the mechanical data, although it 
must be remembered that the G" and damping coefficient maxima will 
differ slightly in their locations. Torsion pendulum data ~ at 0.43 c/s agree 
with our location of G" at that frequency. 

Using the combined dielectric and mechanical data, we calculate the 
variation of AH with temperature shown in Figure 19. At high tempera- 
tures the activation enthalpy varies only slowly with temperature. Forty 
.degrees above Tg, AH increases fairly sharply with decreasing temperature. 

Reduction o] poly(ethylvinyl ether) data--In general accurate reduction 
was impossible for the partially crystalline polymers due to the changing 
distributions of relaxation times. The data for poly(ethylvinyl ether) can, 
however, be reduced over limited temperature ranges. The lower limit 
is set by approach to the glass transition temperature and the upper limit 
by onset of viscous flow. The results for G' and G" reduced to 257°K are 
shown in Figure 17. No vertical shift was applied. The empirical fre- 
quency shift factors (a~) are : 

T°A I 250"7 I _ 257"0 I 266'9 I 278"7 
log (@) 1-5 0 - 1'33 - 3.04 

Activation enthalpies calculated as 2"303R[d(logaT)/d(1/T)] are shown 
in Figure 19. These show the same trend as the values obtained from peak 
positions but for a given temperature are 50 per cent higher. Such a diver- 
gence is not unexpected. McCrum and Morris 39 have recently pointed out 
that small errors in the vertical shift term, which was ignored in the present 
calculation, produce large errors in the activation enthalpy values. Further- 
more, reduction of the results is concerned with parts of the spectrum re- 
moved from the peak. If a distributon of activation enthalpies is present the 
reduction factor will not be governed by the average value. In our reduction, 
.emphasis was placed upon fitting the long time end of the spectrum which 
will involve the higher activation enthalpies. 

Comparison of AH temperature dependence 
The WLF universal reduction scheme has provided an adequate correla- 

tion between relaxation data obtained at different temperatures for amor- 
phous polymers. This is equivalent 1 to an activated process with a tempera- 
ture dependent AH of the form 

2.303R 17.44 × 51.6 T 2 
AH = (51 "6 + T - To) ~ (12) 
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An activation enthalpy varying according to equation (12) is shown in 
Figure 19 for a To equal to that of poly(ethylvinyl ether), i.e. 43"5°C. The 
agreement between this calculated curve and the experimental data is reason- 
able when it is remembered that 'universal' constants were employed in 
equation (12). In the temperature range (To+20)°C to (To+ 120)°C the 
worst agreement between the curves is about 35 per cent which would not 
be detectable in most relaxation experiments. 

Values of AH calculated from Williams's 4° dielectric results on poly(acetal- 
dehyde) are also shown in Figure 19, and again follow the general form 
given by equation (10). 

The variations of AH with temperature always occur more sharply than 
predicted from the WLF expression. For amorphous polymers the activa- 
tion enthalpy tends to infinity with decreasing temperature. This is con- 
sistent with a kinetic theory of the glass transition since when the activation 
enthalpy is infinite (at To) the molecular process ceases. The limited 
amount of accurate data available supports this view for amorphous poly- 
mers. Becker ~1, for instance, has reported AH variations similar to the 
amorphous cases shown in Figure 19, for poly(vinyl chloride), poly(styrene) 
and poly (methyl methacrylate). 

With the partially crystalline polymers AH shows a similar sharp increase 
about 20 degrees above the dilatometric To. As the temperature approaches 
To, however, the activation enthalpy tends to assume a constant value. 

Mechanical relaxation time distributions 
Values of fl calculated mainly by method (d) are shown in Figures 22 

and 23 for all polymers with the exception of poly(tetramethylene oxide) 
for which the results are confused by overlapping dispersions. 

0-8 

06 

o . z  - - - ~ - - ~ . ~ _ ~ ~  
-60 -50 -40 -30 -20 

0 _ 7 0  I I ill  I i I I 
PPO PEO,DEL PEVE 

Th 

Figure 22--Variation with temperature of the width parameter fl for 
the low frequency side of each spectrum. A poly(methylene oxide), 
O poly(propylene oxide), high density, • poly(propylene oxide), low 
density, × poly(ethylene oxide) I, + poly(ethylene oxide) II, [] poly- 

(ethylvinyl ether) 

On the low frequency side of the maximum there is a trend to minimum 
values of fl close to the temperature (T~) at which AH has acquired a high 
value (Figure 19). The low frequency side of the spectrum originates from 
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Figure 23--Temperature variation of 13 on the high frequency side of each spectrum. 

Legend : see Figure 22 

the long relaxation times in the system. For polymer solutions this side 
of the mechanical spectra can be described by the theories of Rouse 3, 
Zimm ++ or Bueche +. These theories give qualitative agreement also with 
the long-time regions of spectra of bulk amorphous polymers. Thus, in 
the present context, the long-time side of the spectra might originate from 
a Rouse type of cooperative mechanism, with Gaussian segments as the 
basic units. For clarity this type of segment will be termed a 'Rouse 
segment'. However, this naive idea cannot apply to the present system 
without modification. 

Figure 24--A typical 50-bond 'Rouse segment'. 
X and Y are possible primary rearranging ~ , ,  

units ~ Y / ~ ~ . ~  . ~ Y  

A typical Rouse segment is illustrated schematically in Figure 24. This 
has been drawn with 50 main chain o- bonds, since this is about the 
minimum length required for flexible chains to exhibit Gaussian distribu- 
tions +5. This segment must undergo rapid micro-Brownian motion through 
rearrangement of smaller units such as X and Y in Figure 24. Such units 
will be termed 'primary rearranging units', which might be roughly estimated 
at ten monomer units in length. It follows that any spectrum originating 
from the activation of primary rearranging units must lie at far shorter 
times than a spectrum originating from a Rouse mechanism. This means 
that if indeed a Rouse type of spectrum is being observed in any system 
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it cannot have contributions in the main region from relaxations of primary 
rearranging units. 

All the systems shown in Figure 22 exhibit a similar variation in width 
of the fl plot with changing temperature. A spectrum produced completely 
by a Rouse mechanism would be shifted bodily along the time axis by 
changing temperature, without change in shape. We would expect this 
constancy of shape to hold even for a system loaded with rigid crystallites, 
as changing temperature merely alters the monomeric friction coefficient. 
The evidence thus points rather to the following interpretation. If the 
Rouse approach is employed the Gaussian segments must be replaced 
by smaller non-Gaussian segments which tend in the lower limit to the size 
of the primary rearranging units. There will now be contributions to the  
mechanical spectrum from both the cooperative modes of the small non- 
Gaussian segments and the individual relaxation times of the primary re- 
arranging units. 

The two different spectral contributions have similar time scales and the 
affected also by changing individual A n  I to  A n n  values as activation 
enthalpies governing the time scale of primary unit rearrangement. 

Equation (3) represents an average relaxation time based on some 
average activation enthalpy. In fact there will be a large number of 
different possible primary rearrangements each characterized by its own 
activation enthalpy, giving rise to a set of relaxation times as follows : 

~'1 =A~ exp (AH1/RT) 
~-2=A2 exp (AH~/RT) etc . . . . .  
rn=A~ exp (AHn/RT) 

A natural consequence of the above set of relaxation times is that the 
spectrum should narrow as the temperature is raised. The increase in fl 
values at higher temperatures shown in Figure 22, could be explained by 
a spread of activation enthalpies only + 100 per cent from the average 
value. However, it is seen from Figure 18 that the low frequency/3 values 
have been obtained in the same temperature range as that in which some 
average AH value undergoes rapid change. The spectrum will thus be 
affected also by changing individual AHI to AHn values as activation 
becomes increasingly difficult at lower temperatures. At higher tem- 
peratures AH values are relatively constant and it is expected that/3 values 
will slowly increase with temperature as in the dielectric case 7' ~. 

The slight upswing in/3 values shown in Figure 22 at low temperatures 
may well be due to the progressive loss of spectral contributions from the 
modified Rouse spectrum as the temperature is lowered. Comparison 
of these absolute values of/3 shows that amorphous poly(ethylvinyl ether) 
has a considerably narrower spectrum than the partially crystalline poly- 
mers. Between themselves, however, the broad spectra of the partially 
crystalline polymers show no systematic trend with differing crystallinities. 

On the high frequency side of each spectrum, it is apparent from Figure 
23 that the spectra are all broad and only slightly temperature dependent. 
There is a general trend for the width of the distributions to increase with 
increasing T. The Rouse theory does not provide even qualitative agree- 

360 



THE DYNAMIC MECHANICAL PROPERTIES OF SOME POLYETHERS 

ment with the high frequency side of the relaxation spectra of bulk poly- 
mers. In this short-time region the spectrum will result predominantly 
from the /XH distributions postulated above, with only minor contributions 
from Rouse effects. The values for poly(ethylvinyl ether) are similar to 
those of the partially crystalline polymers, again indicating that this side of 
the spectrum arises from very localized mechanisms in an environment 
which is basically glass-like on these time scales. 

Crystalline melting transition 
It has already been shown (Figures 6 and 10) that Polyox and poly(tetra- 

methylene oxide) exhibit strong tan ~ peaks at the crystalline melting points. 
They are similar to the crystalline melting peaks in the poly(ethylene) 
copolymers studied by Jackson, Flory, Chaing and Richardson 5. These loss 
peaks are different in origin to the various crystal disordering transitions 
observed in many polymers well below the melting point 3~, e.g. the tan 

peaks in the present work have no loss modulus peaks associated with 
them and are incapable of yielding peaks in the frequency plane. Moreover 
the peaks are centred on the crystalline melting point. The magnitude of 
the tan ~ peaks increases with decreasing frequency, even when allowance 
has been made for the rapidly changing background due to viscous flow. 
From Figures 6 and 10 it is evident that there is a small shift in loss peak 
location with frequency. Formally these shifts are described by equation 
(3), with activation enthalpies of 300 kcal mole -1 and 570 kcal mole -1 for 
poly(tetramethylene oxide) and Polyox respectively. 

One explanation of these loss peaks is that localized crystallite melting 
may occur to relieve strain in neighbouring amorphous regions, with re- 
crystallization occurring during the low stress part of the cycle, If recrystal- 
lization does not occur, then the system will change with time becoming 
more amorphous as cyclic stressing continues. The experimental facts so 
far known do not suggest this and it is difficult to understand also how this 
mechanism of elastic loss can persist even a few degrees above the accurately 
known thermodynamic melting points. No other explanation has been 
offered. 

Effect of crystallinity on mechanical loss peaks 
The two samples of poly(propylene oxide) measured were approximate'_y 

20 per cent and 50 per cent crystalline. The two poly(ethylene oxide) 
samples also differed in crystallinity. However, Figures 13 and 14 show 
that neither polymer exhibits any significant change in loss peak location 
or in activation enthalpy with differing crystallinities. Figure 22 shows that 
the low frequency breadth of the spectrum increases slightly with increasing 
crystallinity in the range 20 to 60 per cent. These facts show clearly that 
variation in crystallinity produces no significant change in mobility of the 
amorphous regions. 

There has been a dispute in the literature as to the dependence of loss 
peak areas on the degree of crystallinity. In poly(ethylene) for example 
the area under the low temperature (y) tan ~ versus temperature peak is 
approximately proportional to the fraction of amorphous phase ~7. Iflers 
et al. '8, however, consider that the G" area is a more correct measure of 
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the strength of a transition. The T peak in poly(ethylene), expressed as 
G",  shows little variation with crystallinity and so they consider that the 
process occurs equally in both crystalline and amorphous phases. 

The analysis by Read and Williams ~ of loss peak areas for any relaxa- 
tion process, provides an alternative approach to the problem. The follow- 
ing equations hold for a single relaxation time, but their form is unchanged 
for any temperature-independent relaxation time distribution. 

o o  

f G" 

0 

d(1/T)  = (Gu - GR) R~r / 2 A H  (13) 

o o  

f tan 8 
0 

d (1/T)  = {(Gv - Gn) RTr} / {(GuGn) ~/2 2AH} (14) 

The left hand sides of equations (13) and (14) represent the areas under 
respectively G" and tan 8 versus ( I / T )  loss peaks. Over limited tempera- 
ture ranges the area under any peak versus T will follow the same variations 
as the data plotted against (1 IT). Now we find that for the present systems 
AH is independent of crystallinity. Thus in equations (13) and (14), AH 
is constant for a given polymer and the loss peak areas depend only on 
the unrelaxed (Gu) and relaxed (GR) moduli on either side of the transition. 
With increasing crystallinity both Gv and Gn increase. However, for the 
main glass transition (fl) peak Gu is usually ,~101° dyne cm -2 while for 
low degrees of crystallinity Gn is usually l0 s to 10 9 dyne cm -~. Thus, from 
equation (13), the G"  loss peak area is dominated by the Gv value and as 
this increases with increasing crystallinity the peak area also should increase. 
This effect, which is contrary to that expected from a superficial examina- 
tion, is clearly illustrated by both systems in Table 4. Even though the 
absolute values of crystallinity are uncertain the order of increasing crystal- 
linity should be reliable since it follows the density of the material. 

Table 4 

• Polymer G" loss peak area tan 8 loss peak area 
at 100 c/s at 100 c/s 

PPO 20% cryst. 51"7 dynecm -2 (°C) -1 530 arb. units 
PPO 50% cryst. 74"0 dyne cm -2 (°C) -1 376 same units 
PEO 40% cryst. 54"7 dyne cm -2 (°C) -1 408 same units 
PEO 60% cryst. 57"5 dyne cm -2 (°C)-1 447 same units 

The respective Go and GR values are listed in Table 5. 

Table 5 

Polymer Gu dyne cm -2 GR dyne cm -2 

PPO 20% cryst. 9-7× 109 (--70°(2) 2"4× 10 a (--20°C) 
PPO 50% cryst. 1-5x 101° (--70°C) 6-0× 10 s (--20°(2) 
PEO 40% cryst. 1-6x 10 lo (--80°C) 4"8× 10 ~ (--200(2) 
PEO 60% cryst. 1"7x 10 l° (--80°C) 6.0x 109 (--20oC) 
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With the tan 8 loss peak areas, equation (14) shows that since GR under- 
goes the most rapid change (on a logarithmic scale) with varying crystal- 
linity, the denominator will dominate the behaviour of the expression. By 
comparison (Gv-GR)  varies slowly, because this term is dominated by 
Gc. Thus equation (23) predicts qualitatively that as GB increases with 
increasing crystallinity the tan 8 area will decrease. This is the behaviour 
frequently assumed in the literature. Examination of Table 4, however, 
shows that although this effect is exhibited by poly(propylene oxide), 
poly(ethylene oxide) does not conform. The cause of the failure of 
this latter system to obey the generalized prediction lies in the relatively 
high degree of crystallinity. At these levels of crystallinity, it can be seen 
from Table 5 that GR is 5 × 109 dyne cm --~, which is no longer negligible 
compared to Go. in the (G~- - GR) term. 

When G~- and GR values are even closer in magnitude, as frequently 
happens in low temperature y transitions, ( G v -  GR) remains roughly con- 
stant with increasing crystallinity due to similar increases in both moduli. 
The term (GL, • GR) 1/2, however, always increases with increasing crystal- 
linity so that equation (23) predicts a decrease in tan 8. This has been 
observed by McCrum ~9 for the y transition of poly(tetrafluorethylene), in 
which the variation of tan 8 peak area with amorphous content was almost 
linear. 

Summarizing, we can say that G" loss peak areas will rarely increase with 
increasing amorphous content. On the other hand tan ~ loss peak areas 
usually will increase with increasing amorphous content; particularly favour- 
able conditions occur in small y transitions and in /3 transitions at low 
degrees of crystallinity. 

C O N C L U S I O N S  
G" and E" loss peaks are governed by similarly weighted spectra. A com- 
parison of loss peak positions shows that the activation enthalpy increases 
with decreasing temperature and in partially crystalline polymers a limiting 
low temperature value is observed. 

In general the WLF time/temperature reduction scheme cannot be 
applied to the partially crystalline polymers because of temperature depen- 
dent relaxation time spectra. These spectra are broad with different /3 
values (~0.2 to 0"5) for the low frequency and high frequency sides of 
the loss peaks, This also applies to the poly(ethylvinyl ether) data. Logical 
arguments lead to the conclusion that on the low frequency side of mech- 
anical spectra a modified Rouse spectrum operates with contributions also 
from a distribution of activation enthalpies. On the high frequency side 
the spectrum is dominated by the activation enthalpy distribution. 

The state of polymer chains in the amorphous regions of partially crystal- 
line polymers is still unexplored. Modulus calculations 5 based on Gaussian 
chains give completely erroneous results. This suggests that the chains 
between crystallites are under considerable tension, yet the present data in- 
dicate that changing crystallinity does not appreciably affect chain mobility 
in the amorphous regions. We have shown too that whereas tan 8 loss 
peaks will in favourable cases increase with increasing amorphous fraction 
of a polymer, G" loss peaks will rarely, if ever, vary in this way. 
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The/3 loss peaks associated with the glass transition of all the polymers 
measured lie below 0°C. In addition poly(tetramethylene oxide) has a 
low temperature 3~ peak in the - 150°C to - 120°C range which may well 
arise from a local mode mechanism. Poly(ethylene oxide) and poly(tetra- 
methylene oxide) both exhibit tan ~ loss peaks at their crystalline melting 
points. 
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Regular Alkylene Ether Copolymers 
T. P. HOBIN 

Mixed triglycols, HO(CH2)xO(CH~O(CH~)xOH, where x is not less than six, 
undergo acid-catalysed polycondensation to give regular alkylene ether 
copolymers [(CH2)xO(CH2)uO(CH2)xO]n. Melting temperatures and crystalliza- 

tion rate data have been obtained ]or several of these copolymers. 

Ot-og-GLYCOLS with six or more linked methylene groups will undergo acid- 
catalysed polycondensation to give polyethers 1, 2. It was anticipated, there- 
fore, that the appropriate mixed triglycols would likewise yield mixed 
polyethers. Regular alkylene ether copolymers have not been reported 
previously. An earlier paper by Lal and Trick 3 compared melting and 
crystallization rate data for alkylene sulphide polymers and regular copoly- 
mers and alkylene ether homopolymers. The present work enables the 

comparisons to be extended to regular alkylene ether copolymers. 

EXPERIMENTAL 
Preparation of mixed triglycols 

The diol HO(CH2)~OH (3 moles) was stirred with boiling toluene (300 ml) 
while a solution of sodium hydroxide (2 moles) in water (50 ml) was added 
slowly over two hours. A Dean and Stark attachment was used to isolate 
the water which condensed from the vapours (approximately 50 ml). A 
solution of the dibromide Br(CH2)~Br (1 mole) in toluene (100ml) was 
added slowly during half an hour and the mixture finally stirred under 
reflux for one hour. The precipitated solids were removed by filtration 
through a sintered glass filter and the excess diol was removed by vacuum 
distillation. The residual crude triglycol was washed with small quantities 
of water and the aqueous phases extracted with ether to recover any dis- 
solved trigly, col. Pure triglycols were obtained by fractional vacuum distil- 
lation; they were white crystalline solids. Yields ranged from 40 to 50 per 
cent, based on the amount of dibromide used. There was always a higher- 
boiling residue of higher mixed glycols, amounting to 30 to 50 per cent by 
weight of the yield of the triglycol. 

Preparation of regular copolymers 
Mixed triglycol (20 g) and sulphuric acid (0-1 g) were heated together in 

a glass tube for 48 hours under vacuum (1 mm of mercury); the temperature 
being maintained at 180°C by an external o-dichlorobenzene vapour bath. 
A very fine nitrogen bleed was used to stir the mixture and to carry off the 
water produced during the polycondensation. The polymeric product was 
stirred with boiling methanol (100ml), cooled, and the insoluble solids 
separated by filtration. These were treated with boiling methanol to dis- 
solve out the lower-molecular-weight fractions. The residual polymers were 
hard brittle solids, brown in colour. The colouration developed slowly 
during the polymerization; it could be minimized by exclusion of light and 
air from the reactants. 
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Preparation of random copolymer 
A copolymer containing approximately equal numbers of hexamethylene 

and decamethylene sequences was desired. Because about ten per cent of 
1,6-hexanediol is converted to cyclic ether during polycondensation I, ten 
per cent excess of this reagent was used. The two diols were heated with 
one half per cent by weight of sulphuric acid in n-decane for 24 hours to 
produce a low polymer; water was removed by a Dean and Stark apparatus. 
After washing with water and removal of n-decane by vacuum distillation 
the polymer was polymerized further by the sulphuric acid technique des- 
cribed above. 

Characterization 
Molecular weights of the triglycols were ascertained by acetylation. In- 

trinsic viscosities of the polymers were determined from measurements in 
benzene at 20°C over the concentration range 0-2 to 0"5 per cent. Melting 
points were measured in capillary tubes heated at I°C per minute. For the 
copolymers melting points were also determined in dilatometers. 

Dilatometric measurements 
Dilatometers with inverted bulbs were used. The polymers, cast into 

sticks, were inserted into the open bulbs which were then sealed off while 
the portion of the bulb which contained the polymer was cooled in liquid 
nitrogen. The polymers were degassed by melting them in the bulbs under 
a high vacuum. After cooling, mercury was run into the bulbs without 
releasing the vacuum. 

(a) Melting temperatures--The position of the mercury meniscus was 
measured as the temperature was raised by increments. From 10 ° below 
the melting temperature upwards, measurements at each temperature were 
checked at intervals until no change occurred in the course of an hour. 

(b) Crystallization rates--These were measured at temperatures in the 
vicinity of 10°C below the melting temperatures. The time required for 
the volume to decrease to a value halfway between that of the liquid 
polymer (as read off from the extrapolated liquid cooling curve) and the 
solid polymer (read off from the melting curve) at the temperature of 
the measurement was ascertained. It was found that over the short range 
studied, the reciprocal of the half-time for crystallization was proportional 
to the temperature of crystallization and so the temperature corresponding 
to a half-time of crystallization of 30 minutes was readily calculated (T~0). 

EXPERIMENTAL RESULTS 
The experimental results are summarized in Tables 1 and 2 and Figures 1 
and 2. 

D I S C U S S I O N  

The melting points of the copolymers were not very different from those of 
the corresponding triglycols. They are shown in relation to carbon/oxygen 
ratio in Figure 1. Curve A represents the homopolymers and is based on 
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T. P H O B I N  

the following melting points, polyethylene oxide 66°C 3, polytrimethylene 
oxide 38°C ', polytetramethylene oxide 46°C ' and polydecamethylene oxide 
80°C 3. The value used for polyhexamethylene oxide is given in Table 2 
( x =  6, y = 6). It is 4 deg. C higher than that obtained by Lal and Trick, 
who used the polarizing microscope technique on a sample of rather low 
molecular weight. Curve B represents copolymers containing only even- 
numbered sequences of methylene groups while curve C represents those 

8C 

ou 
~7c 

60 
E 

tmSO 
r -  

% 
40 

I I 
5 10 

Carbon/oxygen ratio 

Figure /--Melting points of the co- 
polymers in relation to carbon/ 

oxygen ratio---see text 

2C 

Figure 2--Rates of crystallization as 
measured by amount of supercool- 15 
ing to give a half-time of crystaUiza- 
tion of 30 minutes versus C/O ratio : 
• this work; O homopolyethers (l_,al ~ 113 
and Trick); + homopolysulphides -a 
(Lal and Trick); x sulphide co- 
polymers (Lal and Trick); . . . . . .  
AT m polyethylene (Lal and Trick) 

I r I 
4 6 ' ~ 10 

Carbon/oxygen ratio 

that contained some odd-numbered sequences of ~ese. The result for the 
random 6/10 copolymer also lies on this curve. It can be seen that the 
regular copolymers had slightly lower melting points than the homo- 
polymers but the differences decreased with increase in the C / O  ratio and 
were insignificant when this ratio was greater than eight. The greater 
depression of melting point when the copolymer contained some odd- 
numbered sequences of methylene groups would appear to be another 
example of a general tendency for odd sequences to lower melting points s. 

The amount of supercooling to give a half-time of crystallization of 30 
minutes (T=) was used by Lal and Trick as a measure of rate of crystalliza- 
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tion. To enable a comparison, similar measurements were made on the 
present copolymers. The results plotted in Figure 2 include Lal and Trick's 
data for polyethers and polysulphides (with the exception of their value 
for polyhexamethylene oxide, which has been omitted because of their low 
melting point result). It  can be seen that most of the data lie within 1 to 
2 deg. C of the drawn curve, which suggests that the amounts of super- 
cooling required to give a half-time of crystallization of 30 minutes are 
much the same for corresponding polysulphides and polyethers irrespective 
of whether they are homopolymers or regular copo]ymers. 

Crown copyright, reproduced with the permission of the Controller, Her 
Majesty's Stationery Office. 

Explosives Research and Development Establishment, 
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The Present Status of the Theory of 
Rubber Elasticity* 

G. GE~ 

In this review a modified equation [or the lree energy o[ a single chain is pro- 
posed, based on a recent discussion of the excluded volume problem. A simple 
model o[ a network element is used to study departures from affine behaviour 
and the form of the stress/strain curve. Comparison with the Mooney equation 
suggests that the C~ term cannot be explained in terms of excluded volume, 
and it is suggested that the packing problem requires [urther study. Energy and 
volume changes on elongation are reviewed and the need for [urther work 

emphasized. 

(1) Introduction 
IT IS not possible, in the course of a single lecture, to review all facets of 
the theory of rubber elasticity. Comments will therefore be centred on two 
topics of current interest: (a) the form of the stress/strain curve, and its 
dependence on chain statistics; (b) the volume and energy changes accom- 
panying elongation. 

The quantitative interpretation of rubber elasticity 1 rests firmly on the 
use of Gaussian statistics to describe the behaviour of a single chain. The 
elastic network is then treated as an assembly of chains, with the assumption 
--which can be justified for Gaussian chains---of affine deformation of the 
junction points. From time to time the suggestion has been made that some 
of the observed discrepancies between theory and experiment may have their 
origin in departures from Gaussian statistics. It is well known that a free 
chain, in a neutral environment, is not Gaussian, due to the excluded volume 
effect. In a dilute solution the overall dimensions depend upon the nature 
of the solvent, and much use has been made of theta solvents, defined 2 as 
those in which the laws of ideal solutions hold at finite (low) concentrations. 
Under these circumstances the net excluded volume effect is zero, the expan- 
sion due to this cause being balanced out by the contraction occurring in a 
thermodynamically poor solvent. It is also generally accepted 3,4 that in a 
bulk polymer, the effective excluded volume must be zero, because the 
local structure is determined by interactions of segments, in which it is a 
matter of indifference whether these belong to the same or to different 
molecules. 

Quantitative analysis of the behaviour of networks of non-Gaussian chains 
raises two problems: (1) the description of the properties of a single chain, 
and (2) the study of possible departures from affine deformation. In this 
paper we make use of a recent treatment of the statistics of an infinite chain 
to define a parameter which can be used to describe departures from Gaus- 
sian statistics. The resulting free energy equation is then used in an accurate 
study of a 'network' of four chains, where departure from affine behaviour 
can be determined. 
*This review was vrevared during the tenure of a Fellowship of  the Michigan Foundat/on for Advanced 

Research, Midland, Michigan, U.S.A.. and was presented at the Great Lakes Conference on Polymer 
and Colloid Science, Detroit ,  Michigan, U.S.A., October 1965. 
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(2) The single molecule 
The simplest theories of rubber elasticity I treat a linear molecule as a 

random chain, made up of n links of length l, in which there are no res- 
trictions on orientation. If one end of the chain is fixed, the probability P(r) 
of finding the other end in a specified volume element dv at a distance r is 
given by 

P(r) d r =  (~Trn12) -3:2 exp ( -  3r2 /2nP) dV (1) 

It is seen that P(r) has a maximum at r =  0, i.e. the most probable point at 
which to find the chain end is coincident with the beginning. The probability 
W(r) of finding the end at a distance between r and (r + dr) is then 

W(r) dr = 4~'Pe(r) dr (2). 

which has a maximum at r~I. =(}nP)~. The mean square of r is easily 
shown to be 

<r2)o =nl2 O~ 

This quantity <r2>o plays a central role in all theories of rubber elasticity 
and a reconsideration of its evaluation is one of the principal objectives of 
current work. Three factors have received attention, concerned with: (a) 
the recognition that the angle between consecutive links is fixed by valency 
considerations; (b) the fact that rotation about a single bond involves 
changes of energy, so that certain orientations are favoured; (c) the fact that 
molecules occupy a finite volume, so that conformations involving simul- 
taneous occupation of a given volume element by two finks are impossible, 
Of these the first introduces no modifications which cannot be allowed for 
by redefining n and l, subject to the condition that nl is the outstretched 
length of the molecule. 

Energy barriers to rotation also leave the form of equation (3) unchanged, 
but <r-~>, becomes a function of temperature. If we consider a chain in 
which each link has effectively a choice of two orientations, which differ 
in energy by AE, then 5 

d In (r2)0/dT ~ AE/RT 2 (4) 

The experimental study of this equation has been one of the most fruitful 
of recent developments. It will be noted that to maintain equation (3), if 
AE @ 0, n and l must be temperature dependent. 

The effect of finite volume has proved difficult to treat quantitatively. 
Physically it is evident that exclusion of the more folded configurations 
must expand and broaden the distribution. Monte Carlo calculations on 
lattice models have led to the result s 

<r2>0 --~ n x+~ ( 5 )  

where, for long chains, 022 2> y >  0"18. Schatzki 7 has also tabulated dis- 
tributions of end to end distances, from which it is possible to derive 
numerically 8 P(r) and W(r). These suffer from the fact that the particular 
lattice model chosen necessarily imposes a certain discontinuity, although 
Domb 9 has shown that all lattices give similar values of y (equation (5)). 
Recently Edwards 1° has succeeded in obtaining an asymptotic solution in 
closed form for the position of the nth link of an infinite chain, which may 
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be written 
P(r) ~,~ exp [ - (1 "35/riP) (r - 0-87n°'6/a°'2) 2] (6) 

where the volume excluded by a link is 

vlo~.l = a P  (7) 

so that a appears in equation (6) as a numerical parameter. In the limit of 
n > co, this leads to a mean square end to end distance 

(r2> o = 0" 7 5 5n1~Pa °'4 (8) 

The exponent of n is here exactly 6/5, giving ~/ (equation (5))=0"20, in 
agreement with the lattice calculations. 

For  the purpose of this paper, it has been a s s u m e d  that an equation of 
the form (6) is valid also for finite values of n. Although this will not be 
strictly true, it should suffice to indicate semi-quantitatively the conse- 
quences of departure from Gaussian statistics. 

For  application to the theory of elasticity, the distribution is conveniently 
expressed in terms of the configurational free energy of a chain whose ends 
are fixed at two specified points, a distance r apart. For  a chain obeying 
Gaussian statistics, i.e. equation (1), this has the form 

G = const. + ( 3 k T / 2 n l S ) r  ~ (9) 

If  such a chain is deformed from an initial length r .  to a final length r, the 
increase of free energy is then 

A G  = ( 3 k T / 2 r i P )  (r = - r~) = ( 3 k T / 2 n P ) ~ ( h  2 - 1) (10) 

where h is defined as r/r~. 
For non-Gaussian chains, G will no longer be linear in k=; numerical 

calculations have been reported 8 on the basis of Schatzki's work. I f  an 
equation of the form (6) holds, (9) and (10) must be replaced by 

G = const. + (1 "35/ni  2) (r - r*)  2 (11) 

AG = (l . 3 5 k T / n P ) r ~  [()~ - b) 2 - (1 - b) 2] (12) 

I f  equation (6) held exactly we should have further 

r*  = br~ = 0"87 Ia°2n °'~ (13) 

and we may guess that this is the correct limit as n > c¢. 
The mean value of r 2 has been obtained as a function of b by numerical 

integration of 

~ r  a exp [ - ( 1  "35/nl  2) ( r -  r*) 2] dr 
(r~>0 = ° (14) 

~ r  ~ exp [ - ( 1  "35/nP)  ( r -  r*) 2] dr 
0 

in terms of a further parameter  B = 1.35r*2/nP. The limiting form for B-->- 0 
is readily shown to be 

Y = <r2)0 / 1 "111 nl  2 = 1 + 0"755 J B  = 1 + 0"88 b ~/Y (15) 

which may be compared with the known solution for small departures 
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from Gaussian statistics 
<r2>o/nl 2 = 1 + 0"421 a ~/n (16) 

Equating (15) and (16) (ignoring the factor 1-111) leads to 

r*  >0"481an (17) 

A general equation for r*,  and therefore for b, should have equations 
(13) and (17) as limiting forms. For  the purpose of this paper we simply 
treat b as a parameter which is some sort of measure of the excluded 
volume, becoming zero for Gaussian chains. 

t~ 
,¢1 

L . . b=O'8 
/70"6 

4 ~ / . . 0  

/ ..-'~ ~0'4 

~ °o-" 

I I I 
0 1 2 3 a2 

Figure /--Effect of parameter b on chain free energy 

Figure 1 gives a series of plots of AG against •2 for b between 0 and 
0-8. The curves are qualitatively similar to those previously derived from 
Schatzki's data, but exact agreement is not expected, since in the latter 
elongation ratios were computed relative to r . . . .  instead of to <ta>0 (which 
is more difficult to estimate reliably). This has the effect of tilting the free 
energy curve; allowing for this, our calculations from Schatzki's data for 
n = 6 0  give results very similar to those of Figure I for b=0"6. 

(3) The network 
In a normal crosslinking procedure, we start with a system consisting of 

a close-packed assembly of long molecules, free to move and to change shape 
and position subject to the requirement of constant volume. Chemical 
reagents are introduced and are molecularly dispersed uniformly throughout 
the system. Chemical reaction occurs, in which the effective reagent is a 
very small part of a polymer molecule, so that each molecule may possess 
(say) 10" reactive units. A small fraction (say one per cent) of these react, 
so that the chemical reaction is in no way influenced by the chain character 
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of the polymer. As a result of the chemical reaction the system now contains 
a large number of reacted points, and these will be randomly distributed 
in space. Each reacted point links together two of the original long mole- 
cules, and can now be thought of as a junction point from which four chains 
radiate. Most of these chains will terminate at some other junction point, 
and it is therefore convenient to speak of the length of molecule comprised 
between two junction points as a chain. A few chains will form a closed 
loop, returning to the same junction point. A number of chains equal to 
twice the original number of molecules will terminate in a free end. For 
most purposes, we can ignore both closed loops and free ends, and regard 
the structure as a perfect network. 

When the body is deformed by the application of forces, the whole 
network must respond, and will of course do so in such a way that the 
increase of free energy is a minimum. It is frequently assumed that the, 
network free energy is simply the sum of the free energies of the individual 
chains. If these are Gaussian, and a representative chain changes its end to 
end distance from ri to r, the resulting free energy increase will be given 
by equation (10). To obtain an expression for the network free energy, we 
have still to solve two problems: to evaluate ri; and to sum over all the 
chains. 

The simplest forms of theory put r~ =(rS>o =n/s, and thus obtain, for 
the representative chain, 

A G  = 1.5 k T  ()t s - 1) (18) 

The essential assumption involved in the summation is that each chain 
undergoes affine deformation, i.e. that its end to end distance changes pro- 
portionally to the bulk dimensions in the direction in which the chain lies. 
It then follows that if there are N chains in the network, and the total 
deformation is described by the three principal strains ~,1, h2 and h3, the 
total free energy of deformation is given by 

AG = 0"5 N k T  (hl  + h~ + h~ -3 )  (19) 

Wall and Flory 11 have argued that an additional term is required when 
• 8 the deformation revolves a change of volume, to take account of the 

combination of the chains into a network; they modify (19) to 

AG = 0-5 N k T  [hl + hl + hi - In (hi As h3) - 3] (20) 

The identification of ~ with <r2>0 is based on the argument that any pair 
of segments in the linear polymer will on average be at this separation. 
When crosslinking occurs, the pair which form contiguous junction points 
become relatively fixed in position, and therefore retain this separation. 
This argument ignores a number of important considerations: (a) The 
value of <r2)0 which should be used is that appropriate to the conditions of 
crosslinking, which will typically involve a temperature much higher than 
that of the subsequent deformation. Unless (r~>o is temperature-independent, 
chains which are at their most probable lengths when formed will no 
longer be so in the undeformed test piece used in a normal mechanical 
test. (b) Unless all the crosslinks are formed simultaneously, the growing 
fragments of network will tend to contract, thereby changing the statistics 
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of the chains already incorporated. The reality of this tendency to contract 
is illustrated by the observation that crosslinking in dilute solution may be 
followed by syneresis of free liquid. The equilibrium here involves a balance 
between network contraction and the swelling (osmotic) pressure of the 
liquid, which will be operative even if all the crosslinks are formed at 
the same instant. 

Considerations such as these make it desirable to modify equation (19) 
[or (20)] by a factor <~)/<r~>o which Tobolsky et al. 12 have called the 
'front factor'. Recent discussion has been concerned with the temperature 
and volume dependence of this factor. From the foregoing argument <~)  
is seen to represent an average of the chains as they exist in a test sample 
at the start of a deformation experiment. If we compare one experiment 
with another under different conditions (of temperature, pressure or state 
of dilution by a swelling agent) it is reasonable to assume <~> o= V20/s where 
V0 is the volume of the undeformed sample in a particular experiment. It 
is clear that <r~> cannot change during an experiment, since it refers 
specifically to the initial conditions. 

<r~)0 refers to free chains as they would exist under the conditions of the 
experiment. It is an implicit assumption of the whole analysis that <r2)0 
will depend only on the temperature, and will therefore remain constant 
during any isothermal experiment. The most general form in which to 
express equation (20) is therefore 

AG = CV2o/3 T~(T) [h~ + k~ + h~ - In (V/V0) - 3] (21) 

where ~b(T) accounts for the temperature dependence of <r2)0. Applying 
this equation to simple elongation, h l = L / L o ;  h]=k~=LoV/LVo .  If we 
also set L~ = V0, we obtain 

AG = CTd?(T) [ L 2 + 2 V / L - In (V / V0) - 3] (22) 

For most purposes, the expansion accompanying elongation of a solid 
elastomer at constant pressure and temperature is entirely negligible, and 
the stretching force is then given by 

1=2 CTd/(T) [ L -  V / L  2] • (23) 

where C is predicated to be independent of T and V. 
Assuming the validity of this equation, we can use it in conjunction 

with standard thermodynamic equations to draw conclusions regarding 
the change in energy at constant volume, and the change in volume at 
constant pressure. Without further physical assumption, we obtain s, is: 

(OU) _ _ , T  d ln_~(T) , T d l n ( r 2 ) o  
fe': "~  r . r - -  "--  dT = ' -  ~IT (24) 

iov  x_s 
and ~,0i--,~ r. , =  k s - 1 = 2 jO CTqJ(lO (25) 

where/3 is the coefficient of compressibility. 
The derivation of equations (21) to (25) has specificially assumed Gaussian 

statistics. If the representative chain is non-Gaussian, the analysis given 
is invalid. An attempt has been made s to investigate numerically the effect 
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of replacing equation (10) by a curve based on Schatzki's chain distri. 
bution data, retaining the crudest model of the network (three sets of 
mutually perpendicular chains). Uncertainties in the distribution curve 
made this inconclusive, but a similar analysis can now be made analytically 
by using equation (12). This leads straightforwardly to the result: 

! [ bxl  ] 
~b:--X-X-~=O9ONkT-n--ff LI 1~-~7~- j (26) 

This equation is of questionable significance, for any such analysis 
ignores a very important consequence of departure from Gaussian 
statistics: it is no longer permissible to assume affine deformation. To 
investigate this problem, some numerical calculations have been made on 
a simple model. 

(4) A tetrahedral model 
We consider four chains meeting at a junction point, with their other 

ends initially at the corners of a regular tetrahedron of volume V0. A force 
(D is now applied along the direction of one chain, so that the tetrahedron 
is deformed to a triangular pyramid of volume, V =  V0s ~, and height As 
times that of the tetrahedron. Denote by ht the extension ratio of the axial 

f 

Figure 2--Tetrahedra l  model 

chain, and by h2 that of the other three chains (Figure 2). The problems 
to be examined are: (a) the position of the junction point, and (b) the 
magnitude of the force. 

The free energy is given by 

AG/C = (Xl - b) 2 + 3(X2 - b) 2 - 4(1 - b) 2 (27) 

and geometrical considerations require 

hl = (~AS- 2~1)~ + 8s2/9h (28) 

The position of the junction point will be such that OG/Oht =0,  the solution 
to which is conveniently written in terms of y = AS- hi 
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(4y+ b) 2 = 9b2h (hs+ 33) 2 
8s 2 + X (hs+ 3y) 2 (29) 

Since y is always small, this is easily solved numerically. The stretching 
force f is then given by: 

l=(oG I OXl)~ 

These equations have been used in two series of computations: 
(0 Taking s =  1, X = ~/6, AG has been plotted as a function of hi (Figure 

3) for several values of b. Attine deformation requires the minimum to 
occur at h~=h; this is seen to apply for the Gaussian curve (b=0),  but 
the other curves deviate substantially. 

tO 

~ ~(~:2,45) 

215 

Figure 3- -Dependence  of  AG on 
X I at fixed h=2"45  

(ii) Load/elongation curves were evaluated for a range of values of 
b and s. These are represented in Figure 4 in the form of the function 
dp=fs-2(h-h-~) -1, while the departure from Gaussian behaviour is shown 
in Figure 5 by plotting y/hs. It is easily seen, from the form of the equations, 
that these functions do not depend on b and s independently, but only on 
b/s. Thus while b will increase with dilution, its effect on the elastic 
behaviour of a network is compensated by the increase in s. For h > 1, y / ~  
shows a maximum at approximately 100 per cent elongation, representing 
a three per cent departure from affine deformation for b/s=0"2. For the 
same b/s, the increase in ~b from h = l  is two per cent at h = 2 ,  increasing 
to five per cent at h=3, and eight percent at ~=4 .  
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Figure 5--Departure from affine deformation 

1 

4 

The Mooney equation--It is of interest to compare the results of these 
calculations with the observed behaviour of an elastomer. It has become 
customary to represent measurements made in simple elongation by means 
of the Mooney equation TM 1~ 

I/2(h-h-2)=CI +C2/X (31) 

which is generally found to hold fairly well over the range of elongation 
1 < h < 2. If the polymer is swollen, the second term becomes less im- 
portant, and the effect of swelling can be represented at least approximately 
by modifying equation (3 l) to the formiC: 
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= 2 ( x -  x - ' )  x (32) 

where ~b=, the volume fraction of polymer in the swollen sample, is equiva- 
lent to 1/s s in our analysis. The si£mificance of the term C= has remained 
obscure, and some workers lr have dismissed it as an experimental artefact. 

It is not always sufficiently realized that the Mooney equation holds 
only over a very short range of h. Combining Treloar's observations 1' on 
bi-axial deformation with Mullins's measurements ~' on elongation, two 
typical curves of ~b versus 1/h are reproduced in Figure 6, in which the 

2"5 

/ 
/ 

/ / E x p t  

_ _ j /  Catc. b/s : 0.1 

• / ~" . ~ , , , _  Catc. his = 0.4 

I I I ,  
0 0.5 1 l"b 

1/~ 

Figure 6 - - D e p e n d e n c e  o f  ~b o n  
1/x 

broken lines represent equation (32). On the same figure are included two 
curves replotted from Figure 5. Comparison cannot of course be exact, 
since our model represents only a typical dement  of the network, deformed 
in a particular way. Nevertheless, two conclusions seem justified: (I) a 
very large ratio b/s  would be needed to produce any detectable change 
in ~b; (2) even with a large ratio b/s, the highly characteristic fall of ~b from 
h = 1 to h = 2 is not reproduced at all. In the light of these observations, 
the suggestion made previously 8, that the C~ term might be due at least 
in part to the excluded volume, must be withdrawn. 

It is more difficult to make any positive contribntion to the interpretation 
of C2, more particularly since recent experimental work 19 has tended to 
contradict earlier evidence that C2 does not vary widely. It may, however, 
be worthwhile to call attention a g a i n  2°'  2t  to the fact that the theoretical 
treatment ignores completely the problem of molecular packing in the solid 
state. This will greatly reduce the configurational entropy of the system, but 
will only  contribute to the observed force if the packing free energy changes 
on deformation. DiMarzio ~2 has recently concluded, on the basis of an 
admittedly crude analysis, that while this will indeed contribute to C~, by 
itself it can account for no more than a small part of a typical value of 
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C~. Before accepting this as a definitive result, it is pertinent to comment 
that the elastic free energy associated with the variation of ~b in Figure 6, 
from h =  I to h = 2 ,  amounts only to 0.02 cal/emL This is only one tenth 
of the amount by which the entropy ( x T) of solid natural rubber has been 
estimated 2~ (from solution thermodynamics) to fall short of the value for 
a random assembly. 

(5) Volume and energy changes on stretching 
For most purposes, it is a sufficiently good approximation to say that an 

elastomer elongates without change of volume. This cannot of course 
be strictly true, since the hydrostatic component of the tensile force must 
produce a dilation, whose magnitude is given, according to the network 
theory outlined above, by equation (25). Recently Tobolsky ~" has suggested 
that C in equation (23) may be volume dependent. The direct experimental 
determination of dilation is difficult, and equation (25) cannot yet be 
said to have been adequately tested. Strong, though indirect, evidence of 
its accuracy comes from a study of the thermoelastic behaviour of 
elastomers. 

Equation (24) provides a basis for the interpretation of stress/tempera- 
ture measurements; in conjunction with equation (4), valuable information 
becomes accessible on the energy differences between different rotational 
states of a chain. As it stands, equation (24) calls for temperature co- 
efficients at constant volume, which have hitherto not been available. 
However, the constant pressure coefficients are readily converted, if the 
volume change is known. Assuming the dilation calculated from equation 
(25) to be correct, it is easily shown ~ that equation (24) is equivalent, to 

~ (33) d In <r2>o 0 In (//T)] + x 3 - 1 
dT = ~ JP, L 

where ot is the coefficient of cubical expansion. Flory and his co-workers 
have made a series of very careful measurements on a range of polymers, 
and have interpreted them by means of this equation. Their work may be 
illustrated by quoting some results 24 for atactic poly(isopropyl acetate): 

)t _ 103 [0 In (/ /T)] ot 103 d In <r2>o 
OT ]p. r. 103 A ~ ------'1 d r  

1"134 1"78 1"50 0"28 
1 '214 1-07 0"87 0"20 
1 "256 1-00 0"70 0"30 
1 "305 0"81 0"56 0-25 
1-364 0"68 0"45 0"23 

The importance of the correction term a/(h 3- 1) is obvious, but the fact 
that the final column shows no systematic dependence on ~ suggests that 
the dilation has been correctly estimated. Taken by itself, this evidence is 
far from compelling, as it is easily shown that a modification of equation 
(25) may change the figures in the last column without causing them to 
depend on h. More convincing is the cumulative effect of a series of such 
investigations 2~-29 in some of which an independent estimate of d In <r2>0/dT 
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was obtained from dilute solution measurements. Moreover, the values 
obtained have several times been found consistent with calculations based 
on the energies of different chain conformations. 

Current work should shortly lead either to complete confirmation of these 
conclusions, or to the need for a reassessment. Several investigators are re- 
examining the experimental problem of dilation measurements, with the 
hope of obtaining more definitive results. The direct measurement of tem- 
perature coefficients at constant volume has also been undertaken, but the 
preliminary results ~° which have been reported are not quite of the 
precision required. 

SUMMARY AND CONCLUSIONS 
The main stream of progress depends on a network theory in which the 
chains show Gaussian behaviour. This has achieved notable successes, but 
some caution is needed in accepting present evidence as a complete justi- 
fication of all the details of the theory. 

Perhaps the most striking recent advance is in the interpretation of the 
stress/temperature coefficient of a network in terms of the energy differences 
between rotational positions of a single chain. The good agreement found, 
both with measurements on dilute solutions and with theoretical values, is 
particularly convincing. It is clear, however, that this does no more than 
show the reality of this factor in determining the end to end distance of a 
chain; it is not by itself evidence concerning the distribution. 

An attempt has been made here to assess the effects of departures from 
Gaussian behaviour consequent upon an excluded volume. Without claim- 
ing quantitative validity for the analysis, it seems justifiable to conclude that 
this would not modify the elastic properties of a network in the way 
empirically described by the C~ term. 

In principle, the most critical experiments which could be performed 
involve the use of samples swollen before and/or after crosslinking. There 
is evidence ~1, however, that this introduces a new source of uncertainty, 
which is particularly important when we consider a polymer swollen to 
less than its saturation value, since the (negative) free energy of mixing is 
then large compared with that involved in network deformation. Closely 
related to this problem is the suggestion reiterated here that the C2 term 
reflects, at least in part, changes of packing. It is clear that more detailed 
understanding of molecular arrangements in the solid polymer, both dry 
and swollen, is greatly to be desired. 

I gratefully acknowledge discussion with S. F. Edwards of the use I have 
made of his work. 
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The Infra-red Absorption Characteristics 
of Syndiotactic Poly(methyl 

methacrylate) from 1 050 cm" to 1 300 cm" 
S .  H A V R I L I A K ,  Jr and N. ROMAN 

There are five (i.e. v 1 to vs) infra-red absorption peaks associated with the ester 
group of  s-poly(methyl methacrylate) while simple esters (i.e. methyl  acetate) 
exhibit only one. These multiple absorption peaks do not  arise because o f  
specific intermolecular interactions because they persist in dilute solution. The 
multiple absorption peaks do arise because of  specific intramolecular inter- 
actions because they disappear in copolymers o f  styrene. The implication 
being that a single ester group can be found  in either one of  two or perhaps 
four different rotational positions, each position is to be associated with a 
different force constant. The absorption characteristics could be described by 
the sum of  seven Lorenz type dispersion functions each associated with a single 
absorption peak. From the Lorenz parameters the variation of  integrated 
intensity (which is related to the population density in each environment) can 
be determined as a function of  temperature. The integrated intensity was 
independent o f  temperature for  all four  peaks below the glass temperature: 
above the glass temperature they varied with temperature. However, the sum 
of  the integrated intensities for peaks v I and v 2 as well as v 3 and v~ was found  
to be independent of  temperature over the entire experimental range. The 
implication is that the ester group can rotate f rom the environments associated 
with v 1 to v 2 or f rom v 4 to v 3 only above the glass temperature. Further experi- 
mental evidence indicates that the high temperature population distribution 
can be supercooled to room temperature. In addition, the dilute solution 
behaviour near room temperature is similar to the behaviour above the glass 
temperature for the solid polymer. 

The location, relative intensity, polarization and sensitivity to polymer chain 
tacticity indicates that peaks v6, v 7 may be associated with a planar zig-zag 

arrangement of  the backbone carbon atoms. 

THE infra-red (i.r.) absorption characteristics of poly(methyl methacrylate) 
(hereafter designated as PMMA) have been the subject of several investiga- 
tions 1-5. The object of most of these investigations was to describe the 
dependence of the i.r. absorption characteristics in terms of the stereo- 
regular nature of the polymer chain. The differences in absorption charac- 
teristics between syndiotactic PMMA (i.e. s-PMMA) and isotactic PMMA 
(i.e. i-PMMA) were found to exist throughout the entire spectral region 
of 2 000 cm -1 to 650 cm -1. The object of one investigation ~ was to sort out 
and identify which of these absorption peaks are due to C - - H  deformations. 
This object was achieved by a study of four differently isotopically sub- 
stituted tactic polymers. These experiments clearly indicate which of the 
absorption peaks were associated with C H deformations and to which 
chemical moiety each absorption peak belongs. Another set of absorption 
characteristics which were found to depend on the stereoregular nature of 

*This paper was presented in part at the Phoenix American Chemical Society Meeting in January 1966: 
Polymer Preprint$, 1966, 7, 253. 
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the polymer chain were the ester oxygen bands found between 1 050 cm -~ 
and 1 300 cm -~. Although simple esters exhibit only one strong absorption 
peak centred at 1 200 cm -~ these polymer systems exhibit at least four peaks 
which are associated with the ester oxygen group. We set out, therefore, to 
investigate the origin of the multiple ester oxygen absorption peaks in 
s-PMMA. 

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

The sample of s-PMMA from which the i.r. specimen was made was 
prepared by polymerizing pure methyl methacrylate monomer in liquid 
ammonia at - 8 0 ° C  using the oxidation products of sodium as an initiator. 
The intrinsic viscosity in chloroform at 25°C indicated that the viscosity 
average molecular weight (My) was 1,93 × 106. The i.r. characteristics (J 
value) 5 indicated that the polymer sample was very highly syndiotactic. An 
n.m.r, study of the sample in chloroform indicated that at least 92 per cent 
of the monomer repeat triads 6 were syndiotactic. Solvent swelling with 
4-heptanone crystallized the sample indicating the sequence of syndiotactic 
units to be very long. 

A copolymer of methyl methacrylate (MMA) and styrene (S) was pre- 
pared by polymerizing a mixture of MMA and S in a 1:3 ratio. The 
reaction mixture was initiated free radically and terminated after a few 
per cent conversion was reached. This early termination allowed a study 
of the monomer addition sequence from their respective reactivity ratios 7. 
The results of this analysis indicated the presence of two sequential MMA 
groups on the same chain to be below the i.r. level of detectability. 

Instrumental 
All the i.r. spectra were obtained using the Perkin-Elmer model 21 

spectrophotometer under those conditions which would yield the maximum 
resolution, i.e. minimum slit width, maximum gain and slowest scan-speed. 
The spectra were usually obtained on an expanded scale. 

Room temperature solution spectra were obtained using cells of matched 
thickness of conventional design (i.e. sodium chloride windows with lead 
spacers). Elevated temperature spectra of solutions were obtained by using 
similar cells mounted in a heated brass tube which is of conventional design. 
Solid phase spectra were obtained from specimens that were prepared by 
first filming a solution on to sheet silver chloride, followed by an evapora- 
tion of the solvent and finally drying in vacuo to romove traces of solvents. 

The i.r. spectrum of s-PMMA exhibits six absorption peaks (designated 
as vl to v6 inclusive in Figure 1) from 1 050 cm -1 to 1 300 em -1. The present 
results differ from those of Nagai 1 in that he did not observe peak v4 which 
is readily overlooked unless the spectrophotometer is operated under condi- 
tions of maximum resolution; otherwise the results appear to be identical. 
The polarization of peaks vl, v~, v~ and v6 are the same as those of Nagai; 
peak v4 is also sigma polarized. Nagai assigned peaks 1,~ and v~ to the 
coupled motion of the CCO group and peaks v3, v5 to the ester skeleton 
which also involved internal CH deformations. Peak v~ will be associated 
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Figure / - - T h e  i.r. spectrum of syndiotactic poly(methyl methacrylate) which is 
represented by the solid line exhibits at least five absorption peaks in the same region 
where methyl acetate which is represented by the dashed line exhibits a single 

absorption peak 

wi th  an  es ter  v i b r a t i o n  because  o f  its l oca t ion  a n d  re la t ive  intensi ty .  These  
resul ts ,  t oge the r  w i th  N a g a i ' s  t en t a t i ve  b a n d  ass ignments ,  a re  l i s ted in  
Table 1. 

Table 1. Absorption peaks in s-PMMA (1 050 cm -1 to 1 300 cm -1) 

Peak Frequency N agai's 
designation Polarization cm -1 tentative assignment 

v t or 1 268 ~(C---C--O) coupled with z,(C--O) 
v 2 or 1 238 
v~ or 1 192 Skeletal stretching coupled with in- 
v s or 1 148 ternal C - - H  deformation 
v 6 tr 1 060 Intramolecular 

Absorption peaks not observed by Nagai 

v 4 or 1 172 see text 
v 7 - -  1 125 see text 

Integrated peak intensity 
T h e  v a r i a t i o n  o f  t he  i n t eg ra t ed  p e a k  in tens i ty  wi th  t e m p e r a t u r e  fo r  

the  i n d i v i d u a l  a b s o r p t i o n  b a n d s  was  ca l cu l a t ed  f r o m  the  t e m p e r a t u r e  var ia -  
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tion of the Lorenz parameters which were used to describe the absorption 
spectrum. These parameters were determined by first obtaining the i.r. 
spectrum at constant temperature under those conditions that would yield 
maximum resolution. The transmission was then calculated from the 
spectrum at 1"0 cm -1 intervals from 1 050 cm -~ to 1 300 cm -1 by assuming 
the scale to be linear, the specimen to be transparent at 1 600 cm -~ and 
775 cm -~ and the zero per cent transmission determined by placing an 
opaque material in the sample beam. The absorbance was then calculated 
from the transmittance. The variation of the absorbance with frequency 
(from 1 050 cm -1 to 1 300 cm -~) was calculated by assuming that each peak 
could be described by a Lorenz dispersion function 8 and that the absorbance 
at each frequency v could be taken as the sum of all the absorption peaks 
absorbing at that frequency. The summation was performed on a Bendix 
G-15 computer, and the contribution from each peak at frequency v was 
taken to be present. In other words 

A ~(v) --  ~ a , ( v )  = ~ ~ (av , )~a  0, /[4(v - v0,) 2 + (~v,)  ~] } 
i t 

where At(v) is the observed absorbance at frequency v, A~(v) is the absorb- 
ance of peak i at v, (Av~) is the band width at half height, A0~ is the peak 
height which is located at frequency v0i. The initial values of the Lorenz 
parameters which were obtained by inspection of the absorption curve were 
varied until a minimum deviation between the calculated and observed 
absorbances was obtained. 

The fit over most of the spectral region was found to be good except in 
two regions, namely 1 225 cm -I and 1 125 cm -1. The deviations in the 
1 125 cm -1 were positive (i.e. observed values were larger than the 
calculated values). This difficulty was circumvented by postulating 
the existence of another absorption peak (vT) which is used to minimize 
the deviations between the observed and calculated absorbance values. 
It is not known whether this peak is real or whether v5 is unsym- 
metrical in this region. Assuming the existence of v7 is permissible for 
two reasons. First, an absorption peak at 1 120 cm -1 is consistent with 
the proposed model and second the integrated intensity is independent 
of temperature. 

The second region of difficulty that was encountered (i.e. at 1 225 cm -1) 
was thought at first to be serious because the deviations are in the middle 
of the ester group absorption region and the deviations are negative, i.e. 
the calculated values are larger than the experimental absorbances. How- 
ever, extension of the measurements and data reductions to elevated temper- 
atures revealed that these deviations (i.e. total area, band width and 
frequency) were independent of temperature and therefore presented no par- 
ticular problem. The curves in Figure 2 represent the extreme differences 
between the observed and calculated absorbances as a function of frequency 
at 30°C and 200°C. The magnitude and location of deviations observed 
at other temperatures are intermediate to these two. The average area 
associated with these negative deviations for all temperatures was found 
to be 3' 1 + 0"2 cm -~. In Figure 3 we have plotted the absorbance variation 

390 



THE CHARACTERISTICS OF POLY(METHYL METHACRYLATE) 

1.2 

0"8 
t , -  
i ' l l  

o~ O.Z, 
.IQ 
< 

/ " ' , .  / ", 3--,-/ ' 

30 1250 1200 1150 1100 1050 
Frequency, cm-1 

Figure 2--The absorption peaks of  s - P M M A  can be represented by seven Lorenz- 
type dispersion functions. The width of the line represents the difference between 
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with frequency from 1 300 cm -1 to 1 050 cm -1, the width of the line 
represents the deviations between calculated and observed values (assuming 
the existence of v0. The Lorenz curves are represented by the dashed lines. 
The integrated intensity loi (ith peak) for a Lorenz absorption peak is given 
by  

10t = ½" 2"3037r AviAot 

The quantity Aoi is not the specific absorbance, therefore, 10t is not the 
specific integrated intensity because no account was taken of the specimen 
thickness and area. This leaves A0i unitless, therefore 10t has the same 
units as Av, namely cm-L 

T H E  E S T E R  A S B O R P T I O N  (Vl, Vz, Va, V4 A N D  Vs) 

General background 
In order to interpret the i.r. absorption characteristics of s-PMMA it is 
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necessary to review the structural nature of esters. Pauling and Sher- 
man 9 observed that the esters are associated with much higher heats of 
formation than those computed from the corresponding ketones and ethers. 
They interpreted these higher heats in terms of a stabilization energy that 
was due to resonance. They reasoned that resonance would occur if the 
five atoms in the ester group maintained a planar conformation, there being 
two such arrangements, i.e. 

O O 
/ / /  

C- -C  C or C---C 
\ . /  \ 

0 0 
/ 

C 
I [ I  

Each of these two conformations would be associated with a different dipole 
moment, i.e. 1"8 D for structure I and 3-4 D for structure II. The experi- 
mental values of the dipole moment reported by Marsden and Sutton 10 for 
a wide variety of esters were found to be independent of temperature and 
fell in the range of 1"6 to 1-8 D, which supports structure I. In the com- 
pound y-butyrolactone, conformation II is fixed by chemical bonds. The 
dipole moment 1° of this compound is 4.16, which is in fair agreement with 
the predicted value. The electron diffraction measurements of Schomaker 
et al. ~ on methyl acetate were interpreted in terms of a planar conformation 
for the five heavy atoms in the structure I arrangement. Further evidence 
for the ester group planarity was obtained by Wilmshurst TM who interpreted 
the vapour phase i.r. absorption spectra of methyl formate and acetate 
in terms of a planar structure. The microwave measurements of Curl ~3 
on gaseous methyl formate and seven isotopically substituted species of the 
ester indicate that the ester group is planar with a type I arrangement. 

Thompson and Torkington ~4 have studied the i.r. spectra of esters of 
carboxylic acids and observed absorption bands at 1 160 and 1 185 cm -1 
in the formates and analogous absorption bands at 1 245 cm -1 in the 
acetates. The weak absorption peaks at 1 185 cm -~ in the formates were 
readily interpreted by Korpovich 15 and Tabuchi 1~ in terms of the existence 
of trace quantities of the planar II structure. 

As a result of these observations, the ester group absorption spectrum of 
methyl acetate will be chosen as the basis of interpreting the ester absorp- 
tion characteristics of the polymer and any deviations will be attributed to 
discrete structural considerations. In addition, it will be assumed that the 
ester group is a planar structure of form I with no possibility of internal 
rotations. The absorption characteristics of methyl acetate in the ester 
region are shown in Figure 1 along with s-PMMA. 

Multiple ester absorption peaks 
In order to interpret the existence of five absorption peaks which are 

associated with the ester group in s-PMMA instead of the single peak 
observed in simple esters, we can proceed by considering the various ways 
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(environmental factors) which can cause multiple absorption peaks. For 
example, Stein 17 has shown that in crystalline polyethylene the single CH~ 
wagging band observed in non-crystalline polyethylene is split into two 
components in crystalline polymer by means of intermolecular interactions. 
Therefore, in partially crystalline polyethylene it is possible to observe 
three absorption peaks which are associated with the CH~ wagging vibration. 
Another source of peak splitting may come about from conditions similar 
to those described by Sutherland et al. TM who have shown how the normal 
modes of vibration of the side group may be built up in terms of in-phase 
and out-of-phase vibrations in the zig-zag planar arrangement of the back- 
bone carbon atoms. These are two of the several environmental factors 
by which a single absorption peak may be built up or split into several com- 
ponents. At this point it is convenient to divide the factors into two 
groups, i.e. intra- and inter-molecular factors. In each group one can list 
a variety of environmental factors, each of which is amenable to experi- 
mental verification. 

Lxperimental results and discussion 
In order to evaluate the intramolecular contributions as an environmental 

factor one need only compare the i.r. absorption characteristics of the 
polymer in a dilute solution with those of the polymer in the bulk phase. 
These spectra were obtained in a wide variety of solvents, among them are 
chloroform, chloroform-d, ethylene dichloride, toluene, benzene, benzene- 
cyclohexanol mixtures and carbon tetrachloride. In all cases the essential 
features of the i.r. spectra were the same, i.e. the five ester oxygen absorp- 
tion peaks were always present. The solution spectrum of the polymer 
(0-5 per cent) in chloroform-d is reproduced in Figure 4 because this 
solvent is transparent in the entire region of interest. As can be seen from 
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that figure all the five ester oxygen absorption peaks are present. However, 
there has been an appreciable decrease in the band width indicating that 
intermolecular interactions are of the non-specific type. 

In order to evaluate the intramolecular contribution as an environmental 
factor, one need only compare the spectrum of the MMA-S (1 : 3 mole ratio) 
copolymer to a blend of s .PMMA and PS in a ratio of 1 : 3. This copolymer 
was prepared in such a way that most of the ester groups along a single 
chain were separated from each other by phenyl groups. The i.r. spectrum 
of the copolymer is reproduced in Figure 5. As can be seen from this 
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figure the four ester absorption bands have disappeared leaving only one 
ester oxygen absorption peak in the copolymer which is centred near 
! 200 cm -1. The reduction in the number of peaks indicates strongly that 
the perturbing causes for the multiple ester group absorptions are intra- 
molecular factors. 

Some information concerning the nature of these intramolecular factors 
can be obtained from thermal cycling measurements. The i.r. spectrum 
was obtained after allowing the specimen to come to thermal equilibrium. 
The data obtained in this way were free from any effects of hysteresis 
(open rings in Figure 6). The next experiment was to warm the i.r. speci- 
men to 200°C followed by a quenching to dry ice temperature. The 
specimen was then allowed to warm to room temperature. The peak ratio 
was decidedly lower for the supercooled specimen, regardless of the length 
of time (days) the specimen was allowed to remain at room temperature. 
Another heating cycle was started and peak ratios determined from spectra 
obtained at constant temperature. The peak ratios (cross-hatched) remained 
lower than the original values (see Figure 6) until the glass temperature 
was reached. Above the glass temperature, the peak ratios were identical 
to the original values as they were for any succeeding cooling or warming 
runs (single hatched rings). The supercooled values could be obtained at 
will by quenching a heated specimen to dry ice temperatures. This experi- 
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Figure 6---The absorbance ratios for the two peaks (Vl/~,~) are plotted as a function 
of temperature for slowly varying temperature studies and quenched studies 

ment indicates that it is possible to supercool the high temperature ester 
conformation to room temperature, which evidence is consistent in terms 
of the side chain being found in either of two rotational sites but that the 
sites are no longer accessible to each other below To. 

Additional information concerning the origin of four of these absorption 
peaks can be obtained from a study of the temperature variation of the 
integrated peak intensity. In the event that two absorption peaks are due 
to the same ester skeletal vibration, but the frequencies are different because 
the ester group can be found in either one of two different rotational posi- 
tions which causes the force constants to be slightly different, the sum of 
the integrated intensities for the two peaks should be independent of 
temperature if the absorbance per ester group is the same for the two 
locations. On the other hand the ratio of the integrated intensities for the 
two peaks should vary with temperature as the number of ester groups 
increases in one of the sites at the expense of the number of ester groups 
in the other site. Therefore, a plot of log [I(vl)/l(v2)] versus 1/T should 
be a straight line if the population distribution between the two sites is 
controlled by Maxwell-Boltzmann statistics. 

The observed behaviour of the vl, v2 pair of absorption peaks is just the 
predicted behaviour with a single variation. The average of the integrated 
intensities is 71.3+0.8 cm -1 and independent of temperature. In addition 
the ratios of the integrated intensities (see Figure 7) varied from about 1.3 
to 1-0 only above the glass temperature in what appears to be a linear 
fashion. Below To the ratio is independent of temperature. This observa- 
tion implies that the rotational sites are accessible only above To while 
below T~ the sites are no longer accessible to each other. 

The observed behaviour, and therefore the conclusions for the v3, v~ pair 
of absorption peaks is similar to that of the vl, us pair except that the 
experimental error associated with their determination is larger because of 
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the greater overlap of the absorption bands (see Figure 7). In other words 
the average value for the integrated intensity of peaks v3 and v4 were 
independent (77-3:+ 1.4) of temperature. In addition the ratio of the inte- 
grated intensity of the v3, v4 pair varied with temperature only above T,. 

The integrated intensity of peaks vs, v6 and v7 was found to be independent 
of temperature. 

Some insight as to the nature of the forces restricting the reorientation of 
the ester side chain may be had from a study of the temperature depend- 
ence of the i.r. absorption characteristics in dilute solution. As before, in 
order to minimize the data reduction the ratio of peak heights (v2/vl) 
will be used. The measurements were made in matched thickness cells and 
the solvent was deuterated chloroform, because this solvent is transparent 
in the region of interest. The measurements were made at four tempera- 
tures between 25°C and 60°C, the results are shown in Figure 8. The 

Figure 8--The variation of the absorbance 
ratio of the v2/v 1 peaks determined in dilute 

solution is plotted against temperature 
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variation of this peak ratio in solution with temperature is similar to the 
variation observed above the glass temperature for the films. This observa- 
tion indicates that the ester groups are redistributing themselves among 
the different sites below the glass temperature of the polymer, indicating 
that the restrictive forces are intermolecular and not intramolecular in this 
region. 
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Some insight as to the nature of the crystallization process for syndio- 
tactic PMMA may be obtained by comparing crystallized with uncrystal- 
lized films. The crystallized films were prepared by first filming s-PMMA 
on to silver chloride backing material and then crystallizing the film with 
4-heptanone. The solvent was then removed by evaporation. The i.r. 
spectrum is shown in Figure 9, along with the uncrystallized version. The 
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Figure 9--The absorption 
characteristics of crystallized 
and uncrystallized films are 

similar 

film was stripped from its backing and an X-ray examination indicated 
the film to be crystalline. The fact that there are no major changes in the 
intensity ratio of the peaks/'1,/'2 indicates that there are no major changes 
in this population distribution upon crystallization. 

T H E  C---C V I B R A T I O N S  (v6 AND 1'7) 
The reality of peak v7 is based on the fact that the absorbance variation 
with frequency could be described better by assuming the existence of an 
absorption peak in the 1 125 cm -1 region. The integrated intensity for both 
peaks /'6 and /'7 appears to be independent of temperature, although the 
scatter for /'7 is considerably larger (5"8+0.9) than for /'6 (9"16___0-3) 
because of the greater overlap of neighbouring peaks. 

These two absorption peaks are probably best described in terms of 
zig-zag planar vibrations discussed by Sutherland et al. ~. There are four 
observations which suggest this correlation: (1) the two bands obs~'ved 
are relatively weak, as are all C---C vibrations; (2) the observed frequencies 
are in good agreement with those calculated by Sutherland et al. TM, 1 125 cm -1 
versus 1 137 cm -1 and 1'062 cm -1 versus 1 070 cm-1; (3) the polarization of 
the 1 062 cm -~ band is o-, which is consistent with theory, the polarization 
of the 1 125 cm -~ band could not be measured; and (4) these two peaks are 
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very sensitive to changes to tacticity; they merge into one at 1 104 cm -1 for 
the isotactic polymer. 

C O N C L U S I O N S  
The crystal structure of s-PMMA is not known and therefore an interpreta- 
tion of the i.r. spectrum in terms of three-dimensional structure is not 
possible. However, several structural features of this polymer system can 
be deduced from the i.r. behaviour. First of all peak/36 (and /Y 7 if it exists) 
Can be assigned to a planar zig-zag arrangement of the backbone carbon 
atoms. This arrangement for the backbone carbon atoms is not surprising 
in view of the fact that many syndiotactic polymers crystallize in this form. 
The planar conformation of simple esters together with the dichroisms of 
peaks /31 to /3~ can be taken to mean that the plane of the ester group is 
perpendicular to the direction of the backbone axis. These remarks are 
represented schematically in Figure 10. The spectroscopic repeat unit can 

Top view 

I ct-methyt group ~ backbone 

I 

LP[ane of the 
~side chain 

' ?.'2! 

, I 

~ The a r rows  ind icate 
the d i f f e ren t  
o r ien ta t i ons  of the 
dipole moments  that  
are  cons i s t en t  w i th  
the i.r. d i c h r o i s m s  

Front view End view 

Figure 10----A simple schematic for the zig-zag planar model of s-PMMA is shown 
here 

be taken as some element of a single polymer chain because intermolecular 
interactions are weak, if they do exist; furthermore no new bands are 
observed upon crystallization. Treating the ester and a-methyl groups as 
a structureless mass (Figure 10) the following elements of symmetry can be 
found: (1) a C2 axis which coincides with the two-fold axis of the CH~ 
group; (2) a mirror plane coincident with the plane of the ester group; and 
(3) a glide plane in which the carbon backbone atoms lie. These elements 
of symmetry place the polymer chain in the C2v point group. 

There are several different interpretations that can account for the mul- 
tiple ester absorption peaks. First, the four ester peaks in s-PMMA can 
be considered as the successive splitting into four components of the single 
ester group observed in methyl acetate. The first splitting could be regarded 
as the in-phase and out-of-phase vibrations of the ester group in the spectro- 
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scopic repeat unit. This splitting could result in two components, one 
centred at 1 255 cm -1 and the other centred at 1 180 cm -1. The fact that 
the sums of the integrated intensities [i.e. I (v~) + I (v2) as well as I (v0 + I (v4)] 
are independent of temperature is consistent with this assignment as is the 
fact that the sums of the integrated intensities are approximately equal. 
The second source for the splitting comes from a consideration of nearest 
neighbour interactions based on triads. There are two arrangements of 
the ester group which are consistent with the o- dichroisms; i.e. the dipole 
moment of the carbonyl can be pointing up or down when the polymer is 
viewed end on as is shown in Figure 10. There are six different triads, but 
not all of these are equally probable. For  example, the number of triads 
where the dipole moments are all up or all down will be very small, other- 
wise the polymer system would exhibit anomalous dielectric effects above 
the glass temperature or even in dilute solution which is not known to 
happen. The four remaining triads are not all different either; for example, 
the interactions at the central ester group in the udd and the duu (where 
u = up and d =down) triads should be the same as they are in the udu and 
the dud triads. Therefore, the udu and the dud can be attributed to one 
pair of peaks (i.e. vl, v~) while the udd and the duu triads can be identified 
with the other pair of peaks (i.e. v~, v3). 

A second method for interpreting these four ester absorption peaks is to 
assume that the ester group can be found in any one of four rotational 
positions with respect to the plane of the backbone carbon atoms. This 
position must be arranged so as not to be inconsistent with the o- dichroisms 
observed in the stretched oriented films. In this arrangement it must be 
assumed that two of these sites are not accessible to the other two because 
the integrated intensities of vl + v2 and v3 + v, are independent of temperature. 

Finally a third possibility presents itself by taking the band assignment 
of v6 to be wrong and the conformation of the polymer chain to be helical 
as was first suggested by Hughes and Stroupe TM. With helical structures 
two conformations exist, namely left- and right-handed helices. Inspection 
of Fisher-Hirschfelder-Taylor molecular models reveals that the distances 
between nearest neighbouring ester groups are quite different for the two 
helices. Therefore, it is possible to assign one pair of absorption peaks 
which is associated with one helix in terms of two different rotational 
positions of the ester plane with respect to the backbone axis. 

There are other models that can be proposed to account for t h e  multiple 
ester absorption peaks but they are inconsistent with one of the observa- 
tions, or they are related to very elaborate interactions; however, of the 
three trial structures that have been proposed, the first one appears to be 
the most likely. At any rate, any model that is used to account for the 
ester group peaks must take into consideration the possibility of freezing 
out high temperature population distributions by quenching them to low 
temperatures. This observation very strongly implies that the multiplicity 
of ester absorptions comes about because of discrete side chain arrange- 
ments with respect to one another or to the polymer backbone rather  than 
minor changes in the specific absorbance with temperature. 

The experiments recorded in Figures 4 and 5 define the nature of the 
interactions that cause multiple ester group absorption peaks. For s-PMMA 
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the significant interactions are those along the chain with between the 
chain interactions being of a diffuse nature. The source of these inter- 
actions is probably the bond moment of the C--O--C group with the dipole 
moment of the adjacent ester groups in such a way as to alter the C---O--C 
force constant and hence the frequency at which maximum absorption 
occurs. Inasmuch as the interactions result in several discrete absorption 
peaks, the relative positions of ester groups along a single polymer chain 
must also be very discrete. In other words there must be considerable 
order or regularity along a single polymer chain without any or little order 
between chains. When s-PMMA crystallizes as defined by conventional 
X-ray techniques, two diffraction maxima are observed but no changes 
take place in the i.r. absorption characteristics. For this reason we can 
conclude that an ordering or ali~ment of chain axis must have occurred 
but without specific orientation about the chain axis of one chain with 
respect to its neighbouring chain. If this were to happen specific chain-to- 
chain interactions would have occurred. This division of polymer ordering 
into different levels has also been advanced by Statton ~° who found it 
convenient to recognize three levels of magnification in polymer ordering. 
The most primitive ordering is local ordering along a single chain. The 
next higher level of ordering is chain-to-chain ordering followed by chains 
ordering into aggregates. 

Rohm & Haas Research Laboratories, 
P.O. Box 219, 

Bristol, Pa 19007 
(Received February 1966) 
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Heat Capacities of Propylene Oxide 
and of Some Polymers of Ethylene and 

Propylene Oxides 

R. H. BEAUMONT, B. CLEGG, G. GEE, J. B. M. HERBERT, D. J. MARKS. 
R. C. ROBERTS and D. SIMS 

Adiabatic calorimeters were used to measure heat capacities from 80*K to 
360°K. An  approximate extrapolation procedure has been used to estimate 
absolute entropies. The properties of 100 per cent crystalline polypropylene 
oxide have been deduced from measurements on a 25 per cent crystalline 
sample. The following data are reported (all in cal, g, °K). 

S o 
Material Mol. wt M. pt M/ fusion 

Diglyme 209' 11 31"7 0'628 
Triglyme 229" 35 31- 8 O' 661 
Polyethylene 

oxide 750 303'0 39'5 
4 000 332"9 46" 1 

20 000 336'0 44"5 
Propylene 

oxide 
Polypropylene 

oxide 
(100 per cent 
crystalline) 

161-25 27"1 

0-372 

1" 176(gas) 

106 340 <(31 0"394 

The glass temperature of amorphous polypropylene oxide was found to be 
198°K; ACp=0"132 cal. g-Z deg-Z. 

Entropies of polymerization of ethylene oxide and propylene oxide (gas at 
298°K, Ia tm)  ~ 100 per cent crystalline polymer are estimated to be -41"5, 

--45"3 cal. mole -1 deg -t  respectively. 

As PART of a general study of the chemistry and physics of polyethers we 
embarked some years ago on the measurement of heat capacities over the 
temperature range 80°K to room temperature or somewhat higher. Al- 
though omission of the range below 80°K precludes the exact determination 
of Third Law entropies, these can be evaluated to a modest degree of  
accuracy by an extrapolation procedure. Measurements of high precision 
on polymers are usually difficult to obtain in temperature regions where 
relaxation processes occur on a time scale comparable with that of the 
experiment, and there is inevitably sorae degree of arbitrariness in any 
procedure adopted to deal with this situation. 
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The materials to be studied were the simple cyclic ethers and their 
polymers. Data are already available for ethylene oxide. We now report 
measurements on propylene oxide, and on a number of polymers of these 
two monomers. 

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

The calorimeter used for the propylene oxide-polypropylene oxide work 
was of conventional 1 low temperature adiabatic design and had a volume 
of 110 cm 3. Temperature was measured on a platinum resistance thermo- 
meter calibrated by the National Bureau of Standards, R0 (=25  ohms) 
being determined using a triple point cell 2. The thermometer and heating 
coil were housed in a re-entrant well--the base of the calorimeter from 
which eight radial vanes served to dissipate heat. Temperature rise and 
heat input were measured on a Smith's ditference bridge and Vernier 
potentiometer respectively. The top, bottom and sides of the adiabatic 
shield were independently manually maintained at the temperature of the 
calorimeter. The calorimeter was calibrated in the range 90 ° to 360°K 
using benzoic acid 3 as a standard. 

In view of the large temperature drifts encountered in the polypropylene 
oxide measurements and the practical difficulty of following these over long 
periods of time, another calorimeter was constructed for the polyethylene 
oxide measurements. This calorimeter of volume 90 cm 3 was essentially 
similar to, the first but incorporated a transistorized automatic adiabatic 
shield control activated by ten series thermocouples between the calori- 
meter and shield. It  could thus conveniently be used for continuous heating 
determinations. A Pyrotenax heating coil of large surface area was used as 
a heater inside the calorimeter and hence no vanes were included. In 
addition to benzoic acid calibrations, checks were also made at several 
temperatures using toluene, the heat of fusion of which was also determined 
to assess the reliability of such measurements. A value of 1 593 cal. mole -1 
was obtained which is 0"7 per cent greater than the literature 4 value. 

Temperature increments were usually about five degrees and two degrees 
for the two calorimeters and the rate of energy input was varied to produce 
the desired increment in 20 minutes and one hour respectively. Curvature 
corrections were found to be insignificant as were corrections of the experi- 
mental specific heats to constant pressure conditions 5. All samples were 
sealed in the calorimeter under a few millimetres pressure of hydrogen to 
aid conduction. Solids were carefully annealed before slowly cooling to the 
lowest temperature. 

B.D.H. 'microanalytical' benzoic acid was used as obtained. 'AnalaR' 
toluene was purified by fractional distillation from sodium as were L. 
Light's diethylene glycol dimethyl ether (diglyme) and triethylene glycol 
dimethyl ether (triglyme). B.pt Diglyme 163"3 ° to 163"5°C/769 

Triglyme 112.8 ° to 113-3°C/16 
Polyethylene oxide (PEO) samples were obtained from the Shell Chemical 

Co. and the Union Carbide Co. They were characterized by vapour pres- 
sure osmometry and from intrinsic viscosity measurements in benzene at 
25°C using the relationS: 

402 



HEAT CAPACITIES OF PROPYLENE OXIDE 

[,/] =0"0485 ~ '0~  

P.E.O. 750 was a partially methylated low molecular weight soft wax having 
M~--~ M~=670. P.E.O. 4 000 was methylated using sodium and methyl 
iodide in order to reduce the effects of the hydroxyl end groups. This, how- 
ever, resulted in some chain scission. 

Polymer as received Mr, N Mn = 3 300 

Methylated polymer Mo = 3 600 Mn = 3 100 

P.E.O. 20 000 was used as obtained and had My = 19 000. 
Propylene oxide (exBDH) was dried over calcium hydride, fractionated 

repeatedly, and finally distilled into the calorimeter in vacuo. Two samples 
of polypropylene oxide were prepared: (A) Using strontium carbonate as 
catalyst at 80°C, polymerization over a period of nine weeks gave a 
rubbery product which was separated into two fractions by cooling a 
methanol solution to -10°C .  The quantity of precipitated 'crystalline' 
fraction (ca. 12 per cent) was too small to fill the calorimeter so measure- 
ments were made only on the 'amorphous' fraction. (B) A further polymer 
was obtained by use of a zinc diethyl-water catalyst over a period of one 
week at room temperature. A 'crystalline' fraction (33 per cent) was 
obtained by cooling a methanol solution to - 15°C. Re-solution in benzene, 
followed by freeze drying gave a product which was too voluminous to 
load into the calorimeter; it was therefore consolidated by two passes 
through a Water-cooled mixing mill with even speed rolls. The density of 
this material was determined by flotation to be 1.041 g. cm -3 from which it 
was estimated to be 25 per cent crystalline. Intrinsic viscosity measure- 
ments indicated a molecular weight of the order of 1@. Dilatometric 
measurements gave a melting point of 340°K. 

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

I.  P O L Y E T H Y L E N E  OXIDE 

Specific heats 
Observed values of the specific heats of diglyme and triglyme are shown 

in Figures 1 and 2 respectively. Graphically smoothed values together with 
the derived values of enthalpy and entropy are given in Tables i and 2. 
Between 190°K and the melting points the data are extrapolated from the 
solid at lower temperatures to allow for the premelting. Observed values 
of the specific heats of P.E.O. 750, P.E.O. 4 000, and P.E.O. 20 000 are 
shown in Figures 3, 4 and 5 respectively. In the melting region very large 
specific heats were observed for P.E.O. 4 000 and P.E.O. 20 000 and these 
are shown in Figure 6. 

Observed values of the specific heats of P.E.O. 750 and P.E.O. 4 000 are 
given in Tables 3 and 4 respectively. Smoothed values of the specific heat 
of P.E.O. 20 000, together with derived enthalpy and entropy values are 
given in Table 5. Between 290°K and the melting point the data are 
extrapolated from the solid at lower temperatures to allow for the pre- 
melting. 
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Table 1. Smoothed values of the specific heat, entropy and enthalpy of diglyme 

Tempera ture  Cp H r - Hg o S r - Sgo 
° K  cal. g-1.  deg.-1 cal. g -1  cal. g - t .  deg.-X 

90 0'172 0 0 
100 0"186 1-79 0"019 
110 0'199 3'72 0"037 
120 0"211 5"77 0"055 
130 0"223 7-94 0"073 

140 0"234 10'22 0"089 
150 0'244 12'61 0"106 
160 0'255 15'10 0"122 
170 0'264 17"70 0-138 
180 0"274 20'39 0"153 

"190 0"283 23"17 0-168 
*200 0"293 26-05 0-183 
"209"11 0'300 28"75 0'196 

209-11 0"484 60"40 0'348 
210 0"483 60'83 0-349 

220 0"481 65'65 0'372 
230 0'480 70"46 0'393 
240 0"480 75"26 0'414 
250 0"480 80-06 0"433 
260 0"481 84-86 0-452 

270 0"483 89"68 0"470 
280 0'484 94'52 0"488 
290 0'486 99"37 0"505 
298"16 0'488 103'3 0"519 
300 0'489 104"2 0-522 

310 0'491, 109"1 0"538 
320 0'493 114.1 0"553 
330 0'496 119"0 0'569 
340 0"498 124-0 0"583 
350 0"500 129"0 0'598 

*Ext rapo la ted  values.  
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Figure 2--Observed specific 
heats of triglyme 
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Table 2. Smoothed values of the specific heat, entropy and enthalpy of triglyme 

Temperature Cp H r - Hgo S r - Sga 
OK cal. g-1. deg.-1 cal. g -1  cal. g-1. deg.-1 

90 O- 168 0 0 
100 0"181 1.75 0"018 
110 0"194 3.62 0-036 
120 0"206 5"62 0"054 
130 0"218 7"74 0"071 

140 0.229 9.97 0"087 
150 0"240 12.32 0'103 
160 0"251 14"77 0.119 
170 0-261 17"33 0"135 
180 0"272 19.99 O" 150 

190 0.282 22-76 O. 165 
*200 0"292 25-63 O" 180 
"210 0"302 28"60 0"194 
*220 0"312 31-67 0'208 
*229'35 0.321 34.63 0"222 

229"35 0.493 66.44 0"360 
230 0.493 66-77 0-362 
240 0"491 7.1 '69 0"383 
250 0"490 76"60 0-403 
260 0"490 81 "49 0"422 

270 0"490 86"39 0"440 
280 0"490 71-29 0"458 
290 0"492 76-20 0"476 
298-16 0'494 80.22 0'489 
300 0'494 81-12 0"492 

310 0.496 86.08 0"508 
320 0"499 91 "05 0"524 
330 0"501 96'05 0'540 
340 0.504 101- ! 0"555 
350 O" 506 106-1 O" 569 

*Extravolated values. 
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Figure 3--Observed specific 
heats of P.E.O. 750 
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Figure 4--Observed specific 
heats of P.E.O. 4 000 
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Table 3. Specific heat of P.E.O. 750 

Temperature C~ Temperature Cv 
°K cal. g -L  deg. -1 °K cal. g-1. deg.-1 

84"6 0" 135 286"6 0"843 
96"9 0"149 288"2 1"11 

109"8 0" 162 289"5 1"35 
120"6 0"173 290"6 1'54 
130'1 0"182 293"5 2"14 

140'9 0"191 294"9 2'32 
150'4 0' 199 296"1 2"56 
161 '2 0"207 297"2 2"92 
171 "3 0"216 298"2 3"44 
181 "9 0"226 299" 1 3" 57 

192"2 0"238 299"9 4"06 
201 "9 0'252 300"6 4"20 
211"1 0"265 301'4 4"10 
219"9 0'277 302"2 3"38 
230"2 0"291 303'4 2"00 

239"6 0'306 306'6 0"490 
249" 1 0'322 314'9 0"496 
259"8 0'352 324"4 0"496 
270"5 0'388 334" 1 0"498 
279"8 0"427 344'4 0"500 
284"6 0"628 355'0 0'504 

Table 4. Specific heat of P.E.O. 4 000 

Temperature Cp Temperature Cv 
° K cal. g-1. deg.-~ ° K cal. g-1. deg.-1 

86"9 0" 134 292'8 0-359 
97"9 0-146 297- l 0'365 

109-1 0-158 298"5 0"367 
120-4 0"169 309"7 0'381 
130.2 0"177 311'9 0"383 

139-7 0'185 320'5 0"417 
150"3 0'193 323"4 0"441 
160"0 0" 199 326 '4 0"562 
170'0 0"208 330-4 3"75 
179'2 0-215 331"1 7"62 

188.2 0'221 331"5 12"81 
197-4 0.226 331"8 17"51 
202.4 0"230 332"0 22"33 
206' 1 0"233 332" 1 26"33 
211'5 0.238 332-3 28'79 

219-9 0-244 332-4 29"19 
228' 1 0-252 332"6 22-92 
230'3 0"255 332'9 7"49 
240-2 0'265 333.6 4'59 
249.9 0.275 336.0 0-490 

260"0 0-290 344-9 0"491 
270" 3 0" 306 349'9 0"492 
280"2 0.331 355-3 0-496 
288-7 0"355 360"5 0.495 
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Figure &--Specific heats of P.E.O. 750 ( • ), P.E.O. 4 000 
((3) and P.E.O. 20 000 ([2) in the melting region 

Table  5. Smoothed values of the specific heat, enthalpy and entropy of P.E.O. 
20 000 

Tempera ture  C~ H T - Hgo S r - Soo 
° K  cal. g-1.  deg.-Z cal. g -Z  cal. g - L  deg. -x 

90 0-135 0 0 
100 0-146 1"41 0"015 
110 0-156 2'92 0"029 
120 0-165 3"52 0"043 
130 0-174 5'22 0-057 

140 0-182 7"00 0-070 
150 0" 190 8'86 0'083 
160 0-198 10-80 0'095 
170 0-205 12'81 0"108 
180 0"212 14-90 0'119 

190 0-219 17-05 0"131 
200 0'227 19"28 0" 143 
210 0"234 21"58 0" 154 
220 0"242 23"96 0' 165 
230 0"252 26-42 0-176 

240 0-264 29-00 0' 187 
250 0-278 31 "71 0" 198 
260 0"295 34-57 0'210 
270 0"311 37"60 0'221 
280 0"328 40"80 0"233 

290 0-344 44"16 0"244 
298" 16 O" 358 47 "02 O" 254 
300 0"361 47'69 0"256 
310 0"378 51"38 0"268 
320 0"394 55'24 0'281 

330 0"411 59 "26 0'293 
336"16 0"421 61"82 0'301 
336"16 0"488 106"3 0'433 
340 0"489 111 "2 0'438 
350 0"492 116" 1 0"453 
360 0"495 121"0 0"467 
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Heats o/ [usion 
The heats of fusion of the samples were determined from continuous 

heating runs started below the premelting region and ending some ten 
degrees above the melting point. Subtraction from the total heat input of 
the heat needed to raise the temperature of the calorimeter and solid 
contents from the initial temperature to the melting point and that needed 
to raise the temperature of the calorimeter and liquid contents from the 
melting point to the final temperature gave directly the heat of fusion of 
the sample in the calorimeter. In the calculation of the latter, in order to 
allow for the premelting, it was necessary to extrapolate the specific heat 
of the solid from below the premelting region to the melting point. Such 
extrapolations are shown in the figures. The results of the heat of fusion 
determinations are given in Table 6. 

Melting points and purities 
The melting points and purities of diglyme and triglyme were determined 

conventionally 7 from measurements of the equilibrium temperature when 
known fractions of the solids had been melted. The melting points of pure 
diglyme and triglyme are given in Table 6; the purities of the samples 
studied were found to be 99-62 and 99-44 mole per cent respectively. The 
melting points of the polymer samples were determined both dilatometric- 
ally using heating rates of 0"5°C per hour and from the specific heat mea- 
surements. The latter were not very suitable as it was difficult to locate the 
temperature at which the last traces of solid melted. Also, measurements in 
the melting region were thought to have lower precision than those else- 
where. The melting points so obtained are given in Table 6. 

Table 6. Heats of fusion and melting points 

Observed AH m Mean AH,n Melting point °C 
Sample cal. g-1 cal. g-1 Calorimetric Dilatometric 

Diglyme 31 "7, 31"6 31' 7 -+ 0" 3 -- 64" 05 
Triglyme 31 "7, 31 "8 31"8 + 0' 3 --43"81 
P.E.O. 750 39"0, 40"0 39"5_+0'4 30"0_+ 1"5 29'8+0"2 
P.E.O. 4 000 45'9, 46"2 46"1 -+0 '5  59-6+0"4 59"7 -+0"2 
P.E.O. 20 000 44"8,44"3,44"3 44 '5 -+0 -5  6 3 - I _ + 0 ' 4  62'8_+0'2 

Discussion 
Diglyme and triglyme behave physically and chemically as low molecular 

weight ethers. Simple physical properties of the liquids are known but 
little work has been done on the crystalline solids. It was found that on 
cooling, the liquids could be supercooled some 10 ° to 30°C below their 
melting points. An attempt was made to prepare a glass by shock cooling 
the liquids as quickly as possible to -196°C,  but crystallization still 
occurred and there was no difference between the specific heat of the solid 
obtained in this way and that of the annealed sample on which the original 
measurements were made. Unfortunately, the maximum rate of cooling in 
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our apparatus was only about three degrees per minute and so the sample 
probably had time to crystallize fully. 

Poly(ethylene oxide) is a highly crystalline linear polymer, crystallinities 
as high as 95 per cent being deduced 8 from n.m.r and X-ray measurements. 
The unit cell is monoclinic and contains two polymer chains, though t9 to 
be 73 helices of repeat length 19-25A. These in turn form crystalline aggre- 
gates in the form of helices which make up the radial arms of spherulites. 
Measured densities are usually much lower than the X-ray density s and 
this has been attributed to the formation of voids which are revealed in 
electron micrographs of cast films. For this reason, no attempt was made 
to measure the densities of the samples investigated. The dynamic mech- 
anical and dielectric and the n.m.r, properties of PEO have recently been 
reviewed x° and transitions are found to occur at about - 6 0 ° C  in both 
amorphous and crystalline regions. In addition, glass transitions of the 
quenched polymer have been found at - 5 0 ° C  from stiffness measurements 8 
and at -67°C  dilatometrically n. In an attempt to find such a transition 
calorimetrically, P.E.O. 20 000 was cooled as quickly as possible from 80°C 
to -80°C and a continuous heating run carried out between -80°C  and 
-50°C.  The specific heats obtained, however, were all identical with 
those previously obtained for the annealed polymer and no glass transition 
was detected; although here again the maximum rate of cooling was only 
three degrees per minute. 

Specific heats 
The experimental specific heats are generally as expected, decreasing as 

the molecular weight increases. It is thought that P.E.O. 20 000 will repre- 
sent the lower limit for this decrease. It is interesting to note that the 
specific heat of PEO is intermediate between those of polyethylene and 
poly(methylene oxide). Below 200°K the specific heats will largely be 
determined by lattice vibrations, while the sharp rise above this tempera- 
ture is due to the increasing contribution from carbon-hydrogen 
vibrations 1~. 

The specific heat of P.E.O. 4 000 is seen to exhibit  a rather surprising 
point of inflection at 300°K. This is probably the result of a small amount 
of degradation which occurred during the methylation resulting in a slight 
broadening of the molecular weight distribution. The premelting of about 
one per cent of a lower molecular weight species would be sufficient to cause 
such an inflection. 

Absolute entropies 
Ideally one would like to measure specific heats using a liquid helium 

calorimeter when a small Debye extrapolation would enable absolute 
entropies to be determined by direct graphical integration of the C~/T-T 
curves. Since the present results could not be extrapolated in this way, the 
Kelley, Parks, Huffman TM method was used. $90 was estimated for diglyme 
and triglyme by comparison of the observed specific heats at 90°K and 
120°K with the Kelley, Parks and Huffman standard and for P.E.O. 20 000 
by comparison with the specific heat of poly(methylene oxide) x'. Values so 
obtained for $90 and S~.16 are: 
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Diglyme $90 = 0-142 cal. g-k deg -1 
Triglyme $90 = 0' 139 cal. g-1. deg-~ 
P.E.O. 20 000 S~=0"118 cal. g-1. deg-~ 

S~.16 = 0"628 cal. g-k deg-' 
Stole=0"661 cal. g-k deg -1 
$2~.16 = 0.372 cal. g-1. deg-1 

This method has been claimed to give values for $90 which are accurate 
to within five per cent and so the error in Sm.~6 should not exceed 
0'01 cal. g-k deg -1 or 0"5 cal. deg -1 per repeating unit. 

The absolute entropy at 25°C of ethylene oxide, calculated from specific 
heat data ~s, 16 is 57-94cal. mole-~.deg -1 and subtracting this from the 
entropy of P.E.O. 20 000 gives an entropy of polymerization 

CH~--CH2 (g) > 1--(CHz--CH~---O ,)z-- (c) AS°~c= -41-5 cal. mole -1. deg -1 
~ j n 

O 

Similar values of AS°at have been found for other related ° polymers; for 
poly(methylene oxide) 1~ A ~  - 4 2  cal. mole-k deg-1; for polyethylene 
AG°~, = - 37.7 cal. mole -t. deg -1, for 'Rigidex 50', equivalent to - 41-5 
cal. mole -1. deg -~ for 100 per cent crystalline polyethylene. 

Heats of fusion 
The heat of fusion is not simply related to molecular weight: Diglyme 

and triglyme are seen to have the same heat of fusion, which is substantially 
less than those of the higher polymers. The heat of fusion of P.E.O. 4 000 
was found to be greater than those of P.E.O. 750 and P.E.O. 20 000, 
suggesting that P.E.O. 4 000 must have the highest degree of crystallinity. 
It has been concluded 1° from both dynamic and X-ray measurements that 
the crystallinity of PEO has a maximum in the molecular weight region 
of 1 000. This effect is to be expected since the number of lattice defects 
and voids incorporated in a solid polymer will increase with increasing 
molecular weight while the lower molecular weight polymers will have a 
packing problem of the end groups. Mandelkern 17 has calculated the heat 
of fusion of PEO from measurements of the depression of the melting 
point by diphenyl ether and tetralin diluents obtaining values of 39-6 and 
49-5 cal. g-1 respectively. A further estimate can be obtained from the 
variation of the melting point with applied pressure TM using the relation 

AH,~=ASm. T,~=AVm. (de / dT). T,~ 

where AVm and AS~ are the molar volume and entropy changes on fusion. 
Using the X-ray crystal density and the extrapolated liquid density s to 
calculate AV,~, a heat of fusion of 51-5 cal. g-~ at T,~=336°K is obtained. 
These two methods give the heat of fusion of the 100 per cent crystalline 
polymer, AH~, while the calorimetric value is simply the heat of fusion 
of the sample, AH~,, of degree of crystallinity, a. These are related: 
AH~=AH~/a. In the absence of any reliable data on the degree of 
crystallinity of the samples one can only conclude that the heat of fusion 
of 100 per cent crystalline PEO is greater than 46 cal. g-1 and probably 
less than 52 cal. g-1. 
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Table 7. 
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specific heats of propylene oxide 

Smoothed values of the specific heat, enthalpy and entropy of propylene 
oxide 

Temperature Cp H r - Hgo S r - S~ 
*K cal. g-1. deg.-1 cal. g-1 caL gr-1 deg -]. 

90 0"216 0 0 
100 0"229 2"23 0"023 
110 0"241 4"58 0"046 
120 0"252 7"05 0'067 
130 0"264 9"63 0"088 

140 0"276 12"33 O" 108 
"150 0"289 15"16 0'128 
"160 0"301 18"11 0"147 
"161"25 0"303 18"49 0"149 

161 "25 0"466 45"59 0'317 

170 0"465 49"66 0'341 
180 0'463 54"30 0"368 
190 0"463 58'93 0'393 
200 0"464 63" 56 0"417 
210 0"465 68"20 0"439 

220 0'468 72"87 0"461 
230 0"471 77"56 0"482 
240 0"476 82 "29 0"502 
250 0'481 87"08 0"522 
260 0"486 91"92 0"540 

270 0"493 96"82 0"559 
280 0-500 101-8 0"577 
290 0'508 106"8 0"595 
298" 16 0"514 110"9 0"609 
300 0"516 112"0 0"612 

*Extravolated values. 
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Results of heat capacity measurements are plotted in Figure 7, and 
smoothed values of C~, H-Hgo and S-S~ listed in Table 7. The triple point 
was found to be 161"25°K, and the sample purity better than 99"9 moles 
per cent. The latent heat of fusion was determined in the same way as 
those of diglyme and triglyme, to be 1 570 + 5 cal. mole -1, giving for the 
entropy of fusion 1 570/161.25=9.74 cal. mole -~. deg -1. Corresponding 
values for ethylene oxide are 1237cal. mole -1 and 1237/160"6--7.70 
cal. mole -~. deg -~. These comparative values are very nearly in the ratio of 
the molecular weights. $9o-So was estimated as 0-200cal. g -1. deg, or 
11.6 cal. mole -1. deg -1, by the method of Kelley, Parks and Huffman, using 
the known curves for ethylene oxide as standard. 

The heat of vaporization is 6-67kcalmole -1 and the boiling point 
T=308 °, giving ASwp=21.7 cal. mole -1. deg -1 at 308°K or (approx.) 21.3 
at 298°K. Hence, for the gas, S~-S0--68'2+2cal .  mole-t, deg -1, or 
1 "176 cal. g-~. deg -~. 

I I I .  POLYPROPYLENE OXIDE 

Heat capacity measurements on high polymers present severe experimental 
problems, especially where slow crystallization occurs. An amorphous 
polymer, below its glass temperature, is not in a state of internal equilib- 
rium, and its behaviour on slow heating depends on its previous history. A 
sample which has been cooled rapidly will have a higher enthalpy than one 
cooled slowly. Conversely a sample which has been cooled slowly and is 
then heated rapidly may pass below the equilibrium H/T curve of the 
liquid, and subsequently 'catch up', producing a peak in the heat capacity 
curve which can be mistaken for evidence of a small first order transition. 
Crystallization adds further complications, for the transition is always 
spread over a wide temperature range. Rapid heating o{ a partially crystal- 
line sample may induce melting, followed by re-crystallization. All these 
time-dependent phenomena are observed in calorimetric studies, as tem- 
perature drifts, which may continue for such long periods that it is im- 
practicable to follow them in a calorimeter not specifically designed for 
such work. Some arbitrary decision is then needed as to how long the drift 
should be followed. Dalnton and co-workers, in their very extensive 
survey 14, allowed only six or seven minutes after switching off the heater, 
before taking a reading, arguing that this virtual neglect of drifts would 
not influence their broad conclusions. 

The substantial bulk of polymer used in this work precluded very rapid 
cooling, but care was taken to reduce the cooling rate to the order of one 
degree per hour when passing through transition regions. The points shown 
in the diagrams refer to several distinct series of measurements; these 
covered a total period of many weeks, and included periods at room tem- 
perature of up to two weeks. In the series of measurements on the 
amorphous sample, readings were generally taken half-an-hour after switch- 
ing off the heater, but a further reading was taken ten minutes later to 
determine the temperature drift. This did not usually exceed 2x 10 -* 
deg. min -1 (equivalent to 2 x 10 -5 cal. deg -1. g-~. min -1 drift in the apparent 
C,), but was much larger than this in the immediate region of the glass 
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temperature and in the region where crystallization was apparently occur- 
ring (see below). Rather  less trouble was experienced with the 'crystalline' 
sample: the procedure adopted here was to follow the temperature until 
the drift was less than 4 x 10 -~ (leg. rain -1, the time required ranging from a 
few minutes to more than two hours. The extent of the scatter of experi- 
mental points is our only indication of the degree of success attained in 
recording significant results. 
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Figure 8--Observed specific heats of amorphous polypropylene oxide. 
Lines calculated from equations (l) and (2) 

350 

Heat capacity measurements for the amorphous sample are shown in 
Figure 8. Below the glass temperature there is negligible scatter, and the 
data, from 85°K to 180°K, are well represented by the equation 

C~o =0"0142 + 1-556 x 10-3T- 1.604 x 10-ST ~. (1) 

A glass transition is seen to occur in the neighbourhood of 200°K; dilato- 
metric measurements on a sample of the same polymer gave Tg = 198°K. 
By extrapolation, the heat capacity of the glass at 198°K is 0"2595 cal. 
g-1. deg-1. 

Measurements above To show very much more scatter, especially in tho 
region 250 ° to 330°K. Comparison with the crystalline polymer (below) 
shows that this is almost certainly due to a minor degree of crystallization. 
In determining the heat capacity/temperature curve for the liquid, empha- 
sis has therefore been placed on measurements (a) between 210 ° and 240°K, 
and (b) above 320°K, the latter being supplemented by data for the crystal- 
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line sample above its melting point. The line drawn in Figure 8 has the 
equation 

CpL = 0"263 + 0"65 x 10 -3 T (2) 

Extrapolating to T = 1 9 8  °, the heat capacity of the liquid at Tg is 
0-39Lcal.  mole-l, deg -x. This makes AC~ = 0-132 cal. g-l. deg -1 or 7-65 
cal. deg -1 per propylene oxide unit. To bring this into line with Wunder- 
lich's generalization 19 that A C ~ 2 . 7  cal. deg -1 per 'bead', it is evident that 
the bead must be one chain atom, either C or O. 

Figure 9 shows the results of heat capacity measurements on the crystal- 
line sample; these will be interpreted by making the usual assumption that 
the sample behaves as a simple mixture of atactic and tactic components, 
the latter being capable of 100 per cent crystallization. There is evidently 
a glass temperature at approximately the same temperature as in Figure 8, 
and this is attributed solely to the atactic component. Below To, the heat 
capacity curve drawn (AB) is calculated from equation (1). We conclude 
therefore that the heat capacity Cp0 of the fully crystalline tactic component 
is identical with that of the glass, and extrapolate equation (1) to give an 
approximate heat capacity of 0'359 cal. g-~. deg -1 at the dilatometric melt- 
ing point of 340°K. This is a minimum estimate. If additional modes are 
excited in the crystal below the melting point, the heat capacity will of 
course increase, approaching more closely the value for the liquid. Above 
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Figure 9---Observed specific heats of crystalline polypropylene oxide 
(ABFGE and points). ABC estimated curve in absence of melting; ABH 

estimated melting behaviour of 100 per cent tactic material 
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340°K, the points are in fair agreement with the line DE drawn [from 
equation (2)] for the amorphous sample. The scatter in this region is 
attributed to the fact that the calorimeter was designed for lower 
temperatures. 

Between T =  198 ° and 340 °, the observed C~ (curve FG) is the sum of 
contributions from liquid and tactic components. Ignoring the diffuseness 
of the glass transition, extrapolation of the intermediate part of the experi- 
mental C~ curve back to cut BD at F gives an independent estimate of the 
per cent crystallinity in the sample (DF/DB). The curve drawn gives 27"3 
per cent crystallinity, in good agreement with the estimate from density of 
25 per cent. Using this figure, the heat capacity Cpt of the tactic component 
above 198°K is obtained from the equation 

Cp =0.273 Cpt + 0-727 C~L 
whence 

C~,= 3.66 C~-0"702-  1"73 x 10 -3 T 

Curve BH was calculated from this equation. 
The latent heat of fusion of fully crystalline polymer can now be esti- 

mated from the area between curves BH and BC, i.e. S (Cpt-C~o)dT. 
The important region between 325 ° and 340°K is very ill-defined, and our 
estimated area must be regarded as a minimum; this gives L = 3 1  cal. g-1. 
Similarly, the entropy of fusion is given by S [(C~-Cpo)/T] dT, which is 
estimated as 0"0965 cal. g-1. deg-1. These data evidently include any contri- 
butions to H and S in the crystal from excitation of additional modes. 

The absolute entropy of the 100 per cent tactic polymer at 90°K is 
estimated, by the Kelley, Parks and Huffman method, using Delrin 1~ as 
standard, to be 0-118 cal. g-~. deg -1. Adding to this the entropy increment 
from 90 ° to 198°K [equation (1)] and 198 ° to 298°K (graphically from 
curve BH) gives S298= 0"420 cal. g-l. deg -1. If no melting occurred, 
equation (1) would apply up to 298°K, giving S2~lcrl =0-394 cal. g-~. deg -t. 
Combining with $298 = 1" 176 cal. g-~. deg -x for propylene oxide gas gives for 
-AS°~c: (a) to fully crystalline polymer, 0.782cal. g-l. deg -~ or 45-3cal. 
mole -1. deg; (b) to 100 per cent tactic, but partially melted polymer, 
0"756 cal. g-~. deg -~ or 43.8 cal. mole -~. deg -~. These values seem reason- 
able, but in view of the indirect methods involved, their reliability is difficult 
to assess. 

We acknowledge with thanks the assistance of Professor Geoffrey Allen 
in the direction of parts of this work and o[ C. Chernick in some of the 
measurements. 
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Book Review 

Polymer Handbook 

Edited by J. BR^NDRUP and E. H. IMMERGtrr with the collaboration of H. G. ELIAS. 
Interscience: New York; Wiley : London, 1966. 147s 

T i n s  book is primarily intended for polymer chemists and physicists in research and 
development laboratories. Its principal sections are concerned with polymerization by 
free-radical processes only, solid state properties, solution properties and physical 
data relating to polymers, oligomers, monomers and solvents. Included also, but  in 
less detail, are data relevant to the thermal degradation of polymers, permeability, 
nuclear magnetic resonance etc. No attempt has been made to impart information 
of interest to polymer engineers or fabricators al though a properties and price chart  
of some common thermoplastic materials has been included. 

The various sections of the book have been compiled by known authorities. In 
some cases the tables have been taken from journals for publication as they are, 
without any modification or revision, example the section on copolymerization 
reactivity ratios is a reprint from Copolymerization by G. E. HAM (Interscience : New 
York, 1964). 

The chapters on polymerization and solution properties of polymers are the most  
detailed and comprehensive and contain some very useful information. In addition 
to the basic kinetic and thermodynamic parameters, tables are included which are 
useful for emulsion polymerization and polymer fractionation studies. A serious 
criticism of this book is the total lack of reference to cationic, anionic and Ziegler 
type polymerization systems. A considerable amount  of this information has been 
assembled in reviews and articles and it would have been worthwhile to have included 
some of this. 

Solid state properties are treated reasonably well, and included in this chapter 
is an interesting table on the rates of crystallization of some common polymers at  
different temperatures and different molecular weights. 

The chapter on the physical constants of important  polymers is confined to cellu- 
losive materials, polyethylene, polybutadiene, rubbers, polyacrylonitrile, polystyrene, 
polyhexamethylene adipamide and polyethylene terephthalate. Within the limits 
set by this chapter, it is very well done, but  one would have liked to have seen more 
polymers included and such topics as the physical properties of monomers and 
solvents omitted; this information is readily available in organic chemistry texts. 

The printing is inclined to be variable and there are errors, for example, the glass 
transition temperature for isotactic polystyrene is given as 100°C and that  for atactic 
omitted; obviously this is a printing error. There is also a lack of information on 
polyvinyl chloride, Nylon 6, the higher Nylons and some of the newer materials such 
as polypyromellitimides. On balance, however, this is a reference book which is 
worth having and the price is not  unreasonable. 

D. G. H. BALLARO 
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Notes and Communications 
cis-Polymerization by a Three-component System 

Containing Nickel (0) 
MUCH information has recently been published on the polymerization 
activity for diolefins of catalysts containing zerovalent nickel. Thus it was 
shown that systems containing nickel carbonyl and molybdenum penta- 
chloride gave a butadiene polymer of over 85 per cent cis content 1. Similarly 
high cis polybutadiene has been prepared from olefinic nickel (0) complexes 
with Lewis acids ~ and from allylic nickel (0) complexes, with and without 
Lewis acids 3. 

In our own investigations we have obtained a three-component system 
in which carbon is in no way bonded to any of the components by alkyl, 
allyl, ,r or carbonyl bond. 

We have shown the complex Ni(PCI~),, originally prepared by Wilkinson 
and Irvine', to polymerize butadiene completely and extremely rapidly in 
the presence of a number of transition metal halides, to a gelled product 
(Table 1). In particular TIC14 caused complete polymerization of 20 g 
butadiene in less than two hours. Isoprene was also polymerized by the 
system but in lower yields to give insoluble polymers. The addition of a 
third component to the catalyst, particularly A1Br3 or A1CI3, gave a con- 
trolled polymerization of butadiene with formation of hydrocarbon-soluble 
high-cis polymer 

As with bis cyclooctadienyl nickel (0)-Lewis acid catalysts ~, micro- 
structure appeared to be independent of transition metal halide but con- 
version varied considerably, ranging from 90 per cent with TiCI~ to zero 
with insoluble halides such as CoClv Polymerization could be carried out 
over a wide range of component ratios and down to extremely low catalyst 
levels (of the order of 1 millimole/litre monomer), in pure hydrocarbon 
solution between 0 ° and 80°C. 

Tetrakis nickel phosphorus trihalides are known 5 to dissociate in solution 

Ni(PX3), ~ [Ni(PX~),] + (4 - n)PX3 

and this leaves vacant sites for coordination of the initial olefin species. 
Interaction of TIC1, and Ni(PC13), should also lead to redox process with 
the formation of Ti m and Ni ~ possibly as a halogen bridge complex. The 
instability of the nickel (1)complex may then result in the formation of an 
initiating allyl bonded butadiene. The most obvious role of the aluminium 
halide is to remove dissociated PCI3 as a donor-acceptor complex, although 
at very low catalyst levels TiCI,-Ni(PC13), mixtures give gel free polymers 
in the absence of A1C13. 

Research and Development Laboratories, 
The International Synthetic Rubber Co. Ltd, 

Hythe, Southampton, Hants." 
419 

D. K. JENKINS 
D. G. TIMMS 
E. W. DUCK 

(Received March 1966) 



T
ab

le
 1

. 
P

ol
ym

er
iz

at
io

n 
of

 b
ut

ad
ie

ne
 w

it
h 

ca
ta

ly
st

s 
co

nt
ai

ni
ng

 N
i(

P
C

Ia
) 4

 (8
 o

z 
bo

tt
le

s,
 

25
 g

 b
ut

ad
ie

ne
, 

25
°(

2)
 

C
at

al
ys

t 
co

m
po

ne
nt

s 

N
i(

P
C

la
),

 
N

i(
P

C
ls

) ,
 

N
i(

PC
L

~)
, 

N
if

P
C

ls
) ~

 
N

i(
P

C
h)

, 
Ni

(P
C]

3)
~ 

N
i(P

C
h)

~ 
N

itP
C

h)
, 

N
i(P

C
Is

) 4
 

N
iiP

C
I~

)~
 

N
i(

P
C

Is
) ,

 

N
i(P

C
L~

)4
 

N
i(

P
C

ls
) 4

 

N
if

P
C

la
) ~

 

T
iC

I~
 

T
IC

1;
 

T
iC

I 4
 

T
iC

I~
 

T
iC

I 4
 

T
iC

I 4
 

T
iC

I 4
 

T
iC

14
 

T
iC

I,
 

T
iC

14
 

T
iC

I,
 

C
oC

I~
 

A
IC

I 3
 

A
1C

I 3
 

A
1C

! a
 

A
1C

I s
 

A
IC

I s
 

M
o

le
 

ra
ti

os
 

a
:b

:c
 

C
 

1
:I

:-
- 

1
:1

: 
1

:2
:-

- 
1

:3
:-

- 
1

:4
: 

1
:5

:-
- 

1
:6

:-
- 

1:
--

-:
1 

--
-:

1
:1

 
1

:1
:1

 

1:
2:

0"
25

 

1:
1:

0"
05

 

1
:1

:-
--

 

C
o

n
c

. 

N
i(

P
C

I~
4 

So
lv

en
t 

m
m

o
le

/l
~

re
 

50
 

to
lu

en
e 

50
 

he
xa

ne
 

25
 

to
lu

en
e 

25
 

he
xa

ne
 

1 
he

xa
ne

 
1 

he
xa

ne
 

1 
he

xa
ne

 
1 

he
xa

ne
 

1 
he

xa
ne

 
25

 
to

lu
en

e 
25

 
to

lu
en

e 
10

 
to

lu
en

e 

1 
he

xa
ne

 

2 
he

xa
ne

 

25
 

to
lu

en
e 

So
lv

en
t:

 
bu

ta
di

en
e 

V
:V

 

ap
pr

ox
. 

4"
1 

4
:1

 
4

:1
 

4
:1

 
2

:1
 

2
:1

 
2

:1
 

2
:1

 
2

:1
 

2
:1

 
2

:1
 

2
:1

 

2
:1

 

2
:1

 

2
:1

 

Y
ie

ld
 

g 
/ m

m
o

le
 

N
i(

P
C

la
) ,

 
pe

r 
ce

nt
 

ni
l 

ni
l 

N
D

* 
N

D
 

ni
l 

22
 

30
7 

28
2 

22
4 0"

6 
0"

2 
57

 '5
 

25
6 

17
6 

ni
l 

U
lt

im
at

e 
co

nv
er

si
on

 
1

8
h

 

m
 

ve
ry

 h
ig

h 
ve

ry
 h

ig
h 

3'
5 

48
 

44
 

35
 

90
 

4O
 

55
 

In
he

re
nt

 
vi

sc
os

it
y 

d
l/

g
 

be
nz

en
e 

25
°C

 

ge
ll

ed
 

ge
ll

ed
 

N
D

 
2"

1 
2"

2 
2"

5 

0-
85

 

2"
9 

2'
1 

St
er

eo
-s

tr
uc

tu
re

 
ci

s 
1,

4 
co

nt
en

t 
pe

r 
ce

nt
 

m
 

94
 

so
m

e 
m

ic
ro

ge
l 

94
 

so
m

e 
m

ic
ro

ge
l 

94
 

so
m

e 
m

ic
ro

ge
l 

94
 

so
m

e 
m

ic
ro

ge
l 

R
es

in
ou

s 
h

ar
d

 

94
"5

 
co

m
pl

et
el

y 
so

lu
bl

e 
95

 
co

m
pl

et
el

y 
so

lu
bl

e 
95

 
co

m
pl

et
el

y 
so

lu
bl

e 

*
N
D
-
-
n
o
t
 d
et
er
mi
ne
d.
 



NOTES A N D  C O M M U N I C A T I O N S  

R E F E R E N C E S  
a OrsuIcA, S. and KAW~^MI, M. Angew. Chem. 1963, 75, 978 
z DAwJa~s, F. and TEYSSIE, P. Polymer Letters, 1965, 3, 1045 
3 PORRI, L., NATTA, G. and GALLAZZ L M. C. Paper to International Symposium on 

Macromolecular Chemistry, Prague 1965 (A593) 
* WILKINSOr~, G. and IRVINE, J. W. Science, 1951, 113, 742 
5 Lm'o, J, R. and LEXO, M. F. J. Amer. chem. Soc. 1961, 83, 2944 

Observation of Crazes in ABSopolymer and High-impact 
Polystyrene under the Electron Microscope 

IT HAS been reported that crazes in amorphous thermoplastics such as 
polystyrene (PS) and polymethylmethacrylate (PMMA) induced under 
tensile stress are not mere cracks in the usual sense of open void cleavage. 
Rather they contain oriented polymer chains (craze matter) aligned in the 
direction of the tensile stress applied 1-~. 

It was previously assumed that stress-whitening of rubber-toughened 
plastics was caused by a large number of small cracks 4. Bucknall and 

Figure / - -E lec tron  micrograph of stress-whitened surface of compres- 
sion-moulded sheet of HI-PS showing branched crazes. Direction of 

applied stress is perpendicular to main craze axis. Scale as Figure 3 
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NOTES AND COMMUNICATIONS 

Smith 5, however, have concluded that stress-whitening is simply the same 
phenomenon as crazing based on the tensile behaviour of high-impact poly- 
styrene (HI-PS) observed under the optical microscope. 

In the present study, attempts have been made to observe stress-crazing 
(or stress-whitening) in ABS-polymer and HI-PS under the electron micro- 
scope so as to gain more insight into the behaviour of rubber-toughened 
plastics under stress. All the electron micrographs are taken by the methyl- 
cellulose/carbon two step replica method with Pt-Pd shadowing. 

The electron micrograph of a stress-whitened surface of a compression- 
moulded sheet of HI-PS is presented in Figure 1 to show characteristic 
stress-crazing as observed in PS and PMMAL The stress-whitening evi- 
dently results from the stress-crazing of rubber-toughened plastics. In 
contrast with the straight crazes observed in PS and PMMA 3, however, 
branching is noted in crazes in HI-PS, which run in a direction perpendicular 
to the tensile stress applied. 

The impact-fractured surface of ABS-polymer cleaved at a low tempera- 
ture ~, 7 is shown in Figure 2, the particles representing the rubber compo- 

Figure 2--Electron micrograph of impact-fractured surface of ABS- 
polymer formed at a low temperature. Particles represent rubber 

components. Scale as Figure 3 

nents (average radius ca. 0"3/~). Uni-axial tensile stress applied to this 
material causes stress-whitening. Branched crazes are observed in the 
whitened part as in HI-PS (Figure 3). It should be noted that the rubber 
particles are deformed along the direction of the applied stress. 

A similar picture is also obtained at the stress-whitened surface of a 
compression-moulded sheet of ABS-polymer (Figure 4). Branched crazes 
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NOTES AND COMMUNICATIONS 

which run in a direction perpendicular to the applied stress are more clearly 
observable and crazes seem to propagate through the rubber particles. 

When further stress is applied to the same specimen, denser whitening 
results and finally a crack starts at the most densely whitened portion. The 
electron micrograph of the whitened region at the tip of the crack is shown 

Figure 3--Electron micro- 
graph of whitening in- 
duced by a tensile stress 
applied to the specimen 
shown in Figure 2. Craz- 
ing associated with 
deformation of rubber 
particles is demonstrated. 
Arrow indicates direc- 
tion of the applied stress 

in Figure 5. Marked deformation throughout the structure including the 
rubber particles is clearly demonstrated and craze lines are no longer 
observable. The whole portion around the crack is rather covered with 
uniform craze matter. 

Closer examination under the electron microscope reveals various steps 
of craze formation. Crazes, the widths of which are almost the same as the 
diameters of single rubber particles, are formed initially. Then, the rubber 
particles are deformed along the direction of the applied stress without 
reducing the radii in the direction perpendicular to the applied stress. The 
rubber particles often combine with each other along the direction of the 
applied stress during the coalescing process of craze lines. 

The facts that the widths of the crazes in the initial stages correspond to 
the diameters of the rubber particles and that the crazes propagate into 
branches as they grow clearly imply that the presence of rubber particles 
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NOTES AND COMMUNICATIONS 

Figure 4--Electron micro- 
graph of stress-crazing 
observed at compression- 
moulded surface of ABS- 
polymer. Arrow indicates 
direction of the applied 

stress 

favours the initiation and development of crazes in a specimen under 
stress. As Nielsen s has previously suggested, the heat evolved due to the 
deformation of rubber particles would also play an important role in the 
craze formation. 

The behaviour of ABS-polymer under stress may thus be visualized as 
follows: 
(1) Since the modulus of rubber is approximately 0-001 that of the resin 

phase, rubber particles serve as voids or stress-concentrators, thus 
presenting a site for craze formation under stress. 

(2) Crazes run through rubber particles in a direction perpendicular to 
that of the stress applied. Craze lines thus tend to branch out as the 
rubber particles are scattered in a random manner. 

(3) Crazes broaden by themselves or coalesce with each other in the pro- 
cess of development. The whole portion under stress is ultimately 
covered with uniform craze matter. 

(4) When the extension of craze matter reaches its limit or is interrupted 
by inhomogeneities such as dust particles and un-fused resin particles, 
a crack starts, and is closely followed by sudden rupture. 

It  should be noted that extensive crazing occurs before the start of true 
cracking and a considerable amount of energy is required in converting 
original polymer chains (random state) into craze matter (oriented state). 
It  is, therefore, conceivable that the energy dissipation mechanism of rubber- 

424 
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Figure 5--Electron micrograph of whitened region at the tip of true 
crack showing marked deformation throughout structure. Arrow indicates 

direction of the applied stress. Scale as Figure 4 

toughened plastics should be interpreted in terms of the crazing process 
stimulated by the presence of rubber components rather than the process 
of crack propagation. 

Though all the results reported in the present paper  deal with the process 
of static tensile fracture, similar stress/strain relationships as well as whiten- 
ing are noted in high-speed tensile fracture of ABS-polymer and HI-PS.  
I t  thus seems safe to apply the same energy dissipation mechanism to the 
impact fracturing process of rubber-toughened plastics. 

The author wishes to thank Professor Y.  Sato of Shinshu University for 
his kind suggestion and discussion, and Miss C. Nozaki  for taking the 
electron micrographs. 
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NOTES AND COMMUNICATIONS 

Proton Spin-Lattice Relaxation in Polyethylene Oxide. 
Spin--diffusion and Methyl Group Rotation 

PREVIOUS proton spin-lattice relaxation measurements on polyethylene 
oxide 1. 2 (PEO) have indicated essentially a single motional minimum at all 
molecular weights although in the lower molecular weight materials ('Carbo- 
waxes') it is difficult to dissociate the effects of the motional minimum 
from a coincident minimum due to the melting of the polymer. (This applies 
to measurements at 30 Me/s; recently measurements at low frequency ~ in 
the rotating frame 4 have made it possible to separate the motional and 
phase change phenomena.) For the higher molecular weights ('Polyoxes': 
~rv > 2"8 x l&) there is a motional.minimum at --~ 0°C and possibly an- 
other minimum associated with the softening point at -~ 60°C. All these 
results apply to polymers having hydroxyl end groups. However, methyla- 
tion of these end groups leads to the appearance of a well defined motional 
minimum at low temperatures. Minima of this sort have been observed 
frequently in polymers containing a side chain methyl or ethyl group in 
their basic repeat unit 5-7 and have been ascribed to methyl group rotation, 
this assignment being confirmed by experiments on polymers containing 
deuterated methyl groups when the relaxation efficiency is reduced as 
expected s. However, it appears that in samples which contain only a small 
percentage of their protons in methyl groups, well defined motional minima 
can occur in the temperature range appropriate to methyl group rotation, 
and also that spin-diffusion is probably the important mechanism which 
allows nuclei in the bulk of the sample to relax. 

Spin-lattice relaxation times of commercial samples s of PEO of molecular 
weights 550, 600, 750 and 6 000 were measured. Of these the 550 and 750 
molecular weight samples had reputedly one OCH3 end group and one OH 
end group. The precise amount of OCH3 present was checked using a 
Varian H R  100 spectrometer and integrator, the relative areas of ---CH2-- 
(6"34¢) and ---CHs (6-62~') peaks being compared for the 550 and 750 
samples. For the 550 sample the ratio was 0-061 (theoretical 0-064) and for 
the 750 sample 0-003 (theoretical 0.046), i.e. the OCHs concentration was 
slightly less than expected in both cases. The 600 and 6 000 samples did 
not contain detectable quantities of methyl groups, An unsuccessful attempt 
was made to methylate the OH end groups of the 6 000 sample. The 
measurements made on these samples are plotted in Figure I as a function 
of 1/Tx 103 [°K] and show the presence of shallow minima for the 550 
and 750 samples at about l18°K, the 600 and 6 000 samples showing a 
steady increase in T1 in this region as the temperature decreases. No non- 
exponential behaviour was observed in this region and it appears that the 
enhanced relaxation efficiency and occurrence of minima in the 550 and 
750 samples must be due to the presence of the methyl groups, and that 
the bulk of the protons in the specimen are being relaxed by a spin-diffusion 
mechanism s , 10,11 

The theory of spin-diffusion has been discussed for paramagnetic impuri- 
ties in alkali halides. In such systems relaxation depends on diffusion of 
nuclear polarization to the impurity centres which provide (via the large 
fluctuating local field due to the unpaired electron) efficient coupling with 
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NOTES AND COMMUNICATIONS 

Figure /--log T t versus 1/T × 
l03 (*K) for polyethylene oxide 
polymers. A tool. wt 6 000, OH 
end groups; 0 mol. wt 600. 
OH end groups; [] tool. wt 750 
one OH and one OCH 3 end 
group; © mol. wt 550 one OH 
and one OCH3 end group. 
Dotted line is theoretical curve 

from equation (4) 

+1£ 

I 

-I'G 

1/Tx 103 [°K] 

the lattice. In  these experiments the most efficient coupling is apparently 
provided by a small percentage of protons present in rotating methyl groups. 

Slightly modifying the theory of spin-diffusion as applied to the para- 
magnetic impurity case, we write for the contribution to relaxation due to 
spin diffusion 

(1/T1)s.,. = 4rrNbO (1) 

where N is the number of OCH~ groups /cm ~ and D is the diffusion constant 
for nuclear polarization defined approximately 8 as 

D = Wa ~ ,~ {(Ac@)*/30}a ~ (2) 

(A'-~) ~ is the root second moment  of the resonance line and a the mean 
distance within which there is a probability W of a spin exchange occurring. 
The length b may be defined 12 by the equations : 

b ,~  (C/D)~ 

c=9  .,~[ .o 4.. ] 
1 + to0~r~ 1 + 4to0%'~" (3) 

where oJ0 is the resonant frequency (30 Mc/s)  and ~'o is the motional cor- 
relation time for the CH3 group. For  the theory to apply, the following 
inequalities must hold 

b ~ R ~ L  

where R ~,  N -÷ and L ,-~ R ( R / b )  ÷. These three quantities have the follow- 
ing significance8 here; b is the scattering amplitude of a single methyl group, 
R the mean distance between methyl groups and L the diffusion length 
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during a relaxation time. Using reasonable values of the parameters involved 
[(Ato2)~=5 gauss, the value for polyethylene in this temperature rangela; 
a=2"5A, a slightly greater distance than the CH2 interproton distance of 
l'8&; unit density for PEO 750:to0%=0'616 at the T1 minimum value] 
we find the values: 

b--0'43A R =  10-8A L=53"9A 

which satisfy equation (4) reasonably well. It appears that no difficulty 
should occur on account of a diffusion barrier which exists in the para- 
magnetic impurity case 1. due to the large difference in Larmor frequencies 
of the nuclei and electrons. In the polymer the Larmor frequencies of the 
methyl group protons and the chain backbone protons will be almost equal, 
apart from the very small chemical shift difference. It seems therefore that 
equation (1) should be a reasonable approximation and combined with 
equation (3) gives 

4% ~]~D~ (4) 

Using this equation and assuming an activation energy, Q, of 2 kcaP for 
% and that oJ0%=0"616 at l18°K, values of T1 are obtained whose tem- 
perature variation agrees reasonably well with the experimental curves 
in Figure 1 but whose absolute values are much too low. Equation (4) here 
predicts a greater relaxation efficiency than is in fact observed. Theoretical 
T1 values for PEO 750 in the low temperature region are shown as a 
dotted line in Figure 1, the values plotted being a factor of ten greater than 
those calculated. They still fall considerably below the experimental points, 
the theoretical and experimental values differing by two orders of magni- 
tude. However, absolute calculations of T1 using BPP theory [contained in 
the definition of C, equation (3)] frequently overestimate the efficiency of 
the relaxation process 15' le and give values of T1 which are too small, and 
it has been the practice to fit experimental values of T1 using the minimum 
value of T1 as one point on the theoretical curve 1' 2, ~_r, so a similar dis- 
crepancy here should not occasion surprise. Equation (4) reproduces the 
temperature variation of T~ fairly well and predicts that the relaxation 
efficiency for PEO 550 should be greater than that for PEO 750, as is found. 

However, a more stringent test of the theory would be provided by experi- 
ments at widely different frequencies, and relaxation measurements in the 
rotating frame*' 1, would be of interest from this point of view. It is diffi- 
cult to envisage a mechanism other than spin-diffusion which will account 
qualitatively for these results, which show that the presence of quite small 
quantities of protons in methyl end or side groups can be detected by T, 
measurements. 

T. M. CO~OR 

Division of Molecular Science, 
National Physical Laboratory, 

Teddington, Middlesex. 
(Received May 1966) 
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Bulk Modulus Measurements on Polymers at High Temperatures 

SOME measurements on the elasticity and anelasticity of polymethylmetha- 
crylate by Kono reported 1 in 1960 were used by him as data to deduce a 
frequency shift versus temperature curve for bulk modulus but the course 
of this was highly and unexpectedly irregular. This suggested that it would 
be desirable to re-determine the data, preferably by another method. 

A new method was developed based on some work by the writer in 1956. 
This used a small polymer specimen -1~ in. long, 1 in. diameter, cemented 
(by Araldite) into a cavity of similar dimensions in a sandwich type low 
velocity medium with two tapered aluminium blocks 2½ in. in diameter, 
2¼ in. long, similarly cemented to the circular faces of the specimen. Five 
zirconate piezoelectric transducer cylinders, each ½ in. diameter, were 
fixed to the remote faces of these blocks to form a testing assembly suit- 
able for transmitting (on an array of four transducers) and picking up 
127 kc/s longitudinal mechanical waves which had travelled through the 
aluminium blocks and specimen. The sandwich type low velocity medium 
consisted of five ~ in. thick plates of heavy metal (density about 17) 
cemented to four -ftr- in. plates of laminated paper bonded with polymerized 
formaldehyde resin, the assembly having an axial velocity of about 1 350 
m/sec together with a high attenuation so that almost no ultrasonic energy 
travelled other than via the specimen under test. 

The assembly was heated up to about 160 ° C and was allowed to cool 
at the rate of about 1 deg. C or less per minute, the travel time of the 
mechanical waves being measured every 10 deg. C or so by methods des- 
cribed elsewhere 2 by the writer. A rectangular input electrical voltage wave 
one microsecond wide was used and the received signal was filtered via a 
series 20 mH coil and shunt load of 28 kll to guard against errors due to 
excessive high harmonics. The variation of velocity of longitudinal waves 
with temperature is plotted in Figure 1, and the data from the paper by 
Kono for 2¼ Mc/s waves are plotted as a dashed line on the same graph. 
Our velocity values are based on room temperature measurements on 
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m/sec together with a high attenuation so that almost no ultrasonic energy 
travelled other than via the specimen under test. 

The assembly was heated up to about 160 ° C and was allowed to cool 
at the rate of about 1 deg. C or less per minute, the travel time of the 
mechanical waves being measured every 10 deg. C or so by methods des- 
cribed elsewhere 2 by the writer. A rectangular input electrical voltage wave 
one microsecond wide was used and the received signal was filtered via a 
series 20 mH coil and shunt load of 28 kll to guard against errors due to 
excessive high harmonics. The variation of velocity of longitudinal waves 
with temperature is plotted in Figure 1, and the data from the paper by 
Kono for 2¼ Mc/s waves are plotted as a dashed line on the same graph. 
Our velocity values are based on room temperature measurements on 
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considerably larger blocks of the material under investigation and the fact 
that our check tests at higher frequencies agree within a fraction of one 
per cent of Kono ' s  confirms that the materials used are very similar. 

Comparison of the data from the two experiments shows good agree- 
ment at low temperatures but at high temperatures, where the velocity 
should be further maintained at the higher frequencies used by Kono, a 

21~0~ . ~ _ J  _ I I I I I [ I I I I i I 

2/-..0C ot 

.~ 200C 
0 

'~60C I I I I i I i I I I J J I ' 
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Figure /--Variation with temp- 
erature of longitudinal wave 
velocity in polymethylmetha- 

crylate (Perspex) 

disagreement above 130 ° C is evident such that it is clear that the curves 
would cross at about 160 ° C. I t  is this rapid fall-off which is responsible 
for the anomalous course of the frequency-shift reported by Kono, an 
anomaly which is absent from his data on polystyrene 1 and his subsequent 
work 3 on polyvinylchlodde. We therefore conclude that this anomaly is 
either absent or of considerably less extent than had been reported. 

The writer wishes to thank the Director of the National Physical 
Laboratory ]or permitting him to use the equipment he had previously 
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Studies on Radiation-induced Ionic 
Polymerization III* Polymerization of 

Styrene at Room Temperature 
K. UEr,lo, K. HAYASHI and S. OKAMURA 

The radiation-induced polymerization of  styrene in an extremely dry system 
has been studied at room temperature. Sodium-potassium alloy was used as 
a drying agent. The kinetic results obtained were very different from those 
previously reported in which the radical reaction was predominant. A radical 
mechanism is precluded in a dry system for  the [ollowing reasons: (a) the 
addition of  a small amount  of  water and ammonia caused a remarkable 
reduction in the rate of polymerization (R~); (b) the activation energy for 
R~ was nearly zero between --20 ° and +80 ° C and (c) R~ was proportional 
to (dose rate) °'st°l"'°, while the molecular weight was independent of dose 
rate. To clarify the question whether the reaction mechanism in a dry system 
is cationic or anionic, copolymerizations of  styrene with a-methyl  styrene 
and with isobutyl vinyl ether were carried out and the results strongly support 
the suggestion of  a cationic mechanism. This conclusion is also verified by 
the remarkable retardation of  R o by added ammonia and diethyl ether. 
Radical scavengers such as DPPH and oxygen also retarded the polymeriza- 
tion, so the existence o[ an ion-radical in the initiation step is supposed [or 
the effect of  above-mentioned scavengers. In an extremely dry system, 
Gta~arent initiation) is ]ound to have a high value which may be attributed to a 
]requent monomer  chain trans[er. The polymerization mechanism based on 

[ree ions is described in detail. 

WHILE an ionic contribution to radiation-induced polymerization has been 
recognized and many researches have been carried out on several monomers 
such as isobutene 1, styrene 2 and butadiene 3, these studies have been largely 
confined to low temperatures. However, during the past few years, the 
radiation-induced polymerization of a-methyl styrene has been carried out 
by Williams et  al?,  and they have indicated the possibilities of ionic poly- 
merization with dry monomers at room temperature. In general, it has 
been assumed that although electrons are ejected and cations are formed 
by the irradiation of monomers, the lifetime of ions is very short in a 
medium of low dielectric constant at room temperature, so that the radicals 
produced by charge recombination initiate a radical polymerization. There- 
fore, it seems that the studies of Williams et  al? indicate a new field of 
radiation-induced ionic polymerization, so the authors have investigated the 
polymerization of styrene in a rigorously dry system as part of a series of 
studies on radiation-induced ionic polymerization started in 19585 . This 
paper deals with the polymerization of styrene in bulk at room temperature 
and discusses the polymerization mechanism in detaiP. 

*Parts I and I I  of this series; K. UENO, H. YAMAOIUt, K. HAYASHI and S. OxxMOlot, lnternat. J. appl. 
Radiat. Isotopes, to be published. 
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E X P E R I M E N T A L  
Materials 

Commercial styrene was washed three times with ten per cent aqueous 
sodium hydroxide solution, three times with water, predried over anhydrous 
calcium chloride, and then dried over calcium hydride for a week. Before 
use, it was distilled under vacuum in a 60 cm helix packed column (25 mm 
mercury, 50°C). a-Methyl styrene was purified in a similar manner to 
styrene (25 mm of mercury, 67°C). Isobutyl vinyl ether was washed ten 
times with 20 per cent aqueous sodium hydroxide, washed with water, dried 
over potassium hydroxide for a week, and then distilled over fresh potas- 
sium hydroxide at 760mm of mercury, 83°C. Sodium-potassium alloy 
(Na-K alloy) was prepared in dry cyclohexane in a ratio of 1 g of sodium 
to 2 g of potassium. 

Sample preparations 
The achievement of rigorous drying was a very important purpose of 

sample preparation. Purified styrene as mentioned above was stored in A 
of Figure 1 and completely degassed. Na-K alloy, which was liquid above 

To vacuum source (mercury diffusion pump) 
via tiquid nitrogen trap 

Jt 

) 

K. UENO, K. HAYASHI and S. O K A M U R A  

Figure/--Apparatus for preparation of samples " 

- 5 ° C ,  was poured into B, and sealed. The organic materials contained 
in the alloy were eliminated under high vacuum for 20 h, and then a small 
amount of the alloy was coated over the wall of the vessel. After the high 
vacuum line had been baked out, the middle fraction of A was distilled 
through fresh alloy into the reservoir of C kept at - 80°C .  After complete 
degassing in C, styrene was distilled into the polymerization ampoules 
through a breakable joint D, and finally sealed off in a vacuum of less than 
10 -5 mm of mercury. Ammonia was added using the apparatus shown in 
Figure 2. Commercial ammonia was distilled into a vessel containing N a -K  
alloy, stored for a week, enclosed in a break-seal vessel previously baked 
out, and then mixed with dried styrene which had been treated by the 
above method. The vapour pressure of ammonia was determined by a 
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) K 
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t '  

~ H 

G 

Figure 2--Apparatus for preparation of samples for styrene-ammonia 
system. A ammonia; B, H, O cock; C, J, M constriction; E, K breakable 
joint; F, G thermocouple gauge; I mercury manometer; L ampoule; 

N hammer; P styrene dried by Na-K 

thermocouple vacuum gauge and a mercury manometer. Water was dis- 
tilled from acidic aqueous potassium permanganate solution, aqueous 
sodium hydroxide solution, and finally without additive. The concentra- 
tion of water was determined from the known saturated water vapour 
pressure at a particular temperature. Diethyl ether was dried over calcium 
hydride for 10 h, distilled into a vessel containing N a -K  alloy, stored for 
a week, and finally enclosed in a break-seal vessel. Oxygen was passed 
through a spiral trap cooled by liquid nitrogen. DPPH was reprecipitated 
and dried under high vacuum at 70°C for 50 h. Zinc oxide and nickel oxide 
were baked under high vacuum at 300°C for 12 h. Samples for copoly- 
merization studies, using the apparatus similar to that used for styrene 
bulk polymerization, were prepared as shown in Figure 3. For the purpose 
of comparison with a 'dry' system, 'wet' samples were prepared as follows. 
Pure monomers as mentioned under 'Materials' were transferred to the 
reaction ampoules by pipette and degassed under high vacuum. The 
water concentration was determined by the Karl Fischer method. 

Polymerization and characterization oJ polymers 
The activity of the 6°Co y-ray source was 3 000 curies. Standard ferrous 

sulphate (Fricke) dosimetry was used in the determination of dose rates, 
employing a G value of 15.6 for the oxidation of ferrous sulphate. 
After irradiation, the ampoules were quickly opened, poured into a 
small amount of benzene, and added to a tenfold excess of methanol. After 
filtration, the polymer was dried to constant weight. An oily residue 
amounting to less than 0-5 per cent of the precipitated polymer was obtained 
after evaporation of the methanol used for precipitating and washing. 
Molecular weights were determined from intrinsic viscosity measurements 
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~ m 

To vacuum source (mercury diffusion pump) 
via itilquid nitrogen trap 

J t  

Figure 3--Apparatus for preparation of samples for copolymerization 

in toluene at 307C by  means of an Ubbelohde viscometer, and the approxi- 
mate number average molecular weight was calculated using Mayo et al.'s s 

equation (1). 

~ ,  = 1"67 x 105 [W]137 (i) 

Yields of copolymerization were usually kept to less than ten per cent, and 
the molecular weight distributions were determined by a turbidimetrie 
titration. The composition of styrene--or-methyl styrene units in the co- 
polymer was determined from the ratio of optical densities of the infra-red 
absorptions at 1 380cm -1 and 760cm -1 using the potassium bromide 
method. For styrene-isobutyl vinyl ether copolymerization analysis, the 
use of 2 925 cm -~ and 700 cm -1 absorptions in carbon tetrachloride solution 
were adopted. The experimental errors were + 5 per cent with St--otMeSt 
and :+ 2 per cent in St-IBVE. Molecular weight distributions of polymers 
were measured by a turbidimetric titration apparatus 7 having an automatic 
recorder. The initial polystyrene concentration was 2 mg per 100 cm s of 
benzene, and methanol was used as a precipitating agent. 

R E S U L T S  
P o l y m e r i z a t i o n  o f  s t y r e n e  

The radiation-induced polymerization in a rigorously dried system had 
very poor reproducibility, because it was very sensitive to the presence of 

Table 1. Radiation-induced polymerization of 'pure' styrene 

Sample and Temp., Dose rate % conv. M n G(--m)  
method * C rads/h per 0"2 Mr 

Normal drying a° ca. 22 1"90× I0 ~ 0"48 42 000 240 
Normal drying ~= ca. 20 - -  0"52 - -  260 
Calcium hydride 9 0 1' 17 x 10 e 0"24 ca. 70 000 120 
Silica drying s 0 2'24X 105 11-2 78 900 5 600 
Present result 24 1"90 × 105 69" 1 42 000 34 400 
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traces of water. The results on the polymerizat ion of pure styrene reported 
by several workers are summarized in T a b l e  1. Metz and  Johnson 8 obtained 
a very large rate of polymerizat ion by  the silica drying me t hod ,  bu t  our  
rate of polymerizat ion achieved by N a - K  alloy drying was further enhanced 
by  a factor of between three and  six. T a b l e  2 shows the results at different 
temperatures f rom - 8 0 ° C  to + 37°C. 

Table 2. Radiation-induced polymerization at various temperatures. 
Dose rate : 3 800 r/min 

Code Temp., ° C Physical state o/  Yield % M n 
monomer  per 0"2 M r  

26* - 78 Solid O" 10 - -  
28* -- 3 0 " 6  Solid-Liquid 1 "46 - -  
37* --21 "0 Liquid 5"96 50 800 
36** 0"0 ,, 28"4 44 600 
35** 10"0 ,, 23"6 43 800 
45*** -- 11"0 ,, 15'6 52 600 
42*** 0"0 ,, 29'0 44 200 
40*** 11"0 ,, 18"8 45 400 
44*** 33"0 ,, 20"1 42 200 
41"** 37"0 ,, 18'4 37 000 

*,**, *** : the experiments having the same sign were made in the same run. 

100 

~ 50 
Figure 4--Polymerization of sty- 
rene. The experimental results 
having the same sign in the figure 
were made in the same run. Temp. 
14" C. Dose rate 3800 r/min. 

Na-K dried 

, , , , l ~ J ~ J I 

50 100 

Time, min 

I n  compar ison  with the data  of Chen 9, it is obvious that water has almost  
no  effect on the rate of polymerizat ion at - 8 0 ° C  in  the solid state. The  
rate in  Chen 's  system indicated a m a x i m u m  value in the ne ighbourhood of 
the mel t ing point ,  where solid and  l iquid coexisted. On  the other hand,  in  
our  'dry '  system, the rate increased remarkably,  and  no  m a x i m u m  value 
was obta ined  at the melt ing point.  T a b l e  3 shows the results of polymeriza-  
t ion at various temperatures.  The act ivat ion energy from - 2 0 ° C  to 85°C 
was approximately  zero, al though accurate values could no t  be calculated 
because of poor  reproducibili ty.  Molecular  weights showed reasonable 
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Table 3. Radiation-induced polymerization at various temperatures. 
Dose rate 2 100 r/min 

Code Temp., Yield % M n Code Temp., Yield % M .  
* C per 0'1 Mr  * C per 0"1 Mr 

233 20 16"7 46 000 227 59 21"8 34 500 
237 28 13"1 45 000 232 73 23'2 32 500 
235 35 19'3 37 000 229 83 15"5 - -  
236 47 21"0 38 000 

Y 
Figure 5~Dependence of 
molecular weight on poly- × 
merization time. Temp. 10" 
C. Dose rate 3 800 r/rain. 

Na-K dried styrene 

5 0 

4 

3 

0 

2 

0 
0 

' ~ 9 ' 0  0 30 60 120' 

Time, rnin 

reproducib i l i ty  and decreased  slightly with increase  of temperature .  T h e s e  
results  a re  very different f rom those of  Bal lant ine  et aD o in which the  
ac t iva t ion  energy for  the  rate  of po lymer iza t ion  is 6"7 k c a l / m o l e ,  a n d  
the molecu la r  weights increased with rise in temperature .  Figure  4 shows the  
re la t ionship  of po lymer iza t ion  yield and  i r rad ia t ion  dose. I f  the  p r e p a r a t i o n  

c 20 
0 

> 

o c ~ x/X / 
10 - / × /  

I , , I ~ ~ I , i I 
0 60 120 180 240 

Time, rnin 

Figure 6--Time/conversion curve by dilatometry. Temp. 
30"5:0"1" C. Dose rate 150 r/min. Dilatometer bulb 

volume 5"8 ml; capillary internal diameter 1"4 mm. 
O BaO dried; O, ×,  Na-K dried styrene 
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Figure 7--Dependence of rate 
of polymerization of styrene on 
dose rate. Points with same 
symbol represent same batch. 
Temp. 10 ° C. Na-K dried 

styrene. 6°Co y-rays 

batch was not the same, the reproducibility was very bad, so that it is 
essential to compare the results from the same batch. Figure 5 indicates 
that  molecular weights do not depend on the extent of conversion of 
polymer. Also, the molecular weights are nearly constant despite variations 
in rate. As shown in Figure 6, the polymerization started immediately after 
the system was irradiated with no induction period, and no marked accelera- 
tion was observed. Figure 7 shows the dependence of polymerization rate 
on dose rate. The same symbol refers to the same batch. The rate of 
polymerization is proportional to the 0"8 power of dose rate, while in a 
"wet' system, the rate depends o n  the square root of dose rate. Figure 8 
shows the dependence of the rate of polymerization on dose rate using 
electron irradiation by a Van de Graaff accelerator. At the higher dose 

10 e 
10 4 

10 2 
Figure 8 - - D e p e n d e n c e  o f  r a t e  o f  t- 
polymerization of styrene on dose "E 
r a t e .  T e m p .  0* C .  T o t a l  d o s e  0"1 
M r a d .  N a - K  d r i e d  s y r e n e .  1 '5  t ~  
MeV electrons from Van de 101 

Graaff generator 

f I I I 
10 5 10 e 10 ~ 

r a d / m i n  

S T U D I E S  O N  R A D I A T I O N - I N D U C E D  I O N I C  P O L Y M E R I Z A T I O N  I I I  
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Figure 9--Dependence of molecular weight on dose rate. 
Temp. 0* C. [] 6°Co y-rays. © 1"5 MeV electrons from 

Van de Graaff generator 

rates, the rate of polymerizat ion depends on the first power of dose rate, 
while in  a 'wet '  system, 0.5 order dependence was obtained n. Figure 9 
represents the relationship of molecular  weights and  dose in  a 'dry '  system 
and  shows that molecular  weights are independent  of dose rate, a l though 
they increase slightly at higher dose rates. On  the other hand,  in  a 'wet '  
system, they are proport ional  to the 0"5 power of dose rate 11. 

Effect of additives 
In  order to investigate the polymerizat ion mechanism, the usual  radical  

scavengers such as D P P H  and  oxygen were used. They  retarded the 
polymerizat ion remarkably,  as seen in Table 4. Molecular  weights were 
little changed by additives. Figure 10 shows the effect of oxygen and D P P H  
on the rate of polymerization.  Even  1 x 10 -~ mole / l ,  of these compounds  
induces a marked retardation. The effects of water, a mmon i a  and diethyl 
ether were also investigated. Figure 11 and Table 5 show the effect of 

Table 4. Effect of radical scavengers on polymerization of styrene. 
Temp., 16" C, dose rate 2 100 r/rain 

Code Radical scavengers Yield, Time, R~ M n 
mole / l. % min % / min 

213 DPPH 4'8 × 10 -~ 1"24 1 449"5 0'0008 - -  
52 ,, 3-0 × 10 -a 0'00 100"0 - -  - -  

214 ,, 1"0× 10 -a 2"79 556"5 0"004 
215 ,, 6"0x 10 -4 3"92 556"5 0"007 53 000 
216 ,, 1-I × 10 -4 1-60 65"8 0'024 - -  
217 20-0 65"8 0"302 47 800 
221 02 2-6x 10 -2 4"75 556'5 0"0085 48 200 
222 ,, 4-7 × 10 -2 15"2 1 425"9 0"0107 53 000 
223 ,, 4"7× 10 -a 5'2 390"7 0'0133 59 000 
224 ,, 1' 1 × 10 -a 9"3 390"7 0-0238 53 000 
225 ,, 1'1 × 10 -a 23"8 1 425"9 0"0167 51 000 
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Figure /0--Effect of added oxygen and DPPH on rate 
of polymerization of styrene. [] 02, © DPPH. Temp. 

16 ° C. Dose rate 2 100 r/min 

water on the rate of polymerization.  A marked retardat ion was observed 
in the presence of water. The polymerizat ion which is observed in the 
presence of more than 2 x 10 -3 mole/1, of water may  be due to a radical  
mechanism.  The experimental  technique used by Chert 9 might  have been 
expected to give samples containing less than 1 x 10 -8 mole/1, of water, bu t  
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t -  

"- 4 

3 

1 

0 5 10 15 20 25 
[~dded water~ x 104, mole/I. 

Figure //--Effect of added water on rate of polymerization 
of styrene. Temp. 16 ° C. Dose rate 2 100 r/rain 
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Table 5. Effect of added water on polymerization of styrene. 
Temp., 16" C, dose rate 2 100 r/rain 

Code Added water Yield Time, R~ Mn 
mole / l. % min % / min 

212 30"5 45'6 0"668 45 080 
211 4"50X 10 -5 39'8 54"6 0"730 40 000 
201 9"00x 10 -5 31"4 43"5 0"722 52 000 
202 l '17X 10 -4 19"6 45-6 0"430 49 000 
206 5"70X 10 -4 14"7 321"3 0"0458 48 000 
207 6"80X 10 -4 4"33 321'3 0'0135 50 000 
204 9'75X 10 -4 6-78 252"4 0"0269 55 080 
208 2"00 x 10 -s  0'954 252.4 0'00378 60 000 
209 2.50x I0 -'a 1'23 321"3 0.00458 - -  

Table 6. Effect of added diethyl ether on polymerization of styrene. 
Temp., 16 ° C, dose rate 2 100 r /min  

Code Added diethyl ether Yield Time, R~ Mn 
mole/ l. % min %/min 

254 9-00X 10 -5 22'0 249"8 0"088 45 000 
255 l '80X 10 -4 4"9 755'2 0"0065 51 080 

the results are very similar to those obtained in the 'wet' system of Chapiro 1~, 
Ballantine ~° etc. Therefore, while it is obvious that water is usually the 
main cause of retardation, other impurities may also play an important 
role as mentioned already. The data of Table 5 appear to show that the 
rate of polymerization is independent of water concentrations less than 
1 x 10 -~ mole/l .  Nevertheless, samples dried by Na-K alloy showed poor 

r 

E 

0 0 

0 

ld 2 

0 
O 

O 

f]  

I I llllhl t l , ,,,i11 i l llllql[ , , ,rlllll , [I frill 
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Figure 12--Effect of added ammonia on rate of polymerization 
of styrene. Temp. 20 ° C. Dose rate 2 lOOr/min 
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reproducibility, and another experiment revealed that when a glass ampoule 
was not baked out, but only dried under vacuum at 10 -5 mm of mercury 
for 5h, the rate of polymerization decreased remarkably. This latter result 
must be attributed particularly to the water adsorbed on the glass wall. It 
is well known that ammonia is a typical retarder of a cationic polymeriza- 
tion. Effects of ammonia in a 'dry' system are shown in Figures 12 and 
13. Retardation by ammonia is even greater than that produced by the 
same concentration of water. The competition between polymerization 
and inhibition occurred in the range of from 10 -~ to 10 -5 mole/1, of 
ammonia concentration, and ammonia did not have an effect on the rate 
of polymerization in less than 10 -~ mole/l.  A cationic polymerization will 
be inhibited in more than 10 -3 mole/1, and only a radical polymerization 

6 
u~ 

O 

×/~ 

O ~ O 

v O 

t ~ 1 . [ 

010"6 10[ 5 10 .4 10"3 lO-Z 10-1 
Added ammonia] ,  mole/I. 

Figure 13--Effect of added ammonia on molecular weight. 
Temp. 20" C. Dose rate 2 100 r /ram 

will then be observed. On the other hand, the molecular weights increased 
only slightly in changing from a governing cationic polymerization to a 
radical polymerization. The results of experiments with dilatometers, as 
shown in Figure 6, do not appear to represent disappearance of impurities 
under irradiation. The effect of diethyl ether (Et~O) is shown in Table 6. 
The retarder efficiency decreases in the series ammonia ~> diethyl ether 3> 
water which agrees with the order for the proton affinity of these 

Table 7. Yield of methanol-soluble polymer. 
Dose rate 2 100 r /min.  Temp. 16 ° to 20* C 

Methanol Methanol 
Code Scavengers insoluble soluble 

mole / l. polymer, % polymer, % 

206 H20 : 5'7 × 10 -4 14"7 0"2 
207 H~O : 6"8 x 10 -4 4"33 0' 1 
248 NHa: 1"3 × 10 -5 30"4 0'2 
249 NH3: 3-6× 10 -5 15'6 0"1 
250 NHa : 3"6 × 10 -4 3"88 0"3 
254 Et~O :4-0× 10 -5 22'0 0"3 
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scavengers ~. Only methanol-insoluble polymers were considered in the 
above mentioned polymerization, but low molecular weight polymer 
which is soluble in methanol could be ignored in comparison with 
insoluble polymer, as shown by the results of Table  7. Table 8 shows 
the effect of metal oxides, such as zinc oxide and nickel oxide. These 
metal oxides did not always enhance the rate of polymerization. It 
is often held that metal oxides serve to trap ejected electrons ~, but it might 

Table 8. Effect of metal oxide on radiation-induced polymerization of styrene. 
Dose rate : 3 800 r/min, Na-K dried 

Yield % 
Code Metal oxides Temp., per 0'2 Mn G ( - m) 

wt % *C Mr 

54 None 10'0 27-2 50 400 13 600 
46 ZnO 3'9 15-0 15"4 51 400 7 700 
56 ZnO 6"2 15'0 87-1 60000 43 500 
57 ZnO 2"3 15"0 59"8 44 600 29 900 
48 NiO 2"8 15-0 21'9 41 000 10 900 

be considered that one of the roles of zinc oxide and nickel oxide as 
additives in this case is to act as drying agents for traces of water, because 
the highest G ( - m )  obtained in this report was about 70 000 in drying by 
barium oxide as well as by Na-K alloy. 

Copolymerizat ion 
As an attempt to elucidate the reaction mechanism, the copolymerization 

of styrene with a-methylstyrene was carried out with the results shown 
in Figure 14. The data in Table 9 show that the rates of copolymerization 

Table 9. Rate of eopolymerization of styrene with a-methyl styrene. 
Dose rate l'0X 105 r/h. Temp., 0 ° C 

Code Drying Styrene Rp 
method mole fraction "% /h 

66 Na-K 0"796 1"39 
64 ,, 0"760 1 "65 
63 ,, 0"640 1 "72 
65 ,, 0'455 1 "60 
62 ,, 0"270 2"72 

68 CaHz 0-849 0"0324 
69 ,, 0"627 0.0175 
70 ,, 0"530 0.0089 
80 ,, 0"403 0'0107 
81 ,, 0"272 0~0041 

in a 'dry'  system are about fifty times as large as in a 'wet' system. From 
the results of Figure 14, monomer reactivity ratios are estimated to be 
rl(St)=0-25~+0.25, r~(otMeSt)=8"5+4.0 in a 'dry'  system, while in a 'wet' 
system rl(St)=2-2+0"2, r2(aMeST)=0"6+0-2. According to Tobolsky 
and Boudreau 16, the reactivity ratios are r1(S0= 10'5 +0"5, r2(olMeS0 =0"08 
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Figure 14----Copolymerization of sty- 
rene and ot-methylstyrene. Temp. 0 ° 
C. Dose rate 3 800 r /min .  O CaHz 
dried (water --~ 10 -8 mole/L). 
• N a - K  dried (no water). 1 r1(St)= 
2"2_+0'2; r2(otMSt)=0"6_+0"2. 2 rl(St) 

=0-25-+0'25; r~(aMS0=8"5  +4"0 
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+0.02 in the sodium-tetrahydrofuran system at 0°C, and r1=0.54+0'04, 
rz=3"6+0.1 in the titanium tetrachloride--toluene system at 0°C. As 
monomer reactivity ratios for radical polymerization in these systems have 
not been determined, they were calculated by the Q.e scheme and estimated 
to be r~(S0=3-2~ r~(otMeS0=0"217. These facts indicate that the mechanism 
is cationic in a 'dry' system and radical in a 'wet' system. Figure 15 repre- 
sents the copolymerization results of styrene with isobutyl vinyl ether. The 
ratios rl(St)=0"3 + 0.3 and r~(IBVE)= 10.0 + 4.0 are obtained for the 'dry' 
system, while r~(St)= 17.0+0.8 and r~(IBVE)---0-1 +0"1 apply to the 'wet' 
system. Rates of copolymerization in a 'dry' system were about twice 
as large as those in a 'wet' system (Table 10). The results are understandable 
in terms of a cationic mechanism, because it is well known that isobutyl 
vinyl ether is much more sensitive to cationic catalysts than styrene. 

~ 1.0 

g 
c_ 

~ 0 5  
m 

'5 
& 

0 
0 

r / / / / / / /  . / 2  

,, j ,  

0"5 10 
Mole fraction of styrene in monomer feed 

443 

Figure 15--Copolymerization of sty- 
rene and isobutyl vinyl ether. Temp. 
30 ° C. Dose rate 3 800 r/rain. 
O KOH dried, water ,-~ 10 -a mole/1. 
• N a - K  dried, no water. 1 rl(St)= 
17"0+8"0; r2(VE)=0 ' I+0-1 .  2 rl(St) 

=0'3_+0"3; r2(VE)=10"0+4"0 
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Table I0. Rate of copolymerization of styrene with isobutyl vinyl ether. 
Dose rate 1"90X 10 ~ r/h. Temp., 30 ° C 

Code Drying Styrene Rp 
method mole fraction % /h 

84 Na-K 0-860 0'71 
89 ,, 0"667 1"20 
87 ,, 0"490 4"25 
83 ,, 0"445 2"56 
85 ,, 0"320 4"38 
86 ,, 0-244 12"20 

94 KOH 0'850 0-424 
93 ,, 0"696 0"374 
92 ,, 0"530 0'312 
91 ,, 0"361 0'228 
90 ,, 0'185 0-105 

Wi l l i ams  et aI. TM found  that  the rate  of po lymer iza t ion  for i sobutyl  vinyl  
e ther  increased r emarkab ly  in a ' d ry '  system, and  es t imated tha t  a cat ionic  
po lymer iza t ion  had  occurred.  On  the o ther  hand,  there  are some reports  
abou t  isobutyl  vinyl  e ther  t9 and  a - m e t h y l  s ty rene  ~° in a 'wet '  system, which 
have suggested tha t  the po lymer iza t ion  mechanism is radical .  Methano l -  
soluble po lymer  has  not  been considered in these copolymer iza t ions ,  because  
this  represents  less than  three pe r  cent of  the  methanol - insoluble  polymer .  

1'0 

0a 

/--11 4 

I I 

0-3 0'4 0.5 

Figure 16---Turbidimetric titration curves of polystyrene 

I 
0"6 

Code Temo.  ° C Dose  rate Total dose Yield G(--m) M n System 
r / mln Mr % 

105 24 3 170 0.0762 26"3 34 400 39 500 dry 
114 24 3 170 8.70 19"8 227 39 500 wet 

T / T m a x .  ~ ffM) dM ?=methanol/(methanol+benzene) ~ M~o 
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Characterization o/polymers 
Viscosity average molecular weights obtained in a 'dry' system and a 

'wet' system are very similar. The infra-red spectra of the polymers 
obtained in the two cases showed no difference, and both polymers softened 
at 135°C. Figure 16 shows the results obtained for polymers prepared in 
the 'dry' and 'wet' systems as given by the turbidimetric titration method. 
The molecular weight distribution in a 'dry' system is very similar to that of 
a 'wet' system. Therefore, by these methods of characterization, there 
seems to be little or no difference in the polystyrenes formed in the radiation- 
induced ionic and radical reactions. 

D I S C U S S I O N  
Styrene can be polymerized by radical cationic and anionic catalysts, so 
it is of much interest to clarify the polymerization mechanism in a 'dry' 
system. A radical mechanism is rejected for the following reasons. 

(a) Addition of water in concentrations over 1 x 10 -4 mole/1, results 
in a remarkable retardation. 

(b) The rate of polymerization in a 'dry' system is proportional to the 
0.8 to 1.0 order of dose rate in the range of 102 r /min  to 107 r/min,  while 
molecular weights are independent of dose rate. 

(c) The activation energy for the rate of polymerization is nearly zero, 
while molecular weights are slightly larger at lower temperatures. 

The above results show that polymerization in a 'dry' system is ionic. 
To answer the question whether the reaction mechanism in a 'dry' system 
is cationic or anionic, the following points are summarized. 

(d) The rate of polymerization decreases markedly for ammonia con- 
centrations exceeding 1 x 10 -5 mole/1. 

(e) Also, diethyl ether in concentrations over 1 x 10 -4 mole/1, decreases 
the rate of polymerization. 

(D A large amount of methylene chloride does not decrease the rate of 
polymerization, while the molecular weights are enhanced (see Part IV) 21. 

(g) The results of copolymerization of styrene with a-methyl styrene 
and of styrene with isobutyl vinyl ether support the view that a cationic 
polymerization occurs in a 'dry' system and a radical polymerization occurs 
in a 'wet' system. 

The rate of polymerization in a 'dry' system is very sensitive to traces 
of water, while the molecular weights remain unchanged. A simple kinetic 
analysis on the effect of water is carried out as follows. The degree of 
polymerization in the absence of water is represented by equation (2). 

DP = k~[M] / (ktr~[M] + kt) (2) 

On the other hand, in the presence of water, equation (3) is obtained. 

DP'  = k~[M] 
ktm[M] + kt,[H~O] + kt (3) 

The apparent G~ for initiation is very large, so G~m=G(-m)/DP is much 
larger than the true G~(=Gt). And since D--fi~DP', then kt~,[M]>~kt~[H20]. 
These results are very different from behaviour in conventional cationic 
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polymerization, so it seems that water acts on the initiation process. The 
rate of polymerization in the absence of water is expressed by R0 and in 
the presence of water by Ra2o. On the assumption that water has an effect 
on the initiation step, Williams et al. ~ showed that equation (4) was obtained. 

log R0 / Ra~o = ot[H~O] (4) 

Assuming that when a water molecule is present in the distance x between 
ion and dipole, polymerization is inhibited completely in the initiation step, 
and also that the probability of inhibition obeys a Poisson distribution, x 
is estimated to be about 110A in the styrene-water system. On the other 
hand, the intrinsic distance at which ion interacts with dipole is thought to 
be 15 to 30A. Therefore, it is not clear whether water is effective in the 
initiation step only, because the distance of ion-dipole evaluated in these 
experiments is much larger than expected. Here, it is necessary to consider 
that the reproduction of active species occurs very frequently by chain 
transfer to monomer. If polymerization proceeds by free ions, which is 
very reasonable for radiation-induced ionic polymerization, G~ for the free 
ion is frequently less than 0.213' ~-24, so the number of polymer molecules 
produced by chain transfer after a single act of initiation becomes 500 as a 
maximum. By this means, it is possible to explain why the dependence of 
number average molecular weights on water concentration is within errors 
of molecular weight measurements, although water exerts a strong retarda- 
tion effect. Moreover, when the water concentration is higher, the molecular 
weights of polymer produced by the radical mechanism must be considered. 
Therefore it is difficult to decide whether the effect of water is on the initia- 
tion or propagation step of polymerization, but it seems much more reason- 
able that this effect should be considered as the competition reaction 
between the growing chain end and water. Even in this case, the critical 
distance of ion--dipole calculated by equation (4) will represent a reasonable 
measure of inhibition; x is estimated to be about 190A in the styrene- 
ammonia system, which shows that ammonia exerts a larger retardation 
than water, possibly because of the higher proton affinity of ammonia. 
Another factor favouring more effective retardation by ammonia than water 
may be the greater degree of association of the latter in hydrocarbons ~. 
Experiments on diethyl ether are very few, but the order of retardation is 
ammonia > diethyl ether > water, which again agrees with the magnitudes 
of their proton affinities. 

Now, the free ion mechanism is discussed for radiation-induced ionic 
polymerization. It is assumed that in ionic polymerization by catalysts, all 
the growing chain ends are closely associated with the counter ion having 
the opposite charge. In radiation-induced polymerization, counter ions 
certainly exist in the reaction vessel, but it is questionable whether they are 
localized in the vicinity of the growing centre without neutralization of 
charge, and have an effect on the propagation reaction. Two ions (or a 
carbonium ion and an electron) in solution will combine with high prob- 
ability whenever they approach within a critical distance r~, at which their 
mutual coulomb energy equals the energy of thermal migration kT .  Then, 
rc=e~/Ek t  when e is the electronic charge and E is the dielectric constant 
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(for styrene; 2.43 at 25°(2). For  styrene at 25°C, r, is evaluated to be 
240A. At closer distances, the ions drift towards one another at an acceler- 
ating rate, and the lifetime of ion pairs is too short for the polymerization 
of about 400 monomer units. I t  seems that polymerization induced by free 
ions is the more probable, because the lifetime of ion pairs is below 10 -7 
sec ~, while that of free ions is over 10 -2 sec ~. In addition the large effect 
of a small amount of additives is another reason in favour of the free ion 
mechanism. In catalytic ionic polymerization, the propagation step is 
thought to be ~ 

,~CH2 - C + . . . . . . .  X ° 
n S / 
"~N / /  

CHr~--CH - th 

(5) 

where X ° denotes the counter ion. There the presence of the counter 
ion should be beneficial for the repulsion of additives of high proton affinity. 
Besides because the degree of freedom of the carbonium ion is small 
because of the counter ion ~, it seems that conventional ionic polymerization 
is not so sensitive to the presence of additives as is radiation-induced ionic 
polymerization. For  example, the sensitivity of the latter system is such 
that even when the dose rate is increased from 1@ r /min  to 107 r /min,  a 
remarkable retardation still appears, that is, the rate of polymerization at 
107 r / ra in  decreases to one thousandth with a water concentration of 
10 -~ mole/1. As well as a facile retardation by impurities, the absence of 
counter ions may greatly affect the chain transfer to monomer. It seems 
that electroconductivity measurements in saturated hydrocarbons by Allen 
and Hummel ~ clarify the polymerization mechanism by free ion initiation. 
The rate constant by the free ion mechanism is calculated as follows. 

R~ = - d[M]/dt  =kp[n*] [M] (6) 

This [n*] value is larger than the concentration of growing chain ends, and 
k, calculated from equation (6) may give the minimum value. Assuming 
that the In*] is approximately 10 -1° mol/1., which is of the same order as 
the value estimated for ethyl benzene =, k~ is calculated to be 106 1./mol. 
sec. Although this value is based on some bold assumptions, it is remark- 
ably large in comparison with k~ values for conventional cationic poly- 
merization. The propagation rate constants in conventional cationic poly- 
merization have been obtained by several methods and they are less than 
l0 s l ./mol, seC ~-31. The reason for the larger value of the propagation rate 
constant in radiation-induced polymerization can be explained by the free 
ion mechanism, for it has been shown by Szwarc e t  aI. n that the propaga- 
tion rate constant by free ions is five hundred times as large as that of ion 
pairs in the anionic polymerization of styrene in tetrahydrofuran. 

It  was found that polymerization in a 'dry' system was retarded remark- 
ably by radical scavengers such as DPPH and oxygen. Although the action 
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of such scavengers may be ambiguous, this result suggests that the initiating 
process may occur by a radical-ion as follows. 

(7) 

This cation-radical reacts very easily with another styrene monomer, 
because they have just the same ~-electron configuration. Then they 
produce free cation and radical ends. 

/~'-- CHI+ CH~CH2 .© _ (8) 
The propagation rate is very large for a free cation in comparison with 

radical propagation. Therefore in the absence of water, the free cationic 
propagation predominates. In the presence of water, the rate of poly- 
merization is reduced and radical propagation plays the important role, 
because the cationic end is killed by traces of water. It is conceivable that 
DPPH has some retardation effect in an ionic polymerization as well as in 
radical polymerization. Inhibition by oxygen was also observed by 
CoUinson et al. ~ in the radiation-induced ionic polymerization of isobutene 
at low temperature; while it is generally agreed that oxygen functions as an 
electron trap, their suggestion that O~- kills the carbonium ion before 
propagation can occur is inconsistent with the free ion mechanism. 

Finally, the role of the negative ion (or electron) must be considered. 
Measurements of ion mobilities indicate that the mobility of negative ions 
is somewhat larger than that of positive ions ~2, ~. In addition Hamill et al. ~ 
have concluded from many studies on the absorption spectra of irradiated 
glasses at low temperature that electrons can be trapped as molecular 
anions. However, the concentration of negative ions does not appear to be 
so important in radiation-induced cationic polymerization of styrene and, 
from the dose rate dependence, the main termination reaction may be attri- 
buted to the reaction of carbonium ions with impurities. 

The authors wish to acknowledge to Dr M. Katayama of the Faculty 
of Science of Hokkaido University for advice and assistance with experi- 
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Studies on Radiation-induced Ionic 
Polymerization IV Polymerization of 

Styrene in Solution at Room Temperature 
K. UENO, K. HAYASHI and S. OKAMURA 

The radiation-induced polymerization of styrene in an extremely dry system 
has been studied in methylene chloride and toluene solution at room tempera- 
ture. Under conditions of rigorous drying, far higher G (--m) values have 
been obtained in comparison with those of normal conditions. Molecular 
weights of polystyrene formed in methylene chloride are higher than those 
obtained in bulk polymerization, which suggests strong confirmation of a 
cationic mechanism. Polystyrene obtained in methylene chloride at 10°C con- 
tained less than 0"3 chlorine atoms for each polymer molecule. In polymeriza- 
tion in toluene, the molecular weights of polystyrene decreased with increase of 

solvent concentration; this can be explained by chain transfer to toluene. 

IN A previous paper 1 it was reported that the radiation-induced bulk 
polymerization of rigorously dried styrene proceeds by a cationic mechanism 
at room temperature. This paper describes the effect of solvents on the 
polymerization of styrene. 

E X P E R I M E N T A L  
Experimental procedures have been described in detail in previous papers, 
so only the drying methods used for the methylene chloride and toluene 
solvents are described. Methylene chloride was washed with ten per cent 
aqueous potassium carbonate, predried over phosphorus pentoxide, refluxed 
for five hours over fresh phosphorus pentoxide and then distilled. This 
was poured into A of Figure 1, agitated under high vacuum over calcium 

To vacuum source(oil diffusion pump) 
¢ ~ via liquid nitrogen trap 

A C E 

Figure / - -Apparatus for preparation of samples. A, CH2Cl2(or styrene), CaH~; 
B, constriction; C, E, BaO, baked at 300"C under vacuum at 10 -s mm of 

mercury for 12 h; D, breakable joint; F, polymerizing ampoules 
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hydride for two days, distilled on to barium oxide which had been baked 
out under high vacuum at 330°C for 10 h, sealed off at the constriction of 
C, and stored for ten days. The middle fraction was distilled into the 
storage vessel containing baked barium oxide (E), stored for ten days in 
this vessel, and then distilled into the polymerization ampoules (F). Styrene 
was dried by the method previously mentioned 1. Toluene was washed with 
concentrated sulphuric acid and then water, predried over calcium chloride 
for a day, refluxed over sodium metal for five hours and then distilled. This 
was dried by Na-K alloy, as described in the previous report 1, and also by 
barium oxide as already described for methylene chloride. The chlorine 
content of the polymer obtained in the styrene-methylene chloride system 
was determined by activation analysis 2. Before analysis, the polymer was 
washed by dissolving in benzene and precipitating with methanol, and this 
procedure was repeated four times. Previously, these procedures were 
established to result in a complete purification of polymer. 50 mg of dried 
polymer was weighed accurately and packed with a sulphate paper. This 
was put into a polyethylene container with a standard sample consisting 
of a piece of filter paper containing ammonium chloride, and irradiated 
with thermal neutrons. After irradiation, the activities of the standard 
sample and the polymer were quickly determined by the use of a y-ray 
scintillation spectrometer. 

RESULTS 
Figure 2 shows the effect of toluene on the rate of polymerization of 
styrene, which was much higher in a 'dry' system than in a 'wet' system. 
It was previously established that in the former case, the polymerization 
proceeds by a cationic mechanism, while in the latter system the reaction 
occurs by a radical mechanism. As shown in the relationship between 
styrene concentration and molecular weight in Figure 3, the lowering of 

1.0 

c_ 
E 

~0.5 

D 

1"0 .c_ F i g u r e  2 - -  Radiation-induced 
x ~  × ~  ~ polymerization of styrene i n o  " ~  

x x ~  toluene solution. Temp. 23"C. 
Dose rate 3 170 r/rain. © Na-K ~ 3.5"~ drying (HzO conc. none), × 

~ Normal drying (H20 cone. 
1 × 10 - s  m o l e / l . )  
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Styrene concentration, mole */o 

452 



STUDIES ON RADIATION-INDUCED IONIC POLYMERIZATION IV 

3 
Figure 3--Radiation-induced poly- ,~ 
merization of styrene in toluene "~ 
solution; experimental conditions ,~ 2 

same as in Figure 2 

i 

0 50 100 

Styrene concentration, mole % 

molecular weight by addition of toluene was similar in both 'dry '  and 'wet '  
systems. Table 1 summarizes these results. The apparent G~ value was 

Table 1. Radiation-induced polymerization of styrene in toluene solution* 

Code Water conc.Styrene conc. Total dose Yield M n G ( - -M)~ Gi~ 
mole / l. mole / l. M r  % 

105 none~ 100 0"0762 26-3 42000 34400 86"5 
102 none~ 58 0"0762 15"6 26400 12 400 48"6 
107 none~ 36 0"0762 12-8 16 200 6 550 42"1 
101 none~ 32 0"0762 10"9 14 800 4 960 35"2 

114 1 × 10 -z 100 8-70 19'8 39 500 227 0.600 
113 1 × 10 -s 85 8"70 17'8 29 400 176 0-627 
112 1 × 10 -3 70 8-70 17.0 20 500 141 0"720 
111 l x 10-a 55 8"70 16"7 t9 300 104 0-563 
109 1 × 10 -3 27 8"70 11'4 8 400 44 0-552 

*Temp., 24°C. Dose rate 3 170 r /min.  
"tOvcrall G value absorbed in solution per 100 eV. 
/;Based on the assumption that (Gi)a,pp" ion equals (Gi)app. radical" 
~Na-K drying. 

much higher in a 'dry '  system than a 'wet '  system, and the G~ of the former 
decreased with decrease of styrene concentration. Figure 4 represents the 
cffcct of toluene concentration on the rate of polymerization in samples 
prepared by the barium oxide drying method. Although the conditions 
such as temperature and dose rate were different from those of the N a - K  
drying method, the rate of polymerization in this case was not lowered by 
the addition of about 40 mole per cent of toluene. Because of the different 
nature of the results obtained with the two drying agents, the dependence 
of the rate of polymerization on toluene concentration is not clear. How- 
ever, the molecular weights attained under the two drying conditions are in 

much closer agreement. Figure 5 shows the plots of 1/D--P against [S]/[M], 
according to Mayo 's  equation 3, from which are obtained kt~/k~-0"27 x 10 -s 
and kts/kp-O'22x 10 -s for the N a - K  drying system, while the values 
k~,,/k~=O.24x 10 -2 and kt,/k~=O'16 x 10 -2 are deduced for the barium 
oxide drying system. In the system dried normally, in which a radical 
mechanism proceeds, Mayo plots based on Figure 3 give ktm/kp-0"27 x 10 -~ 
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3- ,  Figure 4 - -  Radiation-induced 
polymerization of styrene in 
toluene solution. Temp. 10*C. 
Dose rate 583 r/min. BaO dried. 

O Rate, [] Molecular weight 

and k tdkp-0"36  x 10 -2. In the catalytic polymerization, the chain transfer 
constant to toluene was estimated to be kt,/k~,-1 x 10 -3 for stannic tetra- 
chloride ~ (cation), while kto/kp-3  x 10 -~ for azobisisobutyronitrile (radical) ~. 
Figure 6 shows the effect of methylene chloride on the rate of poly- 
merization. The drying of methylene chloride by N a - K  alloy did not  
change the rate of polymerization; however, drying by barium oxide 
enhanced the polymerization remarkably. It  seems that the dependence 
of rate and molecular weight on monomer  concentration is different i~ 
the 'dry '  and 'wet' systems. The solution polymerization mechanism in a 
'wet'  system, which proceeds by a radical mechanism, has already been. 
analysed kinetically in detail by Chapiro et all On the other hand, a 

i 

10! 

× 0"5 

I I 
0 1 2 

[s]/M 
Figure 5--Relationship between degree of polymeriza- 

tion and monomer concentration. Experimental con- 
ditions same as Figure 3 and Figure 4. 0 Na-K drying, 

O BaO drying 
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Figure 6--Rate of poly- 0.015 c -[ merization of styrene in 
-.. CHzC12. Temp. 10*C. O 

BaO drying (HaO cone. 
none); dose rate 583 

3.010 ~,. r/min. [] Normal dry- 
ing (1-120 cone. 1 × 10 -s 
mole/L). Dose rate 467 

3.005 r/min 

Styrene concentration, mote "/. 

kinetic analysis is ditficult for the 'dry '  system, because of poor reproduci- 
bility. Figure 7 shows that molecular weights decreased with increase of 
methylene chloride in a 'wet'  system, whereas the opposite effect occurred 
in a 'dry '  system. These results are summarized in Table 2, Stannett et alJ 
have reported that the rate of polymerization in the styrene-methylene 
chloride system at - 7 8 ° C  is enhanced by drying, and we have obtained 
similar results. Figure 8 shows the effect of water on the rate of polymeriza- 
tion in methylene chloride solution at - 7 8 ° C .  The initial rate of poly- 
merization in a 'dry '  system is twice as large as that obtained in a 'wet'  

0 

0 0 0 

1 1 

/ 0  
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50 

Styrene concentration, mole % 
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Figure 7--Polymerization of styrene 
in CH2CI 2. Temp. 10°C. O BaO 
drying (H~O cone. none). Dose rate 
583 r/min. [] Normal drying (H~O 
cone. 1 × 10 -2 mole/L). Dose rate 

467 r/rain 



K. UENO. K. HAYASHI and S. OKAMURA 

Table 2. Radiation-induced polymerization of styrene in methylene chloride solution* 

Code Water cone.Styrene conc. Dose rate Yield % G (--m)~f Mn Gi ~pa.:~ 
(mole~L) (mole%) (r/rain) 

154 nonel N 100 583 19"8 15 500 49 000 32"8 
151 nonel~ 58"2 583 31-2 15 400 68 000 21"4 
155 none~l 57"0 583 25-6 15 200 63 000 25"2 
152 nonel[l 43"3 583 8'68 4 040 69 000 6" 11 
153 nonelll 30' 1 583 7"25 1 980 65 000 2'92 

182 1 × 10 -3 100 467 3'65 287 76 800 0-39 
185 1 × 10 -s 56.3 467 11"9 570 36 800 1-61 
187 1 x 10 -s 35.6 467 12.9 410 24 800 1.72 
190 1 × 10 -s 12.2 467 16.6 190 17 800 1-10 

*Temp. IO°C. 
~'Ovctall G value absorbed in solution per 100 eV. 
:~Based on the assumption that (Gi)app. ion equals (Gi)app. radical" 
~Barium oxide drying. 

2O 

c- 
o 
u10 

10 20 30 40 50 60 70 80 
Time, rain 

Figure 8--Effect of water on the polymerization of styrene 
in CH2CI 2 at -78°C. Dose rate 2-0× 104 r/h. Styrene 
cone. 3"28 mole/1. H~O cone. © <Z5Xl0 -5 mole/L, × 
2×10 -s mole/L, A 2×10 -2 mole/L, [] 1×10 -z mole/1. 

system, bu t  in each case the rates decreased with the progress  of po lymer iza-  
tion. Exper imen t s  in a ' d ry '  system in methylene  chlor ide  showed very 
good  reproducibi l i ty .  W a t e r  concentra t ions  exceeding 2 x 10 -s mole/1,  d id  
no t  fur ther  affect the  ra te  of  polymer iza t ion ,  because  the solubi l i ty  of  water  
at  - 7 8 ° C  is very small ,  the excess water  adher ing  to the  uppe r  glass wall .  
Figure 9 shows the molecu la r  weights of  the  po lymers  ob ta ined  in the 
exper iments  of  Figure 8. The  molecu la r  weights a re  generaUy sl ightly 
h igher  in the ' d ry '  systems than  in the 'wet '  systems. Therefore  it is 
apparen t  that  the increased  ra te  of po lymer iza t ion  in a ' d ry '  system can be 
a t t r ibu ted  to  an  increase  of ini t ia t ion efficiency. The  chlor ine a tom content  
of the  po lymer  ob ta ined  in the s ty rene-methy lene  chlor ide  system was 
de te rmined  by  ac t iva t ion  analysis  and  the results  are  shown in Table 3. 
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Figure 9--Effect of water on the polymerization of styrene 
in CH2CI s at -78°C. Dose rate 2"0×104 r/h. Styrene 
cone. 3"28 mole/1. H~O cone. © < 5 × 1 0  -6 mole/L, × 

2× 10 -3 mole/L, A 2× 10 -3 mole/L, [] 1 × 10 -1 mole/l. 

Table 3. Chlorine contents in polymers prepared in methylene chloride* by activation 
analysis method 

Code Temp., °C Styrene Dose rate Total dose 
mole fraction r / min M r  

141 --78 0"36 300 0"360 
143 --78 0"38 300 0"435 
151 10 0"58 583 0"126 
155 10 0'57 583 0"126 

No. of CI atoms 
Yield G (- -m)  M n per I g o[ No.  o[ C1 atoms 

% sample per chain 

13"0 1 4 8 0  113 0 0 0  2"5 x 10 -5 2"8 
16"1 1 700 125 000 0"95 × 10 -6 1"2 
31"2 15 400 68 000 4-2 × 10 -6 0'29 
25"6 15 209 63 000 4"5 × 10 -6 0'28 

*Barium oxide d r y i n g .  

The  chlor ine  content  of the  p o l y m e r  ob ta ined  at  r oom tempera tu re  was  
very small ,  bu t  for  the po lymer iza t ion  a t  low tempera ture ,  chlor ine  a t o m s  
between one and three were found to be incorpora ted  for  the p o l y m e r  
molecule.  

D I S C U S S I O N  

I t  seems that  solut ion po lymer iza t ion  in a ' d ry '  system a t  r o o m  t empera tu re  
proceeds  by  a cat ionic  mechanism.  Methy lene  chlor ide  has  a high die lec t r ic  
cons tant  and  is sui table  for  a ca t ionic  po lymer iza t ion ,  while toluene has  a 
low dielectr ic  constant  and  a s imi lar  molecu la r  s tructure to that  of  Styrene.  
Methylene  chlor ide  and  to luene have  different effects on the  p o l y m ~ z a t i o n .  
A t  first, the effect of  methylene  chlor ide  is discussed.  In  the  p rev ious  
papeP,  the po lymer iza t ion  mechan i sm was descr ibed  as  cationic.  I f  the  
p ropaga t ing  ion is anionic ,  methylene  chlor ide  te rminates  po lymer iza t ion  
or  decreases  the rate  by  chain  transfel  "8. The  effect of  traces of  wate r  as  
shown in T a b l e  2 is s t rong evidence for a ca t ionic  mechanism.  Methy lene  
chlor ide  increases  the: ra te  of  po lymer iza t ion  and  molecu la r  weight.  Such 

1457 



K. UENO, K. HAYASHI and S. OKAMURA 

behaviour is analogous to that found in conventional cationic polymeriza- 
tion. According to Maekawa and Hayashi ~, about two chlorine atoms are 
introduced into the polymer by chain transfer in the 'wet'  styrene-- 
methylene chloride system irradiated at 60°C. On the other hand, in the 
present work with a 'dry'  system, chlorine atoms were not found in the 
polymer at room temperature, so this indicates a difference of polymeriza- 
tion mechanism. 

Secondly, the styrene-toluene system is considered. To determine the 
exact role of chain transfer, the Mayo equation is used, 

1 ~ k ~  [M] + kt,  [S] + k,~ [X] (1) 
D P kv [M] 

where kt~, kts and ktx denote the rate constant of monomer transfer, solvent 
transfer and impurity transfer respectively. From the results of the previous 
paper 1, kt,~ ,[M] + k,, [S] >~ ktx [X], so that, approximately, 

1 = kt___v_~ + .kt, [S_____~] (2) 
DP kp k~ [M] 

k~ /k~-0 .25  x 10 -8 and ku/kp-O'19 x 10 -8 are evaluated for a 'dry'  system. 
Thus, the lowering o f  molecular weight in toluene solution should be 
attributed to chain transfer to toluene. 

The authors wish to express their gratitude to Professor I. Sakurada for 
his kindness in giving us the opportunity to carry out this study at the 
Osaka Laboratories, Japanese Association for Radiation Research on 
Polymers and to Dr FL Williams, University of Tennessee, for the helpful 
discussion of these works (Parts 1-IV). 
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A Comparison between Real Polymer 
Dimensions in Solution and the Behaviour 

Predicted from Models 
A. J. HYDE 

The variation o/polymer coil dimensions with numbers of bonds in the chain 
/or real polymers in solution is compared with the behaviour predicted by 
lattice random walk models. There appears to be agreement between one/orm, 
predicted by two independent method¢ /rom models, and the real behctviour o/ 

polymers. 

IT HAS been suggested, on the basis of Monte Carlo sampling of self- 
avoiding walks on two and three dimensional lattices 1, 2, of exact enumera- 
tion of short self-avoiding walks on the same lattices 3, ', and on the basis of 
a recent self-consistent field treatment S, that the mean square end-to-end 
distance (R  e) of such walks has the form 

<R~) = A n  T M  

( ~ 0 " 2  for three dimensions and ~--~0.5 for two dimensions). 
On the basis of more recent Monte Carlo calculations ~,7, Marcer has 

suggested that for three dimensions a more probable behaviour is given by 

(R~)  = kn in n 

The exact enumeration data for small walks may be fitted very closely oy" 

(R~) =k '  (n+ 1.02 n log n) 

but this expression would not be expected to remain correct for large values 
of n. 

It is of interest to compare this suggestion with Rubin's ~ predictions of 
upper bounds for the limiting behaviour of self-avoiding walks in several 
dimensions. Rubin 's  upper bound for n + 1 dimensions seems to approxi- 
mate the limiting behaviour for n dimensions. 

Marcer's suggestion is also to some extent compatible with the decreasing 
values of • obtained from the Monte Carlo experiments as progressively 
larger walks on three dimensional lattices were examined 1,2. It was thought 
that it would be instructive to compare the predicted forms of behaviour 
of (R  2) with some accurate experimental data 10, 11 on the behaviour of 
(R~)---or to be more precise <S~), the mean square polar radius of gyration 
- - f o r  polyvinyl acetate and poly(2-vinyl pyridine). 

T H E O R E T I C A L  B E H A V I O U R  

Curves of (R2) versus n are shown in Figure l for the relationships 
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Figure 1--<R2> versus n. 
<R~)=n1+e; I, c=0"25; II, 

~=0"20; V, c=0"08; VI, ~=0; 
III, <R~'~=n In n; IV, <R25= 

n + 1-02 n log n 

<R~>=kn 1+~ (with c=0"25, 0.20, 0"08 and 0"00), <R2>=k'nlnn, and 
<R~> = n +  1.02 n log n. 

Over a large part of its range relevant to practical polymer sizes n log n 
may be approximated by na with /3 being about 1.16 for low values of 
n and decreasing to 1-12 for large values of n. Corresponding log<R~> 

Figure 2--log <R~ versus log n. 
i, <~,,=.1=; n, <~p=. lnn; '~ '4  

m, <R~=nl~; IV, <R~---. 

I 
II 

III 
IV 

E f [ l I I 
2 4 6 

tog n 

versus log n curves are shown in Figure 2. 
R ~ In many respects, however, the behaviour of < ~> as a function 

of n is a largely academic problem. The quantity related to the 
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linear molecular dimensions which is most easily measured (by light 
scattering methods) is (S~>z, the Z average mean square polar radius of 
gyration. It is therefore of interest to examine the behaviour of (S~> as a 
function of n. For a coil obeying the relationship (r~ij>=k [ i - J  ] I+L 

k n ~+~ <R~> 
<sb= 

(2+e) (3+~) - ( 2 + 0  ( 3 + 0  

A more realistic expression for <R]j> has also been used 12' a3 namely 

= k "  I i -  ] [ ~+"n *-v 

For this expression 
k'.~+, <R~,,> 

<~> = 
(2+v) (3+v)  (2+v) (3+v)  

If < ~ j > = k ' " ] i - j l l o g l i - j  I then, from the second term of the angular 
light scattering function P (0) for such a coil, 

~$2> = (6n log n - 5n)/36 

(assuming a Gaussian distribution for the rijs). Curves of (S 2) as a function 
of n are shown in Figure 3 for some intersegment distance relationships in 
Figure 1. 

3x10 6 

10 6, 

I 

II 

i0 . . . . .  3x 5 ' 6x10 ~ 9x10 5 
n 

Figure 3--<S"> versus n. I, <$2>= 
nlZ~/3"25×2"25; II, ( S ~ ) = ( n l n n  - 

-5 /6)6 ;  III, (S~)=n/6 

In order to evaluate values of ~ from experimental results, plots of 
log (S ~> versus log n are usually plotted and the slope of  the line measured. 
Curves of this type for the theoretical relationships are shown in Figure 4. 
The curves for (S~ OZ n 1+" are naturally straight lines. 

The log/log plot for Marcer's relation is seen to be concave towards the 
log n axis. 

E X P E R I M E N T A L  B E H A V I O U R  
The experimental curves 10.11 o f  <S ~) versus M are convex towards the 
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Figure 4--1og (S 2) versus log n. I, 
(S2)=(nlnn-5n/6)/6; II, (S~>=nX'251 

3.25×2"25; III, (S~)=n/6 

I0 

A 
e~ 

o ~ 

-- 5 

I ~  I L I i I i I 
2 4 6 8 

log n 

molecular weight axis. Curves of log ($2) versus log M appear linear--it  is 
just possible that they are slightly convex towards the log M axis--  
indicating a relationship between (S 2) and M of the form 

(S 2) = kM a+" (0 < • < 1) 

For  polyvinyl acetate in methylethyl ketone •=0 '16 ,  for poly(2-vinyl 
pyridine) in ethanol and an n-heptane-n-propanol mixture, e=0"25 and 
008  respectively--as determined from least mean squares straight lines on 
the log (S 2) versus log M plots. 

D I S C U S S I O N  
The relation ~R2)=kn in n was suggested from Monte Carlo sampling 
on very long lattice walks. The other methods of deriving such relations 
involve exact enumeration and evaluation of the relevant average property 
of all walks up to twelve or more steps 3 or a self-consistent field treatment 5. 

It  is of interest to examine the n log n relationship in the light of Fisher's s 
analysis. In order to estimate a value of T (for the relationship ~R~n)= kn% 
where T = I + E ) ,  the ratio ~R~+I)/~R2)=~ is found and from this the 
value of T , = n  ( ~ - 1 )  is obtained. The limiting value of T~ as n ~ ~ is 
required. Fisher and I-Iiley 3 suggested that the behaviour of T~ was given 
by T , = T ~  (1 + a/n+...). A plot of T, versus 1/n will give the value of T~ 
as intercept. 

Values of ~R2)=n log n were found for values of n up to ten and 
values of T, evaluated and plotted against 1/n. After the first two or three 
points (see Figure 5) the curve becomes linear and can be extrapolated 
towards an apparent T~ of 1.23. 

Since it can be shown that~ T~ > 1 as n > ~ for the relation 
~R~) CC n log n, values of T, for n=20 ,  100 and 200 were evaluated. The 
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Figure 5 ~  n versus 1In for Marcer's 
function 

point for 72o lay on the same straight line as tlae previous points but yl~ 
and Y~ lay off the line in a direction tending towards unity. 

Similar considerations apply to the relation 

(R~) C~ n + 1"02 n log n 

It appears that it might be hazardous under certain circumstances to 
extrapolate to infinity from only the first 15 or so points in the above type 
of analysis. The apparent value of Y~ obtained above is not too far from 
the values obtained by both enumeration and sampling techniques. 

The comparison between theoretical <R 2) = f  (N) relations derived from 
lattice walks and the experimental relations for polymer solutions would 
seem to indicate that, if the theoretical relationships have relevance to 
polymer solutions, the relation (R3)=kn 1+~ would seem preferable. E will 
be a function of solvent-polymer and polymer-polymer interaction poten- 
tials. As Fisher and Hiley have shown for the lattice model and as is well 
known for practical systems, the introduction of large enough polymer- 
polymer attractive potentials will give e=0  at the so-called 0 point for a 

polymer solution. 
Several recent papers 3.5, ..15 have indicated that the distribution of end-to- 

end distances and intersegment distances is not Gaussian, at any rate for 
e > 0, and this will affect the theories of various polymer solution properties 
(light scattering, viscosity, etc.) which depend on chain conformations and 
will have some effect on the above considerations, but until the precise form 
of the distributions is known, it is not clear what the effect will be. 

Physical Chemistry Section o[ the Department o[ Pure and Applied 
Chemistry, 

University o[ Strathclyde, 
Glasgow, C.1 

(Received February 1966) 
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Proton Acceptor Properties and 
Electrical Conductance of Deeply 

Coloured Cyclopentadiene Polymers 
J. UPADHYAY, J. B. G. WALLACE and A. WASSERMANN 

Equilibrium constants, K, of proton transfer from trichloracetic acid to deeply 
coloured cyclopentadiene polymers were measured in solvents methylene 
chloride and o-dichlorobenzene. Comparison with the results of previous 
experiments shows that the K values increase with increasing dielectric con- 
stant oJ the solvent. This is consistent with the assumption that the polymer 
trichloracetic acid adducts are ion pairs containing protonated polymer 
cations and trichloracetate anions. The results of electrical conductance tests 

confirm this conclusion. 

IT HAS been shown 1,2 that coloured cyclopentadiene polymers, P, react in 
benzene solution with acids, HB, to produce bluish-black adducts accord- 
ing to 

K 

P + H B  \ ~ Adduct (1) 

In attempting to learn something about the influence of the dielectric con- 
stant of the solvent we have measured the equilibrium constant, K, of 
reaction (1), and the electrical conductance of the adduct in solvents methy- 
lene chloride and o-dichlorobenzene. In these experiments the species HB 
and P were trichloracetic acid and two coloured cyclopentadiene polymers, 
ref. design. A and A'. 

E X P E R I M E N T A L  
Methylene chloride and o-dichlorobenzene were dried over calcium hydride 
and fractionally distilled. The purification of benzene, trichloracetic acid 
and of polymer A has been described 1,~. Polymer A" is the alcoholic com- 
ponent of polymer A and was prepared as follows. A solution of polymer 
A (0"07M) and potassium hydroxide (0-14M) in benzene, containing ten 
per cent ethanol, was left under nitrogen for 12 hours at 20°C. The product, 
precipitated with ethanol (ten volumes) contained 84"5 per cent carbon and 
8'60 per cent hydrogen; it was free of chlorine and its infra-red spectrum 
did not show the peak at 5.71/z, due to the carbonyl in the trichloracetate 
end group 1. 2. The number average molecular weight (benzene, 25 °) was 
1620+100;  the bromination indicated 20+2  double bonds of which 
(according to the electronic spectrum in Table 1) 3 to 5 are conjugated. The 
optical densities d, do and d~ [see equation (3)], back extrapolated l'z to the 
time of mixing, were measured at a wavelength close to 575m/z. The tech- 
nique of the electrical conductance measurements has been described ~. 
Molar electrical conductance, A, of the polymer acid adducts were calcu- 
lated from 
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Table 1. Electronic spectrum of polymer A" without and with trichloracetie acid 

Solute 

Polymer A' 

Polymer A ' -  
Cl3CCOOH-Adduct 

Solvent 

Cyclohexane 
CCI 4 

C 6 H 6 "  
2M in CClsCOOH 

J~m.tkx. 
(m/x) 

260 
320 

480 
575 

lO-aemax. 
(1~mole polymer-cm) 

4"1 
5"0 

4"7 
5"0 

*In methylene chloride or o-diehlorobenzene the spectra of both polymers A and At are not signlflcatltly 
altered. 

A = { K~dd,ot -- (*:po,y=~ + racid)} /C (2) 

where r is the specific electric conductance, corrected for the K values of the 
solvent of the species indicated by subscripts, and c is the concentration 
of the adduct, obtained from the stoichiometric concentration of the 
addenda with the help of the K values of reaction (1). The solvent cor- 
rection was below two" per cent and (rpolym~+ r~oid) was at the most 15 per 
cent of X~dduot. In carrying out some optical density and conductance 
measurements atmospheric moisture was excluded with the help of a high 
vacuum technique and previously ~" ~ described apparatus. The results of 
these tests were not significantly different from those of the other experi- 
ments, done in a closed system, but without a high vacuum line. The 
evaluation of the conductivity measurements (see below) requires a know- 
ledge of the viscosities, ~7, of the solvents. We found that ~? 25 ° (methylene 
chloride) is 0.00420 poise, and ~? 25-0 ° (o-dichlorobenzene) is 0"0109 poise. 

R E S U L T S  
In estimating the equilibrium constant of reaction (1) by the previously 
described 1, 2 techniques, we determined the ratio 

equilibrium concentration of adduct d - d o  (3) 
fl = equilibrium concentration of polymer do¢- d 

where d, do, and d~o are optical densities of solutions containing polymer 
and adduct, polymer without adduct, and adduct without polymer. The 
concentrations were varied in the range 10 -~ to 10 -3 M and the acid concen- 
trations in the range 10 -3 to 2 M. Plots of log/3 versus log [HB] were linear 
with slope 1.0 +0.1, which is consistent with the simple stoichiometry of 
reaction (1) and with the assumption that the ratio of activity coefficients 
yadd.ot/ye X TaB is close to unity. The log K values in Table 2 are intercepts 
of log f l / log [HB] graphs. The electrical conductance of these adducts 
studied in the solvents and in the concentration range specified in Table 3 
is due to the reaction 

K d + - -  

Adduct ~ PH + B 

where the protonated polymer cations, PH, and the trichloracetate anions, 

B, are the carriers of the current and Kd is a dissociation constant. The 
limiting electrical conductance, A0, and the Ka values in Table 3 were 
calculated with the help of Shedlovsky's method 5, using a computer 
programme. 
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D I S C U S S I O N  
The  equi l ib r ium constants  of  react ion (1) increase wi th  increasing dielectr ic  
cons tant  of  the solvent  (see Table 2) which is to  be expected  if these 
adduc t s  are ion pai rs  1, 2, having a s t ronger  e lectrostat ic  field than  the 
uncharged  addenda .  The  ion pa i r  hypothes is  is, of  course,  consis tent  

+ 
with the  fo rmat ion  of the species P H  in react ion (4). In  such cat ions  the 
posi t ive charge is spread  over  a sequence of conjuga ted  double  bonds  1' 2 
as  in au thent ic  polyenes  ~ .  The  charge dens i ty  is thus decreased,  which 
expla ins  why the d issoc ia t ion  constants ,  K,~, in Table 3 are larger  than  those 
of subst i tu ted a m m o n i u m  salts 1°, n, in which the posi t ive  charge is 
localized.  

Table 2. Equilibrium constants, K, of reactions between trichloracetic acid and 
coloured cyclopentadiene polymers, 20 ° 

Ref. design 
of polymer 

A 

A t 

A 

A'  

Solvent 

DCB* 
DCB-C6H ~ 
DCB-C~H~ 
DCB-C6H ~ 
CHoCI 2 
CH2CI 2 
CH2CI 2-C6H ~ 
CH2CI,,-C6H B 
CH2CI,,-C~H 6 
C6H6 
C6H~ 

Mol. fraction 
C6H n 

0 
0"318 
0"562 
0"792 
0 
0 
0"205 
0"420 
0'692 
1 - 0 0  

1"00 

Dielectric 
const. (D) 

(20 ° ) 

9"8 
7.7~f 
5"81' 
4"0"t 
9-1 
9"1 
6"7:1: 
4 . 8 ,  

3.3, 
2-3 
2-3 

NO. Of 
tests 

13 
13 
14 
8 

12 
12 
12 
13 
12 

163§ 
10 

log K 
(K in L/mole) 

2"0 _+0"l 
1-86 + 0"07 
1 "58 _+ 0'05 
1'26_+0'05 
1"95_+0"05 
1-5 _+0'1 
1.86_+0"05 
1"52 _+ 0"05 
1.28 _+ 0.05 
1.0 _+0.1 
1-15_+0.05 

*DCB denows o-dichlorobenzene. 
?These D values were estimated with the help of data in ref. 
.~Calculated from data in ref. 4. 
§See ref. 2. 

3. 

Table 3. Limiting electrical conductance, A 0 and dissociation constants Kd, of 
adducts from cyclopentadiene polymers (ref. design. A and A') and trichloracetic 

acid, 25"0 ° C 

Adduct from Solvent C°nc'C13CCOOH* A0 --log k a 
polymer (mole~L) (cm2/ohm-mole) (K a, mole~L) 

A 

A' 

o-Dichloro- 
benzene 

Methylene 
chloride 

1'135 
0.'300 
0"100 
1"100 
0"700 
0"500 
0"300 
0" 100 
0"900 

5"1-+1"0 
7"0_+1'0 
6"8-+1"0 
31_+4 
23+4 
17_+3 
11_+4 
10_+2 
18_+3 

3"1+0"2 
3'4+0'2 
3"5_+0"2 
4"3+0"2 
4"2-+0"2 
4"0+0"2 
3'9-+0"2 
3"7_+0"2 
3'7_+0"2 

*At Ieast eight cxveriments were carried out with each acid concen~xation, in which the polymer 
concentration was varied in the rage 10-'  to 10--'M. 
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Polythioacetone 
O. G. VON ETFINGHAUSEN* and E. KENDRICK 

Pure monomeric thioacetone, m.pt -40°C, has been prepared in good yield 
by thermal dissociation of the cyclic trimer at reduced pressure over a hot wire. 
The monomer polymerized spontaneously to the linear polythioacetal between 
-20°C and +20°C. The highly crystalline polymers, m.pt 120 ° to 125"C, had 
molecular weights from 2 500 to 14000. Ring opening polymerization of the 
cyclic trimer failed, and attempted copolymerizations with several polymeriz- 
able monomers were also unsuccessful. During this work, n.m.r, and mass 
spectroscopy revealed that the cyclic trimer, prepared from acetone, hydrogen 
sulphide and acid catalysts, contained small amounts of two isomers, an 

unsymmetrical cyclic disulphide and a cyclic thiol. 

BAILEY AND CHU 1 recently prepared thioacetone monomer by pyrolysis of 
allyl isopropyl sulphide and reported its polymerization to linear polythio- 
acetone of molecular weight 2 000. We have prepared substantially pure 
thioacetone monomer by pyrolysis of its cyclic trimer in vacuo. The 
monomer spontaneously gave linear polymers with molecular weights up 
to 14 000. This paper describes the characteristics of the cyclic trimers, the 
preparation and polymerization of the monomer, and the properties of the 
polymer. 

THE CYCLIC TRIMERS 
During this work it was found that the trimer prepared from acetone and 
hydrogen sulphide, using hydrochloric acid s or zinc chloride s as catalysts, 
contained in addition to I, the isomer II, and small amounts of III. 

Me 2 Me2 Mez 
s/C'~ s/C~s s/C\s 
t I I t . ~ ~ / M e  

MezC~s/CMez "MezC~'c"S Me2t'~C~ SH 
Me 2 H2 

I II 1R 

The intensities of some peaks in the mass spectrum of trithioacetone 
varied from sample to sample, and four in particular (m/e=83, 138, 157, 
188) could not be assigned to fragments derived from I (Table 1). 

The assignments shown were confirmed by precise mass measurements 
and by isotope distributions. The peak at m/e= 138 corresponds to loss 
of C6HI~ from trimer, m/e=83 to C6Hll, m/e=157 to loss of HS2 from 
trimer. The peak at m/e= 188, trimer less H2S, is indicative of a thiol 
group. 

*Present address : Erlenwcg 7, 7970 Leutkirch, Germany. 
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Table 1. Mass spectra of trithioacetone 

Relative intensities 
role Sample 1 (ZnC12) Sample 2 (HCI) Assignment 

59 39"4 37"9 74---CH s 
74 100"0 100"0 CsH6S (monomer) 
83 1 "0 1" I C6Hlz----H 
99 3"8 0"4 C5H7S 

106 0"4 0"5 Trimer--(CsH6)~S 
113 4"7 0'6 C6H9S 
116 6'4 6'4 Trimer-~sH6S 2 
133 0'8 0"8 148---CH s 
138 7"6 6' 1 Trimer~C6H12 
148 25"6 22'0 Trimer---CsH6S 
157 0"2 0'2 Trimer--HS 2 
188 1"7 0' 1 Trimer--H2S 
222 5'5 5'2 Trimer 

Table 2. MS peaks due to trimer isomers 

Peak intensities relative to m / e 222 = 100 
Sample 1 Sample 2 Sample 3 (HC1) 

Isomer Quinone 
m / e indicated (ZnCL 2) (HC1) Untreated treated 

83 II 18.7 20.4 14-7 14-3 
138 II 138.2 117.3 91.0 98.2 
157 II 4.0 4.4 4.5 3.6 
188 III 31.3 2.7 1.0 0.005 

It  was concluded that the trimer contained isomers with - -CMe2--CMe2-- ,  
- - -S - -S- - ,  a n d - - S H  groups. Hence the presence of I I  and I I I  was in- 
ferred. Table 2 shows the variation of these peaks between samples. 

T h e  mass spectrum of thioacetone monomer  showed a base peak at 
m / e = 5 9  (loss of CHs) and a parent peak intensity of 73 per cent. 

Diffusion rates were measured in the mass spectrometer at m / e  values 
222, 148, 74 and 59. These showed that, at a sample temperature of 100°C, 
thermal decomposition was not significant. At  higher temperatures thermal 
decomposition occurred, and the spectrum showed a much stronger peak 
at m / e = 5 9 .  

Metastable peaks at re~e=98.7  (222 > 148) and re~e= 37"0 (148 --->- 74) 
confirm that the m / e = 1 4 8  and m / e = 7 4  peaks are formed by ion 
fragmentation. 

T h e  major peak in the n.m.r, spectra of two trimer samples at 
T= 1-68 p.p.m. (measured from TMS internal reference) corresponded to 
the methyl groups on carbon atoms adjacent to two sulphur atoms. One 
sample showed additional peaks at 1.38 p.p.m. (singlet), 1"88 (doublet) and 
5-55 p.p.m. (quadruplet). These peaks were only just discernible in the 
other sample. The 1.88 and 1.55p.p.m. peaks were spin-coupled ( I  
approximately 3 c/s), indicating a single proton with a methyl group in 
close proximity. Structure I I I  is consistent with these observations as 
shown below. 
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c 1'68 ppm. 

e 1.38 I~Rm. 

H3C~ /CH3 
s/C...S a 5"55 ppm. 

H3C ~ I I /SH " 3 "  " /Cx.  /C... ] >  :3 c/s. 
H3C C. CH3 t 

i~ b 1.BB ppm, 

not found, probabl~, under CH 3 
peak at 1'68 ppr~ 

IV 

The  relative peak areas found agree reasonably with the proposed 
structure. 

Proton p.p.m. Area found Area expected 
a 5 '55 1-0 1.0 
b 1"88 2.7 3-0 

c [ (1.68) - -  8"0 
d / 
e 1-38 4"7 6-0 

P R E P A R A T I O N  AND P R O P E R T I E S  OF 
P O L Y T H I O A C E T O N E  

Before proceeding with polymerizat ion experiments, tri thioacetone was 

A 

A - Trithioacetone container 
B,C, D - Cord -traps 
E- Fitament 
F-  Dropping funnel 

Pump 

B C ~ 
D 

Figure /--Apparatus for the thermal degradation 
of trithioacetone 

471 



o. G. yon ETTINGSHAUSEN and E. KENDRICK 

stirred with benzoquinone to remove III, a possible source of chain 
terminating reagents, distilled and dried over alumina which reduced its 
water content to 20 p.p.m. Pyrolysis of the trimer under argon in a ketene 
apparatus ~, modified to function at 1 mm of mercury pressure (Figure 1), 
gave the monomer which collected in the cold traps as a brown liquid, or 
crystals m.pt -40°C.  The monomer polymerized spontaneously when kept 
for four hours b e t w e e n - 2 0 ° C  and + 20°C. After washing with ethanol, 
the crude polymer was taken up in the benzene and reprecipitated by 
ethanol; the overall yield from trimer being about 85 per cent. Molecular 
weights, determined in benzene solution by vapour pressure osmometry, 
are given in Table 3. 

Table 3. Molecular weights of polythioacetone 

Polymerization temperature °C Molecular weight 
20 2 500 
0 6 500 

- 10 9 200 
- 20 14 000 

The polymer was a white powder melting between 120 ° and 125°C. 
elemental analysis agreed with the required structure ---(CMer---S)n--. 

Found:  C, 48.63 H, 8-15 S, 43.28 
Calculated : 48.60 8" 15 43.25 

Its 

The reactivity of the monomer made gas chromatographic analysis ditti- 
cult. Analysis of the vapour evolved by trithioacetone, when heated in a 
silica tube in an inert gas at atmospheric pressure, suggested an optimum 
degradation temperature of between 235°C and 245"C with a monomer 
purity of 98 per cent. Byproducts detected were hydrogen, lower olelins 
and C1---C~ mercaptans. The presence of these impurities was no doubt 
responsible for the low molecular weight of the resulting polymers. No 
methane or thioketene were detected. 

The n.m.r, spectrum of the polymer showed a single peak at 
~-= 8"1 p.p.m. It  was highly crystalline. The position and the relative in- 
tensities (RI) of the lines measured from an X-ray powder diagram of an 
unannealed sample are given in Table 4 (see also Figure 2, A). 

Table 4. X-ray powder diagram of polythioacetone 

d, .4 R1 d, d Rl  d, .4 Rl  

4.70 90 1.355 30 0.902 5 
2.97 5 1.29 35 0.887 3 
2.32 10 1-17 25 0.860 10 
2.07 100 1.08 20 0.814 5 
1.77 10 1.025 3 0.787 7 
1.55 40 0.997 10 
1.47 40 0-938 20 

Attempts were made to copolymerize thioacetone with styrene, acryloni- 
trile, allyl formate, allyl acetate, methylvinyl ketone, and methylmethacrylate. 

472 



POLYTHIOACETONE 

Figure 2--X-ray diagrams of polymer with comonomers--see text 

These comonomers were added to the thioacetone monomer via the drop- 
ping funnel F (Figure 1). In each case almost 100 per cent of comonomer 
was recovered and no evidence of copolymerization detected. However, the 
presence of these comonomers reduced the crystallinity of the polythio- 
acetone as shown in Figure 2, where the X-ray diagram B is that of 
polymer prepared in the presence of methyl methacrylate; ~ ,  acrylonitrile, 
D, methylvinyl ketone; E, allyl formate; F, allyl acetate; G, styrene. 

In contrast to trioxan and trithian, trithioacetone did not undergo ring 
opening polymerization to true polythioacetone. Von Ettingshausen and 
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MarktscheffeP earlier found that treating trithioacetone with boron tri, 
fluoride etherate, and other Lewis acids, gave a few per cent of materials 
with molecular weights in the range 400 to 600, with a sulphur content of 
only 19 wt % (polythioacetone requires 43.3 per cent). Hydrogen sulphide 
and mercaptans were evolved during the reaction. This work was per- 
formed before the presence of the third isomer III was suspected. 

Later work by Burnop and Latham 6 indicates that ring opening poly- 
merization of purified trimer does not occur, and the product obtained by 
von Ettingshausen and Marktscheffel may be derived from III. 

The authors wish to thank Dr F. Marktschefjel for valuable suggestions, 
Dr S. G. Perry for the gas chromatographic analyses and Mr J. Sparks for 
X-ray diffraction measurements. 
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Communication 

Supermolecular Gels in Cellulose Nitrate Solutions 

IN FORMER work 1-s we had found that solutions of wood pulp nitrates in 
butyl acetate always contain a gel fraction of 10 to 15 per cent, depending 
on type of pulp as well as method of preparation and dissolution. Even 
for fractions, 10 to 20 per cent gel of about 20-fold molecular weight could 
be found, and obtained in spherolitelike form (Figure 1). Recently we have 

Figure 1--Spherolitelike cellulose nitrate gel (diameter about 0"5 mm, 
cf. reL 1) 

studied the gel phenomenon for the same wood pulp nitrates in acetone. 
In the following, a short preliminary account of our findings is presented. 

(1) Wood pulp nitrates (from beech sulphite pulp 'Lenzinger Buche' with 
M,o = 6 × 10 ~) prepared in the usual way 4 contain a gel fraction of 8 to 16 per 
cent which is not detected by viscometric measurements. It can be isolated 
by pressure ultrafiltration (1 to 2 atm) through sintered glass filters of pore 
size < 1/x (Schott G5f), or wet membrane filters of pore size <0-5/z 
(Membranfiltergesellschaft). The isolated gels show a reduced nitrogen 
content of about 13"3 per cent as compared with 13-8 per cent for the total 
sample. In their X-ray pictures, residues of cellulose I reflections are 
observed: beside the reflection of cellulose nitrate, we note the A~ and A5 
reflections of cellulose I, while A4 of cellulose nitrate is shifted towards 
A2 of cellulose I. Therefore, the gel particles may be residues of unreacted 
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cellulose I crystallites with intact bonding in the most strongly bonded A2 
direction s . 

Note. A referee pointed out that during nitration the trinitrate boundary 
moves through the cellulose from amorphous to highly crystalline regions. 
The surface of the crystalline domains may be nitrated, and thus the gel 
may go into solution with a cellulose I centre. This effect is possible for 
both wood and cotton cellulose. This opinion is in full agreement with 
our results. 

(2) The isolated gels can be dissolved in acetone to yield solutions with 
positive yet low second virial coefficient (B~<0"6 × 106, as compared with 
B--~107 [erg g-~cm 3] for molecular solutions). Their intrinsic viscosity is 
rather low (about 1 000 for M--~107), and depends very weakly on the light 
scattering molecular weight according to 

[*/] = 1 '09 x 1131 x M~ ~ 

The low value of the exponent suggests that the gels are rather compact 
clusters. This explains why their viscosity contribution in molecular solu- 
tions (with exponent 1) is negligibly small, and expresses itself mainly in an 
erroneous concentration. Thus, gels will cause an apparent decrease in 
[~7]. For gel-free solutions in acetone at 20°C we found K---1.4 x 1133 and 
a =  1; in the 0-solvent butyl acetate--ethanol 10:9 at 25°C, K0=8"5 x 10 -1 
and a=0"5 (c always in g/cm~). This Ko, according to the Flory theory, 
would lead to an 'unperturbed' statistical chain element Am = 147A. 

(3) In light scattering, the gels are detected by peaks in the P(O) curve, 
which may be interpreted as Mie-scattering; and by an excess scattering over 
the linear response at small angles. If the latter is plotted in the way pro- 
posed by Wesslau ~, straight line diagrams are obtained. They allow the 
determination of w~M~ (WG and MG are the weight fraction and molecular 
weight of the gels). If we assume wa=0"14 (from ultrafiltration), we can 
calculate Ma and MM (for true macromolecules), The M values obtained 
from various methods agree reasonably, as shown in Table 1 for one sample 
measurement. 

Table 1 

Wesslau plot Direct measurement 

w , %  

Macromolecules 
Gels  

M R,,4 

7× 10 z 650 
11 × 10 ~ 1 350 

M R,.4 

8--T- 
l l ' 5 x  10 ~ 2000 14 

R denotes radius of gyration. 

An approximate reduction of a Guinier plot according to the graphical 
method by Jellinek et al. 7 yields the size distribution given in Table 2. 

Table 2 

i 384 i 1 4 2 0 .  2760 i 48,5 
Wt % 79"5 10"4 8'86 1'24 
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The high radius of gyration, the relatively low intrinsic viscosity, and its 
weak dependence on molecular weight suggest for the gels a planar, disc- 
like shape, with little dependence of the ratio of the semi-axes on particle 
weight. Possibly they represent layers of cellulose nitrate chains, in which 
the glucose rings are threaded up plane-to-plane in the A~-direction (cf. the 
'radiator model' for celluloseS). 

(4) Runs in an ultracentrifuge at 180 000 g showed the gel particles as 
small peaks preceding the main peak. After some time, the gel peak was 
split into two or three subpeaks. An approximate evaluation of the gel 
peak led to MN13"2 x 106. 

(5) Preliminary experiments with cotton nitrates indicate that no, gel 
particles are present here, but rather very large macromolecules due to 
either polymolecularity or a very large molecular weight of the whole 
sample. 

Obviously, gels are typical of wood pulp nitrates. It is possible to remove 
them by ultrafiltration (glass sinter filters, however, are rapidly clogged 
thereby), or by ultracentrifugation (e.g. with 50 000 g for l h). In this way 
one may obtain strictly molecular-disperse solutions. On the other hand, 
the amount of gel found after a standard nitration may prove a new charac- 
teristic for wood pulps, important for their chemical processibility (e.g, 
for viscose production). It also may be art explanation for the old argu- 
ment about the nature of cellulose nitrate solutions: if different workers 
find macromolecules in one case, and supermolecular particles in another, 
they simply have in hand solutions with different gel fractions. In future 
work on cellulose nitrate, a check on the absence of gels especially as 
regards removal prior to investigation, appears indispensable. 

Institut fiir Physikalische Chemie, 
Universitiit Graz, Austria 
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H. TRITTHART 
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ANNOUNCEMENT 

SYMPOSIUM ON SPECTROSCOPY OF MACROMOLECaJLES 

A Symposium on the Spectroscopy of Macromolecules is included in the 
XIII Colloquium Spectroscopicum Internationale to be held at Carleton 
University in Ottawa, Canada, on 19 to 23 June 1967. Joint sponsors are 
the Canadian Association for Applied Spectroscopy and the Society for 
Applied Spectroscopy (U.S.A.). 

Papers of thirty minutes duration are now solicited and titles or requests 
for further information should be directed to: 

Mr. A. W. PROSS, 
Central Research Laboratory, 
McMasterville, Quebec, Canada. 

Abstracts should be submitted by 1 October 1966 to: 
The Secretary, XIII Colloquium Spectroscopicum Internationale, 
National Research Council, 
Ottawa 7, Ontario, Canada. 
They should be 400 to 500 words in length in one of the official languages: 

English, French or German. 
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A Polymeric Enzyme Analogue 
Based on Nicotinamide 

A. S. LINDSEY, S. E. HUNT and N. G. SAV1LL 

A polymeric nicotinamide system of defined structure and properties is 
described. Some preliminary studies of the effect of the structure of groups 
vicinal to the dihydronicotinamide system on its H-donor properties and 

particularly on the rate of H-transfer are reported. 

IN THE long view synthetic polymeric enzyme analogues possess great 
potentialities for the construction of automatic synthesizing units for the 
production of organic compounds. However, the problems which need to 
be solved are complex and they are only being examined in a sporadic way 
at present. This partly stems from the small number of investigators in the 
field and partly from the very incomplete knowledge of natural enzyme 
structures and processes now available 1. 

Recently a number of studies of the preparation and properties of 
various synthetic enzyme analogues have: been reported 2 but they have not 
included an analogue based on the nicotinamide-dihydronicotinamide 
system. Polymers incorporating the simpler pyridine-dihydropyridine 
system have, been reported, however 3. The nicotinamide-dihydronicotina- 
mide system has been established as the reactive component of coenzymes I, 
II and III (nicotinamide-adenine-dinucleotides) and is known to partici- 
pate widely in the enzymic electron transport chain 1. The theoretical exam- 
ination by the Pullmans 4 of the orbital energy coefficients for NAD 
(nicotinamide-adenine-dinucleotide) indicate it to have strong electron 
acceptor but poor donor properties since both the lowest empty and the 
highest filled molecular orbitals are relatively low lying. However, in 
the reduced form, NADH2, the values for both the lowest empty and the 
highest filled molecular orbitals are appreciably raised indicating the 
converse properties. Present views are that electrons are transferred from 
the dihydronicotinamide in the form of hydride ion (H-) with concomitant 
or subsequent proton transfer ~' ~. The transfer occurs rapidly and in a 
number of cases stereospecifically. 

As part of our studies of electron exchange polymers we have recently 
examined the problem of synthesizing a polymeric nicotinamide system of 
defined structure and properties, and the results of this work are now 
reported here. We also report some preliminary studies of the effect of 
structure of groups vicinal to the dihydronicotinamide system on its 
H-donor properties and particularly on the rate of H-transfer. 

At the outset it was established that pyridine would react with chlor- 
methylated polystyrene, pre-swollen in anhydrous dioxan to give a polymer 
of empirical structure I. This polymer could readily be reduced to the 
dihydro-derivative and was then able to reduce methylene blue and thionine 
to their leuco forms and p-benzoquinone to quinol. 
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I R=H 

II R =CONH 2 

Nicotinamide also was found to react quantitatively with chlormethylated 
polystyrene to give a polymer of empirical structure II. Conversion to the 
dihydronicotinamide form on sodium dithionite reduction was confirmed 
by examination of the infra-red absorption spectra~ of the polymers and of 
the corresponding N-benzyl nicotinamide and dihydronicotinamide com- 
pounds. Previous work has established that sodium dithionite reduction of 
nicotinamide gives the 1,4-dihydropyridine derivative 7. 

The dihydronicotinamide polymer was shown to reduce thionine, methy- 
lene blue and malachite green to their respective leuco derivatives as well 
as p-benzoquinone to hydroquinone. Experiment also indicated that the 
dihydropolymer would reduce anthrone and indophenol but side reactions 
complicated the course of the reduction. No observable reduction occurred 
with azobenzene or maleic acid as substrate. 

An indication that the rate of hydrogen transfer from the dihydronico- 
tinamide polymer to the substrate is diffusion controlled, was obtained by 
comparing the rates of reduction of equivalent amounts of dyes varying in 
molecular size and in oxidation-reduction potential. A modified Thunberg 
method was used and showed the reduction rates to decrease in the order 
thionine>methylene b l u e >  malachite green. The results shown in 
Table 1 indicate that the rate of reduction is related to the molecular size 
rather than the oxidation-reduction potential of the substrate. 

Table 1 

Dye 

Em 
Maximum (50 per cent (100 per cent Time for 
molecular reduction) reduction) complete 

diameter .~ * p H =  7"O pH----O decolouration 
m V  m V  

Thionine 10"6 638 5639 30  min 
Methylene blue 11"9 118 5349 70  min 
Malachite green 14 '  1 - -  ,~ ,  7001° ca .  48  h 

*Molecule assumed planar. 

With simple N-substituted dihydronicotinamide compounds the work of 
Wallenfels and Gellrich 11 suggests that the rate of H-transfer is also de- 
pendent on the nature of the substituent. To confirm this with more 
certainty we have studied the rate of H-transfer from 1-benzyl dihydro- 
nicotinamide (Ill) and 1-(2,6-dichlorbenzyl) dihydronicotinamide (IV) 
respectively using benzoquinone as substrate. For comparison the rates of 
hydrogen transfer from Hantzsch's ester (V) to chloranil and benzoquinone 
were also measured. 
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These reactions are known to be bimolecular and to follow second order 
kinetics 12. Application of the method of Koning and van Senden 13 to our 
own spectroscopic rate data for the chloranil-Hantzsch ester reaction con- 
firmed the reaction kinetics to be second order. By rigorous exclusion of 
air from the reacting solutions reproducible values of the specific rate 
constant at 25°C were obtained giving a 'best '  value of k=1.53__+0-03 
1. mole -1 sec -1 and an average value of k =  1"57_+0.18 1. mole -1 sec -1. We 
consider this value to be more reliable than that (k=2-60+0"05  1. mole -~ 
sec -~) quoted elsewherelL By a similar procedure the specific rate constants 
for the transfer of hydrogen from Hantzsch's  ester to p-benzoquinone 
(102 k = 0.721 + 0"045 1. mole -~ sec -1) and to the tetramethyl p-benzoquinone 
(10: k - 0 . 0 4 6  1. mole -~ sec-a; t=70°C)  were determined. In the latter 
instance the transfer reaction was very slow and consequently the k value 
given has lower reliability. However, the three results together lend support 
to the view ~" that the specific rate constants vary directly with the electron 
affinity of the quinone. 

~ CONH 2 E I O O C - - ~  COOEt 

I HaC ~t<" N/u--- CHa 
R H 

Ill R : C 6 H 5 - C H  2 - -  V Hantzsch's ester 

IV R=2,6-CI2CsH3.CH z -  

We now measured the specific reaction rates of H-transfer from the 
benzyl dihydronicotinamides to benzoquinone. The general procedure of 
Wallenfels and Gellrich 11 was adopted except that phthalate buffer was 
used in preference to phosphate buffer to maintain the reaction mixture 
at p H = 7 . 0 .  This was done since Grishin and Yasnikov 1~ have shown that 
nucleophilic addition of phosphate to N-benzyl dihydronicotinamide pro- 
ceeds as a side reaction with a significant rate at p H = 7 . 0 .  However, in 
the case of phthalate the rate of addition to the dihydronicotinamide at 
p H = 7 . 0  was shown to be negligibly small. It  was necessary to apply a 
correction factor to the optical density measurements to correct for the 
increase in optical density which was observed when benzoquinone was 
dissolved in the buffer. 

The results of these measurements are given in the T a b l e  2 together with 
some of those of Wallenfels and Gellrich (starred). These results show 
that the rate of H-transfer f rom dihydronicotinamides depends on the 

Table 2 

H-donor k 
(dihydronicotinamide) H-acceptor pH I. mole -1 sec-I 

R-group at 25 o C 

Adenine-dinucleotide p-benzoquinone 70 O'023~- 
1-(2,6-dichloro)benzyl p-benzoquinone 7'0 10"7 (13-3~) 
]-benzyl p-benzoquinone 7"0 18"7 
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character of the group R attached to the ring nitrogen. However, further 
observations are necessary to decide whether the rate is influenced by 
structure in a regular way. 

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

Microanalyses were carried out by the Microanalytical Section of this 
Laboratory. Infra-red absorption spectra of solids dispersed in potassium 
chloride discs were taken on a Grubb-Parsons G.S.3 double-beam grating 
instrument; band wave numbers are correct to + 3 cm-1 except those above 
2 700 cm -1 which are correct to + 5 cm -1. 

Ultra-violet absorption data were measured by means of an Optica CF4 
automatic spectrophotometer which was fitted with a thermostatically 
controlled cell compartment. 

Melting points are uncorrected. 

Materials 
Nicotinamide--This was of reagent grade quality m.pt 133 ° to 134°C, 

v ...... 3 330, 3 120, 1 660, 1 606, 1 588, 1 574, 1 478, 1 384, 1 336, 
1 222, 1 190, 1 144, 1 115, 1 090, 1 017, 968, 934, 826, 770 and 700 cm -1. 

Nicotinamide benzyl chloride---This was prepared according to the 
literature method 1~ and recrystallized from ethanol as colourless plates 
m.pt 244°C (dec.), v ..... 3 370, 3 260, 3 120, 2 930, 2 840, 1 698, 1 650, 
1 630, 1 585, 1 500, 1 493, 1 450, 1 433, 1 387, 1 370, 1 350, 1 300, 
1 268, 1 210, 1 180, 1 135, 1 104, 1 075, 1 026, 956, 890, 840, 825, 770, 
734, 698 and 666 cm -1. 

1-Benzyldihydronicotinamide--This was prepared by sodium dithionite 
reduction of nicotinamide benzyl chloride 1~, and recrystallized from 
aqueous methanol as orange prisms, m.pt 123 °, (found: C, 72-6; H, 6-9; 
N, 13.1; CI~I-I1,N~O requires C, 72"9; H, 6.6; N, 13"1 per cent), Vm~. 
3 455, 3 250, 3 100, 2 805, 1 670, 1 630, 1 550, 1 486, 1 420, 1 363, 
1 338, 1 292, 1 214, 1 152, 1 083, 1 066, 1 023, 989, 970, 916, 869, 
847, 793,740, 718, 708 and 691 cm-L 

1-[2,6-Dich~orbenzyl]-nicotinamide bromide---This was prepared by re- 
fluxing an acetone solution of 2,6-dichlorbenzyl bromide and nicotinamide 
for two hourslL The product was washed with acetone and had m.pt 250 °, 
(found: C, 43"0; H, 3'0; N, 7-45; C13I-I~0 BrCI~N20 requires C, 43"1; 
H, 3-1; N, 7.7 per cent), v .. . .  3 340, 3 285, 3 080, 3 045, 2 990, 2 930, 
1 663, 1 596, 1 570, 1 556, 1 486, 1 454, 1 424, 1 394, 1 372, 1 310, 
1 260, 1 174, 1 125, 1 111, 1 080, 968, 944, 895, 884, 832, 807, 763 
and 670 cm-1. 

1-[2,6-DichlorbenzyI]-dihydronicotinamide--This was prepared by alka- 
line dithionite reduction of 1-2,6-dichlorbenzyl-nicotinamide bromide 17, and 
recrystallized from methanol as yellow needles m.pt 170 ° (unsharp), 
(found: C, 55.1; H, 4"5; N, 9-9; C1, 24-8; CI~HI~CI~N~O requires C, 55"1; 
H, 4"3; N, 9"9; C1, 25-0 per cent), v ..... 3 450, ca. 3 285, 3 110, 3 070, 
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2 945, 2 805, 1 677, 1 646, 1 556, 1 450, 1 423, 1 377, 1 356, 1 320, 
1 294, 1 263, 1 217, 1 200, 1 174, 1 166, 1 072, 990, 975, 954, 925, 
900,870, 820,793,780,763,743 and 704 cm -1. 

2,6-Dirnet hyl-3 ,5-dicar boxyet  hyl- l , 4-dihydr o pyrid ine ( Hantzsch's  e s t e r ) -  
This was prepared by the standard procedure ~8 and purified by recrystalliz- 
ation from deoxygenated ethanol to give bright yellow needles m.pt 191 °, 
(found: C, 61-7; H, 7'4; N, 5"4; C~3H19NO4 requires C, 61.6; H, 7.6; 
N, 5'5 per cent), )t ...... (EtOH) 230 and 372 m/x (log E 4.19 and 3.86 
respectively). 

PolystyryImethylene chloride--Polystyrylmethylene chloride containing 
two per cent divinyl benzene was obtained in bead form (90/150 mesh size) 
from The Permutit Company Ltd, London. Preparatory to use it was 
immersed in methylethyl ketone for 24 hours, followed by slow gravity 
washes with (/) methylethyl ketone containing concentrated hydrochloric 
acid (five per cent by volume) and (ii) methylethyl ketone until the washings 
were acid-free. A sample was dried in vacuo and then analysed, (found: 
CI, 22.80; (C9H9C1), requires CI, 23-2 per cent), v ..... 3 010, 2905, 2 855, 
2 685(w), 1 598,1 496, l 430, 1 412,1 340, 1 293, 1 250, 1 207, 1 150, 
1 100, 1 006, 980, 908, 818, 734, 698 and 665 cm -~. 

Polystyrylmethylene-pyridine-N-chloride--Polystyrylmethylene chloride 
(5 g) was immersed in freshly purified dry dioxan (50 ml) for 16 hours. 
After addition of anhydrous pyridine (10 ml) the mixture was refluxed 
for 24 hours with continuous stirring. The recovered polymer beads were 
thoroughly washed first with hot then cold dioxan. A sample dried in vacuo 
was analysed, (found: C, 72'8; H, 6'4; N, 5'3; C1, 14"9; (C14H,~NC1),~ 
requires C, 72-5; H, 6"1; N, 6'0; C1, 15.3 per cent), u ..... ca. 3 330, ca. 
2 940, 1 616, 1 600, 1 473, 1 444, 1 420, 1 200, 1 140, 1 116, 1 044, 
1 012, 858,798, 768,698 and 673 cm -1. 

Polystyrylmethylene-N-1,4-dihydropyridine - -  Polystyrylmethylene-pyri. 
dine-N-chloride (2"0 g) was immersed in a solution of sodium dithionite 
(13 g) and sodium carbonate (7 g) in water (50 ml) and maintained at 80 ° 
for three hours under nitrogen with continuous stirring. The reduced 
polymer beads were reddish in colour and were washed consecutively with 
deoxygenated distilled water, 2N hydrochloric acid, distilled water and 
dioxan. A sample was dried in vacuo and analysed, (found: N, 5'2; 
(CI~H~NCI), requires N, 5"98 per cent), v ...... 3 410, 3 045, 2 960, 2 925, 
2 858, 1 633, 1 615, 1 506, 1 490, 1 455, 1 427, 1 369, 1 292, 1 258, 
l 220, 1 122, 1 084, 1 035, 949, 890, 874, 832, 805, 771 and 680 cm -1. 

PolystyrylmethyIene-N-nicotinamide chloride - -  Polystyrylmethylene 
chloride (40 g) was immersed in freshly purified dry dioxan for 16 hours. 
Nicotinamide (35 g) was added and the reaction mixture was maintained at 
reflux temperature for 24 hours with continuous stirring. The polymer 
beads were separated from the reaction solvent and well washed with hot 
dioxan. A sample dried in vacuo was analysed, (found: C, 66"1; H, 5.6; 
N, 9.0; CI, 13.1; (C15Hl~C1N20), requires C, 65.6; H, 5.5; N, 10.2; C1, 
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12.9 per cent), v~x. 3 200, 3 090, 2 910, 2 845, 2 080, 1 685, 1 500, 
1 438, 1 383, 1 282, 1 248, 1 194, 1 175, 1 113, 1 076, 1 040, 1 014, 
890, 870, 820, 751,703 and 673 cm-1. 

Polystyrylmethylerte-N-1,4-dihydronicotinamide Polystyrylmethylene-N- 
nicotinamide chloride (1 g) was immersed in a solution of sodium dithionite 
(5-2 g) and anhydrous sodium carbonate (2'6 g) in water (30 ml) for three 
hours at room temperature. The reduced polymer beads were orange in 
colour and after filtration under nitrogen were washed with oxygen-flee 
water until the eluate was neutral. A sample was dried in vacuo and 
analysed, (found: C, 71"1; H, 6'2; N, 8"4; CI, 06; (Cl~H17N~O), requires 
C, 74"7; H, 7"1; N, 11-6; C1, 0"0 per cent), v .... 3 340, 3 180, 3 050, 
2 900, 2 835, 1 680, 1 630, 1 546, 1 507, 1 440, 1 350, 1 283, 1 250, 
1 172, 1 110, 1 072, ca. 1 027, 1 007, 886, 868, 812, 747, 670 cm -1. 

Reduction o] p-benzoquinone by means of polystyrylmethylene dihydronico- 
tinamide 

Resublimed benzoquinone (100 m g ) i n  AnalaR dioxan (70 ml) was 
refluxed with the dihydronicotinamide polymer (4 g) under nitrogen for 
seven hours. The mixture was filtered hot and the beads washed with hot 
dioxan (2 x 20 ml). Evaporation of the dioxan under reduced pressure 
afforded needle crystals of hydroquinone (80 rag), m.pt and mixed m.pt 
172 ° and confirmed by comparison of the infra-red spectrum with that of 
an authentic specimen. It was noted that benzoquinone refluxed with wet 
dioxan yielded some quinhydrone, i.e. partial reduction occurred, but 
this was not observed under anhydrous conditions. 

An attempted reduction of maleic acid by means of polystyrylmethylene 
dihydronicotinamide under anhydrous conditions led to the recovery of 
fumaric acid as sole product. 

Reduction of dyes by means of polystyry[methylene dihydronicotinamide 
The aqueous dye solution (0"01M; 20 ml) was placed in a Thunberg 

tube and AnalaR dioxan (5"0 ml) added. The freshly reduced moist 
dihydronicotinamide polymer (=0-5g dry polymer) was placed in the 
stopper cavity and the Thunberg tube was immediately evacuated. Each 
reduction experiment was run in duplicate. The evacuated Thunberg tubes 
were attached to a rotating clamp ( ~  5 rev/min) which was housed in an 
oven thermostatically controlled at 80 ° + 1 °C. The time required for com- 
plete decolouration was noted. Duplicate experiments gave times in good 
agreement. Blank runs, carried out at the same time, showed no reduction. 
The results have been given in Table 1. 

Kinetic measurements using Hantzsch's ester as hydrogen donor 
The rate of the reaction between Hantzsch's ester and substrate at 

25°C was determined by measuring the decrease with time in the absorption 
intensity at a suitable wavelength (see Table 3) of a solution containing 
equimolecular amounts of the two reactants. Anhydrous AnalaR benzene, 
which previously had been boiled and allowed to cool under nitrogen, was 
used as solvent. The reactants were separately recrystallized from this 
solvent and dried 24 hours prior to use. 
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The initial erratic results for the value of k were ascribed to traces of 
oxygen. However, by carrying out all the preparations and transfers of solu- 
tions within a 'dry nitrogen (oxygen free) box' reproducible values of 
k were obtained. By applying the method of Koning and van Senden" to 
the data obtained in the case of chloranil the order of the reaction was 
calculated to be 2"03, i.e. second order. 

Table 3 

Measure- 
ments Total time % ll~k 

Components Concentration made at observed completion I. mole -~ t° C 
M h • min o] reaction sec -~ 

Hantzsch' s ester 
tetrachloroqui- 2"85 × 10 -5 3 950 130 78 153 _+ 3 25 
none (1 : 4) 

Hantzsch's ester 
benzoquinone 6'32X 10 -3 4 125 183 43 0"72_+005 25 
(1 : 4) 

nantzsch's ester 
tetramethyl- 8"42 X 10 -3 4 150 366 7 0"046 70 
quinone (1 : 4) 

Kinetic measurements using 1-benzyl- and 1-2,6-dichlorbenzyl-dihydronico- 
tinamides as hydrogen donors 

Hydrogen transfer reaction rates at 25°C were determined spectro- 
metrically by observing the change in the absorption intensity at 3 600 A 
during the course of the reaction ~1. As in the previous kinetic experiments 
all preparation and transfer of solutions were carried out in a dry box 
with a nitrogen atmosphere. Solutions were prepared of benzoquinone 
in aqueous methanol (1: 1), and of the benzyl dihydronicotinamide in 
aqueous methanolic (1: 1) 0.014 M phthalate buffer (pH--70). The 
reaction was made pseudomonomolecular by adding a suitable quantity of 
benzoquinone solution from a hypodermic syringe immediately prior to 
commencement of the spectrometric measurements, so as to ensure that 
the quinone was present in approximately tenfold excess. 

Table 4 

Total time % k 
Components Concentration observed completion l. mole -1 t°C 

M rain of  reaction sec -j 

l-Benzyldihydronicotinamide 0"296X 10 -4 8 95 18"7_+0"5 25 
benzoquinone (1:4) 2"78 × 10 -I  

1-2,6-Dichlorbenzyl- 11 94 10"7_+ 1"3 25 
dihydronicotinamide 0"543 x 10 -~ 
benzoquinone (1:4) 4"23 X 10 -~ 

C O N C L U S I O N S  

(1) A polymeric dihydronicotinamide can function as a hydrogen transfer 
agent and can be used to reduce: substrates such as dyes and benzo- 
quinone. 
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(2) The  rate of hydrogen transfer f rom the polymer is probably  diffusion 
controlled. 

(3) The rate of hydrogen transfer f rom the monomer ic  N-subst i tuted 
dihydronicot inamides  is dependent  on  the nature  of the subst i tuent  
group. 
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Estimation of Unperturbed Polymer 
Dimensions from Viscosity Measurements 

in Non-ideal Solvents 
J. M. G. COWIE 

A critical examination of several graphical methods for obtaining unperturbed 
polymer dimensions from viscosity measurements has been made. The relative 
merits of each are discussed and a modified form of an equation proposed by 
B.ohdanecky is presented. It is suggested that three of the equations be used 

a complementary fashion to obtain accurate estimates of (-R~)V 2 in from dGlla 

in non-ideal solvents. 

RECENT advances in the preparation of stereoregular polymers have stimu- 
lated the need to characterize their microtacticity and fine structure. It is 
of considerable interest, therefore, to derive information about the dimen- 
sions of a macromolecule in the absence of both inter- and intra-molecular 
interactions, such conditions being obtained when a polymer is dissolved in 
a theta solvent. However, as an ideal solvent is not always readily available 
and as certain stereoregular polymers have a tendency to crystallize out 
from poor solvents, techniques must be sought whereby the unperturbed 
dimensions may be obtained from measurements in non-ideal solvents. 

Several graphical procedures have been proposed which require know- 
ledge of the intrinsic viscosity of polymer fractions of known molecular 
weight. Flory, Fox I and Schaefgen were the first to put forward such a 
method; their equation was 

[~]2/3M-~/3 = K"o/3 + K~3C, fM [v/] -1 (1) 

and extrapolation gave K20/~ as intercept from which the unperturbed root 

mean square end to end distance {R~0) I/~ could be obtained using 

- - 2  3 "~ Ko = ~P~, [(R~)/M] .- = dp,,A:~ (2) 
where q~ = 2-87 × 1021. 

The relationship was found to be useful for only a limited number of 
systems" and several alternatives have been suggested. A modified form, 
which was applicable to polymers dissolved in 'good' and 'poor'  solvents, 
was proposed by Kurata and Stockmayer 2 and was based on the solution 
theory of Kurata, Stockmayer and Roig ~. The relationship 

[~?]2/3M-1/3 -- K"o/3 + O. 363 ~,,B [g (a,) M -','3 [~?]-' ;~] (3) 

requires an initial estimation of K0 by assuming g (o~0 = 1 from which values 
of [~/]0. a,~ and g (a,) can then be obtained; subsequent replotting of the 

* I s s u e d  a s  N.R.C. No. 9233. 

487 



J. M. G. COWIE 

data gives an accurate Ko. Here a~ = ([r/] / [r/]o) x/3, g (oz,) = 8o? (3a~ + 1) -a/2 
and B = f i / d m  2, where/3 is the binary cluster integral, and c m  is the molar 
weight of a chain 'segment'. 

A much simpler form was proposed by Burchar&, and by Stockmayer 
and FixmanS; the latter authors suggested the equation 

[~/] M -1/2 = Ko + O. 5 lc~oBM ~/2 (4) 

would be useful for all solvent-polymer systems, and this has indeed been 
one of the more successful relationships. The main weakness of equation (4) 
is that it is based on a closed expression for a 3 and the assumption that a 
similar expression will hold for a3 This is apparently inadequate at high rl" 

a~ and results in a non-linear plot when a~ exceeds ~ 1-5. It is important, 
therefore, that a sufficiently wide range of molecular weights be examined 
so that an extrapolation can be made which does not result in an over- 
estimation of Ko. 

Inagaki, Suzuki and Kurata G have attempted to obtain a linear plot by 
using the Ptitsyn-Eizner equation relating a to z, the excluded volume 
parameter. They arrived at 

[rl]~lSM-2i5 = 0"786K'0/~ + 0"950K4/SUI3M~/3 (5) 

where k=0 .33B [M/<R2>o]3i 2 and B has now been defined above. The 
authors point out that their relationship can only be expected to afford an 
accurate value of Ko in systems for which o~ > 1.4, and as such will be 
complementary to equation (4). The plots obtained were linear except at 
low ot where an upward curvature was encountered. 

While Inagaki et al. used an expression valid for high ot in order to 
obtain a linear plot, Bohdanecky 7 proposed that the molecular weight 
dependence of the second virial coefficient should be considered. Starting 
from a semi-empirical equation derived by Krigbaum s 

[~/] M -'/~ =Ko + 5 x 10-3Afl~/~12 (6) 

he arrived at the relation 

[~/] M -li2 = Ko + 0"762Kokm°MTI ~° (7) 

This was accomplished by using the modified Flory-Orofino expression 
relating A2 and z, from which equation (7) can be obtained using a graphical 
approximation for z > 0"5. This form was found to give Ko values which 
were too low and experimental evidence led to the modification 

[7/] M-II  2 = 0.8Ko + 0.65Kokm°M 7/2° (8) 

A somewhat different approach has been made by Cornet 9 who recently 
advanced a method of obtaining (R29)~/2 which appears promising. He has 
shown that by determining the critical concentration in a plot of log ~/ 
against log C for a polymer of known molecular weight, (R~)~i 2 can be 
calculated from 

(R~0)'/~ = 2-84 x 10 -s (MIC~)z/3 (9) 

where C¢,. is the critical concentration, defined as the concentration at which 
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log ~ ceases to curve and becomes a linear function of log C. At this point 
it is assumed that the solution is sufficiently concentrated for the polymer 
molecules to adopt their unperturbed configuration. The results obtained 
are in good agreement with experimental results and the method has the 
added advantage that only one sample is required, in theory, for a 
determination. 

A P P R A I S A L  OF T H E  R E L A T I O N S H I P S  
It has been shown that equation (l)  is not generally reliable 2, and as 
equation (3) requires successive approximations before suitable K, values 
are obtained, neither will be considered further here. For the purpose of 
comparing the relative merits of each equation, six polymer-solvent systems 
ihave been chosen for which data in both non-ideal and theta solvents, 
measured at the same temperature, are available. 

"i"' 1"5 

"~ ~'0 

i /  l I I 

1 - 0 1 - . / , - /  

I I I 

i 

4 . o  ~ / 

5 6 

~- i i I I I I I 
5. 10 15 5 10 15 

102M 1/2 
Figure / - -Plot  of [~] M-12 against M 1'2, equation (4), for various systems. 

Numbers correspond to systems in Table 1 

The results, plotted according to equation (4), are shown in Figure 1. It 
can be seen that in the four examples for which u lies between 0.7 and 0.8 
the lines start to curve around Mw ~-~ 106. Here v is the exponent in the 
Mark-Houwink equation 

[~7] =Km My (10) 

The two systems for which v < 0.7 are linear over the range examined and 
present no great problem in extrapolation. Values of Ko obtained are listed 
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Table 1. Comparison of experimental and calculated values of K o for several 
polymer-solvent systems 

Temp, K0Xl0 '  KoX10~ KoX104 KoX104 KOX104 

N o .  Po lymer  Solvent  °C  v expt .  eq. 4 eq. 5 eq. 8 eq. 23 R e f .  

1 Poly ethyl Methyl ethyl 23 0"79 4"7 4"9 4'3 3.4 4-5 (10) 
methacrylate ketone 

2 Poly a-methyl Carbon 37 0'73 7"5 7"6 7'9 6.4 7"6 (11) 
styrene tetrachloride 

3 Poly methyl Toluene 34 0.73 6"3 6"1 6'9 5'1 6"1 (12,13) 
methacrylate 

4 Poly styrene Toluene 35 0-70 8"6 8"5 8'9 7.8 8"8 (11,14) 

5 Poly methyl Methyl 34 0'68 6"3 6"2 6-4 6"i~ 6'7 (12,13) 
methacrylate isobutyrate 

6 Poly vinyl Methanol 30 0.60 9"2 8.6 9.3 9.4 9.0 (15) 
acetate 

in Table 1 and compare favourably with experimental results, the one 
possible exception being the polyvinyl acetate-methanol system. 
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~- 6 ' 0  
'~: 
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/',4 "v3 

I I I 
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Figure 2--Test of equation (5) for systems numbered as in Table 1 

The type of plot obtained using equation (5) is shown in Figure 2; these 
are linear with the exception of the polystyrene-toluene system which is 
slightly curved at high a. Results for Ke are listed in Table  1 together with 
those from equation (8), calculated from the lines shown in Figure 3. 
Comparison of graphical and experimental results indicates that agreement 
is good for equation (5), but not particularly good for equation (8) especially 
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Figure 3--Data" for systems listed in Table 1 plotted according to 

equation (8) 

at high v. This latter relationship is also invalid in a theta solvent and this 
criticism can also be levelled at equation (5). 

M O D I F I C A T I O N  OF E Q U A T I O N  ( 8 )  
It can be seen from the results in Table 1 that equation (8) is apparently 
inadequate in its present form, being both inflexible in non-ideal solvents 
and invalid under theta conditions. It was found possible to improve 
the relationship and produce a form applicable to 'good' and 'poor' solvents 
by modifying it in the following manner. 

The semi-empirical relationship derived by Krigbaum 8 has the form 

3 3,'~ A2 [ 134'~ (~..~)~.~_A M ~ (11) 
(~2)3i2=(~)3,,2 + 3 \105! 

and this can be rearranged to 

=1 + 1-263 ~ x ,A~ (12) 

The second virial coefficient A2 as defined by Zimm is 

1 
A2= -~NA B h(z) (13) 

where h(z) is a molecular weight dependent function whose form is depend- 
ent on the theoretical treatment favoured by various authors 2. By using the 
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modified Krigbaum-Flory-Orofino expression for h(z), Bohdanecky arrived 
at the relation 

z h(z) = 0479z7/TM (14) 

which is a reasonable approximation except at very low z. The excluded 
volume parameter can be defined as 

z=0"33 B x A-3MI/~ (15) 
where 

A = [(R~)/M]~/2 

and substitution of (13), (14) and (15) in (12) yields 

/ 3,2 
__~] = 1 +0.9166Z7/~° (16) 

To obtain equation (16) in terms of [7] rather than (R~)3/~ one can use the 
equation 

[ R~\ ~/~ 
in] =(P k'-~) x MI/2 (17) 

but as the statistical radius of the coil increases more rapidly than the 
hydrodynamic radius, a correction for this effect should be introduced in 
the conversion. Ptitsyn and Eizner ~6 dealt with this problem by replacing 
equation (17) with 

312 

[7] =~(E) x M 1~2 (18) 

where 
~b(~) = qb0( 1 -- 2 '63~ + 2"86E 2) (19) 

and E is given by 
R ~ = K n M  1+~ (20) 

The exponent ~ is related to e by 

v=(1  + 3E)/2 (21) 

and thus cb0=q~ (e) in a theta solvent. Equation (16) can now be recast as 

[7] q~0 [~7']0 x ~-~-) = 1 + 0"9166z 7#° (22) 

o r  

[71 q~(e) ,,. M1/2 = ~ ,~0 + 0-9166 , ,  KokVl°Mr/2° (23) 

Thus equation (23), which now has a solvent-dependent factor modifying 
Ko, will be valid in a theta solvent, unlike equation (8). The results for 
Ko calculated from (23) are shown in the last column of Table 1, and are in 
good agreement with the experimental values. 

L I M I T S  O F  A P P L I C A T I O N  

In order to establish a range of ct values in which the equations might be 
expected to hold, data for poly or-methyl styrene dissolved in toluene were 
examined. This system has been investigated 17, 18 at 30°C over a molecular 
weight range of 103 to 106 and a value of Ko = 7.68 x 10 -~ has been reported 19 
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Figure 4--Results for system poly a-methyl styrene-toluene at 30 ° 
plotted using equations (4), (5) and (8) [or (23)]. Equation (4) (3, 

equation (5) ~,  equation (8) or (23) • 

for  the  po lymer  at  30°C. In  Figure 4 are  shown the plots for equat ions  (4), 
(5), (8) and  (23); in no  case was curvature  e l imina ted  entirely. Wi th  the 
except ion  of  equat ion  (8), there  is good  agreement  between the ca lcula ted  
and exper imenta l  values of  Ko. These  are  shown in Table 2 together  with 
the range of a in which each equa t ion  was app rox ima te ly  l inear.  Equa t ion  
(23) has a lower  l imit  of a ~ l ' 2  and an uppe r  of  a ~ 2 . 5 ,  but  as it can be 
used for  theta-systems it m a y  be considered to have a slightly grea ter  range 
of  app l ica t ion  than  the o ther  equations.  

Table 2. K o values for poly a-methyl styrene in toluene at 30 ° using various 
viscosity equations. Experimental K0----768 × 10 -4 and v=0-71 

Equation K o Range o[ application 

4 7'5× 10 -4 a = l '0  ,~, 2'0 

5 7-5x 10 -4 a = l ' 2  , ~  2"5 

8 6"8x 10 -4 a = 1 ' 2  ,-~ 2"5 

23 7"8× 10 -4 a = 1'2 ~-, 2'5 
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In this respect it is interesting to note that for poly c~-methyl styrene in 
toluene, v=0-71 above M~=20 000, but below this value v decreases and 
the log i[~]/logMw plot approaches the theta line asymptotically. This is 
reflected in the line calculated from equation (23) where the points below 
a = 1 "2 curve off and extrapolate to Ko,~,7"8 × 10 ~, thus the curvature shows 
the changing value o.f ~(@/~0 (and of u) as it approaches unity. 

D I S C U S S I O N  
The results indicate that equations (4), (5) and (23) produce values of Ko 
which are within eight per cent of the experimental values and in many 
cases the agreement is much better than this. Considering the semi- 
empirical nature of the relationships, based as they are on approximations, 
the results are surprisingly good. The most likely source of error is extra- 
polation of data which do not cover the desired range of ot values for a 
particular equation, but even with good experimental results the uncer- 
tainties in extrapolation could lead to a possible error of from three to five 
per cent in Ko. For these reasons the equations should be used to comple- 
ment one another. 

As the weaknesses in the various approaches are manifest in non-linear 
plots, it is interesting to note that Baumann 2° formulated a relation, similar 
to a form suggested by Burchard 4, which was linear over a wide range of or. 
Starting from the Fixman closed expression 

a ~ = 1 + 2z 
he obtained 

(24) 

--~1 / = A s + B M  ~/2 (25) 

which produced A values in good agreement with data from other methods. 
Now both equations (4) and (25) are derived initially from (24); in the case 
of the Stockmayer-Fixman relationship it was suggested that a~, could be 
used in (24) by assuming only a change in the numerical constant, whereas 
equation (25) follows directly from the Fixman relation. This might sug- 
gest that the weakness of the Stockmayer-Fixman equation lies in the 
method of relating ot to or,. However, use of the Kurata-Yamakawa 2I 
relation o?/~--~o? only reduces the power of M in equation (4) to 0"45 and 
produces little improvement in the linearity of the plot. To obtain a power 
of M closer to that in equations (5) or (8), which are linear over a wider 
~x-range, would require the assumption that o~2~-~o? and only then is 
linearity noticeably improved. The Krigbaum relation [equation (11)] can 
also be reduced to the form of equation (4) if higher terms in the expansion 
are neglected as they have been in the derivation of (8) and (23), and also 
if the function h(z) is regarded as being unity. This latter condition is only 
true in the vicinity of the theta point, and non-ideal solvents require con- 
sideration of the h(z) term which then modifies M1/~ to M 7/2°. 

This apparently compensates in part for the neglect of higher terms in 
the a / z  expression, by producing a plot which is linear over a higher and 
wider range of oL,. The fact that curvature is not eliminated entirely but is 
only shifted to a higher value of o~,, suggests that the modification of the 
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linear o~3/z relation is inadequate; unfortunately the use of  higher terms is 
impracticable. 

The possibilities thus arise that either equation (25) is not  linear over 
a wide range of  o~, al though existing data  do not  support  this conclusion, 
or compensat ion for differences in a and o~,,, as formulated at present, is 
inadequate. The lack of suitable experimental evidence makes it difficult 
to decide which of the above proposit ions is correct, and it may  even be a 
combinat ion of effects rather than one alone. 

Most  linear synthetic polymers studied in dilute solutions conform to 
the restriction 0 . 5 ~ v ~ 0 . 8  and the equations discussed above are valid only 
in this region, with the exception of equation (4). The reasons for this 
will not  be discussed here. It  is obvious from the foregoing that equations 
(5), (8) and (23) are no great improvement  on the Stockmayer  F ixman 
relation, and that the modifications merely alter, and extend slightly, the 
a,~-range in which each is valid. Marked improvement  in equation (4) might 
be better taken care of by introduction of a quadratic term, but as this 
cannot  be done effectively, use of (4), (5) and (23) to complement  each 
other could minimize the uncertainties in extrapolation introduced by non- 
linearity. In  view of the limitations at low ~,~ in equation (5), the Stock- 
maye r -F ixman  relation is still the most  versatile form. 

The author wishes  to thank Dr S. Bywater  for helpful  discussions. 
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Polymerization of Styrene under Pressure 
G. B. GUARISE 

The pressure effect on the kinetics of styrene polymerization up to 2 650 atm 
and at 80°C has been investigated. The results obtained with benzoyl peroxide 
show that the kinetics of  polymerization under pressure [ollows the same mech- 
anism as at atmospheric pressure. The rate of  the peroxide-initiated polymeriza- 
tion depends on the peroxide concentration to the power 0"5. The thermal 
polymerization has also been examined. Activation volume values [or thermal 

and peroxide-initiated polymerization are derived and discussed. 

THE pressure is a powerful parameter for studying chemical reactions from 
the thermodynamic and kinetic points of view. 

It is well known that the dependence of the rate constant k on tempera- 
ture and pressure is : 

(Olnq =e/Rr ; [Olnk  
---o-T~] p \ o e  ] r = - A V + / R T  (1), (1') 

where E is the activation energy and AV ~- the activation volume, i.e. the 
difference in volume between the transition state and reactants. 

Here we shall deal only with the isotherm (19. 
According to equation (1') we can expect an accelerating effect of pres- 

sure on the rate of polymerization reactions. Bridgman and Conant 1 first 
observed this effect in polymerization of olefins. Further investigations on 
organic and inorganic polymerizations showed the general character of the 
pressure effect on these reactions. 

F R E E  R A D I C A L  P O L Y M E R I Z A T I O N  O F  S T Y R E N E  

Styrene has been chosen for the following reasons : 
03 the mechanism of the polymerization is well understood at atmos- 

pheric pressure; 
(ii) data regarding the polymerization under pressure are available in the 

literature and can be used for check purposes; 
(iii) both monomer and polymer are easy to handle. 

We refer to the polymerization mechanism proposed by Mayo et al5 
for the free radical polymerization of styrene at atmospheric pressure. They 
write for the overall polymerization rate : 

r~=k~, (]ka/kO [M] ~ [I] + ~,, (2) 

where [M], [I] are monomer and initiator concentrations, kv, kd, kt are the 
:rate constants for the propagation, initiator dissociation and termination 
steps respectively and [ is the initiator efficiency. We neglect termination 
by disproportionation. 

The contribution to the overall polymerization rate due to thermal poly- 
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merization corresponds to the term r~ of equation (2). In addition we 
consider 

r,, = k, (kd kt) ~ [M] 2 (3) 

where k~ is the rate constant of the thermal initiation step, and 

1 k~ kt k~ [I] (4) 
:~ = k~ + kZ~ [M] -------q r+ kp [M] 

where f f  is the average degree of polymerization and k~t, k~ are the rate 
constants for transfer reaction to monomer and initiator respectively 3' 4 

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

The reaction vessel, designed to contain pressures up to 5 000 atm, is shown 
in Figure 1. The sample holders are PTFE bottles supported with a brass 
tube. The bottles are pressurized with the pressure-transmitting medium 
(Mil. H-5606 hydraulic oil). As pressure generator and pressure gauge 
a dead weight apparatus up to 3 000 atm is employed ~. Temperature of 
the oil bath containing the pressure vessel is kept constant to i+ 0" 1 deg. C. 
Two minutes time is required to pressurize the system at 3 000 atm and 
pressure can be kept constant within less than 0-1 per cent. 

Both styrene and benzoyl peroxide are C. Erba products. Styrene was 
purified from inhibitor by distillation under vacuum at 30°C. Only the 
middle fraction of the distillate was utilized. 

Benzoyl peroxide was purified by precipitation with methanol from 
chloroform solution. 

For each set of three or four runs new solutions of peroxide in freshly 
distilled styrene were prepared. To avoid additional polymerization, the 
samples were kept in liquid nitrogen before and after the run. 

The yield of polymer was determined gravimetrically after precipitation 
of the polymer with methanol from benzene solution. 

The molecular weights were derived from the intrinsic viscosity [~7] of 
benzene solutions, using the correlation z' ~. 

PM = 178 000 [7] 1"37 

The origin of reaction time corresponds to the immersion of the reactor 
into the oil bath. In this way we include the preheating period in the 
reaction time. During this period (25 to 30 minutes), the pressure tends 
to rise owing to the thermal expansion of the pressurizing medium and a 
continuous pressure control is required. To take the preheating period 
into account, the zero point of the reaction times has been extrapolated 
in the yield versus time diagrams to zero yield. A similar procedure has 
been followed by Merrett and NorrishL 

In order to control the temperature of the sample, especially during 
the preheating period, a thermocouple (Thermocoax, Chromel-AlumeI 
1 mm diameter) was inserted into the PTFE bottle as shown in Figure 1. 

R E S U L T S  

Measurements at atmospheric pressure 
Table 1 shows the effect of the initiator concentration [I] on the poly- 
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Figure / - -Reac t ion  vessel up to 
5 000 atm; capacity 40 cm 3 

! 5cm ! 

merization rate r and the reciprocal degree of polymerization 1/P. Each 

value of r and 1 /P  derives from at least four different yield and molecular 
weight determinations corresponding to different reaction times, The results 
have been found reproducible within about three per cent. To refer to 

initial conditions, especially for f[I], the 1 / t '  values were obtained by extra- 
polating the intrinsic viscosity versus time curves to t=0 .  In these runs 
the PTFE containers were directly immersed into the oil-bath. The inserted 
thermocouple showed that the bath temperature was reached in about four 
minutes. 

Only runs with yields less than ten per cent were considered and the 
polymerization rate was calculated assuming 8 [M] = 8.17 x 10 3 mole/cm,~ 

The results reported in Table 1 differ by less than five per cent from the 
corresponding data of Bevington and Toole 9. A similar agreement with 
data of Haward and Simpson 1° was found for the [7] versus r correlation. 
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Table 1. Styrene polymerization at 80°C and 1 atm 

[1] x IO s r× 10 7 [~] 
m o l e  / c m  a m o l e  / cm a, sec  100 cm~ / g 104/f" 

0"035 0'49 1"65 3" 11 
0" 175 1 "04 1 "05 5"48 
0"351 1"36 0"82 7'66 
0"702 2'02 0"675 10"0 

The application of equation (2) to the data of Table 1 gives: 
rpt = 1.27 x 10 -8 m o l e / c m  3 sec compared with 1.25 x 10 -8, 1"09 x 10 -8, 
and 1-08 × 10 -s m o l e / c m  3 sec according to Kromolicki  ~, Haward and Simp- 
son 1°, Nozaki  and Bartlett u respectively. 

Measurements under pressure 
Results at 1 400 and 2 650 atm are plotted in Figure 3. In both cases the 

extrapolations to zero yield show a delay time of about 21 minutes. It 
is apparent that the delay time is independent of pressure. The delay time 
at 740 atm was in fact found to be the same. 

Since sample temperature versus time curves were available, we checked 
the value of the delay time with the following correlation : 

o~ o¢; 

delay t i m e =  J~ r°-rdt=ro 1 -exp R(T.o_--~o-~T)j dt (5) 
0 0 

Subscript 0 indicates conditions of steady state (80°C). 
Assuming 22 kca l /mole  for the activation energy of the overall rate 
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Fig ure  2--Polymerizat ion of styrene at (a) 1400, (b) 2650atm and 80°C. The~ 
parameter of the curves is [I] x 10 -6 mole /cm ~ 
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Figure 3--Temperature versus time for the run : P =  1 400 atm, [ i]=2'9 × 10 -6 
mole/cm 3, reaction time 4 h (not shown in Figure 2) 

constant  12 and :[M] and [I] independent  of t ime we ob ta ined  a de lay  t ime 
of about  20 minutes,  in good agreement  wi th  the ex t rapo la ted  value.  

The plots  of po lymer  yield versus reac t ion  t ime have been found to be 
l inear  up to abou t  30 per  cent conversion.  This  behav iour  has been re- 
por ted  by  Merre t t  and  Norr i sh  7 for peroxide- in i t ia ted  po lymer iza t ion  at  
60oC and by  G i l l ham a3 for  thermal  po lymer iza t ion  of s tyrene at  100°C. 

In  the corre la t ion  [~)] versus r, shown in F i g u r e  4, we chose for  [r/] the 
value at 2 h reac t ion  t ime. In  this way  the molecu la r  weight should not  be 
much affected by  the h igher  molecu la r  weight  of the po lymer  formed dur ing 
the preheat ing  time. A t  the  same t ime,  the increase in the molecu la r  weight 
noted at  h igher  yield values should  be negligible.  

Table 2. Polymerization rate r and intrinsic viscosity [~7] as functions of pressure 
and initiator concentration [I] 

r × 107 [.rl] 10 +/P 
P [M] × 103 [I] × 105 rn°le/cm3" 100 cm3/g 

a tm mole / cm 3 mole / cm 3 sec 

740 8-619 0'279 2"0l 1 "33 3"94 
1 400 8"946 - -  0"51 2-88 1"37 
1 400 8'946 0"029 1' 13 2-70 1"50, 
1 400 8"946 0"290 3'48 1'83 2"56 
1 400 8"946 0"580 4'85 1"43 3'56 
2 650 9'330 - -  1-94 3"03 1'28 
2 650 9"330 0'030 2'82 2-79 1-43 
2 650 9"330 0' 182 5'71 2-47 1"73 
2 650 9"330 0'303 7" 14 2-40 1-77 

The ca lcula ted  values of r and  [I] r epor ted  in T a b l e  2 were ob ta ined  by  
uti l izing the ( O V / O P )  da ta  for s tyrene at  60°C a~. We neglected the change 
in compress ib i l i ty  of  s tyrene in the range 60 ° to 80°C, i.e. we considered 
(OV / OP)+o°e~(OV / OP) +ooe . 
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Figure 4--1/ ' f f  versus r as a 
function of pressure at 80°C 
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D I S C U S S I O N  

D e p e n d e n c e  o f  po lymer i za t ion  rate on init iator concentrat ion 
First of all we can calculate the constants of equation (2) f rom Table  2. 

Moreover,  the exponent n of [I] can be obtained using the correlation 

log (r 2 - ~,t) = constant + 2n log [I] (6) 

The results are in Tab le  3, columns 2, 3, 4. I t  is evident that  the pressure 
does not  affect the dependence of the polymerizat ion rate on [I], at least in 
the explored range of concentration. 

Table 3. Pressure effect on rate constants 

(k ~f kd / kt) k~ / k ~ k, × 10 8 
p X 101 rpt × 108 n mole. fk a × 105 cm3/mole. 

arm cm3/mole, moleJcm 3. eq. (6) sec/cm ~ 1]sec sec 
sec sec 

1 0"85 1"27 0"48 0 ' 2 9 7  2"5 1"1 
740 1"9 2"7* - -  0 '  109 2 ' 2  1 "4 

1 400 5"0 5' 15 0"52 0"0385 1'9 1"6 
2 650 18 '0  19"0 0"51 0 0 0 8 8  1"6 4"3 

*Value interpolated according to equation (1') with AV+ =const. 
pt 

This result has been tested by application of equation (6) to the data of  
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Toohey and Weale ~ on styrene polymerization with benzoyl peroxide at 
60°C. We found n = 0 " 5 + 0 . 0 2  in the ranges: [ I ] ~ 0 - 3 5 x  10-~mole/cm 3 
and P 4 4 400 atm. An analogous result came from the data of Merrett 
and Norrish 7 at 60°C, 2 910 atm and with [I] ~ 1'13 x 10-~mole/cm 3. At 
higher initiator concentrations, n tends to diminish. According to Merrett 
and Norrish this decrease should be related to a larger increase with pres- 
sure of transfer to initiator than that of termination by coupling. Toohey 
and Weale suggest that pressure should preferably accelerate the termina- 
tion reaction with primary radicals from the initiator. 

Nevertheless from our results this effect is not evident. It should become 
important only at high initiator concentrations. The plots of Figure 4 test 
the absence of an appreciable termination by transfer to initiator, at least 
in the explored range of [I]. In fact, from the linearity of 1 /Pversus  r plots, 
we can argue that the last term of equation (4), due to transfer to initiator~ 
is negligible. 

Degree of polymerization 
In Figure 4 there is also evidence that the molecular weight of the polymer 

tends to become constant at pressures greater than 3 000 atm. The limiting 
value 1/P is about 10-' and corresponds to the transfer constant to 
monomer. This constant appears to be independent of pressure as would 
be expected from the similarity of the mechanisms involved in the propaga- 
tion and the transfer-to-monomer reactions. 

Nicholson and Norrish ~ showed that the decrease in slope of the 1 /P  
versus r plots with increasing pressure is due to the increase of viscosity 
of the medium. At high pressure the termination by coupling of radicals 
is diffusion controlled while the propagation still occurs in the kinetic 
region. 

Polymerization rate 
Analysis of the data in Table 3 shows the different effects of pressure ott 

the terms of the overall polymerization rate. At 2 650 arm the peroxide- 
initiated polymerization increases approximately fivefold while the thermal 
polymerization increases thirteenfold. 

When the thermal polymerization term is neglected in equation (2), the 
'apparent' exponent of [I] decreases with increasing pressure and 
(i) In k/OP)~ depends on [I]. 

The application of equation (1') to the overall rate constants gives~6-~9: 

AV+=AV + + AV+ / 2 -  ~V+ /2 (7) 

AV+ = AV+ + AV+, /2  (8) 

respectively for peroxide-initiated and thermal polymerization. Subscripts 
p, t, d, i, refer to propagation, termination, peroxide decomposition, thermal 
initiation respectively. 

According to equations (7) and (8) the different effects of pressure on 
peroxide-initiated and thermal polymerization can be explained when con- 
sidering the reactions which generate primary radicals in both cases. It is 
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understood that thermal initiation is due to a bi- or tri-molecular reaction 
among styrene molecules 20. For  reactions of this type we can expect an 
accelerating effect of pressure. On the other hand, the decomposition of 
benzoyl peroxide increases the number  of molecules and a retarding effect 
of pressure is likely on this reaction 2~-~. 

10 

0 

kall2 

I I t 
1 ~  2 ~  3 ~  

P, arm 

Figure 5--Rate constants for thermal and peroxide-initiated polymerization of styrene 
under pressure. • Nicholson and Norrish's values 6 for (k~/kt)~ at 30°C. Q • Values 
of kp(ki[kt)3 and k~(ka/kt){ respectively, as calculated from Toohey and Weale 15 

In  Figure 5 the rate constants for thermal and peroxide-initiated poly- 
merization are plotted versus pressure. The overall constants have been 
calculated using equation (2) from the data of Table 2. The ratio (kp/kO* 
is derived from the same data and equation (4). The kd and k~ values 
plotted in Figure 5 are also reported in the last columns of Table 3. 

Toohey and Weale's ~ data shown in Figure 5 have been obtained from 
their experimental values at 60°C by equation (2). The value of rp~ at 
1 atm and 60°C is derived from our corresponding rpt value at 80°C with 
E = 21 kcal / moleaL 

From Table 3 and Figure 5 the following activation volumes can be 
obtained : 

thermal polymerization 

peroxide-initiated polymerization 

thermal initiation 

peroxide decomposition 
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AV+t ~ - 25"8 cm3/mole 

AV + ~ - 17 cm3/mole 

AV~ ,~ - 12.6 eroS/mole 

AV + ~ + 5 cm3/mole 
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The negative value of AV + gives further evidence that the thermal initia- 
tion is a bi- or tri-molecular reaction. 

Walling and Pelion's ~ value of AV+~ is 4.8 cm3/mole for decomposition 
of benzoyl peroxide in acetophenone at 80°C, in good agreement with our 
value. 

R E M A R K S  

This work is of an introductory character to further research on styrene 
polymerization in a wider range of pressure; measurements are being carried 
out up to 40 000 atm. Some preliminary results regarding this research were 
presented at the 'Conf6rence Internationale sur les Hautes Pressions' held 
at Le Creusot, France, in August 1965 ~. 

This research is supported by C.N.R. (National Council [or Research). 

lstituto di lmpianti Chimici, 
Universith di Padova, Via Marzolo, 9, 

Padova, Italy 
(Received April 1966) 
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Ageing Effects 
Polyacrylamide 

in Measurements of 
Solution Viscosities 

N. NARKIS and M. REBHUN 

A number of effects of  solution age on viscosity were investigated. Viscosity 
and ['0] of polyacrylamide solutions decreased with time to a constant value. 
Maintaining a high temperature did not  shorten the time needed to reach the 
limiting viscosity values. It  seems that this ageing effect cannot be attributed 
to degradation effects, but is instead related to disentanglement of  the polymer 
molecules. 

I t  thus appears that suitable standard conditions should be found  for 
preparation of  polyacrylamide solutions. These conditions should also be 
applied to determinations of  [ 'o]=kML so that consistent results can be found  

by various investigators, 

As PART of an investigation of polyacrylamide molecular weights, viscosity 
was found to decrease with age for a given initial solution. This effect can 
result in a dependence of [~7] on the age of the test solution. Since, how- 
ever, the molecular weight of the polymer is given by a unique value of 
[~7], an attempt was made to find an experimental technique to determine 
the true value. 

Anomalous viscosity changes noted in tests of polymer solution viscosity 
with the aid of a capillary viscometer have been explained as being caused 
by adsorption on the capillary walls 1. 

A decrease in the viscosity of a polymer solution on standing does not 
necessarily indicate degradation. The polymer molecules can be twisted 
internally or the molecules can become entangled during formation and 
growth of the polymer. The number of entanglements can increase because 
of complications of the macromolecules as a result of motion of segments. 
This motion can also be the cause of disentanglement and separation of the 
chains in dilute solutions. If tests of the intrinsic viscosity of the solutions 
show that [7] remains constant, it is evident that the molecular configuration 
and not molecular weight has changed. 

Since the chain entanglements are a function of the size and number of 
molecules in solution, the molecular weight and concentration of the 
dissolved polymer are important factors ~. As the molecular weight in- 
creases, there is increasing probability of a large number of entanglements 
for the length of the chain 3. In addition, as the concentration increases, the 
number of chains in a given volume increases, and the chances become 
greater for molecules to become entangled in loops of other molecules. 
The degree of entanglement in the solid or liquid state is larger than for 
dilute solutions 4. 

A number of investigators 5-7 have shown that high shear rates cause dis- 
entanglement of polymer chains, either in solution or as liquids resulting in 
viscosity decrease. 

The entanglement effect may be influenced by temperature, concentration, 
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shear rate and age. This article discusses the effects of solution age and 
polymer concentration on measured viscosity for solutions of certain 
polymers. 

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

Two polymers were used, both manufactured by the American Cyanamid 
Corporation; Cyanamer P-26, polyacrylamide (molecular weight 2-24 x 105), 
Cyanamer P-250, polyacrylamide (molecular weight 1.95 x 10s). 

The molecular weights given above were calculated using the equation s 
[7]--3"73 x 10-4M °'~, in normal sodium nitrate solution at 30° +002°C as 
recommended by the manufacturer. 

Each polymer sample was dissolved at room temperature in a 0.5 litre 
calibrated flask, by gentle shaking at regular intervals. (Mechanical stir- 
ring was avoided to prevent mechanical degradation of the polymer.) The 
effect of solution age on viscosity at various concentrations and on [7] was 
checked by removing samples every few days. The viscosity of each 
sample was measured at 30°C, after which the sample was diluted in the 
viscometer for measurements as a function of concentration. 

After being stored for 57 days, the polymer was precipitated by addition 
of acetone. The sample was redissolved in distilled water to remove traces 
of sodium nitrate, and precipitated again by use of acetone. Each sample 
was finally dried in a vacuum oven at 40°C for 24 hours and dissolved in 
normal sodium nitrate solution. After three days ageing time, [7] was again 
measured. 

Additional tests were performed on a solution of Cyanamer P-250 in 
normal sodium nitrate with solution preparation and ageing at a tempera- 
ture of 55°C, under a nitrogen atmosphere to avoid oxidation. At various 
times, samples of this solution were removed and cooled to room tempera- 
ture. The values of [7] at 30°C were then determined. 

A N A L Y S I S  O F  R E S U L T S  

Viscosity measurements as a basis for determining polymer molecular 
weights, discussed in the introduction, will be considered first. Figure 1 
shows graphs of 7,,/c against c for Cyanamer P-250, with each line repre- 
senting a different solution age. The rate of change of 7,~/c with time was 
greatest for the initial high concentrations, this rate decreasing for more 
dilute samples. After nine days storage at low concentrations there were 
no significant differences between corresponding values of 7~/c. Similar 
values of [7] were evident after nine days storage. 

As the solutions aged from three to fifteen days, the value of [7] decreased 
from 5.65 to 5-25, a difference of about eight per cent. Since molecular 
weight is proportional to [7] 1/°6~, the corresponding error in molecular 
weight is 12 per cent. The results could be caused by degradation or dis- 
entanglement of the dissolved polymer. 

The possibility of degradation was checked by precipitating the polymer, 
as explained above, and measuring [7] again after ageing the new solution 
for three days. The experimental value of 5'6 was in excellent agreement 
with that obtained after ageing the initial solution for three days, thus 
showing that degradation had not taken place. 
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Figure lIReduced viscosity ~7~/c of Cyanamer P-250 in 
sodium nitrate solution for different storage periods at 

room temperature 

According to the results reported, at least fifteeen days were required 
to achieve constant viscosity values. It  was decided to check the effect on 
experimental viscosity values of high-temperature preparation and ageing 
of the polymer solution. Such an approach seemed reasonable in that 
heating is often used to speed polymer solution for viscosity measurements. 
Figure 2 shows graphs of 7qp~/c against c, with solution age at 55°C as para- 
meter. Unexpectedly, maintaining a high temperature did not shorten the 
time needed to attain constant viscosity values. The final value of [~7] for 
this case was reached after at least 24 days of high-temperature storage. 
This final constant value was equal to that found for room-temperature 
ageing. The decrease in [~7] for this case as the solution aged between three 
and 24 days was from 6'37 to 5.20. Thus the observable difference amounts 
to about 22.5 per cent of the value of [~], or about 38 per cent of the true 
molecular weight value. I t  should be stressed that the value of [~] after 
three days was higher for high-temperature storage than for room-tempera- 
ture storage. 

An additional interesting effect in the high-temperature ageing of Cyana- 
mer P-250 should be noted. The values of ~,~/c for the initial high- 
concentration solution were above the lines shown in Figure 2, especially 
for long storage times. The high values of ~.~/c are not plotted in Figure 2, 
but are given in Table 1. 

As is evident from Figure 2, after the first dilution to 0.19 g/100 ml, 
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Figure 2--Reduced viscosity 71,~1c of Cyanamer P-250 
in sodium nitrate solution for different storage periods 

at 55°C 
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the measured viscosity values corresponded to the straight lines in the figure. 
Since this increase was observed only for high-temperature ageing, we 
consider that this effect was caused by very weak intermolecular reactions 
due to the increased thermal activity. These interactions disappeared 
immediately after the first dilution. 

Table 1. Comparison of experimental values of ~7~p/c for initial high temperature 
Cyanamer P-250 solution and corresponding ~lsp/c values from Figure 2. Concentra- 

tion throughout 0-284 g/I00 ml 

Storage ~ / c ~7~ / c 
time at measured from 
55 °C, at Figure 2 
days 30°C 

3 13"3 12"85 
5 13"35 12"70 
7 12'8 12"45 

10 12'5 12'00 
13 12"5 11 "07 

Storage ~sp / c ~sv / c 
time at measured from 
55 °C, at Figure 2 
days 30°C 

17 17.6 9.97 
24 29.1 9.35 
27 31-1 8'98 
32 33.2 8.68 

To test the assumption that the causes for the effects discussed would 
be important only for polymers of high molecular weights, additional tests 
were performed with Cyanamer P-26, with molecular weight 2-24 x l0 t. As 
expected, the variation of viscosity with solution age for various concen- 
trations was very small. Since the small differences would be difficult to 
demonstrate graphically, the results are presented in T a b l e  2. 
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Table 2. Values of ~)sp/c for solution of Cyanamer P-26 as a function of 
concentration and solution age 

~,~v/c values after, days 

CoRcen- 
tration 

g/lO0 ml 

0"804 
0"536 
0'402 
0"321 
0'229 
0'178 

3 

2"32 
1"94 
1'805 
1'69 
1"53 
1"47 

2"16 
1"865 
1'715 
1"62 
1"515 
1"47 

15 

2"16 
1"865 
1'72 
1'65 
1'52 
1"44 

37 

2"14 
1 "85 
1 "73 
1 "66 
1 '52 
1 "43 

57 

2"14 
1 '85 
1 "72 
1 "62 
1 "53 
1 '44 

~.;v/c values 
a/ter preci- 
pitating and 
redissolving 

during 
three days 

2"49 
2'15 
2'02 
1 90 
1 7 7  
1 6 7  

[~] 1.262 1.262 1.260 1.250 1.262 1-47 

For Cyanamer P-26, the viscosity values after three days storage were 
slightly higher than the other values in Table 2. For longer storage times, 
the viscosity values were for all practical purposes equal. The values of 
[~/] were equal for all measurements. Table 2 also shows the results of 
measurements after precipitating and redissolving the polymer, as was done 
with the other solutions. The values obtained were higher than the initial 
values, evidently because of partial fractionation during precipitation, due 
to the relatively low molecular weight of the polymer. 

The effect of solution age on measured values of viscosity and [~/] is to 
be explained not by degradation but probably by disentanglement of the 
polymer molecules, which is an integral part of the formation of a true 
polymer solution. 

The change in configuration can be explained by the mechanism of 
entanglement formation during the original polymer growth. During pre- 
paration of a polymer solution, solvent molecules diffuse into the polymer 
chains and separate them. The separation is hindered by entanglements 
and by secondary chemical forces, such as strong hydrogen bonds in poly- 
acrylamides. Thermal motion of segments of the molecule chains aids 
disentanglement. However, for a concentrated solution the free end of the 
molecule can undergo re-entanglement with a nearby molecule. Increasing 
the solvent cencentration can increase the chances for disentanglement. For 
such dilute solutions, a polymer chain that has succeeded in freeing itself 
from entanglements can move into the solvent without becoming entangled 
with another molecule. 

Time is needed to achieve equilibrium between entanglement and disen- 
tanglement. The necessary time will increase with polyacrylamide size, 
since for higher molecular weights there are more entanglements that have 
to be freed for the chain length. 

Entangled molecules increase the solution viscosity. Once equilibrium 
is reached, depending on concentration, the value of viscosity remains con- 
stant. Faster equilibrium is aided by decreasing concentration and molecu- 
lar weight, 

It has thus been shown that in testing polyacrylamide properties which 
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d e p e n d  on viscosi ty measurements  sui table s t andard  condi t ions  for  p repara -  
t ion of solut ions mus t  be  set in o rde r  to  ob ta in  re l iable  viscosi ty values.  
Hea t ing  does  not  shorten the t ime necessary  for s tabi l iz ing the solut ion 
viscosi ty and in some cases can lead to  mis taken  values  of  [~/]. In  deter-  
mina t ion  of the value of  [17] = kM ~, it will  be  necessary to p repare  the solu- 
t ions  accord ing  to these s tandard  requi rements  so tha t  the  equat ion  will  
co r respond  for  the work  of var ious  investigators.  If  these precaut ions  are  
not  taken,  large errors  in measured  values of molecu la r  weight  may  result.  

This work was partly supported by the U.S. Department of Agri'culture, 
Grant No. FG-Is-148. 

Technion--lsrael Institute of Technology, 
Sanitary Engineering Laboratories, 

Haifa, Israel 
(Received April 1966) 
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The Temperature Dependence of Polymer 
Chain Dimensions and Second Virial 

Coefficients 
G. DELMAS* and D. PATTERSON* 

[,7] and, using light scattering, <&e>~ and A 2 have been measured from --15 ~ 

to 76°C for poly isobuty lene(M~,=9x 106)-n-pentane (1), a n d / r o m  0 ° to 140°C 
/or PlB-dibuty l  ether (11). For  the exotherrnic mixture (1), these quantities 
decrease with increase of  T, ['O] and <S~>~ attaining 'unperturbed' values, and 
A., becoming zero, at a O-point, equal for this high molecular weight to the 
Lower Critical Solution Temperature (LCST). For (11), endothermic at room 
temperature, the quantities first pass through a maximum be[ore decreas'ing. 
(The L C S T  at 204°C was not attained.) A maximum was observed in the 
swelling ratio o/ crosslinked polystyrene in cyclohexane as T passes from the 
Upper Critical Solution Temperature (UCST) of 34°C to the LCST of 210°C. 
For (l), Xl is not  linear in 1 / T  in the region of  the LCST.  The observed 
temperature dependences of A 2 and the polymer dimensions are qualitatively 
predicted by the Prigogine theory o[ polymer solutions, which gives a new x~(T) 

dependence. 

TrtE temperature dependence of the chain expansion factor, c~, and of the 
second virial coefficient, A2, arises almost entirely through the effect on the 
long-range interactions which are characterized by the parameter B in 1 

z = 0-330 A - 3 B M  ',- (1) 

Here 
A --= (<L~> / M)~ (2) 

and B is usually evaluated 2 by comparison with the Flory-Huggins theory 
and/or  the theory of strictly regular solutions. Thus 

B = 2 (½ - -  X1 ) / V]peN (3) 

where V1 is the solvent molar volume and p the polymer density. Equation 
(3) does not depend on a particular choice of the size of a polymer or 
solvent segment; however, the binary cluster integral given by f i = B / m ]  

depends on ms the mass of the chosen chain element. If X1 has the well- 
known temperature dependence assumed by the Flory theory, then 

B = B0(1 - 0 / T); B0 = 201 / V l f - N  (4) 

The existence of two  critical solution temperatures in polymer solutions 
shows that this form of qJ~ cannot be general, and hence departures from 
equation (4) must be expected. According to the Prigogine theory of 
polymer solutions 3, Xl is given ~ by 

XI = - (U / R T)  l:" + ( C p / 2 R )  "r ~ (5) 

*Present address : Deoartment of Chemistry, McGill University, Montreal. Canada. 
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where U and Cp are the configurational energy and heat capacity of the 
solvent and v and r are molecular parameters. The first and second terms 
of X1 are positive and respectively decrease and increase with T, Cp going 
to infinity as the temperature approaches the vapour-liquid critical point. 
Thus X1 passes through a minimum as implied by the existence of the two 
critical solution temperatures. X1 decreases to ½ as T rises to the 0-point, 
equal for infinite molecular weight to the Upper Critical Solution Temper- 
ature (UCST). Then it attains the minimum, B, ot and A~ being at their 
maximum values, and finally X~ increases to ½, B becomes zero, and a second 
0-point occurs, which, for infinite molecular weight coincides with the Lower 
Critical Solution Temperature (LCST). From the thermodynamics of critical 
points A-H~, AS~ and q~ are positive at the UCST, but must have changed 
sign at the LCST. The inadequacy of equation (4) should thus appear as a 
decrease and change of sign of B0. 

The success of equation (4) o v e r  relatively wide temperature intervals 
above the 0-point seems to be due to the fact that the LCST usually lies 
above the boiling point of the solvent. However, a decrease of Be with 
temperature has in fact been found for polystyrene-decalin '~. A minimum 
in [r/] versus T has been seen for certain systems G, and an explanation was 
given in terms of a temperature dependence of A. This effect, and that of a 
possible transition 7 in the polymer chain should be rather small compared 
with that of the failure of equation (4) at temperatures approaching the 
LCST. 

In the following, we study the temperature dependence of [~/], ($2>~ and 
A2, first in a system where the minimum of X1 lies below ordinary tem- 
peratures, so that the above quantities decrease monotonically with increase 
of T, and secondly, in an example of the more usual kind where the 
minimum of X~ lies above room temperature and the quantities pass through 
a maximum. 

We also give, for a qualitative comparison, results on the swelling of 
crosslinked polystyrene in cyclohexane from the UCST at 34°C to the 
LCST at 210°C and beyond. 

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

The systems ch6sen were: (I), polyisobutylene (PIB)--n-pentane, and (II), 
PIB-dibutyl  ether. The first system has a negative value 8, 9~ of AHM at 
room temperature and the LCST (see below and ref. 9a) for infinite 
molecular weight is only 76 °. The second system has a small positive 
value 1° of AHM at 25 o and an LCST (see below) of 204 ° for infinite molecular 
weight which suggests that the minimum of X1 might be accessible, the 
boiling point being 142 ° . 

Materials 
The PIB, part of a generous gift from Enjay Inc., was twice fractionated. 

The Mw of the fraction used was determined by light scattering to be 
9 + 1 × l0 s. [7/]0 in benzene at 24.5°C was found to be 3"2 dl/g, whence, 
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using compiled 1 values of K'  and a, My=9.0  × 106. A light scattering deter- 

ruination 11 gave Mw/M,=I3.  Gel permeation chromatography gave a 
value of 1.1 which is, however, too low since the largest molecules of this 
very high molecular weight fraction do not permeate the gel and pass with 
essentially the same retention time. Mw/M,= 1 "3 is probably a fair estimate. 

The pentane and dibutyl ether were reagent grade, dried and distilled. 
Swelling measurements were made with spherical beads of commercial 
Rohm and Hass emulsion polymerized polystyrene containing eight per cent 
divinylbenzene. The cyclohexane was spectrograde. 

LCST 
The LCST of systems (1) and (II) and of polystyrene-cyclohexane were 

measured as indicated elsewhere 4b,1''. Extrapolation of data on lower 
molecular weight fractions through that of Mw = 9 × 106 gives for infinite 
molecular weight: PIB-pentane, 76°; PIB-dibutyl  ether, 204 °. The first 
value compares with that of ref. 9a for a molecular weight of 2 × 106. A 
similar procedure with three fractions of anionically prepared polystyrene 
gave a LCST of 210 ° for the infinite molecular weight, as compared with 
a reported 9b value of 180 °. The shapes of the coexistence curves were also 
somewhat different from those given 9~ for polystyrene-cyclopentane, the 
minimum occurring around three per cent rather than at 10 to 20 per cent. 
Our experiments were done in sealed tubes, hence at the equilibrium vapour 
pressure, whereas the LCST result of ref. 9b is for zero pressure, but the 
difference still seems difficult to explain. 

Viscosities 
Sealed viscometers of Ubbelohde type and having negligible kinetic 

energy corrections were used. The solutions were thoroughly degassed to 
avoid degradation of the polymer at high temperature. After the measure- 
ment at the highest temperature, 140 ° in dibutyl ether, [~7] at 25 ° had 
decreased by three per cent. This variation, however, is very small com- 
pared with the temperature variation of [~7] and the use of an antioxidant 
was deemed unnecessary. The correction for finite shear rate 1~ was found 
to be one per cent of i[~7],~,, and was neglected. The results are shown in 
Figures I and 2. 

Swelling measurements 
The polystyrene beads were first leached and equilibrated with cyclo- 

hexane over several days, then placed in a cell, essentially a Teflon ring 
clamped between two glass windows, the mass of metal around the Teflon 
being large so as to provide a uniform temperature around the solution. 
The cell was wrapped in a resistance heater, the temperature of solution 
being read by a thermocouple calibrated by the melting points of standard 
substances placed in the cell. The dimensions of the beads were observed 
with a microscope of low magnifying power fitted with a Leitz screw 
micrometer; they were found to be accurately spherical and the volume was 
taken proportional to the (diameter) 3. Due to their small diameter, the 
beads came to equilibrium at any temperature within an hour. Figure 3 
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Figure 2--PIB-dibutyl ether: radius of gyration and intrinsic 
viscosity versus temperature 

presents the temperature dependence of  the swelling ratio, q, i.e. the 
swollen v o l u m e / d r y  volume. (In fact the dry volume was not  measured 
as a function of  T, but  use was made  of the fact that  the thermal  expansion 
coefficient of  these networks is very close to that  of  the uncro.sslinked 
polymer  13, which is known 13' i t )  
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Light scattering 
Refractive index measurements--We used a differential Brice-Phoenix 

refractometer equipped with a heating system for a cell which had been 
calibrated previously ~5. For the PIB-dibutyl  ether system, we measured 
dn/dc at roughly 15 deg. intervals up to 120 °. dn/dc varies linearly 
between 0-124 and 0.167 going from 22-5 ° to 120°. Using the formula 

dn / dc = (n" - n~)/p p (6) 

we find dn/dc=O.128 at 22"5 ° with pF=0-92 and n ' - 1 " 5 1 5 ,  n t' was 
estimated by extrapolating the measured refractive indices of lower mole- 
cular weights. Using equation (6), leaving n" independent of T, but taking 
into account the temperature variation TM of n '~ and ~ p" we calculated 
dn/dc=O'166 at 120 °. As good agreement exists at other temperatures 
than 22.5 ° and 120 °, we use equation (6) to calculate dn/dc for the P I B -  
pentane system where measurements above the boiling point (36 °) were 
inconvenient. 

Calibration at different temperatures--The instruments used below 25 ° 
and between 25 ° and 140 ° were both of Sofica type 15. A benzene standard 
was used for temperatures below 110 °. 

The variation of the Rayleigh ratio, RB, with temperature is given by 

,,. i. l . - ~ ( 7 )  

where nB and IB are, respectively, the refractive index and the scattered 
intensity for benzene at a 90 ° angle. The relation between concentration 
and scattered intensity is is 

I~o = -~,~ + 2A2c (S) 
c-~0 

Equation (8) substituted in equation (7) gives 

o r  

k~NR~ 1~ \de]  T o=o = ~4~ +2A2c 

=_l+2Ac 
0-506 I~ ~cc 0=0 Mu, 

e--)0 

Equation (9) is valid for any temperature if [~ is kept constant ( =  10 here) 
and the apparatus is set to give, for benzene at t °, a reading I~ given by 
equation (7). (RB = 16.3 × 10 -6 at 25 °, k = 5  460 A.) 

For temperatures above 110 ° a decalin standard (mixture of cis and trans 
isomers) was used in a similar fashion. 
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Radius of gyration measurements--Instead of calculating <$2>~ by the 
formula 

<$2>~=h~/3 [slopeC / ( c )  ]~ (10) 47r'----~-t T (sin210) T Oc=__0 ~ 

we have used the equivalent relation 

h ~ 3  (0.506~w~) ~ dn/dc ( s l o p e / ) ~  (11) <S~>} = ~ n 

This choice was made because the value (c/l)~=o is very small and can bring 
about a large relative error in <S2>L However, since P-'(O) is a straight line 
as plotted against sin ~ ½0, the slope is identified with the extreme difference 
of c/l giving better accuracy. This quantity diminishes considerably with 
temperature but is compensated in equation (11) by the rapid increase of 
(dn/dc)/n. 

Figure 4 gives the Zimm plot for PIB-pentane at 77.5 °. As the solution 
is very dilute, no phase separation has occurred, but A2 is negative since 
the temperature is above the 0-point associated with the LCST. 

Figures 1 and 2 show the variation of <S~>~ with temperature for the 

20 

15 
t - -  

0 
r 

"-- 10 

! ,., / 
" 

/ "- " - - - - !  

I r r ] , 
10 2.0 4 3"0 40 

c×10, g/m[ 

518 

Figure 4--PIB-pentane : Zirnm 
plot at 77"5°C, i.e. above the LCST 



TEMPERATURE DEPENDENCE OF POLYMER CHAIN DIMENSIONS 

tWO systems and Figure 5 the variat ion of A,., as determined f rom the light 
scattering measurements .  
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Figure 5--Virial coefficient as determined by light scatter- 
ing versus temperature. C., PIB-butyl ether; [] PIB- 

pentane 

We have also obtained values of ($2)~ using another  method which does 
not require a knowledge of dn/dc, M or the tempera ture  variat ion of the 
Rayleigh ratio of benzene [equation (7)]. Putt ing 

[ ' '~ '6~ 1 0"506 F~, ~ (dn~ ~ c 1 1 + sin'-' ½0 

and taking natural  logari thms one sees that  at a fixed concentration,  <S-')~ 
is given by the slope of In Ie with sin'-' ½0 for  0----->0. In I 0 versus sin ~ ~0 
is not a straight line and only the first few angles may  be used to determine 
the limiting slope; one extrapolates  to zero concentration. For  P I B -  
pentane,  (S~) ~' at  the LCST is found to be 950 A in agreement  with the 
1 000 A found by the other  method.  The values of (S~) ~ near  room 
tempera ture  are 20 per cent lower than found before. ($2) -', for P I B -  
dibutyl ether presents a m a x i m u m  at the same tempera ture  as previously,  
but the values are ~-~ 20 per cent lower. I t  may  be that  due to the excluded 
volume effect far f rom the 0-point, P :(0) should be taken proport ional  17 to 
(sin ~ ½0Y where e---~0.8. 

Precision and accuracy--Different measurements  of [~/] reproduced the 
same value to within +__ 1 to 2 per  cent. For  <S">~ the slope of (c/1)" versus 
sin ~ ½0 at zero concentrat ion could be obtained to one per  cent and 
(dn/dc)/n was of comparab le  accuracy. Fol lowing equat ion (11) the same 
value of M,,, judged accurate  to + 10 per  cent, was taken at each tempera-  
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ture. Thus the precision of the curve of ($2>~ versus T should be + 2 per 
cent but the accuracy possibly only ~ 1 5  per cent or + 250 A; taking into 
account the lower values one gets using only the small angles (logarithmic 
method), the accuracy can be only 20 per cent far from the LCST. Using 
the usual equation (10) the scatter is much greater than when using equation 
(11), being ~-~60 A. The position of the maximum of (S~> ~ versus T for 
the PIB-dibutyl  ether system is very sensitive to the value of the slope of 
(c/l)½ and of (dn/dc)/n which vary in opposite directions with change 
of T. The fair agreement between the positions of the maxima of [~?] and of 
(SZ)" indicates that the present procedure is adequate. The precision 
of A2 is '+0.15 × 10 -~ as shown in Figure 5 and the accuracy is thought to 
be of the same order. 

D I S C U S S I O N  

Intrinsic viscosities 
For PIB-pentane, [7] decreases with increasing rapidity as the tempera- 

ture approaches the LCST at 76 °. This is in accor& with the exothermic 
~xH~ for high molecular weight PIB at 25 ° and with the prediction that the 
heat becomes more exothermic as the temperature increases. (An UCST 
has been reported 9~ for very low molecular weight (2 000) PIB-pentane at 

- 4 0  °. Here for a very high molecular weight d[~] /dT is still negative 
at -15° . )  In their original treatment of intrinsic viscosities, Fox and 
Flory is observed a decrease of [7] with T for PIB-heptane. Since AHM for 
this system is considerably less exothermid, the decrease of [~7] is much less 
apparent. This decrease was explained by a negative temperature coefficient 
of the parameter A, and by putting 0 = 0°K. 

A precise determination of [7] at the LCST is difficult due to its rapid 
variation with T, but it is clearly of the same order as in benzene at 25 °, 
3.2 dl/g,  showing that the polymer has attained unperturbed dimensions at 
this second 0-point (provided L0 does not change drastically with temper- 
ature). 

[~7] for PIB-dibutyl  ether passes through a maximum as expected for a 
system having a positive AH~ at 25 ° as described above. There seems to 
be no reason to doubt that [~7] would fall to the value for a 0-solvent at 204 °, 
the observed LCST for infinite molecular weight. 

In the same way, the dimensions of the polystyrene gel swollen by cyclo- 
hexane attain a maximum at a temperature between the UCST and the 
LCST. 

Radius o] gyration 
The picture presented by ($2>~ is similar. For PIB-pentane, at 76 ° 

<S~>~I 000 A. Using 1 ((L2o>/M)'~=7"4× 10 -3 cm/g~ found at 91 °, one 
calculates (S~) ~ = 940 A. This value would, however, be increased by about 
ten per cent assuming the molecular weight distribution to be characterized 
by h,~3. (The above value of ((L~>/M)~ was calculated with the theoretical 
Kirkwood-Riseman value of ~ = 2 . 8 7  × 1021). It seems evident that ($2> ~ 
has attained its unperturbed value at the 0-point associated with the LCST. 

520 



T E M P E R A T U R E  D E P E N D E N C E  OF P O L Y M E R  CH A IN  DIMENSIONS 

(S~') ~' for PIB-dibutyl  ether confirms the temperature variation of [r/]. 
We conclude that the 0-point at the LCST, like that at the UCST, confers 

unperturbed dimensions on the polymer, and that the chain statistics are 
the same at the two 0-points. This property might be of interest in studying 
polymers which are crystalline at ordinary temperatures. At both 0-points 
the tendency of the excluded volume between segments to expand the coil 
is balanced by an interaction with the solvent. At the UCST this is the 
positive heat of mixing with the solvent, while at the LCST it is a negative 
non-combinatorial entropy of mixing caused by a negative volume of 
mixing. It seems noteworthy that the chain statistics are the same in spite 
of the different thermodynamic origins of the 0-points. 

In agreement with this, A~ falls to zero at 76°for PIB-pentane,  and that 
of system (II) appears to pass through a maximum (Figure 5). 

Temperature dependence oJ B 
Various theories are available for obtaining a,  B and z from intrinsic 

viscosity results. The qualitative picture of B(T) is not affected by the 
choice. We have calculated values of a for PIB-pentane from the relation 1 

a 2~3 = a~, = ['q]/![~/]0 (12) 

using [*/]0 - 3-2 dug ,  and z was obtained through either 

a s - a  ~- 134/105z (Flory-Stockmayer, see ref. 1) (13) 
o r  

Using ~9 

a 3 - 1 = 2z (Fixman-Stockmayer z~) 
(14) 

~ - 1:= 1-55z (15) 

gives an almost identical result to that found from equations (12) and (14). 
The small variation of A with T was ignored and a constant value of 
7-4 x 10 ~ was taken to, translate z into B which is shown in Figure 6 as a 
function of 1/T. 

Values of a found from (S~) ~ = 1 000 A are larger than those found from 
[~7]. This would be consistent with the much greater effect of polydispersity 
on the former values. 

The Cassassa-Markowitz treatment was used to calculate B, as shown 
in Figure 6, from the A2 values. This procedure gives a greater departure 
of h(z) from unity than do the other well-known procedures which would 
therefore give smaller values of B. 

Although the absolute magnitude of B differs depending on the method 
of evaluation, B is not linear in 1IT as the LCST is approached contrary 
to its behaviour approaching the UCST. Although equation (4) has been 
successful at low temperatures it has no real theoretical justification. It  is 
evident from equation (5) that near the UCST where the first term is domin- 
ant, X1 or B should be approximately linear in 1/T. However, approaching 
the LCST the second, or structuraP, term is the more important and Cp is 
an increasing function of T whose curvature increases with increasing T 
leading to the behaviour found here. 
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broken line 

An additional argument comes from the curvature of B or A2 with T. 
Taking B to be linear in l I T  near the UCST, and putting XI=0, B and A2 
are concave downwards when considered as functions of T. If  B were 
linear in 1 /T  near the LCST with a constant negative value of ~b,, B and 
A2 would be concave upwards in this region. I t  seems improbable, but 
of course not impossible, that this change of curvature would occur; our 
experiments show that B and A2 are concave downwards throughout the 
temperature range. 

X1 has been calculated for the present system, ignoring the first term of 
equation (5) which depends on the probably small 'chemical '  differences 
between these two hydrocarbon components, r has been evaluated else- 
where'% and Cp for pentane was obtained from that of heptane (which is 
known over a wide temperature range) and then applying the Law of 
Corresponding States 2°. The result of such a calculation appears "° to give 
values of X~ which are generally too large. In Figure 6 B calculated in this 
way is plotted with a constant added to fit B = 0 at 76 °. The similarity with 
the experimental curves seems to indicate that equation (5) gives a qualita- 
tively correct temperature dependence of B. 

Consistency with other measurements 
The total heat of mixing 8 PIB of M =  30 kcal with pentane to infinite 

dilution at 25 ° = - 4 8  cal /base mole of 56 g, which gives an average value of 
the heat of dilution parameter  K I = - 0 " 1 5 .  This is in agreement with a 
value obtainable from the temperature variation of activity data in ref. 9a, 
and which is valid for dilute solutions. Using X1 values obtained from 
viscosity values of B via equation (3) and 

K~= - T d x l / d T  (16) 

we find K1 at 2 5 ° ~ -  0.05 or - 0 . 0 2  depending on whether equation (13) or 
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equation (14) is used, i.e. values much smaller than that found from the 
thermodynamic measurements. 

B from A2 varies more steeply with T in Figure 6 than B from the 
viscosities, and could give K 1 of about the right order. Values of A2M/i[~?] 
versus ( ~ , -  1) are in line with those of other systems. 

A lower molecular weight of 2 × 10 ~ PIB was previously used ~ to obtain 
D?] in a series of n-alkanes, including pentane. There a value of • - - 2 . 1  × 10 '-'l 
was used to obtain values of X~ by either equation (13) or the Kura ta -  
Stockmayer-Roig treatment which is equivalent to equation (14). ~-X~ 
was found larger than at present; part but not all of the discrepancy is due 
to the present value of A which corresponds to q~-2.87 × 10 ~. 

Use of an empirical formula for C,, 
The temperature dependence of X1 in equation (5) may be predicted in a 

very approximate way by associating - U  with the energy of vaporization 
neglecting the correction for the imperfection of the gas in the calculation 
of the configurational energy. This procedure therefore cannot be accurate 
at high temperatures. Using the empirical formula for - U  and by 
differentiation, C,, 

- U =  - U o / ( 1 - T / T ~ ) ' "  Cp= - U ,  j m / T c ( 1 - T / T ~ )  ''+1 (17) 

where -U,,  and m are constants, the latter equal to 0-428 (see ref. 4a). 
o 1 ,7 X1/( - U / R T )  = v '+ ~mr- / (T~/T - 1) (18) 

o 1 T2 g j ( - U / R T ) - i [ l + m / ( T c / T - 1 ) ] v - + z m ( m + l )  ( T c / T - I )  2 (19) 

Using equation (19), the parameters v 2 and T" were obtained for P I B -  
n-alkane systems from heat of mixing data at 25°C and it was assumed 
that ~-~ for PIB-dibutyl  ether is the same as for PIB-nonane which has the 
same number of chain atoms; v 2 was obtained from heat of mixing data TM. 

These parameters were used to predict the LCST of PIB-dibutyl  ether using 
equation (18) and X = ½ giving 220 ° as compared with 204°; v ~ plays only a 
small role at this high temperature. Setting KI=0, the temperature of 
minimum X~ was found to be 70 ° as compared with 60 ° from the [~?]/T 
curve. For  the crosslinked polystyrene--cyclohexane system, ~_2 was obtained 
from the value of the LCST, 210 °, the first term of equation (18) being 
neglected at this high temperature, u ~' was then obtained using a value of 
K~ found from viscometric data ~1 and the temperature of minimum X1 found 
to be 96 ° as compared with 140 °. Equation (17) seems to have a semi- 
qualitative validity in spite of the adjusted parameters which tend to 
compensate for the inaccuracies. 

C O N C L U S I O N S  

The temperature dependence of ![~9], A2 and <S~'>~ is as predicted by the 
Prigogine theory, i.e. these qualities fall towards the LCST, after passing 
through a maximum which may be easily observable above room tempera- 
ture as for PIB-dibutyl  ether. A linear dependence of X1 on 1 /T  is not 
general because of the presence of the structural term in X1 as seen in 
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equat ion (5). The  two 0-points associated with U C S T  and L C S T  are similar  
in reducing the po lymer  molecule  to its unper turbed dimensions.  

W e  should l ike to  thank  Pro]essor H. Benoi t  and his co-workers,  Messrs  
Dick,  Froehlich and Re i s s  ]or their interest and valuable advice. 
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Polymer Fractionation at a Lower 
Critical Solution 

Temperature Phase BoundalT 
C. H. BAKER*, C. S. CLEMSON'[" and G. A L L E N  

The influence o[ pressure on a lower critical solution temperature is much 
more pronounced than on an upper critical solution temperature. Accordingly 
it is possible to control phase separation at a LCST phase boundary under 
isothermal conditions by merely adjusting the pressure on the system. An 
apparatus has been constructed to investigate the isothermal fractionation o[ 
polyisobutene in which precipitation is controlled by pressure. Two samples o/ 
polyisobutene o[ M v = l . 7 6 ×  lO G and 9.0× 104 have been fractionated in iso- 
pentane solution so as to yield up to six and nine fractions respectively. The 
integral molecular weight distribution curves thus obtained are compared with 
those obtained from conventional ]ractionations at an UCST. The sensitivity 
of the method is poor with regard to the separation of low molecular weight 
[ractions and degradation occurs at the higher temperatures to an appreciable 

extent. 

THE conventional methods used to fractionate polymers by liquid-liquid 
phase separation all employ upper critical solution temperature (UCST) 
phenomena. It has recently been shown t'2 that when the temperature is 
raised some 20 to 100 degrees above the normal boiling point of the solvent 
polymer solutions can also separate into two phases at a phase boundary 
which has a lower critical solution temperature (LCST). The exact location 
of the LCST for a given polymer-solvent system depends upon the average 
molecular weight of the polymer, the effect of molecular weight on the LCST 
being similar in magnitude but opposite in sign to the effect on an UCST. 
This is shown in Figure 1 in which the variation of the LCST of several 
polymer-solvent systems is plotted as a function of the molecular weight (as 
determined by viscometry). 

It has already been noted 2 that fractionation of the polymer occurs across 
the LCST phase boundary and consequently this provides an alternative 
region for fractionation by liquid-liquid phase separation. We have also 
found that, compared with an UCST, a LCST is approximately one hundred 
times more sensitive to pressure* and that phase separation is readily 
reversed by increasing the pressure on the system by a few atmospheres. 
Thus the possibility exists of controlling the isothermal fractional precipita- 
tion of a polymer at a LCST phase boundary by simply varying the pressure. 
Furthermore the phase boundary curves at a LCST are flatter than those at 
UCST boundaries in polymer solutions and this offers scope for working at 
concentrations higher than those employed in conventional fractionations. 
*Present address: I .C.I.  Fibres Ltd, Harrogate,  Yorkshire. 
l'Present address: Polymer Chemistry Laboratory, A.E.I. ,  Trafford Park, Manchester, 17. 
*For this reason we shall define the LCST of a polymer solution (Tp) as the preci!Mtation temperature 

measured at the saturation vapour pressure of the solution P~. Precipitation temperatures measured at 
arbitrary pressures Pp will be designated with prime superscripts, i.e. T'p. 
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Figure 1 - -  Variation of 
LCST with viscosity-average 
molecular weight for various 
polymer-solvent systems: 
× polyisobutene-isopentane, 
• polyisobutene-n-pentane, 
+ polypropylene oxide-n- 
pentane, © polystyrene-cyc- 

lopentane 
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We have chosen to investigate the efficiency of fractionation at a LCST 
phase boundary using the system polyisobutene-isopentane because phase 
separation occurs at a conveniently low temperature and pressure, and also 
the dependence of the LCST upon pressure has been determined for this 
systemL 

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

M a t e r i a l s  

A commercial sample of iso-pentane was fractionally distilled to give a 
middle fraction which contained less than 0.5 per cent impurities as deter- 
mined by vapour phase chromatographic analysis. The boiling point was 
27-84°+0"02°C at 760mm of mercury and the critical temperature was 
187.30°C. 

Two commercial samples, denoted by PIB 1" and PIB 2 were used. PIB 1 
was Vistanex L100, the viscosity average molecular weight of which was 
found to be 1'76 x 106. Viscosity measurements on this sample, and its 
fractions, were made in benzene solution at 24°C using an Ubbelohde 
dilution viscometer, the values of M~ being determined from the relation 3 

[~/] = 1.07 x 10-3M-~ 

A reliable estimate of Mw could not be made from light scattering results 
because the sample contained a small amount of microgel. 

PIB 2 was a sample of Oppanol B15 which had a viscosity average mole- 
cular weight of 9-0 x 104. M~ measurements on this particular sample were 
performed in toluene solution at 30°C in a Desreux-Bischoff viscometer 
using the relation ~ 

[~] = 2-0 × lO-'M°~: °~ 

* I n  ref .  2 t he  s a m p l e  d e s i g n a t e d  P I B  1 w as  V i s t a n e x  L I 0 0  w h i c h  h a d  b e e n  sub j ec t ed  to  a I~rel iminary 
f r ac t iona t ion .  
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m 

A value of Mw---1-3 × 10 ~ was ob ta ined  f rom light scat ter ing results.  
Both samples  were f rac t iona ted  convent ional ly  (under  the guidance of 

Dr  C. Booth)  by  prec ip i ta t ing  fract ions by  the add i t ion  of me thano l  to a 
0-25 per  cent solut ion of po lymer  in benzene at 25°C. The  results  showed 
that  the molecu la r  weight d is t r ibut ion  in each sample  app rox ima ted  to 
the 'mos t  p robab l e '  d is t r ibut ion.  

Apparatus 
The or iginal  appa ra tus  used for  f rac t ionat ion  exper iments  a t  the L C S T  

phase b o u n d a r y  has been descr ibed  elsewhere 5. A later  modif ica t ion  is 
shown in Figure 2. Const ruc t ion  was ma in ly  of brass  a l though steel was 
used for the sections conta ining mercury  and the pressure  tubing connect ing 
the var ious  compar tmen t s  was of copper .  

E 

B 

A ~ 

L 

M 

S CD 

Figure 2--General arrangement of the Pressure: Fractionation 
Apparatus: W Water bath for solvent reservoir, B Solvent 
reservoir, T~ Klinger AB 10 cock, E Copper pressure tubing, 
A Outlet to collecting vessels and solvent recovery system, 
S Screw shaft of piston, C screw cap for upper cylinder, 
D 'Skirt" to prevent oil from bath creeping into cylinder, 
P Piston head packed with Teflon gasket, U Upper cylinder 
of fractionation apparatus containing dilute phase, V Perspex 
viewing window with brass housing, T 1 Klinger cock--initially 
a modified AB 10 but later a Klinger AB 12 two-way cock 
was fitted, L Lower concentrated phase of polymer solution, 
G Lower chamber of fractionation apparatus, M Mercury, 
G'  Mercury reservoir, N Transformer oil, X Oil or water 
thermostat bath. (Oil bath equipped with two 750W heaters, 
pump stirrer and cork lagging), T 2 and T~ Budenberg needle 
valves, Y Excelsior Budenberg pressure balance, Z Pressure 

balance weights, O Oil reservoir, Q Air bleed valve 
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Reservoir B contained pure solvent. The polymer solution to be fraction- 
ated was contained in the cylinder U (volume 270 ml) which was sealed with 
a piston P. The piston was packed with Teflon and was driven by the screw 
S. The cylinder U was connected to the two steel reservoirs G (volume 
200 ml) and G' (volume 250 ml) via a Perspex viewing chamber V and a 
two-way tap T1 (Richard Klinger Ltd, type AB 12). This tap could also 
connect U to a collecting vessel which was attached at the point A. The 
mercury reservoir G' was connected via pressure tubing and the needle valve 
T2 to an 'Excelsior' Budenberg pressure balance. The pressure balance was 
fitted with an oil reservoir O which could be isolated by means of the needle 
valve T3. Neoprene gaskets were used on all seals except the Teflon-packed 
piston to make the apparatus pressure-tight so as to withstand up to 20 
atmospheres. 

The main section of the apparatus was immersed in an oil/water thermo- 
stat bath controlled to +0.05 deg C. The solvent vessel B was heated by a 
separate water bath. 

Procedure 
The solvent reservoir B was filled with solvent and isolated by valve T4. 

The main section of the apparatus (U, V, G and G') was then filled at room 
temperature and pressure as follows. The mercury reservoir G' was filled 
with mercury so that the lower part of G also contained mercury. G' was 
then sealed and the main section of the apparatus mounted in the empty 
thermostat bath. The pressure tubing between G' and the pressure balance 
was filled with oil taking care to exclude any trapped air via a bleed valve 
Q on the top of G'. The oil reservoir O was filled with oil and the mercury 
level in G raised to near the top of G by transferring oil from O to G'. The 
two-way tap T1 was opened to connect U and G and the piston P removed. 
About 200 ml of the polymer solution to be fractionated was then poured 
into U and allowed to drain through T1 so as to fill the remainder of G, 
again care being taken to exclude all the air from being trapped in G. The 
piston P was chilled and inserted into U so as to rest upon the surface of 
the polymer solution. The apparatus was then sealed and tested for leaks. 
At all times during the subsequent experiment the relative volumes of 
polymer solution in G and U could be estimated from the length of the 
exposed part of the piston shaft S, and from the amount of oil in O. 

The thermostat bath around U, G and G' was then filled and controlled 
at the temperature required for the subsequent phase separation. This was 
generally some 6 to 7 deg. C above the 'normal' LCST of the system s. At 
this stage phase separation was prevented from occurring by the application 
of a pressure upon the solution some 15 Ib/in 2 above the precipitation 
pressure for the particular temperature being employed. After thermal 
equilibrium had been established the pressure was gradually reduced in 
steps of 0-1 atm until phase separation, detected by the appearance of 
opalescence, was observed through V. The onset of phase separation was 
generally characterized by the increasing cloudiness associated with critical 
opalescence which could sometimes take on an intense brown colouration. 
Approximately one hour was required to allow the two phases to separate 
completely after which the phase boundary was located through V by 
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adjusting the relative volumes available in U and G. This was done by 
raising or lowering the piston, while maintaining a constant pressure on the 
system, by adjusting the volume of oil in the system by means of the pressure 
balance. The relative volumes of the two phases were estimated from the 
new position of the screw S and the change in oil level in O. From these 
measurements the movement  of P necessary to push the phase boundary 
below T1 was calculated and the operation then carried out. T1 was then 
opened so as to connect U to a collecting vessel, at atmospheric pressure 
attached at A, whereupon the top phase was forced out of U by the vapour 
pressure of the solvent. As this operation was carried out at atmospheric 
pressure the solvent spontaneously volatilized in the collecting vessel and 
was collected in a cold trap. The polymer fraction so obtained was dried, 
weighed and its intrinsic viscosity measured. 

To prepare for the next separation the temperature of the thermostat bath 
was lowered some 6 or 7 deg. C and the tap Tt returned to the position in 
which it connected U to G. Pure solvent was then transferred from B to U 
and G by raising the temperature of the water bath around B to about 
20 deg. C above that of the main thermostat, closing valve To and opening 
valve T4 and withdrawing P sufficiently. Valve T,, was then closed and the 
new solution in U and G homogenized by pumping the solution between U 
and G several times by means of manipulating the piston P and the pressure 
balance. Further fractions were then obtained in a similar manner. 

R E S U L T S  
The phase diagram for the two polyisobutene-isopentane systems studied 
here have already been reported ~, the parameters of the LCSTs being as 
follows : 

dT,,/dP 
Tp, °C P, atm W o deg. atm -~ 

PIB 1 52 2-17 0-035 0.46 
PIB 2 71 3.54 0.025 0"40 

Fractionation o/PIB 1 
Three experiments were made with initial concentrations of polymer 

solution of about four per cent. In the first run at 56°C about 85 per cent of 
the polymer precipitated from the first top fraction because the temperature 
was too close to Tp to allow a suitable degree of control of phase separation 
by pressure variation. The second and third runs were carried out at 57.40 ° 
to 58-00 ° and 5858 ° to 59-00°C respectively with the results shown in 
Table 1. In both cases the second fraction was of lower molecular weight 
than the first despite the expectation that precipitation would produce 
successive fractions of increasing molecular weight. From the point of view 
of molecular weight fractionation the third run is the most satisfactory. Six 
fractions were obtained with My ranging from 0-77 to 2.71 x 106. In 
Figure 3 the integral molecular weight distribution curve obtained from 
these results is compared with the distribution curve obtained from the 
results of the conventional fractionation at 25°C. 
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Later  a run was at tempted at 65°C using an initial solution of lower 
concentrat ion but  degradat ion was severe and the results were not  
significant. 

Table 1. Fractionation data for PIB 1 
Run 2 

1.0 

B .  

Fraction Wt  M v T'p P'~ Relative volumes 
g × 10 -6 °C atm of phases 

lower phase 

upper phase 

1 2"451 1"46 58"00 7-0 0"21 
2 0"629 0.94 57"40 8'0 0"26 
3 0"803 1'66 57'85 6"0 0.22 
4 0"322 2"36 - -  - -  - -  

Wi[n]i = 1-295 [*/] = 1 '440 for whole polymer 

Run 3 

Fraction Wt  M v T'~ P' 
P 

g × 10 -6 *C atm 
Relative volumes 

of phases 
lower phase 

upper phase 

1 0'666 0'79 59'00 6"0 
2 0-393 0"77 59"00 7"0 
3 1"147 1-16 58'50 10'0 
4 0-405 1"50 58-50 10'0 
5 0"266 1"75 58"50 13'0 
6 0"509 2"71 - -  

0"70 
O'55 
0"21 
0'25 
0"11 

~'o.s 
N 

Wi[~?t] = 1 '219 [~7] = 1 "440 for whole polymer 

1-0 2.0 3"0 
My x 10 6 

C. H. BAKER, C. S. CLEMSON and G. ALLEN 

Figure 3--Integral Molecular 
Weight Distribution Curves for 
PIB 1, (3 Run 3, performed at 
58"5°C, and a conventional frac- 

tionation • at 25°C 

Fract ionat ion  o l  P I B  2 
Only two or three fractions could be isolated in pre l iminary  exper iments  

at 80°C. The  results of  three runs at 85°C are summar ized  in Tab le  2. 
Phase  separat ion was readily control led  by pressure var ia t ion at this tem- 
perature  and in the most  extended exper iment  nine fractions were obtained. 
Unfor tunate ly  the t ime scale of  the exper iment  was long and degradat ion 
was observed.  F o r  this reason the first run at 85°C is considered to be the 
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most  satisfactory. A final at tempt was made to improve fract ionation by 
working at 90°C. Only  four fractions were taken and  al though an anti- 
oxidant  was incorporated to minimize  degradation,  degradat ion was very 
severe. 

F i g u r e  4 compares the results for PIB 2 obtained at 85°C with the 
integral molecular  weight dis t r ibut ion curve obtained by precipitat ion at 

25°C. 

1.0 

0.5 

/ . ,6  / 

/ 
,/ 

I ! ° ~  / 
1.LO ~ 2'0 ' 3!0 

My x 10 -5 

Figure 4--Integral Molecular Weight Distribution Curves 
for P1B 2, © Run Ill, performed at 85°C, and a conven- 

tional fractionation • at 25°C 

Table 2. Fractionation data for PIB 2 at 85"0°C 
R u n  1 

Fraction Wt  Ms, P'  p 
g × 10 -5 atm 

1 0"883 0"49 5"0 
2 1 "555 070 55 
3 0'559 0'67 60 
4 0"413 2"00 65 
5 0"489 1"30 65 

Recovery 92% Wi[r/i] = 0"395 ['0]=0.416 

R u n  11 

Fraction Wt  M~ P'~, 
g x 10 -5 arm 

1 2"457 0'41 4'5 
2 0605 1"00 4"75 
3 0-252 1 "40 50 
4 0'220 1 "75 525 
5 0162 1"75 5"5 
6 0083 1 "40 5-5 

Recovery 91% Wi['0i] =0"348 [-0]=0"416 
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R u n  111 Table  2 (continued) 

Fract ion  W t  M v P' 
P 

g × 10 -s a tm 

1 1"279 0"44 4"5 
2 0"553 0-54 4'75 
3 0-377 0"67 5'0 
4 0"410 0"70 5'25 
5 0'339 0'81 5"50 
6 0" 189 1 "04 5"75 
7 0"251 1"40 6"25 
8 0-175 1"60 7'00 
9 0"112 1"89 7'00 

Recovery 97% Wi[Th] =0"356 [~]=0 '416 

D I S C U S S I O N  

Although our results show clearly that fractionation does occur at a LCST 
phase boundary, there is no doubt that the efficiency obtained in our experi- 
ments is quite inferior to that realized in the conventional fractionation at 
an UCST. Inspection of the results shows that a major factor is the difficulty 
encountered in, and the apparent insensitivity of the LCST method towards, 
the separation of the low molecular weight fractions. 

The theory of polymer fractionation across a phase boundary leads to. 
the result that for the polymer species of degree of polymerization x, 

<jb,~ / ff~ = exp (o-x) 

where th2 is the volume fraction of x in the more concentrated phase and ~b'~" 
that in the more dilute phase. In terms of Flory-Huggins solution theory 
the parameter o- = f (~b~, ~b~', Y,, x). The fraction of species x remaining in the 
more dilute phase is f~=(1 + [V'/V"] exp [o-x]) -1 where V" and V" are the 
volumes of the two phases. 

The object of our experiment was to enrich the dilute phase with species 
of low molecular weight and so obtain successive fractions of increasing 
molecular weight. Since o-x is known to be positive, there will always be a 
larger fraction of the lower molecular weight species in the dilute phase and 
by making the volume of the dilute phase as large as possible an increased 
fraction of the smaller species will be retained in it. Thus it is advantageous 
to make the ratio : 

V t 

V "  

volume of lower phase 
volume of upper phase 

as small as possible. If the initial volume fraction of polymer in solution 
is ~b~ then at equilibrium 

v" ~-+ '~  (V" + V")~2 = V'~b~ + V"~b~' whence - -  = 
I 

:V" 4,~- 4~ 
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and the ratio decreases as ~b2 >- ~'~. Clearly we should begin with a dilute 
solution and when working under isothermal conditions use pressure to 
adust the phase boundary in the T/ffg~ plane so that ~6~----~q5',,'. 

Our experiments ranged over weight fractions of polymer in the initial 
solution from 4 to 0.5 per cent but no systematic improvement in efficiency 
was obvious. In all our experiments relatively high ratios of V'/V">O" ! 
were observed and this is one obvious reason for the inefficient fractionation. 
The results in Table 2 are typical. The ratio V' /V"  is always highest for 
the first fraction and decreases to more favourable values as the fractiona- 
tion proceeds (and the concentration of the solution in the pressure vessel 
declines). This explains, in part, the insensitivity to low molecular weight 
species. We conclude that in our apparatus control of pressure was too 
insensitive in the early stages of fractionation to give desirable results. It 
was for this reason that higher temperatures were used with PIB 2 to give 
more latitude in pressure variation but this effort was ruined by degradation, 
In all experiments it was difficult to assess the ratio V' /V"  quickly and a 
compromise between expediency and efficiency was required to minimize 
degradation. 

This inherent inefficiency is augmented by the fact that the higher 
molecular weight polymer remains longer in the apparatus during frac- 
tionation and consequently these fractions are most susceptible to degrada- 
tion. Apart from the basic disadvantage of degradation at the high 
temperature required for phase separation there is the further disadvantage 
of working above atmospheric pressure. On the other hand the factors in 
favour of the method are (i) the ability to fractionate at relatively high 
concentrations, (ii) the fact that the lower critical solution phenomenon is 
widespread in polymer solutions, and (iii) the potential ability to control the 
fractional precipitation in an isothermal system simply by pressure variation. 
It must be remembered, also, that this work represents one of the pioneer- 
ing studies and improvements in technique will certainly enhance the use- 
fulness of the method. For example a more efficient stirring device in the 
cylinder U would enable equilibrium to be attained more rapidly and fur- 
ther redesign of the apparatus could reduce the time scale of the experiment 
to one day. An alternative possibility would be the use of a continuous 
elution technique in which the eluting power of the solvent was gradually 
increased by progressively increasing the pressure on the system. 

We wish to thank Dr C. Booth for his advice and assistance with the con- 
ventional fractionations. We also acknowledge a helpful discussion with 
Professor Gee. 
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Book Reviews 

Polymer Mechanics, Vol. 1. No. 1, Jan.-Feb. 1965 

THIs volume is the Faraday Press [84 Fifth Avenue, New York, N.Y. 10011] cover- 
to-cover translation of Mekhanika Polimerov published by the Russian Academy of 
Sciences. It is the first of a series of such publications and consequently a detailed 
assessment of the merits of each paper  in this first volume would not  be appropriate. 

The idea behind the new journal is sound; it is that  the great expansion of the 
industrial production of synthetic rubbers, plastics and fibres must be accompanied 
by a corresponding growth in polymer science, and especially in polymer physics, 
if rat ional  choices are to be made among the myriad materials available or capable 
of synthesis. The journal  under  review is one of a number  which have appeared 
recently to serve this branch of science, dealing in this case with work done in 
Russia and other parts of Eastern Europe. 

The contents indicate that  the preoccupations of polymer physicists and engineers 
are not  so different east and west of the Iron Curtain. There  are papers dealing 
with engineering design and testing of viscoelastic materials, the properties of com- 
posites, i.e. fibre-reinforced plastics and semi-crystalline polymers and others dealing 
with failure, 

The general impression is of competent  work but  with nothing of outstanding 
significance. The translation is unobtrusive but explanation of the Soviet trade 
names would have been very useful. 

E. R. HOWELLS 

Testing of Polymers, Vol. 1 

Edited by J. V. SCnM1TZ. Interscience: New York; London:  Wiley, 1965. 479 pp. 
147s 

Trns book is announced as the first of a series to be devoted to polymer testing. 
In the preface the editor states that  the series is intended not  only for testing experts 
but also for polymer chemists and physicists and others who need to understand 
and apply test data. The  plan of the series is not  disclosed so volume I must  be 
judged on its own with the realization that  any criticisms of content may be disarmed 
by subsequent volumes. 

There are 14 chapters written by 19 authors all with considerable experience, in 
industry or university, of polymers and test methods. The first two chapters set a 
very formal style dealing as they do with standards and specifications and with 
providing constant environmental  conditions. The next two chapters provide an 
excellent introduction to mechanical testing. Professor Mat in  gives a very readable 
analysis of the many linear and non-l inear relationships between load and deformation 
that arise in testing real materials. M. G. Sharma introduces theories of visco- 
elasticity that  must  inevitably arise when mechanical testing of polymers is 
discussed. Unfor tunate ly  after such an introduction to mechanical testing Volume 
I has no more to say on the topic. 

The next five chapters discuss electrical testing. A brief introductory chapter, 
not  so explicit as those on mechanical  testing, is followed by four chapters on d.c. 
conductance, dielectric constant and loss, electrical resistivity, and high voltage 
testing. Electrical testing is therefore covered fairly thoroughly. 

Four  chapters follow on odd miscellaneous tests which seem to the suspicious 
mind of the reviewer to be in Volume 1 to make up  the number.  Chapter  10 deals 
with cavitation erosion, chapter 11 with odour and taste transfer testing, chapter  12 
with indentation and compression testing of floor coverings and chapter 13 with the 
measurement of gas and vapour  permeation. 
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The volume is brought  back on to its wider view by a final chapter giving selected 
references to books and periodicals of relevance to the testing of polymers. It is 
perhaps unfair  to pick on omissions from such a list (137 books, periodicals, hand- 
books, and dictionaries); t h e  British Journal of Applied Physics and Reports of 
Progress in Polymer Physics in Japan, however, represent primary sources in their 
respective countries which should not  be overlooked. 

The writing style is of course variable but  the editor seems to have succeeded in 
avoiding duplication and too wide a spread of style between his contributors; the 
book is therefore readable. It does in part  fulfil tht~ function set out in the preface 
and can be thoroughly recommended to all the classes of intended readers. If 
subsequent volumes are published to fill the gaps, a worthwhile and a well thumbed 
set of volumes will appear on library shelves; at 147s per volume they will be 
expensive for individuals. 

K. W. HILLIER 

Exposds de Chimie Macromoldculaire. Structure Chimique des PoIyosides 

J. N~EL. 165 pp. Gauthier-Villars : Paris, 1965. NF 40 

T~E chemistry and terminology of sugars is a complex subject, fraught with diffi- 
culties for the inexperienced. There is, in spite of much devoted work, a con- 
siderable lack of correspondence between usages in different countries, and confusion 
can easily arise, even with small molecules, while with polymeric sugars greater 
problems arise. 

This brief and clearly written text will do much to help anyone involved with 
interpretation of work in a difficult field. A 'polyoside' is taken to be a compound 
which, upon acid hydrolysis, yields one or more sugars, and, in certain cases, 
alcohols (usually methanol)  or low molecular weight phenols. Throughout  the book 
the term 'ose' is used for 'sugar ' :  the first half  of the text is devoted to a clear and 
detailed account of the chemistry of monomeric sugars, including optical isomerism, 
classification, and cyclic formulae, and the chemical properties dependent on the 
presence of the carbonyl and hydroxyl groups, and their interactions. 

The rest of the book follows on from this exposition, and describes the chemical 
structure of polyosides. Impor tant  natural  polymers discussed include cellulose (with 
a particularly useful table relating structural characteristics to the methods and 
arguments by which they are established), starch, glycogen, polymannosides, poly- 
fructosides (inulin), and more obscure polysaccharides and polyheterosides. Similarly, 
the polyuronides are more briefly discussed, including pectin, alginic acid, gum 
arabic, hyaluronic acid, blood polysaccharides, and the sulphur-containing poly- 
uronides agar-agar, chondroit in sulphuric acid and heparin. 

The book is a useful introduction to the difficult topic of sugar polymers. It 
contains adequate references, is well printed, and, al though paper-backed, is not  
unreasonably priced. 

C. A. FINCH 

Thermoanalytical Methods of Investigation 

PAUL D..GARY. Academic Press : New York, 1965. 606 pp. 156s 

T ins  book has been nicely produced with layout and illustrations of the usual high 
quality. It is a long book with 17 chapters. There is much repetition of material, 
in fact better organization of the topics could well have resulted in a reduction in 
size by a factor of two. One general characteristic which the reviewer found 
irritating is the style of writing which endeavours to strike a chatty, qualitative note 

w h e n  a simple and precise style might be more appropriate; this is of course very 
much a matter  of personal preference. 
~ T h e  contents of the book make it most useful to the mineralo_~ist and of less 

value to polymer scientists. 
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The volume is brought  back on to its wider view by a final chapter giving selected 
references to books and periodicals of relevance to the testing of polymers. It is 
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K. W. HILLIER 
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J. N~EL. 165 pp. Gauthier-Villars : Paris, 1965. NF 40 
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The first three chapters contain a lengthy summary of the problems and effects 
in DTA; most of the topics raised here are duplicated later. There is some evidence 
of confusion in attempting to justify DTA as a more accurate method than con- 
ventional calorimetry; surely the two are different and the advantage of DTA is 
primarily that of speed of measurement. 

The next three chapters contain useful and readable descriptions of DTA apparatus 
and the type of results obtainable. 

Chapter 7 is an interesting account of the effect of the atmosphere around the 
sample on the thermogram obtained. 

Chapters 8 to 14 contain material on TGA and miscellaneous topics all relewmt 
to thermal analysis. This section of the book is, however, very drawn out. 

The final chapters contain much important detail on the design of thermal analysis 
equipment and constitute profitable reading for all those intending to assemble their 
own apparatus. 

The book contains extensive references and subject and author indices. It is likely 
to prove particularly useful as a reference work and for a general introduction to 
thermal analysis methods. 

E. R. HOWELLS 

Elastomer Stereospecific Polymerization 

13. L. JOHNSON and M. GOODMAN. American Chemical Society: Washington, D.C_ 
1966. 155 pp. $5.50 

THIS book contains eleven papers given at a symposium sponsored by the American 
Chemical Society in 1964. All are concerned with various aspects of stereospecific 
polymerization but the title of the book is somewhat misleading in that several 
of the papers relate to non-elastomeric polymers, and most are concerned with 
kinetics and mechanism of polymerization rather than with polymer properties. No 
outstanding development is recorded but the new information presented justifies its 
publication and its collection in one volume assures a permanent record of the 
proceedings. There is, however, no discussion and, from the diversity of subjezts. 
publication in one of the established polymer journals would have been equally 
appropriate. 

Seven of the papers deal with polymerization using coordination catalysts. There 
are several essentially practical accounts of the influence of catalyst structure and 
composition on the polymerization of isoprene, butadiene and propylene, the poly- 
merization kinetics of 4-methyl pentene-l,  and some interesting speculations on the 
mechanisms of polymerization of trans penta-l,3-diene to the isotactic and svndio- 
tactic cis 1,4 forms, in the paper by Natta and Porri. Anionic polymerization receives 
attention in two short reviews by M. Morton and by Bywater and Warsfold. It is 
concerned with the mechanism and kinetics of lithium alkyl initiated polymerization 
of styrene, isoprene and butadiene. The two papers by Aggarwaal and co-workers 
on stereoisomerism and sequence length in polypropylene oxide are somewhat out 
of character with the other articles in this volume, being concerned with theories 
of melting and crystallization rather than with polymer synthesis. The remaining 
paper is a review of aldehyde polymerization by O. Vogl. 

There is no clear theme that links all of the r~apers presented at this symposium 
and therefore the volume will tend to be used for reference by specialists for 
individual topics rather than to be read as a whole; the papers are fairly complete 
and have adequate bibliographies. 

W. COOPER 

,4 History o[ the Modern British Chemical Industry 

D. W. F. HARDIE and J. DAV1DSON PRATT. Pergamon Press: Oxford, 1966. 380 pp. 21s 

WITH the enormous growth of the chemical industry over the last two decades and 
the marked change of emphasis to processes where the basic intermediates are 
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derived from petroleum sources, it is of great interest to have before us a review 
of how industry has progressed from its modest beginnings in the pre-Victorian era 
to the stage of present day manufactures. All who are concerned with chemical 
science and technology should find the story as presented stimulating and perhaps, 
at times, salutary reading, especially when we consider how the efforts of our 
predecessors involved a great deal of empiricism, personal faith and business acumen. 

The publishers present this book as the first of a series on specialized aspects of 
the industry and the authors, both of whom have long been associated with chemical 
manufacture, deal with their subject in a thoroughly competent and logical manner. 
Not only do they produce facts and figures but throughout the book give critical 
attention to the processes involved. After tracing the origins of the industry in this 
country, and dealing with those chemicals, particularly sulphuric acid, alkali, 
chlorine and tar products then required in increasing quantity by the glass, textile, 
soap and other manufacturers, the second chapter looks at a transition period and 
shows how discovery, chemical engineering, the 1914--18 war and company mergers 
all had their impact on technical and industrial development. A third chapter 
provides a comprehensive study of the modern industry: apart from covering heavy 
chemicals (both organic and inorganic), dyes, and pharmaceutical chemicals, a section 
on new materials deals with the origin and growth of polymers, showing their 
development from the early beginnings of celluloid and PF resins to the large 
scale manufactures of the wide range of important products currently used in 
plastics, rubbers and fibres. 

In addition to a consideration of economic aspects and statistics, there is a 
fascinating chapter on companies of importance in the industry, wherein are tracea 
their origins, growth and commercial interests, providing reminders of smaller 
companies now defunct in themselves but whose spirit still exists within the merged 
concerns. Concluding sections detail British trade associations and provide compre- 
hensive indexes giving reference not only to chemicals and processes but to manu- 
facturers past and present. 

The book is well printed and produced and although paper-backed should be 
sufficiently robust to withstand considerable handling. 

R. J. W. REYNOLDS 

High Resolution Nuclear Magnetic Resonance Spectroscopy, Volume 11 

J. W. EMSLEY, J. FEENEY and L. H. SUTCLIFFE. Pergamon: Oxford, 1966. pp 665-1154. 
105s 

THE authors have attempted a comprehensive survey of the applications of high 
resolution nuclear magnetic resonance spectroscopy to the determination of molecular 
structure. The field is so vast that the book exceeds 1 150 pages and very sensibly 
has been divided into two volumes. Volume II reviews most of the experimental 
results which have been published up to the end of 1963 with comments on how 
well the measurements are explained by the theories described in Volume I. There 
are frequent cross references to Volume I. 

Chapter 10, the first in Volume II, is concerned with correlation of proton 
resonance parameters with molecular structure. Large numbers of coupling constants 
and chemical shifts are tabulated, and where possible the shifts have been corrected 
so that they are relative to the same standard. This section will probably be useful, 
both to the theoretician who needs a convenient compilation of experimental data 
and to the structural chemist who wishes to interpret his spectra. There is a short 
section on the spectra of 'Large complex organic molecules'. 

There have been comparatively few applications of high resolution n.m.r, to 
problems in polymer chemistry. However, in cases where suitable solvents can be 
found the spectra of polymers can be interpreted in much the same way as those 
of other large molecules, and extra information can often be obtained from the 
line widths. Examples of the use of n.m.r, to study segmental motion, structure, 
configuration and tacticity of polymers are discussed. 
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A similar survey to that  presented for protons in Chapter  10 is given for fluorine 
resonances in Chapter  11, and in Chapter  12 most of the published work on 
resonances of other spin ½ nuclei is reviewed. Often the signals from such nuclei 
are too weak to be detected by normal  techniques and the special experimental 
procedures necessary are briefly described. 

In the preface it is predicted that  with the rapid increases in the number  of 
n.m.r, publications, it will soon be impracticable to cover the whole field in a single 
text. On reading the book, one suspects that  this point may already have been 
reached. In Volume II  a vast number  of experimental data have been carefully 
collected and presented as clearly as possible, but discussion and comments are 
extremely brief. The book contains over 1 000 references to original papers, and 
there is an excellent index. It is a useful guide to the literature, but  a serious dis- 
advantage is that even the most recent work included is now at least two and a half 
years old. 

J. G. KENWORTHY 

The Identification o/Plastics and Rubbers 

K. J. SAUNDERS. London:  Chapman and Hall, 1966. X + 5 5  pp. 7s6d 
THIS small and modestly priced volume forms one of a series of paperbacks covering 
a diversity of subjects, and is based on a lalzoratory course given at the National  
College of Rubber  Technology, where Dr  Saunders is Senior Lecturer in Polymer 
Chemistry. 

The analytical approach presented follows a scheme in which the sample is grouped 
as a rubber,  thermoplastic or thermosetting material and subjected to a simple but 
effective initial examination covering such properties as colour, specific gravity and 
behaviour on heating, following which chemical tests designed to establish final 
identification are applied. Inorganic fillers and pigments are included in the scheme 
but not, unfortunately, plasticizers and other additives. 

While there is good sense in the tests described and in the conclusions to lze gained 
from them, the underlying physical and chemical principles could, with advantage, 
have been dealt with more fully. Again, al though the polymers under study are well 
classified chemically, the text would perhaps have lzeen made more interesting by the 
inclusion of some relevant trade names since these are often now widely used. 

The book gives a number  of references and recommendations for further  reading 
but a brief chapter outlining the more sophisticated tools available to the modern 
experimenter and of invaluable assistance in analysis would have been useful. Few 
people these days rely solely on the sort of elementary approaches put  forward; for 
initial teaching purposes these may be ideal but  not for identification in general. 
Spectrographic techniques, for example, are now available to most of us, even in 
teaching laboratories, and there is everything to be gained by drawing them to the 
attention of a student at an early stage in his career. 

In general the book will, as I think the author intends, serve as a useful practical 
introduction for students taking an interest in polymers and for those handling com- 
mercially established elastomers and plastics, although few people will wish to regard 
it as more than a preliminary guide to polymer identification. 

R. J. W. REYNOLDS 

Physics o[ Non-crystalline Solids 
Proceedings of the International Conference, Delft, July 1964, under the auspices of 
the I.U.P.A.C. Edited by J. A. PRINS. Amsterdam:  Nor th  Holland Publishing Co., 

1965. xv i i+667  pp. 6 in. × 9 in. 180s 

THE International Conference on the Physics of Non-Crystalline Solids held in Delft 
in 1964, of which this book is the collected proceedings, was an attempt to produce a 
bridge between the groups working on inorganic and organic glasses. Consequently, 
the fifty three papers published in this volume, of which four are in French, eight in 
German and the rest in English, describe studies in a wide range of materials, using 
an equally wide range of techniques. 

In the introductory paper Professor Prins discusses various models which have 
l:een used to describe the structures of non-crystalline solids, and lays the foundation 
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for the general discussion. Subsequent papers extend the discussion to the nature of 
networks in organic and inorganic glasses separately, and consider factors controlling 
the properties of the networks, e.g. free ends and chain entanglements in organic 
polymer networks. 

A few papers describe the use of various experimental techniques as probes for 
investigating the nature of non-crystalline solids. These include the applications of 
thermal conductivity, viscosity, inelastic neutron scattering, X-ray absorption fine 
structure and nuclear magnetic resonance pulse techniques. Most papers give accounts 
of results obtained on either organic or inorganic materials, but  some papers show 
how narrow may be the gap between the two main fields. An example is the study of 
glass transition temperatures of sodium phosphate polymers, in which, if the polymer 
end-group is non-ionic, the dependence of T O on molecular weight is the same as that  
found in many organic polymers, but, if ionic end-groups are present, the behaviour 
is profoundly different. 

Studies on organic polymers include both mechanical and dielectric relaxation 
studies on methacrylates. Mechanical relaxation methods are also used to study the 
effects on transition temperatures in aromatic polyesters by restricting molecular 
mobility on the introduction of methyl groups into the polymer. The same technique 
is used to study relaxation processes in short-chain alcohols. There are corresponding 
papers on relaxation studies using a number  of inorganic systems. Other studies on 
inorganic glasses include the distribution of ions and the determination of average 
coordination numbers, their optical and electrical properties, effects of radiation and 
fibre properties. 

The volume is well presented and contains a short list of errors, most of which 
(and few others which have escaped notice) are trivial, and mainly slips in transla- 
tion. Even if the original conference did not  break down the barriers between the 
separate studies of inorganic and organic glasses, a view expressed both in the Fore- 
word and in the Review Lecture, this b o o k  may help to achieve the aims of the 
conference, by providing a demonstration of the use of similar techniques in both  
fields and a comparison of the terminology of the two groups of workers. Any 
laboratory working on the structure: and properties of non-crystalline solids should 
find this volume a useful addition to its library. 

G. C. EASTMOND 
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The Polymerization of 
Trifluoracetaldehyde Init•ted by Tertiary 
Bases," The Effect of Temperature on the 

Monomer-Polymer Equilibrium 
W. K. BUSFIELD 

Gaseous fluoral is' polymerized very rapidly by traces of  tertiary bases. There 
is" no termination reaction. Measurement  o[ equilibrium monomer pressures in 
the range 16 ° to 72°C has yielded the Jollowing values o[ the standard enthalpy 
and entropy of polymerization: 

AH ° = - - 1 5 " 4 3 + _ 0 " 3 1  k c a l  m o l e  -1 
Oc 

AS°: = - - 4 4 " 6  +- 1 "0 ca l  d e g  -1 m o l e  -x 

They are compared with corresponding values ]or other aldehyde systems. 
Possible reaction mechanisms are discussed. 

THE polymerization of gaseous fluoral (trifluoracetaldehyde) has not pre- 
viously been studied. In this paper results are reported which show that 
gaseous fluoral at room temperature and pressures below atmospheric is 
stable in the absence of additives, polymerizes slowly in the presence of 
2.0 mole per cent of formic acid and polymerizes extremely quickly in the 
presence of as little as 0.2 mole per cent of tertiary bases such as pyridine 
and trimethylamine. The latter system has been studied in some detail. It 
has been found ideal for studying the equilibrium between fluoral and its 
polymer. 

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

Fluoral 
Fluoral hydrate (B.D.H. or produced by the reaction of trifluoracetic acid 

with lithium aluminium hydride ~) was slowly dropped on to a mixture of 
phosphorus pentoxide and concentrated sulphuric acid at 95°C in about 
half an atmosphere of nitrogen and the product trapped at -196°C.  The 
fluoral was purified by several bulb to bulb distillations from - 7 8 ° C  to 
- 1 9 6 ° C  the middle fractions being retained each time. Mass spectrometry 
indicated the absence of hydrate and the presence of less than 0" 1 per cent 
of water. The infra-red spectrum was identical with that published". 

Pyridine 
Pyridine was dried over and distilled from potassium hydroxide pellets 

into a vacuum line and stored over solid calcium hydride. The mass 
spectrum of the vapour was identical with a standard spectrum and showed 
that the amount of water in the sample was less than 0"2 per cent. 
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Trimethylamine 
This was obtained from a solution of trimethylamine in ethanol (B.D.H.) 

by distillation from a flask containing excess of potassium hydroxide pellets 
into a bulb containing potassium hydroxide pellets. After evacuation it was 
distilled from - 7 8 ° C  to - 1 9 6 ° C  three times, preserving the middle sample 
each time. It was stored in a vacuum over solid calcium hydride at - 196°C 
from which it was obtained for runs by warming the bulb. The mass and 
infra-red spectra were identical with standard spectra. 

Apparatus and procedure 
The reaction vessel was a 100 ml round bottomed flask surrounded by a 

water jacket through which water was cycled from a thermostat bath con, 
trolled a t +  0-01 deg. C over short periods but a t :+ 0.05 deg. C over 24 hours 
(the duration of some of the runs). The only outlet to the flask led to a 
glass spiral pressure gauge (sensitivity 1.47 cm of mercury per 1"00 cm of 
scale) and to a silicone-greased tap leading to the gas injection and sampling 
system and the vacuum line. The volume outside the thermostatically con- 
trolled jacket but enclosed in the reaction volume amounted to less than 
4 ml; its walls were electrically heated to about 130°C. 

The temperature of the water jacket was recorded with a calibrated 
mercury in glass thermometer housed in a thermometer well. 

Monomer and initiator gases were admitted to the reaction vessel heated 
by a separate heater to about 90°C. At this temperature and at pressures 
below one atmosphere fluoral does not polymerize. Polymerization runs 
were started by switching on the pump circulating water through the reac- 
tion vessel jacket from the thermostat bath. At the same time the separate 
reaction vessel heater was turned off. Trial experiments showed that the 
reaction vessel at 90°C, filled with nitrogen and used as a constant volume 
thermometer, was within one centigrade degree of the thermostat bath at 
25°C ten seconds after switching on the circulating pump. The total pres- 
sure was followed with time as the polymerization proceeded. 

The stability of the polymers formed was examined by operating the 
thermostat at a suitable higher temperature. With the reaction vessel iso- 
lated, the change in total pressure indicated the rate and extent of 
depolymerization. 

R E S U L T S  

Polymerization 
Typical pressure/time curves are .shown in Figure 1. The stability of 

fiuoral in the absence of initiator is demonstrated by run T. There was 
neither change in total pressure nor visual sign of solid polymer over 20 
hours. 

Although formic acid is known to polymerize formaldehyde rapidly 3, 
two mole per cent of formic acid (run B) promoted only a slow polymeriza- 
tion of fluoral with a half-life of about 12 hours (the decay curve is not first 
order). 

On the other hand tertiary bases, which are known to polymerize liquid 
chloral rapidly ~, also promote a very fast polymerization of fluoral. In 
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Figure /--Total pressure/time curves. B, two per cent formic acid, 31°C; 
D, 0"2 per cent pyridine, 32°C; K, 5"8 per cent pyridine, 88°C; M2: 
2'5 per cent pyridine, 45°C; M3:2"5 per cent pyridine, 45°C; S, stable 
polymer (see text), 22°C; T, no calalyst, 21°C; Z5:0"6 per cent trimeth- 

ylamine, 30°C 

run D, in the presence of as little as 0.2 mole per cent of pyridine, the half- 
life of the polymerization is about 35 seconds. Trimethylamine behaves 
similarly (run Z5), 

The pressure/t ime curves did not follow any simple laws. Within the 
range 0.1 to 3 per cent of total pressure, the initiator pressure had little 
effect on the rate of polymerization. At lower concentrations there was 
sometimes an initial induction period of up to 30 seconds duration. This 
phenomenon was by no means reproducible, presumably because of the 
variable catalytic effects of the reaction vessel surface. Thereafter a fast 
polymerization ensued and the pressure approached a value independent of 
initiator and initial monomer concentration but dependent on the tempera- 
ture. The pressure continued to fall very slowly until an equilibrium 
pressure was reached after 5 to 15 hours; run Z5, Figure 1, is typical. 

Polymer stability 
The polymer, made by pyridine or trimethylamine initiation, completely 

depolymerized at temperatures above 70°C in about three minutes to 
monomer  and initiator (see gas analysis section). Run K is typical. 
Depolymerization runs exhibited no induction periods. In other respects 
and at temperatures below 70°C they were similar to polymerization runs 
with an initial fast depolymerization followed by a steady drift to an 
equilibrium total pressure. Evidently the polymer-monomer  equilibrium 
is very mobile suggesting that the growing ends retain their activity. Both 
polymerization and depolymerization runs reach the same equilibrium total 
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pressure at the same temperature, see for example runs M2 and M3, 
Figure 1. 

At each temperature there is a characteristic equilibrium pressure of 
fluoral. These values were measured in the temperature range 16 ° to 73°C 
and are listed in Table 1. In these experiments the initial initiator pressure 

Table 1. E q u i l i b r i u m  f luoral  pressures,  P, a t  var ious  t empera tu res  

T, °C P, cm mercury Initiator* Run from excess 

16"2 O.78 TMA M 
20"3 1-47 Pyr M 
20'5 1 "29 Pyr P 
26'1 2'90 Pyr M 
29"7 3"02 TMA M 
32-2 4"10 Pyr P 
45"2 11 '01 Pyr P 
45"2 11 "78 Pyr M 
46"4 11 '33 TMA M 
49"6 16'3 TMA P 
56'1 25"7 Pyr M 
58-6 28-2 TMA P 
59"5 26"5 Pyr P 
61"3 38"1 TMA M 
66"2 54"6 TMA M 
72-8 72"1 TMA P 

*TMA denotes trimethylamine; Pyr denotes pyridine; M de.notes monomer; P denotes polymer. 

was always less than two per cent of the total pressure. The presence of 
initiator was allowed for when calculating the equilibrium fluoral pressures, 
P. The estimated precision of P is!+ 15 per cent at 16 °C falling to + 0"2 per 
cent at 73°C. These results will be discussed later in the light of the 
constitution of the gas and polymer phases. 

Gas analys& 
The fate of the initiator in the reaction was investigated by analysing 

samples of the gas phase at various times during the reaction by either mass 
spectrometry (AEI model 10) or infra-red gas analysis (Perkin-Elmer model 
521 spectrophotometer). The analysis showed that only monomer and 
initiator were present in the gas phase in the reaction vessel before and 
after polymerization and depolymerization. There was no evidence for the 
presence of dimers or trimers which would have absorbed in the - - C - - O - -  
or - - O  H - -  stretching region of the infra-red spectrum or produced mass 
peaks above mass 98 in the mass spectrum. 

Quantitative analysis of the gas samples, using peak heights in the mass 
spectra and optical densities in the infra-red spectra, coupled with the gas 
pressures in the reaction vessel led to the following generalizations. In the 
range of initial initiator pressures 2-1 to 41 per cent of the total pressure, 
polymer produced after one minute of the polymerization reaction con- 
tained 1-7 to 11 per cent (in terms of moles of initiator and moles of 
monomer in the polymer) respectively of initiator. The polymer remaining 
after 20 hours contained less than one per cent (usually the limit of mea- 
surement) of initiator over this whole range of initial initiator pressures. 
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In depolymerization experiments the first 20 per cent of polymer decom- 
posed contained most of the initiator. The remaining polymer contained 
undetectable amounts. This demonstrates that at least two types of equili- 
bria are taking part:  a fast equilibrium between monomer and polymer 
and a slow one involving initiator also. 

Polymer analysis 
The polymer was formed as a thin film around the inner surface of the 

reaction vessel. It was quite stable in the presence of air as long as the 
equilibrium pressure of fluoral was maintained. The thin film could be 
peeled from the reaction vessel walls and had elastic properties. There 
seems little doubt that it is composed of polymeric molecules. When not 
in the presence of its equilibrium pressure of fluoral it very quickly 
depolymerized. A special infra-red cell attached to the reaction vessel was 
constructed to facilitate the recording of absorption spectra of polymer 
samples in the presence of the equilibrium pressure of fluoral. The samples 
were thin films formed on rock salt discs by preferential cooling. They 
scattered light badly especially in the near infra-red but gave some useful 
information. 

The spectra were similar in most respects to those obtained with poly- 
fiuoral prepared in other ways ~. Peaks characteristic of monomeric fiuoral 
were present with optical densities of the order expected for the equilibrium 
pressure at room temperature and the length of the cell. In addition, for 
the polymer prepared from four mole per cent pyridine, there were seven 
small peaks in the region 1 450 to 1 700 cm -1. The wavenumbers of six of 
the peaks corresponded with peaks in the spectra of pyridinium chloride 
and pyridine vapour. The other was not accounted for. The intensity 
agreement was not so good. It appears that the pyridine is present in the 
condensed polymer phase as pyridinium cations. 

None of the polyfluoral .samples absorbed in the 3 300 to 3 500 cm -t 
region showing that either the end groups are not OH or that the degree of 
polymerization is large. Rosen and Sturm 6 observed no absorption in this 
region of the spectrum of HO[CH.CHCI2.O],H at a degree of polymerization 
of about 400. 

The polymer can be stabilized by reaction with hydrogen chloride. For 
example, polymer made from four mole per cent of trimethylamine at room 
temperature completely depolymerized in 25 minutes at 58°C (there was 
insufficient polymer to reach the equilibrium pressure at this temperature). 
After repolymerization, reaction with 3 cm of mercury hydrogen chloride 
gas and evacuation, the polymer remained unchanged after 40 minutes at 
58°C. Introduction of more trimethylamine gas destabilized the polymer 
immediately. 

A stable polymer 
During a series of about twenty experiments using pyridine as initiator, a 

thin film of a stable polymer grew on the surface of the reaction vessel 
which could not be removed by pumping at 95°C for five hours with a 
vacuum of 10 -5 mm of mercury. This film still retained some catalytic 
activity for the polymerization of fluoral; see run S, Figure 1, which was 
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performed in the absence of gaseous initiator and presence of the thin film. 
The film had a typical i.r. absorption spectrum of polyfluoral but with 

much sharper peaks than the unstable variety suggesting a higher degree of 
crystallinity. An X-ray diffraction photograph showed that the degree of 
crystallinity was similar to that produced by benzoyl peroxide initiation 5. 

D I S C U S S I O N  

Since initiator is incorporated in the polymer as quaternary cations and 
since polymer activity is quenched by reaction with hydrogen chloride it is 
probable that the initiator forms the polymer end groups. Thus the initiator 
content of the polymer is a measure of the average degree of polymeriza- 
tion, if only straight chains are present. 

The decrease in the initiator content of the polymer phase during the 
later stages of polymerization is probably due to reactions occurring 
between pairs of polymer molecule ends producing initiator molecules, 
which return to the gas phase, together with either cyclic polymers from 
intramolecular reactions or long chain polymers from intermolecular reac- 
tions. Depolymerization runs of suitable polymer samples showed that the 
stability of the polymer is not appreciably altered during this period. Since 
cyclic polymers would be more stable than linear polymers with active end 
groups, this evidence favours intermolecular reactions although some 
cyclization might occur concurrently. It is possible that the small fraction 
of .stable polymer mentioned in the polymer analysis section may be com- 
posed of large cyclic structures. Attempts to extract any soluble crystal- 
lizable products such as cyclic trimers or tetramers from the polymer were 
unfruitful (parachloral is a crystalline solid soluble in many .solvents 7) and 
there was no evidence for any polymers, cyclic or straight chain, in the 
equilibrium gases. This indicates that the condensed phase after long 
reaction times is composed mainly of large cyclic structures or long chains 
in keeping with the elastic nature of the films. If the latter, then the average 
degree of polymerization must be at least 100 since the final polymer con- 
tained less than one mole per cent of initiator even from high initial initiator 
concentrations. 

After long reaction times there is equilibrium between monomer vapour 
and high molecular weight active polymer molecules. The equilibrium 
monomer pressures, P, listed in Table 1 are thus related to the standard free 
energy of polymerization of gaseous fluoral at one atmosphere pressure to 
solid polyfiuoral : 

hG°c = R T  In e = hH°~c - T A ~  

Log (P, cm mercury) is plotted against 103/T in Figure 2. The points lie on 
a reasonably straight line and least squares treatment yields the equation: 

log (P atm -1) = - ( 15' 43 + 0- 31 kcal mole -1) / 2" 303R T 
+ (44.6_+ 1.0 cal deg -1 mole-1)/2"303R 

Thus for the reaction : 

CF3CHO (g, 1 atm) -->- (l In) ~C(CF3)H.O~-~ (solid, low crystallinity) 
AH°,c = - 15-43.+0.31 kcal mole -1 and AS°o= - 44'6+ 1.0 cal deg -1 mole -1 
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of mercury) versus 10"~°K/T 

These values should be 
assigned to the mean tem- 
perature 45°C, but there 
is probably no significant 
error in assigning them to 
25°C. The ceiling temper- 
ature, T~,~, is 73 ° +_ I°C. 

North and Richardson" 
have emphasized the im- 
portance of the entropy of 
,disorder of completely 

atactic polymers. The degree of stereoregularity of this polymer is unknown. 
If  completely atactic then AS],,c for the formation of stereoregular polyflu- 
oral will be - 46.0 cal deg -1 mole -1. Values of/XH ~ AS '~ and T ~,, for poly- 
aldehydes are summarized in T a b l e  2. 

Table 2. Thermodynamic data for the polymerization of RCHO at one atmosphere 
pressure to solid polymer 

Polymer 
R - -  A H  ° - -  A S  ° T O R el. pc (j,, ~ stereoregularity 

kcal mole -I  cal mole -a deg -1 °C 

H 14" 42'0 60 - -  9 
CH 3 11" 42 -- 10 high 8 
C2H 5 12" 44 5 high 8 
CF~ 15'4 44"6 73 unknown k_ 

CCItt 16'4 44"1 98 unknown 4 
*Estimated values. 
?These values are calculated using the assumption that chloral forms an ideal solution in pyridine. 

There is little variation in the entropy values as might be expected from 
a comparison with the polyolefin series TM and from Trouton's  rules on 
physical aggregation processes. 

T h e  r e a c t i o n  m e c h a n i s m  

Initiation can either occur in the gas phase or on the reaction vessel 
surface. In the gas phase some form of interaction between monomer and 
initiator molecules would be expected and the resulting complex might 
exhibit charge transfer bands in the ultra-violet or extra vibrational bands 
in the infra-red absorption spectrum. In fact the infra-red (400 to 
4 000 cm -1) and the ultra-violet (30 000 to 50 000 cm -1) absorption spectrum 
of a 1 : 1 mixture of fluoral and trimethylamine, at pressures below the room 
temperature polymerization pressure, was simply the superposition of the 
spectra of the two separate gases. Secondly, if initiation and early growth 
occurred in the gas phase then most solid polymer might be expected to 
form at the bottom of the reaction vessel. The solid polymer was always 
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uniformly distributed around the surface. It seems probable therefore that 
both initiation and growth occur on the reaction vessel surface. 

The mechanism of the initiation reaction poses some problems. In the 
presence of suitable proton donors, for example water, a mechanism similar 
to that proposed for the polymerization of chloral can be postulated 4. How- 
ever, no absorption in the OH stretching region of the infra-red spectrum 
of even low polymers was observed. Indeed the reagents were fairly 
rigorously dried. It is unlikely that sufficient proton donors are present as 
impurity to produce the low polymers observed early in the reaction. 

In the absence of suitable proton donors one has to resort to structures 
involving large charge separations in the growing molecules. 

H H H 
+ I cF~CHO + I I 

CF3CHO + NR3 ~ R3N--C--() R3N--C--O--C--O " etc. 
I I I 
CF3 CF3 CF3 

It is possible that the oppositely charged ends of adjacent growing polymer 
molecules are associated in the form of ion pairs, thus minimizing the 
electrostatic energy required for large charge separations in individual 
growing molecules. 

H H 
.,v,,~_O_ IC_6 + I 

• • RaN--C--O 
I ] 
cF3 cF3 

Recently Vogl and Bryant I1 have suggested a similar mechanism for the 
polymerization of aldehydes initiated by boron trifluoride. 
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Formation of New Crosslinkages in 
Proteins by Oxidation of the Tyrosine 

Residues with Potassium 
Nitros yldisulphonate 

C. EARLAND and J. G. P. STELL 

Oxidation o[ wool fibres with potassium nitrosyldisulphonate increases their 
resistance to degradation by solutions o[ alkali and urea bisulphite and 
reduces their contraction in solutions o[ sodium bisulphite. Silk filaments 
have an increased tensile strength ufler treatment with the same reagent. This" 
indicates that new crosslinkages have been introduced into these fibrous 
proteins and the available evidence suggests that oxidized tyrasine residues 
are involved in their ]ormation. Although it is" not  possible to determine the 
structure o[ these new linkages, a melanin-type dimer o1" amino-substituted 
hydroquinone appears to be most probable. It is suggested also that potassium 
nitrosyldisulphonate crosslinks soluble and insoluble proteins by a common 

mechanism. 

TEUBER AND RAU 1 found that potassium nitrosyldisulphonate (Fr6my's salt) 
which in aqueous solution is dissociated into the free radical ,ON(SO3K)~ 
is able to oxidize phenols to quinones quantitatively. It has been sug- 
gested also that the insolubility of silk fibroin (Bombyx mori) after reaction 
with reagents such as potassium permanganate, sodium hypochlorite or 
chlorine dioxide is due to crosslinking via oxidized tyrosine residues ~. Con- 
sistent with this suggestion, Earland et al. 3 found that potassium nitrosyldi- 
sulphonate was extremely effective for insolubilizing proteins. In addition 
to rendering silk insoluble in the usual solvents, potassium nitrosyldisul- 
phonate precipitated insulin from solution as a reddish-brown solid in 100 
per cent yield. 

While reduction in the solubility of a protein is not in itself an unambigu- 
ous criterion of crosslinking, reliable methods exist for detecting the 
presence of new crosslinkages in fibrous proteins, and several such tests 
have been applied to wool and silk fibres oxidized with potassium nitrosyldi- 
sulphonate. It has been shown conclusively that the reagent has, in fact, 
introduced new crosslinkages into these structures and further evidence has 
been obtained which confirms that tyrosine residues are involved in '~he 
formation of these new linkages. 

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

Materials 
Wool (70's quality) in the form of knitted fabric or Lincoln fibres was 

purified by scouring followed by ether and alcohol extraction. Raw silk 
(Bombyx mori) was purified as described previously -~. 

Potassium nitrosyldisulphonate was prepared as described by Palmer ~, 
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iodometric titration showing the material to be 95 to 100 per cent pure. 
Peracetic acid was prepared by allowing glacial acetic acid (45 ml), 100 vol. 
hydrogen peroxide solution (55 ml) and concentrated sulphuric acid 
(0"56 ml) to stand for three days at 0 ° to 5°C. The concentration of peracid 
was approximately ten per cent. All other reagents were of AR grade. 

Oxidation o[ wool and silk with potassium nitrosyldisulphonate 
A known weight of potassium nitrosyldisulphonate was dissolved in 

100 ml of 0.05 M sodium bicarbonate solution. Fr6my's salt is reasonably 
stable in the pH range 5 8 to 11 and sodium bicarbonate was regarded as 
a satisfactory buffering agent since in no experiment did the initial pH of 
8.5 fall below 8.0 by the end of the treatment. It was necessary to avoid 
the use of solutions of pH appreciably greater than 8 or degradation of the 
protein would have occurred. One gramme of wetted out wool or silk was 
allowed to stand in the solution of the oxidant for 48 hours at 20°C in the 
dark, the contents of the flask being agitated occasionally. The protein was 
removed, washed in distilled water and air-dried. 

Fr6my's salt, although orange in the solid dimeric state, produces intensely 
purple aqueous solutions of the free radical. The reagent in solution was 
determined quantitatively with a Spekker photoelectric absorptiometer using 
a filter giving a maximum absorption at 550 m/z. The instrument was cali- 
brated using .solutions of 0" 10 to 1.00 per cent concentration made from 
freshly prepared iodometrically pure reagent, the plot of concentration 
versus reading giving a straight line showing that dissociation was complete 
in the solutions used in this work. By determining the concentration of 
reagent in solution before and after reaction, it was possible to determine 
the maximum amount of reagent which had reacted. It should be empha- 
sized that this gives the maximum possible uptake and because the decom- 
position of solutions of Fr6my's salt is cataly.sed by its own degradation pro- 
ducts, it is virtually impossible to correct for the decomposition of the 
reagent alone. Furthermore, although solutions in which decomposition has 
occurred may be estimated colorimetrically, this cannot be carried out 
titrimetrically since decomposition products interfere. 

Oxidation o[ cystine residues in wool 
Fabric was treated with 1.0 per cent aqueous peracetic acid solution 

(100 ml/g wool) for different lengths of time at 20°C, washed thoroughly 
in water and air-dried. 

Susceptibility to degradation by alkali 
Wool fabric was dried to constant weight at 110°C and cut into pieces 

approximately 1 cm × 1 cm. The loss in weight after treating with deci- 
normal caustic soda (100 ml/g wool) at 65°C for one hour 6 was used as a 
measure of the susceptibility of the wool to attack by alkali. 

Solubility in urea bisulphite solution 
This was determined using the same conditions as in the previous test 

but replacing the solution of sodium hydroxide by one of pH 7.0 + 0.1 con- 
taining 50g urea and 3g sodium metabisulphitC per 100 ml. It should be 
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emphasized that keratin is insoluble in all non-degradative solvents and the 
term 'solubility' merely expresses the loss in weight due to degradation by 
the reagent after the arbitrary time of treatment of one hour. 

Contraction in sodium bisulphite solution 
Tufts of fibres were treated for 30 min at 100°C in a five per cent (w/v) 

solution of sodium bisulphite s. The contraction in length, expressed as a 
percentage of the original, was determined immediately after removal 
from the solutiort and also after washing in cold water for 30 minutes. 
Measurements were made conveniently between two tie bands on the tufts. 

Determination o] cystine and tyrosine 
Cystine analyses were performed by the method of Shinohara 9 using the 

phosphotungstic acid reagent of Folin and Marenzie TM. Tyrosine was 
estimated by Lugg's method ~1 using Miilon's reagent. In both cases 0.40 g 
of wool was hydrolysed with 8"0 ml of 5N hydrochloric acid for eight hours 
in a sealed tube at 120 ° to 125°C prior to the determination. 

Measurement of colour 
The percentage reflectance from wool fabric before and after treatment 

with potassium nitrosyldisulphonate was measured over the wavelength 
range 380 to 700 m/z using an Optica C.F.4 double-beam recording spectro- 
photometer fitted with a reflectance attachment. 

Mechanical properties of/~bres 
These were determined either on single wool fibres using a Cambridge 

extensometer or on bundles of 50 silk filaments using a Scott Serigraph 
yarn tester loading at 250g/min. 

R E S U L T S  

The increased resistance to chemical degradation of wool treated with 
potassium nitrosyldisulphonate 

The solubility in both alkali and urea bisulphite solutions were used as 
measures of the resistance of wool keratin treated with potassium nitro- 
syldisulphonate to chemical degradation. It is seen from Table 1 that after 
treatment, the solubility in both reagents is reduced considerably. 

Table 1. Solubil i ty of  wool  after  t r e a t men t  with .ON(SO3K), , 

• ON(SO~K),_, applied. 
% on wt of wool 

0 
10 
25 
50 

100 

• ON(SO3K) 2 reacted, 
of 1o on wt of  wool 

0 
4 

10 
18 
33 

% Solubility in 
0"l 0 N N a O H  

10'7 
7"5 
5'8 
5"2 
5 '4 

% Solubility in 
urea bisuIphite 

solution 

161 (28'5) 
9 1  
4 8  
2-8 (1 6) 
1'2 

The treated wool was a reddish-brown colour throughout, the depth of 
shade increasing with the degree of treatment. The values given in paren- 
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theses refer to another sample of wool and differ from the original because 
untreated wool contains small but varying amounts of lanthionine cross- 
linkages ~2. This in no way affects the validity of the urea bisulphite test 
but emphasizes its sensitivity. 

Oxidation of the disulphide bonds of wool with peracetic acid increases 
its solubility in alkali due to a reduction in the number of crosslinkages 
and the formation of sulphonic acid groups. Subsequent treatment with 
Fr6my's salt (25 per cent on the weight of wool), however, reduced consider- 
ably this increased solubility (Table  2). 

Table 2. Solubility in alkali of oxidized wool treated with .ON(SOzK) z 

Time o[ 
oxidation 

with peracetic 
acid, rain 

0 
30 
60 

120 

Cystine 
oxidized 

% 

0 
46"3 
71"0 
75"0 

• ON(SO3K) 2 reacted, 
o, 70 on wt of wool 

10 
16 
17 
17 

Solubility in 0-10 N NaOH(%) 

Before 
.ON(SO3K)z 

10"5 
34"4 
73"0 
88"0 

After 
.ON(SO3K)~ 

6"0 
24 '4 
38'3 
36"4 

A comparison of Tables  1 and 2 shows that oxidized wool reacted with 
more potassium nitrosyldisulphonate than untreated wool. This is because 
after the severance of disulphide bonds, wool swells more readily in polar 
solvents, thus making the structure more accessible to reagents. 

The contraction of  wool  fibres in sodium bisulphite solution 
The contraction in boiling sodium bisulphite solution of wool fibres 

treated with Fr6my's salt is shown in Table  3. It  is seen that the reagent 
reduces considerably the contraction which occurs with untreated wool 
and that this diminution cannot be accounted for by the small amount 
of contraction produced by the reagent alone. 

Table 3. The contraction in bisulphite solution of wool fibres treated with 
• ON(SO3K) z 

• ON(SO3K ~ applied, 
% on wt of wool 

0 
10 
25 
50 

100 

% Contraction 
after treatment 

0 
4"7 
3"8 
2"1 
1"2 

% Contraction in 
NaHSO 3 solution 

11'7 
7"9 
7"0 
7'3 
5"4 

% Contraction in 
NaHSO3 solution 
followed by cold 
water for 30 min 

22"3 
10"5 
11'1 
10'5 
8"8 

The cyst ine and tyrosine contents  of  treated wool  
The diminution in the cystine and tyrosine contents of wool after treat- 

ment with potassium nitrosyldisulphonate is shown in Table 4. 
For the treatment with 500 per cent of reagent, the wool was given five 
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Table 4. The losses of cystine and tyrosine from wool after treatment with 
• ON(SO3K) 2 

• ON(SO3K)~ applied, 
% on wt of wool 

10 
25 
50 

100 
500 

Loss of cystine, ol/~, 

0 
0 
3.0 

11.7 

Loss of lvrositle, ~' * 

26 
5'5 

15"3 
19"1 
87'3 

*The untreated wool contained 11'23 per cent eystine and 614 per cent tyrosine and from these data the 
ocrcentage reductions were calculated. 

separate 100 per cent treatments. This was to avoid excessive decomposi- 
tion of the reagent due to the accumulation of decomposition products. 

The mechanical properties o] treated fibres 
When single wool fibres were extended by 30 per cent in either pH 7 

buffer solution or decinormal hydrochloric acid on the Cambridge extenso- 
meter no change in the work required to stretch the fibres after treatment 
could be detected. When, however, bundles of 50 silk filaments, wetted 
out in a solution of pH 7, were tested on the Scott Serigraph, appreciable 
changes in the breaking load and extension at break of the oxidized fibres 
were found (Table 5). 

Table 5. The mechanical properties of silk treated with -ON(SO3K) 2 

• O N ( S O 3 K )  2 applied, Breaking load of B,reaking load Extension at 
% on wt of silk 50 filaments, g* per filament, g~ break, ~'~,o* 

0 167"5 3"35 2 8 ' 3  

10 186"5 3"73 2 1 ' 1  

25  148"5 2"97  1 6 ' 4  

50 130"5 2"61 15"0 

• Mean of five tests. "i'Maximum standard error of mean ± 0'10 g. 

Statistically, there is a very significant increase in breaking load when 
silk filaments are treated with ten per cent of potassium nitrosyldisul- 
phonate. In view of the importance of these results, twenty further bundles 
of 50 filaments were tested, ten in the untreated state and ten after treatment 
with ten per cent of Fr6my's salt. The untreated broke at a mean value of 
3.11+0-09g per filament with an extension of 27.9 per cent, whereas the 
treated broke at 3"65_+0'07g per filament with an extension of 20.4 per 
cent. 

The colour produced by treatment with potassium nitrosyldisulphonate 
Visually it was obvious that the intensity of the red-brown colour pro- 

duced on wool and silk by potasssium nitrosyldisulphonate was related to 
the degree of treatment. A quantitative assessment of the colour was 
derived from the Kubelka-Munk treatment TM 14 which relates the reflectance 
of a material to the concentration of coloured substance present. 

Reflectance curves (per cent reflectance versus wavelength) were obtained 
for treated and untreated wool fabrics. From these curves, values for the 
fractional reflectance, R, were obtained at a given wavelength, and from 
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these the function ( 1 - R ) ~ / 2 R ,  denoted by [R], which gives a measure of 
the absorption was derived. Since, 

[R]t~teo --[R]antreatod - - - -  kC 

where C is the concentration of the absorbing substance on the fibre, it 
was possible to calculate C in arbitary units. The full method of computa- 
tion is shown in Table 6, which relates to the reflectance at 520 m/.t. 

Table 6. The reflectance at 520 m/z from wool treated with "ON(SO3K) 2 

• ON(SO3K) 2 applied, 0 10 25 50 100 
% o] wt ol wool 

R (/factional) 
JR] 

[R]treatad 
- - [R]u n tr~  

Ratio o[ concentration~ 
(kClo % = 1) 

0.642 
0'0998 

0 
0 

(o) 

0"453 
0"330 

0"230 
1'00 

(1.o) 

0'298 
0"827 

0"727 
3"16 

(3"3) 

0"172 
1 '999 

1 "899 
8"26 

(8"2) 

0" 107 
3"728 

3.628 
15.7 

(15.6) 

The values for C given in Table 6 were obtained at one wavelength only, 
520 m/z. These values were obtained also at 470 m/x, 570 m/x and 740 m/~, 
and the means of the four results are given in parentheses in Table 6. In 
point of fact the values of C varied but little with the wavelength and they 
are directly proportional to the amount of potassium nitrosyldisulphonate 
applied to the wool. 

Reaction o[ modified fibroin with potassium nitrosyldisulphonate 
Silk was methylated with a solution of diazomethane in ether as described 

by Rutherford et al.lL Methylation of the tyrosine hydroxyl groups was 
practically complete as the silk failed to form a red nickel nitroso complex ~6 
and gave only a very slight Millon reaction. 

After treatment with 100 per cent of its weight of Fr6my's salt for six 
hours, it was found that the untreated silk was the usual reddish-brown 
colour and only 1.6 per cent dissolved in calcium chloride-formic acid 
solvent 17. The methylated fibroin, on the other hand, was only a pale 
pinkish buff colour after oxidation, and 97.8 per cent dissolved in the same 
solvent. The uptake of reagent was 2.2 and 28.9 per cent for the methylated 
and untreated proteins respectively. 

DISCUSSION 
The decreased solubility of wool in solutions both of alkali and of urea 
bisulphite after treatment with potassium nitrosyldisulphonate, coupled with 
its increased resistance to contraction in solutions of sodium bisulphite, 
suggests that new crosslinkages have been introduced into the keratin struc- 
ture. This conclusion is supported by the finding that the greatly enhanced 
solubility of wool in alkali after the cystine residues have been ruptured 
with peracetic acid, is reduced considerably if the keratin be subsequently 
treated with Fr6my's salt. 

Although the lack of marked changes in the mechanical properties 
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of wool after treatment with potassium nitrosyldisulphonate may at first 
sight seem surprising, it has been suggested that this may occur if reaction 
takes place principally in amorphous rather than crystalline regions of the 
fibre TM. This is known to occur when wool is treated with formaldehyde TM, 
although there is considerable evidence that crosslinking has, in fact, taken 
place 2°. It has been suggested, furthermore, that the increase in resistance 
to extension of wool fibres after treatment with other crosslinking agents, 
such as benzoquinone, is due not to true crosslinking, but to the deposition 
of polymer within the fibre ~1. Experiments on the highly crystalline silk 
fibroin, however, have shown that treatment with ten per cent of potassium 
nitrosyldisulphonate increases the breaking load of the filaments by 17 per 
cent and decreases the breaking extension by 27 per cent. There can, 
therefore, be no doubt that potassium nitrosyldisulphonate is capable of 
introducing new crosslinkages into fibrous proteins. 

There is strong evidence in favour of modified tyrosine residues being 
involved in the new crosslinkages introduced into proteins by Fr6my's salt. 
Prolonged treatment of wool with potassium nitrosyldisulphonate removes 
nearly all the tyrosine (Table 4) and blocking the hydroxyl group of these 
residues in silk fibroin completely inhibits the reaction. Furthermore, the 
coloration of the protein, which is directly proportional to the amount of 
Fr6my's salt applied, shows indicator properties characteristic of quinone 
formation. Although coloration of proteins on oxidation may be associated 
also with the modification of tryptophan residues 22, insulin, which is devoid 
of these residues is coloured and completely insolubilized by potassium 
nitrosyldisulphonate. Furthermore silk, which contains approximately twice 
as much tyrosine as wool, but only half the amount of tryptophan, is 
coloured more intensely than wool. Finally there is the established efficacy 
of Fr6my's salt to oxidize phenols to quinones'. Since potassium nitro- 
syldisulphonate takes several days to remove the tyrosine residues com- 
pletely from insoluble proteins, it is hardly surprising that reaction is not 
confined exclusively to oxidizing these residues. Experiments on wool 
show that after the application of 50 per cent of reagent, cystine residues 
also are attacked (Table 4) and whereas ten per cent of Fr6my's salt in- 
creases the strength of silk, further treatment decreases the strength indicat- 
ing that degradation has occurred (Table 5). 

It has been suggested previously that two possible crosslinkages could 
be formed when tyrosine residues in proteins are oxidized. These are a 
melanin-type dimer formed between two oxidized tyrosine residues 3 and the 
reaction product of a quinone with an amino group ~. Since Zahn and 
Zuber '-3 have shown that two tyrosine residues in silk fibroin may be bridged 
by bifunctional molecules such as p,p'-diftuoro-m,m'-dinitrodiphenyl- 
sulphone, a melanin-type crosslinkage is stereochemically possible. On the 
other hand, the ease with which quinones react with amines at room 
temperature makes it difficult to eliminate the possibility that this will occur 
in proteins. A preliminary study of the infra-red absorption spectrum of 
wool oxidized with potassium nitrosyldisulphonate failed to show the 
presence of any new peaks which could be assigned to a possible cross- 
linkage, although this spectrum confirmed that some oxidation of cystine 
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to  s u l p h o n i c  ac id  g r o u p s  h a d  occu r r ed .  A l t h o u g h  it is no t  poss ib le  a t  this 
s tage  to pu t  f o r w a r d  a p rec i se  s t ruc ture  fo r  these  n e w  c ross l inkages  the  
e v i d e n c e  f r o m  u l t r a -v io l e t  spec t ro scopy  3 suggests  t ha t  b o t h  so luble  and  
f ibrous  p ro te ins  a re  c ro s s l i nked  in an  iden t ica l  m a n n e r .  

The authors thank M r  E. Coates for help]ul discussion on the reflectance 
data and M r  G. B. Benson and M r  D. E. Titheridge for experimental 
assistance. 
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Limiting Viscosity Number versus 
Molecular Weight Relations for 

Polyhexamethylene Oxide 
KAZUHIKO YAMAMOTO and HIROSHI FUJITA 

Relations between [W] and Mv~ were determined for polyhexamethylene oxide 
in benzene and in dioxan at 25°C, where [~] is the limiting viscosity number 
and M,~ is the weight-average molecular weight of  the polymer. The samples 
studied ranged in M w from the monomer to about 1"3 × 10 ~. Except /or those 
of the monomer  and the trimer, these values of  M w were determined from 
sedimentation equilibrium measurements in diethyl ketone at 25~'C. Analyses 
of the viscosity data in terms of the Stockmayer-Fixman method, with 2"5 × 102~ 
assumed for Flory's ~ constant, yielded a value of  1"6 t for the conformational 
parameter o-. Empirically, the values of  o- so far obtained for the polyethers 
represented by [--O--(CHe)m--]n can be correlated in a linear fashion with the 

relative population of  CH,.,---CH,, bonds in the chain, ( m - - 1 ) / ( m +  1). 

VALUES Of the conformational parameter or for the series of polyethers 
having the general structure [--O--(CH2)m--],  are now available for the 
first four members, polyoxymethylene 1 (m = 1), polyethylene oxide 2 (m =2), 
polyoxacyclobutane 3 (m = 3), and polytetrahydrofuran 4 (m =4), and for the 
limiting case of m =oo,  polyethylene ~. All these values of or have been 
estimated from the measured relations between i[7] and molecular weight 
by application of the method of Stockmayer and Fixman 6, with a suitable 
value (usually 2-5 x 10 21) being assumed for Flory's qb constant. Here [~/] 
stands for the limiting viscosity number. With the interest in obtaining 
further information on the flexibility of the polyether chain of this type, we 
have extended a viscometric study to the sixth member of the series, i.e. 
polyhexamethylene oxide. The results obtained are reported in this paper. 

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

The monomer n-hexamethylene glycol was extracted by repeated crystal- 
lization from a commercial product dissolved in a 2/3 (by weight) acetone- 
ether mixture. Its melting point was 42.8°C, and the absence of isomers in 
it was checked by i.r. spectrum. 

Polymerization was carried out in a reaction tube designed in accordance 
with the suggestions of Rhoad and Flory 7. After 10g of the monomer 
together with 0-2 to 0.3 g of concentrated sulphuric acid had been intro- 
duced, the tube was evacuated thoroughly. It was then heated at the boiling 
point (195'7°C) of ethylene glycol for three hours under a constant stream 
of dry nitrogen. Finally, the tube was further heated at the same tempera- 
ture, but this time keeping its inside at a pressure lower than 1 mm of 
mercury. Samples of different degree of polymerization were produced by 
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varying the interval of this heating process. The product formed was dis- 
solved in hot methanol (about 50°C) and precipitated by cooling the 
solution to room temperature (about 20°C). The precipitate, being coloured 
dark brown, was dissolved in hot ethanol with activated charcoal, filtered, 
and the white material precipitated was freeze-dried from a benzene solu- 
tion. In this way, we prepared a number of samples, but no success was 
achieved in synthesizing a sample which had a weight-average molecular 
weight exceeding about 7 000. We therefore attempted extracting such a 
sample from a lower molecular weight sample by fractional precipitation. 
To this end, a sample of relatively high molecular weight was Chosen, dis- 
solved in methylethyl ketone at 30°C, and the solution was brought to 
phase separation at 28°C. The fraction extracted from the bottom phase, 
designated below as sample 611, was found to have a weight-average 
molecular weight over 1-3 x 10 ~. 

In addition to the polymer samples prepared in this way, we chose the 
monomer and trimer as the objects of physical measurements. The trimer 
tri-hexane-l,6-diol was synthesized using the method of Hobin 8, and its 
purity was checked by both elemental analysis and i.r. spectrum. 

Solvent 
Benzene and dioxan were used for viscosity measurements and diethyl 

ketone for sedimentation equilibrium experiments. These were dried with 
molecular sieves and fractionally distilled before use; the boiling points of 
the fractions collected were 80.0 ° to 80.1°C for benzene, 101-0 ° to 101-5°C 
for dioxan, and 101 ° to 102°C for diethyl ketone. 

Molecular weight determination 
The molecular weight of the monomer was taken as its formula value. 

That of the trimer was determined by the method of freezing point depres- 
sion, using benzene as solvent. 

For  all other samples their weight-average molecular weights Mw were 
evaluated from sedimentation equilibrium data taken in diethyl ketone at 
25 °C. Use was made of a Spinco model E ultracentrifuge equipped with the 
Rayleigh interference optical system. The short column technique was 
employed, with no bottom liquid being introduced. Rotor  speeds were 
chosen in such a way that the ratio of the equilibrium concentrations at the 
ends of the solution column never exceeded three*. 

For  sample 611 the data were at two initial concentrations (0'3 to 
0.5 g/dl), and the apparent molecular weights M~.  obtained were extra- 
polated to zero concentration by making use of the relation 9 
1 / M~ ,  = 1/Mw + 2A~-d, where A~ is the light-scattering second virial coeffi- 
cient of the system and ~ is the arithmetic mean of the equilibrium solute 
concentrations at the ends of the solution column. The values obtained for 
- -  p 
Mw and A 2 were 1.33 × 104 and 3"8 x 10 -3 ml mole /g  2, respectively. For 

*Tho  pa r t i a l  specific v o l u m e  v o f  the  p o l y m e r  in  d ie thy l  k e t o n e  a t  2 5 " C  and the specific re f rac t ive  i n d e x  
i n c r e m e n t  dn/dc of  th i s  p o l y m e r - s o l v e n t  p a i r  were  1"045 m u g  a n d  0 '088  m u g ,  respec t ive ly ,  w h e n  m e a -  
s u r e d  o n  s a m p l e  606. I n  t h e  r e g i o n  o f  re la t ive ly  l o w  p o l y m e r s ,  b o t h  v a n d  dn/dc m a y  va ry  w i th  
m o l e c u l a r  w e i g h t  bu t ,  fo r  s impl ic i ty ,  these  d a t a  o b t a i n e d  wi th  a p a r t i c u l a r  s a m p l e  were  u sed  t h r o u g h o u t  
f o r  a l l  m o l e c u l a r  w e i g h t  ca lcu la t ions .  
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each of the other samples the measurement was made only at one initial 
concentration, and the desired M~ was calculated by inserting the measured 
M ~  into the above relation with 3.8 x 10 -3 being assumed for A" irres- 2 

pective of the magnitude of M ~ .  This convention may not be valid but, 
unless the variation of A,~ with molecular weight is too pronounced, the 

error introduced would be at most a few per cent in the region of Mw 
below 10 ~. 

Viscosity measurement 
The measurements were performed at 25+_0"01°C, using an Ubbe- 

lohde viscometer of the suspended-meniscus type which had an etttux 
time of 430.0 sec for benzene at 25°C. The desired value of the limiting 
viscosity number ![~7] was determined as a common intercept of 9,p/c versus 
c, 9~/c  versus ~/~p, and (In ~7~ea)/C versus c. Here ~ is the relative viscosity, 
~7,p is the specific viscosity, and c is the solute concentration expressed in 
grammes per decilitre. The Huggins slope parameter k' was evaluated from 
the slope of the plot for ~q~p/c versus 7/-. 

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

Limiting viscosity number versus molecular weight relations 
Table 1 summarizes the numerical data obtained, and Figure 1 shows the 

conventional double logarithmic plots for [[~7] versus M,,. The solid lines in 

Table 1. Numerical  results obtained for samples of polyhexamethylene oxide 

Sample ~ ['0]* k' ['0] * k' 
No.  Mw× 10-3 dioxan 25°C benzene 25~'C 

601 0"1181" 0"0165 1"7 - -  - -  
602 0'318~: 0'0346 0"61 0'034~ 0"58 
603 1 "09 0"0592 0"52 0"0628 0"50 
604 1 "72 0'0862 0"46 0"0925 0"57 
605 2"60 0"0987 0"43 0'109 0"46 
606 3 "40 0" 111 0"39 0" 123 0"4 z 
607 4" 18 0' 125 0"40 0' 136 0"41 
608 4"39 0" 134 0"42 - -  - -  
609 6"69 0"163 0"40 0"19 o 0"35 
610 6"86 0'166 0"37 0"195 0"33 
611 13"3 0"247 0'35 0"304 0"3~ 

*In dug.  
l 'Formula value. 
SDtetermined cryoscopically with benzene as solvent. 

the figure have been drawn to fit the plotted points for samples of M~, 
above 1 000, and can be represented by the following Mark-Houwink-  
Sakurada equations : 

i[~] = 1 '31 x lO-3M°~ ~ (in dioxan at 25°C) 

{7/] = 8-69 x 10-4M °62 (in benzene at 25 °C) w 

Evaluation of the conformational parameter o" 
The Stockmayer-Fixman plots obtained from the data of Table 1 are 
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shown in Figure 2. Except for the point for the monomer,  the data on 
either system are reasonably well fitted by a straight line having a common 
intercept on the ordinate axis. If, as before 3, we assume 2.5 × 10 ~1 for 

5.10 J 
. J  

"~.~ 10-1 ~ " ~ = f  

1 0  - 2  , . . . . .  , , [  h , , = , r , , J  10 2 10 3 10 4 2,10 4 
#w 

Flory's qb constant, this intercept value (1"85 x 10 -3 dl mole/g2/3) yields 1.6z 
for the conformational parameter  o- of polyhexamethylene oxide. Here o -~ 
is defined as the mean square end-to-end distance of a polymer chain in a 
theta solvent relative to that which would be obtained if the hindrance to 
internal rotation of the chain were absent except for the bond angle 
restrictions. 

F i g u r e  /--Double logarith- 
mic plots for limiting vis- 
cosity number [~7] and 
weight-average molecular 
weight Mw on polyhexameth- 
ylene oxide in dioxan ©, and 
in benzene O, both at 25"C 

F i g u r e  2 - -  Stockmayer-Fixman 
plots for polyhexamethylene oxide 
in dioxan ©, and in benzene O, 

both at 25°C 

x 

4 - 

I 

3 - 

o 

I I 50 100 130 
w 

The validity of the o- value obtained above may be criticized because it 
is based on extrapolation from data for samples of Mw below 1"3 x 1@. In  
the ordinary sense, the samples used in this study may not belong to the 
category of typical high polymers when viewed in terms of their molecular 
weights. However, in terms of the number  of single bonds constituting the 
backbone chain, even a sample of as low a molecular weight as 1 000 
already contains 70 such bonds. Unless the internal rotation of each bond 
is restricted too much, this number  of single bonds would be sufficient for 
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the chain to take a randomly coiled conformation. This implies that, at 

least in the region of Mw above 1 000, the viscosity data obtained above for 
samples of polyhexamethylene oxide manifest features characteristic of 
long-chain polymer molecules and thus may be analysed, with fair con- 
fidence, in terms of the theory of Stockmayer and Fixman to evaluate the 
conformational parameter  for this polymer. 

25 

2.0 [ 

® 

b 

15 

m=1 

10 
0 

m=oo 

t'o= 4 

I 

0 5  1.0 
(m-1)/(m+l) 

Figure 3--Correlation plots between o- and 
(m--1)/(m+l) for the series of polyethers 
having the general structure [--O--  
(CH2),,~--]n. The o- values other than "that 
for polyhexamethylene oxide (m=6) were 

taken from Table 2 of ref. 3 

Now the values of tr have become available for six members of the poly- 
ether series considered. It  is of great theoretical interest to investigate, by 
the method of conformational statistics, how these values are correlated 
with the structural feature of each member,  especially the number of 
methylene groups, m, intervening between ether oxygen atoms. In fact, an 
effort toward this problem is being made by Flory and Mark 1°'1~. In this 
paper, we are content with pointing out that, as illustrated in Figure 3, the 
o-s for members higher than polyethylene oxide appear to be related linearly 
to the relative population of CH2--CH2 bonds in the chain, i.e. 
( m -  1)/(m + 1). 

We wish to thank Dr .4. Terarnoto for his valuable discussion. 
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An Infra-red-Deuteration Study of the 
Grafting of Vinyl Polymers into 

Nylon Films 
R. JEFFRIES and SusAN HAWORTH 

This paper describes an infra-red and deuteration study o/ films of Nylon 6.6 
into which poly(acrylic acid) has been grafted. The results suggest that the 
grafted polymer penetrates all the regions of the Nylon accessible to deuterium 
oxide. The infra-red NH-stretching band of the amide groups in the "pene- 
trated" regions is broadened by the presence of the polyacid and the rate of 
deuteration of these amide groups in deuterium oxide is increased. It is con- 
cluded that the amide-amide interactions in these accessible regions are 
weakened or disrupted by the presence o/ the polyacid. A few results are pre- 
sented for Nylon 11 films, and on grafting polyacrylamide into Nylon films. 

THE study reported in this paper arose out of the recent work of Haworth 
and Holket a on the grafting of some vinyl polymers into Nylons using ceric 
salts as initiators. Its purpose was to investigate, by means of infra-red (i.r.) 
and deuteration techniques, the proportion of the Nylon structure pene- 
trated by the grafted polymer, and the nature of any interaction between 
the two types of molecule. The principal system studied was poly(acrylic 
acid) grafted into Nylon 6.6; grafting of poly(acrylic acid) into Nylon 1 I, 
and polyacrylamide into Nylon 6.6, are dealt with only briefly. 

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

Preparation of Nylon filrr~" 
Films of the Nylon (4 to 6 ~ thick) were prepared from solutions of 

0-6 g Nylon in a mixture of 95 ml formic acid, 5 ml water and 2 ml con- 
centrated hydrochloric acid. Nylon 6.6 was soluble at room temperature 
and the films were cast on glass plates; Nylon 11 was soluble in hot solvent 
only, and films were formed as a skin on the solution during cooling. The 
films were freed from any residual formic acid by washing in water. 

Grafting technique 
Nylon film was treated for various times at room temperature in a 10 

per cent v/v solution of acrylic acid in 0"01M ceric ammonium sulphate 
(the initiator)-0-2N sulphuric acid. The grafted films were rinsed in 2N 
sulphuric acid, followed by water. The proportion of grafted poly(acrylic 
acid) relative to Nylon was estimated by weighing the dried films (see 
Table 1). 

Table 1 

Time of treatment, h 0"1 0'2 0"5 1 3 24 24 (two treatments) 

Per cent by wt grafted polymer 5 45 100 130 160 200 300 

Sodium and calcium salts of the grafted polymer were prepared by 
immersing the film in solutions of sodium hydroxide and calcium acetate, 
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respectively, for 30 min, followed by rinsing in water. 
Polyacrylamide was grafted into Nylon film by treating the film with a 

10 per cent w/v  solution of acrylamide in a solution of 0"01M ceric 
ammonium nitrate in 0.6N nitric acid; grafted films were washed and dried. 

Preparation of film from solution o[ gra[ted polymer 
Certain of the Nylon films containing grafted polymer were dissolved 

in formic acid and re-cast into films on microscope cover glasses. Film- 
casting was done initially on small plates of calcium fluoride, but in some 
circumstances this material is an unsuitable base for casting films (see 
below). With some of the grafted films it was necessary to warm the formic 
acid to achieve complete dissolution. Heavily grafted Nylon 11 samples were 
partially insoluble even in hot formic acid, and these films had to be re-cast 
from the decanted solutions. 

Infra-red and deuteration techniques 
Infra-red spectra were measured on a Grubb-Parsons double-beam 

spectrometer with a lithium fluoride prism. Samples of film were mounted 
in brass vacuum cells with calcium fluoride windows; the re-cast films were 
usually mounted and studied without being removed from the cover glass 
or calcium fluoride plate. Some sp~t ra  were obtained with air-dry samples, 
but most measurements (including all the spectra shown in the figures) were 
made on samples which had been dried by evacuation through a cold trap. 
Films were deuterated in the brass cells in the absence of air; deuteration 
was effected in deuterium oxide vapour (either saturated or at 75 per cent 
r.h., as indicated in the legends to the figures) at 20°C, the deuterated 
samples being dried by evacuation before i.r. study. 

For clarity, it should be emphasized that in this paper the various features 
of the i.r. spectra are discussed in terms of peak intensity, peak frequency, 
and band width; integrated band intensities, as such, are not discussed. 

R E S U L T S  AND D I S C U S S I O N  
The i.r. and deuteration behaviour of untreated Nylon films has been dis- 
cussed elsewhere2-5: for clarity in the subsequent discussion, however, it is 
first necessary to describe briefly the infra-red-deuteration behaviour of 'the 
untreated Nylon films used in this work. Figure 1 shows i.r. spectra in the 
3/x region of Nylon 6.6 film, in the undeuterated form and after deuteration 
for a short and a long period il~ saturated vapour at 20°C. The main fea- 
tures of interest in the spectrum of untreated films are the intensity and 
width of the NH-stretching band near 3 300 cm -1, the relative intensities 
of the components of the 3 070 cm -1 overtone 4, and the resolution of 
the 2 870 cm -1 CH band. Decreasing the structural order in the film reduces 
the intensity and increases the width of the N H  band, increases the intensity 
of the high frequency component of the overtone relative to that of the 
low frequency component, and decreases the resolution of the CH doublet. 
Deuterium oxide penetrates the less ordered parts of the polyamide struc- 
ture, i.e. those parts containing the weaker and more 'disordered' amide-  
amide interactions, and H > D exchange takes place on the amide N H  
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Figure /--The deuteration of Nylon 6.6 film: 1, undeuterated; 2, deuterated 
half an hour in saturated vapour; 3, deuterated 10 days in saturated vapour. 
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groups in these regions. The extent of the isotopic exchange is thus a 
measure of the disorder in the structure m. These 'disordered' amide groups 
give rise to a broader NH-stretching band than the amide groups in the 
more ordered regions, and thus the effect of deuteration is to remove the 
broader component of the N H  band, leaving the narrower component of 
the ordered, inaccessible, amide groups 5. The effect of deuteration in reduc- 
ing the intensity and the width of the N H  band is clear in Figure 1. Deu- 
teration also increases the intensity of the low frequency component of the 
3 070 cm -I overtone relative to the high frequency component, thus con- 
firming the association between this relative intensity and order-disorder 
in Nylon. The doublet in the 2 400 cm -1 region, which increases in intensity 
as deuteration progresses, is not a simple ND-stretching band, as has been 
discussed elsewhere 2' 3. 

Nylon 6.6 films prepared by the present solvent-casting technique tended 
to vary slightly in degree of order: the intensity of the N H  stretching band, 
relative to the intensity of the 2 935 cm -1 C H  band, varied from sample to 
sample between 1-5 to 2, the more intense bands being the narrower; the 
fraction of the N I l  groups accessible to deuterium oxide, the relative inten- 
sities of the two components of the overtone at 3 070 cm -1, and the resolu- 
tion of the 2 870 cm- '  C H  doublet, also varied slightly. A closer control of 
the conditions under which the solvent is evaporated would probably 
eliminate much of this variability. 

Spectra of films cast on calcium fluoride plates and allowed to dry at 
room temperature exhibit unusual characteristics. The N i l  band contains 
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a distinctly broader component than the NH band of glass-cast film, or 
film dried down at 100°C on calcium fluoride; this broader component is 
rapidly removed by deuteration. With air-dry samples this broad component 
is associated with a shoulder on the high-frequency side of the NH band 
larger than that observed with glass-cast film; this shoulder, at least in 
glass-cast film, is due to absorbed water. These facts suggest that the film 
dried on calcium fluoride at room temperature is more disordered, and thus 
more moisture-sorptive, than glass-cast film. This difference in structure 
may be associated with the slight solubility of calcium fluoride in the solvent 
formic acid. 

The infra-red-deuteration behaviour of Nylon 11 films is qualitatively 
similar to that of Nylon 6.6 films. The most obvious difference, as would 
be expected, is the lower intensity of the NH-stretching band relative to 
the intensity of the 2 935 cm -1 CH band (about 0"45 with the present Nylon 
11 films). 

Poly(acrylic acid) gra[ts 
Figure 2 illustrates the spectra of NylorL 6.6 film into which 50 per cent 

and 200 per cent poly(acrylic acid) has been grafted, and the spectrum of 
poly(acrylic acid) itself; the very broad OH band of the latter, centred on 
about 3 100 cm -1, is typical of that generally obtained with carboxylic acids. 
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Figure 2--The i.r. spect rum of  Nylon  6.6 film containing graf ted poly(acrylie 
acid): A, 50 per  cent  poly(acrylic acid) on weight  o f  Nylon;  B, 200 per  cent  

poly(acrylic acid) on  weight  o f  Nylon;  C, poly(acrylic acid) 
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It is clear that the spectrum of grafted Nylon 6.6 in Figure 2 is approxi- 
mately a combination of the spectra of Nylon (Figure 1) and poly(acrylic 
acid) (Figure 2); this applies, in fact, to the whole spectrum of the grafted 
film, from 3/z to 15/z. In Figure 2 the samples A and B are chosen to 
contain about the same weight per unit area of polyacid, i.e. to give a 
broad, 'polyacid' background of about the same intensity; the poly(acrylic 
acid) spectrum is also chosen to be at about this background level of 
intensity. Detailed examination of the spectra in Figure 2, however, shows 
that the well-defined N H  band is reduced in intensity and width compared 
with that of untreated Nylon, particularly at the higher concentrations 
of polyacid (above about 200 per cent). [N.B. In estimating the intensity of 
the NH band relative to the CH band it is necessary to allow for the CH 
absorption of the polyacid.] The relative intensity of the two components 
of the 3 070 cm -1 overtone is also different, at least at the higher polyacid 
contents. The significance of these changes will be made clear below. 

On deuteration of a film containing a large proportion of grafted poly- 
acid (Figure 3) the broad background due to poly(acrylic acid) is rapidly 
removed, indicating that all of the OH groups in the polyacid are readily 

0"8 

. 0 " 7  

0"6 
~- (}5 
tO 

.Q 

0-4 
e~ 

< 

0"3 

0.2- 
0.1- 0 3700 

j Deute~nd e rated u~'~ 

 ,oo 
e m  q 

2900 2700 2500 

Figure 3--The deuteration of Nylon 6.6 film containing 200 per cent by 
weight of grafted poly(acrylic acid), deuterated for half an hour in saturated 

vapour 

accessible to, and deuterated by, deuterium oxide. The spectrum of the 
deuteration-resistant material is similar in intensity and width of the NH 
band, and shape of the 3 070 cm -1 overtone, to that of ungrafted Nylon 6.6 
after prolonged exchange (curve 3 in Figure 1), and also to the well-defined 
peaks on the spectrum of the grafted film before deuteration (Figure 2). 

These i.r. and deuteration results support the hypothesis that the acces- 
sible regions in the original Nylon film (those which exchange after several 

567 



R. JEFFRIES and SUSAN HAWORTH 

days in deuterium oxide vapour) are completely penetrated by the grafted 
polymer, at least at the higher concentrations. The effect of the polyacid 
may be either to weaken and disorder the amide interactions, or to replace 
them by interactions between the amide group and the carboxyl groups in 
the polyacid (hydrogen bonds involving both the carbonyl and the NH of 
the amide are possible). Modification of the amide interactions in the D20- 
accessible regions must clearly change the characteristics of their NH 
absorption. An increase in band width would be expected, causing this part 
of the NH band to merge into the broad OH background of the polyacid, 
but leaving unaffected the narrower NH band due to the amide groups in 
the 'ungrafted' regions (Figure 2). This lessening of the amide interactions 
also explains the high rate of NH ~ ND exchange in heavily grafted co- 
polymer; all the NH groups in the grafted (D~O-accessible) regions exchange 
within 10 to 15 min, compared with several days for ungrafted film. This 
behaviour suggests that the slow deuteration of the accessible regions of 
ungrafted film may be partly the result of the fairly high degree of amide 
interaction in these regions. 

To confirm these conclusions, grafted film was dissolved in formic acid 
and then re-cast; spectra of the re-cast films are shown in Figure 4, for two 
levels of poly(acrylic acid) content. The NH band of film containing 200 
per cent polyacid is very broad, almost merging with the broad OH back- 
ground, and its peak frequency is distinctly higher than that of the NH 
band of ungrafted Nylon. Deuteration of this re-cast film (Figure 4) rapidly 
removes the broad NH and OH bands, i.e. all the amide groups are readily 
accessible and rapidly exchangeable. These results suggest that the poly- 
amide chains in re-cast film are dispersed in a matrix of polyacid, so that 
amide-amide interactions are either weakened or replaced by amide- 
carboxyl interactions. 

The NH band of a recast film from Nylon 6.6 containing about 100 to 
130 per cent grafted polyacid is rather less broad than that of the '200 per 
cent' film (Figure 4), though still broader and of a higher peak frequency 
than the Nit  band of untreated Nylon film. This is presumably because 
the amide interactions are more numerous or stronger than in the higher 
concentration film; '100 per cent to 130 per cent' re-cast films, in fact, must 
sometimes contain a few strong amide interactions, since their spectra occa- 
sionally exhibit a small, narrow NH band (see, e.g., the spectrum in 
Figure 4). The NtI groups in '100 per cent to 130 per cent' re-cast film 
deuterate rapidly, apart from the few strongly associated ones sometimes 
present. 

When a re-cast film is washed in water, and then re-dried, a narrow, 
'deuteration-resistant', NH band of moderate intensity reappears in its 
spectrum (Figure 5). The remaining, 'broad' part of the NH band also 
narrows somewhat, but still exchanges readily (Figure 5). Swelling the re- 
cast film in water must free the structure sufficiently to allow chain 
rearrangements and hence re-formation of regular, strong, amide inter- 
actions to occur. 

As expected, formation of the sodium or calcium salt of the polyacid in 
a grafted film has an effect similar to deuteration, reducing the broad OH 
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Figure 4--The i.r. spectrum of film of Nylon 6.6 with grafted poly- 
(acrylic acid) re-cast from solution in formic acid: 1, Nylon 6.6-t-200 
per cent poly(acrylic acid); 2, Nylon 6.6+200 per cent poly(acrylic 
acid), deuterated; 3, Nylon 6.6+ 100 to 130 per cent poly(acrylic acid); 
4, Nylon 6.6+100 to 130 per ceht poly(acrylic acid), deuterated. 
Samples deuterated in 75 per cent r.h. deuterium oxide vapour for 
three hours, estimated OH background due to the 

grafted poly(acrylic acid) 

background in the spectrum of the dry film practically to zero. These films 
are very hydrophilic, to judge from the size of the shoulder on the high 
frequency side of the N H  band of films in equilibrium with the atmos- 
phere; this is particularly so with the sodium salts, in agreement with the 
moisture regain results of Magat and co-workersL The free acid films are 
readily regenerated from the salt-form by treatment with dilute mineral 
acid. 

The Nylon 11 plus poly(acrylic acid) system behaves in a qualitatively 
similar manner to the Nylon 6.6 plus polyacid system, as regards the general 
features of the spectra, and the effects of deuteration and of re-casting the 
grafted film. 

Cannon 4, Barmby and King 6, and Wood and King 7 have described the 
effect of swelling agents (o-cresol, phenol, formic acid, antimony trichloride) 
on the 3/z-region spectrum of Nylon 6.6 and Nylon 6. The effect of the 
swelling agent was in general similar to that of the grafted poly(acrylic 
acid). Thus the sharp N H  band at 3 300 cm -1 is gradually decreased in 
intensity as the concentration of swelling agent is increased and a broader 
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Figure 5--The effect of treatment with water on 're-cast' film of Nylon 
6.6-t-200 per cent poly(acrylic acid). Deuterated three hours in 75 per 
cent r.h. deuterium oxide vapour, estimated OH background 

due to the grafted poly(acrylic acid) 

N H  band  gradua l ly  appears  a t  a h igher  f requency G'7. A t  a sufficiently high 
concen t ra t ion  of  swell ing agent  the  3 300 cm -1 NI-I band  eventual ly  dis-  
appears ,  i.e. the  whole  o~ the po lyamide  structure is pene t ra ted  by  swelling 
agent,  whereas  in the present  work ,  on ly  the D~O-accessible regions are  
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Figure 6--The i.r. spectrum of Nylon 6.6 film containing 100 per cent by 
weight of grafted polyacrylamide: 1, undeuterated; 2, deuterated quarter 

of an hour in saturated vapour; 3, polyacrylamide 
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penetrated by graft polymer, even at high concentrations of the latter. Dis- 
solution of the grafted film and re-casting is necessary to produce a com- 
pletely 'penetrated' structure. 

Polyacrylamide 
Some i.r. measurements were made on films of Nylon 6.6 into which poly- 

acrylamide had been grafted. Unfortunately, it was not possible to graft 
more than 100 per cent by weight of the polyacrylamide into the Nylon, 
making comparison with poly(acrylic acid) difficult, since the effects of the 
polyacid on Nylon are most clearly defined at an add-on rather in excess of 
this value. As with the film containing grafted poly(acrylic acid), the i.r. 
spectrum of Nylon 6.6 film containing an equal weight of grafted poly- 
acrylamide (Figure 6) can be approximately described in terms of the 
superposition of the spectra of Nylon and polyacrylamide. Deuteration of 
this grafted film causes rapid disappearance of the polyacrylamide compo- 
nent of its spectrum, hence the grafted polyacrylamide is clearly completely 
accessible to, and deuterated by, the deuterium oxide. Re-casting the graft 
copolymer from a solution in formic acid gives a film with a spectrum in 
the 3/z region which is not very different from that of the original grafted 
film; this behaviour contrasts strongly with film containing an equal weight 
of grafted polyacrylic acid, which after dissolution and re-casting gives a 
film with a very different spectrum (Figure 4). 
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Initiation of Polymerization by 
Ammonium Trichloracetate in the 

Presence of Copper Derivatives A 
Tracer Study 

C. H. BAMFORD and V. J. ROBINSON* 

The mechanism o[ the initiation o[ the [ree-radical polymerization o~ methyl 
methacrylate by ammonium trichloracetate in the presence of copper 
derivatives has been studied with the aid of 14C labelling of the salt in the 
two positions. An earlier suggestion that the mechanism depends critically on 
the salt concentration has been confirmed. A t  low salt concentrations in the 
presence o[ CU(acac)2 the initial radicals formed are exclusively CCI 3 [equation 
!2)]. At  high salt concentrations, initiation by C~Cl  involves [ormation of 
C O O -  predominantly, but some production of CC13 may also occur [equation 
(5)]. High salt concentrations together with Cu(acac)~ yield ~ l  3 radicals 
[equation (9)]. It is suggested that, with high salt concentrations, termination 
by derivatives of Cu II occurs, with formation of C-'u I, which may then react 
further. In this way cyclic processes involving alternate oxidation and 

reduction of copper may arise. 

IN A recent paper 1 we showed that the free-radical polymerization of methyl 
methacrylate may be initiated by ammonium trichloracetate in the presence 
of a suitable copper derivative, particularly cupric acetylacetonate. It was 
established that the nature of the initiation process depends on the concen- 
tration of ammonium trichloracetate, a comparatively simple kinetic 
mechanism at low concentrations (-< 10 -3 mole 1-1) being replaced by a 
much more complicated reaction at higher concentrations ( >  10 -~ mole t-1). 
Although suggestions about the reaction mechanisms involved were 
advanced on the basis of kinetic evidence, the unusual behaviour of the 
system, particularly at high salt concentrations, made it desirable to obtain 
additional independent information about the reactions occurring. In the 
present paper we describe investigations with ammonium trichloracetate 
labelled with carbon-14; two specimens of the salt were employed, labelled 
at each carbon atom separately, i.e. l~CC13COONH4 and CC131~COONH~. 
Since free-radical formation involves the reduction Cu '~ > Cu a we have 
also studied the interaction between cuprous chloride and ammonium 
trichloracetate. The experiments consisted essentially in determining the 
extents to which the labelled groups become incorporated into the polymers 
during polymerization initiated by the different systems. Methyl methacrylate 
was the monomer used throughout the work. 

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

Materials 
Methyl methacrylate was purified as described previously t. 
Cupric acetylacetonate was recrystallized from benzene or cyclohexane 

*Present address: Department of Inorgan!c Chemistry, University of Manchester. 
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Analytical reagent grade cuprous chloride was used without further 
purification. 

Inactive ammonium trichloracetate was prepared by neutralizing 
analytical reagent grade trichloracetic acid with analytical reagent grade 
ammonia (s.g. 0.880) and recrystallizing the product from water. The salt 
was dried in v a c u o  at room temperature. Labelled samples were prepared 
similarly from the respective acids I~CC13COOH, CC1314COOH, obtained 
from the Radiochemical Centre, Amersham. The final activities of the 
materials used in the work described were 1.35 x 108 and 2.16× l0 s dis. 
mole -1 sec -1 for the CC13- and COOH-labelled samples, respectively. 

T e c h n i q u e  

Reaction mixtures were degassed by conventional freezing, pumping and 
melting cycles, and finally sealed under vacuum. All polymerizations were 
carried out in inactive (sodium) light. Rates of polymerization were 
generally determined dilatometrically. In all cases conversions were kept 
below ten per cent. 

The polymers formed at high salt concentrations had rather low 
molecular weights and could not be isolated satisfactorily by precipitation 
into methanol, on account of the possibility of fractionation. The following 
procedure was therefore adopted. The reaction mixture was diluted with 
benzene, and all volatile materials (benzene and excess monomer) were 
removed by freeze-drying at room temperatures. The residue, containing 
polymer and unreacted ammonium trichloracetate, was again dissolved in 
benzene, and inactive ammonium trichloracetate added. The salt was then 
extracted with distilled water. Further inactive ammonium trichloracetate 
was added to the benzene solution, and the extraction repeated. After 
several repetitions of this process the benzene and water were removed by 
freeze-drying and the activity of the polymer measured. It was found that 
after three or four extractions the activity of the polymer had attained a 
constant value, showing that all the free labelled salt had been removed. 

The polymers prepared at low salt concentrations had sufficiently high 
molecular weights to allow isolation by precipitation into methanol. This 
was followed by two or three further precipitations from chloroform solu- 
tions containing inactive ammonium trichloracetate. 

Molecular weights of the polymers were measured viscometrically in 
benzene solution at 30°C, with the aid of the intrinsic viscosity/molecular 
weight relationship of Fox et  al. ~ 

[~] =8.69 × 10 -~ Mn °7~ (1) 

Our lowest molecular weights lie outside the range for which this relation- 
ship has been established, but we do not think that any serious error is 
introduced by this extrapolation. 

Activities were determined by internal sample liquid scintillation count- 
ing, using either an Isotope Developments Ltd 2022 counter or a Packard 
Tri-Carb scintillation counter. A conventional toluene-based organic 
scintillator solution was employed, and the counting efficiency (usually 
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about 80 per cent) was measured by the use of calibrated I~C labelled 
n-hexadecane, obtained from the Radiochemical Centre, Amersham, as an 
internal standard. 

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

(1) Low salt concentrations (<10  -a mole l-') 
We have previously shown' that in this concentration range the com- 

bination of Cu(acac)2 and CC13COONH, is an active initiator at 80°C, 
whereas a mixture of CuC1 and CC13COONH~ is not active until the salt 
concentration exceeds 10 -~ mole 1-1. 

The results of experiments with the former system, given in Table 1, 
show that each polymer molecule contains approximately one CCI:~ group, 

Table 1. Polymerization at 80°C initiated by Cu(acac) 2 and CC13COONH ~ 
at low [CClaCOONH~]* 

Number of 
llY[Cu(acac)2] --10 ~d[M] Conversion 10_~, " labelled groups 

mole 1-1 dt % per polymer 
mole 1-1 sec -1 

molecule 

(a) 14CClaCOONH~ 

8"31 1"20 2"12 1"096 0"94 
8"67 0"91 3"30 1 "429 0"82 
8"67 0"79 4"74 1"603 1' 11 

Mean 0'96 

(b) CCI31~COONH4 

5'41 1" 15 2"07 < 0' 1 
7"88 1"06 2" 88 < 0" 1 
8"87 0"97 3"48 < 0" 1 

Mean < 0 1 

*[CC'I~COONH,] = 2"22× 10 -4 mole 1-1 in all cases. M represents methyl methacrylate. 

while the content of labelled COO- is extremely low. They are therefore 
clearly consistent with initiation by CC13 exclusively; neither .COt) radicals, 
nor radicals containing both carbon atoms such as CC12CO(), play a signi- 
ficant part. These findings are in agreement with the mechanism previously 
postulated 1 on the basis of kinetic evidence in which CC13 radicals are 
formed by internal electron transfer in the 1:1 complex 

1I I --CCI~ 6 ,.:c c o  , + + (2) 

(It is assumed that at 80°C the termination reaction in the polymerization 
of methyl methacrylate occurs predominantly by disproportionation.) 

(2) High salt concentrations ( >  10 -5 mole l -~) 
(i) Cuprous chloride system--Table 2 shows the dependence on salt 

concentration ,IS] of the rate of polymerization, the degree of polymeri- 
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zation P~ and the incorporation of activity in the polymer, measured as 
the number of labelled groups per polymer molecule. Although the results 

Table 2. Polymerization at 60°C initiated by CuC1 and CC13COONH 4 at high 
[CCI.~COONH 4] 

N u m b e r  o /  
102 [CCI~ 

-10"  d [M..._ ] label led  group$  
N o .  o f  10' [CuCI] COONH,] dt 10-2 Pn 

e x p e r i m e n t  m o l e  l -~  m o l e  1-1 m o l e  l -~ sec -~ ( k p k t - ½ ) a p p a r e n t  per  p o l y m e r  
mo lecu l e  

,CCIaCOONH, 

1 1'21 1'37 1"77 7-94 0"043 0"35 
2 1-21 2"75 1'25 9'25 0"039 0"19 
3 1"21 4" 12 1-28 8"67 0"038 0"29 
4 1"21 5"50 1"53 8"02 0"040 0"24 

Mean 0'27 
CCI~'*COONI-I, 

5 1'35 1'37 1'59 11"50 0"049 0.83 
6 1"35 2'75 1"99 10"05 0"051 1'06 
7 1'35 4" 12 1-31 11'00 0'044 0"58 
8 1"35 5"50 1"26 8"41 0"037 0"47 

Mean 0-73 

show considerable scatter, it appears that neither the molecular weights 
nor the rates of polymerization are markedly affected by changes in [S] 
within the range shown. The rate is approximately proportional to the 
square root of the initial cuprous chloride concentration. 

The data in the last column of Table 2 suggest that the rates of incor- 
poration of labelled CC13 and COO- groups into the polymer are 
independent of [S] and also show that the mean rate of incorporation of 
C O 0 -  is two to three times as great as that of CC13. Further, since the sum 
of the mean contents of the two types of group is unity, one group, either 
CC13 or COO-, is built into each polymer molecule. 

The value of the parameter k,kt-~ in a free-radical polymerization may 
be calculated from the familiar equation 

- P~ (d [M] / dt)  = (k~p / kt) [M] ~ (3) 

in which M represents monomer and k .  kt are the velocity coefficients for 
chain propagation and termination, respectively. Equation (3) is derived 
on the assumptions of bimolecular termination by disproportionation and 
negligible chain transfer or retardation. At 60°C we obtained a mean value 
of 0.14 mole-~ 15 sec-~ for kpkt -~ in the simple polymerization of methyl 
methacrylate initiated by azo-bis-isobutyronitrile; in the absence of other 
additives. Application of equation (3) to the present results gives much 
lower values of (k~k~-~)~p~,.ent, as is evident from Table 2. Since the magni- 
tude of the parameter kpk~-~ is independent of the mechanism of initiation, 
it is clear that in these systems there must be considerable chain-transfer 
(or retardation), or a modified termination mechanism, or both. In an 
earlier publication 1 we showed that ammonium trichloracetate is a retarder 
of the polymerization of methyl methacrylate at 80°C, but subsequent work 
at 60°C has indicated that its activity in this respect is too small to be 
significant in the present case. Further, a considerable amount of chain- 
transfer by the salt would not be consistent with the observed independence 
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of P,  on IS]. We conclude, therefore, that the most important factor is a 
modification in the nature of chain termination, and we believe that 
bimolecular termination plays a minor role. 

Polymethyl methacrylate radicals are known to react rapidly with 
oxidizing transition metal ions in non-aqueous solution3; Bengough and 
Fairservice ~ have recently shown that in dimethylformamide solution 
CuC12 is a powerful retarder of the methyl methacrylate polymerization, 
the rate constant for reaction with the growing chains being comparable 
to those of radical-radical reactions. In the medium of lower polarity used 
in the present work even higher rate constants might be anticipated 3. It is 
therefore reasonable to suppose that a Cu '~ derivative is responsible for 
chain termination. Cu ~ is likely to be formed in the initiation process, and 
the retarding species might be CuCI~ or Cu(OOCCCI~)2. In the latter case 
the termination process cannot incorporate OOCCC13 groups into the 
polymer to a significant extent, since this alone would introduce 1 COO- 
and 1 CC13 group into each polymer chain, and hence would lead to 
activities greater than those recorded in Table 2. Further, a reaction in 
which only one type of labelled carbon atom becomes incorporated during 
termination with Cu(OOCCC13)~ is improbable on chemical grounds. We 
shall see later that there is evidence that reaction between a growing chain 
and cupric trichloracetate leads to the addition of a trichloracetate residue 
to the chain; consequently we favour the view that the predominant retarder 
in the present system is CuC12. 

If polymerization is prolonged, say for a period of half an hour, it may 
readily be shown from the data in Table 2 that the molar yield of polymer 
exceeds (by a factor three, approximately) the initial concentration of 
cuprous chloride. Thus a recycling process must occur in which copper is 
alternately oxidized and reduced: Cu ~ > Cu H > Cu ~ etc. If the 
termination reaction involving CuC12 leads to the addition of C1 atoms to 
the polymer chains, the chloride ions would disappear progressively from 
the system, and recycling would be impossible (unless C1- can be replaced 
by -OOCCC13, and we have given reasons for thinking this unlikely). Thus 
the termination reaction seems most likely to be that shown in equation (4). 

CH3 CH, 

~ ' C H ~  C" + CuCI,, >. 'X~H2 C+ HCI+ CuC1 (4) 
l I 

COOCH3 COOCH,~, 

According to this view all the activity in the polymer originates in the 
initiation reaction. The two initiating radicals .CO0-  and CCI:~ could arise 
from the following processes : 

kl .~Cu ~ + CHC13 + .COO- + NH3 (a) 

Cu' + CC13COO-NH~ (5) 

, "~ c u  H + t~CI~ + HCOO-  + NH:~ (b) 
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Both reactions follow simply from electron transfer; in (5a) the electron is 
transferred to the CC13 group and the process leads ultimately to the 
formation of chloroform through a subsequent proton transfer, while in 
(5b) electron transfer to COO- (or COOH) occurs. 

Although (5) may represent the course of the initiation process, in reality 
the latter is much more complicated, as is indicated by the unusual kinetic 
features already mentioned. The requirement for a high salt concentration 
may imply that the salt dimer is the reactive species, as discussed in the 
earlier paper ~, and the independence of the rate of polymerization on [S] 
would follow if Cu ~ were associated with the dimer giving a complex which 
decomposes according to (5). The total rate of initiation in the steady 
state is thus (kl + k~)[Cu~], where kl, k~ are the first-order rate constants of 
the processes shown in (5). We have therefore : 

d [Cu~____~] = + d [CuH___~] = (k~ + k()[Cu ~] - k2 [Cu ~] JR.] (6) 
dt dt 

d [R.] _- (kl + k~) [Cu ~] - ks [Cu n] [R'] - k, [R.] a 
dt 

in which ks is the rate constant of reaction (4) and R. represents a growing 
chain. If k2 >~ kt bimolecular radical termination is always negligible, and 
[R-] = [Curt], since both species are formed and disappear in the same 
reactions. In these circumstances, (6), together with the steady state con- 
dition, leads to the relations in (7). 

[R.] = { [(kl + k~ ) / ks] [Cu ~] } ~ 

and - d [M] /d t  = k~ [M] { [(kl + k~ )/ks] [Cu x] } ~ (7) 

-- 1 d [M] k~ [M] 
P"= (kl+k~) [Cu ~] dt - {(kx+k~)kz [CuX]} ½ 

Since [R.] is of the order of 10 -7 to 10 -8 mole 1-1, and [Cu~]initax= 10 -* 
mole 1-1, approximately, it follows that ~[Cu~]~tt,~ and [Cu ~] are very nearly 
equal. Thus (7) predicts that the rate of polymerization should be propor- 
tional to the square root of the initial concentration of cuprous chloride, 
in agreement with experiment. The number-average degree of polymer- 
ization is seen from (7) to be independent of IS], as observed. If the 
inequality ks >~ k, does not hold, bimolecular termination will occur in the 
early stages of the reaction, but will steadily decrease in importance as 
[Cu ~r] increases, until ultimately termination by Cu ~ predominates, and 
[Cu~], i[Cu ~] become stationary. In this phase of the reaction an argument 
similar to that above shows that the rate of polymerization is approximately 
proportional to ![Cu~] ~. The final value of [Cu ~] may, however, greatly 
exceed [R.]. The experimental indications are that the assumption k~ >~ kt 
is probably a fair approximation. 

According to the data in Table 2, kJk~=0.73/0.27=2.7.  
(ii) Cupric acetylacetonate system--Results  are presented in Table 3. 
In the earlier paper ~ we showed that the rate of polymerization is sensibly 

independent of [Cu(acac)2], and recent results confirm this. The dependence 
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of rate on [S] is seen from Table 3 to be complicated; at the lower con- 
centrations the rate increases very rapidly with increase in IS]. The 
molecular weight changes comparatively little, but tends to increase with 
:increasing [S]. 

Experiments with azo-bis-isobutyronitrile initiation at 80°C led to a value 
kpk,-½=0.18 mole-~ 1~ sec-½. The values of (k~kt-~)~r~ .... in Table 3 
[calculated with the aid of equation (3)] are considerably smaller than this, 
especially at the lowest salt concentration. 

If  termination involves the simultaneous occurrence of several different 
processes, then it may be shown that, in the absence of transfer, the fraction 
of radicals undergoing bimolecular termination f is given by 

f_tk~k-l~ itk2k-l~ - ~ , ,  t j ~  . . . .  ~ / ~  ~ ,  J ( 8 )  

We have already suggested that ammonium trichloracetate is not an active 
transfer agent at 60°C and reasons are given later for believing that transfer 
to salt does not play an important part in the present experiments. Thus 
we conclude from the low values of (k~kt-~)~pp . . . .  t in Table 3 that bimolecular 
termination is negligible at the lowest salt concentration, but becomes 
increasingly important as [S] increases; at the highest [S] approximately 
30 per cent of the radicals enter into bimolecular termination (Table 3). 

Table 3. Polymerization at 80°C initiated by Cu(acac) 2 and CCI:~COONH 4 at high 
[CCI3COONH4] 

Percentage o f  N u m b e r  o /  
10 s [CCI 3 d IMI chains label led groups  

N o .  o!  l ( ~ [ C u ( a c a e )  2] C O O N H J  - 10" d t  1 0 - 2 P n  (kpk t -½)apparcnt  terminated per  p o l y m e r  
exper iment  m o l e  l 1 mo le  1-1 m o l e  l t sec-~ 

bimolecularly  molecu le  

a C C I 3 C O O N H ,  

I 4 '70  1 '37 0"72 6 '37  0"0247 1"5 0"74 
2 7"83 2 '75  5 '67 6"76 0"071 16 1"40 
3 7"44 4" 12 7"54 6"97 0"0835 22 1"42 
4 5"87 5"50 8"71 8"63 0"099 31 1"50 

C C I s ~ ' C O O N H ,  

5 4-31 1.37 1 '20 5 '37  0"029 2 '5  0"54 
6 4"31 2 '75  4"95 7"71 0"071 16 1 '04 
7 7"83 4 '  12 8"83 6-12 0"084 22 1"07 
8 6"65 5"50 10"0 8"31 0"105 34 1"36 

We believe that, as in the cuprous chloride system, an alternative termin- 
ation reaction involves a derivative of Cu I~. Cu(acac)2 is not a retarder, 
hence the retarding species must be generated during reaction. This could 
occur by direct reaction between the chelate and th~ salt. Alternatively, 
or additionally, initiation involving Cu(acac)2 would produce Cu ~, which, by 
entering reactions of the type discussed earlier, would lead to Cu~L 

If, for the moment,  we confine our attention to the experiments at the 
three higher salt concentrations in Table 3, we see that the total number 
of labelled groups per molecule is consistent with the incorporation of one 
such group by initiation and two by termination other than bimolecular 
termination, which does not incorporate any. Thus out of every 100 growing 
chains, 70 to 80 terminate with addition of 140 to 160 labels, giving a 
total number per molecule 2-4 to 2.6 in agreement with Table 3. The 
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balance between CC13 and COO- is, however, different from that in the 
cuprous chloride system, the content of CC13 being higher in the present 
case. We therefore believe that initiation involves predominantly CCIa 
radicals, by (9) which is analogous to (2). 

Cu ~ + CC13COO-NH + > CC13 + COs + NH + + Cu ~ (9) 

The natures of the cupric and cuprous derivatives are not specified, and 
it should be remembered that the salt is probably involved as the dimer ~. 
The rate-determining step is the thermal dissociation of this (probably 
giving CC13 as an intermediate), so that the rate of (9) is independent of 
[Cull]. It does not seem possible to construct any alternative radical-forming 
route involving cupric derivatives and ammonium trichloracetate. (This 
reaction has not been considered in the cuprous chloride system since it is 
probably much less important at 60°C. Its occurrence would imply that 
the importance of (5b), already a minor mode of initiation, has been over- 
estimated.) 

The termination reaction which is consistent with the above con- 
sideration is 

CH3 CH3 

" ~ C H ,  C'+ CuH(OOCCCI~), > ~'~eCH~ C OOCCC13 + CuIOOCCC13 

COOCH3 COOCH~ 
(10) 

The occurrence of (9), (5), (10), with the assumption that 70 per cent of 
the grow!ng chains terminate by (10) and 30 per cent by bimolecular inter- 
action, leads to the following values for the content of labelled end-groups 
per polymer molecule: CC13, 1-34; COO- 1"07. It would seem, therefore, 
that this mechanism is able to account for the experimental findings; more 
precise considerations are not possible at present, since the relative contri- 
butions of (9) and (5) cannot be assessed. 

It seems likely that the active Cu ~ derivative in (9) is formed by reaction 
between Cu(acac)2 and ammonium trichloracetate. This view is consistent 
with the observation that the reaction is autocatalytic in its early stages. 
(The rates in Table 3 are the stationary values after the acceleration period.) 
The derivative may well be cupric trichloracetate; its concentration may 
decrease with increasing [S], since (9) involves the salt dimer, and, since 
termination according to (10) also involves cupric trichloracetate, this could 
explain the trend towards higher molecular weights with increasing [S]. 

Three further points deserve consideration. First, chain transfer to salt 
would incorporate labelled end-groups in the polymer. Experiments with 
azo-bis-isobutyronitrile initiation, in the presence of labelled ammonium 
trichloracetate but without copper, showed that with [S] = 5.8 x 10 .5 mole 1-1, 
and a polymer molecular weight of 4.8 x 105, each polymer molecule con- 
tained on the average 0.56 CC13 and COO- groups. In experiments 4, 8 in 
Table 3 the salt concentration is comparable, but the molecular weights 
are lower by a factor of six, approximately. The incorporation of labelled 
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ends arising from transfer to salt would therefore be less than 0.1 per 
polymer molecule in all the experiments in Table 3. This is therefore 
only a small effect; nevertheless, since it operates particularly at high 
molecular weights it would help to obscure any decrease in the content of 
labelled ends which might be expected to arise with increase in the pro- 
portion of bimolecular termination (Table 3). Secondly, experiments 1, 5 
in Table 3, at the lower salt concentrations, reveal a low content of labelled 
groups, and also low molecular weights. We have referred earlier 1 to the 
difficulty of interpreting results obtained at this salt concentration. I t  would 
seem that [S] is not sufficiently high to allow rapid initiation by (9), hence 
the rate is comparatively low. At the same time, a retarding species must 
be responsible for the low molecular weights, and this appears to react with 
the growing chains without incorporation of labelled groups. In the earlier 
paper 1 we have suggested that an additional retarder is formed under these 
conditions. I t  is difficult to speculate about the nature of this retarder; it 
may be Cu(acac)OOCCC13, which at higher salt concentrations gives place 
to Cu(OOCCC13)2. Thirdly, the rates of polymerization in Table 3 are high 
at high [S], and the possibility of primary termination cannot be excluded. 
In experiments with azo-bis-isobutyronitrile at comparable rates, there was 
no evidence of primary termination, but this result is inconclusive, since 
different primary radicals are involved. Like chain-transfer to salt, primary 
termination would increase the content of labelled groups at high rates of 
reaction. 

To summarize, we believe that the present results show that at high [S], 
Cu(acac)~ leads predominantly to ,CC13, and CuC1 to COO-  radicals. 
Different termination mechanisms in the two systems also contribute to 
different activities of the resulting polymers; we have proposed that the 
difference in mechanism may arise from the presence of C1- in the CuC1 
system. 

Department of Inorganic, Physical and Industrial Chemistry, 
University of Liverpool 

(Received July 1966) 
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Book Review 

Flamm[estmachen von Kunststoffen 
(Flameproofing o] Plastics) 

H. VO~EL Alfred Hfithig : Heidelberg, 1966. 188 pages, 15 cm × 22½ cm. DM 17.80 

Th i s  book is one of the technical series on the 'Technologie der makromolekularen 
Chemie'  edited by Baum and Baumann:  it is therefore technologically oriented. 

The desirability that  synthetic materials should have low flammability needs no 
emphasis, particularly in domestic articles and constructional materials. Dr  Vogel first 
surveys briefly the phenomenology, dividing the synthetic polymers into:  the more 
or less incombustible--phenoplasts ,  aminoplasts, silicones, PTFE, etc.; those which 
do not  propagate flame--polyvinyl(idene) chlorides, polycarbonates, etc.; and those 
v)hich bu rn - - t he  rest, e.g. polyamides, polyesters, polyacrylates, polystyrene. Next 
follows a short descriptive section (18 pages) surveying in outline methods of 
reducing the flammability of the last group. 

The book ends with a very short section on testing emphasising the difficulties of 
devising a test which has practical meaning; the author avoids all test detail, merely 
quoting the reference numbers of American and German standard methods. 

The kernel of the book is a large central section---comprising two thirds of the 
tex t - -on  Methods. This is a literature survey of proposals for modifying the flam- 
mability of polymeric materials, with references to review articles in technical journals 
and to relevant patents, covering the post-1945 period to mid-1964. About  one 
thousand patents are listed in a special index (with page references to the text 
abstract) and, so far as can be tested, this survey is reasonably complete in respect 
of substance. Like all literature surveys aiming at completeness, the section is un- 
critical, and a newcomer to the field will be left with very little indication as to which 
methods are used industrially and which of them will remain forever in limbo. 

The author  has taken particular care in this central section to give acceptable 
systematic names to the vast array of compounds ment ioned--a  virtue not  always 
found in technical literature; for clarity, the text is enhanced with about  two hundred 
numbered structural formulae. 

The book can be recommended to all who desire to be informed of the vast 
amount  of skilful and thoughtful  work done in this field by preparat ive--mainly 
organic---chemists. Dr Vogel answers 'What? '  questions admirably, but  leaves almost 
untouched the 'How? '  and 'Why?' .  I hope the book will also be read by physical 
chemists, who might thereby be encouraged to improve, as is currently so desirable, 
our theoretical knowledge of mechanisms involved in the burning of solids based on 
carbon-containing polymers. 

The book is well printed by an offset process on substantial mat t  paper- -wi th  
excellent register of text on front  and back of sheet. Choice of type face is good for 
a German  book, and there are almost no printer 's errors. 

T. H. MORTON 
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Communication 

Allotropy of Cyclic Tris(ethylene terephthalate) 

CYclic tris(ethylene terephthalate) is of interest not only as the oligomer 
found in greatest abundance in equilibrium with molten poly(ethylene 
terephthalate) 1 but also because of the use made of it in assigning the 
infra-red absorptions in poly(ethylene terephthalate) ~. Attempts to synthesize 
the cyclic oligomers of ethylene terephthalate have so far proved unsuc- 
cessfuP and samples of the cyclic trimer have always been obtained for 
investigation by solvent extraction from the high molecular weight 
matrix 1'4'5. However, the published data relating to cyclic tris(ethylene 
terephthalate) show discrepancies, notably in the infra-red absorption 
spectra published by Grime and Ward% Goodman and Nesbitt% and Seidel% 
and the X-ray data given by Goodman and NesbiW and by Zahn and 
Seidel% 

We have now found that this oligomer can be obtained in two forms, 
giving distinct X-ray diffraction patterns and infra-red absorption spectra, 
and that this fact has not been recognized in previously published work, 
leading to the discrepancies in the data. 

Several samples of the cyclic trimer were prepared by solvent extraction 
of poly(ethylene terephthalate) granules using the method of Goodman and 
NesbittL Both 1,4-dioxan and p-xylene were used as solvents. Infra-red 
absorption spectra were obtained by incorporating the samples in potassium 
bromide discs and using a Beckman IR12 spectrophotometer. X-ray powder 
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Figure/--Infra-red absorption spectra of cyclic tris(ethylene terephtha|ate) 
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photographs of the samples were also taken using a 6 cm diameter cylin- 
drical camera. All these samples, with one exception, showed the infra-red 
spectrum and X-ray powder pattern which we have designated Type A in 
Figure 1 and Table 1. The exception was a sample which had accidentally 
been subjected to excessive heating during preparation. This sample showed 
the infra-red spectrum and X-ray pattern labelled Type B. On heating 
samples of Type A material to 200°C and cooling to room temperature, the 
infra-red spectrum and X-ray powder pattern were found to have changed 
to those of Type B. The reverse change was observed on recrystallizing 
the Type B material from ethyl acetate at temperatures below 80°C. 

Table 1. X-ray powder photograph spacings and intensities 
A-type structure 

I d , A  2 '74  2"92 3.10 3 '44  3"65 

l[Imaz. 9 29 24 -39 100 

3.87 4'24 4.84 5'28 6 '37  6"67 8'60 9"88 

60 25 70 40 38 36 "17 10 

B-type structure 

o 
d,A 3"17 3.35 3.45 3"63 4.05 4-33 4 .50 5.05 5"58 6.10 7.62 11-6 

- -T~-  - i ~ -  - ~ -  - i ~ -  - ~ -  - 5 i -  - ~ -  - ~ -  - -~ -  ~ -  - G -  14 

A sample of Type A material in a potassium bromide disc was then 
heated in a variable temperature infra-red cell and the absorption spectrum 
recorded as the sample was heated from room temperature. At about 150°C 
changes began to occur in the 1 050 cm -I and 1 450 cm -1 regions of the 
spectrum, and at 200°C the spectrum had changed to that of Type B 
material. No further change took place on cooling to room temperature. 
Differential thermal analysis of a sample of Type A material revealed a 
broad endotherm at a temperature of about 195°C when the sample was 
heated from room temperature to its melting point (316°C) at a rate of 
64 deg. C/min. No corresponding effect was observed as the sample cooled 
from the melt. 

These results suggest that cyclic tris(ethylene terephthalate) can exist in 
two allotropic forms at room temperature. Only one form--Type B- -  
appears to be stable above 195°C. The possibility that the change from 
Type A to Type B occurs at a slow rate at temperatures below 195°C has 
not been investigated, but a sample originally prepared in 1956 by Goodman 
and Nesbitt was obtained, and this showed the Type A characteristics after 
ten years storage at room temperature. 

It is now apparent that the infra-red data given by Grime and Ward ~ 
and by Goodman and Nesbitt 1 refer to the form which we have designated 
Type B, whereas SeideP and Zahn and SeideP give infra-red and X-ray 
data corresponding to the Type A structure. The unit cell dimensions 
quoted by Farrow, Mclntosh and Ward ~ agree with the d spacings of the 
powder lines on X-ray photographs of the Type A material. 

Our work indicates that care is necessary in the preparation and handling 
of cyclic tris(ethylene terephthalate) if transitions between the two forms 
are to be avoided. 

G. L. BINNS, J. S. FROST, F. S. SMITH and E. C. YEADON 
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ANNOUNCEMENTS 

T O X I C I T Y  IN P L A S T I C S  
A two-day symposium on Toxicity in Plastics will be held at the Northern 
Polytechnic, Holloway, London N.7, on 6 and 7 December. The papers 
and speakers include : 

Toxicity in plastics: the problem as typified by plastics packages. Mr 
J. M. J. ESTEVEZ, I.C.I. Plastics. 

Safety evaluation of plastics for food packaging and other specific uses. 
Dr L. GOLDBERG, Director, British Industrial Biological Research 
Association. 

Some problems created by the migration of plastics ingredients into food. 
Mr J. W. SELBY, British Food Industries Research Association. 

Safety aspects of food packaging materials--a fabricator's viewpoint. 
Mr J. H. BRITTAIN, Metal Box Co. 

Toxic hazards from the user's viewpoint. Mr. J. McL. PHILP, Unilever 
Research Laboratory. 

Toxicological hazards from plastics toys. Dr P. S. ELIAS, Ministry of 
Health. 

Some possible toxic hazards of plastics in medicine. Mr D. E. SEYMOUR, 
Smith & Nephew Research Ltd. 

A review of legislation on toxic hazards in various countries. M. 
A. RODEYNS, Solvay et Cie. 

For further information please write for the attention of STEWART LAURIE, 
Press Officer to the British Plastics Federation, 47-48 Piccadilly, London 
W.1. 

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

The fourteenth Canadian High Polymer Forum will be held in Quebec 
City on 24 to 26 May 1967 at the Universit6 Laval. Persons wishing to 
contribute papers should contact the Program Chairman, Dr D. M. WILES, 
Division of Applied Chemistry, National Research Council, Ottawa, 
Ontario. Titles, authors' names, and abstracts of 200 to 300 words should 
reach the Program Chairman no later than 15 February 1967. 
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Influence of the Dielectric Constant 
on the Rate of Solution 

Polymerization of Trioxan 
E. Hr~DK~, M. K u ~ E ~  and K. MAJEROV/~ 

The dielectric constant of the liquid phase is one of the ]actors having an 
influence on the overall reaction rate of the solution polymerization of trioxan. 
Since neglect of this effect can result in inaccurate conclusions, the authors 
have tried to determine the dependence of reaction rate of polymerization on the 
dielectric constant. Results show that the course of this relation is character- 
istic of the reactions of polar molecule~ or of ions with polar molecules and 
that it is influenced by the kind of solvent used. The value of the dielectric 
constant (and thus the rate constant) varies during polymerization of trioxan 
in a solvent which has a different value of dielectric constant from that of 
trioxan. An  equation for the overall rate of solution polymerization of trioxan 
comprising factors having effects on this rate was deduced from the ~'esults 

of measurements and from the previous work of the authors. 

I s  REACTIONS between ions or polar molecules in a solution the reaction 
rate constant depends not only on the character of the reacting particles but 
also on the solvent. The solvent influences the value of the rate constant 
mainly by its polarity which is determined essentially by the dielectric 
constant (DC). It was found when studying the effect of the DC that the 
overall reaction rate was altered in the first place. The effect of the DC on 
the degree of polymerization can usually be neglected 1-~. 

When studying the kinetics of the solution polymerization of trioxan, 
the effect of the DC on the polymerization rate constant cannot be neglected. 
Since the polymerization of trioxan is a precipitation reaction, the DC of 
the liquid phase is generally not constant (as the solvent has not the same 
DC as trioxan). Both the rate constant and the overall reaction rate will 
change during the polymerization because of this. This change is the larger 
the greater the difference between the DC of trioxan and that of the solvent. 
In our work we have tried to determine the dependence of the overall 
reaction rate on the DC of the liquid phase and to express the dependence 
of the change of the rate constant on the increase or decrease: of the DC 
during the polymerization. 

R E S U L T S  

Exact evaluation of the effect of the DC on the rate constant of the polymer- 
ization of trioxan is difficult. The rate constant does not depend only on 
the DC; its value is a function of some further factors not directly related 
to the polymerization of trioxan. The decrease in initiator concentration ~ 
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is one of these factors; other factors are the dependence of the polymeriza- 
tion rate on the water content and the change of water concentration with 
conversion. These factors were previously investigated in the systems 
trioxan-n-heptane 5 and trioxan-n-heptane-nitrobenzene 6. To  widen our 
knowledge of polymerizations at higher dielectric constants we have 
studied the rate of formation of the polymer from trioxan in the presence 
of pure nitrobenzene, i.e. in a medium in which the DC grows with increase 
of conversion. 

The dependence of the polymerization rate on the water concentration is 
shown in Figure 1. (The dependence was determined by graphic differentia- 
tion of the conversion curves at their points of inflection, i.e. at low 
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o s'o iGo 2;o 
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Figure /--Dependence of rate of polymerization of trioxan 
in nitrobenzene on water concentration. Trioxan concen- 
tration 5"0 mole/kg, solvent concentration 5"0 mole/kg, 
initiator concentration 4-3 × 10 -a mole/kg, temperature 80°C 

conversions when it is still realistic to neglect the change of DC and the 
loss of initiator.) It  is evident from the plot that water has a great influence 
on the polymerization rate even in nitrobenzene. The form of the depen- 
dence agrees qualitatively with that found previously for the polymerization 
in n-heptane and in nitrobenzene-n-heptane mixtures. The dependence of 
the polymerization rate on water concentration is given by the following 
equation ~ even in this case 

k'Kl[HzO] x [init.] (1) 
v = 1 + K~[H~O] + {K~K2/A. OH}IH~O] ~ 

The decrease of water in the polymerization of trioxan in nitrobenzene has 
qualitatively the same course as in n-heptane, as follows from Figure 2. 
The dependence of the instantaneous water concentration on conversion 
can be expressed in terms of the equation which has been derived for 
polymerization at lower dielectric constant¢. 

1{ 
[H~O]o = p+q q+P (1-kax)  ~-i (2) 
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Figure 2--Water decrease during polymerization of trioxan in nitro- 
benzene. Trioxan concentration 5"0 mole/kg, initiator concentration 
4"3× 10 -a mole/kg, temperature 80°C. [H20]0: • 10"0 m mole/kg, 

0~ 28"0 m mole/kg, © 38-4 m mole/kg~ ~ 82'0 m mole/kg 

In  equat ions  (1) and  (2) K~ is the equi l ib r ium constant  in the react ion of  
fo rmat ion  of an active centre  f rom the na t ive  init iato?,6 

A c + B - +  H20 ~--~ A c  + !] B-  

K2, A ,  p, q, a a n d / 3  a re  constants  which have  been descr ibed earlierS.6; v is 
the po lymer iza t ion  rate  in percentage  of  conver s ion /min ;  [init.] is the con-  
cen t ra t ion  of  ini t iator ,  kd is the  constant  expressing the loss of  in i t ia tor  ''7. 
[H~O]0 and [H~O] a re  the initial ,  and  the ins tantaneous  concentra t ion of  
water ,  and x is the  conversion.  

T h e  curves in Figures 1 and 2 a re  ca lcula ted  f rom equat ions  (1) and (2) 
using constants  whose values  are  summar ized  in Table 1. The  exper imenta l  
da ta  are represented by  separa te  points.  

Table 1. Influence of the solvents on the values of constants in eqtlations (l) and (5) 

Ratio K1K2 
Solvent TOX: solvent DC KI× 1 0 - ~  x 10 -3 B Note 

vol. % 

n-Heptane 30-70 4"2 7"6 3 '8 -- 3"25 a 
50-50 7"1 6-0 8'0 --4'75 a 
85-15 13-0 5-1 5.1 --3'75 a 

n-Heptane + 50-50 15"6 0-03 l "8 0, b 
nitrobenzene 

Nitrobenzene 30-70 27"8 - -  - -  4"0 
50-50 24-3 0"03 1-8 5"0 

a--see ref. 5 
b--see ref. 4 

The  course  of  the po lymer iza t ion  of t r ioxan  at  different  values  of  the  
D C  is demons t ra ted  by  the convers ion curves in Figure 3. These  curves  
were ob ta ined  by  polymer iz ing  t r ioxan  in n i t robenzene  o r  n-heptane,  o r  in 
their  mixtures,  at  a constant  init ial  water  concent ra t ion  in the po lymer iz ing  
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Figure 3--Influence of JDC on the course of polymerization of 
trioxan in the presence of a solvent (n-heptane, nitrobenzene, and 
mixtures of them). Initiator concentration 8"5 x 10 -a mole/kg, water 
concentration 10-0 m mole/kg, temperature 80°C. (DC)0: 1--4-2, 

2--7'I, 3--13'0, 4---15"6, 5--23"7, 6---27"8 

mixture. The effect of the DC can be seen in the figure. A more exact 
kinetic analysis, however, cannot be carried out without information as 
regards the change of DC of the liquid phase during polymerization. The 
dependence o£ the DC of the liquid phase on the conversion for the given 
systems of trioxan-solvent is shown in Figure 4. 

( J  
r~  

30 

25 .o- - - - ~ j  

1 5 -  
Figure 4--Dependence of DC on 
conversion in the polymerization of 
trioxan in n-heptane and nitro- 
benzene. Temperature 80°C. Sol- 
vent: 1--n-heptane 5"65 mole/kg, 
2--n-heptane 3'65 mole/kg, 3--n- 
heptane 0-90 mole/kg, 4--nitro- 
benzene 5.00 mole/kg, 5--nitro- 

benzene 6"90 mole/kg 

3 
10 

1 
I I I I I 

O~ 0'1 0"2 0'3 0'4 0 5  
(N o-  N)/N o 

The reaction order with respect to monomer was found to be one ~ in our 
previous work where trioxan was polymerized in nitrobenzene-n-heptane 
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mixture, i.e. in a medium in which both solvent and monomer  had the same 
DC. The reaction order was unity also with respect to the initiatorL For  
the overall polymerization rate we can write 

- (1 / G) (d N / d t) = k (N / G)[CII(I-I20) (3) 

where G (kg) is the weight of the liquid phase, [C] (mole/kg) is the initiator 
concentration, N is the number of trioxan moles and [(H~O) is a factor 
expressing the effect of a variable amount of water (cocatalyst) on the 
polymerization rate. If  the values of N, G, [C] and [H~O] are made 
constant and the same in various systems while determining the rate, we 
.can obtain the value of k and its dependence on the DC from equation (3). 
Experimental results are gathered in Figures 5 and 6. 

1-0 

O I  
0 

i 

0 5  / 
0-1 0.2 

1/(DC) 

Figure 5--Dependence of rate con- 
stant of polymerization of trioxan in 
n-heptane on DC. Temperature 
80°C. [H~O]0: 1--10.0 m mole/kg, 

2--44.4 m mole/kg 

03 

075 

Figure 6--Dependence of rate constant of poly- ; 
rnerization of trioxan in nitrobenzene on DC. o 0"50 
Temperature 80°C. [H20]o: 1--44"4 m mole/kg, 

2--10"0 m mole/kg 

02~ 
0'025 

• \ -. ] --,<;, 
, " < l  

0.050 0.075 
1/(De) 

I t  is evident from the figures that the results of the measurements agree 
well with theory which requires log k to be a linear function of the reciprocal 
of  the DrY. Then we can write 

log k =log ~ + A/(063 (4) 
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The constant k0 has the significance of a rate constant at infinite dilution s. 
The values of k0 and A in equation (4), read from Figures 5 and 6, are 
summarized in Table  2. 

Table 2. Values  o f  the cons tan t s  in equa t ion  (4). T h e y  are independen t  of  the  
concen t ra t ion  o f  the  solvents  

Solvent [H20]° log k n A 
m mole kg -1 

Ni t robenzene  10"0 0'93 - 7"35 
44"4 1"09 - 7 - 3 5  

n -Hep t ane  10" 0 0 "49 -- 6' 25 
44 '4  0"40 - 6'25 

D I S C U S S I O N  

The values of the constants in equation (4) differ for different solvents. The 
different water concentration can be made responsible for the change in 
k0. It follows from the change in the A value that the rate constant does not 
depend only on the absolute value of the DC of the polymerizing mixture 
but that it is affected also. by the character of the solvent used (e.g. by its 
solvation property). 

Solvent affects also the values of the constants in equation (1) and thus 
even the quantitative effect of water on the rate of the polymerization of 
trioxan. This is demonstrated in Table 1. 

The corresponding constants vary with the amount of solvent in poly- 
merization in n-heptane, while they remain constant and do not depend 
on the amount of solvent in the presence of nitrobenzene. 

The change of values of the equilibrium constants proves a direct inter- 
ference of solvents with the structure of the solvation shell of the active 
centres. These observations agree with the experience of physical and 
organic chemistry. Hydrocarbons such as n-heptane are poor solvents of 
water. If, in addition to water, compounds of very polar character, as for 
example ion-pairs, are also dissolved in hydrocarbon, an interaction between 
water and these pairs can be expected, a 'drying' of n-heptane; the equili- 
brium constant of the interaction K1 is high. Products of the interaction are 
active as initiating agents. The solubility of water is greater in more polar 
media; moreover nitrobenzene itself can participate in the solvation. Thus 
a lower value of K1 can be expected. It seems that the presence of trioxan 
changes only quantitatively the conditions considered, by its polarity and 
concentration. 

It follows from Figure 4 that the change of the dielectric constant during 
polymerization is always directly proportional to conversion. This depen- 
dence can be expressed generally by the equation 

(DC) = (DC)~ + B[(N0 - N)/No] (5) 

where (DC)0 is the initial value of the DC of the polymerization mixture, 
B is the constant and No and N are the numbers of moles of trioxan at zero 
time and time t respectively. 
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Values of constants B in equation (5), read from Figure 4, are sum- 
marized in the penultimate column of Table 1. The constant B is positive 
or negative depending on whether the DC of the solvent is higher or lower 
than that of the monomer. However, its value is not the same for poly- 
merization mixtures of any kind; it depends on the initial concentration 
of monomer and on the difference between the dielectric constants of the 
monomer and of the solvent. 

It follows from equations (4) and (5) that the rate constants will change 
as a result of the change of DC during polymerization according to 

k = ko × lOa/ { (DO)O+B(NO-N)/NO} (6) 

After substitution of equation (6) into equation (3) we can write 

( 1 ) d N  a/{(~'c)o+~(No-~)'~'o} N 
- -if/- =k0 × 10 [C] ~- ( 7 )  

Using a correction factor for the loss of initiator we obtain the following 
form of equation (7) 

- ~ = k o × l O  R + M N  " ~ " ~, No 

(8) 
where R (kg) is the weight of the solvent, M (kg/mole) is the molecular 
weight of trioxan x 10 -3, 10 is the number of moles of initiator at zero time. 

As (No-N)/No=x (conversion), equation (8) can be rewritten 

( b )  dx~-- =k~ × 10 4/{(D%+,.~} R+MNo(I(1-X)_x) " "-GL'[1-kax] (9) 

Even this differential equation is rather complicated. We must also 
take into account the fact that the value of k0 depends on the initial con- 
centration of water (in the polymerizing system) which also varies with the 
conversion according to equation (2). 

It is evident from the above that the mathematical description of the 
course of solution polymerization of trioxan in any solvent is remarkably 
complicated and difficult. This is illustrated in equation (7), which includes 
some factors having an influence on the reaction rate and thus also on 
the shape of the conversion curves. These factors must be accounted for in 
kinetic measurements and in considerations of the mechanism of the process. 
It is necessary to bear in mind that passing from one trioxan concentration 
to another in a solvent whose DC differs from that of trioxan, results in a 
change of the dielectric constant of the polymerizing mixture. Thus the 
change of the polymerization rate is due not only to the change of monomer 
concentration but also to that of the DC according to equation (8). We 
suppose that this fact is the cause of the high values of reaction order with 
regard to the monomeP ,1° and of differences in these values for various 
solvents. 
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E X P E R I M E N T A L  
Tdoxan was refined by rectification with sodium metal in a column with 
ca. 5 TP. The purity of trioxan was checked by gas chromatography. 

After being washed with sulphuric acid n-heptane was dried by potassium 
hydroxide. It was also rectified with sodium metal before the polymerization. 

Nitrobenzene was refined by vacuum distillation. A fraction taken at 
the temperature of 84"5 ° to 85"5°C and at a pressure of 10 mm of mercury 
was used for the polymerization. 

A compound of the type [ ~-~ Si@] [HSO~], the preparation of which had 

been described previously 5, was used for initiation. 
The water concentration in the polymerization mixture was determined 

by means of a modified Fischer method allowing measurement in p.p.mY. 
The DC of the polymerization mixture was measured by the resonance 

method with a Schomandl DC-meter. The apparatus was calibrated using 
a dioxan-water mixture. 

The course of the polymerization of trioxan in solution was measured~ 
with an automatic recording dilatometer also described previously TM. 

C O N C L U S I O N  
We tried to elucidate further the complicating factors of the solution poly- 
merization of trioxan, at least approximately. The polymerization rate is. 
affected not only by the water concentration, as was shown earlier la, but 
also by the DC and by the character of the solvent used. The dependence 
of the rate constant on the DC of the medium has a form characteristic of 
the reactions of polar molecules or ions with polar molecules. The DC 
is usually changed during the solution polymerization of trioxan. This: 
change must be accounted for in kinetic measurements. 

Research Institute of Macromolecular Chemistry, 
Brno, Czechoslovakia 
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Structural Changes and Molecular Forces 
in a Compressed Synthetic Polypeptide 

Monolayer 
B. R. MAL(~LM 

It has been found that structural changes take place when a monolayer of 
poly-3~-methyl-L-glutamate is compressed. The first stage is the regular collapse 
of the a-helices in the monolayer to form a bilayer. Further compression 
appears to cause the formation of a third layer of molecules before the film 
starts to fold and collapse completely. During this process the molecules become 
aligned with the mean direction of their axes at right angles to the direction 
of compression. From the force required to produce a bilayer and the angle 
of contact of the polymer~liquid interface, the work of cohesion of the polymer 
has been calculated. Taking into account the molecular structure of the bilayer, 
and making certain assumptions, the mean work of cohesion per mole of 

residue pairs has been found to be 3"6 kcal. 

EVIDENCE has been obtained to show that the monolayers of a number of 
synthetic polypeptides are in the a-helical conformation at the Mr/water 
interface (Malcolml'~), whereas previous work based on the traditional 
methods of surface chemistry has led to extended conformations being 
proposed (Cheesman and Davies3). The hypothesis, that for certain 
synthetic polypeptides the a-helix is stable at the Mr/water interface, has 
been based not only on their surface chemistry but also on measurements 
of deuterium exchange rates and examination of collapsed films by infra-red 
spectroscopy. Further evidence (to be published), which supports the 
original conclusions, has since been obtained from electron diffraction 
examination of collapsed monolayers. 

The a-helix is rigid and rodlike by comparison with most polymer 
conformations, so that the molecules in a monolayer must pack together in 
parallel groups. It appears that, as a consequence of the local order 
existing in the groups, when the molecules are compressed a bilayer is 
formed as a regular process. Since the pressure required to form the 
bilayer is dependent on the cohesive forces of the molecules of the polymer 
and the substrate, these observations lead to a new experimental approach 
to understanding molecular cohesion. 

Results will be given here for poly-y-methyl-L-glutamate to illustrate 
the process. A full account of the structure and properties of syntheti c 
polypeptide monolayers, particularly in relation to their biological interest, 
will be given elsewhere. 

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

Poly-y-methyl-L-glutamate with a reported intrinsic viscosity of 1-04 in 
dichloracetic acid was used, prepared by Yeda Research and Development 
Co. Ltd. The molecular weight was estimated by the makers to be 
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260 000 from viscosity measurements by comparison with measurements 
on poly-y-benzyl-L-glutamate. Standard solutions for spreading mono- 
layers were made by dissolving about 10 mg in 1 ml dichloracetic acid 
which was then made up to 10 ml by addition of chloroform. About 0.03 
ml of solution was spread on a clean water surface in a fused quartz 
Langmuir trough. The  work was greatly facilitated by the use of a new 
type of film balance (Malcolm and Davies 4) consisting essentially of a 
bent metal strip with its lower edge in the interface. The deflection of 
the strip, which is proportional to the force on the film, is measured with 
a microscope. With a platinum-2% rhodium strip 0"003 in. thick, ¼ in. 
wide, 1 mm deflection corresponds to a force of 23 dyne cm -1 on the 
monolayer. The monolayer was compressed by a barrier moving con- 
tinuously at the rate of 2 mm/min.  All other experimental details, which 
followed the usual procedures of surface chemistry, were as given 
previously 2. 

R E S U L T S  AND D I S C U S S I O N  
Surface area measurement 

The force/area curve for a monolayer spread on 0"01 N hydrochloric 
acid is shown in Figure 1. Similar results were obtained using a substrate 
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300 "* face potential measurements (10 for 

a monolayer of poly-y-methyl-L- 
glutamate on 0"01 N hydrochloric 

200 acid, 20°C 
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of distilled water. The monolayer, as prepared, is stable over many hours 
and the force/area curve unaffected by doubling the rate of compression. 
Extrapolation of the first steep rise of the force/area curve to zero pressure 
gives an area per residue of 17"5',+0"3 A 2. At a pressure of 20 dyne cm -1 
there is a yield point and under slow continuous pressure the film sustains 
an almost constant force until, at about 10 AS/residue, the force on the 
film again rises until at 70 dyne cm -1 the film finally collapses. This is 
shown by irregular movements and rapid drifting of the film balance. 

The area per residue of 17'5 A 2 may be compared with 17-9 A ~ calculated 
assuming that the molecules are in the a-helical conformation and packed 
at the same distance as in the solid state in a hexagonal cell with a =  11"95 A 
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and an increment of 1-5 A per residue along the molecular axis ~. Precise 
agreement is not to be expected since the packing of the molecules in a 
monolayer is not necessarily the same or as perfect as in the crystalline 
state. This evidence and measurements of deuterium exchange rates (to 
be published) are consistent with the assumption that the molecules are in 
the a-helical conformation. Without this hypothesis it is difficult to 
explain many of the observations, 

An area of 10 AS/residue is too small to accommodate any reasonable 
conformation of this polymer in a monolayer and the plateau must therefore 
be associated with molecules being forced out of the surface and forming 
a second layer. The plateau does not quite extend to half the condensed 
area of a monolayer, which suggests that a proportion of the molecules in 
the monolayer are not in a regular arrangement and therefore require 
additional work in order to force them out of the surface. At this stage 
some might start to form a third layer. Over the extent of formation of 
the plateau, however, the collapse is probably propagated from points where 
isolated molecules are forced out of the surface. Adjacent molecules in 
the lower layer will then be in an asymmetric field and pulled upwards. 
They in turn will act on further molecules. The plateau has not, in any 
case so far examined, been found to extend to less than half the area of 
a close-packed monolayer. Its length and the pressure required to form it 
under given conditions appear to be quite reproducible and a characteristic 
of the polymer. 

300 

~n 200 

Figure 2---(a) Stress/area diagram ~- 
derived from Figure 1, and (b) the 
effect of the addition of ½ per cent 

v / v  isopropanol 100 

O 

10 20 
A rea / res idue ,  ~,2/res. 

The conventional force/area curve for a monolayer, as in Figure 1, is 
probably not the best way to present experimental data in which changes 
in the mechanical strength of the structure may be taking place. An 
alternative way is shown in Figure 2, in which the product of the force 
F (in dyne cm -1) and the area A (AS/residue) is plotted against A. The 
product FA represents a quantity proportional to the force per unit cross- 
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sectional area (i.e. stress) that would be applied to a homogeneous material 
which increased uniformly in thickness as the area of the film decreased, so 
that the density remained constant. The deformation of the film as measured 
by the decrease in area, may be considered to represent the strain on the 
film and thus Figure 2 is a form of stress/strain diagram. The collapse of 
the film to a bilayer is now shown as a continuous decrease in the stress 
sustained by the film until the process is complete. A further collapse 
is also indicated giving rise to a minimum at about 6A2/residue, which 
is probably associated with the formation of a third layer of molecules. The 
peak of the curve at about 4 A2/residue is caused by the onset of folding 
and collapse of the film, though it may be mentioned that with poly-r.- 
norleucine a further peak is observable before collapse, suggesting the 
formation of a fourth layer of molecules. 

The stress, as calculated from the product FA, is only strictly meaningful 
when the film is of uniform thickness, i.e. after the formation of an integral 
number of layers. Nevertheless the fact that after what has been interpreted 
as a regular collapse is followed by an increase in the stress, as calculated, 
is a good indication that a transformation giving rise to an ordered structure 
has taken place. It will be seen that this type of analysis enables information 
to be obtained which may otherwise be hidden in the steep portions of a 
force/area graph. Finally, it should be pointed out that since the molecules 
are becoming orientated during compression (see below) a more detailed 
analysis of the data should take this into consideration. 

Surface potential measurements 
Above about 20 A~/residue the surface potential is non-uniform showing 

that the monolayer is condensed. Below 20 A~/residue it rises in propor- 
tion to the fractional decrease in area down to 17 AS/residue (Figure 1). 
This suggests that the dipoles contributing to the surface potential are not 
becoming reorientated, but simply pressed closer together. Between the 
yield point and 10 AS/residue the potential remains almost perfectly 
constant. 

In the case of poly-L-alanine the surface potential arises entirely from 
a net reorientation of the water molecules consequent upon spreading the 
monolayer ~. This is because, on account of its symmetry, the backbone of 
a long a-helix can have no dipole moment at right angles to its axis. If, 
however, as is the case here, the polymer has flexible side-chains, besides 
the component from the water, an additional contribution is to be expected 
in a monolayer arising from the dipoles in the side-chains. These will 
produce a direct component if the dipoles in the side-chains are not 
arranged in a symmetrical manner so that they cancel out, and an indirect 
component arising from interaction of some of the side-chain dipoles with 
the underlying water. It is not possible to judge how big these contri- 
butions are, but they appear largely to cancel each other out since the 
resultant potential is comparable in magnitude to poly-r~-alanine. The 
second layer of polymer might reasonably be expected to have its side- 
chains in an approximately helical arrangement so that neither the side- 
chains nor the peptide groups of the second layer can give rise to a 
potential. If the horizontal plateau in the force/area curve is attributed 
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to the steady formation of a bilayer of ot helices, the remarkable constancy 
of the surface potential below 17 AS/residue can therefore be understood. 
On the other hand, if the structure of the first layer were an extended polar 
structure, which underwent a reorientation or conformational change at 
the yield point, the surface potential would in general be expected to 
increase or decrease on further compression. 

The mechanism of bilayer formation 
The pressure required to form a bilayer is altered by not more than one 

per cent (approximately the limit of relative accuracy for two consecutive 
experiments) by raising the temperature from 20°C to 30°C or by changing 
the substrate from 0"01 N hydrochloric acid to distilled water. However, 
addition of half of one per cent by volume of isopropanol to the trough 
reduces the pressure required by 5 dyne cm -I (Figure 2). This suggests 
that the pressure necessary is dependent on the work of adhesion of the 
monolayer to the substrate and gives a clue to the underlying physical 
process. The work done (if the conversion were 100 per cen0 in forming 
1 cm 2 bilayer at the observed pressure of 20 dyne cm -x is clearly 20 ergs. 
Since this involves the removal of 1 cm 2 of monolayer from the water 
surface, energy must he supplied equal to the work of adhesion WsL of the 
monolayer to the substrate. This may he calculated from Young's equation 

WsL =yLa(1 + cos 0) 

where yLA is the surface tension of the liquid with respect to air and 0 the 
angle of contact for the polymer/liquid interface 6. 0 has been measured 
by casting a thin clear film of polymer on a glass plate and using the usual 
dipping plate technique 7. The value obtained, once the polymer has been 
dipped below the surface, is 580+2  ° for both distilled water and 0-01 
N hydrochloric acid. Addition of half of one per cent isopropanol lowers 
0 by about 2 °. A value 5 ° higher is obtained if the surface has not 
previously been wet; this type of hysteresis is not uncommon, but the 
reason for it in this instance is not known. Taking the value of 58 ° and 
yLA=72'8 dyne cm -1 the work of adhesion of the polymer to water is 
approximately 111 erg cm -~. Since the mechanical work done in com- 
pressing the film is only 20 erg cm -2, it follows that the additional energy 
for the formation of the bilayer, 91 erg cm -~, is derived from the work of 
cohesion of the second layer of molecules on top of the first. 

It is convenient to introduce here the term 'residue-pair' when discussing 
a bilayer meaning one residue from each layer. If the bilayer is taken to 
have a projected area per residue pair of 17-9 A s, from the figure above 
the work of cohesion per mole of residue pairs is 2"35 kcal. If it is 
assumed that the molecules pack in the same manner as in an infinite 
hexagonal cell, with the a and c axes parallel to the surface, two thirds 
of the total number of residues in an infinite structure may be considered 
to be involved in holding adjacent planes together (the remaining one third 
hold the molecules together within the plane as, we assume, in a monolayer). 
Thus the mean work of cohesion of all the residues in an infinite hexagonal 

599 



B. R. MALCOLM 

structure is 35  kcal/mole of residue pairs (subject to a small correction, 
see below). 

This analysis neglects changes in the entropy of the molecules as a result 
of the formation of the bilayer. Since both before and after the transition 
they are presumed to be packed in parallel groups, the entropy change 
involved is likely to be very small and is neglected. 

The assumptions concerning the way the molecules pack when the bilayer 
is formed require further justification since (a) when the bilayer starts to 
form, the monolayer is under pressure and occupying 16 A2/residue rather 
than 17-9 AS/residue as in an unstrained hexagonal cell, and (b) it has been 
assumed that in an unstrained bilayer the packing is hexagonal rather 
than, say, orthorhombic. A correction for (a) can be estimated from the 
additional work involved in compressing a bilayer from 17"9 A2/residue 
pair to 16"0 A~/residue pair. If this is taken as approximately twice the 
work done in compressing a monolayer over the same monolayer areas, 
the work done on a bilayer is 2 erg cm -~. Thus the mechanical work done 
on a monolayer to convert it to an unstrained bilayer is reduced from 20 
to 18 erg cm -2. This increases the calculated work of cohesion to 3'6 
kcal/mole of residue pairs. Assumption (b) is reasonable since there is 
fairly good agreement between the observed area per residue for an un- 
strained monolayer and the area expected assuming the same intermolecular 
distance as in a hexagonal cell, and also it is consistent with the results of 
electron diffraction examination of the collapsed multilayer (see below). 

A further assumption is that the work of cohesion only involves nearest 
molecules, so that the work of cohesion between the planes of a bilayer 
is assumed to be the same as between similar planes in an infinite structure. 
A similar point arises in applying the angle of contact derived from measure- 
ments on a cast film of polymer to, the calculation of the work of adhesion 
of a monolayer. In the absence of ionic interactions these are probably 
good approximations. A more difficult problem is to be sure that the 
angle of contact measured on the surface of a cast film is strictly applicable 
to a monolayer, where the structure of the film may be rather different. 
This may not be a serious limitation, but in the absence of any obvious 
experimental approach to justify this point, it should be borne in mind. 

The corrected value for the work of cohesion per residue pair, 3"6 
kcal/mole, appears reasonable. Interpenetratidn of the side-chains, for 
which there is direct electron diffraction evidence 8, must make an important 
contribution to this figure as a result of dipole and van der Waals inter- 
actions. However, it is not possible to suggest precise conformations 
remembering that the helices do not have an integral number of residues 
per turn and are probably packed with the peptide sequence of individual 
molecules running randomly in either direction with respect to the molecular 
axis. The figure is therefore an average value for the diversity of packing 
arrangements which must be present. 

Observations using electron diffraction 
If a film is further compressed after the point of final collapse, wrinkles 

develop which can be seen by oblique illumination of the surface. It can 
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then be removed as described previously z or picked up on electron micro- 
scope grids. The grids are dropped on to the film and the film and grids 
are then lifted off by means of a piece of Perspex, to which the film adheres, 
being gently placed on the surface. Optical microscope examination sho,,vs 
that in all cases so far examined, the molecules have become orientated 
with the mean direction of orientation at right angles to the direction of 
compression. Electron diffraction patterns (to be published) obtained with 
an Associated Electrical Industries E.M.6 electron microscope show clearly 
the main diffraction features of the a-helix including the meridional re- 
flection at 1"5 A. In the particular case of poly-y-methyl-L-glutamate it is 
often possible to observe what approximates to a 'single crystal' diagram 
in that the diffracting crystals in the field (diameter 6/z) are not only all 
orientated with their molecular axes (c axis) in approximately the same 
direction but also with an a axis in the plane of the specimen. The diffrac- 
tion pattern has therefore fewer reflections than the usual type of fibre 
diagram. This is good support for the hypothesis that the molecules are in 
the a-helical conformation in the monolayer, and for the interpretation of 
the surface chemistry data. It also suggests that the pro~dure used to 
prepare the specimens might be developed into a logical and precise method 
for preparing orientated polymer specimens for electron diffraction and 
other purposes. 

C O N C L U S I O N S  
Isemura and Hamaguchi have made observations on the surface chemistry 
of a number of polymers including poly-T-methyl-L-glutamate. They 
appear to have observed a similar collapse phenomenon to the one des- 
cribed here in poly-DL-a-aminocaprylic acid and poly-DL-a-amino-capric 
acid 9, which, however, they attribute to a reorientation of the molecules 
and, in poly-T-benzyl-L-glutamate and -DL-glutamatc ~°, without offering an 
explanation. Their data for poly-T-methyl-L-glutamate appear to be 
seriously in error, possibly in part due to the use of pyridine as a spreading 
solvent. They consider the conformation to be that proposed by Ambrose 
and Hanby n for the a-structure, but in view of later work (Bamford, Elliott 
and Hanby 5) and the work reported here, this seems unlikely. 

It remains to be seen how general is the formation of a plateau in 
force/area curves of other polymers. So far, it has been found in the 
methyl, ethyl and benzyl esters of poly-L-glutamic acid, but only an inflection 
is observed in polypeptides with normal hydrocarbon side-chains unless 
the side-chain has four or more carbon atoms. It would, therefore, appear 
that the formation of a bilayer is facilitated by a measure of flexibility in 
the side-chains. 

When it can be shown that the collapse of the polymer film is a 
regular process, as it is here, observations on synthetic polypeptide mono- 
layers can evidently provide a direct quantitative experimental approach to 
understanding the cohesional forces between molecules. The information 
which might be obtained in this way is particularly important in relation 
to a proper understanding of the stability and conformational changes of 
proteins. 
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The Dissolution and Recrystallization of 
Polyethylene Crystals Suspended in 

Various Solvents 
D. A. BLACKADDER and H. M. S C H L E I N I T Z *  

The dissolution and recrystallization of crystals of polyethylene suspended 
in p-xylene, n-dodecane, and decalin, are described. It is shown that differen- 
tial thermal analysis (DTA) can be applied to suspensions of polymer crystals 
to determine the dependence of dissolution temperature on concentration, 
temperature oJ crystallization, and solvent. In addition, DTA can be used to 
follow the course o[ isothermal recrystallization of a suspension as a [unction 
o3 time and temperature, as well a~ recrystallization occurring during heating 
at a constant rate. The results of DTA, coupled with those obtained by 
electron microscopy and low angle X-ray analysis, make it possible to present 
a general picture of the behaviour o[ suspended polyethylene crystals. 
Recrystallization normally Occurs" by a dissolution-redeposition mechanism, 
and evidence/or thickening by creep-up is limited to certain special conditions. 
A detailed discussion of recrystallization is presented which involves both 

thermodynamic and kinetic arguments. 

SINGLE crystals of many polymers have been prepared by crystallization 
from solutions 1-~, and the morphological forms have ranged from simple 
lamellae to complex lamellar aggregates resembling the spherulites charac- 
teristic of polymer crystallized from the melt. The conditions affecting the 
morphology have been studied extensively, and a considerable amount of 
attention has been given to the melting and annealing of polymer crystals 
in the absence of solvent. 

Relatively few investigators have studied the reorganization or recrystal- 
lization of polymer crystals suspended in solvents. The purpose of this 
paper is to elucidate the changes which occur on heating polymer crystals 
in a solvent, and to interpret these changes in a phenomenological theory of 
recrystallization and annealing. 

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

Materials 
Polyethylene--The polymer used throughout the investigation was Rigi- 

dex 50, batch F2609, supplied by Imperial Chemical Industries Limited in 
the form of extruded pellets. The suppliers quoted a number average 
molecular weight of 12 300 determined by ebulliometry, and a weight 
average molecular weight of 104 000 obtained by light scattering. The 
polyethylene was linear, having fewer than one side branch per 1 000 carbon 
atoms in the backbone chain, and it contained a small amount of very high 
molecular weight material. 
*Present address: Plastics Department, Experiment Station, E. I. Du Pont de  Nemours &: Co., Wilngng. 
ton. Delaware 19898, U,S.A. 
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Solvents--n-Dodecane, p-xylene and decalin, were chosen as being res- 
pectively poor, moderate and good solvents for polyethylene. Most of the 
experiments were carried out using p-xylene .supplied by Imperial Chemical 
Industries Limited. The specification indicated a purity of not less than 
99 per cent with the other isomers as the major contaminants (b.pt 138-0°C, 
m.pt 12.9°C). The solids content was determined by evaporation; the aver- 
age of three determinations was 0.003 wt%. n-Dodecane was used as sup- 
plied by British Drug Houses (b.pt 218- I°C, m.pt - 10.5°C). Decalin was 
also supplied by British Drug Houses who specified that more than 95 per 
cent of the sample distilled between 188°C and 194°C; the literature boiling 
points for trans and cis decalin are 185-5°C and 194.6°C respectively. 

Sample preparation 
Suspensions of polymer crystals in a solvent were prepared as follows. 

An appropriate weight of polyethylene pellets was first dissolved in the 
solvent by heating for two or three hours at 100°C to 140°C depending on 
the solvent. Crystals of the required type were obtained by quenching the 
solution in ice water, by cooling at approximately 20 deg. C/hour,  or by iso- 
thermal crystallization for 1 000 minutes in an oil bath regulated to 
+_ 0.3 deg. C. At crystallization temperatures corresponding to less than 
20 deg. C supercooling, a significant quantity of polymer remained in solu- 
tion even after 1 000 minutes, and this precipitated on cooling to room 
temperature, complicating the morphology of the final crystals. This com- 
plication was eliminated as required by carrying out the crystallization (or 
annealing) process in a specially designed filter funnel which permitted 
separation of crystals and mother liquor in situ at the appropriate tempera- 
ture. The crystals could then be cooled to room temperature in the absence 
of mother liquor and re-suspended in fresh solvent to give a suspension of 
the desired concentration. The precise concentration of the final suspension 
was determined by means of a mass balance which involved analysis of the 
mother liquor separated from the original suspension. 

VlplWl = V2p2w2 + V3p3w3 

Suffix 1 refers to the original solution or suspension, suffix 2 to the mother 
liquor or filtrate after crystallization, and suffix 3 to the final suspension in 
fresh solvent. V is volume, p density, and w weight fraction. V~ had to be 
5 ml for DTA and a value of 0"001 for wl ensured that simple lamellar 
crystals predominated in the samples. For all experiments other than those 
designed to show the effect of concentration a volume of 75 ml was used for 
V1. If crystallization had been complete at the crystallization temperature 
(w2=0), w~ would have been exactly 0-015 but since it was not, the precise 
value of wa was determined in each experiment by use of the mass balance, 
assuming that these dilute suspensions or solutions had the same density. In 
these circumstances 

w3 = (0.075 - 73w2) / 5 

where 73'+0-5 ml is the experimental value for 1,'2. The value of w~ was 
obtained by gravimetric analysis of the filtrate which yielded further crystals 
of polymer on cooling to room temperature. A carefully weighed quantity 
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of this suspension was evaporated to constant weight in a porcelain crucible 
on a hot plate at an appropriate temperature between 90°C and 120°C. 
Calibration with suspensions of known solids content revealed that crystals 
retained 11+ 3 per cent of their own weight of solvent, and a correction 
was therefore applied to all experimental results. Mother liquor analysis 
thus made it possible to determine the exact concentration of suspensions 
used for DTA, as opposed to the nominal concentration which assumed 
complete crystallization at the .stipulated crystallization temperature. 

Electron microscopy and diffraction 
Samples for electron microscopy and diffraction were deposited on carbon 

substrates before being shadowed and transferred to electron microscope 
grids. Electron diffraction patterns could not be photographed under 
normal illumination but special procedures yielded satisfactory results. A 
50/~ condenser aperture was inserted and the accelerating potential was 
reduced so as to lower the beam intensity at the specimen to approximately 
one hundredth of the level used for normal viewing. The specimen was 
barely visible on the fluorescent .screen under this illumination. The micro- 
scope was focused with the objective aperture in place at a magnification of 
8 000. It was then switched to diffraction, the objective aperture removed, 
and a 50/x projector aperture inserted and aligned. The diffraction spot 
was expanded by increasing the magnification of the projector lens in order 
to select an area for diffraction. The diffraction pattern was obtained by 
reducing the magnification until the image was reduced to a spot once more, 
after which the condenser was defocused to reduce the intensity, and a 
photographic plate was exposed for between 30 and 60 seconds. The micro- 
scope was then switched to magnification, and the objective aperture was 
reinserted. The projector aperture limited the field of view to that area 
which had contributed to the diffraction pattern already obtained, and a 
photographic plate was slightly exposed to this image before withdrawing 
the aperture to photograph the whole specimen. The selected area was 
defined as an overexposed circle on the resulting electron photomicrograph. 

Low angle X-ray diffraction 
The low angle X-ray diffraction patterns were obtained by Dr. D. E. 

Henn at the National Physical Laboratory on the apparatus described by 
Frank.~'. Two orders or ditfmction were observed for crystals prepared by 
isothermal crystallization, whereas samples which had been annealed 
appeared to be less regular in thickness. 

Differential thermal analysis 
The apparatus for DTA was designed in accordance with a theory of 

operation to be published elsewhere ~. It consisted of a large heating block 
containing the cells for the reference material and sample, a controller for 
constant rate of heating, a potentiometer to measure the temperature of 
the centre of the reference, and an amplifier-strip chart recorder unit pro- 
viding up to 10/xV/in. deflection to record the temperature difference 
between the reference and the ,sample. The heating block was machined 
from a 15.2 cm diameter cylinder of Dural 20-3 cm long. A large block was 
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used to damp out small fluctuations in the heating rate and to reduce heat 
transfer between the cells to a minimum. The block was non-inductively 
wound with two heaters and shielded with aluminium foil. The first heater, 
of 1 200 ohms, was connected to the controller, while the second, of 80 ohms, 
was controlled by a Variac to provide most of the power for heating the 
block. A thermocouple for the heating rate controller was located in a 
3'2 mm diameter well drilled parallel to the axis of the block at a radius of 
6-7 cm. Wells of diameter 1"6 cm at a radius of 2"5 cm accommodated the 
cells. The heating rate controller amplified the voltage difference between 
the control thermocouple-ice junction pair and a signal from a voltage 
divider regulated by a clock motor. The amplified signal difference was 
used to control a saturable reactor which provided the control heater with 
up to 250 V. Different heating rates were obtained by changing the clock 
motor, the rates being linear to within 0.2 per cent and reproducible to 
within 0 5  per cent. The voltage of the iron-constantan thermocouples was 
exactly proportional to temperature in the range of interest so the system 
provided a constant rate of temperature increase. The temperature around 
the circumference of the cells was naturally non-uniform, but for a heating 
rate of 2"35 deg. C per minute the maximum difference between any two 
points on the circumference was calculated to be only 0"071 deg. C. The 
cylindrical ceils were machined from Dural for a close fit in the appropriate 
wells, and they had an internal diameter and depth of 1 cm and 12 cm res- 
pectively. The outer surfaces of the cells were coated with silicone grease 
to improve thermal contact with the block. The Dural cell tops were 
machined for a push fit in the cells and were accurately drilled axially to 
hold 2 mm twin-bore alumina tubes, .secured with epoxy resin, to locate 
and insulate the thermocouples. The thermocouples were made from 
36 s.w.g, iron and constantan wire electrically butt welded under paraffin oil 
to form beads less than 0.3 mm in diameter. Calibration showed that the 
thermocouples behaved identically. A block diagram of the D TA  apparatus 
is presented in Figure 1. The voltage of the reference thermocouple-ice 
junction pair was measured intermittently and independently of the con- 
tinuously recorded temperature difference between sample and reference. 
The parallel connections of the thermocouples ensured a precise indication, 
on the temperature difference record chart, of the moment in time at which 
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Figure /--Block diagram of DTA apparatus. R is reference, S is 
sample 
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the reference thermocouple-ice junction potential equalled each potentio- 
meter setting. As a consequence of the linear heating rate and of the direct 
proportionality between temperature and thermocouple potential, the tem- 
perature at the centre of the reference cell could be plotted accurately 
against the recorded temperature difference. The reference material was a 
polymer of dimethyl silicone, supplied by Midland Silicones, and designated 
ms 200/1 000 cps. 

R E S U L T S  
In experiments concerned with the dissolution of crystals suspended in a 
solvent it should be noted that the observed enthalpy changes are composite 
quantities. In addition to the enthalpy change associated with the break- 
down of the crystal lattice they include the enthalpy of mixing molten 
polymer with solvent. The latter is relatively small (see Appendix), but in 
the interests of basing the discussion on thermodynamic quantities with a 
definite meaning the term heat of solution will be used here, rather than 
heat of fusion. For similar reasons the term 'melting' will be avoided al- 
though this has come to be used in the polymer literature for both dissolu- 
tion and melting in the absence of solvent. 

The effect of concentration 
Although the morphology of polymer crystals is known to be affected 

by the concentration during crystallization there has been no complementary 
study of the influence of concentration on the dissolution process. DTA 
has made it possible to determine the dissolution temperature of polymer 
crystals suspended in solvent, and to obtain a measure of the heat of solu- 
tion and of the thermal diffusivity of the system before and after dissolution. 

Two sets of experiments were performed. The first concerned the effect 
of concentration on suspensions of identical crystals, using the technique of 
separation and re-suspension to obtain all the desired concentrations from 
material crystallized at a fixed concentration. In the second set of experi- 
ments, the required concentrations were obtained directly by crystallization 
of solutions of the appropriate concentration. Changes in morphology, 
known to be caused by changes in the concentration at crystallization ~, 
might be expected to affect the dissolution behaviour of these samples. 

For the first group of experiments, single crystals were prepared by 
cooling a 0.1 wt% solution of polyethylene in 99 per cent p-xylene at about 
0'3 deg. C per minute. The familiar diamond-shaped lamellae developed, 
many of which were thickened by spiral growth dislocations. The resulting 
suspension was filtered and the crystals used to prepare each of the final 
suspensions by re-suspension in the appropriate volume of fresh solvent. 
Concentrations of 0'375, 0-75, 1.00, and 1-5 wt% were used for DTA. The 
crystals in the suspension of lowest concentration were observed to settle 
slightly on standing. This matter of settling requires some comment because 
it has an important bearing on the range of concentrations over which refi- 
able measurements are possible. It appears that at concentrations greater 
than 0'75 wt%, the suspended polymer crystals form an effectively con- 
tinuous solid phase of very high porosity. Below this concentration, the 
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crystals settle in order to achieve a self-supporting structure leaving some 
clear supernatant liquid above. Such a separation is liable to upset DTA 
measurements if the sensing thermocouples are in the vicinity of the inter- 
face. DTA theory requires that heat transfer should be by conduction alone, 
and experiment has shown that this condition is not satisfied when the 
'sample cell contains solution or solvent only. On the other hand, the 
thermal diffusivity of suspensions is close to the literature value for pure 
solvent at the same temperature. This implies that the extremely tenuous 
agglomerate of polymer crystals contributes little to the thermal ditfusivity 
but restrains convection currents in the solvent. It would appear that in the 
absence of settling, a polymer suspension approximates closely to the 
behaviour of a homogeneous solid as required by theory. 

Figure 2 shows thermograms to illustrate the effect of suspension con- 
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Figure 2--DTA of suspensions of 
single crystals at various concentra- 
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centration when the constituent crystals are of identical morphology. 
Concentrations in excess of about two weight per cent were not feasible 
because of the limited miscibility of molten polymer and solvent. Table 1 
gives the results corresponding to the traces in Figure 2. The dissolution 
peaks are fairly sharp, but once the maximum differential temperature is 
passed the fall-off is not rapid as one would expect for simple molecular 
substances, indicating that polymer crystals are dissolving over a range of 
temperatures. The dissolution temperature and the thermal diffusivities 
before and after dissolution were calculated using the new theory 5. The 
area enclosed by a peak and the extension of the baseline from lower tem- 
peratures is most conveniently tabulated in units of (millivolts) ~. 

It is apparent that the experimental values for the thermal diffusivities of 
the suspensions are considerably lower than the values for the correspond- 
ing solutions resulting from the dissolution process. It  is therefore impos- 
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Table I. DTA of suspensions of single crystals or axialites at various concentrations 
in p-xylene 

Run Wt% T s, A D n, cm2/sec 
°C (mV~2× 10 :~ at 70°C at l lO°C 

1 0.00 - -  - -  0'00310 0"00490 
2 0'375 89-2 0'4 0"00118 0-00376 
3 0-75 91 "2 4.1 0-00093 0"00298 
4 1.00 91 "0 5"6 0'00092 0'00269 
5 1 "50 91.2 10"4 0"00093 0"00310 
6 0'375 92'0 --- 0"00247 0"00389 
7 0"75 92'0 - -  0"00130 0'00307 
8 1 "00 92 "4 5 "0 0"00120 0"00242 
9 1 "50 92 '4 12 "4 0 "00115 0"00167 

Literature values for pure p-xylene 0-00083 0'00078 

T s is the dissolution temperature, A is the area under the peak, and Dtt  is the thermal diffusivity of the 
sample before (70°C) and after ( l l 0 °C)  dissolution. For runs 2 to 5, identical single crystals, prepared 
indirectly from' dilute solutions of the same concentration, were used. For  runs 6 to 9 the stated con- 
centration was obtained directly by crystallizing solutions of the appropriate strength. Heating rate 
2"35 deg. C/ra in  throughout. 

sible to find a reference material which will result in zero temperature 
difference between sample and reference both before and after dissolution. 
The thermogram for pure: solvent (run 1, Figure 2) shows some oscillation 
about a straight line and some rather high frequency noise. These effects 
are probably associated with convective heat transfer, the former being due 
to a slow circulation of solvent in the cell, and the latter to small super- 
imposed eddy motion. This interpretation is supported by the fact that the 
thermal diffusivity of pure p-xylene as determined by experiment is about 
four times larger than the literature value, indicating a considerable con- 
tribution to heat transfer from convection. As already noted, however, the 
presence of crystals in suspension has a restraining effect on the convection 
currents. 

In the second set of experiments designed to show the effect of concentra- 
tion, D T A  was applied to suspensions which had been prepared at con- 
centrations where axialites are the dominant morphological forms ~. Axialite 
suspensions were prepared for D T A  by cooling solutions of polyethylene in 
p-xylene at about 0.3 deg. C/min.  Even the most concentrated suspension 
settled noticeably in a few hours, and in the more dilute suspensions, con- 
siderable settling took place in a few minutes, reducing the reliability of 
the results for peak areas. All the results appear in Table 1. The thermal 
diffusivities of the solutions resulting from the dissolution of equivalent 
amounts of axialites or single crystals were sensibly the same as one would 
expect, and the thermal dittusivity decreased with increasing concentration 
of dissolved polymer. The thermal diffusivities of both single crystal sus- 
pensions and axialite suspensions were independent of concentration above 
0.75 wt% but for any given concentration the axialite suspension showed 
the higher thermal diffusivity. The axialites were presumably less effective 
in restraining convection than the same weight of single crystals, and gave 
an inflated experimental thermal diffusivity. The very large difference for 
the lowest concentration merely shows that th~ axialites had settled badly 
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being more compact than the corresponding weight of single crystals and 
less able to sustain a tenuous agglomerate structure. 

For concentrations greater than 0"75 wt%, the dissolution temperature 
for suspensions of axialites was of the order of 1 deg. C higher than that 
for suspensions of single crystals. 

The eOect of crystallization temperature and the determination of the 
thermodynamic dissolution temperature 

The thermodynamic melting point of solvent-free polymer crystals (T°,,) 
is the temperature at which infinitely thick crystals are in equilibrium with 
pure molten polymer. It cannot be measured by direct experiment, but 
Hoffman and Weeks 7 showed that if the melting temperature of the most 
stable crystals is plotted against their crystallization temperature, extrapola- 
tion to the point where the two are equal gives T°,,. The number distribution 
of crystal thicknesses is Gaussian with a sharp maximum at a thickness 
given by 8 

l* = 4o-,T ° / Ah/ (T° - T~) 

Ip* is the most probable step height, o-e is the end surface free energy, Ah t is 
the enthalpy o£ fusion per unit volume of crystal, and T~ is the temperature 
of crystallization. The thickness of the highest-melting crystals in a given 
sample is ~l*, where the multiplier ~ increases from unity as the means of 
detecting the last trace of crystallinity becomes more sensitive. The melting 
temperature (T,~) can be expressed in terms of ~: 

T~=T° (1 - 1 /2~)+  T~I2~ 

To distinguish between the melting of solvent-free crystals and the dis- 
solution process considered in this paper, T °  and Tm will be replaced by 
T o and T, respectively. T o is therefore the temperature at which an infinitely 

# 8 

thick polymer crystal is in equilibrium with pure solvent, and it naturally 
depends on the polymer-solvent pair. DTA can be used to determine T, 
and hence T °, for any polymer-solvent pair. 

Polyethylene was crystallized for 1 000 minutes at 70°C, 80°C and 85°C 
from 0-1 wt% solution in p-xylene. At first the suspensions were cooled to 
room temperature without separating the crystals from the mother liquor. 
Electron photomicrographs showed typical lozenge-shaped crystals formed 
at the crystallizing temperature with the expected narrow borders, thinner 
than the rest of the crystal (Figure 3). The borders had formed, on cooling 
to room temperature, from polymer still in solution after 1 000 minutes of 
isothermal crystallization at the elevated temperature. During DTA of 
these suspensions at a nominal concentration of 1"5 wt% the thin borders 
dissolved over a range of temperatures below the dissolution temperature of 
the bulk of the material. The thermogram traces showed a small second 
peak in addition to the main peak. Figure 4 shows the trace for the sample 
crystallized at 85°C. Recrystallization had clearly been enhanced by the 
presence of that material which had dissolved from the thin borders at an 
early stage of the DTA run and redeposited at a later stage as crystalline 
material with a higher artd fairly sharp dissolution temperature. This 
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Figure 3--Crystal obtained from p-xylene. 
0" 1 wt % solution crystallized at 80°C for 
1 000 minutes then cooled to room temp- 
erature without filtering. (Scale bar=l/~ 
for this and all other electron photomicro- 

graphs unless otherwise indicated) 
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Figure 4--DTA of suspensions prepared at 
85°C. I, filtered; II, unfiltered 

interpretation was confirmed by filtering a suspension at 85°C after 1 000 
minutes of crystallization and re-suspending the crystals in fresh solvent 
for DTA. The resulting crystals had no thin border (Figure 5) and the DTA 
trace showed only one peak (Figure 4). These essentially preliminary ex- 
periments established the desirability of isothermal separation of crystals 
in preparing samples for DTA and the identification of 7",. T °, was there- 
fore determined as follows. 
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Figure 5--As Figure 3 but separated at 
80°C before cooling 

Suspensions of crystals were prepared by isothermal crystallization from 
0.1 wt% solution in p-xylene at 70 °, 80 ° and 85°C; these crystals were 
separated off at the crystallization temperature after 1 000 minutes and 
resuspended in fresh solvent at room temperature: to give a nominal 
concentration of 1-5 wt% suitable for DTA. Crystals characteristic of tem- 
peratures above 85°C were made by annealing, because no crystallization 
occurred even after 1 000 minutes at 90°C. (Annealing is considered in 
detail in the next section.) Suspensions made at 70°C, 80°C and 85°C were 
fully annealed at 90 °, 92 ° and 94°C respectively, to provide three further 
samples. These too were separated at the annealing temperature and re- 
suspended for DTA. The crystals were hollow with almost no trace of the 
original thickness. 

DTA of these suspensions produced traces with only one peak if the 
heating rate was sufficient to prevent recrystallization during heating. At 
a rate of 2"35 deg. C per minute, only the crystals prepared at 70°C showed 
a second peak indicative of recrystallizafion. For all samples in this series, 
the peaks were sharper than for corresponding samples obtained by slow 
cooling from the crystallization temperature without isothermal separation, 
but even so the crystals undoubtedly dissolved over a narrow range of tem- 
peratures. A simulated DTA run in a Pyrex test tube heated at the appro- 
priate rate in an oil bath showed that crystals were no longer visible to the 
naked eye at the temperature corresponding to the DTA peak, and that 
temperature may be taken as T, though it is possible that a number of 
small, nearly perfect, crystals persist to a slightly higher temperature. The 
temperature at which the differential temperature on the thermograms falls 
to the level of the extended baseline may be a better measure of the dis- 
solution temperature of the thickest crystals present. For completeness, 
both measures of T, are reported, those of the latter type being designated 
T' (Table 2). 
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Table 2. DTA of suspensions of single crystals at a nominal concentration o~ 
1"5 wt% prepared at various temperatures from dilute solutions in the stated solvent 

and re-suspended in the same solvent 

Run Solvent T x or T ~,, T.~, T's, 
°C °C °C 

10 p-Xylene 70 89'2 - -  
11 p-Xylene 80 90"6 
12 p-Xylene 85 92"6 93-1 
13 p-Xylene 90 94-2 95"5 
14 p-Xylene 92 95"0 95.6 
15 p-Xylene 94 95-9 96"7 
16 n-Dodecane 95 104 "3 105 "5 
17 n-Dodecane 100 105-5 106 "2 
18 n -Dodecane 102-5 105 "7 107-0 
19 n-Dodecane 105 107"2 107'9 
20 Decalin 80 88-0 90"1 
21 Decalin 84 89' 1 90.8 
22 Decalin 88 91"I 92-1 

Heating rate 2.35 deg. C/rain. T x is the crystallization temperature and T a the annealing teml~erature. 

Simi lar  techniques were used to find Ts for suspensions of polyethylene  in  
n-dodecane.  Suspensions were ob ta ined  at 95°C and 100°C. The  crystals  
were l amina r  and  resembled  crystals  p repared  f rom di lute  solut ion in 
oc tane  9 or  higher  paraffins (Figure  6). The  a axis was t runca ted  as in some 

Figure 6----Crystals obtained from n-dode- 
cane. 0"1 wt % solution crystallized at 

95°C for 1 000 minutes then separated 

crystals  f rom p-xylene.  The  cracks  and  pleats  in crystals  dr ied  out  on the  
subs t ra te  were usua l ly  para l le l  to  the b axis,  suggesting that  the  crysta ls  
were p y r a m i d a l  while in suspension.  The  .splits in the crystals  were ana lo-  
gous to those found  in crystals  f rom o ther  solvents. The  crack  para l le l  to 
the (100) face in Figure  6 is a s imple fracture,  but  the one pe rpend icu la r  to  
that  d i rec t ion  has pul led  fibrils of  po lymer  out  of  the crystal  latt ice,  indicat-  
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ing that the chain folds are parallel to the (100) growth face. The fold 
geometry is similar to that in the { 100} sectors of truncated crystals from 
p-xylene. Additional suspensions in n-dodecane were obtained by anneal- 
ing crystals prepared originally at 95°C. After prolonged annealing in the 
solvent at the elevated temperature the crystals were separated off, cooled 
to room temperature, and re-suspended in fresh solvent for DTA. The 
results appear in Table 2. 

Finally T, values were obtained for polyethylene in decalin. Isothermally 
crystallized samples were prepared at 80°C and 84°C and a sample charac- 
teristic of 88°C was obtained by annealing an 80°C sample in the solvent. 
The crystals were identical to those prepared from p-xylene. These results 
also appear in Table 2. Figure 7 displays all the results concerning dis- 

Table 3. Thermodynamic dissolution temperatures and values of ~ for polyethylene 
in various solvents 

Solvent Best straight line T°, °C 

p-Xylene T 8 = 60"9 + 0"372 T= (or T~) 96-8 1 "35 
p-Xylene T~ = 60"4 -t- 0' 386T= 98-3 1-30 

n-Dodecane 7"8=78"1 +0-275T= 107'6 1 '82 
n-Dodecane ~ = 82"6 q- 0.240T= 108' 5 2' 10 

Decalin Ts = 56.9 + 0.388 T= 92-8 1"29 
Decalin T ----- 70"0 W 0.250T~ 93 -3 2-00 

110 

100 
Figure 7---Dissolution tempera- 

-~ -"~" ture (Ts or Ts') as a function of 
crystallization temperature (7"=). II I, decalin; II, p-xylene; III, 

90 n-dodecane 

I L I 
80 90 100 110 

Tx,°C 

solution temperatures, and Table 3 gives the equations of the best straight 
lines and other data. 

The results for p-xylene in Table 3 require comment. The best straight 
line for T8 neglects run 10; the point for this suspension lies well above the 
line for the other five, probably because crystals started to form before the 
original solution had reached the nominal crystallization temperature of 
70°C. The extrapolation for T~ similarly neglects the 70°C point and also 
the 80°C point. The DTA trace for the latter showed a shoulder due to 
recrystallization. 
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The thickness o] polyethylene single crystals 
The step heights of crystals from various suspensions were determined 

by low angle X-ray analysis. The measured thickness was essentially an 
average from a large number of crystals and the apparatus could not resolve 
the two distinct average step heights in certain annealed samples. The 
results appear in Table 4, and are in agreement with the general literature TM. 

Table 4. Step heights of single crystals 

Solvent 7"= or T a, °C Height, A 
p-Xylene 70 110 _+ 9 
p-Xylene 85 118 + 8 

n-Dodecane 100 144 _+ 10 
n-Dodecane 105 152 + 9 

Thickness and step height were shown to be identical by electron diffrac- 
tion patterns, which indicated that the c (molecular) axis was perpendicular 
te the plane of the crystals. Figures 8, 9, 10 and 11 provide examples of 
different conditions. 

Figure 8--Selected area 
diffraction pattern of crystals 
from p-xylene (1 000 minutes 

at 85°C) 

The isothermal annealing of single crystals in suspension 
Polyethylene single crystals undergo considerable recrystallization when 

heated in a solvent to temperatures close to the expected dissolution tem- 
perature. Samples withdrawn at different stages of annealing can be sub- 
jected to DTA as a means of charting the process, provided that it is 
possible to eliminate or account for recrystallization during DTA. It is clear 
that polymer single crystals in suspension will recrystallize during D TA  if 
the heating rate is slow enough. It  was therefore necessary to document 
recrystaUization occurring during DTA as a preliminary to experiments on 
annealing. 
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Figure 9--Selected area 
diffraction pattern of crystals 
from n-dodecane (l 000 

minutes at 95°C) 

Suspensions were prepared at 70°C, 80°C and 85°C, and subjected to 
DTA, especially at the lower heating rates. The suspensions were not 
filtered at the crystallization temperature so as to bring out every possible 
complicating feature of recrystallization during DTA. Figure 12 shows 
typical results. The relative area of the second peak increased at lower 
heating rates, indicating a greater amount of recrystallization. The results 
are summarized in Table 5, and Figure 13 shows that the total peak area 
was proportional to the rate of heating. For crystals prepared at 80°C, the 

Figure 10--Selected area 
diffraction pattern of crystals 
from decalin (1 000 minutes 

at 80°C) 
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Figure //--Selected area 
diffraction pattern of crystals 
from n-dodecane (1 000 min- 
utes at 95°C, then 1 000 
minutes annnealing at 105°C) 

second peak was not significant at heating rates above 0.94 deg. C/min ,  
and for crystals prepared at 85°C, it was not observed above 
0-235 deg. C/min.  The corrected temperature of the first peak was almost 
constant, but the temperature corresponding to the second peak increased 
as the rate of heating decreased. 

From the results in Table 5 the fraction of polymer which has recrystal- 
lized can be calculated from the ratio of the area of the second peak to the 
total area (Figure 14). In addition, the negative ratio of the post-dissolution 
slope on a D T A  trace to the pre-dissolution slope is an index of the dis- 
solution range of the material. A sample dissolving over a narrow range 
of temperatures will have a high index, and it is clear from Table 5 that 

Figure 12--DTA of suspensions 
prepared at 70°C. Effect of heat- 
ing rate: I, 0-235 deg. C/rain: II, 
0"94 deg. C/rain; III, 2"35 deg. 
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Figure 13--Total DTA 
peak area as a function of 
heating rate. Crystals pre- 
pared at various tempera- 
tures: ©, 70"C; ~, 80"C; 

A, 850C 

Table 5. DTA of suspensions of single crystals in p-xylene at different rates of 
heating. Nominal concentration of suspensions 1.5 wt% 

Tx, Heating rate, T,1 , T82, A 1 A 2 Index 
°C deg. C / min °C °C (mV)~× 103 

70 2"35 89"3 94'5 7"6 2"3 21"0 
70 0"94 89"8 95"4 1 "87 1"87 2"9 
70 0"235 89"5 95"6 0"12 1"10 1"2 
80 2"35 90"8 - -  10"1 - -  - -  
80 0'94 90"8 95'0 3"84 0"4 5"5 
80 0"235 90"6 96"2 0"49 0"76 1"9 
85 2"35 92"6 - -  8"0 - -  - -  
85 0"235 92"9 96"7 0"76 0"07 6"9 

Tst, T , ,  are the dissolution temperatures associated with the first and second peaks respectively, having 

areas A1, A 2. See text for explanation of last cohman. 

for crystals prepared at a given temperature,  the recrystallized material  had 
a sharper dissolution temperature at higher rates of heating. Similarly, for 
a given heating rate, the material  recrystallized from samples prepared at a 
higher temperature had a sharper dissolution temperature.  These conclu- 
sions, based on D T A ,  were complemented by the results of electron micro- 

0"8 

E-o  I 
02[ 

0 .... 0-5 1-0 1"5 2"0 
Heating rate, °C/min 

Figure 14--Fract ion of  mater ial  recrystall ized during 
DTA as a function of heating rate. Crystals prepared at 

various temperatures; ©, 70?C; r-a, 80oc; A, 85"C 
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scopy. A suspension of crystals, prepared by quenching a 0.5 wt% solution 
of polyethylene in p-xylene was annealed at 85°C, and was then heated at 
0-3 deg. C]rnin, Samples were withdrawn at temperature intervals of 
1 deg. C and cooled by rapid dilution in tenfold excess of p-xylene at 20°C. 
The annealed crystals had thickened borders and no change occurred until 
89°C when the edges began to dissolve. (The technique of dilution-cooling 
effectively prevents the formation of thin borders.) At higher temperatures, 
large single crystals were found after quenching. The centres of the original 
crystals and the thickened borders dissolved last of all (Figures 15, 16, 17 
and 18). A similar experiment was performed with a suspension of crystals 
obtained by quenching a 0"5 wt% solution of polyethylene in n-dodecane. 
The suspension was annealed at 100°C. The morphological changes 
observed on heating the product at 0"3 deg. C/min were entirely analogous 
to those observed for crystals prepared and annealed in p-xylene. 

When the above investigation of the occurrence and extent of recrystal- 
lization during DTA had been carried out it was possible to use DTA to 
follow the progress of annealing at a fixed temperature. Crystals prepared 
at 70°C were annealed in p-xylene at 90°C at a concentration of 0.1 wt%. 
The annealing was terminated at 6, 40, 100 or 1 000 minutes and the 
crystals were separated at the annealing temperature before cooling to room 
temperature for re-suspension in fresh solvent for DTA. In the initial 
stages of annealing the edges of the crystals dissolved (Figure 19) but later 
the dissolved polymer recrystallized on the edges of the original crystals 
with the thickness appropriate to 90°C, the annealing temperature, thus 
forming a thickened border (Figure 20). Finally, the centres of the crystals 
dissolved completely leaving picture frames consisting exclusively of mate- 
rial having a thickness appropriate to 90°C (Figure 21). Thermograms for 
the DTA analysis of the original, unannealed crystals, and the most fully 

Figure 15--Crystals prepared by quench- 
ing a 0'5wt% solution in p-xylene 
followed by annealing in the same solvent 

at 85°C 
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Figure 16-----Changed mor- 
phology of crystals in Figure 
15 as a result of heating in 
suspension to 89°C at 0"3 
deg. C/min; the edges have 

started to dissolve 

annealed crystals, are shown in Figure 22. The original crystals gave two 
peaks, understandable in the light of the previous experiments. The first 
peak, at 89.2°C, originated from the dissolution of material having the 
original thickness or fold length, while the second peak, at 94.5°C, account- 
ing for about 23 per cent of the sample, was due to recrystallization during 
DTA. Suspensions annealed for only 6 or 40 minutes also .showed two 
peaks, but the area of the second increased relative to the total area due to 

Figure 17--Further consequences of heat- 
ing the crystals in Figure 15 in suspension 
at 0"3 deg. C/min to between 89°C and 
92°C; dissolved polymer has reerystallized 
on cooling to give regular lamellae once 

more 
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Figure 18--Final  state of crystals shown 
in Figure 15 after heating to 92°C at 0"3 

deg. C/min;  the centres have dissolved 

i ~ 
Figure 19-----Crystals prepared from p-xylene 
at 70°C and annealed in the same solvent 
at 90°C for 6 min; the edges have started 

to dissolve 
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Figure 20--CrYstals prepared from 
p-xylene at 70°C and annealed in the 
same solvent at 90°C for 40 rain; 
thickened borders have started to form 

Figure 21--4Erystals prepared from p- 
xylene at 70°C and annealed in the same 
solvent at 90°C for 1 000 rain; the centres 
have dissolved leaving thickened 'picture 

frames' 
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Figure 22--Effect of annealing on DTA 
trace; I, as prepared; II, annealed 

recrystallization during the annealing process, augmented, though to a 
decreasing extent, by recrystallization during DTA. The results appear in 
Table 6. In a similar set of experiments, displayed in the same table, sus- 
pensions prepared at 85°C were annealed for 10, 30, 110 and 1 000 minutes 
at 93°C, a temperature 0-4 deg. C higher than the dissolution temperature of 
crystals characteristic of 85°C. The results are entirely analogous to those 
in the first set. The initial dissolution was more rapid and extensive, but 
the subsequent recrystallization was slower. The sequence of morphologi- 
cal changes in the annealing experiments at 93°C followed closely the results 
at 90°C but the thickened borders did not appear until the crystals had 

Figure 23--Crystals prepared from n- 
dodecane at 95°C and annealed in the 

same solvent at 105°C for 25 rnin 
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been annealed for 110 minutes. Several other miscellaneous experiments in 
p-xylene appear in Table 6. 

Table 6. D T A  of suspensions  p repared  and annea led  at  var ious  tempera tures  in  
p-xylene or  n-dodecane.  N o m i n a l  concen t ra t ion  l ' 5 w t % .  Hea t i ng  ra te  2-35deg.  

C / m i n ;  t~ is t ime of annea l ing  

Solvent  T~, T. ,  t a, T,1, 7",2, A 1 A 2 

°C °C rain °C °C (mV)a× lOa 

p-Xylene  70 90 0 89"2 94"5 7-6 2"3 
70 90 6 89"6 94-8 5"7 3"5 
70 90 40 91 "2 94"6 1 "8 4'4 
70 90 100 - -  94"2 0"42 3'8 
70 90 1 000 - -  94"2 - -  5-1 

85 93 0 92-6 - -  8-0 - -  
85 93 10 93"6 - -  5'0 - -  
85 93 30 93"4 - -  4'1 - -  
85 93 110 93"8 94'5 0"92 2 '4  
85 93 1 000 - -  94"5 - -  3"8 

70* 85 1 000 89'6 93'5 8"9 1 '2 
80 90 1 000 92"2 94"4 7'6 2"4 
80 92 1 000 - -  95'0 - -  2"9 
85 94 1 000 - -  95"9 - -  0"7 

n -Dodecane  95 105 0 104"3 105"3 3-3 2"6 
95 105 25 105-3 106'6 0'98 1"25 
95 105 107 106.5 107'6 0"25 1"02 
95 105 1 000 - -  107"3 - -  2"75 

*Showed an additional peak at 94.8*C of area 0'4. 

Experiments on the annealing of suspensions in n-dodecane revealed cer- 
tain new features. Dissolution again began from the edges but very few 
thickened borders were observed. Even after prolonged annealing few 
hollow crystals appeared and they seemed to have exceptional stability 
along the b axis. Many crystals had a series of small projections along the 
edges after moderate annealing; others had larger fragments of material 
on the surface (Figures 23 and 24, Table 6). The peak areas for DTA of 
suspensions in n-dodecane are of low accuracy because the traces deviated 
from a straight baseline .several degrees before the onset of dissolution 
proper. 

D I S C U S S I O N  

The effect of concentration on dissolution temperature 
In the range of suspension concentrations over which settling is absent 

and where a homogeneous solution is formed, the observed dissolution 
temperature of identical .single crystals is virtually independent of the con- 
centration of the suspension. Flory's thermodynamic treatment n of solid 
polymer-solution equilibrium predicts a variation of 'solubility point' tem- 
peratures of about 0.5 deg. C over the range from 0"1 wt% polymer to 
1.5 wt% polymer, though that treatment takes no account of the surface 
free energy term present in small crystals. 
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The results for axialite .suspensions (Table 1) also show that the dissolu- 
tion temperature is sensibly constant over the range considered, though the 
small rise may be genuine. The noteworthy point is that for any concentra- 
tion, the dissolution temperature of a suspension of axialite crystals is 
about 1 deg. C higher than that of the corresponding concentration of single 
crystals. The results are similar to those of Jackson, Flory and Chiang 12, 

Figure 24--Crystals prepared from n- 
dodecane at 95°C and annealed in the 

same solvent at 105°C for 25 rain 

who compared the dissolution temperatures of mixtures of polyethylene 
and tetralin both for bulk-crystallized material and for single crystals pre- 
pared from solution. They found that for increasing dilution, the dissolution 
temperature of the solution-crystallized material fell further and further 
below that of the bulk-crystallized material, reaching about 13 deg. C in the 
limit. All of these findings are compatible with the idea that axialites 
occupy an intermediate position between the simplicity of lamellar crystals 
and the complexity of spherulites. There can be little doubt that axialites 
are composed of lamellae whose thickness is similar to that of single lamel- 
lar crystals prepared from the same solvent at the same temperature. The 
higher dissolution temperature of axialites noted in the present study might 
be due to either of two causes. The lamellar constituents of axialites are 
distinguished from simple lamellae in the form of lozenges, and also from 
splaying multilayer crystals, by the presence of a relatively large number of 
interlamellar tie molecules which bind adjacent lamellae into a contiguous 
packet G. (Spherulites are a natural consequence of the extension of lamellar 
binding.) Since dissolution of a crystal begins at the edges, it is quite likely 
that the presence of tie molecules in axialites impedes the dissolution, and 
that adjacent lamellae prevent the solvent from associating freely with 
polymer chains in the lamellar growth faces. The other possibility is that 
suspensions of axialites may tend to begin crystallizing at higher tempera- 
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tures during the preparation stage, thus causing a difference in dissolution 
temperature when compared with suspensions of ,single lamellar crystals. 

The effect of crystallization temperature and the determination of the 
thermodynamic dissolution temperature 

Table 3 and Figure 7 show the results of using the extrapolation proce- 
dure for determining T°,, the procedure originally devised by Hoffman anct 
Weeks 7 for melting in the absence of solvent. In Table 7 the final results 
are compared with the findings of other workers. 

The comparison of these data is greatly complicated by the present un- 
certainty concerning the effect of molecular weight 16,17, a difficulty which 
appears in all related attempts at a theoretical treatment. For example~ 
Flory's discussion of the thermodynamics of polymer solutions ~1 involves a 
polymer-solvent interaction coefficient, and this should become independent 
of molecular weight for sufficiently high degrees of polymerization. Wunder- 
lich TM has confirmed this prediction with o-xylene, but it is not in agreement 
with the results for p-xylene obtained by Trementozzi TM. In the circum- 
stances it is probably not very profitable to calculate T ° from Flory's~ 
equations. 

Holland's results ~ (Table 7) call for particular comment. A fraction o f  
Marlex 50 with a viscosity average molecular weight of 135 000 was used in 

Table 7. The thermodynamic dissolution temperature of polyethylene in different 
solvents 

Solvent Method T°s, ° C ~ Reference 

p-Xylene DTA 96"8, 98-3 1'35, 1"30 This work 
n-Dodecane DTA 107'6, 108.5 1'82, 2"10 This work 
Decalin DTA 92-8, 93.3 1.29, 2.00 This work 
Xylene Light scattering 100.0 0.995 Peterlin and 

Meine113 
Xylene Slow heating 106.0 0.795 Holland ~4 
Xylene Hot stage 96'0 ) 

microscope L n-Dodecane Hot stage 109"5 Coran and 
microscope ( Anagnostopoulos ~ 

Decalin Hot stage 91 "0 ] 
microscope J 

The double entries for the present work are explained in  Results.  

his experiments. A 0.01 wt% suspension in xylene was heated at 1 deg. C 
per day, and the dissolution temperature of crystals of any particular thick- 
ness was taken as the maximum temperature at which that thickness could 
still be observed. It seems very probable that this approach involves an  
unreasonable neglect of kinetic considerations. The slow heating rate 
would certainly lead to the formation of thickened borders as stated in 
Holland's paper, but there is no guarantee that the thinner centre had 
been given enough time to dissolve away at the temperature where complete 
dissolution should have occurred. Once the edges of crystals have been 
blocked by the deposition of material with a new fold length appropriate to  
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a higher temperature, further dissolution from the centres of the crystals 
will be extremely slow. It would therefore be very easy to be misled into 
thinking that a portion of the original crystal had persisted because it was 
thermodynamically stable when in fact it was unstable, but restricted to a 
very slow rate of dissolution by kinetic factors. 

It  would appear that discrepancies between the results of different workers 
as shown in Table 7 cannot be put down to one particular cause. On the 
other hand the general variation of T] from one solvent to another is wholly 
in harmony with intuitive expectation. Of the three solvents used in the 
present work decalin is a good solvent for polyethylene, p-xylene moderate, 
and n-dodecane poor. The corresponding mean values of T e, (from T, and 
T~) are 93'1°C, 97"6°C and 108"1°C. The implication is that the fold 
surface free energy is not markedly dependent on the nature of the solvent 
present, a matter which figures in the next part of the discussion. 

Estimation of the fold surface free energy 
Lauritzen and Hotfman s derived an expression for the dissolution 

temperature of single crystals by the use of classical thermodynamics. They 
found that the dissolution temperature (T,) could be represented : 

T, = T°s (1 - 2o-, / Ah11) 

The original paper used Tm and T~, but for reasons already given, the 
alternatives T, and T °, are preferred here. o-e is the fold surface free energy, 
Aht is the heat of fusion of 1 cm 3 of crystals, and l is the thickness of the 
crystal. Using the Lauritzen and Hoffman value of Ahl it is possible to 
calculate o-~ from the data in Tables 3 and 4. The results appear in Table 8. 

Table  8. Calculation of  end surface free energy 

So lven t  T x, TO d T~, T" l o" e 

°C  ° K  ° K  c m  × 106 erg/crn °- 

p-Xylene 85 370"0 365'8 1" 18 19 
p-Xylene 85 371 "5 366-3 1 '18 23 

n-Dodecane 100 380"8 378-7 1-44 11 
n-Dodecane 100 381 "7 379 "4 1-44 12 

Decalin 80 366.0 361"2 1"14 22 
Decalin 80 366"5 363-3 1"14 14 

2,hf=2"8×10' erg/cm ~. The values of l for crystals from deealin were estimated from electron photo- 
mtcrographs and the corresponding results for % are of limited reliability. 

Estimates of O'e for polyethylene range from 20 erg/cm 2 to 180 erg/cm 2, 
and experimental values ranging from 57 erg/cm ~ to 140 erg/cm 2 have been 
reported by various authors a4.~°-n. Recent investigations 13.x~ based on the 
thermodynamic melting point indicate that or, = 50 + 10 erg/cm 2 but a paper 
by Richardson ~ shows that lower values are to be expected at higher tem- 
peratures. He determined the value of o-, as a function of temperature by 
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a precise calorimetric method and found that it decreased from 80 erg/cm ~ 
at 30°C to 25 erg/cm ~ at 100°C. 

The values of ore obtained in the present investigation are lower than 
any obtained previously, but it is now clear that the problem of establish- 
ing reliable values involves a much more detailed specification of the con- 
ditions than was formerly supposed. In particular the effect of solvent is 
difficult to predict, though Richardson's mechanism for the gradual un- 
loosening of sharp folds with increasing temperature suggests that the rela- 
tively small molecules of a solvent may assist the process so that a lower 
value of o-e would result at any given temperature. Furthermore, Petedin 
and MeineP have shown that the fold surfaces of single crystals may be less 
compact than was previously supposed. The values of o-, reported here 
are certainly not precise enough to justify further comment on the possible 
effect of solvent, even if the decalin results are neglected. Recent results 
of Kawai and Keller 9 are noteworthy in suggesting that even the long spac- 
ing is not independent of solvent, despite former beliefs to the contrary. 

Isothermal annealing of single crystals in suspension 
In this section of the discussion the experimental results on annealing 

are commented upon and related to the findings of other workers. Special 
features of recrystallization during annealing are discussed, but the formu- 
lation of a general mechanism to account for the behaviour of crystals in 
suspension is reserved for the final section. 

The results of the experiments on isothermal annealing appear in Table 6. 
The general progress of annealing as a function of time can be followed by 
a combination of the DTA results in Table 6 and mother liquor analysis. 
The latter gives the fraction of total polymer in solution, and the remaining 
polymer is allocated to unchanged or recrystallized fractions on the evidence 
of the respective DTA peak areas. Figure 25 typifies the results obtainable 
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Figure 25--Distr ibution of polymer on annealing at 93°C 
p-xylene; I, fraction in solution; II, fraction unaltered; III, 

fraction recrystallized 

by this procedure. The results in Table 6 show that the dissolution temper- 
ature of the unchanged material (T,,) in a particular suspension is slightly 
increased as the time of annealing is extended. If the effect is genuine, it 
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could be that the recrystallized material provides an increasingly protective 
thickened border which makes the original material superheat a little before 
dissolving as a result of limited solvent access. Superheating of solvent-free 
crystals has been discussed by Zachmann 2s and by Hellmuth and Wunder- 
lich ~. Annealing for 1 000 minutes failed to remove all traces of the 
original thickness in a suspension, provided that the temperature lay below 
the expected dissolution temperature of the original crystals. Both DTA 
and electron microscopy revealed these persistent traces, perhaps the only 
techniques sensitive enough to do so. On the other hand annealing for 
1 000 minutes at temperatures slightly above the expected dissolution 
temperature completely eliminated the original material and produced pic- 
ture frame crystals with a new dissolution temperature (T,~) characteristic 
of the annealing temperature. Dissolution undoubtedly begins at the edges 
but, once a thickened border has started to form, edge dissolution is not 
possible and the subsequent very much slower dissolution involves solvent 
attack on the centres of the crystals. The fact that thickened border forma- 
tion is the preferred alternative to the formation of new crystals having the 
appropriate fold length is clear evidence that nucleation of the new fold 
length on existing, though thinner, growth faces requires less free energy 
than the formation of a free nucleus of the new fold length. 

The results of the present work extend and largely substantiate the quali- 
tative conclusions of other workers. Keller and Bassett ~ observed that 
when crystals were heated rapidly to above their crystallization tempera- 
ture, the edges of the crystals, the (100) and (110) growth faces, began to 
dissolve. They also noted that crystals formed at a low temperature, heated 
to 83°C, and cooled without filtering, acquired new growths round the edges 
which were eliminated by filtering at the high temperature. Bassett and 
Keller ~ first reported the production of a thickened step on crystal edges 
as a consequence of partial dissolution and recrystallization. On pro- 
longed annealing the centres of the crystals also dissolved but sector 
boundaries were noted to be especially resistant to dissolution. The { 110} 
sectors were stated to be more .stable than the { 100} sectors, but the present 
work provides no support for these conclusions. The sector boundaries did 
not appear to be especially resistant to dissolution, and the above-mentioned 
sectors were of comparable stability. Holland's work on dissohtion 14 con- 
firmed the general pattern of thickened border formation followed by slow 
dissolution of centres. Peterlin and Meinel TM used light scattering to follow 
the dissolution of extremely dilute suspensions of polyethylene in xylene. 
During isothermal annealing the scattered light intensity dropped very 
sharply indicating a high degree of dissolution followed by a slow recovery 
corresponding to recrystallization. 

All of the above discussion referred to experiments using p-xylene or 
xylene as the solvent. The lower results in Table 6 show the effects of 
annealing in n-dodecane. The electron photomicrographs (Figures 23 and 
24) show certain features not observed in the xylene experiments. It is clear 
that the recrystallization of single crystals in suspension in n-dodecane pro- 
ceeds in part by the dissolution-redeposition mechanism but, in addition, 
there is some evidence for the phenomenon of thickening by creep-up, 
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especially at the crystal edges. Many reports indicate that such a mechan- 
ism is responsible for the increase in long period when single crystals are 
annealed in the absence of solvent. Frank, Keller and O'Connor ~9 showed 
that when crystals of poly-4-methyl-pentene-1 were heated, the appearance 
of holes was accompanied by the production of thickened portions, especi- 
ally near the edges and sector boundaries. Bassett and Keller ~ showed 
substantial edge recrystallization in the absence of solvent. Hirai, Mitsu- 
hata and Yamashita 3° have described the heating of dry crystals at 1200C. 
The crystals underwent considerable structural changes resulting in amoeba- 
like shapes, but no thickening was observed, though many dark portions 
extended inwards from the edges of the crystals. The authors suggest that 
the dark portions may be nuclei for the thickening process, these nuclei 
being 30 A to 40 A thicker than the rest of the crystal. Reneker ~1 has 
devised a model by which these nuclei might form if folded molecules 
extend beyond the lattice from time to time as a result of thermal fluctua- 
tions. Molecules located in the growth faces are less securely bound than 
those elsewhere in the lattice, and nuclei are more likely to develop in 
consequence. A similar process seems to occur in crystals annealed in 
n-dodecane at 105°C although several investigators suggest that thickening 
in the dry state cannot occur by this mechanism at temperatures below 
ll0°C. Fischer and Schmidt 3~ and others noted that single crystals are 
stable at 105°C for 24 hours. N.m.r. measurements have shown that the 
number of chains with high mobility is greatly increased by annealing, but 
Thurn 3a and Slichter ~ point out that large scale mobility develops only 
above 1080C or ll0°C. In order to explain how this sort of mechanism 
might operate in n-dodecane at 105°C it is necessary to invoke the idea 
that the lattice can be weakened by solvent. Kawai ~ has developed a theory 
to account for this, and it is certainly true that similar reductions in lattice 
forces occur in other systems. Kedzie a6 in particular has shown that low 
temperature mobility is due to solvent retention. Hoffman and Weeks 37 
have reported the thickening of crystals maintained at the crystallization 
temperature itself. 

It would seem that a creep-up mechanism for crystal thickening may 
always be possible for suspensions at temperatures as low as 105°C 
subject to the appropriate penetration of the crystal lattice by solvent. For 
a good solvent, however, it is likely that the contribution of the creep-up 
mechanism to crystal thickening will be completely overwhelmed by re- 
crystallization brought about by the dissolution-redeposition process. 

The mechanism of recrystallization 
An acceptable mechanism for the dissolution and recrystallization of 

polymer single crystals suspended in a solvent must account for the fol- 
lowing observations: 

(/) Single crystals begin to dissolve from the growth faces. The tem- 
perature at which dissolution first becomes significant increases with the 
crystallization temperature T~. 

(i0 Dissolved polymer may recrystallize as a thickened border around 
the original crystals. This will normally occur on annealing at a tempera- 
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ture near To, but it will also take place during heating at a constant rate 
unless the rate is high. 

(iii) After a thickened border has formed, a further increase in tempera- 
ture or prolonged annealing (provided that Ta>T~) results in the dissolution 
of the centre of the crystal. 

(iv) The rate of recrystallization increases considerably at T,. (T~ is of 
course the expected dissolution temperature of the original material.) 

(v) The extent of the recrystallization during DTA is greatest at low 
heating rates and when the crystals are prepared at a low temperature. 

(vi) The material recrystallized during DTA has its narrowest range 
of dissolution temperatures when the heating rate is high and when the 
crystals are prepared at a high temperature. 

Holland 1' suggests that edges may be particularly susceptible to dissolu- 
tion because they are composed of lower molecular weight material, because 
they are thinner, or because they contain more defects. In his experiments, 
the possible influence of molecular weight was minimized by using a narrow 
polymer fraction. Peterlin and Meine113 found that crystallization is rela- 
tively fast and complete with fractionated polymer of moderate molecular 
weight (Mr--85 000), but considerably slower with low and high molecular 
weight fractions or with the whole polymer. According to these authors 
considerable fractionation occurs during crystallization, and they suggest 
that the lower molecular weight material is the last to crystallize. Studies 
by Kawai and Keller ~ on the other hand, indicate that the later stages of 
crystallization involve the high molecular weight material of below average 
diffusivity. On this basis, the edge of a crystal would consist of the longer 
polymer chains after long crystallization times of the order of 1 000 minutes. 
It is difficult to see why such an edge should subsequently dissolve prefer- 
entially, but apparently ten per cent of the polymer remained in solution 
and crystallized only on lowering the temperature. These observations 
suggest that further work on the fractionation effect is essential. 

Holland's second suggestion, that preferential edge dissolution occurs 
because the edges are thinner, is not in accordance with the evidence. Thin 
edges can be produced by slow cooling or eliminated by isothermal separa- 
tion of crystals and mother liquor as desired, but in any event edge dissolu- 
tion is observed. After isothermal crystallization it is generally agreed 
that, for a given polymer-solvent pair, the temperature alone determines 
the crystal thickness, not the distance from the centre of the crystal. 

Holland's final suggestion concerns defects. He reports that Moird 
patterns in (110) illumination show a large number of dislocations at the 
boundary of the thick portion of polyethylene crystals grown at 80°C and 
the thinner edges grown on subsequent cooling 3~. Similarly, Bassett and 
Keller 2s suggest that at crystal edges, especially where a border of different 
thickness has formed, an area of accommodation may occur or, more com- 
monly, the edge or interface may contain extra discontinuities. In the 
present work there is no indication that defects are concentrated in the 
edges of crystals and there is no evidence in the literature ~9.*° that such 
concentration occurs except at an interface between frames or sections of 
different fold length. If such interfaces are absent, then zones of high 
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defect concentration are probably absent. The crystallization theory of 
Frank and Tosi ~1 can be shown to imply that defects should be most 
plentiful in the centre of a crystal, the chains having adjusted themselves 
to as near uniform fold length as possible, thereby introducing voids and 
other defects. 

It would seem desirable to consider other explanations for preferential 
edge dissolution. A series of papers by Ueberreiter and Asmussen ~'~5 
describes the dissolution of amorphous polystyrene in terms of several 
distinct layers of solvent penetration. Although a similar mechanism can- 
not be expected to operate for polyethylene single crystals, it is undoubtedly 
necessary to consider the action of solvent as it disengages polymer chains 
from the crystal lattice. It seems entirely plausible that chains in the 
growth faces of single crystals, more lightly bound by the lattice and more 
exposed to association with the solvent, should enter solution more readily. 
This simple hypothesis provides a kinetic explanation for the preferential 
dissolution of crystal edges. Furthermore, it may be extended to account 
for the observation that dissolution of the centre of a crystal does occur 
given the opportunity. The dissolution of the centre of a crystal after the 
formation of a thickened border is probably initiated at large defects, a 
slower process than edge dissolution because of the increased difficulty 
of achieving polymer-~solvent association. On the other hand, once a hole 
at a defect reaches a certain critical size, solvent access will be in no way 
inferior to that on the outside edge of the crystal. Current experiments on 
the rate of dissolution are expected to throw light on this matter. 

To explain the remaining observations it is convenient to represent the 
crystallization and dissolution of polyethylene single crystals in the form of 
a chart. It  must be emphasized that the curves are merely inferred from 
experiments and are essentially non-quantitative, but the device provides 
a suitable framework for the rest of the discussion (Figure 26). Curve X 
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Figure 26---Polyrner in solution 
as a function of temperature 
under various conditions (see 

text) 

shows, as a function of temperature, the solution concentration required 
to bring about primary nucleation of crystals inside 1 000 minutes. In 
Ostwald's terminology4% it represents the boundary between the labile and 
metastable regions. It was noted previously that after 1 000 minutes a 
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0'1 wt% solution had not crystallized at 90°C, but had substantially 
crystallized at 85°C. This implies that a little below 90°C a 0.1 wt% 
solution is just supersaturated enough to promote crystallization, and would 
be represented by a point on curve X. The general shape of curve X 
emphasizes the fact that the solution concentration of polymer required for 
nucleation increases very rapidly over quite a narrow range of temperatures. 
Curve E represents the equilibrium concentration of solution in contact with 
crystals of the fold length appropriate to each temperature. The curve 
turns up sharply at the thermodynamic dissolution temperature T° The 
temperature coefficient of solubility is evidently very large over a narrow 
range of temperatures, in sharp contrast to the behaviour of non-polymeric 
solutes. 

In much of the region between curve X and curve E, growth on existing 
crystals is possible. There will be a curve E', above curve E and probably 
quite close to it, which represents the minimum solution concentrations 
necessary for continued growth on existing crystals at each temperature. 
The reason is that a definite supersaturation will be required to provide for 
the two-dimensional nucleation of each new growth layer on existing growth 
faces, though this supersaturation may be small and partly dependent on 
the fold length of existing crystals. The results in Table 9 cannot be far 
from curve E' because after 1 000 minutes of crystallization the deposition 
had become very slow, and the supersaturation was probably only just 
sufficient to keep the crystallization going. At any rate, the region between 
curve E' and curve E is one of metastable equilibrium in the classical sense. 

Table 9. Polymer remaining in solution after 1 000 minutes of isothermal 
crystallization. Results based on filtrate analysis. Initial concentration 0" 1 wt% 

T x, °C 70 80 85 
Wt% in solution 0"014 0"016 0-028 

The peaks shown by DTA of polymer suspensions indicate that the 
amount of polymer in solution increases sharply at the dissolution tempera- 
ture of any given sample. The dissolution process is therefore more 
reminiscent of the melting of a non-polymeric substance than of the dissolu- 
tion of such a substance. Curves D1 and D2 represent the amount of 
polymer in solution during DTA of suspensions prepared by isothermal 
crystallization at 80°C and 85°C respectively, provided that there is no 
recrystallization. They are not of course true equilibrium curves, because 
the crystals are unstable with respect to fold length at all temperatures 
above their crystallization temperatures. Nevertheless, curves D1 and I)2 
would be expected to cut curve E at 80°C and 85°C respectively, and in 
addition they would be expected to turn up sharply at their respective 
dissolution temperatures of 90"6°C and 929°C. It is important to note 
that as soon as a curve like D~ or D~ goes above curve E', then redeposition 
on existing crystals with the new fold length may be expected to occur. 
This situation would be reached at an earlier stage if the original suspension 
of crystals had been prepared with the isothermal separation stage omitted. 
The polymer deposited on cooling to room temperature would redissolve 
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during the early stages of DTA heating and the corresponding curve of 
type D would be displaced to higher concentrations of polymer in solution, 
thus ensuring that redeposition would be possible earlier. 

The processes involved in the annealing of polymer suspensions at a 
fixed temperature can also be explained very conveniently in terms of 
Figure 26. No recrystallization can occur until the amount of polymer 
in solution exceeds the amount required for deposition of thick borders of 
the new fold length characteristic of the annealing temperature. That is to 
say the concentration of polymer in solution must reach curve E" before 
recrystallization begins. Figure 25 shows this effect very clearly. 

It is noteworthy that at high temperatures the rate of dissolution is far 
greater than the rate of crystallization. If the original crystals dissolve 
completely before recrystallization begins on their edges, the supersatura- 
tion required for the formation of new crystals is given by curve X. This 
explains why dilute suspensions cannot be annealed more than 1 deg. C or 
2 deg. C above the dissolution temperature of the original crystals; there is 
not enough polymer in solution to initiate the crystallization. Near and 
slightly above the dissolution temperature recrystallization is extremely 
rapid and extensive. This too is understandable because curves like D1 
and D~ sweep upwards near the dissolution temperature. In consequence, 
annealing at that temperature dissolves a good deal of polymer, much of 
which can redeposit with the new fold length on the remains of the 
original crystals. 

The recrystallization which may occur during DTA has certain special 
features. Fast heating will eliminate recrystallization altogether if the 
amount in solution is nowhere great enough to exceed the concentration 
required for recrystallization (curve E'). Clearly, kinetic effects may be of 
paramount importance. It is quite possible for the concentration of polymer 
in solution to exceed the requirements of curve E" at a particular tempera- 
ture without noticeable crystallization if the rate of crystallization is too 
low. At lower rates of heating, recrystallization will begin to occur at that 
temperature where the critical concentration for redeposition is reached. 
It is a natural consequence of this interpretation that the lower 
the temperature at which a particular suspension was prepared, the 
lower will be the temperature at which recrystallization can begin for a given 
heating rate (e.g. curves D1 and D~). It was observed experimentally that 
dissolution occurs over an especially narrow range of temperatures at high 
heating rates or if the suspension had been prepared originally at a high 
temperature. Both of these conditions result in recrystallization being 
delayed with respect to time and temperature, these being equivalent 
at a constant rate of heating. The subsequent deposition of material over 
a narrower range of temperatures produces a narrower dissolution peak 
in the DTA trace when it finally dissolves again. 

It is one of the great strengths of DTA of suspensions that it is possible 
to distinguish so clearly between the original material and that which has 
recrystallized, either by deliberate annealing or during DTA. Peterlin and 
Meine113,~7 have shown that the dissolution temperature of suspensions of 
polyethylene crystals in p-xylene prepared at 85°C increases for heating 
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rates below 2.0 deg. C/min, but their light scattering technique could not 
distinguish between the dissolution of the original material and that which 
had recrystallized during heating. Dissolution measurements seem likely 
to form the basis of new methods of characterizing polymers ~.~9, and DTA 
can play an important role. 

C O N C L U S I O N  
DTA is a suitable and informative technique for the study of suspensions 
of polyethylene crystals in various solvents. The method is likely to be of 
general value and, in addition, the morphology of all polymeric substances 
is so similar that there is a good chance that the conclusions reached in this 
work have some validity for polymers other than polyethylene. 

It is deduced that in moderate or good solvents, the recrystallization of 
suspended crystals proceeds by a dissolution-redeposition mechanism. Only 
in poor solvents is it likely that a creep-up thickening process makes a 
significant contribution to the observed changes in crystal morphology 
under annealing conditions. The general mechanism of dissolution and 
redeposition, even during heating, has a relatively simple explanation in 
terms of familiar kinetic and thermodynamic concepts. 
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A P P E N D I X  

The enthalpy of dissolution of polyethylene single crystals suspended in 
p-xylene 

Assuming that polyethylene crystals of the simplest lamellar type are 
100 per cent crystalline, we may write the enthalpy of dissolution per cm ~ 
of suspension (Ahd) as follows: 

Ah~ = p~c {Ah~/pc + A/~} / 100 

ps and p, are the densities of suspension and crystalline polymer respec- 
tively, c is the concentration of the suspension in wt%, Ah~ is the enthalpy 
of fusion per cm 8 of crystal at To, and A/~ is the enthalpy of mixing lg of 
molten polymer with the appropriate volume of solvent. A precise value of 
p,, is calculable from the expression p,=po+c(pl-po)  where p0 is the 
density of pure solvent and pl is the density of a 1 wt% suspension. The 
effect of temperature is allowed for thus: 

pl = 0 . 8 8 5 6  - 0 " 0 0 0 8 4 4 8 T  
( T  in °C) 

p0 = 0-8838 L 0-0008562T 
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Bunn 5° has obtained a value of 0-9897 g / cm 3 for pc at 90°C, and at that 
same temperature Lauritzen and Hoffman s have reported a value of 
2"8 x l& e rg /cm 3 for Ah/. The value of Ah~ can be calculated using the 
theory of polymer solutions. Flory 11 has shown that Ah,,= kTx~nlv~ where 
k is Boltzmann's constant, T the absolute temperature, X1 the polymer-  
solvent interaction coefficient, n~ the number of solvent molecules per 
gramme of polymer, and v2 the volume fraction of polymer. 

For  the present calculation it is convenient to make use of the fact that v2 
has a value of 0.013 for a 1 wt% solution, and for values of c not too far 
from unity it may be assumed that vs=0.013c. Experiments by Tremen- 
tozzi 19 suggest that 0-15 is an appropriate value for X~. In addition, n~ may 
be written as N ( lO0-c) /Mwc where N is Avogadro's  number and M,~ is 
the molecular weight of the solvent. With these simplifications: 

N 
Ah,,=kTx1 ~ 0.013 (100-c )  

=5.62 x l& (100 -c )  erg/g at 90°C. 

In Table 10, values of Ahd are calculated for three concentrations assum- 
ing that dissolution occurs at 90°C. 

Table 10. Theoretical values of Ah a (cal/cm 3 of suspension) 

c psc/100 Ahl/pe Ahm Ah a 

0'75 0"006067 2"829 × 10 s 0"056 X 109 0"417 
1 "00 0'008096 2'829 X 109 0"056 X 109 0"556 
1"50 0'012170 2'829 X 10 a 0"055 × 10 s 0"836 

It  is clear that the contribution to Ahd made by the heat of mixing is 
only one fiftieth of the contribution made by the heat of fusion. Neverthe- 
less it is preferable to use Aha in all thermodynamic discussions of polymer 
dissolution. 

1(3 ° c wt % ° 

6 Figure 27--DTA peak area/ 
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In  Figure 27, peak areas observed by D T A  are p lo t ted against the cor- 
responding theoretical enthalpies calculated in Table 10. The sofid line is 
the relalionship between peak area and enthalpic change established by 
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cal ibrat ion of the apparatus  s. I t  is clear that al though D T A  of suspensions 
affords a measure of the heat of dissolution, the method is no t  yet very 
precise. Refinements  of technique are being investigated and  will be re- 
ported in  due course. 
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Book Reviews 

Con/ormations o/ Polyethylene and Polypropylene 

A. OPSCHOOR. Rotterdam University Press: Rotterdam, 1966. 68 pp. 30s 

THIS short monograph is a reprint  of a Ph.D. thesis presented by A. Opschoor at the 
Delft Institute of Technology in 1965; naturally, therefore, the contents are almost 
wholly concerned with the author 's  own studies and opinions. 

In the first three chapters, there is a clear well-written account of his theoretical 
studies on conformational  problems associated with polyethylene and isotactic 
polypropylene. For  both polymers values are predicted for  the unperturbed dimen- 
sions and their temperature dependence. 

The fourth chapter deals with the reliability of the various experimental techniques 
for determining unperturbed dimensions. The treatment here is surprisingly sketchy, 
and far better assessments of these techniques are to be found elsewhere. 

In the fifth chapter, thermoelastic measurements at constant length and pressure 
are reported for amorphous erosslinked networks of polyethylene and isotactic 
polypropylene; details of the apparatus and of the methods used to prepare the 
samples are included. Since the author is forced to conclude that, contrary to current 
opinion, conformational information cannot  be extracted from such measurements, 
the results obtained add little to the general understanding of conformational 
behaviour. 

The monograph will be of most benefit to specialists in the field of conformationat  
statistics, but  it can also be recommended to other polymer scientists who wish to be 
well informed of current developments in this field of research. 

C. Palc~ 

Mechanics o[ Polymer Melt Processing 
J. R. A. PEARSON. 148 pp. Pergamon:  Oxford, 1966. 35s 

THE complaint that  university workers do not concern themselves with technological 
problems is heard frequently. Less frequently is such a complaint refuted so com- 
prehensively as by the appearance of this monograph,  the style and substance of 
which leave little to be desired as a theoretical treatment of fabrication processes for 
polymers:--rubbers and plastics. 

This is a book for study rather than casual reading: it is a theoretical approach 
based on continuum mechanics to the problems of melt  processing and some reason- 
able facility with mathematics is essential for full benefit. However, the serious 
student less well qualified mathematically will learn much from the approach even 
if he cannot  follow the argument in detail. The 'theological equation of state' is 
ment ioned--Chapter  1, page 1- -but  this is a book for down to earth mortals. 

The opening two chapters, a short  introduction and a comprehensive discussion 
of the flow behaviour of polymer melts, put  the present position of the theory a~d 
practice of melt rheology into perspective and should be compulsory study for 
present and intending rheologists. Chapter  3 provides analyses for many continuous 
processes, including calendering, extrusion and fibre spinning, the treatments being 
based frequently on the lubrication approximation, that  the flow route consists of a 
relatively narrow channel with defined boundaries. This assumption is at  least 
approximately true for many of these processes and it will be interesting to see 
how far these theoretical deductions compar~ with practical operation and  results. 
The analyses do serve, in any case, to draw together the similarities in the processes. 
The  final chapter deals comparatively briefly with repetitive operations and under- 
lines the empirical basis of injection moulding and blow moulding. Here again, 
analysing the operations in detail suggests numerous experimental measurements 
which would be desirable to provide a firmer basis for subsequent work. 
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BOOK REVIEWS 

In summary, this is a book with a difference as far as the polymer world is 
concerned, advancing the theoretical analysis of melt  processing to a stage where 
accurate experimental data are required to check the theories and approximations 
employed. 

A. W. BIRLEY 

Organic Compounds with Nitrogen-Nitrogen Bonds 
C. G. OVm~BERGER, J.-P. ANSELME and J. G. LOMBARDINO. 

Ronald :  New York, 1966. 112 pp. $7.00 

THis book is a short  review monograph in the series Modern Concepts in Chemistry. 
Various classes of nitrogen-containing molecules are briefly discussed and  leading 
references to preparation, properties and uses are provided. Classification of the 
material  falls under  the following headings:  Hydrazines, Azomethines, Azo com- 
pounds, Diazo compounds, Hydrazides, N-nitrosamines, and azides. Clearly there 
must be very larg e gaps in such a brief survey of so many types of organic molecule 
but  the book is nevertheless useful, and provides a convenient starting point  for 
anyone interested in the chemistry of these materials. 

A. LEDWITH 

Mechanisms of Electron Transfer 

W. REYNOLDS and R. W. LUMRY. Ronald:  New York, 1966. v i+175  pp. $7.00 
D E S m ~  the plural in the title, this volume is a detailed account only of those one- 
electron transfer processes which occur between two transition element ions in 
solution. Inorganic oxidation reactions of complicated stoichiometry are not  discussed, 
and all reactions involving electron transfer  with organic intermediates are relegated 
to ~ few lines on the naphthalene radical anion. This latter bias is hardly justifiable 
under  such a title, despite the fact that  theoretical treatments are not  so advanced 
in the organic sector. 

Within the scope of the subject selected, however, this really is an excellent mono- 
graph. The  current theories of so-called adiabatic and non-adiabatic electron transfer 
processes are discussed with lucidity, and the basic principles used in calculating 
the energies of dissolved ions are well set out. The documentation of reactions which 
have been studied experimentally is detailed, and is also presented in a readable 
fashion. There is no  doubt  that  the book will occupy a most useful place in the 
libraries of chemists interested in chemical kinetics in general, and in the mechanism 
of inorganic reaction in particular. The  material  is probably ra ther  detailed for 
undergraduate teaching (except for an advanced course on inorganic reaction 
mechanisms) but usefully fills a gap at post-graduate level. 

A. M. NORTH 
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Notes 

Thermodynamic Data for the System Formaldehyde- 
Polyo xymethy lene 

IN TnE present work a critical examination of published equilibrium and 
thermochemical data for the system formaldehyde-polyoxymethylene has 
been made and 'best' ~values selected for the enthalpy, entropy and free 
energy changes associated with the polymerization of gaseous formaldehyde 
to crystalline polyoxymethylene. A new and more reliable value for the 
heat of formation of gaseous formaldehyde is also calculated. 

The thermal decomposition of polyoxymethylene can be represented by 
the equation 

H ~-O'CH2~.OH(.o.d~ ~ ~ H ~O42H~_~OH(,o~) + CH~O(,~,) 

Several workers t-~ have measured equilibrium pressures of gaseous formalde- 
hyde over solid polyoxymethylene as a function of temperature. The early 
work t'~ can be ignored since there is no certainty that equilibrium was estab- 
lished during the measurements. The results of more recent investigations ~ 
are contradictory as can be seen from the data of T a b l e  1. One source of 
error is the variation in the crystallinity of the polymer specimens used. 

Table 1. Heat and entropy changes associated with the polymerization of gaseous 
formaldehyde (one atmosphere pressure) to polyoxymethylene at 25°C, as obtained 

from equilibrium pressure data 

-AH 0 _AS 0 
aep ac, Reference 

(kcai per CH20 unit) (cal deg -z per CH~O unit) 

12"2 30-7 3 
14"3 - -  4 
16'3 41"8 5 
17"2 43"8 6 

Only Thompson 8 used a well characterized sample of high crystallinity. 
Consequently, in this work we shall accept his values, namely, -A/-Poc , = 
17.2 kcal per CH~O unit and-AS°oe, =43.8 cal deg -1 per CH~O unit. Thomp- 
son's value for -AS°go, is in good agreement with the value of 42-65 caI 
deg -1 per CH20 unit derived from Dworjanyn's 7 value of 52"26 cal deg -1 
mole -1 for the entropy of formaldehyde gas at 25°C and one atmosphere 
pressure and Dainton, Evans, Hoare and Melia's 8 value of 10-61 cal deg -1 
per CH~O unit for the entropy of crystalline polyoxymethylene in its stand- 
ard state. Thompson's data y ie ld -AG°e  =4 '1  kcal per CH~O unit and 
a ceiling temperature of 133°C for the polymerization of gaseous formal- 
dehyde. 

The heat of formation of formaldehyde is based on rather old datat  A 
better value for this quantity may be obtained from Thompson's -A/~gc, 
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NOTES 

value and the heat of formation of crystalline polyoxymethylene 
( -  40-93 kcal per CH~O unit) obtained by Parks and Moshei ar. These yield 
the value - 23.2 kcal mole -1 for the heat of formation of formaldehyde. It 
is believed that this figure is more reliable than the presently accepted 'best' 
value for this quantity. 

T. P. MELIA 

Department of Chemistry and Applied Chemistry, 
Royal  College of Advanced Technology, 

Sal]ord 5, Lancs. 
(Received July 1966) 
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The Stabilization of Poly(vinyl chloride) by Organotin Maleates 
ORGANOTIN derivatives of maleic acid are widely used to inhibit degrada- 
tion of poly(vinyl chloride) by heat and light 1. It has been suggested 1 that 
these compounds undergo Diels-Alder addition reactions with diene systems 
in the partially degraded polymer chains. There is no direct evidence for 
this and many of the stabilizers have been only vaguely described in the 
patent literature and are of uncertain composition. 

Bu OOC.CH=CH.COOMe Bu Ct 

/ \  / \  
Bu OOC- CH=CH-COOMe Bu OOC.CH=CH.COOMe 

(I) (l l) 
Bu2~nX 

Bu2 X S n/0"~S n - -  X Bu 2 
/CH.~ CH 

CH i CH'COOMe Me00C'CH'Jl "~CH 
I CH2 CH2 II 

\ O  / C H I CH'COO__ _OOC'CH I CH 
I ~'CH'/ ~ S n /  ~ C H /  

Bu2SnX Bu / Bu 

(Ill) (IV) 
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NOTES 

In recent work ~ on the mechanism of stabilization of poly(vinyl chloride} 
dibutyltinbis(methyl maleate) (I), prepared 3 from dibutyltin dichloride and 
potassium methyl maleate, was used but no details of this compound were 
reported. 

An attempt to repeat this preparation gave dibutylchlorotin methyl 
maleate (I_I), m.pt 41 ° to 43°C as the sole product. Compound I was, how- 
ever, prepared from dibutyltin oxide and methyl hydrogen maleate and 
isolated as an oil n~1"4930 which could not be distilled without decomposi- 
tion. An attempt to convert I to its 2,2"-bipyridyl derivative using the 
aqueous ethanolic conditions described by Huber et al. ~ caused hydrolysis 
to (III, X~-----OOC.CH--CH,COOMe) m.pt 91 ° to 94°C (similar compounds 
where X---CH3,COO are well knownS). Compound I interacted with dienes 
such as 2,3-dimethylbuta-l,3-diene but the products were gums and difficult 
to purify. However, with cyclopentadiene the crystalline Diels-Alder 
adduct IV m.pt 56 ° to 58"C was obtained. 

Further studies on the mechanism of stabilization of poly(vinyl chloride) 
by organotin compounds are in progress. 

(All the compounds described had satisfactory elemental analyses and 
infra-red spectra; compound III had molecular weight (found) 1 450, 
(required) 1 480.) 

A. S. Murcri 
R. C. POLLER 

Department of Chemistry, 
Queen Elizabeth College, 

Campden Hill Road, London, W.8 
(Received October 1966) 
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Index Polymer wl  

Classified Contents 

ABS-polymer, observation of crazes in, 
under the electron microscope, 421 

Acid-catalysed condensation [of model 
polyethers] and degradation reactions of 
hydroxyl-terminated ethers, 223 

Ageing effects in measurements of poly- 
acrylamide solution viscosities, 507 

Allotropy of cyclic tris(ethylene tereph- 
thalate), 583 

Bulk modulus measurements on polymers at 
high temperatures, 429 

Butadiene, homogeneous polymerization of, 
catalysed by rhodium salts, 113 

Butene-1 copolymers and polybutene type 
II/I crystal phase transition, 23 

(Fourteenth) Canadian High Polymer 
Forum, 586 

Cellulose nitrate solutions, supermoleeular 
gels in, 475 

Cocrystallization in copolymers of alpha 
olefins II--Butene-1 copolymers and 
polybutene type II/I crystal phase transi- 
tion, 23 

Cold drawing of polyethylene terephthalate, 
66 

Comparison between real polymer dimen- 
sions in solution and the behaviour 
predicted from models, 459 

Conformations o f  Polyethylene and Polypro- 
pylene, review of, 638 

Crosslinking of methylvinyl silicones with 
organic peroxides, 243 

Crystalline Olefin Polymers, review of, 251 
Crystallization and melting of copolymers I 

Effect of crystallization temperature 
upon apparent melting temperature of 
polymethylene copolymers, 7 

- -  II--Variations in unit-cell dimensions in 
polymethylene copolymers, 71 

Cyelopentadiene polymers, proton acceptor 
properties and electrical conductance of 
deeply coloured, 465 

Dilute solution properties of poly(propylene 
oxide), 167 

Dissolution and reerystallization of poly- 
ethylene crystals suspended in various 
solvents, 603 

Dynamic mechanical properties of some 
polyethers, 331 

Effect of crystallization temperature upon 
apparent melting temperature of poly- 
methylene copolymers, 7 

Elasmmer Stereospecific Polymerization, 
review of, 537 

Electron diffraction and microscopy of 
deformed polymer crystals III--Anneal- 
ing, 135 

Electron microscope studies of the fracture 
of glassy polymers, 307 

Epoxide polymers, amine-cured, thermal 
stability of, 193 

Estimation of unperturbed polymer dimen- 
sions from viscosity measurements in 
non-ideal solvents, 487 

Ethylene oxides, polymerization of some, by 
the diethylzinc-water system, 1 

Exposds de Chimie Macromoldculaire. 
Structure Chimique des Polyosides , review 
of, 536 

Flammfestmachen von Kunststoffen, review 
of, 582 

Formaldehydc-polyoxymethylene system, 
thermodynamic data for, 640 

Formation of new crosslinkages in proteins 
by oxidation of the tyrosine residues with 
potassium nitrosyldisulphonate, 549 

Fractional crystallization of poly(ethylene 
oxide), 85 

Fracture of glassy polymers, electron micro- 
scope studies of, 307 

Free radical formation in irradiated poly- 
ethylene, 283 

Heat capacities of propylene oxide and of 
some polymers of ethylene and propylene 
oxides, 401 

High Resolution Nuclear Magnetic Resonance 
Spectroscopy, Vol. II, review of, 538 

(.4) History of  the Modern British Chemical 
Industry, review of, 537 

Homogeneous polymerization of butadieno 
catalysed by rhodium salts, 113 

(The) Identification of  Plastics and Rubbers, 
review of, 539 

Influence of the dielectric constant on the 
rate of solution polymerization of trioxan, 
587 

Influence of molecular size distribution 
within a liquid on the viscous flow of the 
liquid, 91 

Infra-red absorption characteristics of 
syndiotactic poly(methyl methacrylate) 
from 1 050 cm -I to 1 300 cm -1, 387 

Infra-red-deuteration study of the grafting 
of vinyl polymers into nylon films, 563 

Infra-red study of interaction of polyamides 
with iodine in iodine-potassium iodide 
solution, 199 
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Initiation of polymerization by ammonium 
trichloracetate in presence of copper 
derivatives---a tracer study, 573 

Irradiated polyethylene I--Free radical 
formation, 283 

Isobutene, some solvent effects on the 
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Long period spacing, reversible change in, 
with temperature, 61 

Macromoleeular Chemistry of Gelatin, 
review of, 251 

Mechanics of Polymer Melt Processing, 
review of, 638 

Mechanisms of Electron Transfer, review of, 
639 

Methylvinyl silicone rubber, network 
scission processes in peroxide cured, 99 

Methylvinyl sificones, crosslinking of, with 
organic peroxides, 243 

Microscopy, electron diffraction and, of 
deformed polymer crystals III Anneal- 
ing, 135 

Model polyethers II--Syntbesis by poly- 
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- - I I I  Acid--eatalysed condensation and 
degradation reactions of hydroxyl- 
terminated ethers, 223 

Molecular forces, structural changes and, in 
a compressed synthetic polypeptide mono- 
layer, 595 

Molecular size distribution, influence of, 
within a liquid on the viscous flow of the 
liquid, 91 

Network scission processes in peroxide 
cured methylvinyl silicone rubber, 99 

Nicotinamide, polymeric enzyme analogue 
based on, 479 

Observation of crazes in ABS-polymer and 
high-impact polystyrene under the elec- 
tron microscope, 421 

Organic Compounds with Nitrogen-Nitrogen 
Bonds, review of, 639 

Physics of Non-crystalline Solids, review of, 
539 

Polyacrylamide solution viscosities, ageing 
effects in measurements of, 507 

Polyamides, infra-red study of interaction 
of, with iodine in iodine-potassium 
iodide solution, 199 

Polybutene type II/I crystal phase transition, 
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Polyethylene crystals, dissolution and 
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Poly(ethylene oxide), fractional crystalliza- 
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Polyethylene oxide, proton spin-lattice 
relaxation in, 426 

Polyethylene terephthalate, cold drawing of, 
66 

Polyethylene terephthalate, temperature 
dependence of viscoelastic behaviour in, 
255 

Polyhexamethylene oxide, limiting viscosity 
number versus molecular weight relations 
for, 557 

Polyisobutene, isothermal fractionation of, 
525 

Polyisobutylene--solvent systems, [thermo- 
dynamics of mixing:] excess volumes in, 
151 
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azine), effect of ultra-violet irradiation in 
thermal degradation of, 321 

- -  thermal degradation of, 231 
Polymer chain dimensions, temperature 
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turbed, from viscosity measurements in 
non-ideal solvents, 487 

- -  real, comparison between, in solution and 
the behaviour predicted from models, 459 

Polymer fraetionation at a lower critical 
solution temperature phase boundary, 525 

Polymeric enzyme analogue based on 
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Polymer Handbook, review of, 418 
Polymerization, initiation of, by ammonium 

trichloracetate in presence of copper 
derivatives---a tracer study, 573 

Polymerization of some ethylene oxides by 
the diethylzinc-water system, 1 

Polymerization of styrene under pressure, 
497 

cis-Polymerization by a three-component 
system containing nickel(O), 419 

Polymerization of trifluoracetaldehyde 
initiated by tertiary bases; effect of 
temperature on monomer-polymer 
equilibrium, 541 

Polymer Mechanics, Vol. I, No. 1, review of, 
535 

Polymer single crystals, densities of, relia- 
bility of gradient column method for 
measuring, 195 

Polymers of ethylene and propylene oxide, 
heat capacities of some, 401 

Polymers at high temperatures, bulk 
modulus measurements on, 429 

Polymers: Structure and Bulk Properties, 
review of, 252 " 

[Some] Polymers of substituted acetylenes, 
275 
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Polymethylene copolymers, effect of cry- 
stallization temperature upon apparent 
melting temperature of, 7 
variations in unit-cell dimensions in, 71 

Polyoxacyclobutane, limiting viscosity 
number versus molecular weight relations 
for, 267 

Polypeptide monolayer, structural changes 
and molecular forces in a compressed 
synthetic, 595 

Polypropylene, isotactic, yield stress 
behaviour of, 303 

Poly(propylene oxide), dilute solution 
properties of, 167 

Polystyrene, glass temperature of, thermo- 
dynamic analysis of effect of pressure on, 
177 

Polystyrene, high-impact, observation of 
crazes in, under the electron microscope, 
421 

Poly(terephthaloyl piperazine), thermal 
degradation of, 231 

Poly(terephthaloyl 2-methylpiperazine), 
thermal degradation of, 231 

Polythioacetone, 469 
Poly(vinyl chloride), stabilization of, by 

organotin maleates, 641 
Present status of the theory of rubber 

elasticity, 373 
Proceedings of N.R,P.R.A. Jubilee Confer- 

ence Cambridge 1964, review of, 253 
Propylene oxide, heat capacity of, 401 
Proteins, formation of new crosslinkages in, 

by oxidation of the tyrosine residues with 
potassium nitrosyldisulphonate, 549 

Proton acceptor properties and electrical 
conductance of deeply coloured cyclo- 
pentadiene polymers, 465 

Proton resonance spectra and tacticity of 
poly-2-vinylpyridine, 63 

Proton spin-lattice relaxation in polyethy- 
lene oxide. Spin-diffusion and methyl 
group rotation, 426 

Rapid turbidimetric determinations of theta 
conditions, 293 

Recrystallization, dissolution and, of poly- 
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