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Synopsis

Preparation of copolymers by reaction of jVpV-dimethylaminoethyl methacrylate 
with maleic anhydride in an excess of the latter and the presence of water is described. 
The reaction products have been characterized by elemental analysis, by conductio- 
metric titrations with acid and with base, and by specific viscosity determinations and 
light-scattering measurements in dilute solution. Although there is evidence that a 1:1 
copolymer is formed, the results of the titrations and viscosity measurements indicate 
that this reaction product is a polyacid and not a polyampholyte. Light-scattering 
measurements indicate that aggregation occurs in aqueous solutions of this polymer. 
Attempts to prepare regularly alternating polyampholytes from other monomer com
binations are described.

INTRODUCTION

In the course of an investigation concerned with the preparation of a 
polyampholyte with a regular alternation of acid and base groups along the 
chain and the study of its dilute solution properties, some copolymers of 
YW-dimethylaminoethyl methacrylate. (D M A E M ) and maleic anhydride 
(acid) (ALA) were prepared and characterization studies carried out. Al
though there was strong evidence which indicated the formation of a 1 : 1  

copolymer, the expected ampholytic behavior was not observed, these poly
mers having the characteristics of polyacids instead.

Since copolymers formed from these monomers have not been described 
previously, the purpose of this paper is to present and discuss some details 
concerning the preparation, analysis, and dilute solution properties of such 
polymers.

EXPERIMENTAL

A. Reagents

Maleic anhydride (Eastman) was rocrysfallized from a chloroform - 
ligroin mixture. D M AEM  (Monomer-Polymer) was vacuum-distilled at 
4 cm. Hg, the liquid coming over at 70 7o°C. being used. Crotouic acid
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(Eastman) was recrystallized from water. Allylamine (Monomer-Poly
mer) was vacuum-distilled at low pressures. Benzoyl peroxide (Bz-iü?) 
(Eastman), 2,2-azobisisobutyronitrile (AB IX ) (Eastman), and all sol
vents (reagent grade) were used as received.

B. Apparatus and Procedures

1. General Polymerization Techniques

All polymerizations were carried out in ' / 2 in. diameter Pyrex glass tubes 
sealed under vacuum following mixing of the ingredients and outgassing 
with prepurified nitrogen gas. The tubes were placed in an oil bath thermo- 
statted to ±0 .5 °C . Isolation of polymer was carried out by precipitation in 
a nonsolvent. Unless otherwise noted, the polymer obtained was purified 
further by dialysis against water and then freeze-dried.

2. Conductiometric Titrations

The apparatus consisted of a Hewlett-Packard (1000 cycle/ sec.) audio
generator, an oscilloscope, a Leeds and Northrup a.c. bridge, and black 
platinum dipping electrodes. All measurements were made with the cell 
placed in a water bath held at 25° ±  0.5°C. NaOH solutions 0.01-0.04M 
and IIC1 solutions 0.009-0.0411/ were employed, polymer concentrations 
being 0.005 to 0 . 0 2  g. in a total volume of 300 cc. To exclude C 0 2, the ti
trations were carried out under a nitrogen atmosphere. Repeated titra
tions of solutions of maleic acid, of DM AEM , and of poly(methacrylic 
acid) gave experimental values within 1 %  of those expected.

3. Solution Viscosity

These measurements were carried out in three different viscometers, a 
Schurz-Immergut trigradient viscometer (flow times for water at 25 ±  
0.2°C. of 361, 427, and 359 sec. for the three bulbs), an Ubbelohde dilution 
viscometer (flow time for water of 94 sec.), and a Cannon-type Ostwald 
viscometer (flow time for water of 63.2 sec.). The t.rigradient viscometer 
was calibrated with water and n-butanol at 25°C. and the other two vis
cometers with water at 0 and 25°C. In all cases the corrections were small 
compared with the reproducibility of the experiments, and the viscosities 
were assumed to be proportional to the flow times. The viscometers were 
suspended in a constant temperature water bath at 25 ±  0.02°C. Solu
tions were made up in doubly distilled water and passed through a fine sin
tered glass filter directly into the viscometer. Plow times were converted 
to specific viscosity (57.,„) in the usual manner: r¡sp =  (tso\n — Loiv)/Loiv-

■]. Light Scattering

These measurements were made with a Brice-Phoenix light-scattering 
photometer in a constant temperature room at 25 ±  1 °C., blue light 
(4358 A.) being used. Both dissymmetry- and erlenmeyer-type cells were
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employed, with measurements being made at about 10° angular increments 
from 45° to 135°. The erlenmeyer-type cell was tested with a fluoroscein 
solution and the Rayleigh ratio, Rg, found to be constant when plotted 
versus sin2 0 /2. This cell was calibrated with the use of doubly distilled 
water with the scattering at 90° taken to be 6.8 X  10-6 cm .-1 . Solutions 
were clarified by passing them through either fine or ultrafine sintered 
glass filters, as indicated in the next section, directly into the cell. Polymer 
solutions containing salt were prepared by dialysis against a salt solution of 
the molarity indicated.

Refractive index increments at 25 °C. were obtained with a Brice-Phoenix 
differential refractometer. Calibration of this instrument was carried out 
with KC1 solutions.

C. Polymer Preparations

1. Attempted Copolymerizations of M A  and D M A E M  in Organic Solvents

Copolymerizations were attempted in the following solvents: acetone, 
benzene, dioxane, and toluene. The weight ratio of M A /D M A E M  was 
6 .8 :1 , the monomer/solvent weight ratio being 1:1 with Bz20 2 as initiator. 
At 30°C. a yellow color was observed immediately, and after 12 hr. the 
mixture was black, no detectable polymer being formed. These experi
ments were repeated in acetone and in glacial acetic acid with ABIN  as 
initiator with the same results.

2. M A -D M A E M  Copolymer .1

This polymer was prepared in water containing suspended Bz2()2, the 
ratio on a weight basis of M A : D M A E M : IR C : Bz20 2 being 8 :2 .5 :2 0 :0 .0 1 . 
After 24 hr. at 47°C. the polymer was precipitated in acetone, dialyzed, and 
freeze-dried, a yield of 8%  being obtained. Elemental analysis gave 
55.21 % C , 7.57%H, 30.08%(), and 6.55%N by weight .

For this and similar reaction mixtures it was found that upon mixing the 
anhydride and the amine in water the reaction container became warm to
t.he touch. This was not observed when organic solvents only were used, 
when maleic acid or crotonic acid were used in place of the anhydride, when 
the anhydride was dissolved in water alone, or when the base was added to 
water alone.

3. M A —D M A E M  Copolymer B

This polymer was prepared at 25°C. in the absence of an added initiator, 
using a weight ratio of 3 :1 :5 of M A: DM AEM  : I IT) with a 36-hr. reaction 
time, a 1%  yield being obtained.

f .  M A -D M A E M  Copolymer C

The polymerization charge was initially 7 .9:1:8:0.02 by weight in M A: 
D M AEM  :II2( ) : Bz20 2. After 24 hr. at 47°C. little viscosity increase was 
noted, so the tubes were opened, additional 1 >z->( )» added, and the ratio of
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M A :D M A E M  decreased to 6.8:1. After an additional 4 hr. at 45°C. the 
viscosity had increased markedly, and the polymer was then precipitated in 
acetone. Parts of this polymer were given the following treatments. Cl 
was precipitated three times from water into acetone and dried in a vacuum 
oven at 40°C. C3 was extracted with acetone and vacuum dried. C4 was 
dialyzed first against a HC1 solution and then against a NaOH solution 
until no salt was detected in the solution outside the dialysis bag using 
AgN():i. However, following recovery of C4 by freeze drying, elemental 
analysis gave 54.35%C, 8.10%H, 25.2% 0, and 7.18%N, the remaining pre
sumably being inorganic material. Further dialysis led to a polymer (C4ii) 
with 54.5%C, 8.53%H, 27.44% 0, and G.91%N, while still further dialysis 
yielded a polymer (C4iii) with 57.03%C, 6.95%H, 28.85% 0, and 6.65%N. 
The total yield for copolymer C was 10-20%.

5. M A -D M A E M  Copolymer D

Tubes containing MA, D M AEM , H 20 , acetone and Bz20 2 in weight pro
portions of 25:1.8:20:15.8:0.005 were heated for 5 hr. at 40°C. The 
polymer was precipitated with ether, dialyzed, and freeze-dried, a yield of 
3%  being obtained (54.7%C, 7.7%FI, 31.1% 0, 6.55%N).

6. M A -D M A E M  Copolymer E

The reaction was carried out with 20:1.8:20:0.005 weight ratio of M A : 
DMAEM:0.11V HC1 solution: Bz20 2 at 40°C. for 5 hr. The polymer was 
isolated by twice repeated precipitation in acetone, dissolving in water, and 
adding NaOH until the pH equalled 6 , and then dialyzing versus water until 
the pH was constant (four days). The yield was 2% ; 51.51%C, 8.98%H, 
6 .6 8 % N , 32.83% 0 (by difference).

7 . M A -D M A E M  Copolymer F

A mixture of MA, D M AE M , H 20 , acetone and ABIN  in the ratio 
20:3 .6 :60:1 .6 :0.04 was heated for seven days at 65°C. The resulting 
polymer was precipitated in an ether-acetone mixture, dialyzed, and freeze- 
dried. The yield was 7 % ; 52.96%C, 7.53%H, 5.33%N, 34.18% 0 (by 
difference).

8. Control of Experiments

A 50:50 w t.-%  solution of M A in water in the presence of suspended 
B z 20 2 was heated at 45°C. for 72 hr.; no polymer was obtained. This ex
periment was repeated with some triethylamine added, and again no poly
mer was formed.

A ''-TO w t.-%  solution of D M A E M  in water plus suspended Bz>02 

yielded no polymer after heating at 45°C. for 24 hr. Heating for one 
week at. 56°C. of 15 g. D M AE M , 20 g. acetone, 3 g. malonic acid, and 
'~0.004 g. B z20 2 led to ^ 2 %  yield of polymer, 60.0%C, 9.4%H, 21.3% 0, 
9.0% N  (calc: 61.2%C, 9.6%H, 20.4%O, 8 .9% N ). Conductiometric ti
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tration with acid accounted for 0 0 %  of the base groups, the product being 
assumed t,o be polv( DM Alt M).

9. Additional Copolymerization Attempts

a. Maleic Anhydride and Allylamine (AA). Reaction of these monomers 
present in mixtures of 12 :1 :13 :^ 0 .002  g. of M A :A A  ¡solvent :Bz20 2 after 1 2  

hr. at 30°C. with acetone or dioxane as solvent and after one week at 45°C. 
with water as solvent did not .yield polymer. Repeating the latter experi
ment at 56°C. led to a small amount (< 1 %  yield) of brown material.

b. Crotonic Acid (CA) and DM AEM . With CA, D M AE M , acetone, 
water, and Bz20 2 in the weight ratio of 0 :2:7.9 :10:0 .001 a 6 %  yield of 
polymer after five days at 60°C. was found. Similar results were obtained 
with the use of either ethyl acetate or acetone in place of the water-acetone 
mixture. Conductiometric titration indicated the presence of base groups 
in amounts of 60-90%  of those expected for pure poly (D M A E M ). With 
dioxane as solvent and ABIN  as initiator, two experiments were performed 
in which the amounts of CA and D M A E M  were varied from 1 :2 to 5:1 by 
weight, the solvent weight being kept approximately constant at -—-60%. 
Heating was carried out for three weeks at 60°C., the polymer then being 
precipitated in ether, followed by dialysis and freeze drying. Although 
conductiometric titrations indicated the presence of both acid and base 
functional groups, and elemental analysis showed that both types of mono
mer units were present, it was concluded from viscosity results that these 
polymers were polybases. Using benzene as solvent led to similar results 
for a 7 : 1  C A : D M A E M  weight ratio.

c. Crotonic Acid and Allyamine. Reactions carried out in water plus 
suspended Bz20 2 at 56°C. (17:3 by weight of acid/base) led to small 
amounts (<  1 %  yield) of brown material after one week.

RESULTS AND DISCUSSION

The results of conductiometric titrations on the various M A -D M A E M  
reaction products are summarized in Table I; in addition, empirical for
mulae for some of these polymers, as obtained from elemental analysis, are 
given. It is seen that the total number of titratable groups for all nine 
polymers is essentially the same, being (7 ±  1) X  10- 3  moles/g. With 
two exceptions, the number of basic groups appear to be zero within the 
sensitivity of the method, leading to the conclusion that these polymers are 
polyacids. That the analytical method could detect base groups if they 
were available is demonstrated by the results for poly(D M A EM ) and for 
the D M AEM -crotonic acid reaction products (see experimental). The 
high result for basic groups in C4 can be explained as due to the presence of 
NaOH on the polymer as a consequence of the dialysis versus a solution of 
this reagent. If the number of acidic groups are taken as the total number 
of groups as found by back titration, then there is a constancy in this number 
in going from one preparation to another with the possible exception of poly
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mer F. The elemental analysis for F also differs from that, of the others. In 
light of the elemental analysis results for C4, it is believed that further dialy
sis of E would also lead to a formula more in agreement with those for A, C4iii 
and D. Therefore, except for polymer F, it appears that all preparations 
have an empirical formula of C ioH i60 4N, an acid group content of 7 X  I.0- 3  

moles/g. polymer, and a zero base group content.

T A B L E  I
M aleic A nhydride-A ’ ,.Y-]M m othylam inoethyl M ethacrylate  Copolym ers

Des-

ig-
na-
tion

Em pirical
form ula

Functional groups, moles/g. X  103

F orw ard titration B ack  titration

A cidic Basic T ota l Base Acid

A C ,„ H ,A N 5 .5 1 .7  ±  0 .02f‘ 7 .2 8 . 2 —

B

toOO 0

tooc — 8 . 0

C l 8 .4 0 » 8 .4 8 .5 —

C3 7. 1 0 7 .1 6 .4 —

C4i C „H l60 8N 2 .7 8 .4 0  1 7 .0  ±  1 .3 —
C4ii C 9H 17()3.5N
C4iii 0 ,oH i50 4N
D c I0h ,6.,o 4x 4 .6  ±  0.05" 0 4 .6 7 .3 7 .2  ±  0.5'''
E C 9H 1 9 04N — 0 — 8 . 1 — ■
F cn.JHa.0 5 .5N: 4 . 0 0 4.0 4 .3 6 .3

6 ±  2 0 .6  ±  0 .6 6 .6  ±  1 .4  7 .2  ±  1 .1 7 .5  ±  1 .0

a M ean of tw o determ inations.

Plots of ijSp/c versus concentration c for polymer D in pure water and for 
polymer E in 0.005, 0.050, and 0.500M XaCl solutions are given in Figure 1 . 
The upward swing of the curve for polymer D with decreasing polymer con
centration and the shift to lower i\sv]c  values of the plots with increasing 
salt concentration for polymer E are both characteristic of polyelectrolytes 
in solution . 1 The viscosity ijsp of a 0.168 g./100 ce. solution of polymer F 
containing 1.3 X  10~3/l/ XaOH was 1.2 times higher than that for a 
similar solution in pure water. On the other hand, r\sv of two 0.12 g. 100 
cc. solutions of polymer F containing 5.48 X  10- 3  and 11.2 X  10~3il/ HC1, 
respectively, was 1.3 and 1.5 times lower than that for the pure polymer in 
water. This behavior is characteristic of a polyacid and is therefore in 
agreement with the titration results. The specific viscosity of a 0.23 g./100 
cc. solution of polymer D in water was found to decrease from 1.32 to 1.12 
after standing at 25°C. for 14 days under nitrogen, indicating the loss of the 
higher molecular weight material, possibly by precipitation.

Various light-scattering measurements were carried out on solutions of 
polymer D. The first measurements were made in 0.1 Hi NaCl solutions, 
initially clarified by centrifugation at 40,000 rpm for 1 hr., then by filtration 
through a fine filter, at. three concentrations from 0.37 to 0.10 g./lOO cc. at 
angles of 45°, 90°, and 135°. Extrapolation of the dissymmetry (Z?4g»/ 
/?i35°) and Kc/R^o versus concentration plots to c =  0  yielded a root-mean-
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Fig. 1. riap / c  vs. concentration c for m aleic anhydride (acid)-A r,M -dm iethylam ino- 
ethyl m ethacrylate copolym ers: (©) copolym er D  in w ater; (9) copolym er E  i n 0.0054/ 
N a d ;  (O) copolym er E  in 0.054/ N a C l; ( • )  copolym er E  in 0.54/ N aC l.

square end-to-end distance (y/r'2)z of 915 A. and a weight-average molecular 
weight M w of 2 X  106. However, upon making measurements in the erlen- 
meyer cell at concentrations of 0.02-0.002 g./lOO cc. in aqueous solutions 
containing 0-0 .5M  NaCl, clarification being carried out with fine filters, 
twisted Zimm plots2 were obtained, and extrapolation of these to zero con
centration and zero angle gave negative intercepts. In addition, dissym
metries of ~ 1 0  and ~ 3  were found for the solutions in pure water and 0 .0 /  
NaCl, respectively. These results indicate either an extreme polydispersity 
or the presence of particulate matter. Following several weeks storage 
under nitrogen, precipitates were observed in all of the solutions. Two 
angular runs were made on solutions in pure water made up separately but 
both clarified by an ultrafine filter, concentrations of 0.08-0.005 g./lOO cc. 
being used. Zimm plots, such as that shown in Figure 2, were obtained 
with positive zero angle line slopes and negative zero concentration line 
slopes, thereby have dissymmetries less than one.

Angular behavior such as this was reported earlier by Ehrlich and D oty 3 

for a synthetic polyampholyte in pure water. However, a negative zero 
angle line slope was found which is not in agreement with the present be
havior. .Also, it was noted in this study that a decrease by a factor of two 
or more in the Kc/Re value at all angles took place when the solution was 
made 0.00511/ in NaCl; addition of more salt (O.Ooil/) caused further de
creases. Ehrlich and D oty found an increase in similar experiments. 
However, in both studies the slope of the plot of Kc/Re versus sin2 0/2 plot 
becomes positive, and therefore the dissymmetry becomes greater than 
unity upon addition of salt. The light-scattering results for polymer D
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Fig. 2. Light-scattering (Zim m ) plot for m aleic anhydride (acid)-.V,Ar-dim ethyl- 
am inoethyl m ethacrylate  copolym er D  in w ater.

in water using ultrafine filtration were also found to be time-dependent, 
‘/Rgo for a 0.2 g./lOO cc. solution decreasing in three days by a factor of 25% 
but staying essentially constant over the next nine days; Rib°/Rm° in
creased from a value of 2.7 to 4.3 after three days and reached a value of 5.6 
in twelve days. This latter result is a further indication that aggregation 
is occurring leading to very high molecular weight species. It does not ap
pear that the light-scattering results for polymer D  can be explained as typ
ical polyelectrolyte behavior, 4 ’ 6 although few data on polyelectrolytes in 
pure water are available.

Since under the conditions used for the copolymerizations, maleic an
hydride (or acid) does not form high polymer and DM A KM polymerizes 
little, if at all, a 1 : 1  (monobase-diacid) copolymer is expected a.s the 
reaction product due to the large amounts of acid present. Such a product 
would have an empirical formula of CnHigCbN and would contain 7.4 X 
10- 3  moles of acid and 3.7 X 10~ 3 moles of base groups per gram of poly
mer, respectively. It is readily apparent that this hypothetical reaction 
product does not have the characteristics found experimentally for polymers 
A -F . Although the number of acid groups correspond approximately, the 
absence of titratable base groups and the high amount of N in the analyses 
indicate the presence of another structure.

One possible reaction which would lead to loss of amine groups with re
tention of the nitrogen is amide formation. In the present case this could



P R E P A R A T I O N  A N D  P R O P E R T I E S  O F  C O P O L Y M E R S 1 4 8 1

occur by reaction of the amine group with an anhydride or acid unit either in 
the polymer or before polymerization occurs, resulting in lactam formation 
and the production of methanol. The apparent necessity of having the an
hydride present initially instead of the acid clearly indicates that reaction of 
the base with the anhydride (and water) takes place immediately upon 
mixing the monomers in water. Assuming that a 1 : 1  copolymer is formed 
in the polymerization an empirical formula of CuFhsChN and an acid group 
titer of 4.1 X  10~ 3 moles/'g. of polymer results. This appears to be in ap
proximate agreement with the results for polymer F but does not com
pletely explain the results for the other polymers. Formulae similar to 
those for polymers A, D, and C4iii can be obtained for a copolymer con
taining two base units to one acid (C 10H 17O4N) or for a 1 : 1  copolymer with 
CH 3 and C 0 2 split out (C ioH 160.iN), the latter presumably involving a 
methyl unit from the base monomer and one of the carboxyl groups on the 
diacid monomer unit. Ffowever, the acid titer would be 4.7 X  10~ 3 and
4.4 X  10 ~ 3 moles/g. polymer, respectively, and there would also be the 
same numbers of base groups present. Therefore, due to discrepancies be
tween the results of elemental analysis and conductiometric titrations, it is 
not possible to elucidate completely at this time the reactions that are oc
curring in this system.

W e are grateful to  D r. Shintaro Sugai for help w ith some of the experim ental work 
given herein.
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Résumé

On décrit la préparation de copolym ères de m éthacrylate  de Ar,Ar-dim éthylam ino- 
éth yle  e t d ’anhydride m aléique avec un excès de ce dernier e t en présence d ’eau. On 
caractérise les produits de réaction par analyse élém entaire, partitrations condueti- 
m étriques d ’acide e t de base, e t par déterm inations de viscosité spécifique e t mesures de 
diffusion lumineuse en solution diluée. Rien que la form ation d ’un polym ère 1 : 1  soit 
évidente, les résultats des titration s e t des mesures de viscosité m ontrent que le produit 
de réaction est un polyacide e t  non un polyam pholyte. Les mesures de diffusion 
lumineuse indiquent qu ’il y  a form ation d ’aggrégats en solution aqueuse de ce polym ère. 
On décrit les essais de préparations de polyam pholytes alternants de façon régulière à 
partir d ’autres combinaisons de monomères.

Zusammenfassung

D ie D arstellun g von Copolym eren durch R eaktion  von A ,A’-D im ethylam in oäth\T  
m eth acrylat m it M aleinsäureanhydrid im Überschuss und in G egenw art von W asser wird 
beschrieben. D ie  R eaktionsprodukte wurden durch Elem entaranalyse, durch kondukto- 
m etrische T itratio n  m it Säure und B ase sowie durch B estim m ung der spezifischen Vis-
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k osität und Lichtstreuungsm essungen in verdünnter Lösung charakterisiert. Obgleich 
Hinweise auf die B ildung eines 1 :1 -Copolym eren bestehen, zeigen die Ergebnisse der 
T itrationen und Viskositätsm essungen, dass das R eaktionsprodukt eine Polysäure und 
nicht ein P olyam p h o lyt ist. Lichtstreuungsm essungen sprechen für das A uftreten 
einer Aggregation in der wässrigen Lösung dieses Polym eren. Versuche zur D arstellung 
regelmässig alternierender P olyam pholyte  aus anderen M onom erkom binntionen werden 
beschrieben.

Received February 10, 1962
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D y n a m i c  S h e a r  B e h a v i o r  o f  P o l y ( 7 - b e n z y l  

L - G lu t a m a t e ) ,  P o l y ( i ) , L - P r o p y l e n e  O x i d e ) ,  a n d  

P o l y ( e t h y l  V i n y l  E t h e r ) *

R, G. SABA, ,1. A. SAUER, and A. E. W OODW ARD, Department of 
Physics, The. Pennsylvania State University, University Park, 

Pennsylvania

T h e dynam ic m echanical properties in shear have been studied for p o ly(7 -benzyl-L- 
glutam ate), poly(D,i.-propylene oxide), and p oly(eth yl v in yl ether) in the 95-100° to 
240-340°K. region b y  use of a torsional pendulum  in free decay a t frequencies of 0.05- 
1 cycles/sec. P o ly  (7 -benzyl L-glutam ate) exhibits a prom inent loss m axim um  a t 28S°K . 
(0.18 cycles/sec.) attribu ted to reorientational m otions principally of the side chains. 
For poly(D,L-propylene oxide) tw o loss peaks are found at ~ 1 2 0 ° K . (0.59 cycles/sec.) 
and 2 1 1 °K . (0.37 cycle/sec.), being attributed to m otion in the amorphous regions of a 
small (3-4) and large num ber of segm ents, respectively. In the case of p o ly(eth yl v in yl 
ether) the principal dispersion region is found at > 2 3 0 °K ., while a secondary loss m axi
mum is located at ~ 1 0 0 ° K . This behavior is similar to  th at reported for polypentene - 1  

and polybutene-1 , except th at the tw o m otional processes are shifted to  lower tem pera
tures.

L INTRODUCTION

Previous studies of the dynamic mechanical properties of polypeptides 
have been limited to wool1 and silk,2 only a narrow temperature range 
being covered. To obtain further information about the properties of 
such compounds, it was felt that a study of some synthetic polypeptides 
would prove of interest. Due to difficulties in sample preparation, it has 
been possible thus far to make mechanical loss and storage modulus meas
urements on only one such polymer poly(y-benzyl L-glutamate)

The data obtained are, presented and discussed herein.
Dynamic mechanical studies have been reported for the linear poly-

* Supported in part b y  research grant G 14143 from the N ational Science Founda
tion.
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(alkylene oxides), [— O— (CH2)j— ]„, where the alkylene group was methyl
ene,3-6 ethylene,5-6 trimethylene,7 and tetramethylene.7 The latter two 
compounds exhibit a secondary mechanical loss peak at -—' 1 ( > 0 ° . (~ 100  
cycles/sec.). There is also evidence4 for the presence of such a maximum 
for the first member of the series, polyoxymethylene, although at low 
frequencies it may be part of the principal amorphous transformation 
region. In order to investigate this secondary maximum further, the 
dynamic mechanical properties of poly(i>,L-propylenc oxide), [— OCH2- 
C H (C H ;i)—■]„ were studied by use of a torsional pendulum, as described 
below.

One dynamic mechanical investigation at low frequencies of poly(ethyl 
vinyl ether), [— CH— CH2(OCH2CH3)— ]„, has been previously reported.8 
However, the data were not given, only peak positions being reported. 
Further data Avere deemed desirable for this polymer and, as described 
below, these have been obtained in the 96°-240°K . region at a frequency 
which varied from 0.9 to 0.4 cycles/sec.

II. EXPERIMENTAL

A. Sample

P °ly (7 -benzyl 1,-glutamate), P-yBLG, was obtained through the courtesy 
of Dr. E. K. Blout of the Polaroid Corporation. This polymer Avas reported 
to haAm a reduced specific Ariscosity of 1.29 at a concentration of 0.2%  
in dichloroacetic acid, giving a Aveight-aA-erage molecular weight of 2 X 105.

Poly(n,L-propylene oxide), PDLPO, Avas furnished by the D oav Chemical 
Company. The poly (ethyl vinyl ether), PEVE, Avas supplied by FTnion 
Carbide Plastics Company.

Films of the three polymers for the dynamic mechanical measurements 
Avere prepared by evaporation from a solution. The experimental di
mensions, the densities, and the solvents used in the preparation of the 
films are giAmn in Table I. Densities Avere measured at 20°C. by a dis
placement technique, the fluid employed being distilled water.

No preferred orientation Avas observed Avhen the PyBLG  specimens 
were examined Avith a 1200X polarizing microscope.

T A B L E  I

Polym er
W idth,

in.
Thickness,

in.
Length,

in.
D ensity,

g./cc. Solvent

P y B L G
1 0 .12 5 0.0045 1 . 5 1 .1 7 7 Chloroform
2 0 .12 5 0.0105 1 .5 —

P D L P O 0 .1 1 7 0 .013 2 . 0 1 .2 12 Acetone
P E V E

1 0 .12 5 0 .0 17 2 . 0 0.944 E ther
2 0.250 0 .0 17 2 . 5 —
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B. Apparatus and Procedures

The dynamic mechanical measurements were carried out in shear by 
use of a free decay-type torsional pendulum. The sample, in the form of 
a strip of film, was held vertically between two clamps. The upper clamp, 
supporting the system, was attached to a rigid support rod and the lower 
clamp was attached to a freely suspended torque bar. The amplitude 
of the oscillations was obtained visually using a small telescope which 
focused on the image of an illuminated scale reflected by a mirror attached 
to the torque bar. This suspension system was surrounded by a hollow, 
double-walled copper cylinder through which a coolant was circulated. 
In order to maintain a uniform warming rate throughout the entire tem
perature range, a heating element, consisting of Nichrome wire wound 
about the outside surface of the cylindrical cryostat, was employed from 
approximately 240°K. to temperatures at which flow of the polymer took 
place. This entire assembly was contained within a steel chamber which 
could be evacuated.

The specimen was clamped in place, the chamber evacuated, and then 
dry nitrogen gas was introduced to facilitate heat exchange within the 
chamber. The sample was then cooled by circulation of liquid nitrogen. 
Measurements were made at intervals of about 2°C. as the sample warmed 
up, the rate of warming being 0.1°C./m in.

The usual procedures were used for obtaining the logarithmic decrement 
(log dec) and the storage modulus ((?'), a correction being made in the 
latter quantity to account for the effect of the tensile load. Complete 
details of the apparatus and procedures arc given elsewhere.9,10

III. RESULTS AND DISCUSSION

A. Poly(y-benzyI n-Glutamate)

The dynamic mechanical results for PyBLG as a function of temperature 
from 100 to 310°Iv. are given in Figure 1 in terms of the logarithmic decre
ment and the shear storage modulus for the 0.0045 in. thick specimen. 
At a temperature of 310°K. coinciding with the upswing in logarithmic 
decrement, the sample was observed visually to undergo extension. With 
the sample of 0.0105 in. thickness an upswing in damping was also obtained, 
but no change of length was evident.

The data of Figure 1 show that this polymer exhibits a sizeable loss 
maximum at 288°K. (0.18 cycle/sec.) which has associated with it a 
modulus decrease of about two decades. A  proton magnetic resonance 
study of a similar compound has shown that a line-narrowing process, 
involving considerable side chain motion at frequencies of lO ’-lO 5 cycles/ 
sec. and above, has been found11 at >300°K . It is believed that the 
mechanical process is a consequence of the same type of motion, its oc
currence at a lower temperature being due to the lower frequency of the 
mechanical method.
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TEMPERATURE -  °K

Fig. 1. D am ping (log doc) and dynam ic shear m odulus (O ') vs. tem perature for poly-
( 7 -benzyl L-glutam ato).

The data also show that a small sharp loss peak, and an accompanying 
modulus dispersion, occurs at I43°K. (0.30 cycles/sec.) in addition to an 
upswing in logarithmic decrement as the temperature is decreased from 
125 to 100°K. Both of these effects are reproducible, but their causes are 
not at present known.

B. Poly(D,L-propylene Oxide)

As is evident from the experimental data in Figure 2, PDLPO is found 
to have two loss maxima, one of low strength, y, (117-124°K .; 0.59 
cycle/sec.) and the other much more prominent, /?, (211°K .; 0.37 cycle/ 
sec.), with associated modulus dispersions of small and large magnitudes, 
respectively.

The d peak is believed to be due to segmental motion involving a large 
number of chain units in the amorphous regions accompanying the glass 
transition. A  value of 195°K. for Tg has been given previously12 for 
an amorphous sample of low molecular weight. The y  peak is tentatively 
ascribed to the cooperative motion of a limited number of segments, possibly 
three or four, in the amorphous regions.

A  proton magnetic resonance study13 of PDLPO indicates the presence 
of the main amorphous transformation process at ~210 -250°K . (104—103 
cycles/sec.). In addition, the single component of the spectra was found 
to slowly narrow in width in going from <77  to 1!)0°K.

For polypropylene two mechanical loss maxima corresponding to those 
found for PDLPO have been reported by a number of investigators.7’11 211
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F ig. 2. D am ping (log doc) and dynam ic shear modulus (O ') vs. tem perature for poly-
( D , L - p r o p y l e n e  o x i d e ) .

With the present apparatus with a sample of annealed (125°C. for 3 hr.) 
polypropylene film having a density at 23°C. of 0.1)09 g./cc. these maxima 
were found to be located at 200-220°K. (0.32 cyele/sec.; [log dec]max =
0.03) and at 272°K. (0.25 cyele/sec.; [log dec],„ax =  0.22). Assuming 
these maxima to have the same molecular origin as the two found for 
PDLPO, it is seen that the introduction of an — O— unit in the backbone 
chain leads to a considerable reduction in the temperature at which both 
maxima appear. The changes in crystallinity, chain configuration, and 
chain conformation accompanying this change in composition might 
account at least partially for this shift.

The final upswing in damping and drop in modulus starting at ~290°K . 
is attributed to the increased chain mobility as a consequence of crystalline 
melting, the melting point for such a polymer bemg reported as 345- 
347°K . 21

C. Poly(ethyl Vinyl Ether)

The damping and dynamic storage modulus in shear are given in Figure 
3 for PEVE. The principal amorphous transition is seen as an upswing 
in damping and a drop in modulus which become very sharp at temperatures 
above 230°K. The low temperature peak evident at ~100°K . (0.90 
cycle/sec.) is due to cooperative motion of three or four segments, most 
probably including those in the side chain.

High frequency (2 X  106 cycles/sec.) dielectric measurements- 2 gave a
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secondary loss maximum at ~230°Iv., while two small mechanical loss 
peaks were found22 at the same frequency at ~230 and ~190°K ., in 
addition to the two questionable ones reported earlier8 at ~160 and 
~200°K . at 8  cycles/sec.

Comparison of the plot of logarithmic decrement versus temperature 
for PEVE with that for the a-olefin analog polypentene-1, [— CH2— CH- 
(CH2CH2CH3)— ]„, would be of interest, but unfortunately no data at 
this frequency have been published. However, at higher frequencies 
(—-1 (l;i cyeles/sec.) a partially crystalline (~ 30% ) polypentene-1 sample 
was found23 to have two peaks at 14o°K. (2350 cyeles/sec.) and 290°K. 
(430 cycles/sec.), behavior similar to that for PEVE. Since it was shown23 

that polypentene- 1  and poly butene- 1 had almost identical mechanical

TEMPERATURE -  °K

F ig. 3. D am ping (log hoc) and dynam ic shear modulus (G ') vs. tem perature for poly- 
(eth yl v in yl ether): ( X ) sam ple no. 1; (» .O ) sam ple no. 2.

loss-temperature plots below 300°Iv. at frequencies of ~ 1 0 3 cycles/sec., 
a comparison of the data for PEVE with that for a polybutene- 1  sample 
(p =  0.898 g./cc. at 21°C.; crystallinity =  40%) obtained with the 
present apparatus, should be of interest. Such a test has been run on the 
polybutene- 1  sample. The data show a damping peak at 257°K. (0.42 
eycle/sec.; log dec =  1.3) and an upswing in logarithmic decrement with 
decreasing temperature starting at about 1()0°K. (log dec =  0.023); at 
the lowest temperature employed, 128°K., the logarithmic decrement had 
increased to a value of 0.097. Therefore it appears that the substitution 
of —O— for —CH2— in the side chain leads to a shift of both motional 
processes to lower temperatures. However, changes of crystallinity and 
tacticity as well as composition are also involved and may account for at 
least a portion of these changes.

100 2 0 0
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W e are grateful to D rs. E . K . B lo u t of Polaroid Corporation, H. W . M cC orm ick  of 
the D ow  Chem ical C om pan y and H. F . W akefield of Union Carbide Plastics C om pan y for 
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Résumé

On a étudié les propriétés dynam iques m écaniques au cisaillem ent au m oyen d ’un 
pendule à torsion en chute libre, aux fréquences de 0.05-1 cycle/see., dans le cas du poly- 
( 7 -benzyl-i,-glutam ate), du poly(D,L-oxyde de propylène) e td e  l ’éther p olyéth yl vinylique 
dans la région de 95-100° à 240-340°K. On observe un m axim um  isolé bien m arqué 
pour le poly( 7 -benzyl-L-glutam ate) à une tem pérature de 288°K. (0.18 cycle/sec.), a t
tribué aux m ouvem ents de réorientation, principalem ent des chaines latérales. Pour le 
poly-(D,L-ox}-de de propylène) on trouve deux som m ets isolés à ~ 1 2 0 ° K . (0.59 cycle/sec.) 
et 2 1 1 ° K . (0.37 cycle/sec.), attribués aux m ouvem ents dans les régions amorphes re
spectivem ent d ’un p etit (3-4) et d ’un grand nom bre de segm ents D an s le cas de l ’éther 
polv-éthyl vinylique, la  principale région de dispersion fut trouvée à  > 2 3 0 °K ., tandis 
q u ’un second m axim um  isolé se trouve à  ~ 1 0 0 ° K . Le com portem ent est le mêm e que 
celui décrit pour le polypentcne-1 e t le polybutène-1 ; les deux processus de réorintation 
se retrouvent toutefois à des tem pérature plus basses.

Zusammenfassung

D ie dynam isch-m echanischen Scherungseigenschaften von P o ly-y-b enzylg lutam at, 
Poly-D,L-propylenoxyd und P o lyâth ylv in ylath er wurden im Bereich von 95-100° bis
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240-340°K. unter Benützung eines Torsionspendels bei Frequenzen von 0,05 bis 1 Hz 
untersucht. P o ly-y-b en zyl glu tam at zeigt bei 288°K. (0,18 H z) ein ausgeprägtes Ver- 
lustm axim a, das auf Reorientierungsbewegungen, hauptsächlich der Seitenketten, zu
rückgeführt wird. Bei Poly-D ,i,-propylenoxyd werden zw ei Verlustm axim a bei ~ 1 2 0 ° K . 
(0,59 H z) und 2 1 1 ° K . (0,37 H z) festgestellt, die der Bew egung einer kleinen (3-4) bzw. 
grossen Zahl von Segm enten in den amorphen Bereichen zugeschrieben werden. Im  
Falle des P o lyäth ylvin yläth ers liegt das H auptidispersionsbereich bei >  230°K . und ein 
sekundäres Verlustm axim um  bei -~100°K . Dieses Verhalten ist ähnlich dem bei 
Polypenten-1 und Polybuten-1 gefundenen, m it dem U nterschied, dass die beiden 
Bewegungsvorgänge zu tieferer T em peratur verschoben sind.

Received March 5, 1962
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Synopsis

T h e structure of the cj'clopolym ers of acrylic  anhydride has been examined by infrared 
spectrom etry (cyclized  units) and b y  chemical analysis (brom om etry for v in yl unsat
uration). T he infrared analysis was based on the stu d y  of the tw o carbonyl absorption 
bands a t about 1750 and 1810 cm .- 1 ; tw o types of cyclized hexaatom ic anhydrides, 
different in their stereochem ical structure, have been shown to be present. B y  com
parison w ith  the m e s o  and racem ic varieties of a, a '-d im ethyl glutaric anhydride, the 
s.yndiotactic structure (racem ic) has been assigned to the polyanhydride obtained at 
35°C . in cyclohexanone. B y  heating, or in the presence of traces of acid this variety  
isomerizes into the isotactic form  { m e s o ) .  Pentaatom ic cyclized units are form ed only 
b y  polym erization a t high tem peratures, e.g., 1 15 °C . (bands a t 1780 and 1860 cm .- 1 ). 
On the other hand, residual unsaturation has alw ays been found on the basis of the v in yl 
absorption band at 1625 cm .- 1 ; its in tensity  increases w ith an increase of monomer 
concentration during polym erization. T he chemical analysis of the cyclopolym ers by  
brom om etry m akes it possible to  evaluate q u an titative ly  the ratio k , . / k p of the rate 
constant of v in y l propagation to th at of cyclization; a t 35°C . this ratio is equal to 0.17. 
B y  analysis of the polym ers obtained a t 25, 45, and 70°C . it has been dem onstrated 
th at the cyclization  reaction is enhanced b y  an increase of tem perature; the difference 
between the activation  energies of propagation and cyclization  is equal to 2.4 kcal.

Crawshaw and Butler1 have suggested that the polymerization of 
acrylic anhydride results from alternate propagation and cyclization reac
tions; consequently the polymer was considered to be mainly a cyclo
polymer of a-mcthylene-glutaric anhydride:

0 =C  ¿ = 0

It is the purpose of the present paper to report on the chemical structure 
of this polymer on the basis of infrared spectrometric data as well as 
analytical data. Indeed, these polymers contain always some vinyl un- 
saturation, the importance of which is a function of the monomer concen-

* Paper presented a t the IU P A C  Sym posium  on M aerom olecules, M ontreal, C anada, 
Ju ly 1961. P a rt II  in J . P o l y m e r  S c i . ,  57, 763 (1902).

1491
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tration and of the temperature. Moreover differences in the position as 
well as in the relative intensities of the carbonyl absorption bands were 
found in the cases of polymers prepared in different reaction conditions 
(solvent, temperature). Therefore before describing the kinetics of cyclo- 
polymeiization, we will first of all consider the structure of polyacrylic 
anhydride on the basis of infrared analysis and from chemical determina
tion.

I. INFRARED SPECTROSCOPY

a. Hexaatomic Ring Anhydrides

The existence of two types of hexaatomic anhydrides has been deduced 
from two pairs of carbonyl absorption bands at 1810 and 1740 cm . - 1  (iso
mer A), and 1805 and 1765 cm . “ 1 (isomer B). The relative intensity of the 
bands is inversed, the band at 1810 cm . - 1  showing the highest intensity for 
the first isomer. Isomer A is unstable and can be converted to isomer B by 
heating at 97°C. for 4 hr. in cyclohexanone solution and reprecipitation 
(Fig. la and 16). This transformation is also favored at much lower tem
perature (35°C.) by traces of acrylic acid or by polymerization in a strong 
polar solvent as dimethylformamide. This last case is represented by 
Figure lc, in which bands can be observed at 1740-1765 and 1810 cm . - 1  

and correspond to a partial isomerization A — B.
The structural assignment of both anhydride types has been made possi

ble by comparison of these polymeric anhydrides with the homologous low 
molecular weight compounds, the a,a'-dimethylglutaric anhydrides. In
deed, the positions of the two carbonyl absorption bands of the mcso-a,a'- 
dimethylglutarie anhydride at 1810 and 1765 cm . - 1  agree remarkably with 
those of the polymeric anhydride B; the 1765 cm . - 1  band is also stronger

%T

10

V” (cm1)
Fig. I. Infrared spectra of polyacrylic anhydride (P A A ) prepared ( a )  a t 3 5 °C . in cyclo

hexanone; (b ) a t 9 7°C . in cyclohexanone; (e) a t 3 5 °C . in dim ethylform am ide.
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than the first one. This meso anhydride is obtained by reaction of the 
meso acid with acetyl chloride; it is easily soluble in benzene and in chloro
form. On the other hand, the synthesis of the racemic variety from the 
racemic acid is very difficult on account of its unstability and direct trans
formation into the meso form under the normal reaction conditions. As 
obtained from Z-a,«'-dimethylglutaric acid, this 1-anhydride is much less 
soluble than the meso variety; for example, it is insoluble in benzene and 
in chloroform. This therefore indicates that this anhydride forms a poly
meric anhydride by intramolecular dehydration. The absorption bands 
situated at 1810 and 1755 cm . - 1  could be explained on this basis; conse
quently, the spectrum must be and is indeed different from that of the 
cyclic polymeric anhydride A. This tendency for intermolecular condensa
tion of the optically active variety instead of an intramolecular déshydra
tation of the meso-derivative has been strengthened by measurements of 
infrared OH absorption bands in the case of the corresponding «,a '-di- 
methylglutaric acids. By measuring the hydroxyl absorption bands at 
different dilutions in chloroform, the amounts of the intermolecular and 
intramolecular hydrogen bonding have been evaluated; it was found that 
the intramolecular hydrogen bonding (cyclization) is much more important 
for the meso form than for the racemic variety; in the case of the racemic 
form, practically no appreciable intramolecular hydrogen bonding could 
have been detected. These data will be reported later.

From this comparison between the infrared spectra of the polyacrylic 
anhydride and of «,«'-dimethylgIutaric anhydrides, it may be concluded 
that the meso form corresponds to the polymer B which is consequently 
isotactic. The chemical unstability of the racemic anhydride is analogous 
to that of the polyanhydride A, for which a syndiotactic structure has been 
proposed.

The greater stability of the meso-glutaric anhydride with respect to the 
racemic can be understood by comparison with the corresponding 1,3-disub- 
stituted cyclohexane derivatives. Indeed, in this series the interaction 
between no bonded groups is minimum when both substituents are in 
equatorial position with respect to each other. 2 The preliminary forma
tion of the less stable racemic anhydride (syndiotactic) in the case of the 
polyacrylic anhydride must likely be attributed to steric effects which 
enhance the addition of a monomer in trans-position to a glutaric anhydride 
radical at the end of a growing chain. The easy isomerization from the 
syndiotactic (racemic) to the isotactic form (meso) presumably involves the 
enolization of the «-hydrogen with respect to the carbonyl groups. There
fore it can be expected that methacrylic derivatives in which no «-hydrogen 
are available will not undergo this isomerization and therefore behave 
differently from the acrylic derivatives.

b. Pentaatomic Anhydride

Under the experimental conditions in which the kinetic determinations 
have been carried out, no five-membered cyclic anhydrides (I) are formed.
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Fig. 2. Infrared spectra of ( a )  P A A  prepared at 115 °C . in xylene; ( b ) styrene-m aleic
anhydride copolym er.

Their presence has been detected in the case of a polymer prepared at 60°C. 
in benzene on the basis of two shoulder bands at 1860 and 1780 cm.-1 ; it 
is well known indeed that the strain of a five-membered ring induces a shift 
to higher frequencies for the carbonyl absorption bands. 3

A polymer with a relatively high content of anhydrosuccinic rings has 
been obtained by polymerization of acrylic anhydride at 115°C. in xylene 
as solvent. Figure 2 shows the comparison of this polymer with that of a 
maleic anhydride-styrene copolymer which absorbs also at 1865 and 1782 
cnr.-1. An increase of temperature of polymerization favors the formation 
of a less stable pentaatomic ring instead of a hexaatomic anhydride (II) of 
the glutaric type.

— C H .— C H  C  H— C H 2

I

/ chn  .
-O K , -O H  C H

■ b o  ¿ 0

\ o /
TI

c. Vinyl Side Groups

The presence of open anhydride units in the isolated polymers has been 
easily demonstrated by the stretching vibration absorption band at 1625 
cm.-1. Its intensity increases strongly with an increase of the monomer 
concentration and is strongest for bulk polymer. An increase of the reac
tion temperature increases also the content of vinyl double bonds, as can 
be seen for polymers prepared at 97 and 0°C. However, at constant reac
tion temperature and constant monomer concentration, the cyclization is 
independent of the concentration of initiator over a twentyfold range of
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concentration. These infrared unsaturation bands, although determined 
only qualitatively (paraffin oil suspension), were completely confirmed by 
quantitative bromometric chemical determinations.

II. KINETICS

a. Influence of the Monomer Concentration

The analysis of the polymers prepared at different monomer concentra
tions and at different temperatures makes it possible to obtain a deeper 
insight into the relative importance of the cyclization reaction with respect 
to the vinyl propagation reaction. Indeed, it is evident that the amount 
of cyclization in these reactions is determined by the competition between 
the bimolecular chain propagation by monomer addition and the intra
molecular cyclization. Both reactions can be written:

C H ..= C H

.C H S.

R — C H 2- -C H  •
I

CO
I

0
I

C O — c h = o h 2 
( M r )

R — CH»— C H

/

+

C H - +

C
/  \' O /  0

(M 2-)

CO
I0 -
1

C O
I

C H ,= C H

,O II2s ,C H 2.

R- -CHo— C H
l
c

/  \o N

C H
I

C
'  \o

C H
I

c

o
k1 0
[

c h = c h 2
R — CH -— C H

I
CO
I0
1

C O — c h = c h 2 

(M r)

c h . ,= c h  
I *„ 

C O  ■
IO

■ R — C H 2—  C H — C H o-
I

CO

c o — c h = c h 2

-C H
I

CO

00
1 I

C O  CO
I I

C H = C H 2 C H = C H ,

Evidently, on further addition of monomer, the cycloradical M 2- is again 
transformed into a M r radical. If [M] indicates the concentration of 
monomer, then the initial concentration of vinyl units must be equal to 
2[M]. The ratio of the rate of vinyl propagation R v to the rate of cycliza
tion Rc is therefore equal to

R J R C =  U [M r ] 2 [M ])/(/U M r ]) = 2K [M ] (1)

where K  =  kv/kc.

1 N m i m f W i t f t  f m n m n i w « n
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If we define the fraction of cyclized units f c as/„ =  RC/(R , +  Rc), we ob
tain

l / / c =  1 +  2 /v [M ] (2 )

This equation makes it possible to evaluate graphically the ratio of the 
propagation and cyclization rate constants if the unsaturation of the 
polymer has been determined; its validity is however limited to low de
grees of conversion, for which [M] is equal to the initial monomer concen
tration and at which chain branching remains negligible, at least from the 
point of view of the side vinyl groups consumption. In these experiments 
the per cent conversion was always kept less than 3% (Table I).

T A B L E  I
Influence of the M onom er Concentration on the C yclization  of Polyacrvlic  A nhydride 

[A IB N ] =  0.019 mole/1.; Solvent: Cyclohexanone

[MJ fc 1 H e

8 .4 0.25 4
5 .9 0.36 2.78
3 .4 0.53 1.89
1.8 0.56 1 .78
0 .7 0 .71 1 .4 1
0 .6 0 .75 1.3 3
0 .3 0.80 1.2 5

From Figure 3 K  was found to be equal to 0.17 l./molc. The cyclization al
though predominant becomes only complete in extremely diluted solution.

F ig. 3. D eterm ination of the k p / k c ratio for acrylic  anhydride polym erization, 

b. Influence of the Temperature

The temperature also influences the degree of cyclization of polyacrylic 
anhydride, as can be seen from eq. (1). Indeed, this equation can be re
written :

Ry/Ro =  2[M ](k0J k 0)  exp{ (2?ay -  E a)/ R T } (3)
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F ig. 4. Difference between the activation  energies of propagation and cyclization.

in which fcov and fc0o indicate the action constants in the Arrhenius equation 
while /tIiv and 7iao are the corresponding activation energies of the propaga
tion and cyclization reactions. An Arrhenius plot of log (RV/RB) against the 
reciprocal of the absolute temperature gives the difference between the 
activation energies, if [M] is kept constant (Fig. 4). The results are given 
in Table II.

T A B L E  II
D ependence of the D egree of C yclization  on the T em perature a t [M ] =  3.4 m o le/l.;

Solvent: Cyclohexanone

Tem p., °C. [A IB X ], mole/l. /c R,/Rc

25 0 18 0 50 1
45 0.02 0.53 0.891
70 0.0014 0.59 0.696

As can be seen from these results, the degree of cyclization of the polymer 
increases markedly with temperature. The difference of the activation 
energies is 2.4 kcal./mole, while the action constants ratio is 0.006 l./mole; 
sterically the cyclization reaction is favored with respect to the chain propa
gation. It must be noticed that these results differ considerably from those 
of Butler1 and Jones, 4 who proposed completely eyclized structures for 
polyacrylic anhydride and polydiacrylmethane, respectively.

III. EXPERIMENTAL

The infrared spectra of the polyanhydrides were recorded in Nujol sus
pension with a Perkin-Elmer 21 double-beam spectrometer equipped with 
rock salt prism.

The determination of the unsaturation of the polymer was based on J 
hydrolysis of the polymer followed by bromine addition on the acrylic
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present in the ac|ueous solution. The excess of bromine was titrated 
iodometrieally. The method used was described by Polgar and Jung- 
niekel. 5

The preparation of acrylic anhydride and its polymers are described in 
part 1 1  of this series. 6

cqa'-Dimethylglutarie acid was prepared by condensation of methyl 
methacrylate with the diethyl ester of monomethyl malonate7 and subse
quent hydrolysis of the triester.s This acid is an equimolecular mixture of 
meso and racemic forms. The separation of these meso and racemic forms 
was carried out followed the method of Auwers; 9 the resolution of the 
racemic form in its optically active varieties was obtained with the use of 
brucine for the formation of salts. The preparation of the anhydride's 
proceeds by treating with acetyl chloride; the meso variety10 melts at 
1)4 -04..r>°C., the /-form11 at, 42°C.

IV. CONCLUSIONS
The cyclopolymerization of acrylic anhydride produces a polymer of 

which the content of eyclized units increases with a decrease of the monomer 
concentration as well as with an increase of the temperature. The influence 
of the monomer concentration results from competition between the intra
molecular cyclization and the bimolecular chain propagation reaction, the 
cyclization being complete only at infinite dilution. Infrared spectrometry 
confirms the chemical determinations of the unsaturation; moreover it 
shows the existence of two types of hexaatomic anhydride rings, of which 
the isotactic is the most stable. Pentaatomic ring units were formed only 
under exceptional conditions.

The authors express their thanks to M. V. Hegedus for the preparation of the samples 
of m e s o  and /-dimethylglutaric. anhydride.

The authors are also indebted to the Fonds National de la Recherche Scientifique 
for the fellowship of one of them (J. M.) and for financial support to the laboratory.
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Résumé

L a  cyclopolym érisation de l ’anhydride polyacrylique produit un polym ère dont la 
structure a été étudiée par analyse spectrom étrique infra-rouge (anhydrides cycliques) 
e t par la  m éthode brom om étrique (insaturation vinylique). L ’analyse spectrom étrique 
infra-rouge a été basée sur l ’étude des doublets d ’absorption oarboxylique vers 1750 et 
1810 c m ." 1; elle a  permis de m ettre en évidence l ’existence de deux types de cycles 
anhydrides hexaatom iques, différents par leur structure stéréochim ique. P ar com par
aison avec les variétés racém iques e t méso de l ’anhydride a ,a '-d im éth ylglutariqu e, on 
attribue la structure syndiotactique (racém ique) au polyanhydride obtenu à 3 5°C . dansla  
cyclohexanone. Celui-ci se transform e par chauffage ou en présence de trace d ’acide 
acrylique en sa variété  isotactique ( m é s o ) .  I l  ne se form e d ’unité cyclique pentaatom - 
ique en quantité appréciable que par polym érisation à  des tem pératures de 115 ° C . 
(1780 et 1860 cm .-1 ). P a r contre une insaturation résiduelle est toujours détectable 
par la bande d ’absorption v inylique à  1625 cm .- 1 ; elle est d ’autan t plus prononcée 
que la concentration en monomère en cours de polym érisation é tait plus élevée. L ’ana
lyse chim ique des cyclopolym ères par brom om étrie a permis d ’évaluer quantitativem ent, 
le rapport des constantes de vitesse de propagation à  celle de cyclisation k p/ k c ; à  35°G . ce 
rapport s ’élève à 0.17. P ar analyse de polym ères obtenus à 25, 45 et 70°C. on a montré 
que la réaction de cyclisation est favorisée par une élévation de tem pérature; la dif
férence entre les énergies d ’activation  de propagation et de cyclisation s ’élève à 2.4 kcal.

Zusammenfassung

D ie S tru ktu r der C yclopolym eren von  A crylsäureanhydrid wurde durch Infrarot- 
spektrom etrie (cyclisierte B austeine) und chemische A nalyse (Brom om etrie: V in y l
doppelbindungen) untersucht. D ie Infrarotuntersuchung basierte auf der U ntersuchung 
der beiden C arbonylabsorptionsbanden bei etw a 1750 und 1810 cm - 1 ; zw ei T yp en  von 
cyclisierten sechsatom igen A nhydriden m it verschiedener stereochem ischer Stru ktu r 
wurden nachgewiesen. D urch V ergleich m it der meso- und racem ischen Form  von 
a ,tt'-l)im eth ylglu tarsäurean hyd rid  konnte die syndiotaktische (racem ische) S tru ktu r 
dem bei 3 5 °C  in Cyclohexanon erhaltenen P olyan h yd rid  zugeordnet werden. D urch 
E rhitzen  oder in G egenw art von Säurespuren isom erisiert sich diese Form  zur isotaktis
chen ( m e s o )  Form . Funfatom ige cyclisierte Einheiten wurden nur durch Polym erisation 
bei hoher Tem peratur, z .B . bei 1 1 5 ° C  erhalten (Banden bei 1780 und 1860 c m -1 ). 
D agegen wurde im m er ein R estgehalt an D oppelbindungen durch die V inylabsorptions
bande bei 1625 cm -1 nachgewiesen; ihre Inten sität steigt m it zunehm ender M ono- 
m erkonzentration während der Polym erisation. D ie chemische A n alyse der C op oly
meren m ittels Brom om etrie erm öglicht es, das Verhältnis der G eschw indigkeitskonstan
ten des V inylw achstum s zu der der C yclisierung q u an titativ  zu  berechnen; bei 35°C  
beträgt dieses Verhältnis 0,17. D urch  A nalyse der bei 25, 45 und 70 °C  erhaltenen 
Polym eren wurde gezeigt, das die C yclisierungsreaktion durch Tem peraturerhöhung 
begünstigt wird; der U nterschied in der Aktivierungsenergie zwischen W achstum  und 
C yclisierung beträgt 2,4 K cal.

Received February 6, 1962
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T h e r m o d y n a m i c  P r o p e r t i e s  o f  R o d l i k e  P o l y e l e c t r o l y t e  

S o lu t io n s  in  th e  P r e s e n c e  o f  S a lts

I UMIO OOSAWA, Institute for Molecular Biology and Department of 
Physics, Faculty of Science, Nagoya University, Nagoya, Japan

Synopsis

A  theoretical foundation is given to  the experim entally established relation called 
the ad d itiv ity  law, according to  which the therm odynam ic and transference properties 
of linear polyelectrolyte  solutions w ith low  m olecular salts are described as a super
position of the effects of ions from  p olyelectrolytes and those from  low  m olecular salts. 
B y  em ploj ing a cylindrical free volum e model for a solution of thin and long rodlike 
p olyelectrolytes and analyzin g the Poisson-Boltzm ann equation it  is found th a t the 
electrostatic free energy is expressed in a special form  as a function of the geom etry of 
the system . On the basis of this expression of the free energy, the ad d itiv ity  law  is 
derived b y  a therm odynam ic treatm ent w ithout an approxim ate procedure to  solve the 
Poisson-Boltzm ann equation. T h e  ad d itiv ity  is a p rop erty  n ot accidental b u t essential 
to  rodlike polyelectrolytes. T h e same m ethod is applicable to analysis of the inter
action between tw o parallel rodlike polyions in th e presence of low  m olecular salts. I.

I. Introduction

Recent experiments on thermodynamic properties of polyelectrolytc 
solution containing low molecular salts have led to an empirical law, ac
cording to which the activity of ions is expressed as a sum of effective ionic 
concentrations contributed independently by the polyelectrolyte and the 
salt. 1 - 3  The osmotic pressure (against the solvent) of the polyelectrolyte 
solutions containing low molecular salts is also approximately given by a 
superposition of the pressure of the polyelectrolyte without low molecular 
salts and that of the added salt. Such an additivity law of contributions of 
polyelectrolytes and salts has been found in the electric conductivity or 
transference measurements, too . 4 5  In the electric field the counterions 
from added salts seem to behave independently of the counterions from the 
polyelectrolytes.

Theoretical investigations on this phenomenon have been carried out by 
several authors. 6 - 8  Laborious analysis of the l ’oisson-Boltzmann equation 
showed that the additivity law is approximately numerically satisfied.7,8 

A purely thermodynamic analysis also proved the additivity law under an 
assumption of the full activity of coions.6 In this paper we present a new, 
simple, theoretical analysis which can reveal the essential cause of the 
additivity law. The law is derived as a characteristic property of the rod-

1501
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like polyclectrolytes in the cylindrical coordinate system. The necessary 
and sufficient conditions for the additivity are shown.

II. Fundamental Equations

Let us consider a solution of polyelectrolytes containing low molecular 
salts and as usual, employ a free volume model, in which an electrically 
neutral volume v is assigned to each polymer; where v is equal to the total 
volume V  of the solution divided by the total number of polyions M . 
(The availability of the free volume model was discussed in a separate 
paper in which the interaction between polyions was theoretically treated.9) 
The electrostatic potential ip in each volume v is related to the charge of the 
polyion and the distribution of mobile ions by the equation:

A ^  =  ( 4 i r / D ) ( p p +  p ) (1 )

where I) is the dielectric constant of the solvent, p„ is the charge density of 
the fixed polyion, and p the charge density of mobile ions expressed as 
X/'oSiWi. On the statistical average, the number density of nt of ions of the

z'th type of valency zt is given by

rii =  N t exp{ — z ^ i/ k T ] //„exp { — z ^ / k 'l^ d v  (2 )

where N t is the total number of the zth ions in v. Combination of eqs. (1) 
and (2) leads to the Poisson-Boltzmann equation. When the equation is 
solved under boundary conditions determined by the position of the 
polyion or pP(.r) and the geometry of the free volume r, the potential i/' and 
the density of mobile ions n, are obtained as functions of coordinate x.

The electrostatic internal energy ue due to the average distribution of 
ions around the fixed polyion is given by 10

ue =  (D/8w) J"{grad \p)-dv =  (1/2) J'\p(p„ +  p)dv (3)

and the electrostatic free energy f e is derived from this internal energy by 
the charging process as

fe =  /(T 2ue(de0/eo) (4)

Each mobile ion has its own ionic atmosphere produced by other mobile 
ions. The contribution of such an atmosphere to the electrostatic free 
energy of the solution must be taken into consideration. The statistical 
mechanical analysis in a previous paper11 showed that the total electrostatic 
free energy is approximately expressed as the sum /, +  / 0e; the latter is due 
to the ionic atmospheres among mobile ions. In an electroneutral uniform 
solution of low molecular ions,/0e is calculated by the Debye-Huckel theory. 
In the present case, the Debye-Huckel theory is not straightforwardly ap
plicable because the average distribution of mobile ions is not uniform 
around the fixed polyion, and the mobile ions do not satisfy the electro- 
neutrality without the fixed polyion. Nevertheless, we assume that the 
free energy f Uc may be approximated by the electrostatic free energy of a
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hypothetical uniform solution of counterions and coions, the average con
centrations of which are equal to those of the real solution. Then, f 0e is a 
function of volume v and numbers of mobile ions N f.

Thus, the total free energy per polyion /is expressed as

J =  Joo +  foe +  je (5)
where the zero point free energy f m is given by the ideal mixing entropy of 
mobile ions without electric charge. The sum / 0 = f 0o +  foe is a function of v 
independent of its shape. The free energy F of the solution is given by Mf.

III. Free Energy o f Rodlike Polyelectrolyte Solutions

For a solution of rodlike polyelectrolytes we apply a cylindrical free 
volume model of radius R at the center of which a cylindrical (rigid rodlike) 
polyion of radius a is fixed. In this case, the Poisson-Boltzmann equation 
is expressed as

d~<b/dx2 +  (1 /x){d<t>/dx) =  /It exp j } (G)
i

for 1 <  x <  R/a

where

A i = (■i r N ^ / D k T ) ( f f /a exp { - z^ } 2 irxdx) 

and boundary conditions are given by

(xd<t>/d.x)R/a = 0  (7)

(xd<j>/dx)i — (4A p('o ~/Dkl)

where <j> =  c0'/' 'kT, x  =  r/a (r being the distance from the center), and N p is 
the number of charge per unit length of the fixed polyion, N t is the. total 
number of the mobile ions of the ith type per unit length of the polyion.

These equations show that the solution \p is expressed as a function of the 
ratio x =  r/a as the spatial coordinate and contains only the ratio R/a as 
the quantity designating the geometry of the system. Accordingly, it is 
found from eqs. (3) and (4) that the electrostatic energy ue and the electro
static free energy f e can be expressed as functions of R/a. They do not 
contain R or a separately. Thus we have

f =  fe/R/a) +  fo(v) (8)

where

v =  ir(R- — a2)

IV. Osmotic Pressure

The osmotic pressure P  of the solution against the pure solvent (water) 
is given by

P  = —(d/' /d\ )lu,Ni =  (d //d«)Nv,NiM
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— — (\ /‘¿ITR2) {Ri)f/dli)Np.Ni,a

=  -  ( l /2 x f lJ) (Rdf0/dR +  Rdfe/dR)Np,Ni,a (9)

By the use of the special expression of the free energy, eq. (8 ), as a function 
of the geometry of the system, we can derive a remarkable relation between 
the pressure of the solution of rodlike polyelectrolytes with low molecular 
salts and that without salts. Since f e is a function of R/a, we have

RdfJdR +  adfe/da =  0 (10)

and since / 0 is a function of v, we have

cidfo/da +  Rdf0/dR =  2ir(/T- -  a2)(d /0/dv) (11)

Therefore

Rdf/dR =  — ad/, da +  adf0/da +  Rdfo/dR (12)

= — adf/da +  2  vdf0/dv

or

‘I ttR'-R =  2vl\ +  adf/da (13)

where

Ro =  —dfo/dv (Id)

P0 is the osmotic pressure of a hypothetical solution of counterions and 
coions without polyions and expressed as

Pov/kT =  7 X]iV, (15)
i

where y  is the osmotic coefficient of the hypothetical solution.
According to the general expression of the free energy change due to the 

shape change of the boundary derived by Bell et ah, 12 the last term of eq. 
(13), a(df/da), is composed of the self-energy change of the rod and the 
entropy change of mobile ions at the surface of the rod. For a thin rod of a 
small charge density, the contribution of the self-energy is predominant 
over the contribution of mobile ions. For a high charge density, however, 
the excess counterions are condensed at the surface of the rod, and the 
contribution of these counterions can not be neglected. In the simplest 
case of rodlike polyelectrolytes with monovalent counterions containing no 
low molecular salts, where the exact solution of the Poisson-Boltzmann 
equation was obtained, 13 we have

adf/da =  - 2 N p*ef-/J) (Hi)

where

A P* - N v for N .cf'/D kTZ  1

.Yp* = DkT/c0- for X vc0-/DkT>  1
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On the basis of the Donnan approximation employed in a previous paper14 

it is proved that for a very thin rod (R/a 1), the amount of the counter
ion condensation at the surface of the rod is not influenced by the presence 
of salts if all counterions from polyions and from salts are of the same 
valency. Therefore, the above expression of a(df/da) is available even 
when low molecular (monovalent) salts are added. In other words, 
a(df/da) is not changed by the addition of salts.

V. Additivity Law

The osmotic pressure T\ of a solution of rodlike polyelectrolytes con
taining no low molecular salts is written as

P  i =  Pi o +  (1 / 2  v)(adf/da)1 (17)

Rio =  yimpkT  (18)

Here we put R2 a- in eq. (13), and mp is the average concentration
Np/v of counterions from polyions. AVhen low molecular salts are added, 
the osmotic pressure P-2 is given by

P -2 =  P-2o +  (1/2 v)(adf/da)2 (19)

P-2o =  y 2(mp +  ms)kT  (20)

where ms is the concentration of counterions and coions of added salts 
(XNi/v). Then

Pi =  Pi +  (P20 -  P 10) +  ( l / 2 y) [a(df/da)2 -  a(d//da)1] (2 1 )

As shown in the previous section, for a very thin rod we can put

a(dj'/da)2 =  a(df/da) 1 (2 2 )

and have

Pi =  Pi +  (P-20 ~  Pi 0)

P -20 — Pi 0 =  [y-oTHs +  ( 7 2  — yi)mp]kT 

In ideal solutions of mobile ions

P  20 — Pi 0 =  tnsk T

and

P-2 =  Pi +  mJeT

In most cases -.yin» ii> (7 » — y\)>nP, because when m3 <  mv, (y-i — 7 1 ) «  7 •_>, 
and when ms >  mp, 7 2ms 5i> ( 7 2  — 71 )m„. Hence the approximate relation

P-2 =  Pi +  P s (25)

is obtained, where P a =  y*mJcT means the osmotic pressure of the solution 
of added salts. Thus, the osmotic pressure of a polyelectrolyte solution in 
the presence of salts is given by the sum of the osmotic pressure of the

(23)

(24)
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polyelectrolyle solution without salts and the osmotic pressure of added 
salts.

In the present model the osmotic pressure is approximately proportional 
to the total concentration of mobile ions at the boundary of the cylindrical 
free volume where there is no electric field. Therefore, the above ad
ditivity law of the osmotic pressure means the additivy of the ion concen
tration. At the boundary the concentration of counterions and coions in 
the polyelectrolyte solution with low molecular salts is nearly equal to the 
sum of the counterion concentration in the polyelectrolyte solution without 
added salts and the counterion and coion concentrations of added salts 
without the polyelectrolytes. Mobile ions of added salts seem to have no 
correlation with counterions from polyions. If the activity of coions is not 
influenced by the presence of polyions, the above result means that on the 
activity of counterions also the additivity law is satisfied.

VII. Interaction between Two Rods in Salts

The interaction between two parallel rodlike polyions in the absence of 
low molecular salts was calculated by the use of the exact solution of the 
Poisson-Boltzmann equation. 15 Here we estimate the effect of low molecu
lar salts on the interaction between these rods on the basis of the general 
treatment of a cylindrical coordinate system developed here and in the 
previous paper. 9 Let us consider two parallel rods of radius a fixed in a 
large cylindrical free volume of radius R with distance b. For such a 
system also it is found that the electrostatic free energy f e is a function of 
ratios R/a and b/a because of the logarithmic type of the electric potential 
in the cylindrical coordinate system. This special form of the electric free 
energy leads us to the relation

bdf/db =  2v dfti/dv — Rdf/dR — adf/da (20)

which is comparable to eq. (12) in the previous section. When two rods, 
each of which has charge N p, approach closely so that the distance b is much 
smaller than R, the concentration of mobile ions at the boundary R can be 
approximated by the concentration of mobile ions at R in the system of one 
rod having charge 2N p. For such a one-rod system of radius A, the same 
relation as eq. (13) can be applied, and

2vdJ'0/dv -  Rdf/dR =  Adf/dA (27)

bdf/db =  Adf/dA -  adf/da (28)

For very thin rods, a(df/da) is equal to twice the right-hand side of eq.
(16), and A(df/dA) is approximated by the right-hand side of eq. (16), in 
which N p is replaced by 2N p. Accordingly, both terms are not changed by 
the addition of low molecular salts. This means that the force (df/db) 
between two parallel rods is little changed by the addition of low molecular 
salts if two rods are sufficiently thin and approach closely. This strange
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result is valid only when two rods are infinitely long and completely parallel 
together.

VIII. Discussion

The present theory made it clear that the additivity law is not an ac
cidental but a necessary consequence in rodlike polyelectrolyte solutions to 
which a cylindrical free volume model can be applied. The law was 
derived on the assumption of a very thin and long rodlike shape of polyions. 
Most of linear polyions, however, are not rigid but flexible. Nevertheless, 
they are in a stretched form to which the rod model is applicable as long as 
the salt concentration is not too high. As a result, the additivity law was 
experimentally observed in different kinds of polyelectrolytes and in a wide 
range of salt concentration. When the salt concentration is very high, the 
poly ions are coiled up so that the rod model becomes inapplicable. For a 
rod of the finite thickness, the relation (2 2 ) becomes invalid if the salt 
concentration becomes sufficiently high. For a finite concentration of 
salts, eq. (22) becomes valid if the rod is sufficiently thin. If the valency 
of counterions of added salts is higher than that of counterions from poly
ions, the additivity law is not always satisfied, because the counterion con
densation strongly depends on the valency. liven in such a case, however, 
the thermodynamic properties of solution can be expressed in a form of the 
sum of contributions from two kinds of counterions if an appropriate 
classification of counterions is defined.
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Résumé

On donne une explication théorique de la relation expérim entale dite loi d ’additivité  
su ivan t laquelle les propriétés therm odynam iques et de transfert d ’une solution de poly- 
éleetrolyte linéaire en présence de sels de has poids m oléculaire résultent de la  superposi
tion des effets d'ions des p olyélectrolytes et ceux des sels à poids m oléculaire réduit. En
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faisant usage d’un modèle de volume libre cylindrique pour une solution de molécules de 
polyélectrolytes minces et rigides, et en analysant l ’équation de Poisson-Boltzmann, on 
trouve que l ’énergie libre électrostatique est exprimée sous une forme spéciale comme 
fonction de la géométrie du système. Se basant sur cette relation de l ’énergie libre, on 
en déduit la loi de l’additivité par une opération sans faire usage d’une solution approxi
mative de l’equation de Poisson-Boltzmann. L’additivité n’est pas une propriété ac
cidentelle, mais essentielle des polyélectrolytes linéaires. La même méthode est appli
cable à l ’analyse des interactions entre deux polyions linéaires en présence de sels de bas 
poids moléculaire.

Zusammenfassung
Eine theoretische Begründung des experimentelle gefundenen, sogenannten Additivi- 

tätsgesetzes wird gegeben, nach welchem die thermodynamischen und Beweglichkeitsei
genschaften von Lösungen linearer Polyelektrolyte mit neidermolekularen Salzen als Über
lagerung der Effekte der Ionen des Polyelektrolyten und des niedermolekularen Salzes 
beschrieben werden können. Unter Benützung eines Modells mit zylinderförmigem 
freien Volumen für eine Lösung dünner und langer stäbchenförmiger Polyelek
trolyte und durch Analyse der Poisson-Boltzmann-Gleiehung kann die elektrostatisch 
freie Energie in einer speziellen Form als Funktion der Geometrie des Systems ausged
rückt werden. Auf der Grundlage dieses Ausdruckes für die freie. Energie wird das Addi- 
tivitätsgesetz thermodynamisch ohne Näherungsverfahren bei der Lösung der Poisson- 
Boltzmann-Gleiehung abgeleitet. Die Additivität ist eine nicht zufällige, sondern we
sentliche Eigenschaft stäbchenförmiger Polyelektrolyte. Die gleiche Methode ist auf 
die Analyse der Wechselwirkung zweier paralleler stäbchenartiger Polyionen in Gegen
wart neidermolekularer Salze anwendbar.

Received March 9, 1962
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Synopsis

From  solution properties and x-ray  crystallinities of p olyvin yl esters and alcohols 
derived from  several v in yl esters polym erized at different tem peratures, it is considered 
th at p o lyvin yl haloacetates are more regular in structure than p olyvin yl acetate, hut 
this regularity has not been proved to result from increased syn d iotacticity . I t  has 
been found th at the crystallinities of polyvin yl trifluoroacetates prepared from v in yl
acetate  via p olyvin yl alcohols are com parable with those prepared directly  from  vinyl 
trittuoroacetate at similar polym erization tem peratures. T he x-ray diffraction patterns 
of polyvin yl acetate prepared from the monomer and of acetylated  p olyvin yl alcohol 
obtained by hydrolysis of polyvin yl trittuoroacetate are identical. Likewise, those of 
polyvin yl alcohols derived from several different v in yl esters cannot be distinguished 
from one another. P o lyvin yl acetates prepared at high and low tem peratures and pre
pared from the trittuoroacetate all hydrolyze in alkaline solution at substantially  the 
same rate. T he significant finding in this investigation is th at whereas polym erization 
tem perature has a m arked effect on the crystallin ity  of polyvinyl trittuoroacetate, it has 
little influence on the water solubility of the p olyvin yl alcohols. W ater solubility is 
determ ined by the structure of the monomer from which the p olyvin yl alcohol was 
obtained.

INTRODUCTION

The dependence of stereospecificity in vinyl polymers on the structure of 
the monomer and temperature of polymerization has recently attracted 
considerable interest. Fordham, McCain, and Alexander1 reported that 
polyvinyl alcohols derived from polyvinyl haloacetates were less readily 
soluble in water than polyvinyl alcohol obtained from polyvinyl acetate, an 
observation first made by Haas, Emerson, and Schuler2 on polyvinyl alcohol 
obtained from polyvinyltrifluoroacetate (PVTFA). This was attributed to 
greater syndiotacticity in the former, resulting from the polar repulsion of 
the haloester groupings during polymerization. In support of this it was 
pointed out that PVTFA is crystalline and that the repeat distance (4.(1 ±  
0.1 A.) in an orientated sample corresponds to syndiotactic placement. 
More recently it has been pointed out3 that the existence of crystallinity in 
PVTFA is not conclusive of high stereospecificity, since the trifluoroacetate 
of polyvinyl alcohol obtained by hydrolysis of polyvinyl acetate is also 
crystalline. In addition, examination of the x-ray diffraction patterns 
from PVTFA indicated that most of the sharper bands result from lateral

1509
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order between the polymer chains. Nevertheless it seems reasonable to 
assume that any change in the regularity of the polymer molecules will still 
be reflected to a greater or lessor extent in corresponding changes in the 
diffraction patterns.

In this report samples of polyvinyl esters prepared at different tem
peratures have been examined in an attempt to resolve the rather con
flicting evidence.

EXPERIMENTAL 

Polymer Preparation

Polyvinyl esters were prepared with the use of 0.2% benzoyl peroxide 
as catalyst or by exposure to y-radiation from a Co60 source at a dose rate 
of 2 X HV'r hr. (Table T).

T A B L E  I
Preparation of P o ly v in y l Esters

M onom er
In iti
ation

Tem p.,
°G.

Tim e of 
poly- 
mer- 

ization, 
hr.

C on 
ver
sion,

%  ' iv  Imek x  io-«

V in yl acetate 7 - 8 0 48 so 1.6 1 —
a it

7 +  20 16 100 1 .36 —
a  a B z+ V +  44 24 75 0.53 —

V in yl m onochloroacetate 7 — 15 to 
- 2 0

15 .5 too 0.83 3 .2 “

7 + 2 0 48 61 0.59 1 .8 “
a  a Rz " + 4 4 15 72 0.28 0,2

V in yl dichloroacetate 7 — 15 to 
- 2 0

16 — 0 .57 —

« a 7 +  20 0 50 0.52 0 .4
“  a B zd  h +  44 15 32 0.34 —

V in yl trichloroacetate 7 - 1 5  to 
- 2 0

60 100 0 .12 0.04

11 11 7 +  20 30 too 0.09 —
a  a B z2( ), +  44 80 33 0.07 —

V inyl trifluoroacetate 7 — 15 to 
- 2 0

1 5 .5 100 7.32 —

“  “ 7 +  20 2 100 1 .76 —
u  a B z4 )3 +  44 15 100 1 .36 —

Small am ount of gel also formed.

The polymers were hydrolyzed by 50% ethanol 0.880 ammonia at 
100°C. (acetates and monochloroacetates), 50% ethanol ethylenediamine 
hydrate at 100°C. (dichloro and trichloroacetat.es), or ethylenediamine hy
drate at 20°C. (trifluoroacetates).

Acetylation of the isolated polyvinyl alcohols was carried out with acetic
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anhydride and sodium acetate at 100°C. for 12 hr. Trifluoroacetyiation 
was carried out in a similar manner with sodium trifluoroac.et.ate as catalyst 
at a temperature of 40°C.

The purities of the samples were checked by quantitative alkaline hy
drolysis and infrared examination, both indicating absence of hydroxyl 
groups.

Rate o f Hydrolysis

Hydrolyses were carried out at 22°C. on the polymer (5 ml. of a 0.75% 
solution in ethanol) in 50% ethanol (10 ml.) to which was added 0.2Ar alco
holic KOH (5 ml.). Unchanged alkali was determined by back titration at 
appropriate intervals.

Solubility Measurements

Samples of polyvinyl alcohols (3 mg.) and water (0.5 ml.) were sealed in 
small glass ampules and heated for periods of 2  hr. at temperatures pro
gressively increased by steps of 10°C. The minimum temperature that re
sulted in a homogeneous solution was noted.

X-Ray Examination o f the Polymers

Polyvinyl Alcohols. A small quantity (ca. 5 mg.) of the finely powdered 
polyvinyl alcohol was treated with a single drop of a 0.5% solution of 
gum arabic in acetone/water (60:40, v /v ). The moistened sample was 
placed inside a 1.5 mm. bore veridia tube and carefully compacted by use of 
two close-fitting steel rods, and dried at 50°C. to give a small cylindrical 
pellet about 4 mm. long X 1.3 mm. diameter; different samples were re
producible in size. The cylindrical pellets were thoroughly dried before 
being mounted on the goniometer. Intensities of the diffractions were com
pared with one from a standard crystalline sample fixed in a Goppel cone4 

and exposed simultaneously. The techniques followed those outlined by 
Hermans and Wcidinger,5 and corrections were made for variations in 
incident, beam intensity, for air scatter, and for variations in sample di
mensions. However, as the agreement between the products of diameters 
and densities measured in this way and by direct measurement was not 
good, diffraction patterns were compared after first adjusting their total 
integrated intensities (over a radius of 40 mm. at a sample-to-film distance 
of 40 mm.) to the same arbitrary value. Samples of amorphous polyvinyl 
alcohol are not available, but an estimate was made of the amorphous dif
fraction pattern by use of polyvinyl alcohol swollen with water or of 1,3-pro- 
panediol. This enabled an approximate idea of the relative amounts of 
crystalline and amorphous polymer to be gained.

Polyvinyl Esters. Powder diagrams of the polyvinyl trifluoroacetates 
were obtained from samples prepared in the same manner as the alcohols. 
Polyvinyl acetates were examined as cast films.
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RESULTS

The properties of the various polyvinyl esters use dare summarized in 
Table I.

Fig. 1. P o ly v in y l alcohol crystallin ity: (— — ) from p olyvin yl trichloroacetate; (- -) 
from p olyv in yl trifluoroacetate.

Fig. 2. P o ly v in y l alcohol crystallin ity: (— •— ) from  p olyvin yl acetate; (- -) from poly
v in yl chloroaeetate.
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Fig. 3. P o ly v in y l acetate (from  v in yl acetate 20°C., y ) .

Fig. 4. P o lyvin yl acetate  (from  v in yl trifluoroacetate, 20°C., 7 ).

The x-ray diffraction data are summarized in Figures 1-9. Table II de
scribes the solubility characteristics of the different polyvinyl alcohol sam
ples used in this study. The data from the quantitative hydrolysis of the 
acetates are collected in Figure 10.

DISCUSSION

The x-ray crystallinity of polyvinyl alcohol is substantially the same, 
whether it is prepared from polyvinyl acetate or from polyvinyl trifluoro
acetate. No significant differences in structure could be detected in the
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T A B L E  II
B ehavior tow ard W ater of P o lyvin yl Alcohols from D ifferent Sources

Tem per
ature

of
polym er- B eh avior at various w ater tem peratures’*

Source of P V  alcohol °C. 80°C. e o ° c . 100°C. 110 °C . 120°C. 130°C.

P V  acetate 50 D (76)
- 8 0 H.Sw. i)

P V  m onochloroaeetate 44 I Sw. I)
20 I Sw. D

- 2 0 I Sw. 1)
P V  dichloroacetate 44 I L.Sw . Sw. D (1 01)

20 I L.Svv. Sw. D
- 2 0 I L.Sw. L.Sw . Sw. D

P V  trichloroacetate 44 I Sw. Sw. D
20 I Sw. Sw. H.Sw. n

- 2 0 I Sw. Sw. Sw. D (120)
P V  trifluoroacetate 44 I Sw. H.Sw. H.Sw. 1)

20 I Sw. Sw. Sw. 1X120)
- 2 0 I Sw. Sw. Sw. H .Sw . D (126)

a D  =  dissolved; Sw. = swollen; H.Sw. = highly swollen L.Sw . = ligh tly  swollen
I =  insoluble. Figures in parentheses give tem perature of dissolution (determ ined in 
separate experiments).

Fig. 5. P o ly v in y l trifluoroacetate (from  90°C. p olyvin yl acetate).

diffraction patterns of polyvinyl alcohols derived from 14 different esters. 
The data in Figures 1 and 2 show typical photometer traces corrected to the 
same total integrated intensities. This may be due, as Bunn has sug
gested,6 to the ability of the hydroxyl groups to replace hydrogen isomor-
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Fig. 6. P o ly v in y l trifluoroacetate (50°C.).
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Fig. 8. P o ly v in y l trifluoroacetate ( — 20°C.).

Fig. 9. P o lyvin yl trifluoroacetate (from — 80°C. p olyvin yl acetate).

there was no major difference in tacticity; this might have been expected to 
be exhibited in the x-ray patterns. Figures 5-9 show that the samples of 
PVTFA obtained directly from the monomer possess the same order of 
crystallinity as those prepared via the acetates polymerized at comparable 
temperatures. In Table III are given the relative crystallinities of the 
polymers. From the greater crystallinity of the trifluoroacetates prepared 
from polyvinylacetates produced at lower temperatures it would appear 
that the latter are more regular in microstructure than are polyvinyl tri-
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Fig. 10. H ydrolysis of p olyvin yl acetates: (.O) 50°C ., from v in yl acetate (B z 20 2); 
( X  ) 20°C., from v in yl acetate  ( 7 ); ( +  ) — 80°C., from v in y l acetate  (y ) ; (® )from 50 °C . 
P V T F A  (B z20 2).

T A B L E  III
R elative  C rystallinities of P o lyvin yl Triduoroacetates

V in yl ester
Polym erization 

tem perature, °C. Figure no.

R ela tive  
am ount 

of crystallin ity

A cetate +  90 5 1

T rifluoroaeetate +  55 6 1 . 2

T  rifluoroacetate +  2 0 7 1 .4
Trifluoroaeetate - 2 0 8 1 .9
A cetate - 8 0 9 2 .3

fluoroacetates prepared at higher temperatures. These observations lead 
to contrary findings to those based on the water solubility of the polyvinyl 
alcohols of the previous workers, which we have fully confirmed (Table I I ) .

It is to be noticed that although polymerization temperature has a 
marked effect on the crystallinities of PVTFA it has little influence on the 
water solubility, whereas the latter characteristic is determined largely by 
the structure of the monomer. This raises the issue as to whether factors 
other than steric regularity can influence water solubility. The hydrogen- 
bonded crystallites of polyvinyl alcohol possess some resistance to break
down by water, which presumably first swells the amorphous regions 
of the polymer, so the increase in temperature of solubilization can



1518 W. COOPER, F. R. JO IIN STO N, G. V A U G IIA N

be attributed to an increase in the size or perfection of these polymer crys
tallites. Such an increase is, of course, what would be anticipated, as 
Fordham et al. have suggested, 1 from a corresponding increase in the syn- 
diotacticity of the polymers. However, as it could also result from a de
crease in the incidence of the main chain branching or other structural irregu
larities, the evidence from the water solubility of these polymers is not con
clusive. (Branching through the ester groups is not considered here, since 
this would be eliminated during hydrolysis.) Further, there are known to 
be several peculiarities in the hydrolysis of haloacetate groups. Polyvinyl 
trifluoroacetate readily loses trifluoroacetic acid at room temperature and 
becomes insoluble in all solvents, and heterogeneous hydrolysis in water at 
room temperature also gives an insoluble polyvinyl alcohol (possibly by the 
formation of ether crosslinks). Haas, et al. 2 have also reported that the 
solubility of polyvinyl alcohol obtained from polyvinyl trifluoroacetate 
depends on the conditions of hydrolysis, but it is not certain whether these 
polymers were crosslinked. On the other hand, it has been reported that 
all the polyvinyl alcohols, whether prepared from vinyl acetate or other 
monomers, are essentially linear.7 If this is so, branching cannot be con
sidered a likely explanation of the differences.

The rates of hydrolysis of several of the alcohols were measured and, 
within the limits of reproducibility, were not significantly different (Fig. 
10). In the case of polymethyl methacrylates it is known that the rates 
depend on the configuration of the polymer8 -1 0  and a similar effect might 
have been expected in this case. It is possible that the conformation of the 
alternative forms are not so different as to significantly affect hydrolysis 
rates, especially since the differences in tacticity may be relatively small.

Attempts to show up differences between the polymers by their ability to 
coordinate with heavy metal salts, which might also be expected to de
pend on configuration, also were negative; polyvinyl acetate polymerized as 
such or converted from polyvinyl trifluoroacetate combined with exactly 
the same amount of lead compound, both leading to enhancement of a 
higher order (13 A. x-ray) reflection.

Thus two techniques (staining with iodine7 and water solubility) are in
dicative of greater syndiotacticity in PVTFA, x-ray crystallinity leads to 
the conclusion that the acetates and trifluoroacetates have comparable 
stereospecificity at the same polymerization temperature, and two tech
niques (hydrolysis rates and coordination of the acetates with lead salts) do 
not distinguish between the various polymers.

In conclusion, there seems no doubt that low polymerization tempera
tures favor increased steric regularity in free radical-initiated polyvinyl 
esters, and we suggest that, on balance, the evidence favors greater syndio
tacticity in the polyvinyl trifluoroacetate, but that the differences are not 
large. The greater (lateral) order evidenced by x-ray crystallinity in the 
trifluoroacetates derived from low temperature polyvinyl acetates is to be 
ascribed to some other effect. No clear indication has been obtained as to 
what this might be, but the incidence of other steric irregularities, for ex
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ample, head-to-head, tail-to-tail addition, or minor amounts of branching, 
may vary with temperature and could affect one property (for example, 
crystallinity) without changing another (e.g., water solubility).

T h e authors th an k  the D unlop R ubber C om pany Lim ited for permission to publish 
this paper.
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Résumé

Se basant sur les propriétés en solution et les cristallinités par rayon s-X  d ’esters poly- 
vinyliques et d ’alcools dérivés de plusieurs esters p olyvin yliques polym érisés à des 
tem pératures différentes, on considère que les haloacétates p olyvin yliques ont une 
structure plus régulière que l ’acétate  polyvin yliqu e. Néanm oins, il n ’est pas prouvé 
que cette régularité résulte d ’une syn diotacticité  accrue. On a trouvé que les cristallin
ités des trifluoroacétates p olyvin yliques préparés à partir d ’acétate de v inyle  v ia  les 
alcools polyvin yliqu es sont com parables avec ceux préparés directem ent au départ de 
trifluoroacétate v inylique à des tem pératures de polym érisation similaires. Les réseaux 
de diffraction aux rayon s-X  de l ’acétate p olyvin yliqu e préparé à partir du monomère 
et ceux de l ’alcool p olyvin yliqu e acétylé, obtenu par hydrolyse du trifluoroacétate p o ly 
vinylique sont identiques. D e même les réseaux des alcools p olyvin yliques d érivés de 
plusieurs esters vinyliques différents ne peuvent être distingués l ’un de l ’autre. Les 
acétates de poly v inyle  préparés à haute et basse tem pérature à partir du trifluoroa cétate 
subissent tous l ’hydrolyse en solution alcaline à une vitesse quasi égale. L a  découverte 
im portante de cette recherche est la suivante: tandis que la tem pérature de polym érisa
tion a un effet m arqué sur la cristallinité du trifluoroacétate polyvin ylique, elle a une 
influence minime sur la solubilité dans l ’eau des alcools polyvinyliques. L a  solubilité 
dans l ’eau est déterm inée par la structure du monomère qui forme l’alcool polyvin yliqu e.

Zusammenfassung

Aus den Lösungseigenschaften und der R öntgenkristallin ität von Polyvinylestern- 
und von Polyvinylalkoholen, die sich von mehreren, bei verschiedener T em peratru  
polym erisierten P o lyvin ylestern  ableiten, wird geschlossen, dass P olyvin ylh alo acetate  
eine regelm ässigere S tru k tu r besitzen als P o lyvin yla ceta t; es konnte aber n icht nachge
wiesen werden, dass diese R egelm ässigkeit in einer erhöhten S yn d iotak tizität besteht. 
D ie K rista llin itä t von Polyvin yltrifiu oracetat, das aus V in ylacetat über den P o ly v in y l
alkohol dargestellt wurde, ist der direkt aus V in yltriflu oracetat bei vergleichbarer 
Polym erisationstem peratur dargestellten Substanz vergleichbar. Die R öntgendia
gram m e von P o ly  v in ylacetat aus dem M onom eren und aus acetyliertem  P o ly v in y l
alkohol, der durch H ydrolyse von P olyvin yltrifiu oracetat erhalten wurde, sind identisch. 
In gleicher W eise können die D iagram m e von Polyvin ylalkoholen  aus mehreren ver
schiedenen Vinylestern n icht unterschieden werden. Bei hoher und tiefer T em peratur
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dargestelltc P o lyvin ylacetate  und solche aus dem T rifluoracetat hydrolysieren in alka
lischer Lösung alle m it im wesentlichen gleicher G eschw indigkeit. E in  wichtiges 
Ergebnis der vorliegenden U ntersuchung ist der Befund, dass zw ar die Polym erisations
tem peratur einen m erklichen Einfluss auf die Ivristallin ität von Polyvin yltrifluoroacetat 
besitzt, die W asserlöslichkeit der P olyvin yla lkoh ole aber wenig beeinflusst. D ie  W asser
löslichkeit wird durch die S tru k tu r des M onom eren bestim m t, aus welchem der P o ly 
vinylalkohol erhalten wurde.

Received February 26,1962
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Electron Spin Resonance Spectra of Aged, 
7 -Irradiated Polystyrenes*

R. E. FLORIN, L. A. WALL, and D. W. BROWN, National Bureau of 
Standards, Washington, D. C.

Synopsis

T h e electron spin resonance spectrum  of polystyrene th at has been 7 -irradiated at 
— 196°C . changes gradually  w ith  tim e from  a broad three-peaked structure w ith outer 
derivative peaks at ± 4 6  gauss to a m uch narrower structure w ith poorly separated outer 
derivative peaks at ± 2 1 - 2 4  gauss. T h e deuterated polystyrenes behave likewise in 
general. T h e aged radicals of a,/3,/3-trideuterostyrene and /3,0-dideuterostyrene exhibit 
on ly a single peak w ith  derivative m axim a a t ± 7  or 8  gauss from  center. T h e  aged 
spectra are all consistent w ith  the hypothesis of m ajor hyperfine interaction w ith  /3 
hydrogens. D uring the aging about 80%  of the original radicals are lost, b u t the re
m ainder are v ery  long-lived. P oorly  evacuated sam ples or those w ith added benzene 
decay m uch more rapidly.

INTRODUCTION

When polystyrene is exposed to ionizing radiation, radicals are formed 
which can be observed by electron spin resonance (ESR) spectroscopy. 
The hyperline structure (hfs) consists of three poorly separated peaks. The 
separation between the outermost derivative peaks was estimated to be near 
93 gauss for samples irradiated at — 196°C.1-2 and near 50 gauss for other 
samples irradiated at about 20°C .3 Both the insensitivity to isotopic sub
stitution in the chain and at the para position in the ring and the relatively 
large value of the hyperfine splitting led to the tentative proposal that the 
radical is formed by removal of the a-hydrogen atom and that the hyperfine 
structure is caused principally by interaction with the two ring hydrogen 
atoms in the ortho position1 in a strained configuration. After several 
months the outer peaks disappeared, and the inner peak developed traces 
of structure and slight differences between the isotopic polystyrenes; these 
changes were attributed to a gradual relaxation of the ring and chain to a 
more stable position, at which the ortho hydrogen interaction became minor 
and the smaller interaction with the /3 chain hydrogen atoms became domi
nant. These changes have been investigated in detail with high-sensitivity 
detection.

* P ap er presented before the 140th N ational M eeting of the Am erican Chem ical 
S ociety, C hicago, Septem ber 4, 1961.

1 5 2 1
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EXPERIMENTAL

The general experimental procedure has been described previously, and 
most of the samples were identical with those previously studied.1 Samples 
consisting of cut film (about 0.04 g.) and lumps and plugs (about 0.10 g.) 
were evacuated in tubes of glass or high-purity silica to a pressure of less 
than 10-4 mm. Hg and at 100-145°C. for upwards of 15 hr., except for a few 
instances to be discussed later in which the evacuation was of only 1 hr. du
ration. The samples were irradiated at — 196°C., at doses of 1 X 1021-3 X 
1021 e.v./g., in a Co60 gamma source having a dose rate of 0.4 X 106-0.7 X 
106 r/hr. and were subsequently stored in subdued daylight at about 27°C. 
ESR spectra were observed at microwave power of about 0.1 mw. with 
100 kcycle field modulation. The temperature of observation was usually 
27°C., but occasionally it was — 190°C. When benzene, to the extent of 
30% by weight of sample, was added at a pressure of about 100 mm. to a 
sample of irradiated poly-a,d,/3-trideuterostyrene film, the radicals disap
peared in a few days. On the other hand, radicals which had remained two 
years in vacuo disappeared in less than 1 hr. on opening to the atmosphere. 
In the aged samples, the background from the irradiated high-purity quartz 
containers proved troublesome; this was eliminated by the usual expedient 
of heating the tube end for a few minutes while keeping the sample cold with 
liquid nitrogen.

RESULTS AND DISCUSSION

1. Radical Concentrations

The concentrations of the radicals at various times are shown in Table I. 
As mentioned earlier, there is only a minor change in concentration upon 
warming from — 19(i°C. to +27°C. In well-evacuated samples, moderate 
concentrations of radicals persist for years, after an initial decrease to 
about 20% within the first few months. With poorly evacuated samples 
the corresponding decrease occurs in 2 days. Since the admission of 
oxygen destroys all radicals in an hour, oxygen may be responsible. Some 
other substances, for example, traces of monomer or solvent, which plasti
cize the polymer slightly and facilitate diffusion may play a role in the two- 
day disappearance. With the added benzene vapor the concentration de
creases fairly rapidly but without any appreciable change in the ratio of 
side-peak to central-peak intensity. Apparently there are two different 
processes: a relaxation allowing disappearance of side peaks, with modifi
cation of the central peak structure, which is facilitated by only a few per
cent of solvent, and a general diffusion permitting disappearance by radical 
combination. In the presence of benzene the data fit a simple second- 
order plot with k =3.5 X tO-3 1./mole-sec. at27°C. In the well-evacuated 
sample the kinetics is complicated, and some radicals survive for a long 
time. Second-order plots from the badly scattered data suggest rate con
stants near 3 X 10~41./mole-sec. in the period from 2 to 20 days and 1 X
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10~4 1./mole-sec. in the whole 550-day period. Simple second-order 
kinetics seem to be associated with soft media (for example, crystals near 
the melting point), where diffusion is not too slow. The solvent might 
have been expected to cause narrowing of lines by rotational motion or os
cillation, but narrowing was not observed.

T A B L E  I
R adical C oncentrations in Irradiated Polystyrenes after Storage

R adical concentrations after storage, 10 16 radicals/g.

1 2 12 20 76 400-550
Polym er In itial d ay days days days days days

Polystyrene“ 209 -- - — —- — 45 56
P o lystyren e 15 126 — 27 — — — —
Poly-/3,/3-(i2-styrene“ 1 2 0 — — — — — 13
Poly-a,/3,/3-d3-styrene“ 52 — — — — — 1 2

Polystyrene“ 118 97 67 81 91 — —
Poly-a,)3,(3-(i3-styrene“ 75 52 48 38 54 — —

“ E vacu ated  before irradiation at 0.1 //, 16 hr., 145°C . 
b E vacu ated  before irradiation at 0.1 /i, 1  hr., 70°C .

2. Spectra: General

Typical spectra are shown in Figures 1 and 2c, and numerical param
eters in Table II. Age broadens the central peak of polystyrene and

Fig. 1. E S R  spectra of poly-a,/5,/3-trideuterostyrene radicals: ( a )  derivative of absorp
tion curve, freshly irradiated at — 196 °C .; ( 6 ) integrated derivative of ( a ) ;  ( c )  deriva
tive curve, aged radicals. Abscissae are m agnetic field in gauss.
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Fig. 2. E S R  spectra of aged irradiated deuterium -substituted polystyrenes: f (a )  
polystyrene; (b )  poly-a,/8,/3-trideuterostyrene; (c) poly-/3-deuterostyrene. Abscissae 
are m agnetic field in gauss.

narrows that of poly-a,/3,/3-trideuterostyrene (Table II, last column). The 
spectrum of freshly irradiated material has complications not evident on 
casual inspection. The central peak of the derivative curve (Figure la, 
other examples in reference 1) is too high for any combination of three 
simple absorption lines in 1 :2:1 ratio, regardless of line width and spacing. 
Also, the side peaks of Figure la and of its analogs in reference 1, are 
actually composite, showing minor derivative peaks at ±45, ±37, and 
±26 gauss when examined under sufficient resolution. These minor 
spacings are the same in normal polystyrene and poly-a,d,i8-d3-styrene. 
Two general explanations are available for the peak height anomaly. (1) 
The intensity ratio is indeed 1:2:1, but the side components are unusually 
broad and not symmetrical. This can happen ideally for two geometrically 
equivalent protons with a large anisotropic hyperfine splitting parameter.4'5 
The minor splittings are neglected in rough approximation. The absorp
tion curve (Fig. 16) obtained by integration of Figure la, is loosely remi
niscent of certain line shapes of this sort.4 Although the spectra of the 
somewhat related radicals of irradiated olefins,

RCH CH =CH R <—  RCH=CHCHR,

did not give evidence of especially large anisotropic hyperfine interaction,6 
it is possible that this was minimized in the reference cited by the occurrence 
of torsional oscillations, and that the two ortho ring hydrogens in the rigid 
polystyrene are a special case. According to this view, Figure 1 is the 
spectrum of a pure species. (2) The second explanation of the height 
anomaly is that Figure la  is not the spectrum of a pure species (I) but of a 
mixture of I with the final species (II). If this is so, the spectrum of pure I 
is unknown, as many combinations of arbitrary I spectra with varying pro
portions of the II spectrum might give the observed Figure la. Reliable 
isolation of the spectrum of pure I from decay observations would require 
rather precisely controlled field and intensity measurements. If the
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T A B L E  II
D erivative  C urve Spacings in A ged Polystyrene Radicals

Spacing, gauss from center

U.75 m ax-
Polym er Inner peak Outer peak imum level'

Polystyrene
1 -d a v 1 *’ 9 .5 — 19 . 6

2 -day b 7 .1 24.0 28 . 7
400-dayc 8 .3 2 1 27

Poly-d-styrene, 500-day 6 . 6 23 28 . 6

Poly-a,d ,d-d3-styrene
3-hr.b 7 . 6 — 15 .4
2 -day b 7 .4 — 13 . 0

400-day” 7 .8 — 1 2 . 0

Poly-/3,d-d>-styrene, 7 .2 — 1 2 . 0

550-day”
Poly-d-d-styrene, 550-<lay' 10.4 — 19 .9

» A rbitrary measure approxim ating the point of half maximum absorption 
b E vacu ated before irradiation at 0,1 \i, 1 hr., 70°C.
0 E vacu ated  before irradiation a t 0.1 ¡t , 16 hr., 145°C .

spectrum of pure I is approximately a set of 3 lines of intensity ratio 1:2:1, 
derivative peak width 26 gauss (somewhat greater than experimental for 
the center line of Fig. la), and separation .35 gauss, then the samples 
freshly irradiated at — 196°C. contain perhaps 75% of species I and 25% 
of II. Samples irradiated at 20°C. for long periods contain very much less
of species 1.

3. Spectra: Poly-3-deuterostyrene

The spectra of aged poly-a-deuterostyrene, poly-p-deuterostyrene, and 
poly-m-methylstyrene resemble the spectrum of aged polystyrene (Fig. 
2a), with derivative peaks at ± 7  to 9 and ±21-24 gauss (see also Table II). 
The spectra of aged poly-a,/3,/3-trideuterostyrene and poly-/3,/3-dideut.ero- 
styrene differ from them and resemble each other, being merely a single 
sharp line having derivative peaks at ±7.5 gauss (Figs, lc and 26). These 
line shapes are consistent with a radical structure formed by removal of 
a-hydrogen, and hyperfine interaction with two of the four /3-hydrogen 
atoms, as originally proposed by Abraham and Whiffen.3

The spectrum of poly-3-deuterostyrene (Fig. 2c) is more complicated. 
If the interaction is with any two (1-hydrogens taken at random the spec
trum should be obtained by adding 0.25 of the DD spectrum, 0.25 of the 
HII spectrum, and 0.50 of the HD spectrum.

A rough approximation to the latter can be made as follows. The outer 
peaks of ordinary polystyrene are isolated by subtracting the single-peak 
spectrum of poly-a,/3,/3-trideuterostyrene, normalized to 0.5 integrated 
intensity (Fig. 3). This assumes that, in the trideutero compound the 
broadening due to all other causes is large compared to that from two D
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nuclei. The two peaks are then moved to half the separation, corre
sponding to the two peaks for interaction with a single H atom. The 
component peak width may be either left unchanged or reduced pro
portionally. The former procedure should be valid if the line width is due 
to unresolved minor hyperfine structure. If the line width is due princi
pally to a large anisotropic hyperfine interaction, then the line widths for 
two interacting protons are in general much larger than for a single pro
ton, 4'5 but the proportional reduction is taken here as a representative

Fig. 3. O uter peaks of aged norm al polystyrene b y  substraction: (a) normal poly
styrene; (6 ) poly-a,/3,|3-trideiiterostyrene (0.5 in tensity); (c) the difference of other 
tw o spectra.

Fig. 4. C alculated and experim ental E S R  spectra of aged irradiated poly-/3-deutero- 
styrene; ( a )  calculated for anisotropic broadening alone; ( b )  calculated for unresolved 
hfs broadening alone; (c) experim ental.

compromise. The spectrum so obtained (IID) is added to those for 
normal polystyrene (HH) and o:,/3,/3-trideuterostyrene (DD) in the 2:1:1 
ratio of probability of occurrence. The results are compared with the 
observed spectrum in Figure 4c. The assumption of totally anisotropic 
broadening (Fig. 4a) is very unrealistic in the center. The assumption of 
unresolved minor hyperfine broadening (Fig. 46) gives a much better 
picture. Constructions by methods recently described,4 5 while laborious, 
should give a reasonable fit in both regions.
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4. Relation between the Two Radical Spectra

It was hoped that controlled decay experiments would reveal whether 
the aged radical (II) is formed from the fresh radical (I) or is merely a 
species present in low concentration but with a long lifetime. The emer
gence of II in amount equal to the original I would be decisive evidence 
that I becomes II. However, some interference from I is present after 20 
days, when the total radical concentration has fallen to 70% of the initial, 
and a clear spectrum of II is not obtained until 76 days, when the radical 
concentration has fallen to about 25% of the initial. If we assume a simple 
three-line spectrum for I, the concentration of I after 20 days is 25-35% of 
the initial total, and of II, 37-53%. The rate constant for disappearance 
of I is about 8 X 10~4 1./mole-sec. if second order, or 3 X 10_7-6  X 10-7 
sec.~* if first order; the second-order constant for this process is about 
twice that for disappearance of total radicals in this period. The absolute 
amount of II seems to increase in the 20-day interval; however, the basis 
of the subtractive estimation is rather uncertain, and the results scatter 
greatly.

In the benzene addition experiment, I remains the principal species, 
despite greater overall decay. It was tentatively supposed that II is merely 
a relaxed configuration of I. Unfortunately, most agents, such as solvent 
or heat, which could cause relaxation of I into II, would also promote 
diffusion and recombination. Unstrained II, if initially present and not 
formed from I, might have slightly superior chemical stability and a higher 
activation energy for transfer reactions with mobile impurities, if any. 
Small radicals formed by transfer would diffuse and recombine rapidly. 
Both diffusion and relaxation, in the absence of impurities, should involve 
a series of cooperative jumps of chain segments. Diffusion resulting in 
recombination would presumably require more such jumps. Since most of 
the chain segments involved are not radical sites, one might expect similar 
second-order rate constants for combinations of I +  I, I +  II, and II +  II, 
and a first-order rate constant for the relaxation I —*■ II. Nevertheless, 
relaxation I —► II is experimentally not especially rapid relative to the com
bination processes, and it is not certain whether it is first-order. The ex
istence of radical sites of widely differing lattice energy would complicate the 
kinetics. A possible mechanism for termination without long-range 
diffusion is a sequence of abstractions or additions, as considered by Dole 
for irradiated polyethylene.11 It is plausible that both strained and 
unstrained radicals could be formed as intermediates with relatively little 
change in the ratio of the two with progress of the reaction.

One cannot altogether exclude the possibility that I is chemically differ
ent from II, perhaps a cyclohexadienyl radical formed by addition of H 
or D to the ring (see note added in proof). By analogy with the allyl and 
substituted allyl radicals formed in irradiated olefins,6 this radical would have 
appreciable spin density distributed in sites ortho and para to the CIL group 
resulting from addition, and hence hyperfine interactions of about 15 gauss

/
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with two or three hydrogen atoms on double-bonded carbon, and somewhat 
larger hyperfine interactions, perhaps 21-29 gauss, with the methylene hy
drogen atoms. The number of atoms involved seems too large to account 
for the simple observed spectrum of I ; however, if the interactions with the 
methylene are made especially large and all others diminished (which 
might happen in molecules with less torsional freedom than aliphatic allyl 
radicals), this cyclohexadienyl radical structure for I remains a possibility. 
If this is so, only H atoms and not D atoms must add to the ring to form 
the radical, even in irradiated a,/3,/3-trideuterostyrene.

Polystyrene negative ions in solution are reported to have complicated 
spectra,8'9 and detailed molecular orbital calculations for these ions predict 
a distribution of spin density over many positions, none predominant.8 A 
widespread distribution of spin density might at first sight be expected for 
the radicals of irradiated polystyrene also.10 The spin distribution in a 
radical of the present type, at least in species II, is probably very different 
from that of the ion; for example, the spin density is 0.60 or higher at the 
methyl carbon atom of triphenylmethyl and dimesitylmethyl, which is 
analogous to the a-carbon atom of the present radical II .1112 Two recent 
experimental anomalies with regard to poly-a-methylstyrene should be 
mentioned briefly. The spectrum of poly-a-methylstyrene negative ion in 
solution8 has a very similar shape to that previously reported,1 although 
the spacing parameters are different; and the irradiation of very finely di
vided poly-a-methylstyrene does not result in the spectrum seen earlier,1 
but in a broad complicated spectrum.10 We have confirmed the latter ob
servation on several finely divided samples.

N ote added in proof: Experim ents now in progress on poly  2,3,4,5,6-pentadeutero- 
styrene elim inate the possibility th a t o r t h o  protons give the outer peaks in the spectra of 
radical I and dem onstrate th at radical I  has a cyclohexadienyl structure.

This paper is based on w ork supported b y  the A eronautical Research Laboratory, 
W right-Patterson A ir Force Base, Ohio.
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Résumé
Le spectre de résonance de spin électronique du polystyrène, irradié aux rayons gam m a 

à — 196°C, change graduellem ent en fonction du tem ps d ’une structure large à trois 
pics à  ± 4 6  gauss avec les pics extérieurs dérivés peu séparés à ± 2 1  à  24 gauss. Les poly
styrènes deutérés se com portent d ’une manière analogue. Les radicaux plus anciens 
de a,/3,d-trideutérostyrène et /3,/3-dideut.érostyrène ne donnent q u ’un seul pic avec des 
m axim a dérivés à  ± 7  à 8 gauss du centre. Les spectres plus vieux sont tous en accord 
avec l ’hypothèse d ’une interaction hyperfine m ajeure avec les hydrogènes ß .  P endant 
le vieillissem ent environ 80%  des radicaux originaux sont perdus mais les restants ont 
une très longue durée de vie. D es échantillons sous v ide insuffisant ou ceux contenant 
encore du benzène se désaggrègent beaucoup plus v ite.

Zusammenfassung
D as Elektronspinresonanzspektrum  von  bei — 196 °C  y-bestrahltem  P o lystyro l geht 

m it der Zeit von einer breiten S tru k tu r m it drei M axim a und äusseren D erivativm axim a 
bei ± 4 6  G auss zu einer v iel engeren S tru k tu r m it schlecht aufgelösten äusseren D eriva 
tivm axim a bei ± 2 1  bis 24 G auss über. D ie deuterierten P olystyrole  verhalten  sich im  
allgem einen gleich. D ie gealterten R adikale  von <*,/3,/3-Trideuteropolystyrol und ß , ß -  

D ideuteropolystyrol zeigen nur ein M axim um  m it D erivativm axim a bei ± 7  oder 8 
G auss vom  Zentrum . D ie gealterten Spektren entsprechen alle der Annahm e einer 
hauptsächlichen H yperfein-W echselw irkung m it /3-Wasserstoff. W ährend der A lterung 
gehen etw a 80%  der ursprünglichen R adikale  verloren, der R e st ist aber sehr langlebig. 
Schlecht evakuierte Proben oder solche m it Benzolzusatz zeigen einen viel rascheren 
A bfall.

Received March 6, 1962
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Polybenzimidazoles. II*

HERWARD VOGEL and C. S. MARVEL, Department of Chemistry, 
University of Arizona, Tucson, Arizona

Synopsis
A  polybenzim idazole has been prepared from 3,3'-diam inobenzidine and phthalic 

anhydride which has a high m olecular w eight and v ery  good heat stab ility . R eplace
m ent of the hydrogen atom s on the nitrogen of the imidazole nuclei in a polybenzim ida
zole does not im prove the heat stab ility  as indicated b y  the properties of poly-2,6- 
(m -phenylene)-3,5-diphenyldiim idazobenzene. Polybenzim idazoles w ith  aliphatic units 
have been prepared from  3,3'-diam inobenzidine and the diphenyl ester of succinic and 
glutaric acids. T h e  diphenyl esters of oxalic and malonie acids did not yield polym ers 
presum ably because cyclic  amides were form ed. F urther hyd rolytic  stab ility  tests on 
polybenzim idazoles have been reported. Some model compounds have been prepared 
for comparison of their m elting points and absorption spectra w ith those of the corre
sponding polym er.

In an earlier publication1 it has been reported that the melt condensation 
of suitable aromatic tetraamines with the diphenyl esters of aromatic 
dicarboxylic acids produced linear, high molecular weight materials which 
contained benzimidazole nuclei as recurring units. The wide applicability 
of this polycondensation reaction and the remarkable thermal stabilities of 
the polybenzimidazoles were also noted. In continuation of this work some 
new polybenzimidazoles and some model compounds have been synthesized.

A convenient procedure was worked out for laboratory scale production 
of 3,3'-diaminobenzidine following basically a combination of the methods 
given by Brunner and Witt,2 Hodgson,3 and Hoste.4 The amine was 
purified by recrystallization from methanol and melted at 178-179°C. It 
was obtained in 37% overall yield based on benzidine dihydrochloride. 
Since this amine is difficult to obtain, a detailed description of its prepara
tion is given in this paper.

It has been found that a polybenzimidazole can be readily prepared from 
phthalic anhydride and 3,3'-diaminobenzidine and this polymer has as good 
or better stability at high temperatures (Fig. 1) than that reported for the 
polymer previously described from isophthalic acid. The ori/io-isomer is 
soluble in formic acid but is not soluble in dimethyl sulfoxide.

* P a rt of this work was carried out a t th e U n iversity  of Illinois under the sponsorship 
of C on tract N o. AF-33(61R)-5486 w ith the N onm etallic M aterials L aboratory  of W righ t 
A ir D evelopm ent D ivision, W right-Patterson A ir Force B ase, Ohio. T h e other p art 
was supported b y  an E . I. du P on t de N em ours and Com pany, Inc. fellowship at the 
U n iversity  of Arizona.
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Fig. 1. Therm al gravim etric curves of benzim idazole polymers.

It was thought that perhaps a more stable structure would result if the 
hydrogens on the nitrogens of the recurring imidazole units were replaced 
by aryl groups. To test this idea l,3-dianilino-4,(i-diaminobenzene was 
synthesized and condensed with diphenyl isophthalatc to give the phenyl- 
substituted polymer (II).

A slightly higher molecular weight polymer was prepared by use of the 
p-phcnylphenol ester of isophthalic acid in place of the phenyl ester. In 
thermal gravimetric analyses tests (see Fig. 1) this polymer was actually 
less stable to heat than the unphenylated product reported earlier.1

For comparative tests with the polymers, model compounds were pre
pared from o-phenylenediamine and phthalic, isophthalic, and terephthalic 
acids.

Attempts were made to prepare polybenzimidazoles from 3,3'-diamino- 
benzidine and the diphenyl esters of oxalic, malonic, succinic, and glutaric 
acids. No polymers were obtained from the oxalic and malonic derivatives
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apparently because of cyclic amide formation. High molecular weight 
polymers were obtained from the succinic and glutaric derivatives.

Some further tests on the hydrolytic stability of this class of polymers arc 
reported. A comparison of the infrared spectra of the new polymers and 
the model compounds are recorded in Figure 2.

EXPERIMENTAL

3,3 '-Diaminobenzidine

a. Benzidine. A 257-g. portion (1 mole) of benzidine dihydrochloride 
was dissolved in 3.5 1. of hot water, and with stirring a solution of 90 g. of 
sodium hydroxide in 300 ml. of water was added. The mixture was then 
cooled to 10°C. and the benzidine was collected by suction filtration, 
washed with cold water, and dried in a vacuum oven. The yield was 182 g. 
(99%).

b. Diacetylbenzidine. In a 3-1., three-necked flask fitted with a me
chanical stirrer and a reflux condenser was placed 182 g. (0.99 mole) of 
benzidine and 1500 ml. of glacial acetic acid. The mixture was heated 
until all was dissolved and then 200 ml. of acetic anhydride was added. 
The slurry thus obtained was stirred at reflux temperature for 2 hr. The 
reaction mixture was allowed to cool to room temperature and the solid 
was filtered by suction, washed with alcohol, and dried overnight at about 
80°C. in a vacuum oven. The yield of diacetylbenzidine melting at 
340-343°C. (dec.) was 246 g. (92%). Direct acetylation of benzidine 
dihydrochloride did not give a sufficiently pure product.

c. 3,3'-Dinitrobenzidine. In a 2-1., three-necked flask fitted with a 
thermometer, mechanical stirrer, and a powder funnel was placed 1200 
ml. of yellow fuming nitric acid (90%). With the temperature maintained 
at — 10°C. by a Dry Ice-acetone bath and with vigorous stirring, 246 g. 
(0.91 mole) of diacetylbenzidine was added carefully within about 10 min. 
The red solution was stirred for an additional y 2 hr. with cooling bath 
removed. The temperature was allowed to rise to 0°C. The solution 
was then poured with stirring into 6 1. of crushed ice. The precipitated 
yellow nitro compound was collected on a 12-in. Buchner funnel, sucked 
and pressed as dry as possible with a large glass stopper. The filter cake 
was then suspended in 3 1. of water and the filtration was repeated. The 
crude diacctyl-3,3'-dinit robenzidine, dried as completely as possible by 
suction and pressing, was placed in a 5-1. three-necked flask fitted with 
a mechanical stirrer and reflux condenser, and suspended in 2.5 1. of 95% 
ethanol. The suspension was stirred and heated to about (i()°('. Then 
200 g. of potassium hydroxide dissolved in 300 ml. of water was added. 
If the filter cake was too wet, a larger excess of potassium hydroxide was 
necessary to effect complete removal of the acetyl groups. The mixture 
was then brought to boil and refluxed with stirring for 10 min. After 
cooling, the separated red crystalline powder was filtered, washed with
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methanol, and dried in a vacuum oven at 80°C. The yield of 3,3'-di- 
nitrobenzidine melting at 280-283°C. was 216 g. (86%).

d. 3,3'-Diaminobenzidine. In a 5-1. flask were placed 2.5 1. of concen
trated hydrochloric acid and 1200 g. of stannous chloride dihydrate. The 
mixture was stirred and 216 g. (0.79 mole) of 3,3'-dinitrobenzidine was 
added in small portions over about 15 min. Occasional cooling was re
quired so that the reaction temperature did not rise above 60° C. The thick 
slurry was then stirred for an additional 2 hr. at about 40°C. in order to 
complete the reduction. After cooling to 10°C., the solid was filtered by 
suction and washed with 300 ml. of hydrochloric acid (sp. gr. 1.09). 
The filter cake was then dissolved in 3 1. of water and treated with about 
10 g. of decolorizing Darco. After filtration, the 3,3'-diaminobenzidine 
tetrahydrochloride was precipitated with 1.5 1. of concentrated hydro
chloric acid. The mixture was cooled and filtered. This purification by 
reprecipitation was repeated with the same quantities of reagents. It was 
repeated a third time if the product still contained a significant amount of 
tin salts or was still significantly colored. The recovered white 3,3'- 
diaminobenzidine tetrahydrochloride was dried as completely as possible 
by suction and pressing. It was then dissolved in 2 1. of water and added 
to a stirred solution of 200 g. of sodium hydroxide in 1800 ml. of water, 
cooled by an ice bath. It was necessary to check that the reaction mix
ture was still basic. The precipitate was filtered vdth suction, vrashed on 
the filter with 200 ml. of cold water, an l dried as completely as possible by 
suction and pressing. The yield of the slightly purple 3,3'-diaminoben- 
zidine, dried in a vacuum desiccator over phosphorus pentoxide, was 126 g. 
(74%), melting at 175-178°C. The product was recrystallized in three 
portions from about 3 1. of boiling methanol. The hot solutions were 
filtered, cooled rapidly to — 10°C. and allowed to stand for about 6 hr. 
The rate of crystallization vras enhanced by scratching with a glass rod. 
The separated solid was then filtered. The mother liquors were concen
trated on the water bath to 1/$ of their volume and on cooling gave a 
second batch of crystals. The combined portions gave 80 g. (48%) of 
slightly pink 3,3'-diaminobenzidine, melting at 178-179°C. The overall 
yield was 37%.

A n a l . Calcd. for C ,2H „ N 4: C, 6 7 .1 9 % ; H, 6 .54 % ; N , 26 .17% , Found; C, 6 7 .15 % ; 
H, 6.50% ; N, 25.93% .

Poly-2,2'- (o-phenylene) -5,5 '-bibenzimidazole

a. From Phthalic Anhydride. Commercial reagent phthalic anhydride 
was recrystallized from benzene, m.p. 134 135°C. A mixture of 4.28 g. 
(0.02 mole) of 3,3'-diaminobenzidine and 10 g. of phenol was heated under 
nitrogen at 200°C. until a melt had formed. After cooling, 2.962 g. (0.02 
mole) of phthalic anhydride was added. The reaction mixture was then 
heated for !/ 2 hr. at 170°C. and y 2 hr. at 250°C. The reaction flask was 
then evacuated to 0.1 mm. Hg pressure and heated at 270°C. for y 2 hr.
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After this time, the product was powdered and reheated under vacuum 
for 5 hrs. at temperatures increasing from 270 to 400°C. The polymer 
had an inherent viscosity of 5.01 (0.2%, formic acid, 25°C.).

A n a l . Calcd. for (C 20H i=N 4)„: C, 77 .9 2 % ; H, 3.90%,; N , 18 .18 % . F ound: C, 
76 .3 5% ; H, 3.96% ; N , 17.85% .

b. From Phthalic Acid. Phthalic anhydride wTas converted to the acid 
in hot sodium hydroxide solution. After precipitation with hydrochloric 
acid, the phthalic acid was recrystallized from methanol, m.p. 208-210°C. 
A mixture of 1.661 g. (0.01 mole) of phthalic acid, 2.140 g. (0.01 mole) of 
3,3'-diaminobenzidine and 5 g. of phenol was heated under nitrogen at 
220°C. The reaction started, and a red-brown melt was formed. After 
15 min., when the melt had become very viscous and partially solid, it was 
heated at 250°C. for 45 min. Then high vacuum was employed and the 
temperature raised to 270°C. for 1 hr. After powdering and reheating at
0.1 mm. Hg for 4 hr., the temperatures being allowed to rise to 400°C., a 
polymer was obtained which had an inherent viscosity of 2.35 (0.2%, 
formic acid, 25°C.).

A n a l . Calcd. for (CaoHjjNj),,: C, 77.92%,; H, 3.90% ; N , 18 .18 % . F ound: C, 
76 .62% ; H, 3 .9 7% ; N , 18 .17% .

c. From Diphenyl Phthalate. The phenyl ester was prepared by reacting 
phthaloyl chloride with phenol. The reaction was completed at 130°C. 
The melting point was 77-78°C. after recrystallization from methanol. 
A mixture of 3.188 g. (0.01 mole) of diphenyl phthalate and 2.140 g. 
(0.01 mole) of 3,3'-diaminobenzidine wras melted under nitrogen at 250°C. 
and then heated at, 270-280°C. for x/ 2 hr. and 300°C. for i y 2 hr. Vacuum 
was then applied for 1/'2 hr. at 300°C. After powdering and reheating for 
31/ 2 hr. at 0.1 mm. Hg while the temperature was allowed to rise from 300 
to 400°C., a polymer with an inherent, viscosity of 1.60 (0.2% formic acid, 
25°C.) was obtained.

A n a l . Calcd. for (C 2oH12N 4)„: C, 77 .9 2% ; H, 3.90% ; N , 18 .18 % . Found:
C, 76 .43% ; H, 3.98 % ; N , 17.96% .

A sample of this polymer when heated in a nitrogen atmosphere con
secutively for 1 hr. each at temperatures of 400, 450, 500, and 550°C. lost 
0%, 0.4%, 0.4%, and 3.7%, respectively. In air under the same con
ditions of heating the loss was 0%, 1.5%, 7.0%, and 7.6%, respectively.

Poly-2,6'- (m-phenylene) -3,5-diphenyldimidazobenzene
The l,3-dianilino-4,6-diaminobenzene was synthesized by the procedure 

of Nietzki and Schedler6 and Manjunath6 from m-dichlorobenzene.

Preparation of l,3-Dianilino-4,6-diaminobenzene
a. l,3-Dichloro-4,6-dinitrobenzene. A mixture of 250 g. of fuming 

nitric acid (90%) and 500 g. of concentrated sulfuric acid was cooled in an 
ice bath to 10°C. With stirring, 100 g. of ??i-dichlorobenzene wras added
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within about 10 min. The reaction mixture was then heated on the water 
bath for 1 hr. in order to complete the nitration and finally poured onto 
crushed ice. The pale yellow precipitate was collected and recrystallized 
from methanol. The yield of l,.3-dichloro-4,6-dinitrobenzene was 140 g. 
(89%), melting at 102-103°C.

b. l,3-Dianilino-4,6-dinitrobenzene. A mixture of 71 g. (0.3 mole) 
of l,3-dichloro-4,6-dinitrobenzene and 100 g. of aniline was slowly heated 
to 180°C. and the temperature was then maintained at 180°C. for 15 min. 
The melt was then poured into 250 ml. of ethanol. After cooling the 
precipitate was collected in a Buchner funnel, washed with alcohol, and 
recrystallized from a dimethylformamidc/methanol mixture. The product 
was first dissolved in 300 ml. of hot dimethylformamidc and, after ad
dition of 300 ml. of methanol, allowed to crystallize. The reaction yielded 
86 g. (82%) of the light red colored 1,3-dianilino-4,6-dinitrobenzene 
melting at 188.5-189°C.

c. l,3-Dianilino-4,6-diaminobenzene. A mixture of 30 g. (0.086 mole) 
of l,3-dianilino-4,6-dinitrobenzene, 150 g. of sodium sulfide nonahydrate, 
450 ml. of ethanol, and 60 ml. of water was heated to reflux with stirring 
for 8 hr. The major part of the alcohol was then distilled under reduced 
pressure and the residue diluted with 500 ml. of water, adding small por
tions at a time. The precipitate was collected by suction filtration, 
washed with aqueous alcohol, and recrystallized from benzene (decolorizing 
charcoal). The yield of l,3-dianilino-4,6-diaminobenzene was 8.1 g. (34%, 
overall yield 25%), melting at 208-209°C. The melting point rose tc 
210-211 °C. after an additional recrystallization from alcohol.

A n a l . Calcd. for G i»H i8N u  O, 74.46% ; H, 6.25% ; N , J9.29%;. Found: G,
74.65% ; II, 6 .4 1% ; N , 19.62% .

Melt Condensation o f l,3-Dianilino-4,6-diaminobenzene with Diphenyl 
Isophthalate and Di(biphenyl) Isophthalate

a. Condensation with Diphenyl Isophthalate. In a 50-ml. flask, con
nected to a tubing, receiver, and outlet, was placed 4.355 g. (0.015 mole) of 
the diphenyltetraaminobenzene and 4.772 g. (0.015 mole) of diphenyl iso
phthalate. The flask was purged with nitrogen by repeated evacuation 
and refilling and then placed in a W ood’s metal bath preheated to 300°C. 
The reaction mixture formed a melt and the slowly beginning evolution of 
bubbles of phenol indicated that the reaction had started. After 1 hr. the 
pressure was reduced to 0.05 mm. Hg and heating was continued at 300°C. 
for y 2 hr. The dark brown material was then powdered and reheated 
under reduced pressure for 3 hr. at temperatures gradually rising from 300 
to 400°C. The inherent viscosity of the polymer obtained was 0.81 (0.2%, 
formic acid, 25°C.). The polymer was insoluble in dimethyl sulfoxide but 
dissolved in sulfuric acid, formic acid, and trifluoroacetic acid. It did not 
melt below 500°C.

A n a l , Calcd. for (C%H,6N ,): C , 8 1.2 2% ; H. -1.20%,; N . 14.50%. Found; C, 
80.08%',; H, 4.50%.; N, 14.50% .
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A sample of this polymer when heated in a nitrogen atmosphere for 1 hr. 
at each of the temperatures 400, 450, 500, and 550°C. consecutively lost 
0%, 0.4%, 1.6%, and 6.0% weight, respectively. In air under the same 
conditions the weight losses were 1.0%, 4.8%, 10.1%, and 12.1%, re
spectively.

b. Condensation with Di(biphenyl) Isophthalate. The di(biphenyl) 
isophthalate was prepared from isophthaloyl chloride and p-phenylphenol at 
melt temperatures. The ester was recrystallized from toluene and melted 
at 238-240°C. For the polymerization a mixture of 2.340 g. (0.00806 
mole) of the diphenyltetraaminobenzene and 3.791 g. (0.00806 mole) of 
di(biphenyl) isophthalate was heated under nitrogen at 300°C. for several 
minutes until a uniform melt had formed. The temperature of the W ood’s 
metal bath was then raised to 340°C. in order to start the condensation re
action. After y 2 hr. heating at temperatures of 340-360°C. the pressure 
was reduced to 0.1 mm. Hg and heating was continued for 2 hr. while the 
temperature was gradually increased to 400°C. The polymer obtained 
had an inherent viscosity of 1.08 (0.2%, formic acid, 25°C.).

Melt Condensation of 3,3'-Diaminobenzidine with Diphenyl Glutarate
and Diphenyl Succinate

a. Condensation with Diphenyl Glutarate. Diphenyl glutarate was 
prepared from glutaryl chloride and phenol. The mixture was allowed to 
stand for 1/2 hr. at room temperature and was then heated to 130°C. for 
Vs hr. The ester was recrystallized from methanol, it melted at 55-56°C. 
A mixture of 2.843 g. (0.01 mole) of the diphenyl glutarate and 2.141 g. 
(0.01 mole) of 3,3'-diaminobenzidine was placed in a 100-ml. flask and 
heated under nitrogen at 240-250°C. for 15 min. The pressure was then 
carefully reduced to 0.1 mm. Fig and heating was continued for 45 min. at 
temperatures gradually rising to 300°C. The polymer was a glassy foam. 
The inherent viscosity was 1.19 (0.2%, formic acid, 25°C.); m.p. 420°C.

A n a l . Calcd. for ( C „ H i,N 4): C, 74 .45% ; H, 5 .15 % ; N , 20.40%. F ound: C, 
7 1 .5 1% ; H, 5 .3 7% ; N , 19.46% .

b. Condensation with Diphenyl Succinate. A charge of 1.802 g. 
(0.00667 mole) of diphenyl succinate (m.p. 124-125°C.) and 1.427 g. 
(0.00667 mole) of 3,3'-diaminobenzidine was polymerized under the same 
conditions. The polymer showed an inherent viscosity of 2.71 (0.2%, 
formic acid, 25°C.); m.p. 470°C. with decomposition.

A n a l . C alcd. for (CicH^N.,): C , 73.80%,; H, 4 .6 5 % ; X , 2 1.5 5 % . F ound: C, 
71.10% ,; H, 4 .98% ; N , 18.09%.

Both of these polymers were soluble in dimethyl sulfoxide. Both were 
unstable above 450 °C.

Hydrolytic Stability Tests
A freshly prepared, 0.5% concentrated solution of poly-2,2'-(m-phenyl- 

ene)-5,5'-bibenzimidazole in concentrated sulfuric acid (commercial, 95%)
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showed an inherent viscosity of 1.00 at 25°C. After 5 hr. heating at 
160°C., the inherent viscosity was 1.02. Of the same polymer, which had 
an inherent viscosity of 0.72 in a 0.5% concentrated solution in dimethyl 
sulfoxide, 2 g. were dissolved in concentrated sulfuric acid, heated to 100°C.. 
and then reprecipitated by pouring the solution into dilute sodium hydrox
ide solution. The collected polymer was washed in boiling water, filtered 
and dried. The inherent viscosity of the recovered material (1.62 g.) was
1.00 (0.5%, dimethyl sulfoxide, 25°C.).

A 0.5% concentrated solution of poly-2,2 '-(o-phenylene)-bibenzimidazole 
in concentrated sulfuric acid at 25°C. showed an inherent viscosity of
0.80. After 5 hr. heating at 160°C., the inherent viscosity of the solution 
was 0.79 at 25°C. The material recovered from this solution by reprecipi
tation showed an inherent viscosity of 5.10 in a 0.2% concentrated solution 
in formic acid. Before the treatment with sulfuric acid the inherent vis
cosity was 5.01 in formic acid.

A 0.5% concentrated solution of poly-2,6-(m-phenylene)-3,5-diphenyl- 
diimidazobenzene in concentrated sulfuric acid at 25°C. showed an inherent 
viscosity of 0.32. After 5 hr. heating at 160°C. the inherent viscosity was
0.30. The solution was then poured into dilute aqueous sodium hydroxide. 
The precipitated polymer was collected on a Buchner funnel, washed in 
boiling water, recovered, and dried. The inherent viscosity of the re
covered material was 0.82 in a 0.2% concentrated solution in 98% formic 
acid at 25 °C. Before the treatment with sulfuric acid the inherent vis
cosity was 1.00 in formic acid.

A sample of poly-2,2'-(ethylene)-5,5'-bibenzimidazole which showed an 
inherent viscosity of 2.71 in formic acid was dissolved in concentrated sul
furic acid at 100°C. and then reprecipitated with water. The inherent 
viscosity of the recovered polymer was 2.68 in formic acid.

MODEL COMPOUNDS

o-Phenylene Bibenzimidazole

A mixture of 4.32 g . (0.04 mole) of o-phenylenediamine and 3 g. (0.02 
mole) of phthalic anhydride was heated in a nitrogen atmosphere for 15 
min. at 160°C. The temperature was then increased to 300°C. and 
heating was continued for 15 min. The reaction product was recrystallized 
from dimethylformamide. The yield of o-phenylene bibenzimidazole was
4.2 g., m.p. 445- 450°C. Walther and Pulawski7 have prepared this com
pound and mentioned that it melted above 310°C.

m-Phenylene Bibenzimidazole
A charge of 4.32 g. (0.04 mole) of o-phenylenediamine and 6.36 g. (0.02 

mole) of diphenyl isophthalate was heated under nitrogen at 250-300°C. 
for y 2 hr. The reaction product was recrystallized from a benzene/ 
methanol mixture. The m-phenylene bibenzimidazole melted at 330- 
333°C.
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p-Phenylene Bibenzimidazole

p-Phenylene bibenzimidazole was prepared in the same way from
o-phenylene-diamine and diphenyl terephthalate. It was purified by re- 
crystallization from ethanol and melted at 475-480°C.

W e are indebted to  M icro-Tech Laboratories, Skokie, Illinois for the analyses reported 
here. T h e  therm ogravim etric analysis curves were prepared b y  D r. G . Ehlers of W righ t 
A ir D evelopm ent D ivision, W right-P atterson A ir Force B ase, Ohio. One of us (H erw ard 
Vogel) is indebted for a travel grant from  the International Educational Exchange 
Service (Fu lbrigh t Com m ission) in cooperation w ith Exchange Visitors Program . T h e  
financial support of the T extile  Fibers D epartm ent of E . I. du P on t de N em ours and 
C om pany is gratefu lly  acknowledged.
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Résumé
On a préparé un polybenzim idazol de haut poids moléculaire et de très bonne stabilité 

à la  chaleur, à partir de 3,3'-diam inobenzidine e t de l ’anhydride phtalique. Un rem
placem ent de l ’atom e d ’hydrogène fixé à l’ azote du noyau  im idazolique dans un p oly
benzim idazol n ’augm ente pas la  stabilité à la  chaleur. Com m e il a été dém ontré par 
les propriétés du poly-2,6-(?n-phénylène)-3,5-diphényl diim idazobenzène. On a préparé 
des polybenzim idazols avec des groupes aliphatiques à partir de la 3,3'-diam inobenzidine 
e t  l ’ester diphénylé des acides succénique e t glutarique. Les esters diphénylés des 
acides oxalique e t m alonique ne fournissent pas de polym ère, probablem ent parce que 
des amides cycliques sont formés. On a égalem ent effectué des essais de stab ilité  à 
l ’hydrolyse des polybenzim idazols. Certains composés modèles furent préparés afin de 
servir de com paraison avec le polym ère correspondant q u at à leur point de fusion e t leurs 
spectres d ’absorption.

Zusammenfassung
A us 3,3'-D iam inobenzidin und Phthalsäureanhydrid wurde ein Polybenzim idazol m it 

hohem  M olekulargew icht und sehr guter H itzebeständigkeit dargestellt. E rsatz der 
W asserstoffatom e am Stickstoff des Im idazolkerns in einem Polybenzim idazol verbessert 
die H itzebeständigkeit nicht, wie die Eigenschaften von Poly-2,6-(m -phenylen)-3,5- 
diphenyl-diim idazobenzol zeigen. Polybenzim idazole m it aliphatischen Bausteinen 
wurden aus 3,3'-D iam inobenzidin und Bernsteinsäure- und G lutarsäurediphenylester 
dargestellt. D ie  D iphenylester von  Oxal- und M alonsäure lieferten, wahrscheinlich 
wegen der B ildung cyklischer Am ide, keine Polym eren. W eiters wurde die H ydrolysen
beständigkeit der Polybenzim idazole überprüft. Einige M odellverbindungen wurden 
zum  Vergleich ihrer Schm elzpunkte und Absorptionsspektren m it dem entsprechenden 
Polym eren dargestellt.

Received March 6, 1962
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Polymers Derived from Unsaturated Esters of 
Hy dronopoxy alkanols *

TOSHIYUKI SHONO and CL S. MARVEL, Department- of Chemistry, 
The University of Arizona, Tucson, Arizona

Synopsis
H om opolym ers of the acrylates of a series of hydronopoxyalkanols have been pre

pared and characterized as soft rubbery m aterials w ith some adhesive properties. The 
polym er from the m ethacrylate of hydronopoxyethanol was hard, brittle and insoluble. 
T h e crotonate of this alcohol did not hom opolym erize in a free radical system . A ll of 
these esters copolym erized readily w ith v in yl chloride, styrene, acrylonitrile and bu ta
diene. T h e v in yl chloride copolym ers and styrene copolym ers were rigid plastics. T he 
butadiene copolym ers were rubbery and easily  crosslinked in air. T he acrylonitrile co
polym ers were soluble in dim ethylform am ide. Terpolym ers of these esters w ith bu ta
diene and acrylonitrile were tough, rubbery compositions.

A number of unsaturated esters of hydronopoxyalkanols (I) have been 
described recently by Clark, Bieber, and Pettyjohn.1 These compounds 
have been made available to us through the Southern Utilization Research

R

CHoCHoO— (CH..)..— O— C — C = C H R '
/  ~ II

C H  O

O IL  ' " ' ' ' ' C H  

C IU — C — O H 3 

O IL  I CFL

U T I L

la , n  =  2; R  =  R ' = H
lb , n  =  2; R  = C H 3, R ' = H
le , n  =  2; R  =  H, R '  =  C H 3
ld, h  =  3; R  = R ' =  H
le, n  =  4; R  =  R ' =  H
lf, ii =  5; R  = R ' = H

and Development Division of the Agricultural Research Service. This 
paper describes some homopolymerization experiments with these mono
mers and the properties of the new polymers. It also describes some

* This is a partial report of w ork done under contract w ith four U tilization  Research and 
D evelopm ent D ivisions, A gricu ltural Research Service, U. S. D epartm ent of A griculture 
and A uthorized b y  the Research and M arketing Act. T h e contract was supervised by 
D r. ,1. C. Cow an of the Northern Division.

1 3 4 3
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copolymers and terpolymers of these esters with vinyl chloride, styrene, 
butadiene, and acrylonitrile.

Earlier work has demonstrated2 that hydronopol acrylate gives a variety 
of interesting polymers, copolymers, and terpolymers. The terpolymer 
of that ester with butadiene and acrylonitrile was an especially interesting 
oil-resistant rubber; hence it was felt that some of these new esters with 
the ether linkage and longer alkyl chain might show characteristics that 
would render them useful.

In our experiments, all hydronopoxyalkyl acrylates polymerized readily 
in emulsion systems with standard free-radical initiation to give tough, 
rubbery polymers which were soluble in chloroform and had inherent 
viscosities of 0.78-1.07. However hydronopoxyethyl methacrylate poly
merized to give an insoluble, brittle solid, and hydronopoxyethyl crotonate 
did not polymerize in the usual emulsion system. Copolymerization ex
periments were run with these monomers and styrene, acrylonitrile, 
butadiene, and vinyl chloride. Fairly homogeneous copolymers were 
obtained. Although hydronopoxyethyl crotonate did not homopolymerize, 
it did enter into copolymerization reactions with the above monomers.

Terpolymers have been prepared from the esters of the hydronopoxy- 
alkanols with acrylonitrile and butadiene using an emulsion system. 
These terpolymers had rubberlike properties. In particular, the terpoly
mers starting with equal amounts of hydronoproxyamyl acrylate, butadiene 
and acrylonitrile were very tough, rubberlike materials.

EXPERIMENTAL

The esters were distilled under reduced pressure; the following fractions 
were used in the polymerization work: la, 2-hydronopoxy-1 -ethyl acrylate 
(HNEA), b.p. 143-145°C./3.5 mm.; lb, 2-hydronopoxy-1-ethyl meth
acrylate (IiNEM), b.p. 101-103°C./0.04 mm.; Ic, 2-hydronopoxy-l- 
ethyl crotonate (HNEC), b.p. 145-147°C./0.17 mm.; Id, 3-hydronopoxy-
1-propyl acrylate (HNPA), b.p. 117-119°C./0.04 mm.; Ie, 4-hydronopoxv-
1-butyl acrylate (HNBA), b.p. 119-121 °C./0.04 mm.; If, 5-hydronopoxy-
1- amyl acrylate (HNAA), b.p. 137-139°C./0.03 mm. These monomers 
contained 0.001% hydroquinone as an inhibitor, which could not be re
moved by vacuum distillation, but it was removed by dissolving the ester 
in ether and washing with 5% caustic soda solution.

Homopolymerization Experiments

The homopolymerization procedure was to charge the monomer, water, 
emulsifier, and 2.5% aqueous solution of potassium persulfate into a
2- oz. polymerization bottle in the following ratio; monomer, 1 g.; 2.5% 
aqueous solution of potassium persulfate, 0.4 ml.; emulsifier (Triton 
X-301, Rohm and Haas Co.), 0.2 g .; water, 2 ml.

The bottle was flushed with nitrogen and tumbled in a 50°C. bath. 
The resulting polymer latex was coagulated with 5% sulfuric acid solution
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saturated with sodium chloride. The polymer was purified by dissolving 
it in chloroform and precipitating it by pouring this solution into meth
anol. The polymer was separated and dried under vacuum. Inherent 
viscosities were determined in an Ostwald viscometer, a solution of 0.1125
g. of polymer in 25 ml. of chloroform at 30°C. being used. The results 
of the homopolymerizations are collected in Table I.

T A B L E  I
H om opolym erization of U nsaturated Esters of H ydronopoxyalkanols

H, %

M ono
mer

w t .
mono
mer,

g-

Tim e,
hr.

Con
version,

0/
/ c TJhih

c ,  %

Found,

%

Caled.
for

monomer,

%Found

Caled.
for

monomer

la 1 .0 17 — 100 1.0 7 70 .51 72 .1 9 .70 9 .7
Id 2 .7 17 l O o a 72 .4 7 72.8 10 .01 10.0
Ie 1 .3 41 94 0 .78 73 .3 1 7 3 .4 10 .12 10 .2
If 1 .2 17 89 0.99 73.23 74.0 10 .45 10 .3
lb 1 .0 17

OOr—12 — 7 1 .9 5 72.8 9 .75 10 .0
Ic 1 .0 20 0 — — 72.8 — 10 .0

a P artia lly  insoluble.

The homopolymers of the acrylates were soft, rubbery, somewhat sticky 
products which had some adhesive properties.

Copolymerization Experiments

The esters of the hydronopoxyalkanols were copolymerized with vinyl 
chloride, styrene, butadiene, and acrylonitrile in an emulsion system, 
Triton X-301 being used as an emulsifier. Fairly homogeneous copolymers 
were obtained. The polymerization experiments and the properties of 
the various polymers obtained are described in Tables III-V I. The 
copolymerization procedure was to charge the monomer mixture, water, 
emulsifier, and 2.5% aqueous solution of potassium persulfate into a 2-oz. 
polymerization bottle in the ratio indicated in Table II. The bottle was 
swept with nitrogen, capped, and tumbled in a 50°C. bath.

In the case of vinyl chloride or butadiene, an excess of liquid vinyl 
chloride or butadiene was added and the bottle allowed to warm up so 
that the gaseous monomer distilled out of the bottle until the desired weight

T A B L E  II
R atios of R eagents in Copolym erization Experim ents

T riton  W ater, In itiator M onom er
Series N o. X -301, g. ml. solution, ml. m ixture, g.

No-75 0 .4 4 0.8 2

No-50 0 .2 2 0 .4 1

No-25 0 .4 4 0 .8 2
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remained. The resulting polymer latex was coagulated with 5% sulfuric 
acid solution saturated with sodium chloride. The polymer was purified 
by reprecipitation and was dried under vacuum. Inherent viscosities 
were determined in an Ostwald viscometer on a solution of 0.06 g. of 
polymer in 25 ml. of solvent at 30°C.

The visual softening ranges were determined in a capillary tube. (The 
softening ranges were measured in an open capillary tube having a copper 
wire plunger. The low temperature was that at which the polymer became 
sticky and at the higher temperature the polymer was a transparent, 
gummy material.) Softening points determined in this way indicate 
only the general range of softening temperature.

Unsaturated esters of hydronopoxyalkanols were found to copolymerize 
readily with vinyl chloride to give polymers which ranged from soft, sticky 
materials to tough, plastic materials, depending on the ratio of ester to 
vinyl chloride. The polymers were soluble in tetrahydrofuran. The 
copolymer containing 36.6% hydronopoxyethyl acrylate was cast from 
tetrahydrofuran solution to give a transparent, flexible film. This result 
shows some slight plasticization was achieved as a result of the incorpora
tion of hydronopoxyethyl acrylate.

Hydronopoxyamyl acrylate was found to copolymerize readily with 
vinyl chloride to give polymers which are more flexible than hydronopoxy
ethyl acrylate copolymers. Figure 1 shows the copolymer composition. 
These results indicate that the hydronopoxyalkyl acrylates have similar 
reactivity toward vinyl chloride.

WEIGHT PERCENT OF HYDRONOPOXY 
MONOMERS IN MONOMER MIXTURE

F ig. 1. C opolym er com position curve, (□ )  la . (O) lb , ( • )  1c, and (A ) If.
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The products resulting from the copolymerization of the unsaturated 
esters of the hydronopoxyalkanols with butadiene were elastic, insoluble 
materials and were swollen by tetrahybrofuran and benzene.

Styrene, when copolymerized with the unsaturated esters of the hy
dronopoxyalkanols, was found to yield copolymers which ranged from 
brittle to tough, plastic materials. The copolymers of the unsaturated 
esters of the hydronopoxyalkanols with acrylonitrile were usually powdery 
or hard, brittle materials.

The copolymers of hydronopoxyamyl acrylate with acrylonitrile had 
softening points which were lower than hydronopoxyethyl acrylate co
polymer. The copolymer containing 21.7% hydronopoxyamyl acrylate 
was cast from dimethylformamide solution to give a flexible film. Little 
plasticization was noticed as a result of the copolymerization of these 
esters with acrylonitrile.

Terpolymerization Experiments

The terpolymerization procedure was to charge the monomer mixture, 
water (6 ml.), emulsifier (1 g.) and 2.5% aqueous solution of potassium 
persulfate (1.2 ml.) into a 2-oz. polymerization bottle. The bottle was 
tumbled in a 50°C. bath. The resulting polymer latex was coagulated with 
a 5% sulfuric acid solution saturated with sodium chloride. The polymer 
was purified by reprecipitation (CHC13-CH30H ) and dried under vacuum. 
DuPont antioxidant No. 2!) (2,6-di-fcrt-butyl-4-methylphenol) was added 
during the reprecipitation. Inherent viscosities were determined in an 
Ostwald viscometer using a solution of O.Oli g. of polymer in 25 ml. of 
chloroform at 30°C. The polymerization experiments and the properties 
of the various polymers obtained are described in Table VII.

The polymers were soluble in chloroform and benzene, but during the 
purification process the polymers formed insoluble gels rather easily.
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Résumé

On a préparé et décrit des hom opolym ères des acrylates d ’une série de hydronopoxy- 
alcanols. C e sont des m atériaux doux et caoutchouteux possédiuit certaines propriétés 
adhésives. Le polym ère du m éthacrylate de l ’hydronopoxyéthanol é ta it dur, cassant et 
insoluble. Le crotonate de cet alcool ne hom opolym érise pas dans un systèm e à  radicaux 
libres. T ous ces esters copolymérisaient, aisém ent avec le chlorure de vinyle, le styrène, 
1’acrylonitrile et le butadiène. Les copolym ères de chlorure de v in yle  et ceux du styrène 
étaient des plastiques rigides. Les copolym ères de butadiène étaient caoutchouteux 
et sepontaient aisém ent àl l ’air. Les copolym ères d ’acrylonitrile étaient solubles dans
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le dim éthylform am ide. D es terpolym ères de ces esters avec le butadiene et l ’acrylonitrile 
étaient des compositions caoutchouteuses dures.

Zusammenfassung

H om opolym ere der A cry late  einer Reihe von H ydronopoxyalkanolen wurden dar
gestellt und als weiche, gum m iartige Stoffe m it einer gewissen A dhäsionsfähigkeit 
charakterisiert. D as Polym ere des M ethacrylsäureester von H ydronopoxyäthanol war 
hart, spröde und unlöslich. D er Crotonsäureester dieses Alkohols zeigte keine radi
kalische H om opolym erisation. A lle  E ster gaben leicht Copolym erisation m it V in y l
chlorid, Styrol, A cryln itril und Butadien. D ie V in ylch lorid- und Styrolcopolym eren 
bildeten starre M assen. D ie Butadiencopolym eren waren kautschukartig und vernetz
ten unter L u ft leicht. D ie  A crylnitrilcopolym eren waren in D im ethylform am id löslich. 
Terpolym ere dieser E ster m it B utadien  und A cryln itril bildeten zähe, kautschukartige 
Massen.
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Reaction of Polymeric Radicals with 
Organometallic Compounds

T. HUFF and ELI PERRY,* Plastics Division, Monsanto Chemical 
Company, Texas City, Texas

Synopsis
T he reactivities of p olystyryl, p olym ethyl m eth acrylyl and polyacrylon itryl radicals 

w ith thirteen organom etallic substrates were measured and correlated a t 60"C . T he 
organom etallics chosen were saturated, aliphatic derivatives of elem ents from  Groups 
2b, 3a, 4a, and 5a of the Periodic T able. C orrelation was accom plished b y  the m ethod 
proposed b y  B am ford, Jenkins, and Johnston. T he correlation based on the above three 
monomers allowed the prediction of the chain transfer constant C  of four of the tested 
substrates w ith  an untested radical, the p olym ethyl acrylyl, w ith an accuracy of better 
than 101. Since the correlation was based on absolute values of C  which covered the 
range of 106 and wThich were accurate to  w ithin 10°-8, it  was concluded th a t the correla
tion was a valid  one and was useful for predictive purposes. Values of C  for untested 
substrates can be predicted w ith only a low order of accuracy because d ata  are not 
available on the polarizability  of m ost compounds. T h e introduction of oxygen into 
the v icin ity  of the m etal-carbon bond reduces the value of C  drastically and confirms th at 
C  is v ery  sensitive to polar factors. There appears to be a correlation betw een a  (the 
polarizability  of the substrate) and 0  (the intrinsic rea ctiv ity  of the substrate) w ithin a 
given group of the Periodic T ab le. T he fact th at there is not a general correlation 
between a  and 0  for the whole Periodic T able  suggests th at the mechanism of the transfer 
reaction is different from group to group.

INTRODUCTION

Most of the kinetic data in the literature dealing with polymeric radicals 
are concerned with their reactivity towards monomers. Hence, radical 
reactivity correlations are limited to the attack on one of the carbon atoms 
of a vinyl group.ia Other than monomers, the most common substrates 
are hydrocarbons, organic halides, and organic sulfur compounds.lb The 
radical reactivity information available for the few substrates other than 
monomers and for some monomers has been reviewed by Bamford, Jenkins, 
and Johnston2 in their attempt to correlate these reactivities by a new 
scheme. A recent article3 reviews the status of chain transfer studies from 
which radical reactivities with substrates are obtained, the difficulty of 
obtaining precise values of the chain transfer constant C, and some data 
available on less common substrates. Additional C values are available 
for diphenylmethylamine,4 R 3SiII, and triphenyl silicon hydride.5

* Present address: C hem strand Research Center, Inc., D urham , N orth  Carolina (to 
which all correspondence should be sent).
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The present paper presents data on the reactivity of three polymeric 
radicals with thirteen substrates, all of which are aliphatic derivatives of 
metals or metalloids in Groups 2b, 3a, 4a, and 5a of the Periodic Table. 
Correlation is accomplished by the scheme of Bamford et al.2 which 
emphasizes the reactivity of the substrate rather than by the Price-Alfrey 
Q-e scheme6 which has been used to emphasize the reactivity of the radical.

PROCEDURE

Polymerization

Styrene. The monomer and organometallic were added to clean tubes 
dried at 130°C. and cooled under argon. The tubes were cooled further to
— 76°C., sealed, warmed to room temperature, mixed thoroughly, and sus
pended in a bath at 100 ±  0.3°C., for a definite time. Tubes were cooled 
rapidly to 25°C., and the polymer was precipitated by pouring the mix
ture into 7-10 volumes of methanol. Drying was accomplished at 60°C., 
and <1 mm. Hg. Repurification procedures of solution, filtration, and 
precipitation were used to remove solid residues and residual traces of 
monomer.

Acrylonitrile. The procedure was the same as for styrene, except that 
dimethylformamide (D M F) and catalyst were included in the charge (10.0 
ml. acrylonitrile, 40.0 ml. D M F, 0.0100 g. AIBN, plus substrate). The 
polymerization temperature was 60 ±  0.3°C.

Methyl Methacrylate. The procedure was the same as for styrene ex
cept for the use of catalyst (20.0 ml. monomer, 0.0020 g. AIBN, plus sub
strate). The polymerization temperature was 60 ±  0.3°C. The precipi
tating medium was 10 volumes of methanol plus 1 volume of water.

Methyl Acrylate. The procedure was the same as for methyl methacry
late through the polymerization step (10.0 ml. monomer, 10.0 ml. benzene,
0.0200 g. AIBN, plus substrate). The precipitant was petroleum ether at
— 40°C., and the excess monomer was removed over the temperature range 
of —40 to 20°C., as the mass was allowed to warm slowly over an 8-hr. 
period.7 Final drying was at 60°C. and <1 mm. Hg.

For all polymerization work, the conversion was kept below 10% to 
minimize changes in the molar ratio of the transfer agent to the monomer.

Degree o f Polymerization (DP)

The DP was estimated from viscosity measurements by use of the re
lationships given in Table I, where Cv is in units of grams per 100 cc., and 
C 'v is in grams per cubic centimeter. In the case of styrene, when the mo
lecular weights were low, the DP was obtained cryoscopically with di
phenyl as a solvent.

Chain Transfer Constant

The chain transfer constant was determined from a M ayo plot of 1 /D P  
as a function of [S ]/[M ].13 The M ayo plot holds without restrictions
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only if the molecular weight is high, and either (a) the rate of polymeri
zation is not affected by the additive or (b) the U( [S ] /  [M ]) term is so large 
that the other variable terms can be neglected in eq. (1) (which is valid for 
radical combination) :

1 /D P  =  Cm +  Cs([S ]/[M ]) +  (fa[R- ] /2 /c3[M ]) +  (fa[S• ]/fa [M ]) (1)

where DP =  degree of polymerization, Cm =  chain transfer constant for 
monomer, Cs =  chain transfer constant for additive, [S ]/[M ] =  molar 
ratio of additive to monomer, [R ■ ] =  molar concentration of polymeric 
radicals, [S • ] =  molar concentration of the radical derived from the addi
tive as a result of the chain transfer step, fc3 =  specific rate constant for 
propagation, fci =  rate constant in +  d[P]/dt =  fci[R -]2/2  (reaction of 
polymeric radicals to yield polymer), fc2 =  rate constant in +  d[P]/dt =  
fa[R- ] [S - ] (reaction of a polymeric radical with a radical derived from a 
chain transfer agent to yield polymer), and fP 1 =  molar concentration of 
polymer chains.

For the present work, no C i( [I ] /[M ])  term is needed for the initiator I, 
since Ci for A IBN  is known to be zero.10 It is obvious, also, that [R- ], [M],
[S], and [I] must be constant for each reaction at a given [S ]/[M ] for the 
M ayo plot to hold.

It is clear from Tables II-IV  showing R/R'0 (the ratio of the actual rate 
to the ideal rate calculated only on the basis of dilution with no retardation 
or acceleration) that acceleration and retardation are the rule rather than 
the exception. An analysis of the M ayo equation allowed the following 
conclusions to be drawn concerning its use.

(I) When Cs ([S ]/[M ]) is so large that other terms can be neglected, a 
plot of 1 /D P  against [S ]/[M ] will yield the correct Cs for all values of R/ 
R'o.

(;2) When R/R'0>1, the M ayo plot gives the correct values of Cs when 
(1 /D P ) — | Dm +  (fci[R]/2fc32[M ]2)} is used as the ordinate.

(8) When 0 .0 8 < R /R '0< 1 ,a  plot of (1 /D P) -  {C m +  (fa[R]/2fc32[M ]2)} 
against [S ]/[M ] will yield a value of CB which might be in error by a 
factor of two. This variation follows from the possible range of 0<fc4<  
in the reinitiation expression +  d[R - ]/dt =  fc4[S- ][M ].

In practice, the variation in fc4 is much smaller, since with fc4 equal to zero, 
severe retardation, rather than minor retardation, would result. Likewise,

should never exceed fc3 or no retardation would occur, so that the actual 
uncertainty in Cs may be a factor of 1.3-1.5 rather than of 2.

U) When 0<R/R'0<0.20, a plot of (1 /D P) — {C m +  (fc2/fc3[M]) 
(G/k5) ’/!} against [S ]/[M ] will yield Cs with no restrictions. Here G is 
equal to 2fc6 [I ] or the rate of radical formation and fc5 is the constant in the 
expression — d[S- ]/dt =  2fc5[S- ].2

(5) When 0 .20<R //f'o<0.80, Cs can only be estimated unless the trans
fer term predominates so that the others can be ignored. If all terms must 
be included, one can assume values for fc2 and make a plot of (1 /D P) - 
{C m +  (fa [R -]/2 fa [M ]) +  (fa [S -]/fa [M ])} against [S]/[M J to obtain a
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corrected but uncertain value of CH. Fortunately, actual experience in 
measuring chain transfer constants has shown that this uncertain case 
occurs rarely.

In order to correlate all of the reactivity data at 60°C., the Cs values 
obtained with styrene at 100°C. were estimated at 60°C. by assuming (I) 
the activation energy was 0.0 when C was greater than 1, (2) the activation 
energy was 5.0 when C was between 1 X 10“ 4 and 1, and (3) the activation 
energy was 14 when C was less than 1 X  10-4. This method of estimation 
was adopted after studying some of the available data about the variation 
of C with temperature.11* In the correlation of the data, this procedure 
introduces only a relatively minor error as explained below.

In the case of tri-n-butylantimony with methyl methacrylate, C appeared 
to be zero. Since C must be positive, even if very small, its value was 
recorded as less than the lowest value of C which was measured for that 
monomer.

The values of the kinetic constants used in making the calculations are 
given in Table V.

T A B L E  V

M onom er kt (60 °C .) kp (60 °C .) Reference

Styrene i.3 x  io8 (ino°c .) 740 (10 0 °C .) 
176

14

A crylonitrile 9.8 X  10s 2458 2
M eth y l m ethacrylate 3.74 X  107 734 15
M eth y l acrylate 9.5 X  106 2090 16

Correlation o f Radical Reactivities According to Bamford, Jenkins, and 
Johnston. The procedure suggested by these authors2 was used with modi
fications as noted in the text below. The specific rate constants for the re
action of the polymeric radicals with toluene were taken from the reference 
article.

Accuracy and Reliability. The value of C in Tables I I -IV  is given along 
with the 90%  confidence limits as obtained from the scatter of points about 
the M ayo plot. There are other sources of error which increase the uncer
tainty range of C, and it is estimated that the overall maximum uncertainty 
in the value C lies in a sixfold (100,8) range if all possible errors occur in the 
same direction. This result follows from the sources of error which are 
given in Table VI. The difficulty of measuring absolute values of C pre
cisely has been reviewed.3 When predicting C for unknown monomers, a 
further uncertainty is introduced by the choice of <j .

All of the sources of error rarely work in the same direction nor do they 
have their maximum variability. M ost values of C in this report are 
probably correct to better than a factor of .3 or 4 as indicated by the data 
obtained using transfer agents for which C values are available in the litera
ture (Table V II).
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T A B L E  V I

Source of error

E stim ated resulting 
m axim um  uncertainty 

range in C

1. Use of a minimum num ber of points 4.0-fold
to m ake the M ay o  p lot

2. Use of [ij]-D P  relationships 0 .7
3. Estim ation  of C  for styrene at 00°C. 0 .6

from  100°C. data
4. A pproxim ation used to correct the D P 0 .5

for rate effects
5. Change in [S]/[M ] during 0.2

polym erization
6. N onreproducibility in measuring the 0 .1

rate  and D P
7. D eviation  from  constant rate kinetics < 0 .1

O verall error ~ 6.0 -fold  or 10°-8

No matter how great the uncertainty range may be, the average value of C 
is the most probable value and these values were used in collating the data. 
While it would be desirable to have more accurate values of C, the correla
tions and trends which are being reported are still real, since a range for C 
of greater than 106 has been covered.

T A B L E  V II
Com parison of M easured C  Values with L iterature C  Values

Transfer
agent M onom er

M easured 
chain transfer 

value, C

Literature 
C  value

R efer
ence

ra-Dodecyl
m ercaptan

Styrene 26 (110 °C .)  
13 (100°C .)

19 (60°C.) 17

T  ri-n-propylam ine A crylonitrile 0 .4  (60°C.) 1 .0  (60°C.) 18

The possibility that the transfer agent reacts with chemicals in the mix
ture other than the polymeric radical must be considered. This reaction 
would result in a value of C which is too low. Impurities, such as oxygen 
and water, could be present only in extremely small quantities, but, in some 
cases, the monomer itself reacts with the organometallic,. This reaction 
causes a curvature on the M ayo plot and is, therefore, detectable. In most 
cases where reaction was detected, it was still possible to get an approximate 
value of C by using the data from the experiments containing large quanti
ties of transfer agent. These values of C have been recorded in Tables 
I I -IV  as being approximate and are shown without confidence limits. For 
those cases in which reaction was severe, no transfer constant was calculated 
(e.g., methyl methacrylate with diethylzinc and dibutylcadmium).
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Raw Materials

Monomers. Styrene was of >99.7%  purity. The monomer was washed 
with caustic to remove inhibitor, dried with CaS04, and fractionated under 
vacuum.

Acrylonitrile was of >99.5%  purity and contained <100 ppm methyl 
vinyl ketone. The monomer was dried with CaS04 and CaH2 and was 
fractionated under vacuum.

Methyl methacrylate was >99.0%  pure and contained <0.10%  H20 , 
<0.005%  methacrylic acid. The monomer was washed with caustic, dried 
over CaSO-i, and fractionated under vacuum.

Methyl acrylate was >98.0%  pure, b.p. 79.6-80.3°C./760 mm.; it con
tained <0.004%  acid as acrylic acid and < 0 .1%  H20 . The monomer was 
washed with caustic, dried over CaS04, and fractionated under vacuum.

All of the monomers were handled and stored under argon and only the 
center cuts of the fractionated materials were used.

AIBN. Azobisisobutyronitrile (AIBN) was recrystallized from meth
anol to a constant melting point of 101-102°C. and stored at 0°C.

Argon. On analysis the argon used contained <0.002%  0 2; <0.002%  
H2; <0.0008%  H20 .

Transfer Agents. The following transfer agents were used: w-dodecyl 
mercaptan: sp. gr. (20/20)0.845, nfS 1.4588, b.p. 146-148/15 mm. Hg; 
triethylaluminum: > 95% , material fractionated at 1 mm. Hg and center 
cut taken for chain transfer work; tri-n-butylphosphine: b.p. 107-108°C ./
7.5 mm. Hg; tri-n-propylamine: b.p. 154-156°C./760 mm. Hg; tetra-n- 
butytin: b.p. 144-147°C./10 mm. Hg; tri-n-butylantimony: b.p. 131- 
131.5°C./12 mm. Hg; tetraethylsilane: b.p. 38-39°C ./10 mm. Hg; tetra
ethyllead: > 99 .1% ; di-n-butylcadmium: b.p. 103.5°C./12.5 mm. Hg, 
density (19.4°C.) 1.3056; diethylzinc (Chemicals Procurement Company): 
purity unspecified; diethyl mercury (Chemicals Procurement Company): 
purity unspecified; diisobutylaluminum hydride: > 9 9 % ; triethylindium:
b.p. 144°C./760 mm. Hg, n-n 1.538, d f  1.260; tributylboron: >99% .

Solvents. Toluene, methanol, dimethylformamide, benzene, acetone, 
and petroleum ether were used; A R  grade materials were fractionated and 
the center cuts were dried over either sodium or molecular sieves.

RESULTS

The primary data and the calculated values of C for styrene, methyl 
methacrylate, and acrylonitrile monomers are shown in Tables II-IV . The 
90%  confidence limits as obtained from the M ayo plot are included for C. 
The quantity Pr- was found as described by Bamford et ah,2 and these 
values are included in Tables II-IV . Plots of Pr- versus a were made for 
each chain transfer agent except tributylboron and the Group 5a elements. 
P'or these substances, a + was used instead of a as will be explained below. 
Figure 1 is a typical plot of P r  as a function of <x. The values of a chosen 
were:19 —0.01 for styrene, -¡-0.28 for methyl methacrylate, and + 0 .66  for
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acrylonitrile. The values of a+ chosen were:20 —0.18 for styrene, +0.17 
for methyl methacrylate, and +0 .66  for acrylonitrile. The quantity a is 
the slope of the Pr- versus a curve. Three values of /3 were calculated from

Fig. 1. P lo t of Pr' vs. a  for triethylalum inum . T he slope a  is equal to — 5.58.

the a for a given chain transfer agent, for each of the three monomers, and 
an average ¡3 was found. The results, shown in Table VIII, represent the 
correlation of the data following the suggestion advanced by Bamford et al.2

T A B L E  V I II
Values of a  and 0  C alcu lated  According to the M ethod of 

B am ford, Jenkins, and Johnston

Chain transfer 
agent ot

0

From
styrene

From
m ethyl
m ethac- From  

rylate  acrylonitrile
A rithm etic

mean

EtsZn - 0 .8 0 4.29 — 4.29 4.29
B u 2C d +  0.65 3.88 — 3.88 3.88
E t.H g + 2 . 5 1 - 0 .3 3 0.01 - 0 .3 2 - 0 . 2 1
B u3B +  1.67» 2.66 1.3 6 2.20 2.08
L ^ A l — 5.58 5 .9 7 5.4 2 5 .9 5 5 .78
(i-B u )2A lH - 5 .0 3 6.50 5 .73 6.41 6 .18
E t j n - 4 .9 8 5.4 2 4.68 6 .13 5 .4 1
E t4Si - 1 . 3 1 1 .7 2 1.6 4 1.6 8 1.68
BujSn + 0 .1 3 1.3 9 0.85 1.3 2 1 .1 8
E ttP b +  1.4 8 0.93 0 .85 0.90 0.89
P r3N +  1 .3 8 “ 2 .4 5 1 .70 2 .2 1 2 .12
B u 3P +  1.00“ 2.39 2.09 — 2.24
B u 3Sb + 3 .5 7 “ 3.2 2 — 2 .1 8 2.70

“ D ue to the u ncertainty in the <t + value for :m ethyl m ethacrylate, these cy values are
obtained b y  giving extra w eight to t.he points for styrene and acrylonitrile. In all other
cases, the line used to  obtain a  was drawn according to  the m ethod of least squares.
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DISCUSSION

Test o f the Correlation

A  severe test of the correlation as well as its predictive value is provided 
by measuring the C values for a fourth monomer for some of the same 
substrates from which the correlation was developed and comparing these 
with C values which are calculated knowing only kt0 luone and a or <r+ for the 
monomer. The a and /? values for the substrates are available from the 
correlation. The results are shown in Table IX  for methyl acrylate at 
60°C. (<7 =  0.45, <r + =  0.48).

T A B L E  I X
C alculated and Experim ental C  Values for Organom etallic Com pounds in M eth yl 

A crylate; Polym erization  at 60°C.

O rgano
m etallic

C alcu lated  chain transfer 
constant C

E xperim ental C  

( ± 9 0 %  confidence lim its)

E tjA l 0 .316 ca. 0.048
E t4Si 3 .3 1  X  lO " 3 1 .7 8  X  1 0 " 3 ( ± 3 .8 0  X  10~3)
P r3N 0 .163 0.047 (± 0 .0 4 7 )
B u3P 0 .14 1 0 .189 (± 0 .0 7 8 )

One can conclude that the measured and predicted C agrees to better than 
an order of magnitude. Since the correlation was based on absolute values 
of C ranging from 101 to 10-5 which were individually accurate within the 
range of 10°-8, it is seen that the results are as good as the data could allow 
them to be. More accurate values of C are needed to judge the complete 
generality of the method of correlation. Bamford, Jenkins, and Johnston 
found, by using six monomers and eleven substrates, that the predicted and 
calculated values of C agreed to within a factor of 10°-5. However, they 
appeared to reach this conclusion by calculating C for monomers and sub
strates which were used initially to develop the correlation so that their test 
was only of that particular correlation and not of its generality or its pre
dictive value. In the calculation of C for methyl acrylate, the a, a, and ¡3 
terms are much larger than the /.'toluene term, so that a reasonable test of the 
correlation is being provided. One must recall, also, that the choice of the 
values used for a and <r+ can increase the error in the calculation of C.

The method of correlation, like the Q-e scheme, divides the reactivity 
into two factors: (a) a normal reactivity and (6) an additional reactivity 
due to polar factors. There is no attempt to describe the mechanism by 
which the reaction occurs, nor need that mechanism be the same for all 
reactions included in the correlation. The approach is pragmatic rather 
than rigorously theoretical and, as such, is to be judged by its success. That 
polar factors are probably of great importance can be deduced by comparing 
0  for some organometallic* with the C for the same compounds into which 
an oxygen atom has been introduced in the vicinity of the element (Table 
X ).
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T A B L E  X
E ffect of Introducing an Oxygen A tom  in the V icin ity  of the Elem ent on the Chain 

Transfer C on stan t w ith  Styrene at 100°C.

Substrate Chain transfer constant C

( C2Hö)3 A l 8 . 1

(C 2H 50 ) 3A1 < 1 0 ~ 5

(7Ì-C 4H 3 .5  X IO " 3

(n-C 4H 90 ) 3B

1n 1OV

(n -C 4H»),P 2 .4  X  10 ~ 3

(n -C 4H 9)3P = 0 < 1 0 - 5

a and 0 Values

When 0 is plotted as a function of a for the organometallics in each group 
of the Periodic Table, a series of lines is obtained (Fig. 2). The slope of 
these lines is greatest, negatively for Group 2b and progressively becomes 
more positive as one goes to Group 5a, the slope of which is close to zero.

Fig. 2. p  vs. a  b y  groups in the Periodic T ab le  for organom etallic compounds: G roup 
2b, slope =  — 1.39; Group 3a, slope =  — 0.54; Group 4a, slope =  — 0.32; Group 5a, 
slope =  + 0 .2 1 .

These trends may be consistent with the changing electronic structure of 
the elements, a is a measure of the polarizability of the substrate, and 0 is 
its intrinsic reactivity. A  negative a implies that the substrate can be 
polarized by the attacking radical so as to accept its electron in the transi
tion state. Such substrates in the absence of polar substituent groups on 
the radical may still not repel the approaching electron. A  positive a 
implies the reverse. In moving from Group 2b to Group 5a, one goes from 
a deficiency to an excess of electrons. This fact is reflected in the positive 
value of a for all Group 5a elements. These substrates tend to repel elec-
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Fig. 3. p  vs. a  for (0 )  monomeric substrates and (A ) nonmonomeric substrates as 
reported b y  Bam ford, Jenkins, and Johnston.2

irons so that 13 is generally low and essentially constant. Since a high 
electron density already exists around the Group 5a elements, the effect of 
small variation in this density will not be observable.

When the /3 - a  data of Bamford, Jenkins, and Johnston are plotted (Fig. 
d), two curves seem to result. The first curve is for those reactions which 
involve the extraction of an atom from the substrates by the attacking free 
radical. The second curve is for those reactions in which the attacking free 
radical adds to the substrates (e.g., monomers) with the disappearance of a 
double bond. These are two entirely different mechanisms and it is not 
surprising that two curves are required to represent them. It is suggested 
that a change in mechanism occurs for the organometallic substrates as one 
goes from Group 2b to Group 5a. Hence, a different curve is needed to 
represent the data for each group (see Fig. 2).

The correlation of a  and f3 may be worsened by the indiscriminate use of 
ethyl, propyl, and butyl groups in the organometallic derivatives. Since a 
family of curves is required to represent (3 a  data, one would not expect to 
be able to predict the values of these constants for unknown substrates. 
Values of a should be related to the polarizability of the substrates within a 
group in the Periodic Table. Polarizability values are not available for the 
elements. The next best quantity to use is the electronegativity(E.N.). 
However, a plot of a against E.N. shows very little regularity.

When a is plotted as a function of the group for a given period in the 
Periodic Table, it clusters around zero at Group 4 elements, a  increases as 
one goes from lighter to heavier metals in any given Group. The exception 
to this latter statement is boron and Group 5a elements, d shows very poor 
correlation with any parameter except the group in the Periodic Table, 
Group 4a elements being least reactive. Group 4a elements have, therefore,
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the lowest value of C, which follows from their low values of a and ¡3. The 
lack of reactivity of Group 4a elements may be a consequence of their 
having a more balanced electron structure (i.e., exactly four outer shell 
electrons). The most balanced organometallic compounds in the Periodic 
Table, those containing only C— C bonds, are known to be very unreactive 
toward radical attack. Thus, it has been reported21 that degradation of 
polymers by free-radical attack occurs via hydrogen extraction and not by 
direct chain transfer with a C— C bond.

Use o f o' and o+ Values

With one exception, the organometallics of Groups 2b, 3a and 4a gave 
linear plots when Pr- was plotted against a. For boron and the Group 5a 
elements, no correlation resulted when o values were used, and an approxi
mate but usable line was drawn when cr+ values were used. In order to 
obtain completely linear plots, one would have had to use a o+ value of 
— 0.7 instead of +0 .17  as recommended in the literature for methyl meth
acrylate. The ultimate justification for using u+ instead of o is the same as 
that for any empirical correlation, i.e., it is successful as shown by the data 
in Table IX . Bamford, Jenkins, and Johnston found a lack of correlation 
for triethylamine when using a constants and suggested that the <r+ function 
should be more suitable since it is especially applicable to electrophilic 
reactions,22 but they did not feel that sufficient data for <x+ were available. 
It may be that lack of precision in the <x+ values in the present work is the 
cause of the imperfect correlations. In any case, the theoretical basis for 
the use of o + as opposed to a is still not clear.

The fact that derivatives of the electron-rich Group 5a elements can be 
correlated better with the <r+ function may not be surprising, but the cor
relation for boron is unexpected. Benzing23 has suggested that the use of
o--1" implies a change in the transition state from Ilei\I®— CH to R eH®— C—  
M  rather than the often suggested change from ReM®— CII to R®.Me—- 
C— H. According to this view, the critical factor is the relative electro
negativities24 of the M  and H (E.N. =  2.1) since the carbon (E.N. =  2.5) 
would not be involved in the competition for the positive charge. When 
the E .X . exceeds 1.8, o + must be used in place of o. This suggestion 
accounts for the behavior of boron as well as the Group 5a elements. Con
firmation of this idea would require detailed data on the mechanism of the 
transfer reaction for a great many reactions.

W e wish to  express our gratitude to  D r. W . H. U rry, D r. G . Henrici-Olivo and Dr. 
S. O livé for helpful discussions.
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Résumé

On a mesuré et comparé à 60°C les réactivités des radicaux p olystyryles, p olym éthyl- 
m éthacrylvles et polyaerylonitriles avec des substrats organom étalliques. Les organo- 
m étalliques choisis étaient des dérivés aliphatiques saturés d ’éléments des groupes 2b, 
3a, 4a, et 5a du tableau périodique. La  com paraison fut faite d ’arpès la  méthode pro
posée par B am ford, Jenkins et Johnston. L a  corrélation basée sur les trois monomères 
précités perm et la prédiction de la constante de transfert, C ,  de quatre des substrats 
avec un radical non examiné, le polym éthyl-acrylyle, la précision étant supérieure à  101. 
Puisque la corrélation é tait basée sur des valeurs absolues de C  se trou vant aux environs 
de 10* et exactes à 1 ()u■8 près, on en conclut que la comparaison est valable et utile à 
la prédiction. Les valeurs de C  ne peuvent être prédites pour des substrats non-ex- 
aminés qu 'avec une précision réduite, parce q u ’on ne connaît pas les valeurs de polar
isabilité de la p lupart des composés. L ’introduction d ’oxygène au voisinage de la  liaison 
m étal-carbone réduit fortem ent la valeur de C ,  et confirme que C  est très sensible aux 
facteurs polaires. Il semble qu il n ’y  ait une relation entre « (la polarisabilité du subs 
(.rat) et f) (la réactivité intrinsèque du substrat) au sein d ’un groupe donné du tableau 
périodique. Le fait qu 'il n 'y ait, pas de relation générale entre « et /i  pour tout le tableau 
périodique semble indiquer que le mécanisme île la réaction de transvert diffère d'un 
groupe à l'autre.
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Zusammenfassung

D ie R e a k tiv itä t von P olystyrol-, Po lym eth ylm ethacrylyl- und P olyacryln itrylradi- 
kalen m it dreizehn organom etallisehen R eaktionspartnern wurde bei 60° gemessen und 
die bestehenden G esetzm ässigkeiten untersucht. D ie untersuchten organometallisehen 
Verbindungen waren gesättigte, aliphatische D erivate  von Elem enten der Gruppen 
2b, 3a, 4a, und oa des periodischen System s. Zur Korrelation wurde die M ethode von 
B am ford, Jenkins und Johnston verw endet. D ie auf den erwähnten drei M onom eren 
beruhende K orrelation  erlaubte die Bestim m ung der Ü bertragungskonstanten, C ,  von 
v ier der untersuchten Substanzen m it einem neuen R adikal, dem Polym eth ylacryly l- 
radikal, m it einer G en auigkeit besser als 10 1. D a  die Korrelation auf A bsolutw erten 
von C  beruhte, die einen Bereich von  106 bedecken und auf 10c-8 genau sind, erscheint 
die Korrelation sinnvoll und heuristisch brauchbar zu sein. C -W erte für nicht getestete 
Substanzen können nur m it geringer G en auigkeit angegeben werden, da für die meisten 
Verbindungen keine Polarisierbarkeitsangaben verfü gbar sind. D ie Einführung von 
Sauerstoff in der N achbarsch aft der M etall-K ohlenstoffbindung setzt den W ert von C  

stark herab, was b estätigt, dass C  gegen polare F aktoren  sehr empfindlich ist. Es 
scheint eine K orrelation  zwischen a  (der Polarisierbarkeit des Ü berträgers) und ß  

(der spezifischen R e a k tiv itä t des Ü berträgers) innerhalb einer gegebenen Gruppe des 
periodischen System s zu bestehen. D ie T atsach e, dass keine allgemeine Korrelation 
zwischen a und ß für das ganze periodische System  besteht, spricht für einen unter
schiedlichen M echanism us der Ü bertragungsreaktion von Gruppe zu Gruppe.

Ileceived January 2,1962 
Revised March 15,1962
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Structure of the Normal Crystal Form of 
Polyoxymethylene
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Resine, CasteUanza (Varese), Italy

Synopsis
The structure of hexagonal polyoxymethylene has been re-examined by means of 

x-rays. The parameters of the elementary cell, the space groups, and the model of the 
spiral chain previously described in the literature for this polymer have been discussed. 
A new elementary cell and a new type of helical chain with a higher periodicity have 
been proposed. The condition of isomorphism for chains belonging to the same lattice, 
which had already been found in the case of orthorhombic POM, has also been found 
valid for hexagonal POM.

1. Introduction

Polyoxymethylene (POM) was one of the first macromolecular substance 
with a crystalline structure investigated by mean of x-rays.

The groundwork in this field was carried out mainly by the school of 
Staudinger1-6 and provided the basis for the formulation of many concepts 
essential in the field of macromolecular crystallography.

Among these are that of the elementary cell whose parameters are inde
pendent of the length of the macromolecule, the concept of spiralization of 
the chain, etc. In particular, the long periodicity of the helical chains of 
POM, although composed of very simple monomeric units, helped to explain 
the concept of the repetition period of a helical chain as the lowest common 
multiple of the period of the helix and the period of the smallest structural 
unit whose projection is repeated identically along the axis of the chain.

A number of studies have since been carried out in order better to define 
the structure of this crystalline polymer: these have involved such methods 
as infrared spectroscopy,6'7 dipolar moments,8 and x-ray diffraction.9'10

However, all the above studies have been concerned with the same hex
agonal crystalline form of POM (hexagonal POM ), to which has been 
assigned the lattice constants a =  4.46 A. and c =  17.3 A. and the space 
groups PSi and P3i; so far this is the only structure to be dealt with by the 
literature.

It is only recently that Bezzi, in the Montecatini laboratories at the 
Organic Chemistry Institute of the University of Padova, obtained a new 
crystalline form of POM (orthorhombic POM) with an orthorhombic cell, 
space group P2$$\  and lattice constants a =  4.77 A., b =  7.65 A. and c =  
3.56 A.

1 5 7 3
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We have solved and described this structure in a previous paper.12
As has already been noted in the previous publication,12 the space group 

of orthorhombic POM possesses the interesting property of admit ting only 
isomorphous chains in the same lattice.

As far as artificial polymers are concerned, a similar condition of iso
morphism of the chains belonging to the same lattice had already been 
noted by Natta et al.u for poly (fcrt-butyl acrylate) and for poly-5-methyl- 
hexene. This phenomenon, however, is particularly evident in the case of 
orthorhombic POM, since this polymer possesses the unusual property of 
showing a practically 100% crystallinity when examined under x-rays and 
also a spectrum rich in reflections at very high diffraction angles correspond
ing to interplanary distances of even less than 0.9A.

These same spectrum properties are also observable in samples of hex
agonal POM, for which, on the basis of the space groups P3\ and P.%, the 
same condition of isomorphism found for orthorhombic POM would hold 
good.

Nevertheless, the solution of the structure of hexagonal POM had not yet 
been completed; in fact, although the spiral form of the chain had been de
fined, the mutual positions of the chains themselves had still to be deter
mined.

The work covered by the present paper was, therefore, undertaken with 
the initial intention of bringing to a finish the determination of the structure 
of hexagonal POM and then to ascertain whether the condition of isomor
phism for chains belonging to the same lattice also held good in this case.

The results obtained exceeded our original intentions. In fact, apart 
from finding an inaccuracy in the assignation of the space group of hex
agonal POM, even in the 9-monomer and 5-turn chain-model most recently 
described in the literature,9'10 it was also possible to ascertain that after 
nine monomers hexagonal POM does not indeed show an exact structural 
repetition but that this repetition takes place after a much greater number 
of monomeric units.

Fig. 1. Hexagonal POM. Fiber spectrum with FeKa radiation,
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2. X-Ray Diffraction Patterns

Both fiber (Figs. 1-4) and powder spectra were made, the latter, by 
preference, on samples of trigonal POM  obtained by annealing orthorhom
bic POM for the sake of the good crystallinity and crystallite size of the 
substance obtained in this way.

Fig. 2. H exagonal P O M . F iber spectrum  w ith  C u K a  radiation.

Fig. 3. H exagonal P O M . Spectrum  of tilted  fiber w ith F e K a  radiation.

The X -ray spectra were obtained with the use of tubes with copper, iron, 
or chromium anticathodes.

The measurements of intensity were made on the basis of the peak areas 
on the spectra obtained with a Philips wide-range goniometer; the mean 
value of those obtained with CuKa and FeKa radiations was taken as the 
final intensity value for each single peak, after taking the normal angular 
correction coefficients into account.
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Wherever a number of reflections were superimposed in one peak, the 
total intensity of the latter was divided on the basis of the intensities of the

Fig. 4. H exagonal P O M . Spectrum  a t tilted  fiber w ith  C u K a  radiation.

single reflections obtainable from the fiber spectra. A  total of over fifty 
reflections was observed with intensity ratios ranging from 1 to 1000.

3. Structure o f Hexagonal PO M  Chain with Identity Period o f Nine
Monomers

Two different types of helix for hexagonal POM have been described in 
the literature: both involve an identity period of nine monomers, but differ 
in the number of turns of the helical chain, which is four according to 
Sauter4-6 (9 /4  helix) and five according to Huggins9 (9/5 helix).

The normal POM fiber spectrum shows a layer which is far more intense 
than all the others and whose periodicity is approximately 3.49 A., whereas 
the spectrum of the tilted fiber gives only two equatorial spots whose perio
dicities are approximately 0.97 A. and 1.94 A .; the latter corresponds to the 
repeat period of the monomeric unit along the axis of the fiber Z ) which is 
contained nine times within the identity period of approximately 17.4 A.

The spots of the strongest layer have therefore the index l =  5, since the 
periodicity of 3.49 A. is contained five times in the identity period.

The hypothesis of a 9 /5  helix, i.e. one with a periodicity equal to that of 
the fifth layer, is confirmed by the latter’s particular intensity; in the case 
of a 9 /4  helix the most intense layer should be the fourth, which, however, 
appears very weak in the photograms.

These observations inclined us to discard Sauter’s hypothesis and to take 
into consideration that of Huggins, which supposes the helical chain of nine 
monomers and five turns shown diagrammatically in Figure 5.
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10

F ig. 5. H exagonal P O M . Projection  of the 9/5 helix on the plane norm al to  the axis 
of the chain: ( • )  carbon atom s; (O) oxygen atom s. Internal num bers and external 
num bers are 2  coordinates of the carbon and oxygen atom s, respectively, expressed as 
eighteenths of C .

4. Elements o f Symmetry and Space Group o f Hexagonal PO M  with 9 /5
Helices

The POM chain (Fig. 5) involves a triad screw axis coinciding with the 
axis of the chain, enantiomorphous with respect to the helix; there are also 
eighteen diad axes normal to the chain, each of which passes through the 
axis of the helix and one atom of carbon or of oxygen.

The hexagonal elementary cell with a =  4.46 A. and c =  17.3 A. contains 
one chain only, so that the molecules may be positioned in two different 
ways in the same hexagonal lattice.

One of these means that, on the projection onto the plane normal to the 
chain, six diad axes of the chain coincide with the axes of the hexagonal 
lattice; these come at the respective levels 1/6C, 1/3(7, 1/2(7, 2/3C, 5/6C, and
C. This structure belongs to the space group P S fll if the chain is right- 
handed and P3221 if it is left-handed.

In the second case, the projections of six diad axes bisect the angles con
tained between the three axes of the hexagonal lattice; the levels of the six 
axes of symmetry are the same as in the last case, and the structure belongs 
to the space group P 3t12 if the chain is right-handed and P3gl2 if left- 
handed.

In order that the conditions imposed by the above four space groups be 
respected, it is in every case necessary to take as the origin of the axis Z  the
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T A B L E  I
Observed and C alculated Intensities / and Structure Factors F According to 9/5 H elical 

Chain M odel for H exagonal P O M

hkl

■le

(CuK:«)

I V

calculated observed calculated observed
100 22. 9 12.123 11.591 65. 0 63. 4
110 40. 3 211 197 15. 6 15. 2
200 46. 9 13 12 4. 6 4. 5
210 63. 5 54 55 9. 4 9. 5
800 73. 2 29 19 11 .2 9. i
220 87. 1 17 21 9. 9 11 .0
310 91 .6 27 33 9 0 9. 9
400 105. 4 6 6 6. 0 6. 0
101 23. 5 51 ------a 3 0 _a

111 40. 6 56 5. 8 3. 4
201 47. 2 46 17 6 2 3. 8
211 63. 7 26 15 4 6 3. 5
202 48. i 8 4h 2 .6 1 9
212 64. 5 26 4b 4.. 7 1. 9
302 74 2 14 4b 5.6 3 0
222 88 0 14 4b 6.3 3 4
312 92 .5 28 4b 6.4 2 .5
402 106.3 13 4" 6.2 3.5
103 27 9 20 32 2. 3 2 9
113 43 5 68 93 6.8 7. 9
203 49 7 77 68 8.5 8 0
213 65 9 137 93 11 .0 9 1
303 75.5 53 30 11 .0 8..3
223 89 .2 35 16 9.9 6. 7
313 93 .8 62 29 9.5 6.6
403 107.6 20 7 7. 7 4.6
104 31 .0 281 73 9.6 4.9
114 45.7 97 119 8. 7 9.6
204 51 .7 55 67 7.4 8.3
214 67.5 9 12 3.0 3.4

point at which it intersects with one of the binary axes considered; 
words, one of the atoms of the chain must have the coordinate Z  =

{continued)

in other 
O .

Sauter4 placed the origin of the lattice half-way between the projections 
onto the axis Z  of two adjacent atoms, and was thus obliged to assign the 
structure to the space groups PS a (Cs2) and P3g(C$2) .

5. Observed and Calculated Intensities for the Two Possible Structures
o f 9 /5  Hexagonal PO M

In order to be able to decide for one of the two possible structures de
scribed above we carried out the calculations of all the structure factors of 
the two cases under consideration, using an isotrope thermal factor B  =
2.3 (see Table I).
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T A B L E  I (c o n t i n u e d )

h k l

2?

(C u K a )

I F

calculated observed calculated observed

105 34 .6 2701 3366 3 3 .5 3 7 .5
115 48.3 1005 1166 30.0 32.0
205 54.1 546 589 25.0 25.9
215 69.6 142 117 11 .9 12.0
305 79.0 12 7 5 .5 4 .2
108 48.4 60 116 7 .3 10.1
118 59.6 135 162 13 .8 15 .0
208 64 .7 130 150 14.9 16.0
218 79.0 148 121 13 .7 12 .4
308 88.2 45 43 1 1 .3 1 1 .1
228 101 .9 19 13 7 .7 6 .4
318 106.5 28 10 6.4 3 .9
109 53.0 80 88 9 .3 9 .7
1010 5 7.8 26 12 5 .8 4.0
1110 68.0 72 74 1 1 .7 1 1 .8
2010 72.8 74 75 12 .7 12 .8
2110 86.6 100 75 12.0 10 .4
3010 9 5 .7 34 34 10.2 10 .2
2210 10 9.7 17 17 7 .0 7 .0
3110 114 .6 26 19 5 .9 5 .1
1013 7 5 .5 89 121 14 .3 16 .7
1113 84.6 80 96 15 .0 16 .3
2013 89.2 60 55 13 .1 12 .6
2113 102.9 30 24 6.6 6.0
3015 112 .4 4 6 3 .3 3 .4
1011 8 1.0 2 13 2 .3 5 .8
2115 115 .6 IS 10 4 .9 3 .7
1018 110 .8 52 75 12 .2 14 .0
009 4 7.1 46 51 15 .2 15 .9
0018 106.2 19 40 18 .4 26.0

a N ot observed because of disturbance b y  (100) reflection.
b N o t observed; value given taken as equal to  2/3 the lowest observed intensity.

The structure factors of the reflections corresponding to all possible com
binations of the indices ±  (hki) ±  l were practically identical for all the 
reflections considered; further, contrary to expectations, the two series of 
factors calculated for the two different structures were also practically 
identical to each other. For this reason Table I gives only (hltl) with h, k, 
and l positive, and only one series of calculated values of F has been given, 
corresponding to both the structures which came into consideration.

Table I does not give the reflexes not observed whose calculated intensi
ties were lower than the lowest observed intensity; on the other hand, an 
observed intensity equal to two-thirds of the minimum intensity detectable 
from the photograms has been assigned to the reflections which are not
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visible on the photograms themselves and to which correspond calculated 
intensities stronger than the lowest observed intensity.

An overall comparison of all calculated and observed values of F  gives a 
value R =  0.18 which is, of course, the same for both structures considered.

At this stage it might seem legitimate to conclude that the hexagonal 
POM helix is of the 9 /5  type, and x-rays are not able to distinguish between 
the two structures deriving from the two possible arrangements of the 
macromolecules in a hexagonal lattice of a =  4.46 A. and c =  17.3 A .; 
furthermore, on the basis of the four possible space groups, the results con
firm that the lattice of hexagonal POM is made up of isomorphous chains.

6 . Evidence o f a Hexagonal PO M  Structure Different from Those Proposed 
o f the 9 /5  Type with c =  17.3A.

During the course of our work on the structure of hexagonal POM a check 
on the cell constants was also made, since the figures given in the literature 
did not always seem completely satisfactory.

The measurement of the 26 angles was made with the Philips wide-range 
spectrogoniometer for all peaks where superimposition of reflections of com
parable intensity could be excluded; measurement was made on photo
grams of fiber only in a few cases.

Tubes were used with anticathodes of Cu, Fe and Cr; the d values were 
taken as the mean of the values obtained with the three different radiations 
with a slight preference for the FeK a radiation values.

In fact, CrK a gives a very weak spectrum, and in the CuK a spectrum it 
is more difficult to correct satisfactorily the angular errors which are due to 
the low absorption of the sample.

Calculating the constant a on the basis of the reflexes 100 e 110, the 
following values were obtained for CrKa, FeKa, and CuKa, respectively: 
4.407 A., 4.470 A., and 4.470 A. We then used the mean value 4.47 A., as 
against the value of 4.46 A. given in the literature.

C was calculated for groups of reflexes belonging to the same layer, giving 
the values listed in Table II.

TABLE II

Layer

C, A.
Periodicity of layer 

along axis Z ,  A .CrKa F e K a CuKa M ean

3 17 .10 16.68 16 .91 16.80 5.600
J 1 7 99 17 " 1 7  931

S 17 .2 5 17 .2 7 17.22 /
17.23 4 308

5 17.50 17.50 17.45]
10 — 17.48 17 .5 0 ) 17.49 3.498
15 — 17.50 17.451
0 17.38 17.38 17 .3 8 (

18 17 .3 7 / 17.38 1 .931

13 — 17.33 17.33 17.33 1 .333

(The layers giving the same values of C have been grouped together.)
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Fig. 0. 1 fexagonal P O M . Projection of the 29/10 helix on the plane norm al to  th e axis 
of the chain: ( • )  carbon atom s; (O) oxygen atom s. Internal num bers and external
num bers are coordinates of the carbon and oxygen atom s, respectively, expressed as fifty- 
eights of C .

The calculation was not carried out for the first and fourteenth layer; in 
fact, the reflections of the first layer arc weak and disturbed by those 
corresponding of the equator, while the only reflection observable for the 
fourteenth layer (1 0 14) is too weak for exact measurement.

The differences in the mean values of C cannot clearly be explained as 
experimental errors, and the only conclusion is that after nine monomeric 
units there is not in fact an exact repetition of the structure. This is 
contrary to what had been found by all the previous workers.

According to our experimental findings, the identity period of hexagonal 
POM, calculated as the lowest common multiple of the basic periodicities of 
the various layers along the axis Z, is 50.00 A., containing 29 monomeric 
units and l(i turns of the helical chain (Fig. 0). In fact:

5.000 X  10 =  56.00 A.
4.308 X  13 =  56.00 A.
3.498 X  16 =  55.97 A.
1.931' X|29 =  56.00 A.
1.333]X  42 =  55.99 A.

'The values which have so far been recorded in the literature for I he l indices 
in the observable layers on the spectra arc therefore to be corrected as 
given in Table III.
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TABLE III

Old l  indices N ew  l indices

1 3
2 6
3 10
4 13
5 16
S 26
9 29

10 32
13 42
14 45
15 48
IS 58

Other figures which must also be slightly modified are the theoretical 
density of the crystalline polymer, which is 1.492 g ./cc . instead of 1.505 
g ./cc. according to the new lattice constants, and the internal rotation angle, 
which comes to 76° 21' instead of 77° 23'.

W e also computed all of the structure factors for the structure with 
a 29/16 helix, using the same isotropic thermal factor B =  2.3. Apart from 
the above-mentioned differences in the l indices, the results obtained were 
practically identical with those found for the 9 /5  helix.

7. Discussion o f the Structure

The most remarkable property of the structure of hexagonal POM with 
the 29/10 helix is undoubtedly the very high figure for the period of identity 
along the axis of the chain, which cannot be left in doubt by the surprising 
coincidence of the values of C calculated on the basis of the reflections of 
the various layers.

After discovering the inaccuracy of the 9 /5  model with periodicity of 17.3
A., we considered that it would be difficult to find a higher periodicity whose 
accuracy could be demonstrated on the basis of the diffractometric findings. 
In fact, on this argument, it could be expected that hexagonal POM would 
show a chain of practically infinite periodicity.

On the other hand, at least as far as can be ascertained from the informa
tion obtainable from normal x-ray examination of a polymer, a periodicity 
higher than 100 A. is no longer distinguishable from an infinite periodicity. 
However, we feel that beyond a certain limit there is no point in speaking of 
the identity period of a helical chain but that it is more useful to express the 
degree of spiralization of the chain itself on the basis of the monomer/pitch 
ratio of the chain; expressing this ratio by means of two whole prime num
bers in relation to each other is equivalent to a stretch of the imagination 
which could lead to the formulation of a model without real physical sig
nificance. The same argument is valid for the assignment of the space 
group, since this is also tied up with the formulation of the model.
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In any case, one condition which is also applied to the structure with the 
29/16 chain is the isomorphism of the chains belonging to a single lattice, as 
in the case of orthorhombic POM.

This problem will, however, be dealt with in a later paper.

I am  greatly  indebted to  Prof. S ilvio Bezzi, director of the Sezione di P adova del 
C entro Italian o di S tru ttu ristica  Chim ica del C .N .R . and of the Istitu to  di Chim ica 
O rganica of the P ad o va  U n iversity  for his helpful advises and his auth oritative su rvey 
to  m y work, and to  D r. Sabino Leghissa of the Società M ontecatini I R A R  for his con
tinuous assistance and encouragem ent during the course of this work.

I th an k the C entro Elettronico di Calcolo of the Societa O livetti for its kind coopera
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Résumé

On a exam iné; au m oyen des rayons-x, la  structure hexagonale du P O M . On discute 
les constantes réticulaires, les groupem ents spatiaux et le modèle de chaîne en spirale, 
déjà  décrits dans la  littérature. On propose de nouvelles constantes réticulaires e t un 
nouveau modèle de chaîne en spirale possédant une plus longue périodicité. Com m e dans 
le cas du P O M  orthorhom bique, les cristaux sont form és par des macrom olécules iso
morphes.

1 Zusammenfassung

Eine neue Röntgenstrukturbestim m ung des hexagonalen P O M  wurde durchgeführt. 
Eine Diskussion der G itterkonstanten, der R aum gruppe und eines schon in der L iteratu r 
beschriebenen K ettenm odells wird gegeben und eine neue Elem entarzelle und ein 
neues spiralförm iges K ettenm odell m it längerer Periodizität wird vorgeschlagen. W ie 
bei orthorhom bischem  P O M  w ird das G itter nur von links- oder rechtsschraubigen 
M akrom olekülen gebildet.
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Apparatus for Measuring the Dynamic 
Tensile Modulus of Thin Polymeric Films

ORIN  C. HANSEN, JR., THOM AS L. FABRY, LEON M A R K E R , 
and ORVILLE J. SW EETIN G, Packaging Division, Film. Operations, 

Olin Mathieson Chemical Corporation, New Haven, Connecticut

Synopsis

A m ethod and apparatus have been developed specifically for the determ ination of the 
dynam ic tensile modulus of thin polym eric films. A  w eight is attached to a 2 X  60-mm. 
strip of film, the upper end of which is clam ped to  a phonograph recording head. T he 
recording head is used to  set the system  into either longitudinal or transverse vibration. 
T he cross-sectional area of the film is determ ined in place from the length, the density, 
and the transverse resonant frequency (the Vibroscope principle). T h e m odulus is 
found from  the dimensions of the specimen and the longitudinal resonant frequency. 
T h e apparatus has been used to stud y the moduli of a series of polym eric packaging 
films, the dependence of the m odulus of polyethylene film on the angle between the long 
axis of the specimen and the machine direction, the gage dependence of the stiffness of 
polyolefin films, and the relationship betw een the modulus and the moisture and glycerol 
contents of cellophane.

INTRODUCTION

The wide use of polymeric films for packaging and other purposes has 
brought about an increased interest in the mechanical properties of thin 
polymeric films. Although many methods are available for the determina
tion of the dynamic elastic modulus of polymeric materials,1-6 the number 
of methods which are satisfactory for the determination of the modulus of 
these materials in the form of a film is relatively small. Because of the 
strong influence of the thermal and mechanical history on the mechanical 
properties of polymers, a proper evaluation of the modulus of polymeric 
films may be made only by carrying out a measurement on the film itself 
and not on the bulk material.

This paper describes an apparatus which was developed especially for the 
determination of the dynamic modulus in tension of cellulosic and other 
polymeric packaging films. The tensile modulus was chosen so that the 
apparatus may be used to study the effect of orientation on the elastic 
properties of the film. Such effects are very important in packaging film 
performance, and they cannot be studied in detail by the use of a torsion 
pendulum, for example, which can detect directional effects only if the 
width and thickness of the specimen are similar in magnitude (this cannot 
be true in film whose thickness is a few mils or even less than a mil). The

1585
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vibrating reed method, which can detect directional differences, has been 
used for packaging film measurements,6 but this method is subject to seri
ous difficulties if the film tends to curl. Another approach which has been 
used is the method of determining the speed of propagation of sound in the 
material.4 This method requires rather long specimens, however, and it 
was hoped that a method could be developed which could be used with small 
pieces of experimental films and which would be easily adaptable to car
rying out measurements under a variety of experimental conditions.

M ETHOD AND APPARATUS 

Principle o f the Method

In the method considered here the film specimen, which is in the form of 
a narrow strip, is treated as if it were a simple spring with a spring constant,
K. If a mass is suspended from the lower end of such a spring, the resonant 
frequency of the system in longitudinal vibration, / , ,  is given by eq. (1);

/« =  ( 'A x ) {K/m)'u (1)

=  0 /,ir) (EA/lm) 1/1

in is the mass supported by the spring. The spring constant of such a 
strip of film is given by EA/l where E  is Young’s modulus of the material 
in the direction parallel to the long dimension of the specimen, A  is the 
cross-sectional area of the specimen, and 1 is the length of the specimen. 
In the apparatus to be described, the strip of film is held at the top in a 
clamp which is mounted in the needle-holder of a phonograph recording 
head. This arrangement permits a longitudinal vibration of variable fre
quency to be impressed on the specimen. The frequency is varied until 
resonance occurs. The modulus may be calculated from the resonant 
frequency, the cross-sectional area, the length of the specimen, and the 
mass supported by the strip.

As is often found in determining the properties of films, one of the most 
important factors in this measurement is the determination of the cross- 
sectional area of the specimen. The method used here employs the prin
ciple of the Vibroscope7 which is used in the textile industry for the deter
mination of the linear density of fibers. This method was chosen since it 
is superior in accuracy to the use of mechanical or gravimetric methods on 
the small specimens used here, and also because it can be carried out on the 
specimen itself. The method consists of merely using the phonograph 
recording head to excite the transverse mode of vibration in the specimen 
by vibrating its upper end in the direction perpendicular to the plane of the 
film. Equation (2) relates the transverse resonant frequency of a string,

U  =  (V 2O ( T / m) 'a

=  (V*/) (nuj/pA)'^
(2 )
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ftr, to the length, /, the tension on the string, T, and the linear density, 
p. In our case the tension is equal to the gravitational force on the speci
men, mg, and the linear density is equal to the usual volumetric density, 
P , times the cross-sectional area of the specimen, A.

If the eqs. (1) and (2) are combined we get:

E  =  (4x2/fir)p/3( / , / i r )2 (3)

By use of eq. (3), the modulus may be calculated directly from the density, 
the length of the specimen, and the two resonant frequencies without cal
culating the cross-sectional area explicitly.

Design and Construction o f the Apparatus

The apparatus which was constructed to carry out the measurement has 
been described cursorily, but not in detail.8 9 Figure 1 is a scale drawing 
of the arrangement of parts described below.

Phonograph Recording Head (A). The recording head is an Astatic 
Model No. M-41-500. This unit has an internal resistance of 500 ohms and 
is driven by a Hewlett-Packard Audio Oscillator Model 2 IOC. This os
cillator has sufficient output to drive the recording head without additional 
amplification.

Upper Clamp (B). The upper clamp is a steel rod, ' / 8 in. in diameter, 
which has been turned down at one end so that it will fit the needle holder of 
the recording head. The larger end of the rod contains a slot 0.015 in. 
wide, which terminates in a No. 52 drill hole through the center of the rod 
in the plane of the slot. An 0-80 screw through the opposite faces of 
the slot serve to tighten and loosen the clamp. This arrangement has 
proved to be quite satisfactory for polyolefin films. For stiffer films, such 
as cellophane, however, it has been found necessary to slip a small piece of 
No. 50 cotton thread across the specimen, parallel to the edge of the clamp, 
in order to obtain a uniform gripping across the entire width of the speci
men.

Lower Clamp Assembly. The lower clamp (C) is suspended from the 
specimen (D) and it in turn supports the weight (E). The lower clamp it
self consists of two small aluminum blocks held together by two 0-80 screws. 
Two eyelets, approximately 3/ 32in. in diameter, are mounted, one on either 
side of the clamp, to receive the hooks which support the weight. These 
eyelets were located as close as possible to the upper edge of the clamp and 
hence to the line along which the specimen is held. The weight was pivoted 
in this way to minimize the nonuniform tension across the width of the 
specimen which would result from the center of the clamp not coinciding 
precisely with the center of the specimen. Some degree of misalignment of 
this type is unavoidable with the 2-mm.-wide specimens employed here.

The weight consists of a 2-in. 1/ 4-20 bolt provided with a stack of 20 
washers, 3/ 4 in. in diameter. These are held between two nuts, of which the 
upper one also serves to hold the suspension hooks in place. By removing 
some or all of the washers, the weight, including the aluminum clamp,
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F ig. 1. D ynam ic tensile modulus apparatus: (A )  phonograph recording head; (B ) 
upper clam p; (C )  lower clam p; (D ) specimen, 2 X  60 m m .; (E ) w eight; (F ) rotatable 
steel block; (G ) set screw for rotatable block; (H ) fram e, boiler plate; (I) adjustable 
m achinery m ounts; (J) jig ; (K )  screw for holding lower clam p in jig; (L )  guide blocks; 
(M ) keyed guide rod; (N ) set screw for jig ; (O) support screw for upper clam p.
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can be varied from 19 to 90 g. For soft, films, such as low density poly- 
ethylenes, another weight weighing only 9.7 g. together with the aluminum 
clamp has been used.

Mounting for the Recording Head. The recording head is mounted on 
an L-shaped steel block (F), by means of two U-bolts. The block is at
tached to the frame of the apparatus by means of a 1-in. shaft which is held 
in place by two thrust bearings and a lock nut. This permits the L-shaped 
block to rotate about the axis of the shaft, so that it may be positioned with 
the upper clamp pointed downward, as shown, for the determination of the 
transverse resonant frequency, or horizontally for the determination of the 
longitudinal resonant frequency. The block is held in the desired position 
by means of the set screw (G).

Frame (H ). The frame of the apparatus is constructed from boiler plate 
and weighs approximately 55 lb. so that the apparatus as a whole is not 
influenced by external vibration. The front plate, to which the rotating 
block is attached, is 15/ 16 in. thick, 12 in. high, and 6 in. wide. The base 
and the two triangular webs which help support the front plate are made of 
0.5-in. plate. The frame is welded together. The base is supported by 
three adjustable machinery mountings (I) (Vibra-Levlers, obtained from 
McMaster Carr Supply Co., Chicago) which provide vibration insulation 
and also permit the apparatus to be levelled. The front shock mount has 
been modified to permit the adjustment to be carried out more easily. This 
was done by adding a threaded cylinder which screws onto the mount and 
which passes through a hole in the base. A  flange on the cylinder supports 
the base of the apparatus and a handle on the upper end of the cylinder per
mits the operator to change the level of the instrument while the specimen 
is in place if necessary.

Jig (J). The jig is used to mount the specimen in the apparatus so that 
it will be properly aligned. The jig consists of a steel block to which one of 
the two aluminum blocks comprising the lower clamp may be attached by 
means of a screw (Iv). The surface on which the aluminum block rests is 
lower than that of the rest of the jig so that the upper surface of the alu
minum block and the surface of the main portion of the jig are flush. This 
permits the 2- X  60-mrn. film specimen to be laid across the surface of the 
jig between the two pairs of guide blocks (L) and across the aluminum 
block. The other aluminum block is then placed on top of the first, with 
the film between them, and the two are screwed together. When the film 
specimen is placed in the jig a few millimeters are allowed to extend over 
the opposite end of the jig to permit mounting in the upper clamp.

The jig is then slid onto a keyed guide rod (M) which is permanently 
mounted on the L-shaped block (F) (this rod was omitted from the diagram 
of the block so that it would not obscure the specimen). The rod is posi
tioned so that when the jig is slid along it toward the recording head, the 
protruding end of the specimen slides into the upper clamp. During this 
operation the L-shaped block is turned so that the guide rod and the jig 
are horizontal. When the jig is in the proper position for fastening the
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specimen in the upper clamp, it is secured by a set screw (N ). A screw (0) 
through the guide rod is then turned up until it touches the upper clamp. 
This provides support for the upper clamp while the specimen is being 
fastened in place and prevents the clamp and the recording head from being 
damaged by the pressure exerted by the screwdriver. After the film 
specimen has been fastened in the upper clamp, the screw ( K) which holds the 
lower clamp is released, and the L-shaped block is rotated so that the guide 
rod and the jig are vertical. A slight additional rotation permits the lower 
damp and the specimen to swing free of the jig which is then removed from 
the guide rod after the set screw (N) has been released. The screw (0) 
which supports the upper clamp is backed away from the clamp and the 
weight is hung from the lower clamp. The apparatus and the specimen 
are now ready for the beginning of the measurement.

Operation o f the Apparatus

Preparation o f the Specimen. The specimen is cut, with the use of a 
template 2 mm. in width, >/4 in. thick, and 4>/2 in. long. The template is 
fastened by screws between two flat steel bars. The bars are of the same 
length and thickness as the template and are relieved for a distance of 85 
mm. in the center to permit a razor blade to pass between each bar and the 
template. This permits the operator to hold the template more easily and 
protects the fingers from the razor blade, it  is most important that the 
film be placed on a flat surface and that sufficient pressure be applied to the 
template to prevent its moving during the cutting of the specimen. The 
ends of the specimen are cut after the template is removed and the speci
men is placed on the jig as described above using tweezers to prevent dam
age to the film and to prevent moisture and oil from being absorbed from 
the fingers. If the film shows a tendency to curl, it is advisable to lay a
2-mm.-wide metal bar on top of it as it lies on the jig. The specimen is 
then mounted in the apparatus as described in the preceding section.

Adjustment o f the Apparatus. Before the measurement of the resonant 
frequencies is begun, the behavior of the specimen in transverse vibration 
must be examined as a function of frequency. It frequently happens, par
ticularly in the case of stiff films, that there are two resonant frequencies in 
the transverse mode rather than one. One of these frequencies is asso
ciated with a vibration having a larger amplitude on the front edge of the 
film than on the back. The other is associated primarily with the back 
edge of the film. Observation of these vibrations under stroboscopic illu
mination shows that in each case the film appears to be twisting about a verti
cal axis near the front edge of the film in one case and near the back edge in 
the other. The vibrations of the opposite edges of the film in each case are 
seen to be 180° out of phase. The effect is best checked by focussing the 
microscope used to observe the vibrations first on one edge and then on 
the other to be sure that the same resonant frequency is observed on both 
edges. The effect is caused by an uneven tension across the width of the 
specimen. The edge exhibiting the higher resonant frequency is the edge
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with the higher tension. If the effect is observed, therefore, it may be 
eliminated by releveling the apparatus in the proper direction to lower the 
side of the upper clamp holding the edge showing the higher resonant fre
quency.* This reduces the tension on that edge and hence tends to bring 
the two resonant frequencies closer together. This process is continued 
until the same resonant frequency is observed on both edges of the speci
men.

Measurement o f the Resonant Frequencies. When it has been ascer
tained that- the front and back edges both exhibit the same resonant fre
quency, this value is recorded. The L-shaped block is then rotated so that 
the upper clamp is horizontal, and the resonant frequency of the specimen in 
longitudinal vibration is determined. Here the microscope is focussed on 
some part of the weight supported by the lower clamp and the frequency cor
responding to the maximum amplitude is observed as the frequency is 
varied. This frequency is somewhat more difficult to determine than the 
transverse frequency; so ten individual determinations are made and their 
results averaged.

In both cases it is necessary to be sure that the resonant frequency cor
responds to the first mode of vibration, especially in the case of new film 
types. In the case of the transverse frequency, overtones will be observed 
at twice and at three times the natural frequency. These can be identified 
as the second and third overtones by moving the microscope along the edge 
of the film and observing the number of nodes. In the case of the lon
gitudinal vibration, overtones do not exist. Undertones may be observed 
in both types of vibration, however, which are generally of very small 
amplitude. It is imperative that in both cases the resonance of largest 
amplitude be selected which, in the case of the transverse vibration, will 
have no nodes.

Determination o f Length and Density. The length of the specimen be
tween the upper and lower clamps may be determined in a number of ways. 
The two methods used with the apparatus described here are a direct meas
urement with a cathetometer, and a method in which the lower clamp and 
its weight are allowed to swing freely from side to side and the period of 
oscillation is measured. This is done by determining with a stopwatch the 
time required for 100 vibrations. The length obtained from the usual equa
tion for the period of a simple pendulum corresponds to the distance be
tween the upper clamp and the center of gravity of the lower clamp as
sembly. A  correction term corresponding to the distance from the center of 
gravity to the edge of the lower clamp must be subtracted from the length 
of the pendulum. The length desired is then given by

L =  24.8:117’/  -  U

where L is the length, T„ is the period of the pendulum in seconds, and L0

* In more recent work it has been found th a t the leveling in this step can be carried 
out more conveniently b y  altering the angle of ju st the recording head b y  using an ar
rangem ent of adjusting screws subsequently added to the m ounting block (F).
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is the correction term. The correction term may be found by using this 
method on a number of films which have been measured using the cathetom- 
eter. A  different value of L0 applies for each different number of washers 
used as the weight, however. The pendulum method requires only 1 
min. per determination and does not involve the difficulty of choosing the 
exact points at which the clamps hold the specimen as does the cathetometer 
method. Its principal disadvantage is that it is necessary to calibrate it 
against the cathetometer method.

The density of the film may be determined by flotation methods or den
sity gradient tubes10 if necessary. It is often possible, however, in the case 
of many materials, to obtain sufficiently reliable values from the literature.

EXPERIMENTAL VERIFICATION OF M ETHOD

Experiments were carried out to determine the self-consistency of the 
formulas used in this method for determining the modulus. These meas
urements were made on polyethylene or polypropylene films for various 
values for the mass of the lower clamp, the length of the specimen, and other 
parameters. It was found that the resonant frequencies depend somewhat 
on the amplitude of the vibrations. Consequently measurements are 
usually carried out with the same voltage applied to the recording head.

An examination of eq. (2) relating the transverse resonant frequency with 
the mass of the clamp, the density, the length, and the cross-sectional area 
of the specimen shows that if the square of the product of the transverse 
resonant frequency and the length is plotted as a function of the mass sus
pended from the lower clamp, a straight line should be obtained. Figure

F ig. 2. Square of the product of the transverse resonant frequency and the length 
of the specimen as a function of the m ass of the lower clam p assem bly. Pro-fax poly
propylene film.
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2 shows the line which resulted when such a plot was carried out for a series 
of determinations made with different weights. The linearity of the result
ing plot indicates that the formula holds within experimental error, and 
that there is no appreciable error in the determination of the transverse 
frequency or the length. The slope of this curve should be equal to 
g/ipA  according to eq. (2). A  value for the cross-sectional area A  of the 
him was calculated from its width and a thickness obtained by dividing the 
unit weight of the him by its density. The slope of the line calculated from 
this value of A  is 3.8-i X  105. The actual slope of the line is 3.73 X  105 
which is good agreement, considering the method by which the thickness 
was determined. The line intersects the horizontal axis at a value of 
— 0.(5 g., also in good agreement with the predicted value of 0.0 g., if one 
considers the length of the extrapolation. In later work on the mechanical 
properties of polyolefin films it was found that the thickness of the speci
mens as determined by this method agreed within 1.5% with those obtained 
with a mechanical gage. This comparison included over forty determina
tions.

A  linear plot was also obtained when the square of the period of the 
pendulum vibration was plotted as a function of the length of the specimen 
measured with a cathetometer. The result indicates an error in the deter
mination of the length by this method of less than 1%.

It was discovered that with polyolefin films the reproducibility of the 
measurement depended to some extent on the order in which the various 
operations were carried out. Six specimens taken from the same sheet of 
polypropylene (extruded from Avisun resin) were measured using an exactly 
timed schedule in which each operation was carried out at the same time 
during the measurement. The standard deviation of the six results was
0.65% compared to 2.5%  when no timed procedure was used and the opera
tions were not always carried out in the same order.

A  series of measurements carried out with different specimen lengths and 
lower clamp weights is summarized in Table I. The conclusions to be

T A B L E  I
M odulus of D G D A  (D u  P on t) H igh D en sity  Polyethylen e M easured U sing Various 

W eights and Specimen Lengths

Standard
Len gth of specimen, M odulus w ith  various weights, 109 dyn es/cm .2 deviation,

cm. 18.8 g. 23.9 g. 30.5 g. 40.6 g. E %

6 12.0 5 12 .10 11.8 4 11 .9 8 11 .9 9 0 .94
7 1 1 .5 1 11 .8 4 11 .8 3 11 .7 8 1 1 .7 4 1 .3
7 .2 11 .9 3 11.8 4 11 .9 4 11.9 0 0.46
7 .5 12.00 11.8 6 11 .9 7 11 .9 5 1 1 .9 5 0 .5

A verage m od
ulus, E

11 .8 7 11 .9 3 11 .8 7 1 1 .9 1 11 .9 0 0 .3

Standard devi- 2 .1 1 .2 0 .56 0.44 0.92
ation, %
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drawn from this set of experiments are that neither the mass of the clamp 
nor the length of the specimen influences the result of the measurement. 
It may also be concluded that the result is not influenced by the value of the 
longitudinal resonant frequency used in the 30-45 cycle/sec. region.

In an experiment made on a specimen of polypropylene film, it was found 
that the length of the specimen may increase slightly when it is vibrated 
longitudinally. Before the recording head was turned on, the specimen 
was observed to extend somewhat less than 0.7%  from its length prior to 
the application of the weight. After this initial creep had leveled off, the 
specimen was vibrated transversely for 2 min. This caused no detectable 
increase in length. Vibrating the specimen longitudinally, however, caused 
an additional increase in length of about 0.13%. This amount of addi
tional creep should not affect the measurement significantly and is probably 
due to the higher average stress on the film during the period of vibration.

APPLICATIONS OF THE DYNAMIC TENSILE MODULUS
APPARATUS

The balance of this paper will be devoted to several examples of investi
gations which have been carried out with the use of this apparatus.

First Results

The first results obtained with the tensile modulus apparatus are shown 
in Table II. Each of the values shown in the table was obtained on a sep
arate specimen of film. The precision of this apparatus is considerably 
better than that of a vibrating reed apparatus used previously. In the 
vibrating reed measurement referred to here, a strip of film about 1 cm.

T A B L E  II
D ynam ic M odulus for T hree Film s D eterm ined b y  the 

D ynam ic Tensile M odulus Apparatus

F ilm
Frequency,
cycles/sec.

Tem per
ature, °C.

M odulus, 
109 dynes/ 

cm .2

M odulus b y  
vibrating 

reed
apparatus 
at 32° C., 
10* dynes/ 

cm .2

Low  density 127.3 24.2 2 .7 1 2 .2
polyethylene 128.2 24.0 2 .7 7

Olin, 1.8 mil,
machine direction

2 7 .4 24.0 2.66

Spencer H i-D (28.3 24.0 7 .3 3 7 .4
polyethylene, •¡29.2 24.0 7.3 9
m achine direction (29.2 24.0 7 .8 1

H ercules Pro-fax (36.7 2 4 .1 10 .7 11
polypropylene, ¡3 7 .7 2 4 .1 1 1 .3
m achine direction (36.0 24.2 1 1 .1
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Fig. 3. M odulus as a function of tem perature for low density polyethylene film: (O) 
dynam ic tensile m odulus apparatus; (0 ) vibratin g reed value.

long was clamped at one end in a driving mechanism similar in principle, to 
the recording head used in the present apparatus. The resonant frequency 
was found by varying the driving frequency to obtain the maximum ampli
tude of the free end of the reed. The motion of the reed was observed by 
means of an optical projection system which employed stroboscopic il
lumination to give a sharp image of the edge of the reed and to permit a 
precise determination of the point of maximum excursion. The modulus 
was calculated from the resonant frequency, the length, the thickness, and 
the density of the specimen. The thickness was determined from the 
length, the width, the weight, and the density of the film.

The results reported in this table were obtained in a room controlled at 
7o°F. and 15% R.H. A number of determinations were made previously 
in a room in which the temperature fluctuated somewhat. The results of 
eleven determinations on a low density polyethylene at temperatures rang
ing from 21 to 26°C., including those from Table II, are shown in Figure 3. 
These points are quite well represented by a straight line the slope of which 
indicates that the modulus of this film decreases at a rate of 2 .9 % /°C . 
at 25 °C. The magnitude of the variation of the modulus of this film with 
the temperature serves to emphasize the importance of carrying out such 
measurements under carefully controlled conditions. According to this 
graph, the value of the modulus of this film at 32°C. should be 2.14 X  109 
dynes/cm .2, which agrees quite well with the value found at this tempera
ture with the use of the vibrating reed apparatus. When the results shown 
in the graph were least-squared, it was found that the average deviation 
of the points from the line was 1.5%.

Measurement o f the Modulus o f Specimens Cut at Various Angles 
to the Machine Direction

Measurements of the dynamic modulus as a function of the direction 
in which the specimen is cut were carried out on two different polyethylene
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ANGLE TO MO, DEGREES

Fig. 4. M odulus as a function of angle to  machine direction for low density polyethylene 
film : (□ ) first set; (0 ) second set.

FIR S T  SER IES
t o o "

T
9 0" 8 0 "

7

7 0 "

7

6 0 "

7

3 0 "

7

4 0 *

z
3 0 " 20" 10" 0* - 1 0 *

z / / 1 L 1
- 1 0 *  0 *  10* 2 0 *  3 0 *  4 0 *  5 0 *  6 0 *  7 0 *  8 0 "  9 0 "  1 0 0 "

SECOND SER IES

Fig. 5. Pattern used for cutting specimens for m easurem ent of modulus as a function of 
angle from the machine direction.

films to determine whether or not this method was sufficiently sensitive for 
use in studying the effect of orientation on the mechanical properties of 
thin films.

The first series of specimens was cut from a 4 X  6-in. rectangle of low 
density polyethylene film. The specimens were cut at 15-degree intervals 
from 0° (the so-called machine direction, M D ) to 90° (the so-called trans
verse direction, T D ). The moduli of these films were then measured with 
the dynamic tensile modulus apparatus in a room controlled at 75°F. and 
15% R.H. The results of these measurements are represented by the 
squares on the graph in Figure 4. The values show that the modulus does 
not simply increase as the angle increases from 0° to 90° but rather passes 
through a minimum at about 30° and then increases rather rapidly to the 
90° or T D  value. The experiment was repeated, specimens being cut at 
5° intervals from the same large sheet of film from which the 4 X  6-in.
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ANGLE FROM M O, D E G R E E S

F ig. 6. M odulus as a function of angle from machine direction for D ow  polyethylene 
resin film : (A ) first series; (▼ ) second series.

Fig. 7. M odulus as a function of angle from  machine direction for D ow  polyethylene 
resin film. A verage of tw o series.

square had been cut. These specimens were all cut within a few inches of 
a line drawn in the machine direction on the film. The values obtained 
with these specimens are represented by the. circles on the graph of Figure
4. The new results confirm the presence of the minimum at h0° and agree 
with the previous results everywhere except at 0° and 90°. The same 
measurement was carried out on two series of specimens cut from a poly-
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T A B L E  III
D ynam ic M odulus of P ackagin g Film s

Film
B y  vibratin g reed (32°C .) 
modulus, l tD 9 dynes/cm .2

B y  dynam ic tensile 
modulus apparatus 

(24°C., 1 5 %  R .H .) 

M odulus, Standard 
109 dynes/ deviation, 

cm .2 %

Low  density poly- 2 .0 2 .10 4
ethylene, M .D .

Low  density' poly- 2 .2 2 .7 1 2
ethylene, M .D .

D FD -0103 poly- 3 .2 2.96 2
ethylene,“ M .D .

H i-D  poly- 7 .4 7.5 2 4
ethylen e,1’ M .D .

D G D A  poly- 9 .4 11 .0 2
ethylene,0 M .D .

Pro-fax poly- 11 1 1 .1 3
propylene,'1 M .D .

Cry-O-Vae° 1 1 .2 3
Pliofilm ' 14 16.4 2

Saran« 18 .9 2

P olystyrene11 29 0 .5
M y lar0 41 3

a Union Carbide Corp. 
b Spencer Chem . Co.
0 E . I. du P on t de N em ours & Co. 
d H ercules Pow der Co.
0 W . R . G race & Co. 
f G oodyear T ire  & R ubber Co., Inc.
8 D ow  Chem ical Co. 
h P lax  Corp.

ethylene film made from Dow resin. The two series were cut with the use 
of the system depicted in Figure 5. The upper series was so cut that the 
angle varied from 0° to 90° in the direction along the film, and the lower 
series was so cut that the variation from 0° to 90° was in the opposite direc
tion. This was done in order to cancel out any variation in modulus along 
the machine direction. Any serious variation in modulus along the trans
verse direction would be indicated by a general difference in level of the 
curves obtained from the two series. Specimens were also cut at —10° and 
at 100° to be sure that a complete curve would be obtained even if the direc
tion of the orientation in the film did not coincide with the machine direc
tion. The results obtained from the two scries of specimens are shown in 
Figure 6. The averages of the two values obtained at each angle (four 
at 0° and 90°) are plotted against the angle in Figure 7. These curves show 
that the minimum at 30° is characteristic of polyethylene film and not 
peculiar to the particular film chosen for the first series of measurements. 
Whether the rather large differences observed between the upper and lower
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series at some angles is caused by some randomly occurring experimental 
difficulty or whether it indicates a true variation of the modulus has not 
yet been determined. The measurements indicate that this method is 
sufficiently sensitive for use in this type of study.

Dynamic Modulus o f a Series o f Packaging Films

Table III shows the values of the dynamic modulus obtained for a variety 
of thin films by means of both the vibrating reed apparatus and the dynamic 
tensile modulus apparatus. The agreement between the values of the 
modulus obtained by the two methods is quite good. Complete agreement 
is not to be expected, however, because the two sets of measurements were 
not made at the same temperature.

Another series of measurements was carried out on a group of samples of 
both polyethylene and polypropylene films ranging in gage from 0.5 mils 
to 4 mils.9

The applicability of the apparatus to the study of cellophane has also 
been demonstrated.8

N ote Added in P roof : R ecent work has shown th at the modulus of stiff films should
be corrected using the equation E  =  A mcasurcci (1 — f i m / k ) -1 where k  is an instrum ental 
constant which corrects for the com pliance the recording head. F or our instrum ent, 
k  =  9.42 X  106 dynes/cm . T h e m ethod for determ ining k  w ill be discussed in a  note 
a t a  future date.

T h e authors are indebted to K . J. Russell of this departm ent for the design of the 
apparatus.
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Résumé

< )n a développé une méthode et un appareillage pour la déterm ination du m odule de 
tension dynam ique de films minces de polym ère. U n poids est appliqué à un ruban de 
film de 2 X  60 mm., dont l ’extrém ité supérieure est attachée à une cellule d ’enrégistre- 
m cnt phonographique. L a  cellule d'enregistrem ent est em ployée pour m ettre le 
systèm e dans une vibration longitudinale e t transversale. La coupe transversale du 
film est déterm inée par la  longueur, la densité e t la fréquence île résonance transversale 
(le principe du Yibroscope). ( >n trouve le module au m oyen des dimensions du spécimen
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et de la fréquence de résonance longitudinale. L’appareil a été employé pour étudier les 
modules d’une série de films polymériques d’emballage, la dépendance du module du film 
de polyéthylène de l’angle entre le grand axe du spécimen et la direction de la machine, la 
dépendance de la taille suivant la rigidité des films de polyoléfines, et la relation entre le 
module et l’humidité et le taux en glycérine de la cellophane.

Zusammenfassung

Eine Methode und Apparat wurden speziell für die Bestimmung des dynamischen 
Zugmoduls dünner Polymerfolien entwickelt. Ein Gewicht wird an einem 2 X 60 
mm.-Folienstreifen befestigt, dessen oberes Ende an einem Grammophonrecorder sitzt. 
Der Recorder wird benützt, um das System entweder in longitudinale oder transversale 
Schwingung zu versetzen. Die Querschnittsfläche der Folie wird in situ aus Länge, 
Dichte und transversaler Resonanzfrequenz (Vibroscop-Prinzip) bestimmt. Der 
Modul ergibt sich aus den Probendimensionen und der longitudinalen Resonanzfre
quenz. Der Apparat wurde zur Untersuchung der Moduln einer Reihe von Verpack
ungsfolien, der Abhängigkeit des Moduls einer Polyäthylenfolie vom Winkel zwischen 
der langen Achse der Probe und der Maschinenrichtung, der Abhängigkeit der Steifigkeit 
von Polyolefinfilmen von den Messbedingungen und der Beziehung zwischen Modul 
und Feuchtigkeits- und Glyceringehalt von Cellophan verwendet.

Received March 13,1962
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M . BERG ER, Central Basic Research Laboratory, Esso Research and 
Engineering Company, Linden, New Jersey

Synopsis

Using normal copolymerization equations we have developed graphical techniques for 
predicting the amount of crystallinity in ethylene-propylene copolymers.

Introduction

In the last two or three years a great deal of attention has been given to 
the steric arrangements of the two components in various copolymer 
systems. Through these studies it has become increasingly evident that 
the distribution of the two types of monomer units in the polymer chain is 
almost as important as the overall ratio of one component to the other in 
the copolymer. This is especially true if one or both components are 
capable of crystallization. If the copolymer is an elastomer then, of 
course, nonoriented crystallization is to be avoided. In order to obtain 
perfectly amorphous polymers, it appears that two questions must be 
answered: (1) What is the minimum number of monomer units in a row 
which can cause crystallinity (at a given temperature)? (3) How does one 
go about obtaining polymers with “ blocks”  less than this minimum? 
There has been very little experimental work done from which one can 
deduce an answer to the first question. Unfortunately, we can only offer 
very speculative ideas on this question. However, we will develop an 
approach to answering the second question which we hope will provide an 
incentive for finding the minimum block size required for crystallinity in 
various copolymers. In the main, we will be concerned with an elastomer 
which is a copolymer of ethylene and propylene usually called EP rubber. 
Both monomers are capable of producing highly crystalline polymers. 
The problem is to incorporate them in a copolymer with a minimum of 
crystallinity.

Copolymerization Equations

In a copolymerization with two monomers il/f and il /2, the mole fraction, 
Ft of M i in the growing chain can be shown to be1

=  ______ i.Mi/M.i)rt +  1
(M i/M Jn  +  2 +  (Mi/MJri 
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where Mi is the mole fraction of M i in feed, M 2 is the mole fraction of M 2 in 
feed, n  is the reactivity ratio for M i, and r2 is the reactivity ratio for Vl-/2.

Sakaguchi2 has derived the following relationships for ascertaining the 
sequential distribution of syndiotactic and isotactic units in a polymer,

F(n) / ¡ .  q" /  n
(1 +  n Y  \ l +  n

(2)

G{m) =  / ¡ so
m — 1 
l +  n

n  y*  1 
Ï +  r j

(3)

where F(n) is the fraction of polymer chains existing in blocks of isotactic 
units n long, /¡so is the total fraction of isotactic structure in the polymer. 
G(m) is the fraction of polymer chains existing in blocks of isotactic units 
m and longer, and i\ is a pseudoreactivity ratio for the isotactic unit. A 
similar expression exists for syndiotactic units. By appropriate manipu
lation we have altered eqs. (2) and (3) so as to apply for copolymers in 
general and thus be compatible with eq. (1 ). In their altered form they are :

F(n) =
[1

Fiii
(M i/M ,)nY

' (M i/M ,)n ' 
.1 +  (M i/M 2)n_ (4)

G(m) =  F  i 1
m — 1
(ilf1/71/2)r,

' (Mi/M2)r,
.1 + (d/,/il/2)r1J (5)

where Mi, M 2, and I'\ have the same meaning as in cq. (1). F(n) now 
means the fraction of polymer existing in blocks of Mi units n long. G(m) 
is the fraction of polymer existing in M\ units of m and longer. There are 
corresponding equations for M 2.

C2-C 3 Copolymer

The data used for the calculations on ethylene-propylene copolymers 
were obtained from three unpublished reports. We shall consider the 
three cases a, b, and c shown in Table I, where

T A B L E  I

Case M  p j M  e FP r a r„

a 2.57 0.238)
b 10.7 0.5081 7.0 0.07
c 32.3 0.73 )

M,, is the mole fraction of propylene in feed, 71/,. is the mole fraction of 
ethylene in feed, and Fv is the fraction of propylene in the polymer.

The pertinent equations for ethylene then become 
Case a:

/•', GO -
0.762«

I +  (7/2.67) ]2
(7/2.57)

Ll +  (7/2.57).
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Case b :

Fe(n) =
0.492n

U +  (7/10.7) ]2 Ll +  (7/10.7) J
(7/10.7)

Case c:

Fe(n) =
0.27/1

[1 +  (7/32.3) P
(7/32,3)

_1 +  (7/32.3).

where Fe(n), again, is the fraction of polymer existing in blocks of ethylene 
of n or longer. There are corresponding equations for propylene.

Figures 1, 2, and 3 show the distribution of block sizes of ethylene and 
propylene for cases a, b, and c, respectively. These plots show per cent of 
ethylene and propylene existing in a block n units long.

If we assume that the kinetics described are the only ones operative, then 
the distributions shown in Figures 1-3 represent all the species of polymer

0 2 4 fi 8 10 12 74 ~Î6 18 20
U N IT S  01 ’  M O N O  M K  11 IN  A ROW

Fig. 1. E tk ylen e-p rop yleae  copolym er. Feed C 3/ C 2 — 2.57; C 3 in polym er — 23.8
m ole-% .
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F ig . 2. E thylen e-p rop ylen e copolym er. F eed C 3/ C 2 =  10.7; C 2 in polym er =  50.8
m ole-% .

chains. This being the case, we can proceed to find the minimum block 
size necessary for crystallization. (This is not strictly true, since account 
should be taken of packing factors. What we shall actually calculate is a 
pseudominimum size which depends on packing.)

Experimental work shows that a polymer of 60% ethylene, and made 
with a feed ratio of M e/Mp =  0.204, is 8%  crystalline. Using eq. (5), 
setting G(m) =  0.08, and inserting appropriate values for re, M e/M p, and 
Fe, we can solve for vi by means of successive approximations. Carrying 
out this operation, we find m =  7. This means that whenever seven 
successive ethylenes in a row occur, the unit is capable of crystallizing.

In order to make the most use of the above information, there are some 
preliminary operations to be carried out first. Going back to eq. (1) we 
have plotted (Mi/M 2)ri for various values of I'\. These are the straight 
lines radiating from the x  axis in Figure 4. Going to eq. (5), setting G(m) =
0.005, to =  7, and various values for Flt we solve for This
value of (Mi/M2)ri is the one which will give a maximum crystallinity of
0.005 or V 2%  due to M 1 in a polymer having a molar fraction F 1 of M 1. In 
other words, for ethylene-propylene, this value of (M e/Mp) re will give a 
maximum of 0 .5%  crystallinity due to ethylene for a polymer having a 
mole fraction Fe of ethylene. Similar values are found for (7(to) =  0.01 
(1%  crystallinity) and G(m) =  0.05 (5%  crystallinity). These values of 
(4 / 1/A / 2)ri are then picked off the lines in Figure 4. Values for common
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Fig. 3. E thylen e-propylen e copolym er. F eed C 3 / C 2 =  32.3; C 3 in polym er =  7.3
m ole-% .

Figure 4.
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r2

Fig. 7. R e a c tiv ity  ratio chart for 5 .0 %  crystallin ity.
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per cent crystallinity arc connected. They are the practically vertical 
lines shown in Figure 4. This plot has some very interesting features. 
For example, considering r, as the reactivity ratio for ethylene, it shows 
that it is impossible to have a polymer of more than 60%  ethylene and have 
less than !/ 2%  crystalline polyethylene, for a polymer to have more than 
about 62%  ethylene and less than 1%  crystallinity, and for a polymer to 
have about 68% ethylene and less than 5%  crystallinity. Figure 4 
quickly shows the limitation of catalysts (in terms of reactivity ratio) and 
feeds in preparing polymer of specific composition and crystallinity.

By using Figure 4, it is possible to construct reactivity ratio charts such 
as those of Figures 5-7. Each chart is for a specific per cent crystallinity. 
These charts must be constructed and used within the limitations of 
Figure 4, i.e., one cannot use the chart to find conditions to make a 70% 
ethylene polymer of 0.5%  crystallinity, since Figure 4 shows that no such 
system exists. The best way to demonstrate the use of these charts is by 
an example. Suppose one wished to make a polymer of 57%  ethylene, and 
could tolerate up to 1% crystallinity. In addition, one was interested in 
keeping the monomer ratio in the feed close to unity so as to avoid excessive 
recycling. What shoidd the reactivity ratio of the catalyst be? To 
answer this we go to Figure 6, which is the 1% crystallinity chart. W e 
find the M 1/M 2 =  1 line and proceed along it to the right until the Fx =
0.57 curve is intersected. At the intersection of these two lines, we see, 
reading the x  and y axes, r2 =  0.24, rx =  0.62. Thus, the objectives can be 
obtained with a reactivity ratio for the ethylene of 0.62 and for propylene 
of 0.24.

Actually, these charts are incomplete, since we have not included values 
of Fi <  0.5. This was done so as to illustrate the principles involved in as 
simple a manner as possible. However, low values of F 1 can be included by 
using the same technique as employed for the higher ones. It should also 
be emphasized that these calculations hold only for low conversions (i.e., 
where M 1/M 2 equals a constant throughout the run). Extensions of the 
theory to include high conversion can be made by considering M x/M-> an 
instantaneous value which changes during the run in accordance with the 
rate equations.

Discussion

Admittedly the above results are based on rather naive assumptions. 
We are reasonably sure that all the units above a certain critical “ block 
size”  do not crystallize. In addition, the reactivity ratios mentioned here 
probably represent some average ratio and thus are not easily related to the 
polymer structure. One might attempt this analysis by calculating the re
activity ratios from the melt using Flory’s equation

[(1 /T m°) -  1/Tm] =  (R/AH) In [7l/ ( l  +  7 1 )]

A third objection that may be raised is that we have taken no cognizance 
of penultimate (and other) effects in the determination of the distributions.



1608 M .  B E R G E R

Nevertheless, the present approach does agree reasonably well with the 
experiments. Work by Rogers, Stannett, and Szwarc3 shows the average 
“ block size”  in polyethylene to be 12-15 monomer units long. Thus our 
number of seven units as a minimum appears reasonable.
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Résumé

P ar l ’utilisation des équations de copolym érisation, nous avons développé des tech
niques graphiques pour la  prédiction des taux de cristallinité dans les copolym ères 
d ’éthylène et de propylène.

Zusammenfassung

E in  graphisches Verfahren zur A ngabe des kristallinen A nteils in Ä th ylen -P rop ylen . 
Copolymeren m it H ilfe der normalen Copolym erisations-gleichungen wurde entwickelt.

Received March 13, 1962
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Laboratory, Michigan State University, East Lansing, Michigan

Synopsis

A  useful method, more rapid and more accurate than elem ental analysis, has been de
veloped to  determ ine the com position of copolym ers of itaconic anhydride and maleic 
anhydride w ith stj-rene. T h e m ethod involves a high frequency titration  of the sam ple. 
T h e m ethod can also be used to  detect traces of acidic im purities in polym ers and in the 
identification of m ixtures of sim ilar acidic copolym ers. T itration  indicates th at the acid 
segm ents in the copolym ers of itaconic acid-styrene, maleic acid-styrene, and the homo
polym er polyitaconic acid act ¡is dibasic acids. T h e m ethod appears to  have a sen sitivity  
th at perm its identification and approxim ate resolution of tw o carboxylate  species in the 
same polym er.

INTRODUCTION

Itaconic anhydride and styrene can be copolymerized under a variety 
of conditions to give copolymers of varying itaconic anhydride content.1 
Maleic anhydride and styrene can be copolymerized to yield copolymers in 
which maleic anhydride units usually alternate with styrene units in an 
approximately 50:50 molar composition.2

Compositions of these copolymers usually prepared from the anhydride 
and styrene have been determined by elemental analysis for carbon and 
hydrogen and subsequent calculation of the amount of dibasic acid unit, 
using as references the theoretical percentage of carbon in polystyrene 
(92.30), polymaleic anhydride (48.98), and polyitaconic anhydride (52.57).

This method of copolymer analysis is tedious and is subject to consider
able error when small differences in elemental analyses are involved.

Since the anhydride units in a copolymer readily hydrolyze to diacid 
groups, a titration method of analysis appeared desirable.

A  study of the potentiometric titrations of a maleic acid-styrene copol
ymer was made by Garrett and Guile.2 Difficulties were encountered by 
these workers and later by Bamford3 in locating with precision the inflec
tion points in the potentiometric curves. These difficulties were partially

* Present address: T extile  Research Laboratory, E . I. du P o n t de Nem ours & Co., 
Inc., W ilm ington, D elaware.

f  T o  whom  requests for reprints should be sent.
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overcome by using more dilute solutions (0.2 g./180 ml.), and titration 
values were used with some success in evaluating copolymer composition.

Potentiometric. titrations carried out on maleic acid-styrene copolymers 
which are insoluble in water depend on adding a known amount of standard 
sodium hydroxide in excess of that necessary to prepare the disodium salt 
(water-soluble) and back-titrating with standard hydrochloric acid. 
The reactions involved in the back-titration procedure are illustrated in 
eq. (1) for a 1:1 itaconic anhydride-styrene copolymer unit:

-ch2- ch- ch2- c- - ch2-ch- ch2- c-
1 o=c "ch2 2+NaOH A  o=c ch2c o- 1 o- ¡1 o Knownexcess (T j) Na+0~ C=0

L_ _ 0~Na+

OH
Precipitation as a faint cloudy solution occurs only at the final endpoint. 

One of the major difficulties encountered in potentiometric back-titration 
procedure is the lack of a definite inflection point for the titration of excess 
sodium hydroxide. Copolymer composition can be calculated based on the 
difference between the two inflection points related to the two carboxyls 
of the dibasic acid units, but the inflection point for the weaker carboxyl is 
often poorly delineated.

With the greater possible range of copolymer composition in copolymers 
of itaconic anhydride-styrene, the potentiometric method is even less 
satisfactory.

The high frequency titration technique is a rapid and reproducible 
method for the determination of the composition of certain polymers con
taining carboxylic acid segments. It also permits the evaluation of sodium 
hydroxide excess, gives a more precise location of the inflection points re
lated to the polymer carboxyl groups, and is a sensitive method for the de
termination of the freedom of the copolymer samples from monobasic 
acid impurities (comonomer acids), since mixtures of copolymer acids 
with monobasic and dibasic acids show definite inflection points that can 
be related to the individual carboxylate species present. The method may 
also be useful in the detection of slight variations in the structure between 
very similar copolymer acids in mixtures or in some cases identification of 
several species of carboxylate groups when attached and repeated in a single 
type of polymer chain.

EXPERIMENTAL

Equipment
The hydrogen ion concentration was measured by a line-operated Beck

man pH meter equipped with glass reference and saturated calomel 
electrodes.
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The high frequency titration apparatus was a eapacitative type originally 
designed by Johnson and Timnick1 and later modified by Lai, Mortland, and 
Timnick.6 The titrations were performed with the titration apparatus 
operated at 141 Mcyeles/sec. Oscillator tube grid current change was 
followed during the course of the titration. To follow this change a poten
tiometer set-up had been designed to follow the potential drop change across 
a resistor which was connected in series with the grid leak resistor. The 
potential drop across this added measuring resistor was compensated with 
a potentiometer. Instrument response is expressed throughout this study 
in terms of arbitrary potentiometer dial units of the compensating potenti
ometer. A polyethylene cup of about 200 ml. capacity was employed as a 
cell in the high frequency titrator. The potentiometrie electrodes were 
immersed in the solution in the cup, and the solution was stirred during 
titration either by an air or electrically driven glass stirrer.

Purity o f Samples

High frequency titration is extremely sensitive to very small traces of acid 
impurities and utmost care must be exercised in the preparation of samples.

Copolymer anhydride samples in a finely divided or powdered form were 
subjected to Soxhlet extraction with boiling anhydrous benzene for at least 
bO hr. to remove all traces of the comonomer anhydride.

Commercial samples of the low molecular weight organic acids are always 
too impure to give satisfactory high frequency titrations and must be re- 
crystallized as many times as necessary to obtain extremely pure samples. 
Dibasic acids were converted to the anhydrides and their anhydrides re- 
crystallized for their purification.

Titration Procedure

An accurately weighed sample (approx. 0.2 g.) of the finely divided 
copolymers, usually the anhydride, since this is the most easily obtained and 
purified form of the copolymer, was dissolved in purified (alcohol- and acid- 
free) acetone. To this solution was added a known quantity of standard 
sodium hydroxide just in excess of the amount to convert the copolymer to 
the disodium salt. Precipitation occurred on addition of the sodium hy
droxide, but final solution of the sample was obtained on removal of the 
acetone on a steam bath. When the odor of acetone had disappeared and 
a clear solution was obtained, the sample was transferred quantitatively to 
the polyethylene cell of the high frequency titration apparatus.

The sample was then diluted to 180 ml. with distilled water; the elec
trodes of the Beckman pH meter were placed in the solution; mechanical 
stirring was started and the sample titrated with standardized hydrochloric 
acid. After each addition of titrant, about 2 min. was allowed for the 
reaction to reach equilibrium. The compensating potentiometer was 
adjusted so that the microammeter of the high frequency titrator indicated 
zero and this new potentiometer dial reading was recorded simultaneously 
with the corresponding pH reading of the Beckman pH meter.
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Fig. 1. H igh frequency (A )  and potentiom etric ( B ) titration  for the neutralization of 
19 ml. N aO H  (0.09GLV) with HC1 (0.1286A').

m l HC1

Fig. 2. H igh frequency (/l) and potentiom etric ( B )  displacem ent titration  of the 
disodium salt of p olyfitaconic acid-co-styrene). T itratio n  of 0.1018 g. 57:43 anh ydrid e- 
styrene copolym er +  excess N aO H  w ith  0.12861V HC1.
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F ig. 3. High frequency (A )  and potentiom etric ( B )  displacement, tit,ration of the 
disodium salt of poly(itaconic acid-co-styrene). T itratio n  of 0.2000 g. 55:4 5  anh ydrid e- 
styrene copolym er +  excess X u O II w ith 0.1286.V HC1.

Figure 1 illustrates a plot of the titration results for a simple test case, 
the titration of O.LV XaOII with O.LV HC1. The break in the high fre
quency titration curve coincides with the inflection point in the pH titra
tion curve.

A brief summary of the results on the titration of various copolymers is 
shown in Table I. Graphs in Figures 2-4 illustrate individual titrations. 
A titration curve, Figure 5, is included for a monomethyl ester of an ita- 
eonic acid-styrene copolymer. This sample was prepared by refluxing 
(!) hr.) a weighed amount of the 57 :43 itaconic, anhydride-styrene copoly
mer with absolute methyl alcohol, a reaction which gives quantitative 
yields6 of half esters by splitting the anhydride. Titration was carried out 
as usual after dilution to a desired volume with distilled water.
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A similar technique can be employed to prepare and titrate ethyl esters 
of the itaconic anhydride-co-styrene copolymers and also the methyl and 
ethyl esters of maleic anhydride-co-styrene copolymers.

F ig. 4. H igh frequency (A )  and potentiom etric ( B )  displacem ent titration  of the 
disodium  salt of poly(m aleic acid-co-styrene). T itratio n  of 0.2 g. 50:50 anh ydrid e- 
styrene copolym er -j- excess N aO H  with 0 .128G.Y HC1.

M L .  H C I

Fig. 5. High frequency (A )  and potentiom etric ( R )  displacem ent titration  of the mono
sodium salts of the mono m ethylcsters of polyfita,conic acid-(o-styrene). T itration  of 
0.2045 g. 5 7 :13  anhydride-styrene copolym er +  M eO H  (heat) +  excess N aO H  with 
0.1280A HC1.
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Illustrative formula for the preparation and titration of the mono- 
methvl ester of the itaconic acid-styrene copolymer is given in eq. (2) :

-CH2-CH-CH2-C- 
'1CH2 
JC-O

o - c

- ch,-ch- ch2- c- -ch2-ch-ch2-c-
1̂ 0 = /« * , +( o- -n- II o oII-o--c1}

¿H30_Na* Na+ o |
CHa_

StandardizedHC1

—CH2—CH—CH2—C — - c h 2- ch- ch2- c -

9 H2i ^ S o = c ^ 9 H2 +

( -o- —
o-

 
II o oII-o--oX

}

L  ch30 h J o ch 3

A titration plot for polyitaconic acid is shown in Figure 6, and the titra
tion data are included in Table I. Methyl and ethyl esters of polyita
conic acid have been prepared.

In the course of these investigations several mixtures of organic acids and 
copolymers and mixtures of acidic copolymers were titrated. An example 
of the results obtained in one such titration is shown in Figure 7. It was 
noted that, while inflection points in the curves correspond in number to 
titration of excess sodium hydroxide plus the number of earboxylate species 
present, and total neutralization values are often in agreement, the in
dividual inflection points are not independent of other earboxylate species 
(Table II). Resolution possible with high frequency titration under the 
experimental conditions tested becomes more difficult as the number of 
earboxylate species in the system increases and probably is fairly satisfac
tory only if the number of species does not exceed two.

DISCUSSION

A titration method to determine the composition of an itaconic acid- 
styrene copolymer must depend on the determination of the itaconic acid 
segment of the copolymer. Since both the anhydride and free acid copoly
mers are insoluble in water but the disodium salts of the acid copolymer are
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T A B L E  I
T itratio n  D a ta  on C opolym ers

C opolym er 
composition“

5 7 :43 P o ly  (itaconic anhy-
dride-co-styrene) 1 (Fig- 2) 0 . 530 0 .489 0 .530 0 .489 1 .060 0 .978

2 1 .062 1 . 093 1 .062 1 .031 2 .124 2 .124
3 1 .042 1 .019 1 .042 1 .065 2 084 2 .084

M onom ethyl ester l(F ig . 5) 0 .530 0 .490 0 .530 0..630 i .060 i .120
M onoethyl ester 1 0 .422 0 .451 0 .422 0 .469 0 .850 0 .921

2 0 . 535 0 . 572 0 .535 0 .522 1 .070 1 . 100
55:45 P o ly  ( itaconic anhy-

dride-co-styrene l(F ig . •3) 1 .023 0 .952 1. 023 0. 979 2 .022 1 .931
2 0 .501 0 .487 0. 501 0..565 i .002 1 .002

0 1:39 P oly (itaconic anhy-
dride-co-styrene) i 0 .287 0 287 0. 287 0. 287 0 .574 0 574

2 0 .275 0..285 0. 275 0 287 0 563 0 550
M onom ethyl ester i 0 .465 0. 493 0 465 0. 437 0 930 0. 930
M onoethyl ester i 0. 103 0. 088 0. 103 0. 112 0. 270 0. 270

50:50 P o ly  (m aleic anhy-
dride-eo-stv rene ) 1 (Fig. 4) 0. 994 0. 976 0. 994 0. 947 1. 988 1. 923

m onom ethyl ester 1 0 500 0. 651 0. 500 0. 496 1. 000 1. 148
Poly(itaconic anhydride) 1( Fig. G) 0. 890 0. 860 0. 890 0. 985 1. 780 1. 745

“ A verage m ole-%  based on C  analysis. 
b C alcu lated from C  analysis.
° pound b y  titration.

T y p e  I T y p e  II T o ta l
carboxylate, carbox.ylate, earboxylate,

meq. meq. meq.

Sam ple C aled .b Found0 C aled .b F ound0 C aled .b F ound0

soluble, back-titrât ion is the only useful method of titration in an aqueous 
medium.

Titration of the acid segment depends on the addition of standard base in 
slight excess of the amount to hydrolyze the anhydride completely and 
convert the sample to the disodium salt of the polymer acid followed by 
back-titration with standard mineral acid.

Attempts to titrate the itaconic acid segments with the use of an indicator 
were unsuccessful. Phenolphthalein, for example, was observed to change 
from pink to colorless not at the usual range of 8-9 but anywhere in the 
pH 6-11 range.

Potentiometric back-titration indicated the dibasic nature of the itaconic 
acid segment but the neutralization of excess sodium hydroxide could not 
be detected, the inflection points for the liberation of the two types of car
boxylate ions were not sharply delineated, and the stoichiometry in many 
cases was such that satisfactory agreement between composition of poly
mer calculated by this type of titration and from elemental analysis were 
not in satisfactory agreement.

Concentration and amount of sample greatly affected the sharpness and 
presence of an inflection point in the potentiometric titrations for the weaker
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F ig. 6. H igh frequency (A )  and potentiom etric (/l) displacem ent titration  of the 
disodium sa lt of polyitaconic acid. T itratio n  of 0.0997 g. polym er anhydride +  excess 
N aO H  w ith  0.12861V HC1.

F ig . 7. H igh frequency (A )  and potentiom etric ( B )  displacem ent titration  of a 
m ixture of the sodium  salts of p olyfitacon ic acid-co-styrene) and itaconic acid. T itra 
tion of 0.0686 g. 61:39  anhvdride-styrene copolym er and 0.0606 g. itaconic anhydride +  
excess N aO H  w ith  0.0966.Y HC1.
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c a r b o x y la te  io n . S a m p le  w e ig h ts  n o  la rg er  th a n  0 .3  g . a n d  n o  sm a ller  th a n
0 .1  g . in  180 m l. w ere  fo u n d  m o s t  sa t is fa c to r y . W it h  1 g . sa m p le s  o f  m a le ic  
a c id -s t y r e n e  c o p o ly m e r , p H  t it r a t io n  c u r v e s  d id  n o t  sh o w  a  s e c o n d  in fle c 
t io n  p o in t .

H ig h  fr e q u e n c y  t i tr a t io n , a t  p re se n t a  r e la t iv e ly  n e w  m e th o d , o ffe re d  
th e  d is t in c t  a d v a n ta g e  o f  g re a te r  s e n s it iv ity  a n d  o n  in v e s t ig a t io n  w a s  fo u n d  
to  b e  a d a p ta b le  t o  th e  t it r a t io n  o f  a c id ic  c o p o ly m e r s . T it r a t io n  o f  th ese  
su b s ta n ce s  in  e x cess  s o d iu m  h y d r o x id e  g a v e  d e fin ite  in fle c t io n  p o in ts  o n  th e  
h ig h  fr e q u e n c y  t it r a t io n  p lo ts  fo r  th e  e x ce ss  s o d iu m  h y d r o x id e  fo r  th e  t it r a 
t io n  o r  lib e ra t io n  o f  e a ch  c a r b o x y la te  sp e c ie s  a n d  fo r  th e  to t a l  t i t r a t io n  o r  
lib e ra tio n  o f  a ll p o ly m e r  c a r b o x y la te  ion s .

In  th e  t i tr a t io n s  d e s cr ib e d  th ere  are  n o  p r o b le m s  e n co u n te re d  w ith  d e - 
sen s it iz a tio n  o f  e le c tr o d e s  d u e  to  p r e c ip ita t io n  o f  p o ly m e r ic  su b s ta n ce s  as 
a c o a t in g  o n  th e  e le c tr o d e  su r fa ce s . T h e  p r e c ip ita t io n  o c c u r s  a t  th e  fin a l 
e n d  p o in t  as  d is cre te , n o n s t ic k in g  p a rt ic le s . T h e  e le c tr o d e s  o f  th e  p H  
m e te r  are  e a s ily  c le a n e d  b y  w a sh in g  b e tw e e n  sa m p les  a n d  th e  e le c tr o d e s  o f  
th e  h ig h  fr e q u e n c y  t itr im e te r  are  o u ts id e  th e  so lu t io n .

T h e  p o ly m e r s  in v e s t ig a te d  w e re  sh o w n  to  b e  free  o f  a c id ic  in te r fe r in g  s u b 
sta n ce s  b y  th e  a b se n ce  o f  in fle c t io n  p o in ts  in  th e  h ig h  fr e q u e n c y  p lo ts  o th e r  
th a n  th o se  co r r e s p o n d in g  to  th e  t it r a t io n  o f  p o ly m e r  c a r b o x y la te  ion s . 
X o n p o ly m e r ic  a c id s  a lw a y s  y ie ld  in fle c t io n  p o in ts  on  t i tr a t io n , b u t  th e y  are 
o fte n  less d is t in c t  th a n  th o se  fr o m  p o ly m e r ic  a c id s . T h is  m a y  b e  e x p la in e d  
o n  th e  b a s is  o f  th e  r e in fo r c e m e n t  o f  a n  e f fe c t  b y  th e  r e p e a t in g  n a tu re  o f  th e  
p o ly m e r  s tru c tu re , o r  b y  a  c a r b o x y la te  fu n c t io n  m a d e  m o re  e a s ily  a v a ila b le  
t o  t it r a t io n  w h e n  it  is p a rt o f  th e  p o ly m e r  s tru c tu re .
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Résumé

Un a mis au point une méthode utile, plus rapide et plus précise que l’analyse élé
mentaire pour déterminer la composition des copolymères des anhydrides itaconique et 
maléique avec le styrène. La méthode consiste en une titration à haute fréquence do 
l’échantillon. Elle peut être employée aussi pour détecter de traces d’impuretés acides 
dans les polymères, et pour identifier de mélanges de copolymères acides analogues. La 
titration indique que les segments acides dans les copolymères acide itaconique-styréne, 
acidemàléique-styrène et l’homopolymère de l’acide polyitaconique se comportent comme 
des acides dibasiques. La méthode semble avoir une sensibilité qui permet, l’identifica
tion et, la résolution approximative de deux groupements carboxylates différents dans le 
même polymère.
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Zusammenfassung

Eine brauchbare Methode, die rascher und genauer als die Elementaranlyse ist., wurde 
zur Bestimmung der Zusammensetzung von Copolymeren aus Itaconsäure- und Malein
säureanhydrid mit Styrol entwickelt. Die Methode besteht in einer Hochfrquenztitra- 
tion der Probe. Sie kann auch zur Auffindung von Spuren saurer Verunreinigungen in 
Polymeren und zur Identifizierung von Gemischen ähnlicher saurer Copolymerer ver- 
wendent werden. Die Titration zeigt, dass die Säuresegmente in Itaconsäure-Styrol- 
und Maleinsäure-Styrol-Copolymeren und im Polvitaconsäure-Homopolymeren sich 
wie zweibasische Säuren verhalten. Die Methode scheint eine zur Identifizierung und 
näherungsweisen Auflösung zweier Carboxylatarten im gleichen Polymeren ausreichende 
Empfindlichkeit zu besitzen.

R e c e iv e d  S e p te m b e r  1 ,1 9 6 1  
R e v is e d  M a r c h  20 , 1962
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Nuclear Radiation EiFects in Polytetrafluoroethylene*

D . E . K L I N E ,  Nuclear Engineering Department, a n d  J. A . S A U E R , Physics 
Department, The Pennsylvania State University, University Park,

Pennsylvania

Synopsis

Dynamic mechanical studies of polytetrafluoroethylene, subjected to a total reactor 
radiation dose of about 10s rads, have shown that a decrease occurs in the height of the 
three damping peaks which are observed in unirradiated samples near 200, 300, and 
400°K. Since the 200°K. and 400°K. peaks are associated with configurational changes 
in the amorphous regions of the material, the experimental observations are compatible 
with an increased degree of crystallinity. The effects observed in the dynamic modulus- 
temperature relation upon irradiation are consistent with those found in the internal fric
tion spectrum. The changes that occur in degree of crystallinity upon irradiation have 
been studied by both infrared and density measurements, and an increase in crystallinity 
has been found. The changes in the dynamic mechanical properties in the vicinity of 
room temperature are not well understood, but possible reasons for the observed behavior 
are given.

I. Introduction

T h e  e ffe c ts  o f  ra d ia t io n  o n  th e  p r o p e rt ie s  o f  p o ly te t r a f lu o r o e th y le n e  
( P T F E )  h a v e  b e e n  s tu d ie d  b y  v a r io u s  m e a n s . B o p p  a n d  S is m a n 1 c o n 
c lu d e d , o n  th e  b a s is  o f  s ta t ic  m e a su re m e n ts  o f  m e ch a n ica l p ro p e rt ie s , 
th a t  se v e re  d e te r io r a t io n  o c cu rs  in  th is  p o ly m e r  a t  lo w  ir ra d ia t io n  d oses . 
C h a r le s b y -  r e p o r te d  th a t  th e  p o ly m e r  w a s  r e d u c e d  to  a  co a rse  p o w d e r  a t  
h ig h e r  ir ra d ia tio n  d oses  a n d  a t tr ib u te d  th is  t o  c le a v a g e  o f  th e  C — C  b o n d .

M a n y  in v e s t ig a t io n s  o f  th e  c h e m ica l n a tu re  o f  th e  ch a n g e s  o c cu rr in g  
u p o n  ir ra d ia t io n  o f  P T F E  h a v e  b e e n  m a d e  b y  e le c tr o n  sp in  a n d  n u c le a r  
sp in  re so n a n ce  s tu d ie s ,3-7 a n d  a  s u m m a r y  is g iv e n  in  a  r e ce n t  a r t ic le  b y  
F lo r in  a n d  W a ll .8 I t  is n o w  b e lie v e d  th a t  th e  p r im a ry  r a d ica l p r o d u c e d  
as a  resu lt  o f  ra d ia t io n  is C F 2C F C F 2, th a t  th is  ra d ica l is s ta b le  in  th e  
a b se n ce  o f  o th e r  gases su ch  as o x y g e n , a n d  th a t  c ro ss lin k in g  is a p o ss ib le  
o c c u rr e n ce . I n  th e  p re se n ce  o f  m o le cu la r  o x y g e n , n e w  ty p e s  o f  ra d ica ls  
a p p e a r  a n d  th e  p o ly m e r  te n d s  to  d e g ra d e . I n  th e  a b se n ce  o f  o x y g e n , 
W a l l3 has sh o w n  th a t  th e  p o ly m e r  d o e s  n o t  m a rk e d ly  d e te r io r a te  a n d  w ill 
re ta in  a  h ig h  p e r ce n ta g e  o f  its  in itia l ten s ile  s tre n g th  u p  t o  d o se s  o f  107—10s 
rad s .

N o  in v e s t ig a t io n s  h a v e  as y e t  b e e n  r e p o r te d  o n  th e  e ffe c ts  o f  ra d ia t io n  
o f  p o ly te t r a f lu o r o e th y le n e  b y  m ea n s  o f  d y n a m ic  m e c h a n ica l m e th o d s ,

* Supported in part by the U. S. Atomic Energy Commission Contract No. AT(30-1)- 
1858.
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e v e n  th o u g h  m a n y  su ch  s tu d ie s9-16 h a v e  b e e n  m a d e  o n  u n irra d ia te d  
sa m p les . I t  is th e  p u rp o s e  o f  th is  p a p e r  to  r e p o r t  a n d  d iscu ss  th e  ch a n g es  
th a t  o c c u r  in  th e  d y n a m ic  m e c h a n ica l p r o p e r t ie s  o f  P T F E  s u b je c te d  to  a 
ra d ia t io n  d o se  o f  108 rad s.

II. Experimental

T e s ts  w ere  m a d e  w ith  a n  a p p a ra tu s  w h ich  is a m o d if ic a t io n  o f  th a t  
d e s cr ib e d  in  a p r e v io u s  p u b l ic a t io n 16 a t  fr e q u e n c ie s  ra n g in g  f r o m  100 to  
2 1 0 0  c v c le s /s e c .  a n d  w ith  sa m p les  o f  0 .2 5  in . d ia m e te r  an d  a b o u t  4  in . in 
le n g th . T h e  re so n a n ce  fr e q u e n c y  o f  a tra n sv e rse  v ib r a t io n a l m o d e  y ie ld s  
th e  d y n a m ic  m o d u lu s  o f  th e  m a te r ia l i f  th e  d e n s ity  is k n o w n . R o o m  te m 
p e ra tu re  d e n s ity  v a lu e s  are u sed  in  o b ta in in g  th e  m o d u lu s ; th u s  th e  m o d u li 
are o n ly  n o m in a l a n d  m a y  b e  a fe w  p e r  cent, in  e rror , e sp e c ia lly  at h igh  
te m p e ra tu re s .17

T h e  sa m p le  ir ra d ia t io n  o f  18 h r. w as ca rr ied  o u t  a t th e  P e n n  S ta te  
U n iv e r s ity  N u c le a r  R e a c t o r  F a c il ity  in  a sea led  c o n ta in e r  in  w h ich  som e  
a ir  w a s  p re se n t. F r o m  m e a su re m e n ts  m a d e  d u r in g  th e  cou rse  o f  o th e r  
e x p e r im e n ts , w h ere  c o n d it io n s  w ere  sim ilar , th e  e n e rg y  d e p o s ite d  b y  r e a c to r  
ra d ia t io n  in  th e  P T F E  sa m p le  w a s e s t im a te d  to  b e  1 0 10 e r g s /g .  o r  a b o u t  
108 rad s . T h e  e n e rg y  d e p o s ite d  in  th is  case  is a p p r o x im a te ly  1/6 th e  resu lt 
o f  fa s t  n e u tro n  co llis io n s  a n d  * /6 th e  resu lt  o f  g a m m a -r a y  in te r a c t io n s . 
T h e  o th e r  co n tr ib u t io n s , in  te rm s  o f  e n e rg y  d e p o s ite d , are ra th e r  sm all.

III. Results

T h e  d a m p in g  cu rv e  f o r  u n ir ra d ia te d  P T F E  is g e n e ra lly  ch a ra cte r iz e d  
b y  se v e ra l d is p e rs io n  re g io n s  fr o m  8 0  to  600  ° K .  R e s u lts  fo r  th e  u n ir ra d i
a te d  sa m p le  te s te d  h ere  are  g iv e n  in  F ig u re  1. N e a r  2 0 0 °Iv .,  a  ra th e r  
s y m m e tr ic a l d a m p in g  p e a k  w ith  m a x im u m  h e ig h t  o f  a b o u t  0 .1 5  is p resen t, 
a c c o m p a n ie d  b y  a sh arp  d r o p  in  th e  m o d u lu s . T h is  p e a k  has b e e n  sh o w n  
t o  b e  e v id e n ce  o f  an  a m o rp h o u s  tra n s it io n  b y  K a b in 11 a n d  h as b e e n  a t 
tr ib u te d  to  th e  o n se t  o f  m o b i l i t y  o f  sm all se g m e n ts  o f  C F 2 lin k s in  th e  
a m o rp h o u s  r e g io n s .9-13 A n o th e r  d isp e rs io n  re g io n  is n o te d  as th e  te m 
p e r a tu r e  a p p ro a ch e s  3 0 0 ° K .,  an d , a g a in , a d r o p  is p re se n t in  th e  a c c o m p a n y 
in g  m o d u lu s  g ra p h . T h is  p e a k  is a t tr ib u te d  t o  c o n fig u ra tio n a l ch a n g es  
in  th e  c r y s ta llite s .9’12' 13 T h e  d a m p in g  p e a k  n ea r  4 0 0 °Iv . is r e p o r te d  to  b e  
a s so c ia te d  w ith  a  tra n s it io n  in  th e  a m o rp h o u s  re g io n s  in v o lv in g  la rg e  
se g m e n ts  o f  p o ly m e r  m o le c u le s .13 T h is  is  a c c o m p a n ie d  b y  in fle c t io n  
p o in ts  in  th e  d y n a m ic  m o d u lu s  g ra p h .

F o r  th e  P T F E  sa m p le  ir ra d ia te d  to  10s rad s , th e  d a m p in g  a n d  d y n a m ic  
m o d u lu s  v a lu e s  as a fu n c t io n  o f  te m p e ra tu re  are  a lso  g iv e n  in  F ig u re  1. 
In  o b s e rv in g  th e  e ffe c ts  o f  ir ra d ia t io n  o n  P T F E , o n e  n o te s  a se v e re  d ecrea se  
in  th e  h e ig h t  o f  th e  2 0 0 ° K . p e a k  to  less th a n  h a lf th e  o r ig in a l v a lu e . T h e  
d is p e rs io n  re g io n  n ea r  3 0 0 ° K . is s till p re se n t b u t  is r e d u c e d  in  size , a n d  th e  
4 0 0 ° K .  p e a k  h as b e e n  la rg e ly  r e m o v e d . M o d u lu s  v a lu e s  o f  th e  ir ra d ia te d  
sa m p le  are h ig h e r  th a n  th a t  o f  th e  u n ir ra d ia te d  sa m p le  a t  all te m p e ra tu re s  
a b o v e  1 6 0 °Iv . M o s t  o f  th ese  ch a n g es  a p p e a r  t o  b e  e x p la in a b le  on  th e
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ba sis  th a t  th e  a v e ra g e  d e g re e  o f  c r y s ta llin ity  o f  th e  P T F E  sa m p le s  has 
in cre a se d  as a re su lt  o f  th e  ir ra d ia t io n  tr e a tm e n t .

T o  in v e s t ig a te  m o r e  d ir e c t ly  th e  e f fe c t s  o f  r a d ia t io n  o n  c ry s ta llin ity , 
a  n u m b e r  o l sa m p les  o f  th e  P T F E  m a te r ia l w ere  e x p o se d  to  r e a c to r  r a d ia 
t io n  a n d  m e a su re m e n ts  m a d e  o f  d e n s ity  a n d  in fra re d  a b s o r p t io n  b o t h  
b e fo r e  a n d  a fte r  ir ra d ia t io n . T h e  d a ta  are  g iv e n  in  T a b le  I .  D e n s ity  
m e a su re m e n ts  m a y  n o t  b e  re lia b le  in d ic a to rs  o f  c r y s ta ll in ity  c o n t e n t  b e 
ca u se  o f  d iffe re n ce  in  sa m p le  s tru c tu re  ( v o id s ) ;  n e v erth e less , th e  e x p e r i
m e n ta l v a lu e s  g iv e n  in  c o lu m n  2 h a v e  b e e n  u sed  to  p r o v id e  e s t im a te s  o f  
c r y s ta llin ity  c o n t e n t  (c o lu m n  3 ) o n  th e  ba s is  o f  th e  d a ta  o f  M c C r u m .18 
T a b le  I a lso  g iv e s  (c o lu m n  4 ) e s t im a te d  c ry s ta llin ity  p e r ce n ta g e s  fo r  o n e  
u n irra d ia te d  a n d  o n e  ir ra d ia te d  sa m p le  as d e te rm in e d  b y  th e  in fra red

Fig. 1. Plots of (.4) Dynamic modulus and (B ) internal friction of (• ) irradiated and (■ ) 
unirradiated polytetrafluoroothylene.

m e th o d . V a lu e s  o f  c r y s ta llin ity  o b t a in e d  b y  e ith e r  o f  th ese  m e th o d s  
sh o w  th a t  a n  in crea se  in  c r y s ta llin ity  has ta k e n  p la ce  as a  re su lt  o f  th e  
ir ra d ia t io n  tr e a tm e n t . S im ila r  e ffe c ts  o n  P T F E  sp e c im e n s  ir ra d ia te d  to  
lo w  d o s e s  ( < 1 0 7 ra d s ) h a v e  b e e n  n o te d  b y  o th e r  in v e s t ig a t o r s 19 b y  d e n s ity  
a n d  x -r a y  m e a su re m e n ts . T h e  d e n s ity  m e a su re m e n ts  sh o w n  in  T a b le  
I  in d ic a te  th a t  th e  m a x im u m  d e g re e  o f  c r y s ta llin ity  o b t a in e d  is  a b o u t  
8 3 % .  F o r  e x a m p le , th e  d e n s ity  o f  o u r  sa m p le s  in cre a se d  fr o m  2 .1 7  in  th e  
u n ir r a d ia te d  s ta te  t o  2 .2 3  g . / c c .  a t  25  M r a d s  a n d  to  2 .2 4  g . / c c .  a t  50  
M r a d s  a n d  a b o v e  (T a b le  I ) .  N is h io k a  e t  a l .19 r e p o r te d  a n  in cre a se  in  
d e n s ity  t o  2.21 g . / c c .  at a b o u t  107 rad s , a n d  th e ir  v a lu e s  a p p e a r  t o  b e
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TABLE I
Characteristics oi Irradiated Samples

Irradiation
dose,

Mrads
Density,

g./ec.

Crystallinity, %

Density method Infrared

0 2.17 50 56
25 2.23 79 —
50 2.24 83 —
75 2.24 83 —

100 2.24 83 83

in crea s in g  w ith  in cre a s in g  d o s e . T h e  in fra re d  d a ta  fu r th e r  su b s ta n tia te  
th e  in crea se  in  c r y s ta llin ity  o b t a in e d  o n  in cre a s in g  ir ra d ia tio n  d ose .

IV. Discussion

T h e  d e cre a se  o f  th e  in te rn a l f r ic t io n  p e a k  n e a r  2 0 0 ° K .  w ith  ir ra d ia tio n  
(F ig . 1) in d ic a te s  a d e cre a se  in  th e  n u m b e r  o f  sh o r t  se g m e n ts  o f  m o le cu la r  
ch a in s  in  th e  a m o rp h o u s  re g io n s  w h ich  are  fre e  t o  u n d e r g o  co n fig u ra tio n a l 
ch a n g e s . S in ce  M c C r u m 13 h as sh o w n  th is  p e a k  h e ig h t to  b e  a p p ro x im a te ly  
p r o p o r t io n a l t o  th e  a m o u n t  o f  a m o rp h o u s  m a te r ia l p re se n t, th e  5 0 %  d e 
crea se  in  h e ig h t w o u ld  im p ly  a 5 0 %  d e cre a se  in  th e  a m o rp h o u s  c o n t e n t  
( fr o m  a b o u t  4 0 %  o f  th e  to ta l t o  a b o u t  2 0 %  o f  th e  t o t a l ) .  T h is  w o u ld  
g iv e  a  c r y s ta llin ity  v a lu e  o f  a b o u t  8 0 % ,  w h ic h  is  o f  th e  o r d e r  o f  th a t  g iv e n  
in  T a b le  I .

T h e  d a ta  o f  F ig u re  1 a lso  sh o w  th a t  th e  re la x a t io n  p e a k  a t  4 0 0 ° K . h as 
b e e n  la rg e ly  e lim in a te d  as a  re su lt  o f  th e  ir ra d ia t io n . T h is  a b s o r p t io n  is 
co n s id e re d  to  b e  a  co n s e q u e n c e  o f  la rg e  se g m e n ts  o f  p o ly m e r  ch a in s  in  th e  
a m o rp h o u s  r e g io n s  re o r ie n t in g  in  re sp o n se  t o  th e  a p p lie d  stress. A n  
in crea se  in  c ry s ta llin ity , re su lt in g  in  a d e cre a se d  a m o rp h o u s  v o lu m e , w o u ld  
th e re fo re  b e  e x p e c t e d  t o  d e cre a se  th e  m a g n itu d e  o f  th is  re la x a t io n . T h e  
o b s e r v e d  d e cre a se  is, h o w e v e r , la rg er  th a n  ca n  b e  a t tr ib u te d  to  th is  case  
a lo n e . O n e  re a so n  fo r  th is  m a y  b e  th a t  m o t io n  o f  th e  ch a in s  in  th e  re m a in 
in g  a m o rp h o u s  re g io n s  are  s e v e r e ly  h in d e re d  b y  th e  in cre a se d  c ry s ta lliz a 
t io n . I f  a n y  cro s s lin k in g  h as o c c u r r e d  as a  re su lt  o f  th e  ir ra d ia tio n , su ch  
cro ss lin k s  m ig h t  a lso  r e s tr ic t  th e  m o v e m e n t  o f  th e  la rg er  seg m en ts .

O n e  p u z z lin g  fe a tu r e  o f  o u r  d a ta  is th e  d e cre a se  in  th e  h e ig h t  o f  th e  
r o o m  te m p e ra tu re  d a m p in g  p e a k . I f  th e  r a d ia t io n  h as ca u se d  an  in crea se  
in  c ry s ta llin ity  in  th e  p r e se n t  sp e c im e n s  t o  a  v a lu e  o f  8 0 %  o r  m o re , i t  m ig h t  
b e  e x p e c te d , o n  th e  ba s is  o f  th e  e a r lie r  w o r k  o f  I lle rs  a n d  J e n c k e l12 a n d  o f  
M c C r u m ,13 th a t  th e  in te rn a l f r ic t io n  p e a k  a t  3 0 0 ° K . w o u ld  in cre a se  a lso . 
O n e  re a so n  fo r  th e  o b s e r v e d  d e cre a se  m ig h t  b e  th a t  p a r t  o f  th e  d a m p in g  
in  th is  r e g io n  is a  re su lt  o f  th e  “ ta il”  o f  th e  4 0 0  ° K .  p e a k , a n d  th is  p a r t  has 
b e e n  r e d u c e d  b y  th e  ra d ia tio n . A n o th e r  p o s s ib le  fa c t o r  is th a t  a lth o u g h  
th e  a v e ra g e  d e g re e  o f  c r y s ta llin ity  m a y  h a v e  in cre a s e d , th e  d e g re e  o f  
p e r fe c t io n  o f  th e  c ry s ta llite s  m a y  b e  r e d u c e d  as a re su lt  o f  th e  r a d ia t io n -  
in d u c e d  d e fe c ts .
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T h e  ch a n g e s  o b s e r v e d  in  th e  m o d u lu s  u p o n  ir ra d ia tio n  ca n  b e  ex p la in e d  
in  te rm s o f  an  in cre a se d  c ry s ta llin ity . F o r  in s ta n ce , in  M c C r u m ’s d a t a ,13 
th e  m o d u lu s  v a lu e s  fo r  th e  m o r e  c ry s ta llin e  sa m p les  are  o b s e rv e d  to  d e p a r t  
f r o m  th e  m o d u lu s  v a lu e  fo r  th e  sa m p le  o f  lo w e s t  c ry s ta llin ity  n ea r  1 6 0 °K . 
A b o v e  th is  te m p e ra tu re  sa m p les  o f  su c ce s s iv e ly  h ig h er  c r y s ta llin ity  h a v e  
su c ce s s iv e ly  h ig h e r  m o d u lu s  v a lu e s . T h is  sa m e p a tte r n  is o b s e rv e d  fo r  
o u r  ir ra d ia te d  sa m p le  as c o m p a r e d  to  th e  u n irra d ia te d  p o ly te t r a f lu o r o -  
e th y le n e  sa m p le  (F ig . 1 ). A lso , i t  sh o u ld  b e  n o te d  th a t  th e  ch a n g e s  in 
th e  d eg re e  o f  in fle c t io n  in  th e  m o d u lu s  c u r v e  a fte r  ir ra d ia tio n  are c o m p a t ib le  
w ith  th e  ch a n g e s  in  in tern a l fr ic t io n . T h e  in fle c t io n  in  th e  2 0 0 ° K .  re g io n  
is g re a t ly  r e d u c e d  c o r r e s p o n d in g  to  th e  o b s e rv e d  r e d u c t io n  in  d a m p in g  p e a k  
h e ig h t  a t  th is  te m p e ra tu re . I n  th e  4 0 0 ° K .  re g io n , w h ere  th e  or ig in a l 
d a m p in g  p e a k  h as esse n t ia lly  v a n ish e d  as a  resu lt  o f  th e  ir ra d ia t io n  tr e a t 
m e n t, n o  n o t ic e a b le  in fle c t io n  rem a in s .

Infrared measurements were arranged for by Dr. H. W. Starkweather, E. I. du Pont 
de Nemours and Company.
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Résumé

Des études dynamiques mécaniques du polytétrafluoroéthylène, soumis à une dose de 
radiation d’un réacteur égale à environ 10s rads, ont montré qu’il se présente une diminu
tion de la hauteur des trois pics amortis observés dans des échantillons non-irradiés vers 
200, 300, et 400°K. Puisque les pics à 200°K. et 400°K. sont liés à des changements de 
configuration dans les régions amorphes de la substance, les observations expérimentales 
sont compatibles avec un degré de cristallinité croissant. Les effets observés dans la rela
tion entre le module dynamique et la température par irradiation sont en concordance 
avec ceux trouvés dans le spectre de friction interne. On a étudié les modifications du
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degré de eristallinité causées par l’rradiation par des examens infrarouges et. des mesures 
de densité. Une augmentation de la eristallinité a été trouvée. I,es changements des 
propriétés dynamiques mécaniques au voisinage1 de la température de chambre ne s’ex
pliquent pas très bien mais des causes possibles ont été indiquées pour justifier h? phén
omène observé.

Zusammenfassung

Dynamisch-mechanische Untersuchungen an Polytetrafluoräthylen, das einer Dosis 
totaler Reaktorstrahlung von 108 rad unterworfen wurde, haben gezeigt, dass eine 
Abnahme der Höhe der drei, bei unbestrahlten Proben bei 20C°K, 300°K und 400°K 
beobachteten Dämpfungsmaxima stattfindet. Da die Maxima bei 200°K und 400°K 
mit Konfigurationsänderungen in den amorphen Bereichen der Substanz verknüpft sind, 
sprechen die Versuchsergebnisse für einen erhöhten Kristallinitätsgrad. Die bei Be
strahlung in der Abhängigkeit des dynamischen Moduls von der Temperatur beobach
teten Effekte entsprechen den im Spektrum der inneren Reibung gefundenen. Die 
Änderungen des Kristallinitätsgrades bei der Bestrahlung wurden sowohl infrarotspek
troskopisch als auch durch Dichtemessungen untersucht; eine Kristallinitätszunahme 
wurde festgestellt. Die Änderungen der dynamischmechanischen Eigenschaften in der 
Nachbarschaft der Raumtemperatur sind noch schwer verständlich, es werden aber 
mögliche Gründe für das beobachtete Verhalten angeführt.

R e c e iv e d  M a r c h  19, 19G2
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Mécanisme réactionnel de la Polymérisation 
alcaline des Lactames

H I K A R U  S E K I G U C H I ,  Laboratoire de chimie macromoléculaire, 
Ecole supérieure de Physique et de Chimie industrielles de Paris, 

Paris, France

Synopsis

As a consequence of objections raised to our interpretation concerning the reaction 
mechanism of the alkaline polymerization of lactams, we have re-examined and justified 
our anionic “ lactamolytic”  mechanism. The criticism of our opponent is invalidated by 
mechanisms of analogous reactions, such as the reactions of organometallic compounds 
and hydrolysis of esters and amides. The opposing mechanism is criticized from a 
theoretical point of view and disproved by experimental facts which plainly justify our 
interpretation. The growth mechanism through imide, which consists of a nucleophilic 
attack of the polarized carbonyl group by the lactam anion, followed by neutralization 
of the resulting carbinolate ion and opening of the penultimate ring, is thus unequivocally 
confirmed.

Introduction

L e  m é ca n ism e  “ la c t a m o ly t iq u e ” 1-3 q u e  n o u s  a v o n s  p ré se n té  p o u r  la 
fo r m a t io n  d es  p o ly a m id e s  p a r  p o ly m é r is a t io n  a lca lin e  d e s  la c ta m e s :

(o ù  R — C O —  rep ré se n te  + N H ( C H 2) IC O + „ ,  a v e c  x  =  1, 2 , 3 , . . . , B  + le  
ca t io n  a lca lin  p r o v e n a n t  d u  c a ta ly se u r  e t  k\ l ’é ta p e  d é te rm in a n t  la  v ite sse  
d e  r é a c t io n )  a y a n t  so u le v é  q u e lq u e s  o b je c t io n s ,4 n o u s  n o u s  v o y o n s  d a n s  
l ’o b l ig a t io n  d ’ é tu d ie r  d e  fa ç o n  p lu s  d é ta illé e  c e tte  ré a c t io n  e t  d ’ in d iq u e r  
d e s  co n s id é r a t io n s  th é o r iq u e s  e t  e x p é r im e n ta le s  ju s t if ia n t  n o tr e  in te r p r é ta 
tio n  .

1627
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E n  p a r ta n t  d e  ce  m é ca n s im e , n o u s  a v o n s  p r o p o s é  p o u r  la  d im é risa t io n  e t  
la  p o ly m é r is a t io n  d e s  la e ta m e s  en  l ’a b se n ce  d ’ in it ia te u r  ( im id e ), le m o d e  
d e  r é a c t io n  s u iv a n t :3

IIN(OH,yOO +  -N (C H 2)xCO — H N(CH .),C— N(OH2)XCO

( ) -

IIN(CHs)iCO -N (CH sbCf) +  II.N(CH2bCO— N(CHs)xCO

---------- H— [— NH( CH2)xCO— ] „ — N(CH2)xCO
(II)

S h p ita l ’n y ï4 *-6 a  c o n s ta té  q u e , d ’u n e  p a rt , lo r s  d e  l ’a c t io n  d ’un  e x cè s  d e  
so u d e  a v e c  la  la c ta m e , il se fo r m e  le sel so d é  d e  l ’a m in o a c id e  d é r iv é  d e  la  
la c ta m e , q u i se ra it  c a p a b le  d ’ in itie r  la  tra n s fo r m a tio n  d e  la  la c ta m e  en  
p o ly m è r e , e t  q u e , d ’ a u tre  p a rt , in d é p e n d a m m e n t d e  leu rs  m é th o d e s  d ’o b 
te n t io n , t o u s  les p o ly a m id e s  p o s sè d e n t, lo rs  d e  l ’a n a ly se  (a p rès  tra ite m e n t  
p a r  d e  l ’e a u  c h a u d e ), un  n o m b r e  ég a l d e  g ro u p e m e n ts  a c id e  e t  b a s iq u e . I l 
a t tr ib u e  a lo rs  a u  d im è re , en  se s e rv a n t d u  p ro ce ssu s  d e  fo r m a t io n  d u  b e n z - 
im id a z o le  r a p p o r té  p a r  P o r a ï-K o s h it z ,6 u n e  fo r m u le  d u  t y p e  A’ -d e s o x y -  
la c ta m y l-a j-a m in o a c id e  e t  au  p o ly m è r e  ce lle  e n v isa g é e  p a r  H e ik e n s7 ( I I I ) .  
I l  p r o p o s e  d o n c  u n  s c h é m a 4 5 q u e  n o u s  ré su m o n s  a in s i:

HN(CH2bCO  +  BNfClÊhCC) -*  ~N(CHsbC— H N +(O fb),C O

OB

—  BOH +  E( CH2)IN = C — N( CHî)*CO —  KCH2 )IN = C — NH( CH^CO-B

---------- E( CH ,)xN =Ó — [— NH( CHîfjCO— ] OB
(III)

I l  c r it iq u e 4 n o tr e  m é ca n ism e  r é a c t io n n e l en  so u lig n a n t n o ta m m e n t : (1)
q u e  le  c a r b o n y le  d e  T im id e  se t r o u v e  p o la r isé  m ê m e  en  l ’a b se n ce  d ’u n  a g e n t 
a lca lin , (2) q u e  la  c o u p u r e  d e  la  lia ison  a z o t e -c a r b in o l  p a r  le  p r o to n  est 
p e u  p r o b a b le  d a n s  un  m ilie u  b a s iq u e , (3) q u e  son  s c h é m a  s ’ a p p liq u e  au x  
d iv e rse s  r é a c t io n s  d e  fo r m a t io n  d e s  p o ly a m id e s  a lo rs  q u e  le  n ô tr e  n ’e st 
re la t if  q u ’ à la  p o ly m é r is a t io n  a n io n iq u e .

Discussion

A u  c o u r s  d e  c e t te  p o ly m é r is a t io n  a lca lin e  d e s  la e ta m e s  d e u x  m o d e s  d e  
c ro is sa n ce  d e  la  ch a în e  s o n t  p o s s ib le s : a d d it io n  d ’u n  n o u v e a u  m o t if  
m o n o m è r e , s o it  su r  l ’a m in e , s o it  su r  le  c a r b o n y le . E t a n t  d o n n é  q u e  le 
g r o u p e m e n t  a c y le  d e  l ’in it ia te u r  im id e  s ’ in co r p o r e  d a n s  le  p o ly m è r e  fo r m é  
e t  se fixe  su r l ’a m in e  te rm in a le  d e  la  c h a în e ,3 8’9 e t  q u e  la v ite sse  in itia le  d e  
p o ly m é r is a t io n  e s t  p r o p o r t io n n e lle  à  la  q u a n t ité  d e  l ’in it ia te u r ,8 n o u s  c o n 
s id éron s  c o m m e  p e u  im p o r t a n t  le  rô le  q u e  jo u e n t  les g ro u p e m e n ts  am in e  
e t a m id u re  (— N H N a ) 10 e t  l ’ io n  a m id u re  (— N i l - ) , 11 l ’e x is te n ce  d e  ces
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d e u x  d e r n ie rs12,13 n ’é ta n t  d ’a illeu rs  p a s  p r o u v é e . N o u s  p o u v o n s  n o u s  
d e m a n d e r , d ’ a u tre  p a rt , si la  fo r m u le  d e  S h p ita l ’n y ï  p e u t  im p liq u e r , c o m m e  
il le p en se  lu i-m ê m e ,5 c e t te  c ro is sa n ce  p a r  le  c a r b o n y le , a lo rs  q u e  l ’a u tre  
e x tr é m ité  e s t  d ’a p rè s  lu i d u  t y p e  a m id in e , fa c ile m e n t  d é c o m p o s a b le ;14 
ce  se ra it  d o n c  c e lle -c i q u i d e v r a it  p lu t ô t  se tra n s fo rm e r  d a n s  les c o n d it io n s  
d e  la  p o ly m é r is a t io n .

A fin  d ’é tu d ie r  le p o u v o ir  c a ta ly t iq u e  d es  g ro u p e m e n ts  c a r b o x y le  e t  
c a r b o x y la te , p o s tu lé  p a r  S h p ita l ’n y ï ,5 n o u s  a v o n s  essa y é  d e  p o ly m é r is e r  d es 
Ia cta m es  en  p ré se n ce  d e  sels a lca lin s  d ’a m in o a c id e s  (T a b le a u  I ) .  I l  e st  
é v id e n t , à  p a rt ir  d e s  ré su lta ts  d e  c e t te  é tu d e , q u e  les sels a lca lin s  d ’ a m in o 
a c id e s  n e  s o n t  p a s  d e s  c o rp s  in te rm é d ia ire s  d a n s  la  p o ly m é r is a t io n  d es  
Ia cta m es , e t , p a r  co n s é q u e n t , q u e  les g ro u p e m e n ts  c a r b o x y le  o u  c a r b o x y la te  
n e so n t  p a s  le  ce n tre  d e  c ro is sa n ce  d e  la  ch a în e . S i u n e  p o ly m é r is a t io n  se 
p r o d u it  à  h a u te  te m p é ra tu re , e lle  e s t  d u e  à  la  fo r m a t io n  d ’u n  v r a i  ce n tre  d e  
c ro is sa n ce , q u i e st c e r ta in e m e n t  u n e  im id e .

L a  fo r m u le  q u e  n o u s  a v o n s  a d o p té e  se t r o u v e  ju s t ifié e  p lu s  v is ib le m e n t  p a r  
les m o t ifs  te rm in a u x  d u  p o ly m è r e :  p résen ce  d ’un  n o m b r e  d e  g ro u p e m e n ts
a m in e  éga l à  ce lu i d es  m a cr o m o lé cu le s  lors  d e  la  p o ly m é r is a t io n  sa n s in it ia 
te u r  im id e  e t  a b se n ce  d e  g r o u p e m e n t  c a r b o x y le  a v a n t  l ’h y d r o ly s e  d u  
p o ly m è r e  fo r m é ,10' 15 fix a t io n  su r l ’a m in e  te rm in a le  d u  g r o u p e m e n t  a c y le  
d e  l ’ in it ia te u r  im id e ,3’8' 9 fo r m a t io n  d e  la  A’ - (A r'-a c y l-w -a m in o a c y l) - la c ta m e

(d im è re  A f-a cy lé : a c y l - X H ( C I I 2) xC O — N ( C H 2) xC O ) a u  co u rs  d e  la 
p r é p a r a t io n  d e  la  A T -a cy l-la cta m e2’ 16 (p a r  r é a c t io n  d ’un  ch lo ru re  d ’a c y le  
a v e c  le sel s o d é  d e  la  la c ta m e ) ; c e  d im è re  a e v lé , c o m p o s é  in te rm é d ia ire  d e  
la  p o ly m é r is a t io n  in itié e  p a r  T im id e , é ta n t  d ’ a illeu rs  ca p a b le  d ’ in it ie r  la  
m ê m e  p o ly m é r is a t io n . C e s  fa its  p e r m e tte n t  d e  ju s t ifie r  la  fo r m u le  ( I I )  
p o u r  le  p o ly m è r e , ta n d is  (p ie  la  fo r m u le  ( I I I )  n ’e s t  fo n d é e  q u e  su r d es  
p re u v e s  c h im iq u e s  p eu  d é c is iv e s  au ssi b ien  p o u r  le p o ly m è r e  q u e  p o u r  le 
d im è re  ou  ses d é r iv é s . (L e  d im è re  d u  ty p e  A ^ -d e so x y la cta m y l-w -a m in o - 
a c id e  n ’ a  ja m a is  é té  iso lé , n i sa  fo r m u le  d u  ty p e  ( I I I )  ja m a is  p r o u v é e .4 7) 
D ’a u tre  p a rt , le  fa it  q u e  l ’a d d it io n  d ’un  in it ia te u r  im id e  a ccé lè re  la  r é a c t io n 17 
e t  p e r m e tte  la  p o ly m é r is a t io n  à  f r o id 313' 18 (au  v o is in a g e  d u  p o in t  d e  fu s io n  
d u  m o n o m è r e : e -c a p r o la c ta m e , 7 0 ° C ;  a -p y r r o lid o n e , 2 4 ,6 ° C )  m e t  en
é v id e n ce  q u e  seu le , la  fo r m a t io n  d u  ce n tre  d e  c ro is sa n ce  im id e , c ’ e s t -à -d ire  
l ’é ta p e  d e  d im é r isa t io n , e x ig e  u n e  h a u te  t e m p é r a tu r e ;13 c e c i ju s t if ie  le  
m é ca n is m e  d e  cro is sa n ce  p a r  T im id e  (p ie  n o u s  a v o n s  p ré se n té  p r é c é d e m 
m e n t .1 -3 ' 19

Il e s t  très  p r o b a b le  q u e , d a n s  n o tre  s ch é m a , la  h a u te  r é a c t iv ité  d es  
g ro u p e m e n ts  im id e  p r o v ie n t , au  fo n d , d e  leu rs  c a r b o n y le s  p o la r isés . L a  
c o o r d in a t io n  d u  m é ta l a lca lin  au x  c a r b o n y le s  d e  T im id e  sert a lo rs  à c o m p lé 
ter  la  p o la r isa t io n  d e  ces  c a r b o n y le s  e t  à  fa c ilite r  la  c ré a t io n  d e  l ’a n io n  
la c ta m e  d a n s  u n  m ilie u  fa ib le m e n t  p o la ire  te l q u e  la  la c ta m e . C e c i  e st  
le ca s  é g a le m e n t d e s  r é a c t io n s  d u  c a r b o n y le  a v e c  d es  o r g a n o m é ta lliq u e s 20 
c o m m e  les o rg a n o lith ie n s  e t  les  o rg a n o m a g n é s ie n s . N o u s  e s t im o n s  to u te 
fo is  q u e  le  m é ta l a lca lin  n ’ a  q u ’u n  rô le  au x ilia ire  d a n s  la  p o ly m é r is a t io n



1630 H. SEKIGUCHI

SS
do

eu 'S
B sO -0

H *

0f-i
Sg o"iD O
§*

i=>
<
H
J
PQ<<
H

g

j>>
ci-*-=ci

O

i-< 0
S - "oB © g

1 :i !

CO 00 o  o  o  »o 
C i CO O  t-- I O  t '-  r—< I o  rH  IO fl00 Ci

^  (N O  o CO O  ^CO CO (Mi
ó O  -HPI 05

coco o  o  o  o  o  o  o  o  o  o  o  o

o  o  o  o  O  O  co CO CO CO o  o  o  oH H ci

r~l °  
o  (M

’“l °
O cq

P -
o

O -o
✓ 0 '0g £ 
o *C d ^O ö
S

0 c i c i
Ö += § j£ ci

3 è " p CO ^ 0

2 »  
s ®CQ ^

2 Ci 1— 1

"  ,
CO

0 c i
0 T 3

r - 3 1-
c o
3 * 0

■ o (O
0 * 3

CO CO

0 f 0 _ 0
"Ö 'S
* 0
'JJ c 2

c i
P h

o ■o ©



MÉCANISME RÉACTIONNEL 1631

a n io n iq u e , a in si q u e  n o u s  l ’a v o n s  so u s -e n te n d u  d a n s  la  d is cu ss io n  d e  la 
c in é t iq u e ,3 e t  q u e  W ic h te r le  n o u s  l ’ a c o n firm é  u lté r ie u re m e n t .21

N o u s  s ig n a lo n s  é g a le m e n t q u e  d a n s  le c o m p o s é  in te rm é d ia ire  ( I )  d e  
n o tr e  sch é m a  il y  a  n e u tra lisa tio n  d e  l ’ ion  c a r b in o la te  p a r  a r ra ch e m e n t 
d e  l ’h y d r o g è n e  d e  l ’a m id e  (d u  m o n o m è r e  o u  d u  p o ly m è r e )  e t  fo r m a t io n  
d ’ un  a n io n  la c t a m e .3 I l fa u t  n o te r  q u e  c e t te  n e u tra lisa tio n  se p r o d u it  sur 
l ’io n  in te rm é d ia ire  d u  m o t i f  c y c l iq u e  d a n s  le c o rp s  ( I ) ,  d o n t  l ’ o u v e r tu re  a 
lieu , en su ite , p a r  r é a rra n g e m e n t in tra m o lé cu la ire  d u  ty p e  im id o l-a m id e . 
L es  é tu d e s  su r le m é ca n ism e  e t  le c o m p o s é  in te rm é d ia ire  d e  l ’h y d r o ly s e  a lca 
line d es  esters  e t  d es  am id es , ra p p o r té e s  p a r  B e n d e r  e t  d ’a u tres  a u te u r s ,22 
ju s t if ie n t  c e tte  in te r p r é ta t io n .

H O / R

' C\
H -rO /  O—H

(a)

h 2n . ;  r
c

,' /  \
H-f-0 O—H

' ' '  (b)

C o r p s  in te rm é d ia ire s  d a n s  (a ) l ’ h y d r o ly s e  d e  l ’ ester, (b )  l ’ h y d r o ly s e  d e  
l ’ a m id c , e t  (c )  la  “ la c t a m o ly s c ”  d e  l ’ im id e .

E n fin , c o m m e  S h p ita l ’ n y ï4'5 l ’a  s ign a lé , l ’a c t io n  d ’un  e x cè s  d e  so u d e  sur 
l ’ e -ca p ro la c ta m e  a n h y d r e  a b o u t it  à  la  fo r m a t io n  d u  sel d e  s o d iu m  d e  
l ’ a c id e  e -a m in o ca p ro ïq u e , ce  q u i e st a isé m e n t e x p lic a b le  au  m o y e n  d e  n o tre  
m é ca n ism e . E n  e ffe t, si d a n s  n o tr e  sch é m a  n o u s  re m p la ço n s  l ’ a n io n  la c 
ta m e  p a r  u n  a n io n  h y d r o x y le ,  e t  la  iV -a c y l- la c ta m e  p a r  la  la c ta m e , n o u s  
réa lison s  l ’h y d r o ly s e  a lca lin e  d e  l ’a m id e , d o n t  le m é ca n is m e  e s t  b ien  c o n n u :22

Conclusion

L e s  c o n s id é r a t io n s  e x p o sé e s  c i-d essu s , n o u s  p e r m e tte n t  d e  co n c lu re  q u e  
la p o ly m é r is a t io n  a lca lin e  d es  la c ta m e s  o b é it ,  c o m m e  n o tr e  s ch é m a  le 
rep résen te , à  u n  m é ca n ism e  a n io n iq u e  (d it  “ la c t a m o ly t iq u e ”  p a r  a n a lo g ie  
a v e c  le m é ca n ism e  h y d r o ly t iq u e ) ,  d o n t  l ’ é ta p e  d é te rm in a n t  la  v ite s se  d e  
ré a c t io n  e s t  l ’ a t ta q u e  n u c lé o p h ile  d u  c a r b o n y le  p o la r isé  d e  T im id e  d u  m o t if  
te rm in a l c y c l iq u e  d e  la ch a în e  p a r  l ’a n io n  la c ta m e  (é ta p e  e x p r im é e  p a r  
Ai), su iv ie  d e  la  n e u tra lisa tio n  d e  l ’ ion  in te rm é d ia ire  c a r b in o la te  fo r m é  e t  d e  
l ’ o u v e r tu r e  d e  l ’a v a n t-d e r n ie r  c y c le .  A in s i é ta n t  d o n n é : ( / )  q u e  les
cr it iq u e s  d e  n o tre  s ch é m a  p résen tées  p a r  S h p ita l ’n y ï  se tr o u v e n t  in firm ées 
p a r  les m é ca n ism e s  b ien  co n n u s  d e  ré a c tio n s  a n a lo g u e s ; (}2) qu e  n o tre  
fo rm u le  e st ju s t ifié e  th é o r iq u e m e n t  e t e x p é r im e n ta le m e n t  sans p o u v o ir  ê tre  
c o n t r e d ite ;  (3) q u e  le  s c h é m a  d e  S h p ita l ’ n y ï  n ’e x p liq u e  p a s  d e  fa ç o n  sa tis -
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fa isa n te  les fa its  e x p é r im e n ta u x  e x p liq u é s  p a r  le n ô t r e ;  (4) q u e  les fo rm u le s  
d u  d im e re  e t d u  p o ly m è r e  d e  S h p ita l ’n y ï  r e p o se n t  u n iq u e m e n t sur d es 
p re u v e s  e x p é r im e n ta le s  p e u  d é c is iv e s ; (o )  q u e  les sels a lca lin s  d ’ a m in o a c id e s  
(c o rp s  in te rm é d ia ire s  su g gérés  p a r  le  s ch é m a  d e  S h p ita l ’ n y ï )  n ’ o n t  p a s  d e  
p o u v o ir  c a ta ly t iq u e  d a n s  la  c ro is sa n ce  d e  la  ch a în e  d a n s  les c o n d it io n s  qu i 
p e r m e tte n t  la  ca ta ly se  p a r  les im id e s ; n o u s  e s t im o n s  q u e  le  s ch é m a  d e  
S h p ita l ’ n y ï  n e p e u t  p a s  re p résen ter  le m é ca n ism e  r é a c t io n n e l d e  la p o ly 
m é r is a tio n  a lca lin e  d es  la cta m e s .
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Résumé

Notre interprétation du mécanisme réactionnel de la polymérisation alcaline des 
lactames ayant soulevé des objections, nous avons repris et justifié notre mécanisme 
“ lactamolytique”  anionique. Les critiques de notre schéma, présentées par l ’adversaire, 
sont infirmées par les mécanismes de réactions analogues : réactions des organométalliques 
et hydrolyse des esters et des amides. Le schéma adverse est critiqué au point de vue 
théorique et réfuté à partir de faits expérimentaux qui justifient manifestement notre 
interprétation. Le mécanisme de croissance par Timide, dû à l’attaque nucléophile par 
l’anion lactame du carbonyle polarisé, suivie de la neutralisation de l’ion carbinolate 
formé et de l’ouverture de l’avant-dernier cycle, est ainsi confirmé de façon certaine.

Zusammenfassung

Auf Grund des Einwandes, der gegen unsere Deutung des Iteaktionsmechanismus der 
alkalischen Lactampolymerisation erhoben worden ist, haben wir unseren anionischen 
“ lactamolytischen”  Mechanismus erneut überprüft und als richtig befunden. Die Ein
wände werden durch Mechanismen analoger Reaktionen entkräftet, wie zum Beispiel 
die Reaktionen metallorganischer Verbindungen und die Hydrolysen von Estern und 
Amiden. Der von der Gegenseite vorgeschlagene Mechanismus wird durch theoret
ische Überlegungen und experimentelle Tatsachen widerlegt, welche eindeutig unsere 
Ansicht unterstreichen. Der Wachstumsmechanismus über Imide, welcher durch einen 
nucleophilen Angriff des Lactamanions auf die polarisierte Carbonylgruppe eingeleitet 
wird, worauf Neutralisation und schliesslich Öffnung des vorletzten Rinees erfolgt, wird 
somit eindeutig bestätigt.

R e c e iv e d  M a r c h  19, 1962
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Polymerization and Copolymerization of
1- and 9-Vinylanthracenes and 9-Vinylphenanthrene

D O V  K A T Z ,*  Scientific Department, Israel Ministry of Defence,
Tel Aviv, Israel

S y n o p s is

The free radical polymerization and copolymerization with styrene of 1- and 9-vinyl- 
anthracenes and 9-vinylphenanthrene was studied. The highest reactivity was shown 
by 9-vinylphenanthrene and the lowest by 9-vinylanthracene. From the experimental 
data on the copolymerization reactions the reactivity ratios n and r2 were calculated 
and for the two vinylanthracenes the values of Q2 (general reactivity) were obtained 
after application of the Price-Alfrey scheme for correlating reactivities of vinyl com
pounds in copolymerization. The scheme was not used for 9-vinylphenanthrene as the 
product of r, X rs was in this case greater than unity. It appears that the rates of poly
merization (and copolymerization) of the three monomers are influenced by two factors: 
the steric hindrance to conjugation between the anthracene or phenanthrene system and 
the exocyclic double bond, and the nonaromatic character of the 9,10 double bond in 
phenanthrene. In 9-vinylanthracene the conjugation between the anthracene system 
and the vinyl group is sterically more hindered that in the 1-isomer, the resonance sta
bilization of the radical adduct of 1-vinylanthracene is greater than in the case of the 
9-isomer and the latter is less reactive. In 9-vinylphenanthrene and 1-vinylanthracene 
the steric hindrance is the same and the higher reactivity of the first monomer as com
pared with the second seems to be due to the non-aromatic character of the 9, 10 double 
bond in phenanthrene, which makes the 9-vinylphenanthrene and almost aliphatic 
diene.

W h ile  th e  p o ly m e r iz a t io n  a n d  c o p o ly m e r iz a t io n  o f  th e  v in y ln a p h th a le n e s  
has b e e n  s tu d ie d  s y s t e m a t ic a lly ,1-4 o n ly  v e r y  fe w  v in y l  d e r iv a t iv e s  o f  m o r e  
c o m p le x  p o ly c y c l i c  sy s te m s  h a v e  b e e n  in v e s t ig a te d .5-8 T h e  ea sy  a v a il
a b il i ty 9 o f  1 -v in y la n th ra ce n e , 9 -v in y la n th ra ce n e , a n d  9 -v in y lp h e n a n th r e n e  
m a d e  it  d e s ira b le  t o  s t u d y  q u a n t ita t iv e ly  th e ir  p o ly m e r iz a t io n  a n d  c o 
p o ly m e r iz a t io n  w ith  s ty re n e . 2 -V in y la n th r a c e n e  is so h igh  m e lt in g  a n d  
d iff icu lt ly  s o lu b le  in  m o s t  o r g a n ic  so lv e n ts , in c lu d in g  s ty re n e , th a t  it  w as 
n o t  in c lu d e d  in  th is  s tu d y .

I n  th e  fr e e -r a d ica l p o ly m e r iz a t io n  o f  th e  th ree  v in y l  c o m p o u n d s , th e  
r e a c t io n  ra te s  o b s e r v e d  w ere  as g iv e n  in  T a b le  I.

T h e  sa m e  o r d e r  o f  d e cre a s in g  a c t iv it y  (9 -v in y lp h e n a n th r c n c  >  1 -v in y l
a n th ra ce n e  >  9 -v in y la n th ra ce n e )  is o b s e r v e d  a lso  in th e  c o p o ly m e r iz a t io n  
o f  th e  th ree  h y d r o c a r b o n s  w ith  s ty re n e . T h e  r e a c t iv it ie s  o f  th e  m o n o m e rs  
w e re : s ty  re n e -9 -v in y lp h e n a n  th ron e , i\ =  0 .5 8 , r2 =  2.5(3 (G 0 °C ., 0 .5

* Present address: Department of Chemistry, Princeton University, Princeton, X. J.
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TABLE I

Monomer Catalyst Temp., °C. Rate, % /sec.

9-Vinylphenanthrene Benzoyl peroxide (1 mole-%) 65 4.7 X 10-s
1-Vinylanthracene Benzoyl peroxide (1 mole-%) 65 1.5 X 10“ 3
9-VinyIanthracene Di-ieri-butyl peroxide (2 mole-%) 100 5.8 X 10~6

m o le -%  b e n z o y l  p e r o x id e ) ;  s t y r e n e -1 -v in y la n t h r a c e n e , rl =  0 .8 1 , r2 =
0 .5 7  (6 5 ° C . ,  1 m o le -%  b e n z o y l  p e r o x id e ) ;  s ty r e n e -9 -v in y la n th r a c e n e , 
r i =  2 .1 2 , r 2 =  0 .2 5  (1 0 0 ° C .,  2 m o le -%  d i- le r i-b u ty l p e r o x id e ) .

F r o m  th e  e x p e r im e n ta l d a ta , th e  v a lu e s  o f  Q 2 (g en era l r e a c t iv ity )  in  th e  
P r ic e -A lfr e y  s ch e m e  o f  t r e a tm e n t  o f  c o p o ly m e r iz a t io n  k in e t ic s 10' 11 h a v e  
b e e n  c a lcu la te d . T h e y  are  fo r  9 -v in y la n th ra ce n e  0 .8 9 , fo r  th e  1 -isom er  
3 .5 0 . A s  th e  p r o d u c t  r2 fo r  9 -v in y lp h e n a n th r e n e  is g re a te r  th a n  u n ity , 
Qi b e c o m e s  u n fo r tu n a te ly  m ea n in g less  in  th is  s ch e m e . T h e re  are  o th e r  
cases k n o w n , w h ich  fo r  th e  sa m e rea son  d e fy  th e ir  in c lu s io n  in to  th e  P r ice -  
A lfre y  s c h e m e ; fo r  s o m e  o f  th e m  ca lc u la t io n s  h a v e  b e e n  ca rried  o u t  
w h ich , h o w e v e r , d o  n o t  seem  to  us ju s t i f ie d .12-14

I t  a p p e a rs  th a t  t w o  fa c to r s  in flu en ce  th e  ra tes  o f  p o ly m e r iz a t io n  (an d  
c o p o ly m e r iz a t io n )  o f  th e  su b s ta n ce s  s tu d ie d . In  9 -v in y la n th ra ce n e , th e  
c o n ju g a t io n  b e tw e e n  th e  a n th ra ce n e  s y s te m  a n d  th e  e x o c y c l ic  d o u b le  
b o n d  is s te r ica lly  m o r e  h in d e re d  th a n  in  th e  1 -isom er , a s  tw o  h y d r o g e n  
a to m s  (1 ,8 )  in te r fe re  w it h  c o p la n a r ity  in th e  fo r m e r  c o m p o u n d , th e  
reson a n ce  s ta b iliz a tio n  o f  th e  r a d ica l a d d u c t  o f  1 -v in y la n th ra ce n e  is 
g rea ter  th a n  in  th e  case  o f  th e  9 -iso m e r , a n d  th e  la tte r  is less re a c tiv e .

A  sim ilar  e f fe c t  h a s  b e e n  o b s e r v e d  in  th e  sp e ctra  o f  th e  p h e n y la n th r a - 
c e n e s 15 a n d  h a s b e e n  a scr ib e d  t o  a n a lo g o u s  ca u s e s .16 I t  is, th e re fo re , o f  
in terest t o  re ca ll th e  sp e ctra  o f  th e  v in y la n th r a c e n e s .9 T h e  2 5 2  m y  
m a x im u m  o f  a n th ra ce n e  a s cr ib e d  to  lo n g itu d in a l p o la r iz a t io n 9 rem ain s 
p ra ctica lly ' u n ch a n g e d  o n  th e  tra n s it io n  to  1- a n d  9 -v in y la n th ra ce n e  (25 5 , 
256  m y ) ,  w h ile  in  2 -v in y la n th ra ce n e , in  w h ic h  th ere  is n o  in te r fe re n ce  
w ith  c o p la n a r ity , it  is sh ifte d  t o  2 7 7  m y . T h e  3 7 5  m y  m a x im u m  o f  
a n th ra ce n e  w h ic h  sh o u ld  th u s  b e  a s cr ib e d  to  a  2 ,7 -p o la r iz e d  f o r m 17 rem a in s 
p r a c t ic a lly  u n ch a n g e d  b y  v in y la t io n  in  e ith e r  o f  th e  tw o  p o s it io n s  1 a n d  9.

O n  th e  o th e r  h a n d , th e  h ig h  r e a c t iv ity  o f  9 -v in y lp h e n a n th re n e , as 
c o m p a re d  w ith  1 -v in y la n th ra ce n e  m u st  b e  d u e  t o  an  a d d it io n a l fa c to r , 
s in ce  th e  s te ric  h in d ra n ce  is th e  sa m e as in 1-v in y l-a n th r a c e n e . O n e  m ig h t 
th in k  o f  th e  n o n a r o m a t ic  ch a ra cte r  o f  th e  9 ,1 0  d o u b le  b o n d  in  p h e n a n th re n e  
w h ich  m a k e s  9 -v in y lp h e n a n th r e n e  a  ra th e r  a lip h a t ic  d ie n e .18 In  a n y  
e v e n t , th e  d e c is iv e  fa c t o r  in  d e te rm in in g  th e  r e a c t iv ity  o f  th e  m o n o m e r s  
m u st b e  th e ir  a ffin ity  to  ra d ica ls . T h is  c o n c lu s io n  is s u p p o r te d  b y  th e  fa c t  
th a t  th e  sa m e  se q u e n ce  o f  a ffin ities has b e e n  fo u n d  b y  C a r r o c k  an d  
S z w a r c ,19 fo r  th e  r e a c t io n  w ith  m e th y l ra d ica ls , as th e  fig u res  in  T a b le  TI 
sh ow .

I n  c o n c lu s io n , th e  d a ta  c o m p ile d  in  T a b le  I I I  te n d  t o  sh o w  th a t  th e  sa m e  
e ffe c t  o f  s te ric  in te r fe re n ce  w ith  ra d ica l a ffin ity  in  p o ly m e r iz a t io n  is e v id e n t
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TABLE II

Methyl affinity General reactivity
Monomer AVA, (h

1-Vinylanthracene 1350 ±  30 3.55
Styrene 792 ±  20 1.00
9-Vinylan tiracene 440 ±  10 0.89

also  in  th e  n a p h th a le n e  sy s te m , in  w h ic h  1 -v in y ln a p h th a le n e s  h a v e b e e n
sh o w n  to  b e  less re a c t iv e  th a n  th e  2 -isom ers .

I n  T a b le  I I I ,  1/Vi, th e r e la t iv e  r e a c t iv ity  o f  th e m o n o m e r s  w ith  th e
sty re n e  ra d ica l, h as b e e n  c a lcu la te d .

TABLE III
Copolymerization of Stj'rene (M ,) with Polycyclic Vinyl Compounds (AL)

Monomer Af, n r2 i / o

1 -Vinylnaphthalene“ 0.67 1.35 1.50
2-Vinylnaphthaleneb 0.50 1 .40 2.00
4-Chloro-l-vinylnaphthalene1, 0.85 0. SO 1.18
6-Chloro-2-vinylnaphthaleneh 0.40 1 .50 2.50
1-Vinylanthracene 0.S1 0.57 1.23
9-Vinylanthracene 2.12 0.25 0.47
9-Vinylphenanthrene 0.5S 2.36 1.72

a Data of Loschak et al.4 
b Data of Price et al.8

EXPERIMENTAL

T h e  sy n th es is  o f  th e  m o n o m e r s  has b e e n  d e s cr ib e d  p r e v io u s ly .9

Polymerization o f the Monomers

T h e  b u lk  p o ly m e r iz a t io n s  w ere  ca rried  o u t , a t  le a st in q u in tu p lica te , in 
te s t tu b e s  sea led  u n d e r  pressu re  o f  1 m m . o f  n itro g e n . T h e  m o n o m e r s  
a n d  c a ta ly s ts  w ere  w e ig h ed  to  th e  n ea rest m illig ra m . A fte r  d iffe re n t 
p e r io d s , th e  te s t  tu b e s  w e re  o p e n e d , a n d  th e  p o ly m e r s  w ere  p r e c ip ita te d  
sev era l t im es  w ith  m e th a n o l fr o m  b en zen e  so lu t io n s  u n til th e  w e ig h t  o f  th e  
p re c ip ita te  d id  n o  lo n g e r  ch a n g e  in  tw o  su cce ss iv e  o p e ra t io n s . F ro m  th e  
in itia l s tra ig h t p o r t io n  o f  th e  p lo t  o f  p e r  c e n t  o f  c o n v e rs io n  v e rsu s  tim e  th e  
ra te  o f  p o ly m e r iz a t io n  w a s c a lcu la te d .

Copolymerization o f the Monomers with Styrene

T h e  te c h n iq u e  o f  c o p o ly m e r iz a t io n  w a s sim ilar  to  th a t  o f  p o ly m e r iz a t io n . 
S eries  o f  f iv e  o r  six te s t  tu b e s , c o n ta in in g  so lu t io n s  o f  m o n o m e r , s ty ren e , 
a n d  c a ta ly s t  (w ith  a m o u n ts  o f  th e  m o n o m e r  ra n g in g  fr o m  10 to  80  m o le -% )  
w ere  sea led  u n d e r  pressu re . T h e  te s t tu b e s  w ere  k e p t  in  c o n s ta n t  te m 
p e ra tu re  b a th s  (fo r  9 -v in y lp h e n a n th r e n e  60 ±  0 .5 ° C . ,  1 -v in y la n th ra ce n e  
65 ±  0 .5 ° C . ,  9 -v in y la n th ra ce n e  100 ±  0 .5 ° C . )  fo r  d iffe re n t t im e s . T h e
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test tu b e s  w e re  o p e n e d , a n d  th e  c o p o ly m e r  w a s  p r e c ip ita te d  sev era l t im es  
w ith  m e th a n o l fro m  b e n ze n e  so lu t io n . In  m o s t  e x p e r im e n ts  th e  c o p o ly m e r 
iz a tio n  w a s  s t o p p e d  b e fo r e  th e  c o n v e rs io n  re a ch e d  1 0 % , a n d  in  n o  ca se  th e 
c o n v e rs io n  e x ce e d e d  1 5 % . T h e  c o m p o s it io n  o f  th e  c o p o ly m e r  w a s  ca l
c u la te d  fr o m  e x t in c t io n  c o e ffic ie n ts  o f  th e  c o p o ly m e r s  a n d  th e  in d iv id u a l 
p o ly m e r s , m e a su re d  a t 201 m y  in  c h lo r o fo r m .

T h e  fo r m u la  u sed  w a s :

w h ere  X  is th e  p e r  c e n t  o f  m o n o m e r  A  in  th e  c o p o ly m e r , a n d  E a *, E b *, a n d  
E*  a re  e x t in c t io n  co e ffic ie n ts  o f  p o ly m e r  A , p o ly m e r  B , a n d  th e  c o p o ly m e r , 
r e s p e c t iv e ly . T h is  m e t h o d  w a s  first u sed  b y  M e e h a n  fo r  th e  d e te rm in a tio n  
o f  th e  c o m p o s it io n  o f  G .R -S  r u b b e r s .20

F r o m  th e  d a ta  o n  th e  in itia l c o m p o s it io n  o f  th e  m o n o m e r  m ix tu re  
(M i ,  M 2) a n d  th e  a m o u n t  o f  th e  m o n o m e r s  in  th e  c o p o ly m e r  (mi, ???2) 
in  e a ch  e x p e r im e n t  in  th e  th re e  series, th e  r e la t iv e  r e a c t iv ity  o f  s ty re n e  
a n d  o f  th e  o th e r  m o n o m e r  w a s  ca lc u la te d  a c c o r d in g  to  th e  m e th o d  o f  
M a y o  a n d  L e w is ,21 b u t  w ith  a  s lig h t m o d if ic a t io n  w h ich  w e  b e lie v e  to  b e  
an  im p ro v e m e n t . In  th e  g ra p h ic  re p re se n ta t io n  o f  th e  c o p o ly m e r iz a t io n  
e q u a t io n

a n d  fo r  e a c h  series o f  c o p o ly m e r iz a t io n  r e a c t io n s , a  fa m ily  o f  s tra ig h t lin es  
w a s  o b ta in e d  in  th e  rh r 2 c o o rd in a te s , e a ch  o n e  re p resen tin g  o n e  e x p e r im e n t. 
N o  o n e  fa m ily  o f  lin es  d o e s  in te rse c t  in  o n e  p o in t , a n d  th e  m e a n  v a lu e s  o f  
vi a n d  r2 are  u su a lly  ca lc u la te d  fr o m  c o o rd in a te s  o f  all th e  in te rse c tio n s  b e 
tw e e n  th e  lin es  c o m p o s in g  th e  sa m e fa m ily . A s , h o w e v e r , th e  w e ig h t  o f  
th e  in te rse c tin g  p o in ts  is  d iffe re n t (th o se  o b t a in e d  fr o m  t w o  lin es in te r 
s e c t in g  in  fla t a n g les  a re  less im p o r ta n t  th a n  th o se  o b ta in e d  fr o m  lin es 
in te rse ctin g  at n e a r ly  9 0 ° ) ,  w e  u sed  fo r  th e  c a lc u la t io n  o f  th e  m ea n  v a lu e s  
n  a n d  r2 th e  fo llo w in g  fo r m u la s :

w h ere  x n a n d  y H a re  th e  c o o rd in a te s  o f  th e  n th  in te rse c tio n  a n d  mn is th e  
sin u s o f  th e  a n g le  b e tw e e n  th e  tw o  lin es in te r se c t in g  a t th is  p o in t .

r 2 =  ( m m  +  m 2.r2 +  . . .  +  m,„.rm) /S m .„  

n  =  (m,i?/j +  m 2i/2 +  . . . +  mnyn)/'2m„

RESULTS

A. Polymerization

I n  T a b le s  I V - Y I  th e  c o n v e rs io n  ra tes  are  lis te d  fo r  th e  th re e  isom ers .
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TABLE IV
Polymerization of l-Vinylanthracene (65°C., 1 molc-% Benzoyl Peroxide)

Polymerization time, 
hr.

Conversion,
07Zo

1 5.3
2 9.8
:i 13.5
5 16.0

10 19.5

TABLE V
Polymerization of 9-Vinylanthracene (100°C., 2 mole-% Di-iert-butyl Peroxide)

Polymerization time, Conversion,
days %

1 3.0
2 4.5
3 6.7
5 11.5
0 13.4
7 15.4
8 16.5

TABLE VI
Polymerization of 9-Vinylphenanthrene (65°C., 2 mole-% Benzoyl Peroxide)

Polymerization time, Conversion,
hr. 07Zo

1 16.8
2 32.5
3 44.0
4 55.6
5 66.0

B. Copolymerization

T h e  d a ta  rep re se n tin g  th e  e o p o ly m e r iz a t io n s  are  su m m a r iz e d  in  T a b le s  
V I I - I X .

T h e  te m p e ra tu re  a t w h ich  a ch a n g e  in  th e  c o n s is te n c y  o f  th e  c o p o ly m e r  
in  a  c a p il la r y  tu b e  o c cu rs  w as co n s id e r e d  as s o fte n in g  te m p e ra tu re  o f  th e  
p o ly m e r .

T h e  m o le cu la r  w e ig h t  o f  th e  c o p o ly m e r  w a s c a lc u la te d  fr o m  th e  S ta u d in - 
g er  e q u a t io n  t]sv/c =  K J\fn, a n d  th e  v a lu e  o f  K m fo r  s ty re n e  d e p e n d in g  o n  
th e  p o ly m e r iz a t io n  te m p e ra tu re  w a s  u se d .22 T h e  e x t in c t io n  c o e ffic ie n t  o f  
p o ly s ty r e n e  m ea su red  a t  261 m/u w a s 2 .17 .
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Résumé

La polymérisation et la copolymérisation radiculaire du 1-vinylanthraeène du 9- 
vinylanthracène et du 9-vinylphénanthrène avec le styrène ont été étudiées. Le 9- 
vinylphenanthrène présente la réactivité la plus élevée tandis (pie le 9-vinylanthracène 
est le moins réactif. Les rapports de réactivités ri et r2 ont été calculés aux dépens des 
données expérimentales obtenues au cours des réactions de copolymérisation. Les 
valeurs de Qi (réactivité générale) pour les deux vinylanthracènes ont été obtenues après 
application du schéma d’Alfrey-Price reliant les réactivités des dérivés vinyliques en 
copolymérisation. Ce schéma n’a pas été utilisé pour le 9-vinylphénanthrène, le produit 
ri X  r2 étant, dans ce cas, supérieur à l’unité. Il apparaît que les vitesses de polymérisa
tion (et de copolymérisation) de trois monomères sont influencées par deux facteurs: 
l’empêchement stérique à la conjugaison entre les systèmes aromatiques (anthracène ou 
phénanthrène) et la double liaison exocyclique d’une part, et le caractère non-aromatique 
de la double liaison en 9-10 du phénanthrène d’autre part. Dans le 9-vinylanthracène 
l’empêchement stérique à la conjugaison entre le système anthracénique et le groupe 
vinylique est plus prononcé que pour l’isomère 1. La stabilisation par résonance du 
radical issu du 1-vinylanthraeène est supérieure à la stabilisation du radical issu de 
l’isomère 9 et ce dernier est plus réactif. Dans le 9-vinylphénanthrène et le 1-vinyl- 
anthracène l’empêchement stérique est identique et la réactivité supérieure du premier
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monomère est due au caractère non-aromatique de la double liaison 0-10 du phénan- 
thrène, rendant le 9-vinylphénanthrène pratiquement semblable à un diene aliphatique.

Zusammenfassung

Die radikalische Polymerisation und Copolymerisation mit Styrol von I- und 9- 
Vinylanthracen und 9-Vinylphenanthren wurde untersucht. Die höchste Reaktivität 
zeigte 9-Vinylphenanthren, die niedrigste 9-Vinylanthracen. Aus den Versuchsdaten 
über die Copolymerisation wurden die Reaktivitätsverhältnisse r, und r2 berechnet und 
für die beiden Vinylanthracene wurden die Q» Werte (allgemeine Reaktivität) nach 
Anwendung der Price-Alfrey-Beziehung für die Copolymerisationsreaktivität von 
Vinylverbindungen erhalten. Diese Beziehung wurde nicht für 9-Vinylphenanthren 
verwendet, da das Produkt r, X  r2 in diesem Fall grösser als eins war. Es scheint, dass 
die Polymerisations-(und Copolymerisations-)-geschwindigkeit der drei Monomeren 
durch zwei Faktoren beeinflusst wird : die sterische Hinderung der Konjugation zwischen 
dem Anthracen- oder Phenanthrensystem und der exocyclischen Doppelbindung und 
den nichtaromatischen Charakter der 9,10-Doppelbindung in Phenanthren. Im 9- 
Vinylanthracen wird die Konjugation zwischen dem Anthracensystem und der Vinyl
gruppe sterisch mehr gehindert als im 1-Isomeren, die Resonanzstabilisierung des 
Radikaladdukts von 1-Vinylanthracen ist grösser als im Falle des 9-Isomeren und das 
letztere ist weniger reaktiv. Im 9-Vinylphenanthren und 1-Vinylanthracen ist die 
sterische Hinderung die gleiche und die höhere Reaktivität des ersteren im Vergleich 
zum letzteren scheint durch den nichtaromatischen Charakter der 9,10-Doppelbindung 
im Phenanthren bedingt zu sein, durch welchen das 9-Vinylphenanthren nahezu zum 
aliphatischen Dien wird.
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Isomorphism in Polycarbonates. Copolymers of 
Hydroquinone and Substituted Hydroquinones

I S A A C  D . R U B I N ,*  Chemical Materials Department, 
General Electric Company, Pittsfield, Massachusetts

Synopsis

Copolycarbonates were synthesized by phosgenating various proportions of chlorohy- 
droquinone with hydroquinone, toluhydroquinone, and 4,4'-dihydroxydiphenylmethane. 
It was found, by means of x-ray diffraction diagrams and melting point-composition 
data, that the copolymers prepared from hydroquinone-chlorohydroquinone and 
toluhydroquinone-chlorohydroquinone mixtures were isomorphous over their entire 
composition range. The copolymerizations of 4,4'-dihydroxydiphenyl with chlorohy- 
droquinone resulted in products characterized by reduced crystallinity. The effect of the 
monomer structure on changes in the lattice constants of the crystalline copolymers was 
investigated briefly.

Introduction

I s o m o r p h o u s  re p la c e m e n ts  are  r e la t iv e ly  c o m m o n  a m o n g  lo w  m o le cu la r  
w e ig h t c o m p o u n d s ; th e y  o c c u r , h o w e v e r , o n ly  ra re ly  in  p o ly m e r ic  sy stem s . 
I n  p o ly m e r s , is o m o r p h ism  co n s ists  o f  th e  in tr o d u c t io n  o f  r e p e a t  u n its  
h a v in g  d iffe r e n t  s tru c tu re s  in to  a sin g le  c ry s ta llin e  la tt ice . T h is  m a y  
h a p p e n  e ith er  w h e n  p o ly m e r s  h a v in g  d iffe re n t s tru c tu re s  c o c r y s ta lliz e  in  
th e  sa m e  la t t ice  ( is o m o r p h ism  o f  ch a in s ) o r  w h e n  d iffe re n t re p e a t  u n its  
are in c o r p o r a te d  in to  th e  ch a in  o f  a c ry s ta lliz a b le  p o ly m e r  w ith o u t  b r e a k 
in g  u p  th e  c ry s ta llin e  la t t ice  o f  th e  re su lt in g  c o p o ly m e r  ( is o m o rp h ism  o f 
m o n o m e r ic  u n its ) . S e v e ra l in sta n ces  o f  is o m o r p h ism  h a v e  b e e n  r e p o rte d  
fo r  c o p o ly a m id e s 4̂ 3 a n d  fo r  s te re o re g u la r  c o p o ly m e r s  o f  s ty re n e  a n d  
su b s t itu te d  s ty r e n e s .4 W e  h a v e  in v e s t ig a te d  th e  p o s s ib ility  o f  is o m o r p h o u s  
re p la ce m e n ts  in  cry s ta llin e  p o ly c a r b o n a te  c o p o ly m e r s  o f  h y d r o q u in o n e  
a n d  su b s t itu te d  h y d r o q u in o n e s  a n d  h a v e  fo u n d  tw o  sy s te m s  in  w h ic h  th e  
d iffe r e n t  m o n o m e r ic  u n its  ca n  re p la ce  e a ch  o th e r  in  th e  c ry s ta llin e  la tt ice  
o f  th e  c o p o ly m e r  w ith o u t  d is ru p t in g  it .

Results and Discussion

I n  an  e f fo r t  to  d e te rm in e  th e  e ffe c ts  o f  th e  m o n o m e r  s tru c tu re  o n  is o 
m o r p h ism  in  p o ly c a r b o n a te s ,  w e  in v e s t ig a te d  th e  p h o s g e n a tio n  p r o d u c ts  
o f  th e  m o n o m e r  p a irs  h y d r o q u in o n e -c h lo r o h y d r o q u in o n e  a n d  t o lu h y d r o -  
q u in o n e -e h lo r o h y d r o q u in o n e  o v e r  th e  e n tire  c o m p o s it io n  ra n g e  a n d  4 ,4 '-

* Present address: Texaco Research Center, Beacon, N. Y.
1645



1646 I. D. RUBIN

d ih y d r o x y d ip h e n y lm e t h a n e -c h lo r o h y d r o q u in o n e  o v e r  a  lim ite d  c o m 
p o s it io n  ra n g e . T h e  c o m p o s it io n s  o f  th e  p o ly c a r b o n a te s  m a d e  b y  p h o s - 
g e n a tin g  v a r io u s  a m o u n ts  o f  c h lo r o h y d r o q u in o n e  w ith  h y d r o q u in o n e  an d  
w ith  to lu h y d r o q u in o n e  are  g iv e n  in  T a b le s  I  a n d  I I .  A s  m a y  b e  seen  
fr o m  th e  ch lo r in e  an a ly ses , t h e y  w e re  th e  sa m e, w ith in  e x p e r im e n ta l error , 
as th o se  o f  tire m o n o m e r ic  m ix tu r e s  th e y  w ere  p re p a re d  fr o m .

TABLE I
Hydroquinone-Chlorohydroquinone Polycarbonates

Copolymer
Chlorohydroquinone, melting point, 

mole-% °C.

Cl, %

Calculated Found

too. 316 20.8 20.9
88.3 328 18.8 19.3
82.0 336 17.7 17.7
75 3 344 16.5 15.8
65.5 >360 14.8 14.9
50.0 >360 11.7 11 .6
20.0 >360 5.0 5.1
0 >360 — —

TABLE II
Tohihydroquinone-Chlorohydroquinone Polycarbonates

Chlorohydroquinone, 
mole-';,

Copolymer 
melting point,

°C.

Cl, '7,

Calculated Found

85.3 300-305 (dec.) 18. 1 18.3
68.3 290-295 (dec.) 14.8 15.0
50.2 290-295 (dec.) 11.1 11.1
30.0 295-300 (dec.) 6.8 7.2
14.8 285-290 (dec.) 3.4 3.7
0 285-290 (dec.) — —

I s o m o r p h is m  in  p o ly m e r s  is c h a ra cte r iz e d  b y  th e  r e te n t io n  o f  an  o r d e r ly  
p a c k in g  o f  ch a in s  in  th e  c r y s ta llin e  la tt ice . S in ce , h o w e v e r , it  in v o lv e s  
th e  r e p la c e m e n t  o f  o n e  o f  th e  re p e a t  u n its  in  th e  ch a in  b y  a n o th e r  o n e  o f  a 
d iffe re n t ty p e , it  ca n  b e  a c c o m p a n ie d  b y  ch a n g es  in  la tt ice  d im en s ion s . 
W e  h a v e  fo u n d  th a t  th e  p o ly c a r b o n a te s  sh o w n  in  T a b le s  I  a n d  I I  w ere  
c ry s ta llin e  o v e r  th e  e n tire  c o m p o s it io n  ran ge . N o  b ro a d e n in g  o f  th e  sh arp  
x -ra y  d iffr a c t io n  p e a k s  w a s  o b s e r v e d  a t a n y  o f  th e  in te rm e d ia te  c o m p o s i
t io n s . T h is  in d ic a te s  th a t  in  e a ch  o f  th e  c o p o ly m e r s  b o t h  o f  th e  re p e a t  
u n its  c o u ld  b e  a c c o m m o d a te d  w ith in  th e  sa m e  la tt ice  s tru c tu re  w ith o u t  
d is ru p t in g  it  t o  a n y  a p p re c ia b le  e x te n t ;  i.e ., th e  c o p o ly m e rs  w ere  iso - 
m o r p h o u s  o v e r  th e  e n tire  c o m p o s it io n  ran ge . T h e  d e p e n d e n ce  o f  th e  cl 
v a lu e s  fo r  th e  tw o  sy s te m s  o n  c o p o ly m e r  c o m p o s it io n  fo r  2 0 v a lu e s  o f  up  
to  a b o u t  4 5 °  is sh o w n  in F ig u re s  1 a n d  2. T h e  d iffr a c t io n  lin es co r r e 
sp o n d in g  to  la rg er  20 v a lu es  w e re  to o  d iffu se  t o  b e  m ea su red  w ith  a n y
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M O L E  %  O F  H Y D R O Q U I N O N E

Fig. 1. X-ray diffraction data for hydroquinone-chlorohydroquinone polycarbonate 
copolymers (broken lines indicate either very weak or diffuse reflections).

M O L E  %  O F  T O L U H Y D R O Q U I N O N E

Fig. 2. X-ray diffraction data for chlorohydroquinone-toluhydroquinone polycar
bonate copolymers (broken lines indicate either very weak or diffuse reflections). Dif
ferences in number of weak reflections may be due to differences in x-ray intensities.

d e g re e  o f  a c c u r a c y .  I t  m a y  be  seen  th a t  th e  in t r o d u c t io n  o f  in cre a s in g  
a m o u n ts  o f  c h lo r o h y d r o q u in o n e  in to  th e  h y d r o q u in o n e  p o ly m e r  la tt ice  
ca u se d  a c o n t in u o u s  ch a n g e  in  th e  la t t ice  d im e n s io n s . I t  is, h o w e v e r , 
n o t e w o r t h y  th a t  o n ly  tw o  o f  th e  re fle ct io n s  c h a n g e d  a p p r e c ia b ly  w ith
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c o m p o s it io n , w h ile  a ll th e  o th e rs  re m a in e d  a lm o s t  c o n s ta n t  (F ig . 1 ). T h is  
c o u ld  m e a n  th a t  th e  u n it  c e ll w a s  c h a n g in g  in  size  p r e d o m in a n t ly  a lo n g  
o n e  d ir e c t io n .  ̂C h lo r o h y d r o q u in o n e  a n d  to lu h y d r o q u in o n e , o n  th e  
o th e r  h a n d , w e re  a b le  t o  r e p la c e  e a c h  o th e r  in  th e  c o p o ly m e r  cry sta llin e  
la tt ice  w ith o u t  g r e a t ly  m o d ify in g  a n y  o f  th e  la t t ice  c o n s ta n ts  (F ig . 2 ). 
T h is  is n o t  su rp r is in g  in  v ie w  o f  th e  fa c t  th a t  th e  v a n  d e r  W a a ls  ra d ii o f  
th e  m e th y l  g r o u p  a n d  ch lo r in e  are , r e s p e c t iv e ly , 2 .0  a n d  1.8 A ., w h ile  th e  
ra d iu s  o f  th e  h y d r o g e n  th e y  re p la c e d  is o n ly  1.0 A .7

T h e  c ry s ta llin e  m e lt in g  p o in ts  o f  c o p o ly m e r s  e x h ib it in g  is o m o rp h ism  
are g e n e ra lly  h ig h er  th a n  th e  m e lt in g  p o in t  o f  th e  lo w e r  m e lt in g  h o m o 
p o ly m e r .1'4 W e  h a v e  fo u n d  th is  t o  b e  tru e  o f  th e  c o p o ly m e r s  o f  h y d r o -  
q u in o n e  a n d  c h lo r o h y d r o q u in o n e . T h e  m e lt in g  p o in ts  r e p o rte d  in  T a b le  I  
w ere  o b t a in e d  o n  u n tre a te d  p o ly m e r  sa m p les . E v e n  th o u g h  tre a t in g  th e  
p o ly m e r s  w ith  v a r io u s  n o n s o lv e n ts  c h a n g e d  th e ir  m e lt in g  p o in ts  a p 
p r e c ia b ly , th e  sa m e  g en era l re la t io n sh ip  w a s  m a in ta in e d . T h e  c o p o ly m e r s  
c o n ta in in g  m o r e  th a n  25  m o le -%  o f  h y d r o q u in o n e  w ere  b ire fr in g e n t u p  to  
3 6 0 ° C .,  th e  h ig h e st  te m p e ra tu re  w h ich  c o u ld  b e  o b ta in e d  w ith  th e  a v a ila b le  
e q u ip m e n t . N o  m e lt in g  te m p e ra tu re s  c o u ld  b e  o b ta in e d  fo r  th e  c o 
p o ly m e r s  o f  c h lo r o h y d r o q u in o n e  a n d  to lu h y d r o q u in o n e  s in ce  th e  d is 
a p p e a ra n ce  o f  th e ir  b ire fr in g e n ce  w a s d u e  n o t  t o  m e lt in g  b u t  to  d e c o m 
p o s it io n . T h e  a p p ro x im a te  te m p e ra tu re s  a t  w h ic h  th e ir  b ire fr in g e n ce  
d isa p p e a re d  are  sh o w n  in  T a b le  I I .

I t  sh o u ld  b e  n o te d  th a t  in  th e  a b se n ce  o f  is o m o rp h ism  th e  m e lt in g  
p o in ts  o f  c o p o ly m e r s  d e cre a se  in  a c c o r d a n c e  w ith  F lo r y ’s th e o r y  a n d  th e ir  
c o m p o s it io n -m e lt in g  p o in t  cu rv e s  are  ch a ra cte r iz e d  b y  V -s h a p e d  d e p re s 
s io n s .5 F r o m  F lo r y ’ s ex p re ss io n  fo r  m e lt in g  p o in t  lo w e r in g  a n d  a v a lu e  o f  
2 1 0 0  c a l . /r e p e a t  u n it  fo r  th e  m e lt in g  e n th a lp y  o f  c h lo r o h y d r o q u in o n e  
p o ly c a r b o n a t e ,6 it  m a y  b e  seen , fo r  e x a m p le , th a t  th e  a d d it io n  o f  30 m o le -%  
o f  a  c o m o n o m e r  sh o u ld  d ep ress  th e  c o p o ly m e r  m e lt in g  te m p e ra tu re  to  
b e lo w  2 5 0 ° C . N o  su ch  d ra s tic  d ep re ss io n s  w ere  o b ta in e d  w ith  a n y  o f  th e  
sa m p les.

I n  a d d it io n  to  th e  p o ly m e r  sy s te m s  d iscu ssed  a b o v e , in  w h ich  s im ilar 
m o n o m e rs  w e re  u sed , w e  h a v e  a lso  s tu d ie d  th e  p r o d u c ts  o b ta in e d  b y  
p h o sg e n a tin g  so lu t io n s  o f  c h lo r o h y d r o q u in o n e  co n ta in in g , r e s p e c t iv e ly , 15 
a n d  31 m o le -%  o f  4 ,4 '-d ih y d r o x y d ip h e n y lm e t h a n e . T h e  x -r a y  d iffr a c t io n  
p ic tu r e  o f  th e  c o p o ly m e r  co n ta in in g  1 5 %  o f  4 ,4 '-d ih y d r o x y d ip h e n y l-  
m e th a n e  in d ic a te d  th a t  th e  m a te r ia l w a s  c ry s ta llin e ; th e  re fle ct io n s , h o w 
e v e r , w e re  less sh arp  th a n  th o se  o f  c h lo r o h y d r o q u in o n e  p o ly c a r b o n a te . 
T h e  tw o  s tro n g  p e a k s  h a d  d, sp a c in g s  o f  5 .5 0  a n d  3 .5 8  A . ;  w e a k e r  p e a k s  
w ere  lo c a te d  a t  3 .21 a n d  2 .8 9  A . T h e  co r r e s p o n d in g  p e a k s  in  th e  x -ra y  
d ia g ra m  o f  th e  c h lo r o h y d r o q u in o n e  p o ly c a r b o n a te  h o m o p o ly m e r  a p p e a re d  
a t 6 .0 5 , 3 .6 1 , 3 .2 3 , a n d  2 .8 7  A . T h e  r e te n t io n  o f  c ry s ta llin ity  c o m b in e d  
w ith  th is  d e fo r m a t io n  o f  th e  u n it  ce ll seem s to  in d ica te  th a t , d e s p ite  th e  
la rg e  d iffe re n ce  in  th e  sizes o f  th e  tw o  m o n o m e rs , sm a ll a m o u n ts  o f  4 ,4 '-  
d ih y d r o x y d ip h e n y lm e th a n e  c o u ld  b e  in co r p o r a te d  in to  th e  c h lo r o h y d r o -  
q u in o n c  p o ly c a r b o n a te  la tt ice . O n e  c a n n o t  e x c lu d e , h o w e v e r , th e  p o s 
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s ib il ity  th a t  th e  ch a n g e  in  s tru c tu re  w a s  d u e  n o t  t o  th e  in co r p o r a t io n  o f  th e  
4 ,4 '-d ih y d r o x y d ip h e n y lm e t h a n e  in to  th e  la tt ice  b u t  m e r e ly  to  th e  stresses 
im p o se d  u p o n  it  b y  th e  p re se n ce  o f  th e  c o m o n o m e r . M e lt in g  p o in t  
d a ta  c o u ld  n o t  b e  u sed  to  d is t in g u ish  b e tw e e n  th ese  a lte rn a tiv e s  s in ce  
th e c o p o ly m e r  d e c o m p o s e d  a t  a b o u t  2 6 5 °C . I n  c o n tra s t  t o  th is  c o p o ly m e r  
in  w h ic h  c r y s ta llin ity  w a s re ta in e d , th e  c o p o ly m e r  co n ta in in g  3 1 %  o f  4 ,4 '-  
d ih y d r o x y d ip h e n y lm e th a n e  w a s  c o m p le t e ly  a m o rp h o u s . I t  is th u s 
a p p a r e n t  th a t  th e  a d d it io n  o f  la rg er  a m o u n ts  o f  th e  c o m o n o m e r  in 
h ib ite d  th e  o r d e r ly  p a ck in g  o f  th e  m o le cu le s  in  a  th re e -d im e n s io n a l la tt ice .

T h e  in s o lu b ility  o f  th e  cry s ta llin e  p o ly c a r b o n a te s  o f  h y d r o q u in o n e  a n d  
su b s t itu te d  h y d r o q u in o n e s  in v e s t ig a te d  in  th is  w o r k  p r e c lu d e d  th e  p o s 
s ib il ity  o f  s e p a ra tin g  fr o m  th e  c o p o ly m e r s  a n y  h o m o p o ly m e r s  th a t  m a y  
h a v e  b e e n  fo r m e d  d u r in g  th e  p h o s g e n a tio n  re a ctio n s . T h e  fa c t  th a t  n o  
re fle ct io n s  o f  th e  p o ly c a r b o n a te s  o f  h y d r o q u in o n e  a n d  c h lo r o h y d r o q u in o n e  
w ere  o b s e r v e d  in  th e  x -r a y  d ia g ra m s  o f  th e  c o p o ly m e r s  p re p a re d  fr o m  
th ose  c o m p o u n d s  in d ica te s  th a t  e ith er  o n ly  v e r y  sm all a m o u n ts  o f  c ry s ta l
lin e  h o m o p o ly m e r s  w e re  fo r m e d  o r  th a t  a n y  h o m o p o ly m e r s  th a t  w ere  
fo r m e d  w ere  in c o r p o r a te d  in to  th e  c o p o ly m e r  cry s ta llin e  la tt ice . I t  is 
th u s p o s s ib le  th a t  in  th ese  sy s te m s  o n e  is d e a lin g  n o t  o n ly  w ith  is o m o rp h ism  
o f  m o n o m e r ic  u n its  b u t  a lso  w ith  is o m o r p h ism  o f  ch a in s .

Experimental

T h e  s ta r tin g  m a te r ia ls  w e re  a ll c o m m e r c ia lly  a v a ila b le  ch em ica ls . 
T h e  so lid s  w ere  p u rifie d  b y  re c r y s ta lliz a t io n s ; th e ir  m e lt in g  p o in ts  a g reed  
w ell w ith  th o s e  r e p o r te d  in  th e  lite ra tu re . T h e  liq u id s  w ere  fr a c t io n a lly  
d is tilled .

T h e  m o n o m e r s  (7 .0  g .)  w e re  d is so lv e d  in  50  c c . m e th y le n e  ch lo r id e  
co n ta in in g  10 .7  g . p y r id in e  in a  100 c c . resin  fla sk  e q u ip p e d  w ith  a  gas 
in le t tu b e , re flu x  co n d e n se r , th e r m o m e te r , a n d  an  e ffic ie n t stirrer . P h o s 
g en e  w a s  th e n  a d d e d  to  th e  r a p id ly  s t ir red  re a c t io n  m ix tu re  a t  th e  ra te  
o f  0 .1  g . /m in .  fo r  5 0 -7 0  m in . D u r in g  th a t  t im e  th e  te m p e ra tu re  in  th e  
flask  rose  fr o m  a b o u t  2 7 ° C .  (r o o m  te m p e ra tu re ) t o  3 7 -3 8 ° C .  T h e  p o ly m e r  
p r e c ip ita te d  o u t  o f  s o lu t io n  as i t  fo r m e d . P h o s g e n e  a d d it io n  w a s  te r m i
n a te d  w h e n  n o  fu r th e r  th ic k e n in g  o f  th e  re a c t io n  m ix tu re  w a s  o b s e r v e d ; 
th is  c o in c id e d  w ith  a  s lig h t te m p e ra tu re  d r o p . T h e  m ix tu re  w a s  s t irred  
fo r  an  a d d it io n a l 3 0  m in . a n d  th e n  p r e c ip ita te d  in to  a n  e x cess  o f  m e th a n o l 
in  a W a r in g  B le n d o r . T h e  filte red  p o ly m e r  w a s  w a sh e d  se v e ra l t im e s  w ith  
m e th a n o l, d ilu te  H C1, w a te r , a n d  a g a in  m e th a n o l t o  r e m o v e  th e  so lv e n ts  
a n d  a n y  u n re a c te d  m o n o m e r . I t  w a s  d r ie d  a t  8 0 ° C .

T h e  c o m p o s it io n  o f  th e  p r o d u c ts  w a s  o b ta in e d  b y  d e te rm in in g  th e ir  
ch lo r in e  c o n te n t . P o ly m e r  sa m p les  w e ig h in g  4 0 -7 0  m g . w ere  ig n ite d  in  a 
2 5 0  c c . S c h o n ig e r  fla sk  c o n ta in in g  10 cc . o f  0 .1  A ' X a C l  a n d  a b o u t  0 .2  cc . 
o f  a  3 0 %  so lu t io n  o f  PpCb. P r io r  t o  ig n it io n  th e  fla sk  w a s  flu sh ed  o u t  w ith  
o x y g e n . T h e  sa m p les  w e re  th e n  a g ita te d  v ig o r o u s ly  fo r  15 m in ., d ilu te d  
w ith  150 cc . o f  m e th a n o l c o n ta in in g  3 .0  cc . o f  c o n c e n tr a te d  H N 0 3, a n d  t i 
tra te d  p o t e n t io m e tr ic a l ly  w ith  a  s ilv e r  n itr a te  s o lu t io n . T h e  p o ly m e r  m e lt 
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in g  p o in ts  w ere  d e te rm in e d  b y  p la c in g  p o ly m e r  p a rt ic le s  b e tw e e n  th e  
cro s se d  p o la ro id s  o f  a  m ic r o s c o p e  e q u ip p e d  w ith  a  K o fle r  h o t  s ta g e  a n d  
o b s e r v in g  th e  te m p e ra tu re  a t  w h ich  th e  la st tra ces  o f  b ire fr in g e n ce  d is a p 
p e a re d . C u K a  ra d ia t io n  w a s u sed  to  o b ta in  th e  x -r a y  d iffr a c t io n  d ia g ra m s 
o f  th e  p o w d e r e d  p o ly m e r s .

The author would like to thank Mr. It. Hirst for obtaining the X-ray diffraction 
diagrams.
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Résumé

On a synthétisé des copolycarbonates par traitement par le phosgène de proportions 
différentes de chlorohydroquinone avec l’hydroquinone, toluhydroquinone, et 4-4 '-dihy- 
droxydiphénylméthane. Au moyen de diagrammes de diffraction aux rayons-X et des 
relations entre le point de fusion et la composition, on a trouvé que les copolvmères 
préparés à partir de mélanges de hydroquinone-chlorobydroquinone et de toluhydro- 
quinone-chlorohydroquinone étaient isomorphes quelques soient leurs compositions. 
Des copolymérisations de 4-4'-dihydroxydiphényle avec le chlorohydroquinone don
naient des produits caractérisés par une cristallinité réduite. On a examiné brièvement 
l’effet de la structure du monomère sur les modifications des constantes du réseau des 
coploymères cristallins.

Zusammenfassung

Copolykarbonate wurden durch Phosgenisierung von Gemischen von Chlorhydrochi
non mit Hydrochinon, Toluhydrochinon, und 4,4'-Dihydroxydiphenylmethan in ver
schiedenem Verhältnis synthetisiert. Durch Röntgenbeugungsdiagramme und Schmelz
punkts-Zusammensetzungsdaten wurde festgestellt, dass die aus Hydrochinon-Chlorhy
drochinonmischungen und Toluliydrochinon-Chlörhydroehinonmischungen hergestellten 
Copolymeren über den ganzen Zusammensetzungsbereich isomorph waren. Die Co
polymerisation von 4,4'-Dihydroxydiphenylmethan und Chlorhydrochinon führte zu 
Produkten mit geringerer Kristallinität. Der Einfluss der Monomerstruktur auf die 
Gitterkonstanten der kristallinen Copolymeren wurde kurz untersucht.

R e c e iv e d  M a r c h  2 1 ,1 9 6 2
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Radiation Degradation of Polymethacrylates. Dose 
Rate and Medium Effects*

A . R .  S H U L T Z , P . I . R O T H , a n d  J. M . B E R G E ,  Central Research 
Department, Minnesota Mining and Manufacturing Company, St. Paul,

Minnesota

S y n o p s is

7-Irradiations of polymethyl methacrylate (PM M A) powders confirm observations 
in literature that air retards the radiation-induced molecular weight lowering of this 
polymer. The energy absorptions per scission Ea are 91 e.v. in air at 0.117 Mreps/hr., 
76 e.v. in air at 0.70 Mrep/hr., and 56 e.v. in vacuum at 0.117 Mrep/hr. 7 -Radiation 
degradation of PM M A solutions (5 gm. PM M A/100 ml. solvent) in butanone and in 
ethyl acetate gave apparent energies per scission of 63 e.v. and 26-30 e.v., respectively. 
The latter low value is not understood. Poly-n-butyl methacrylate (PNBM A) displays 
considerable sensitivity to air and dose-rate effects during 7 -irradiation. Apparent 
energy absorptions per main-chain scission observed for y-irradiated PNBMA powder 
are: E,i = 454 e.v. in air at 0.117 Mrep/hr. and E ,1 =  226 e.v. in vacuum at 0.117 
Mrep/hr. The latter value is far above the Ed (116 e.v.) observed for electron-irradiated 
PNBMA film. To decrease possible chain recombination and/or polymer-polymer 
crosslinking reactions degassed solutions of 4.5, 10.0, and 55 wt.-%  PNBMA in ethyl 
acetate were 7 -irradiated. Apparent Ed values of 74 e.v., 74 e.v., and 226 e.v., respec
tively were found. Thus, the more dilute solutions give PNBMA scission energies near 
that of bulk PMMA. The 55 wt.-% PNBMA solution gives a scission energy indis
tinguishable from that of bulk PNBMA under the same irradiation conditions. Com
petitive crosslinking and main-chain scission are postulated for electron-irradiated 
poly-n-alkyl methacrylates. The energy per main-chain scission is assumed constant for 
all the homologs. The ratio of crosslinked units to chain scissions, a/p, is then found to 
increase linearly with (n — 1 ), where n is the number of carbon atoms in «-alkyl groups 
of the side chain. This scheme yields a consistent explanation of the radiation response 
of the lower members of the poly-n-alkyl methacrylate homologous series. A comparison 
of light-scattering M w and solution viscosity ( M n.)„ molecular weight changes did not 
reveal the concurrent crosslinking in PNBMA films undergoing chain scission by 1 
m.e.v.-peak electron irradiation. Some inquiry is made into the theoretical sensitivity 
of this comparison method.

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

A  p r e v io u s  p u b lic a t io n  re v ie w e d  stu d ie s  p r io r  to  1957 co n c e rn in g  io n iz in g  
ra d ia t io n  e ffe c ts  o n  p o ly a c r y la te s  a n d  p o ly m e t h a c r y la te s .1 P o ly m e t h -  
a c r y lic  esters  o f  lo w e r  a lk y l a lco h o ls  w ere  fo u n d  to  u n d e rg o  p r e d o m in a n t ly  
r a n d o m  m a in -ch a in  sc iss ion  re a c tio n s . P o ly m e t h a c r y l ic  esters o f  h igh er

* Presented in part at the 135th National Meeting of the American Chemical Society, 
Boston, Massachusetts, April 1959.
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n o rm a l a lk y l a lc o h o ls  e x h ib ite d  cro ss lin k in g  re a c tio n s  w h ic h  o v e rs h a d o w e d  
th e  m a in -ch a in  sc iss ion s  a n d  y ie ld e d  in fin ite  n e tw o rk s . T h e  p re se n t s tu d y  
in v e s tig a te s  fu rth e r  th e  r e la t iv e  im p o r ta n c e  o f  m a in -ch a in  sc iss ion  an d  
c ro ss lin k in g  r e a c t io n s  in  p o ly a lk y lm e th a c r y la te s . I t  a lso  in sp e cts  th e  
e ffe c ts  o f  a ir a n d  o f  lo w  m o le cu la r  w e ig h t  d ilu e n ts  o n  th ese  rea c tio n s . D o s e  
ra te  d e p e n d e n ce  o f  th e  re a c tio n s  a n d  th e  c o o p e r a t iv e  in flu en ce  o f  d o s e  ra te  
a n d  m e d iu m  v a r ia t io n s  are  n o te d .

T h e  m a in  p u rp o s e  o f  th is  s t u d y  is t o  p re se n t a n d  in te rp re t  n e w  d a ta  p e r 
t in e n t  t o  u n d e rs ta n d in g  io n iz in g  r a d ia t io n  e ffe c ts  in  so m e  sp e c ific  p o ly -  
a lk y lm e th a c r y la te  sy s te m s .

EXPERIMENTAL

Materials

T w o  p o ly m e t h y l m e th a c r y la te  p re p a ra t io n s  w ere  u sed  in  th is  s tu d y . 
P M M A  I , th e r m a lly  p o ly m e r iz e d  in  b u lk  a t  9 3 ° C .  t o  1 0 .2 %  c o n v e rs io n , 
has b e e n  p r e v io u s ly  d e s c r ib e d .2 P M M A  I V  w a s fo r m e d  b y  th e  b u lk  
p o ly m e r iz a t io n  a t 3 7 ° C . o f  3 0 0  m l. d is tilled  m o n o m e r  co n ta in in g  1 .098  g. 
a z o b is is o b u ty r o n itr ile . O n e -th ird  o f  th e p o ly m e r iz a te  w a s d is so lv e d  in  2150
m l. b u ta n o n e  a n d  p r e c ip ita te d  in  9 0 :1 0  (b y  v o lu m e ) m e t h a n o l-w a te r  
so lu t io n s . T h e  p o ly m e r  p r e c ip ita te , a fte r  b e in g  a llo w e d  to  s ta n d  24  h r. 
in  a  fre sh  m e t h a n o l-w a te r  m ix tu r e  a n d  th e  liq u id  d e c a n te d  o ff , w a s  d r ied  
u n d e r  v a c u u m  fo r  2 4  hr. a t  a p p r o x im a te ly  6 5 ° C .

A  30 0  m l. p o r t io n  o f  /¿ -b u ty l m e th a c r y la te  (M o n o m e r -P o ly m e r  C o r p .)  
w a s  fu r th e r  in h ib ite d  w ith  p h e n y l-/3 -n a p h th y la m in e  a n d  d is t il le d  a t  30
m m . H g  p ressu re  a n d  7 2 -7 4 ° C .  th r o u g h  a  V ig r e a u x  c o lu m n , h o llo w in g  a 
30  m l. fo r e ru n  ta k e o ff ,  250  m l. o f  m o n o m e r  w a s c o lle c te d , =  1 .4 2 1 5 ; 
C  =  0 7 .5 % , H  =  9 .6 % ;  sa p o n ifica tio n  n u m b e r  142. T w o  P y re x  am p u les , 
e a ch  co n ta in in g  4 0  m l. m o n o m e r  p lu s  0 .0 8 0  g . a z o b is is o b u ty r o n itr ile  w ere  
d eg a ssed  b y  fr e e z e -th a w  o p e r a t io n s  u n d e r  v a c u u m . P o ly m e r iz a t io n  w as 
e ffe c te d  in  1.5 hr. u n d e r  a G . E . su n la m p  w ith  a ir  c o o lin g . A  th erm a l 
b u ild u p  m u st h a v e  o c c u r r e d , y ie ld in g  h ig h  c o n v e rs io n  p o ly m e r iz a t io n  in  
th is  sh o r t  p e r io d . T h e  so lid  p o ly m e r  w a s  d is so lv e d  in  a c e to n e  a n d  p r e 
c ip ita te d  in  9 0 :1 0  m e t h a n o l -w a te r  so lu t io n , s te e p e d  in  m e th a n o l-w a te r ,  
d r ie d  u n d e r  v a c u u m  a t  r o o m  te m p e ra tu re  fo r  se v e ra l h ou rs , th e n  d r ie d  
u n d e r  v a c u u m  a t  5 0 ° C . fo r  60  h r. T h e  to t a l  y ie ld  w a s  6 9 .2  g . T h is  p o ly 
m er  is d e s ig n a te d  P X B M A - I .

T h e  a c e to n e , b u ta n o n e , a n d  b e n z e n e  u sed  w e re  re a g e n t g ra d e , c o m 
m e rc ia l s o lv e n ts  w h ic h  w ere  n o t  s u b je c t e d  to  fu r th e r  p u r ifica tio n . I s o 
p r o p a n o l w a s  d is t il le d  th r o u g h  a  g lass h e lic e s -p a ck e d  c o lu m n  a n d  p ossessed  
a  re su lta n t r e fra c t iv e  in d e x  n p  o f  1 .3747 .

Irradiation

T w o  ir ra d ia t io n  so u rce s  w e re  u sed  in  th is  w o rk . A  G . E . r e so n a n t- 
tr a n s fo r m e r  e le c tr o n -b e a m  g e n e r a to r 3,4 o p e r a t in g  a t  1000 k v . p e a k  e n e rg y  
w a s  e m p lo y e d  to  g iv e  h ig h  d o s e  ra te  e n e r g y  d e liv e r y  to  p o ly m e t h a c r y la te
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film s in air. F ilm s o f P M A IA -I  and P N B M A -I  were cast from  bu tan one 
so lu tion  in to steel o in tm ent tins and air-dried . T h e film s were transported  
th rou gh  the beam  b y  m eans o f a h orizon ta lly  traversing alum inum  tray. 
T h e  tray  w as coo led  b y  internal w ater circu lation . M ax im u m  dose rate 
at the center o f  the beam  in h igh current runs was 31 M re p s /m in . (T h e 
term  m egarep is here used to  represent the absorp tion  o f 5.24 X  10 19 

e .v . o f  beam  en ergy /'g . o f irradiated  p olym er. A  m ore consistent unit, 1 
M ra d  =  6.2 X  10 19 e .v . /g . ,  is n ow  becom in g  generally  a ccep ted .) A  
rather b road  spectrum  o f electron  energies is present in the beam . T h e 
dose rate varied  as the p o lym er passed th rou gh  the beam . T h e m a jor 
fraction  o f the energy, how ever, was delivered  at a dose rate exceeding 5 
M re p s /m in .

A  C o 60 p ipe  p osition ed  in an irrad iation  fa c ility  v e ry  sim ilar to  one 
described  in literature5 w as the y -rad ia tion  source. P ow d ery  or fibrous 
p o lym er sam ples in P yrex  glass am poules or in glass screw -top  vials were 
irradiated w hile spinning and orb itin g  around the p ipe. T h e  dose rate in 
the spinning positions w as 0 .117 M re p /h r . as determ ined b y  fe rrou s-ferric  
ion  dosim etry  assum ing G =  15.3 for  the ox id a tion  reaction . A  dose rate 
o f  0 .70 M re p /h r . was atta ined  fo r  sam ples in sm all-d iam eter am pules posi
tioned  inside the C o li0 p ipe at the center o f the facility .

T h e  p olym er p ow der sam ples for  y -irrad iation  in vacuo were loaded  into 
P y rex  am pules, held  at 6 0 °C . under o il-p u m p  vacu u m  for  2 hr. a fter evacu a
tion  and flushing w ith  prepurified  n itrogen , and  then sealed. T h is p ro 
cedure reduces the oxygen  con cen tration  to  a low  value, bu t ob v iou s ly  does 
n o t entirely  rem ove all air. T h e  p o lym er solutions in bu tan one or eth yl 
acetate were deaerated  b y  three successive freeze-thaw  cycles under v acu u m  
before sealing.

Solution Viscosity and Light-Scattering Measurements

S olu tion  v iscosities w ere m easured in C annon-F enske capillary  v is 
com eters. B enzene at 2 5 °C . w as the v iscosity  solven t for  P M M A -I  and 
P M M A -I V . B utanon e at 2 5 °C . and isopropan ol at 2 3 °C . w ere v iscosity  
solvents for  P N B M A -I . T h e  solutions were filtered through  m edium  frit, 
sintered-glass filters. P o lym er con cen tration s w ere chosen  such th at the 
relative flow  tim es o f solu tion  to  solven t lay  in the range 1 .1 -1 .5 , excep t 
in a few  high dose sam ples in w h ich  the ??re\ were less than 1.1. N o  k inetic 
energy or shear corrections were applied  to  the data. W h en  single con 
centration  v iscosity  m easurem ents w ere used the intrinsic viscosities, 
[r;], were ca lcu lated  from  the inherent viscosities, (-q) =  (In i?rt!i ) /c ,  b y  the 
re la tion s :

P M M A  in b en zen e :

b ]  =  (v) +  0.13 r; "■(' ( 1 )

P N B M A  in b u ta n o n e :

b] = (v) +  0.10 (,)*C ( 2 )
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P N B M A  in iso p ro p a n o l:

fo] =  <u> ~  O.GOM’ c (3)

where [17] is expressed in units o f  d eciliters /gram .
T h e  w eigh t-average m olecu lar w eights o f P M M A  sam ples were calcu lated 

from  the intrinsic v iscosities in benzene b y  the eq u a tion 6

log  M w =  (4.102 +  lOg h ] ) /0 .7 3  (4)

V iscosity -average  m olecu lar w eights, 7 1 / f or P X B M A  sam ples were 
ca lcu lated  from  the relations :7

[17] =  1.56 X  1 0 " 5A/„°-81 (5)

[17] =  2.95 X  10 - 47i/c° 'BO (6 )

for  bu tan one at 2 5 °C . and isopropan ol at 2 3 °C ., respectively .
T o  the approx im ation  that these relations were established on  m on o- 

disperse fraction s and the P N B M A  sam ples under present stu dy  are linear 
polym ers possessing m ost p robab le  d istributions in m olecu lar w eight, the 
w eight-average m olecu lar w eights are calcu lated for  P X B M A  b y

{M u)v  =  1.047 M„ (7)

(M a) t =  1.137 M v (8 )

fo r  bu tan one at 2 5 °C . and isopropan ol at 2 3 °C ., respectively .
Isop rop a n ol was the light-scattering  solvent. T h e  solutions were filtered 

th rou gh  ultrafine sintered-glass filters using n itrogen  pressure. L igh t
scattering m easurem ents w ere m ade w ith  a m od ified  D e b y e  in stru m en t .8 

N on polarized  4358 A . light was em p loyed . A  solid  glass cylinder was used 
as an operating  tu rb id ity  standard. T h e  prim ary  reference standards 
w ere solu tions o f  C ornell p o lystyren e (0 .7 5 %  in bu tan one and 0 .5 0 %  in 
to luen e) for  w h ich  the absolu te  tu rb id ity  values o f Carr and Z im in  were 
a cce p te d .9 A  re fractive  index increm ent dn/dc =  0 .102 cm .3/g .  w as used 
fo r  the P N B M A -I  solu tions in isop rop a n o l .7 S cattering was observed  at 
eight angles in the range 4 0 ° to  135° o ff the d irection  o f the in ciden t beam . 
T hree  to  six con cen tration s o f  each  p o lym er sam ple were studied.

RESULTS AND DISCUSSION

I. Polymethyl Methacrylate

T ab le  I lists the doses, intrinsic v iscosities in benzene, and calcu lated 
w eight-average m olecu lar w eights o f  the P M M A -I  p ow der y -irradiated  in 
air and u n d er vacu u m . F igure 1 presents the data  as p lots  o f 10f,/71?,„ 
versus dose R. E ach  set o f  po in ts  is satisfactorily  approxim ated  b y  a 
straight line representing d irect p rop ortion a lity  o f  ran dom  m ain-chain  
scissions to  the rad iation  dose. T h e  to ta l energy absorptions per chain 
scission, Ed, are ca lcu lated  from  the slopes o f  the lines in F igure 1 b y  eq.
(9 ):

10*/M„ =  1 0 6/ M Wo +  106(5.24 X  1019/ 2  X  0.02 X  1023)(77/77d) (9)
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TABLE I
7-Irradiated Pol ym ethvl  Mothac•rylato, P M M A - I  Powder

Dose rate, 
M rep /hr . Dose, M rep h i ,  d l . /g .  M„ , X  1 0 - 5

In vacuum 0 .1 1 7 0 4 .4 2 3 1 .9
0 .0 7 1 .66 8 .3
2.61 0 .955 3.91
5 .3 5 0.611 2 .11
8 .2 5 0.451 1 .40

In air 0 .1 17 0 .6 6 2 .5 2 1 4 .7
1.21 2 .0 0 10 .8
1 .87 1 .01 8 .0
2 .4 0 1 .3 4 6 .2
3 .8 7 1 .04 4 .3 9
4 .6 2 0 .9 5 3 .91
5 .5 7 0 .8 4 3 .2 5
8 .7 8 0 .6 22 2 .1 7
9 .1 8 0 .5 45 1.81

10 .4 0 .5 0 7 1 .64
12 .6 0 .436 1.33

In air 0 .7 0 1 .65 1.59 7 .8 5
2 .8 0 1.12 4 .8 5

11.3 0 .4 38 1 .34
3 0 .5 0 .2 02 0 .4 65
4 8 .8 0 .132 0 .2 60

T h e  ca lcu lated  E d are 91 e .v . in air at 0 .117 M re p /h r . dose rate, 76 e.v . 
in air at 0 .70 M r e p /h r . dose rate, and 56 e .v . in va cu u m  at 0.117 M re p /h r . 
dose rate. T h e  latter va lue is com parab le  to  the values 59 e .v . fou n d  for 
e lectron -irrad iated  h im  in a ir , 2 and 60 -61  e .v . fou n d  for  y-irrad iated  solid 
rods in a ir . 10 T h u s, in the absence o f readily  accessible oxygen , the effi
c ien cy  o f degrading P M M A  b y  ion izing radiations appears independent o f 
dose rate. T h e  electron  irradiations w ere so rapid  th at air replenishm ent 
in the m od era te ly  th ick  film s w as negligible. S im ilarly, in  the m assive 
p o lym er rods undergoing  7 -irrad iation  in a pile, air accessib ility  appears 
to  have been negligible. H ow ever, irradiation  o f the P M M A  p ow der in air 
at d ifferent dose rates does reveal a dose-rate dependence. T h e  energy 
absorbed  per stabilized  m ain-chain  scission is greater at the low er dose 
rate than it is at the higher dose rate. T h e  presence o f  air decreases the 
apparent scission efficiency. T h is  “ p ro te ctio n ”  has been  ten ta tive ly  as
cribed  to  the bridging  o f incipient break  poin ts b y  oxygen  to  form  m od er
ate ly  stable peroxide links w ith in  the chain b a ck b o n e . 11 A n  equ ally  
p lausible explanation  is a crosslinking reaction  in vo lv in g  oxygen . T h is 
crosslinking w ou ld  n o t need  to  be associated  w ith  the scission sites. T h e  
d ifficu lty  o f  explaining rapid d iffusion  o f oxygen  to  incipient break  poin ts 
w ou ld  then n o t arise.

P rev iou s studies have show n th at no crosslinking o f p o ly m eth y l m eth 
acrylate  b y  ion izing radiation  is detectab le . T h is  should therefore m ean 
th at the chain  scission  efficiency as m easured b y  solution  v iscosity  m olecu lar
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w eights is va lid . I f  the m ain-chain  scissions result from  the prim ary  inter
action  o f ion ization  tracks or spurs w ith  the p o lym er chains, the effect o f a 
surrounding solven t should  be the sam e ast hat o f  con tigu ou s p olym er

R (M EG A R E P S)

Fig. 1. Reciprocal weight-average molecular weights of y-irradiated polymethyl 
methacrylate powder (PM M A-I): (3 )  in vacuum, 0.117 Mrep/hr.; (O) in air, 0.117 
Mrep/hr.; (• ) in air, 0.70 Mrep/hr.

R(MEGAREPS)

Fig. 2 . Reciprocal weight-average molecular weights of PM M A-IV 7 -irradiated in 
(O, •) ethyl acetate solution and ( © ) butanone solution.
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TABLE II
Intrinsic Viscosities in Benzene at 25 °C. of PM M A-IV 7 -Irradiated in Solutions

Butanone solutions Ethyl acetate solutions

Dose, Mrep [)»], dl./g. 1 lose, Mrep [17], dl./g.

0 1.83 0 1.83
5.1 0.485 2 .6 0.556

10.6 0.420 4.7 0.470
13.1 0.326 7.3 0.288
15.7 0.353 10.0 0.243
18.4 0.265 12.5 0.205
21.0 0.240 15.1 0.186
23.6 0.221 22.0 0.146

0 1.83
4.7 0.336
5.6 0.330

10.5 0.214
12 .6 0.181
20.2 0.143
28.1 0.108

chains. D eaerated  p o ly m eth y l m eth acry la te  solutions (5.00 g. P M M A - I V /  
100 m l. so lven t) in  bu tan on e and in eth yl acetate  w ere y-irrad iated  (0.117 
M r e p /h r .)  to  determ ine the chain  scission efficiency in solvents h avin g  free 
radical y ields com parab le  to  P M M A . T h e  results are g iven  in T a b le  II . 
C alcu lation  o f M w fo r  the irradiated p o ly m er sam ples b y  eq. (4) leads to  the 
p lo t (F ig . 2) o f  106/ M w versus R  for  the bu tan one solu tion  series and the 
tw o  eth y l acetate  solu tion  series.

T h e  data  for  P M M A -I V  y-irrad iated  in bu tan one solu tion  (F ig . 2) are 
satisfactorily  represented b y  a straight line h avin g  a slope correspon d in g  to  
Ed =  63 e .v . [cf. eq. (9 )]. T h e  experim ental scatter m a y  be  due partly  
to  d iffering efficiencies in air rem ova l from  the individual am pules. T h e 
observed  value o f E a fo r  P M M A -I V  in bu tan one is com parab le  to  the 
Ed =  56 e .v . fou n d  for  in vacuo y -irrad iated  solid  P M M A -I  and to  the 
earlier values fo r  solid  P M M A  under ion izing radiation . I t  w ou ld  there
fore  appear to  substantiate the belief th at crosslinking is nonexistent in the 
solid  p o lym er undergoing  irradiation . A lso , the essential rad iation  re
sponse equ ivalen ce o f  bu tan one to  P M M A  as a surrounding m edium  is 
suggested.

T h e  data  fo r  the tw o series o f  y -irrad iated  P M M A -I V  in eth y l acetate 
solu tion  (F ig . 2) y ie ld  apparent scission energies E d =  26 e .v . and  30 e.v . 
T hese runs are experim entally  identica l excep t fo r  a separation  o f a few  
m on th s betw een  their stu d y . T h e  low  E d values are surprising in the light 
o f  the bu tan one solu tion  results. E th y l acetate, being an a lkyl ester o f an 
aliphatic acid , w as expected  to  resem ble P M M A  in radiation  response. .An 
earlier stu d y  in vo lv in g  y -irrad iation  o f P M M A  solu tions in oxygen -free 
eth y l acetate y ie lded  E d =  83 e .v ./s c iss io n  based on  the energy absorbed
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b y  the po lym er m olecu les . 12 T h e  presence o f oxygen  in the P M M A -e th y l 
acetate solutions increased E,\ (apparent) to  100 e .v ./sc iss ion . T h e cause 
o f the low  value we observe  is n ot understood  at present.

T h e  com p lex ity  o f reaction  possibilities in p o ly m e r-so lv e n t system s 
under irradiation  should  n ot be underestim ated. D irect and in direct a ction  
o f the radiation  u pon  the p o lym er m ust be recogn ized  and analyzed if 
possible. E arly  w ork  o f W all and M a g a t 13,14 in d icated  the im portan ce o f 
solven t and add itives to  the gam m a and neutron  radiation  response o f 
polym ers. E xtensive experim ental studies o f y -irrad iation  o f po lym eth v l 
m ethacry la te  in  several solven ts have been  rep orted . 1'2' 16 A pp a ren t E,i 
values w ere ca lcu lated  on  the basis o f energy absorbed  d irectly  b y  the 
P M M A . In  oxygen -free  solutions (15 g. P M M A /1 .)  at 1.5 X  106 ra d /h r . 
dose rate benzene prov id ed  the highest apparent Ed m edium  and carbon  
tetrach loride the low est. T hese also held the extrem e positions in the 
presence o f oxygen  w here in benzene E d (apparent) rose from  210 e .v . to  
770 e .v . w hile in carbon  tetrach loride Ed (apparent) d ropped  from  16 e .v . 
to  5 e .v . T h e  latter so lven t yields ch lorine atom s w h ich  readily  a ttack  
the P M M A . In  the presence o f oxygen  an ox id a tive  chain  reaction  is also 
possible in this solvent.

C onsidering energy transfer from  p o lym er to  solven t as a degradation - 
d eactivatin g  m echanism  an a ttem pt w as m ade to  correlate P M M A  p ro 
tection  w ith  the lon g  w avelen gth  u ltrav io let light absorp tion  edge character 
o f the so lv e n t . 12 T h is correlation  appears w eak  due to  specific in teractions 
o f  solven t decom p osition  fragm en ts w ith  the P M M A . A ttach m en ts o f 
iodine and o f d ip h en y lp icry lh yd razy l to  P M M A  during radiation  in solu 
tion  occu rred  in num bers 10 tim es and 70 tim es, respectively , the num ber 
o f chain breaks o b se rv e d . 15 T hese num erous free radical sites on  the 
po lym er chains w ou ld  p rov id e  m an y  p oten tia l loca tion s for  com p etitive  
crosslinking reactions. E levated  apparent Ed values under certain  con d i
tions cou ld  then be expected .

II. Poly-n-butyl Methacrylate

P o ly -n -b u ty l m eth acry la te  w as chosen fo r  stu dy  as a p olym er p red om 
in an tly  degraded  b y  ion izing radiations, bu t suspected o f som e concurrent 
crosslinking.

T ab le  I I I  presents data  for P N B M A  y-irrad iated  at 0 .117 m eg a rep /h ou r 
as p ow d er in vacu u m , as p ow d er in air, and as 55, 10, and 4.5 w t .-%  p o ly 
m er solu tions in deaerated eth y l acetate. T h e  intrinsic v iscosities o f the 
original and irradiated p o lym er sam ples were m easured in bu tan one at 
2 5 °C . T h e w eight-average m olecu lar w eights, (M w) v, were calcu lated 
from  these viscosities b y  use o f eqs. (5) and (7) applicable to  linear P N B M A  
sam ples h avin g  the m ost p robab le  m olecu lar w eight d istribution . P lots  of 
the recip roca l o f (M u)  „ thus obta in ed  versus the radiation  doses for  the five 
P N B M A  system s listed  in T a b le  I I I  are show n in F igure II. T a b le  IV  
presents the apparent energy absorptions per m ain-chain  scission, Ed
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TABLE III
Intrinsic Viscosities in But-anone at 25°C. of y-irradiated Pob,--/i-butyl Methacrylate,

PNBMA-I; Dose rate 0.1 17 Mrep/hr.

Dose, Mrep I’ll, dl./g. X 10 6

Powder in vacuum 0 0.64 5.2
0.47 0.594 4.7
1.31 0.564 4.4
2.19 0.529 4.1
3.16 0.494 3.8
4.03 0.476 3.6
5 .00 0.445 3.3
5.34 0.439 3.3
5.96 0.421 3.1
6.84 0.412 3.0
8.15 0.386 2. S

Powder in air 2.79 0.551 4.3
4.67 0.514 4.0
7.4S 0.4S7 3.7

10.7 0.426 3.1
13.5 0.425 3.1
14.6 0.410 3.0

55 wt.-N in EtOAc 0.47 0.585 4.7
1 .31 0.570 4.5
2.66 0.533 4.2
4.87 0.446 3.3

10.0 wt.-%  in EtOAc 0.44 0.565 4.8
0.79 0.525 4.1
1.27 0.472 3.6
1.99 0.417 3.1
2.34 0.394 2.9
2.82 0.369 2.6

4.5 w t.-%  in EtOAc 0.78 0.510 3.9
1.58 0.449 3.4
2.35 0.397 2.9
3.86 0.334 2.3

(ap p aren t), ca lcu lated  from  the slopes o f  these lines [cf. eq. (9 )]. T h e  E,\ 
(apparent) values for  P M M A  are also listed.

T h e  high E d (apparent) =  454 e .v ./s c iss io n  fou n d  for  the y -irrad iated  
P X B M A  p ow der in air show s here, as in P M M A , th at the presence o f  air 
decreases the net scission e fficiency . Ed (apparent) for  the P N B M A  
pow d er in vacu u m  is 226 e .v ./s c iss io n . I f  the tota l “ p ro te ctio n ”  o f p o ly - 
m ethacry lates b y  air is due to  oxygen  b rid g in g  o f in cip ien t chain  breaks, 
the b ridg in g  is m ore efficient in P N B M A  than  in P M M A . Otherw ise 
oxygen -assisted  crosslinking is greater in P N B M A . One is also forced  to  
con clu de that the presence o f air in the P N B M A  does n ot d im in ish  the 
postu lated  crosslinking reaction  o f the pure p olym er (cf. seq .).

A t  present the on ly  ob v iou s  exp lan ation  availab le for the difference in 
Ed (apparent) o f  the in vacuo y -irrad ia ted  P N B M A  p ow der (226 e .v . /
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R  (M E G A R E P S )

Fig. 3. Reciprocal weight-average molecular weights (by solution viscosity) of 7 - 
irradiated poly-re-butyl methacrylate PNBMA: (3 )  powder in air; (O) powder in 
vacuum; (• ) 55% in ethyl acetate; (□ ) 10% in ethyl acetate; (A ) 4.5%, in ethyl 
acetate.

scission) and electron -irrad iated  film  (146 e .v ./s c is s io n ) 1 is in voca tion  o f 
dose rate dependence o f the scission a n d /o r  crosslinking reactions in the 
solid  polym er. W e  cannot exclude the p ossib ility  that slight residual air is 
preven tin g  the further low ering o f the P N B M A  E d (apparent) from  226 e .v . /  
scission to  146 e .v ./sc iss ion . T h e air e ffect on  E d (apparent) in P M M A  was 
on ly  a m atter o f  91 — 56 =  35 e .v . T h e  air e ffect under sim ilar con d itions

TABLE IV
Apparent Energy Absorptions per Chain Scission in Polymethyl Methacrylate and 
Poly-re-butyl Methacrylate. Radiation Type, Dose Rate, and Environment Effects

Polymer Radiation type
Dose rate, 
Mrep/hr. Environment

Ed (appar
ent).

e.v./scission

PMMA Co6», 7 0.117 Powder in air 91
Co®, 7 0.70 Powder in air 76
Co6», 7 0.117 5 g./lOO ml. butanone 03
lOOOkvp. electrons —1800 Film in vacuum 59
Co60, 7 0.117 Powder in vacuum 56
Co6», 7 0.117 5 g./lOO ml. EtOAc 26-30

PNBMA Co6», 7 0.117 Powder in air 454
Co6», 7 0.117 Powder in vacuum 226
Co6», 7 0.117 55:45 PNBMA-EtOAc 226
1 OOOkvp.electrons —1800 Film in air 146
Co6», 7 0.117 10:90 PNBMA-EtOAc 74
Co6», 7 0.117 4.5:95.5 PNBMA-EtOAc 74
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Fig. 4. Light-scattering in isopropanol at 90° angle of Y-irradiated PNBM A at 23°C., 
4358A wavelength. Concentration-to-scattered intensity ratio (arbitrary units) vs. 
concentration.

fo r  P N B M A  has a lready  am ou n ted  to  454 — 226 =  228 e .v . at the degree 
o f  experim ental refinem ent em p loyed . A  further 226 — 146 =  80 e .v . 
low ering u p on  rigorous outgassing o f the P N B M A  pow der is con ceivab le .

T h e  possib ility  o f  suppressing p o ly m er-to -p o ly m er crosslinking b y  the 
a dd ition  o f a ch em ically  sim ilar d iluen t p rom p ted  the y -irrad iation  o f the 
three P N B M A -e th y l acetate  solutions. T h e  5 5 :4 5  (b y  w eigh t) I’ N B .M A - 
eth y l acetate solu tion  exh ib ited  an E d (apparent) o f  226 e .v ./s c iss io n , 
w h ich  is iden tica l to  th at o f  th e  P N B M A  pow d er under sim ilar con d itions. 
B o th  the 10 and 4 .5  w t .-%  P N B M A  solu tions had  E d (apparent) =  74 
e .v ./s c iss io n . T h is  approaches the P M M A  E d =  56 -61  e .v ./s c iss io n  and 
strengthened our belief that the true m ain-chain  scission efficiencies o f 
P N B M A  and P M M A  are equal.

A n  interesting sidelight on  the con cen tra tion  dependence o f E d (appar
en t) in  the P N B M A -e th y l acetate solu tions is p rov id ed  b y  p ro ton  m ag
n etic resonance m easurem ents on  P N B M A -c h lo r o fo r m  so lu tion s . 16 A n  
abru p t line-w idth  broaden in g  is observed  for  the — 0 — C H 2—  p roton  reso
nance as the P N B M A  con cen tra tion  is increased in the region  o f abou t 33 
v o l . -%  polym er. U pon  ad m itted ly  tenuous ev iden ce w e ascribe this 
broaden in g  to  the onset, o f pron ou n ced  p o lym er side-chain  m ob ility  h in 
drance w ith  increasing p o lym er con cen tra tion . T h e  transition  from  E d 
(apparent) =  74 e .v ./s c is s io n  at 4 .5  and 10 w t .-%  P N B M A  in e th y l acetate  
solu tion  to  E d (apparen t) =  226 e .v ./s c iss io n  a t 55 w t .-%  P N B M A  m ay  
w ell be  associated  w ith  this change in  side-chain  m ob ility . A n oth er ex
p lan ation  fo r  the E d (apparen t) increase w ith  increasing p o lym er con cen -
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Pig. 5. Reciprocal weight-average molecular weight vs. radiation dose for 7 -irradi- 
ated PNBMA: (O) butanone viscosity data; (• ) isopropanol viscosity data; (□ ) 
light-scattering data.

tration  is the collisional p rob a b ility  fa v orin g  p o ly m e r-p o ly m e r  linking re
actions relative to  p o ly m e r-so lv e n t com bin ation  reactions. N orm ally , 
the suppression  o f in terpolym er crosslinking and encouragem ent (rela
tive ly ) o f  in trapolym er chain  crosslinking has been  fou n d  to  b ecom e im 
portan t on ly  at po lym er con cen tration s con siderably  low er than  those em 
p loyed  in this series . 17

D etection  o f crosslinking in e lectron-irrad iated  P N B M A  was attem pted  
b y  com paring  w eight-average m olecu lar w eights, M „, ca lcu lated  from  light
scattering data  w ith  w eight-average m olecu lar w eights, calcu lated
from  solu tion  v iscos ity  data. T h e  light-scatterin g  m easurem ents were 
m ade in the th eta -so lven t isop ropan ol at 2 3 °C . F igure 4 show s the ratio  of 
con cen tration  to  scattered  light in ten sity  at 9 0 ° angle p lo tted  against con 
centration  for  the original and six electron -irrad iated  P N B M A  sam ples. 
T h e  independence o f c/ / 90 on  con cen tra tion  and the low  angular d issym 
m etry  o f scatter in the th eta -so lven t b o th  a ided  in data  extrapolation s to  
zero angle and zero con cen tra tion  for  M w ca lcu lation . S olu tion  v iscosities 
on  these and several other irradiated  sam ples were run in isopropan ol and 
in  bu tan one. (Ma),  values w ere ca lcu lated  from  these viscosities b y  eqs.
(2 ), (3 ), (5 ), (6 ), (7 ), and  (8 ) as applicable.

T h e  corrections from  inherent v iscos ity  (77) =  (In 77̂ 1) / c  to  intrinsic 
v iscos ity  [17] were n ot large in  the con cen tra tion  range em ployed . T h e 
relations o f  (Mw) v to  M v here assum e th at the v iscosity -m olecu lar w eigh t 
relations w ere established  on  sharp fraction s, and  th at th e  original and 
irradiated  P N B M A  in the present s tu d y  are linear polym ers h avin g  m ost
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TABLE V
Light-Scattering and Viscosity Data on Electron-Irradiated 

Poly-rc-butyl Methacrylate, PNBMA-I

Dose,
Mrep

Light 
scattering 

Mw X 10 “5

In butanone, 25°C. In isopropanol, 23°G.

M , dl./g. (M w)u x  10~6 M , dl./g. (M w)v x  10- 5

0 5.5 0.64(0.61) 5 .2 (4 .9) 0.202 5.3
1 0.544 4.3
2 4.0 0.493 3.8
3 0.457 3.4
4 3.1 0.416 3.05
5 0.403 2.93
6 0.378 2.7
8 2.44 0.316(0.324) 2.2(2.24) 0 .13S(0.140) 2 .5 (2 .6)

10 0.286 1.92
12 1.76 0.264(0.252) 1.47(1.04) 0.120 1.89
14 0.231 1.49
16 0.209 1.31 0.113 1.67
18 0.214 1.34
20 0.193 1.18
24 1.11 0.188 1.14 0.087 0.99
2S 0.162 0.95
32 1.11 0.170(0.157) 1.01(0.92)
36 0.145 0. S3
40 0.127 0.71
48 0.735 0.131 0.73 0.068 0.60
72 0.104 0.55

p robab le  m olecu lar w eigh t d istributions. T h e  failure o f  the linear chain 
and fixed m olecu lar w eight d istribu tion  assum ptions for  the irradiated 
p o lym er was the basis upon  w hich  crosslinking d etection  w as a ttem pted .

T ab le  V  presents the results o f the light-scatterin g  and v iscos ity  studies 
o f  electron -irrad iated  P N B M A . F igure 5 is a p lo t o f these 1 /M w, and 
\/{Mw) v versus rad iation  dose. A  fair am ou n t o f  experim ental scatter is 
observed . N o  d istin ct progressive d ivergen ce o f the 1 /(Mw)v from  the 
1 /Ma values w ith  increasing rad iation  dose is detectable . C rosslinking 
sh ou ld  cause the 1 /{Mw) v values to  increase m ore w ith  increasing R  than 
the l/M w values. H ere, as in the earlier stu d y  o f P M M A , 2 this d ivergen ce 
o f 1 /(Mu,),, and 1 /M w is not ev iden t. C rosslinking con cu rrent w ith  chain 
scission in P N B M A  under ion izing  rad iation  is n ot p roven  b y  these results. 
T h e  expected  sen sitiv ity  o f the light-scatterin g  plus solu tion  v iscos ity  
com parison  test for  P N B M A  crosslinking w ill be m en tioned  in the con 
clu d in g  section  o f th is paper.

III. Crosslinking in Poly-n-Alkyl Methacrylates

I t  is appropria te  th at we n ow  exam ine the reasons for  our belief th a t the 
low er /¿-alkyl m ethacry la te  polym ers are undergoing  crosslinking reactions 
under ion izin g  rad iation  treatm ent.

I f  m ain  chain  scissions and p o ly m e r-p o ly m e r  crosslinks are b o th  p rop or-
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tional to  absorbed  radiant energy R, an irradiated po lym er should  exh ib it 
the fo llow in g  reciproca l w eight-average m olecu lar weight relation :

where R is expressed in electron  v o lts  per gram , N  is A v o g a d ro ’s num ber, 
M w is the w eigh t-average gram  m olecu lar w eight, E„ is the energy absorp 
tion  in electron  v o lts  per crosslinked u n it (one-half crosslink) form ation , 
and oc/fi =  Ed/Ed is the ratio o f  rad iation -in du ced  crosslinked units to  
rad iation -in du ced  m ain-chain  scissions in the polym er. T h e  equations 
assum e a m ost p robab le  d istribu tion  o f m olecu lar w eights in the original, 
n onirradiated  polym er. L igh t-scatterin g  m olecu lar w eight m easurem ents 
will therefore y ie ld  an E d (apparent) va lue w hich  w ill d iffer from  the true 
E d va lue for  an irradiated  p olym er b y  the fa ctor  (1 —

Ed (apparent) values have been  ca lcu lated  as 59 e .v ./s c iss io n  for  P M M A  
(light scattering and v iscosity  d a ta ) , 2 75 e .v ./s c iss io n  for  p o lyeth y l m eth 
acrylate  (P E M A ) (v iscosity  d a ta ) , 1 and 146 e .v ./s c iss io n  for  P N B M A  
(light, scattering and  v iscosity  d ata ) fo r  e lectron-irrad iated  films. L et us 
assum e th at all poly -?i-a lkyl m ethacry lates have the sam e tota l energy 
absorption , E d =  59 e .v ., per m ain-chain  scission. F rom  the a b ove  E d 
(apparent) values and eq. (11) w e calcu late a/fl =  0, 0 .107, and 0 .298 for 
P M M A , P E M A , and P N B M A , respectively . A  p lo t o f these a//3 against 
the num ber o f carbon  atom s in the sidechain  a lkyl group is show n in  Figure
6 . T h e  three poin ts lie approx im ately  on  a straight line w hich  w e arbi
trarily  extrapolate  in to  the higher ?;-alkyl group region . T h e  linearity  
suggests th at the p rob a b ility  o f  crosslinking is d irectly  proportion a l to  the 
num ber o f m ethylene groups in the sidechain  a lkyl group . W e  postu late  
th at these are crosslinking sites. T h is  p rop ortion a lity  m ust eventually  
fail. A s the side chain  becom es longer, the average com position  o f the 
p o lym eth acry la te  approaches th at o f p o lym eth y len e , and  E e m ust approach  
the con stan t value characteristic o f  po lym ethylen e .

In teresting pred iction s m ay  be  m ade on  the basis o f  F igure (3. E d 
(apparent) for  electron -irrad iated  p o ly -n -p ro p y l m ethacry la te  and poly-?i- 
pen ty l m ethacry la te  shou ld  be  98 e .v ./s c iss io n  and  295 e .v ./sc iss io n , 
respectively , w hen m easured b y  light-scatterin g  m olecu lar w eight change. 
a/ d  =  0.5 is the critical ratio for  crossover from  predom in an t m ain-chain  
scission to  predom in an t crosslinking. P o ly -n -h ex y l m ethacry la te  lies so 
close to this crossover (F ig. 6 ) th a t it is n ot possible to  say w ith  assurance: 
w hether or not infinite netw ork  form ation  (partial insolubilization ) should 
occu r  in it. T h is  po lym er shou ld  exhibit nearly con stan t M w under electron  
bom bard m en t and exh ib it a slow ly  decreasing intrinsic v iscos ity . Poly-rt- 
h ep ty l m ethacry la te  should  be  the low est m em ber o f this h om ologou s 
series to  y ield  an infinite n etw ork  under electron  irradiation . P rev iou s to 
the con stru ction  o f F igure 6  it was fou n d  th at e lectron-irrad iated  p o ly -

1IM W =  ( 1 / J / J  +  [ (1 /2 E d) -  (l/Ec)}(R/N)

=  (1 /Mm) +  R/‘2NEd (apparent) 

l/Ed (apparent) =  (1 /Ed) (1 — 2 a/ff)

(10)

( I D
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Alkyl Car&on Atoms im Sidechain

Fig. 6. Ratio of crosslinked units to chain scissions, a//3, of lower n-alkyl methacrylates 
vs. the number of alkyl carbon atoms. Electron-irradiated films.

d od ecy l m ethacry la te  and p o ly o cta d e cy l m ethacry late  form ed  infin ite 
n etw ork s . 1 Subsequent to  the con stru ction  o f F igure 6 , G ra h a m 18 reported  
th at p o ly -n -h e p ty l m ethacry la te  ( [tj]0 =  1.52 in ben zene) was p artia lly  
insolubilized  b y  15 M rep s o f y -irrad iation  at 2 3 °C . N o  insoluble p o ly m er 
w as fou n d  in poly -w -h exyl m eth acry la te  ([r?]0 =  1 . 2  in benzene) w hen 
y -irrad iated  to  30 M rep s at 2 3 °C . O ur assum ption  o f con stan t E d anti 
decreasing E c w ith  increasing n -a lk y l chain  length  in the poly -? i-a lky l 
m ethacry lates is experim entally  su pported , b u t n o t proven .

T h e observation  th at sec-heptyl, sec-octy l and  sec-nonyl m eth acry la te  
polym ers and also p o ly -2 -eth y lh exy l m eth acry la te  fail to  gel under fa irly  
h igh y -ra d ia tion  doses is in stru ctiv e . 18 In  p o lya lk y l acrylates b o th  the 
b a ck b on e  a -h ydrogen s and the sidechain  carb inol carbon  h ydrogens appear 
to  con tribu te  (possib ly  in depen den tly ) to  crosslinking. In  the p o lya lk y l 
m ethacry lates the latter on ly  o f  these tw o  typ es  is availab le  and  their 
obstru ction  takes on  a m u ch  greater im portan ce  in crosslinking prob a b ility . 
T h is  im p ortan ce  was further dem on strated  in  the aryl and a lkaryl m eth 
acry la te  and acry la te  p o lym er irrad iation  stu d ies . 19

T h e  correla tion  o f the crosslin kability  o f  a po lym er under irradiation  
w ith  its g ra ftab ility  under rad iation  in the presence o f  a m on om er is ev iden t 
in the experim ents o f  G raham , G lu ckm an , and  K a m p f , 20 a lthough  th ey  fail 
to  register com plete  com prehension  o f the in terp lay . T h e  con fu sin g  ele
m en t w as the ready  g ra fta b ility  o f  scc-alkyl m ethacry la te  polym ers to  
m on om ers a lthou gh  th ey  exh ib it greatly  im p eded  crosslin kability  relative 
to  their n -a lk y l counterparts. T h is  rem ains an ob servation  requiring fu r
ther clarification . I t  is con ceivab le  th at the steric h indrance to  crosslink
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ing caused b y  the branch  is m ore p ron ou n ced  than  steric h indrance to  
p o lym eriza tion  in itia tion  b y  the sam e radical. T h e  com bin ation  o f tw o 
tertiary  radicals to  form  the structure

O CH. R O
II I I II

— c — o — c — c — o — c —
I

It CIT

w ou ld  seem  to in vo lve  som e d ifficu lty . T h e  failure o f  p o ly m eth y l m eth 
acrylate and p oly -ierf-bu ty l m ethacry la te  to  serve as graft substrates is an 
im portan t ob serv a tion . 20 W e suggest th a t the gra ftin g  o f m on om er occu rs 
at sites w h ich  are p oten tia l crosslinking sites and  n ot at chain -rupture 
sites. T h e  grafts thus form ed  shou ld  be o f  the trifu nction a l branch  ty p e

— A— A— A— A— -A— A— A
I
B

B
I

B
I

rather than o f the stra ight-ch ain  b lo ck  typ e

■—A— A— A— A— A— B— B— B—

I f our suggestion  has m erit, an extrem ely  short lifetim e o f radicals created 
b y  m ain-chain  scission  is ind icated . T h is  supports an instantaneous, 
“ con certed ”  m echan ism  or m olecu lar d isp rop ortion ation  m echanism  o f 
chain  c lea va ge . 1

F in ally  let us in spect briefly  the degree o f  sen sitiv ity  w hich  one should  
exp ect in d etectin g  crosslinking b y  m olecu lar w eight and solu tion  v is
cos ity  com parisons. A n  approxim ate  com bin ation  o f existing radiation , 
branching, and solu tion  v isco s ity  theories to  pred ict v iscos ity  beh av ior o f 
polym ers undergoing con cu rrent crosslinking and scission was m ade several 
years a g o .2 I t  correctly  in d ica ted  som e o f the gross features to  be expected  
and an ticip ated  the possib ility  o f solu tion  v iscosity  decrease during the 
approach  to  gelation  o f a po lym er. B y  jo in in g  existing theories in  a non 
rigorous fash ion  it overestim ated  the v iscosity  depression  due to  branched  
chain  structures at high extents o f  branching. A  m ore th orou gh  and self- 
consistent d eve lop m en t o f  bran ch ed -p o lym er solu tion  v iscosity  theory  has 
recen tly  app eared .21’22 Its  a pp lica tion  to  irradiated p o lym er system s23 

offers a fram ew ork  w hich  shou ld  m ore nearly  approxim ate  rea lity  than 
have previou s th eoretica l constructions.

A  p o lym er undergoing  ran dom  crosslinking and m ain-chain  scission 
during irrad iation  exh ibits dim in ish ing p rim ary  chainlength, branched  
m olecule bu ildu p  and a broad en in g  o f the m olecu lar w eigh t d istribution . 
T h e  num ber o f crosslinked units per instantaneous prim ary  w eight-average 
m olecule, ¿ "(ca lled  y ’ b y  K ill»23) , is g iven  by

b" =  ( U / R * ) /  {1 -  ( p /2 a ) { \  -  ( W ) ] J , 6 " <  1

=  K / { ( N K / M J  +  ( d /2 a )H ], 5" <  1 (12)
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I f  a/¡3 is less than  0.5, it is seen that 5" will approach  the lim iting value 
'2a/13 as R approaches in fin ity . T h e  num ber o f crosslinkod units per 
prim ary  w eight-average m olecu le  is then  restricted  to  0 <  S1' <  2a/¡3. 
T h e  tw o above -m en tion ed  treatm ents o f  the intrinsic v iscosities o f irra
d iated  polym ers allow  ca lcu lation  o f a ratio [77 ] (b r a n c h e d ) / [77] (linear) for  
each  R  and correspon d in g  M w =  J7„.0[l — (R./R*)]-'. A n  apparent 
w eigh t-average m olecu lar w eigh t is ca lcu lated  from  the observed  intrinsic 
v iscos ity  {My/), =  K ~ Ul/ri]v". F rom  5" and  the derived  relations, a 
th eoretica l ratio o f  M w/ {M w) „ is ca lcu lated  for  each dose R.

L et us assum e for  p o lv -a -b u ty l m ethacry la te  th at a ‘f3 =  0 .298, E c =  
(/3/a)Ed =  5 9 /0 .2 9 8  =  198 e .v . /crosslin k od  unit. T h e  equ ation s for 
W /S Ia and 5" then becom e

10 6/Mw =  1.83 +  0 .298R (13)

5" =  R/ (4.16 +  1.68 R) (14)

R  is here expressed in m egarep units. T a b le  V I  lists ca lcu lated  106/Mw 
and 5" fo r  the poly-ra-butyl m ethacry la te  P N B M A -I  sam ples studied. 
T h e  th eoretica l ratios o f true w eigh t-average m olecu lar w eights to  w eight- 
average m olecu lar w eights ca lcu lated  from  solu tion  v iscosities b y  the earlier 
(S R R ) and m ore recent (K ) treatm ents are g iven  in  the last tw o colum ns. 
A lth ou gh  the S R R  ca lcu lation  overestim ates the influence o f branching  on  
the solu tion  v iscos ity  at h igh 6 ", the K ilb  (K ) ca lcu lation  pred icts a greater 
depression  o f (M w) v be low  M w in the 8" region  covered . T h is  presum ably 
results from  inclusion  o f the m olecu lar w eigh t d istribu tion  broaden in g  
e ffect in the K  treatm ent. T a b le  V I  p red icts  a spread betw een  1 /M w and 
1 /{M w) v o f 2 3 .4 %  (S R R ) or 3 5 .4 %  (K ) at 48 M rep s for  this P N B M A .

TABLE VI

M W/(M W)V

R, Mrep 10 r>/Mw 5" SRR K>

0 1. S3 0 1 .000 1.000
4 3 .0 2 0 .3 68 1.101 1.171
8 4 .21 0 .4 5 5 1.143 1.236

16 6 .6 0 .5 15 1.187 1.292
152 11 .4 0 .5 5 2 1.222 1.337
48 16.1 0 .5 66 1.234 1.354

( 00 ) — 0 .5 96 1.264 1.395

a We assume (ri W )/( ri k)for a =  0.81 is equal to that fora =  0.68 when S" =  0.596; cf. 
ref. 22, Table III.

T hese p red icted  deviation s shou ld  be sufficient for experim ental observation , 
Failure to observe these dev iation s leaves our in terpretation  o f the low er 
p o ly -n -a lk y l m ethacry la te  radiation  response, which assum es con stan t J'Jd 
and decreasing Ec w ith  increasing sideehain length , still open  to criticism .
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Résumé

Des irradiations 7 de poudres de polymethacrylate de méthyle (PM M A) confirment 
les observations de la littérature admettant que l’air retarde l’abaissement de poids 
moléculaire de ce polymère induit par radiation. Les absorptions d’énergie par scission, 
Ed, sont de 91 e.v. dans l’air, à 0.117 megareps par heure, 76e.v. dans l’air à 0.70 mégareps 
par heure et de 56 e. v. sous vide à 0.117 mégareps par heure. La dégradation par ra
diation 7 de solutions de PM M A (50 g. PM M A/100 ml. de solvant) dans la butanone 
et dans l’acétate d ’éthyle donnent des energies apparentes par scission de 63 e. v. et 26-30 
e.v. respectivement. Cette dernière basse valeur n’est pas interprétée. Le polymétha- 
crylate de ra-butyle (PNBM A) manifeste une sensibilité considérable à l’air et aux effets 
d’intensité et de vitesse durant l’irradiation y. Les absorptions apparentes d’énergie 
pour une scission de chaîne principale observées pour des poudres de PNBMA obtenues 
par irradiation y sont de: E,i =  454 e.v. dans l’air à 0.117 mégarep par heure et de 
Ed =  226 e.v. sous vide à 0.117 mégarep par heure. Cette dernière valeur est de loin 
supérieure à celle (146 e.v.) observée pour un film de PNBMA irradié électroniquement. 
Pour diminuer la recombinaison possible de chaîne et/ou les réactions de pontage poly
mère-polymère, des solutions dégazées do 4,5, 10 et 55% en poids de PNBMA dans 
l'acétate d’éthyle ont été soumises à l’irradiation y. On a respectivement trouvé des 
valeurs apparentes Ed de 74 e.v., 74 e.v., et 226 e.v. Ainsi donc, les solutions plus diluées 
donnent des énergies de scissions pour le PNBMA proches de celles du PM M A en bloc. 
La solution à 55% en poids de PNBMA donne une énergie de scission indéterminable à
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partir de celle du PNBMA dans les mêmes conditions d’irradiation. Il a été 
envisagé une compétition entre le pontage et la scission de la chaîne principale pour 
les polyméthacrylates de n-ulcoyle. L’énergie de scission de la chaîne principale est 
considéré comme constante pour tous les homologues. On a trouvé en outre que le rap
port des unités pontées aux scissions de chaîne a/ß augmente linéairement avec (>t-l) 
ou n est le nombre d’atomes de carbone dans les groupes alcoyles normaux de la chaîne 
latérale. Ce schéma donne une explication valable de la réaction des plus bas éléments 
des séries homologues de polyméthacrylate de n-alcoyle. Une comparison des change
ments de poids moléculaire obtenu par diffusion lumineuse Mw et par viscosimétrie 
( Mw)„ ne met pas en évidence de pontage simultané dans des films de PNBMA subissant 
une scission de chaîne par irradiation électronique de maximum 1 m.e.v. Certains travaux 
ont été fait, sur la sensibilité théorique de cette méthode comparative.

Zusammenfassung

y-Bestrahlung von Polymethylmethacrylat-(PMMA)-pulver bestätigt die Litera
turangaben, dass Luft die strahlungsinduzierte Molekulargewichtserniedrigung dieses 
Polymeren verzögert. Die Energieabsorption pro Spaltung, Ed, beträgt 91 e.v. in Luft 
bei 0,117 megarep pro Stunde, 76 e.v. in Luft bei 0,70 megarep pro Stunde und 56 e.v. im 
Vakuum bei 0,117 megarep pro Stunde. yGStrahlenabbau von PMMA-Lösungen (5 g. 
PM M A/100 ml. Lösungsmittel) in Butanon und in Äthylacetat lieferte scheinbare 
Spaltungsenergien von 63 e.v. bzw. 26-30 e.v. Der letztgenannte niedrige Wert kann 
noch nicht erklärt werden. Poly-n-butylmethacrylat (PNBM A) zeigt eine beträchtliche 
Empfindlichkeit gegen Luft und Dosisleistungseffekte während der y-Bestrahlung. Die 
scheinbare Energieabsorption pro Hauptkettenspaltung beträgt für -,-bestrahltes 
PNBMA-Pulver: Ed = 454 e.v. in Luft bei 0,117 megarep pro Stunde und Ed =  226 e.v. 
im Vakuum bei 0,117 megarep pro Stunde. Der letztere Wert liegt weit oberhalb des 
an elektronen-bestrahlten PNBMA-Folien beobachteten Wertes. Zur Herabsetzung 
einer möglichen Kettenrekombination und Polymer-Polymervernetzung wurden ent
gaste Lösungen mit 4,5, 10,0 und 55 Gew.% PNBMA in Äthylacetate y-bestrahlt. 
Scheinbare Ed-Werte von 74 e.v., 74 e.v. bzw. 226 e.v. wurden gefunden. Die verdünn- 
teren Lösungen liefern also PNBMA-Spaltungsenergien, die mit der von PM M A in 
Substanz vergleichbar sind. Die Lösung mit 55 Gew.% PNBMA ergibt eine mit der 
von PNBMA in Substanz unter den gleichen Bestrahlungsbedingungen identische 
Spaltungsenergie. Kompetitive Vernetzung und Haauptkettenspaltung werden für elek
tronenbestrahlte Poly-n-alkylmethaerylate postuliert. Die Energie pro Haupt
kettenspaltung wird bei allen Homologen als konstant angenommen. Das Verhältnis von 
Vernetzung zu Kettenspaltung, a/ß, nimmt dann mit (n-1), wo n die Zahl der Kohlen
stoffatome in den «-Alkylgruppen der Seitenkette ist, linear zu. Dieses Schema erlaubt 
zugleich eine Erklärung des Strahlungsverhaltens der niedrigeren Glieder der homologen 
Reihe der Poly-n-alkylmethacrylate. Ein Vergleich der Änderung des Lichtstreuungs
molekulargewichts Mw und des Viskositätsmolekulargewichts ( Mw)„ liess in PN BM A- 
Folien bei Kettenspaltung durch 1 m.e.v.-Elektronenbestrahlung keine konkurrierende 
Vernetzung erkennen. Die theoretische Empfindlichkeit dieser Vergleichsmethode wird 
untersucht.

R ece ived  M a rch  23, 1962
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Degradation of a Polycarbonate by Ionizing 
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E x p lo s iv e s  R e s e a r c h  a n d  D e v e lo p m e n t  E s ta b lis h m e n t ,  M i n i s t r y  o f  A v ia t io n ,  

W a lth a m  A b b e y ,  E s s e x ,  E n g la n d

Synopsis

The degradation of a polycarbonate by electron irradiation in oxygen and in vacuum 
has been examined. It was found that the polymer undergoes chain scission and that 
crosslinking apparently did not occur, the molecular weights of irradiated specimens 
were therefore determined from the intrinsic viscosity of methylene chloride solutions. 
From the relationship of molecular weight to radiation dose the value of G (scissions per 
100 e.v. of energy absorbed) was found to be 0.14 in oxygen and 0.00 in vacuum. The 
effect of both molecular weight and radiation dose on the mechanical properties of poly
carbonate irradiated in vacuum was studied. Conventional tensile properties were 
examined, and fracture energies were also obtained by use of a tensile impact apparatus 
based on the flywheel principle which was used to strain the specimens at 340 in./sec. 
With increase in radiation dose the maximum yield strength and extension fall slowly at 
first and then rapidly at a dose of approximately 100 Mrad. The elastic modulus is, 
however, virtually unaffected by irradiation and the attendant changes in molecular 
weight. The fracture energy falls steadily with radiation dose, and from the results a 
linear relationship, F — 0.0044 M v — 50, between fracture energy F and molecular 
weight M t has been obtained over the range examined, the energy becoming immeasur
ably small at molecular weights below 13,500. The results suggested that in this case 
fracture energy was a better measure of residual strength after irradiation than other 
tensile properties. The chemical changes caused by radiation lead to greatly enhanced 
ultraviolet light absorption with a maximum at 305 m/i and a shoulder at 320 m/x. The 
absorption (E ; 1%, 1 cm.), in oxygen and in vacuum was shown to be a linear function, 
E =  0.020 R +  0.32 of the radiation dose /?. The changes in the infrared spectrum, in 
particular the carbonyl absorption, of irradiated specimens have been discussed. Mass 
spectrographic measurements showed that degradation proceeded with evolution of Ho, 
CO, and COo, both in oxygen and in vacuum.

INTRODUCTION

D espite  the increasing im portan ce  o f p o lycarbon ates , little  in form ation  
has so far been reported  on  the d egradation  o f these p o lym ers and, in 
particu lar, on  the e ffects o f  high en ergy  radiation . H arrington  and 
G ib erson 1 exam ined  the effects o f  rad iation  doses up to  3 M ra d , b o th  in air 
and  vacu u m , on  p o ly ca rb on a te  film  and reported  th at the m echanical 
properties deteriorated  sim ilarly in the tw o  cases, suggesting th at the

* Presented at the Second International Congress of Radiation Research, Harrogate, 
August, 1962.
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presence o f  oxygen  d id  n o t greatly  a ffect the degradation . E vid en ce  was, 
h ow ever, fou n d  from  infrared spectra  fo r  the form ation  o f carbon y l and 
h y d rox y l grou ps during irradiation  in  air. T h e  op tica l changes in ir
radiated p o ly ca rb on a te  have also been  studied b y  B arker and M o u lto n . 2 

F in a lly , K rasn an sk y , A ch h am m er, and P arker3 fou n d  th at C o 60 irradiation  
o f p o lyca rb on a te  film  caused  evo lu tion  o f carbon  m onoxide', ca rbon  d iox ide, 
and h yd rogen  w hich  th ey  a ttribu ted  to  m ain  chain  cleavage.

In  th e  present in vestigation  an a ttem p t has been  m ade to  elucidate the 
effects o f ion izing  radiation  on  the m echanical properties o f the p o lym er and 
to  relate these to  con cu rren t changes in m olecu lar w eight determ ined 
v iscom etrica lly . T h e  resu ltant chem ical changes have also been studied 
b y  infrared, u ltraviolet, and m ass sp ectroscop y .

EXPERIMENTAL

A. Preparation o f Specimens

L exan natural p o ly ca rb on a te  (a p rod u ct o f  th e  G eneral E lectric C om p a n y  
o f A m erica ), p o ly [2 ,2 -p rop a n eb is (4 -p h en y l ca rb on a te )] was em ployed  
th rou gh ou t.

G ranules dried  at 6 0 °C ./1 2  m m . for  8  w eeks were p laced  in glass am pules 
and, a fter r igorou s degassing (1 0 0 ° C ./1 0 - 6  m m .) fo r  G hr. the am pules 
were sealed, either im m ediately , or a fter the in trod u ction  o f air or oxygen  
a t atm ospheric pressure. A fter  irradiation  these specim ens were used 
fo r  m olecu lar w eigh t and u ltrav io let light absorp tion  m easurem ents. 
P o lyca rb on a te  film s (0.001 in .) were cast from  ch loroform , dried  th orou gh ly , 
and  sealed in am pules. A fter  irradiation  the film s were used fo r  in frared 
light a bsorp tion  m easurem ents. In ject ion -m old ed  du m bbells (see F ig . 1)

- i r
0-125

o:i
Fig. 1. Dimensions of dumbbell specimen used for tensile testing.

were used either u n con d ition ed  (m oisture con ten t 0 .2 % )  or after d ry in g  at 
6 0 ° C ./1 2  m m . fo r  8  weeks. A fter  irradiation  such specim ens were used 
fo r  m easurem ent o f  tensile properties and m olecu lar w eight.

B. Irradiation

A m pules, coo led  externally  b y  a w ater spray , were exposed  to  a linear 
accelerator e lectron  beam  (4 m .e .v .) a t a dose rate o f 5 M ra d /m in . D u m b 
bell specim ens held  flat on  an alum inum  tra y  were p laced  in a w ater-coo led
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alum inum  cham ber. T h e fa ce  o f  the cham ber, im m ed iate ly  in fron t o f 
the specim ens and exposed  to  the beam , w as a th in  alum inum  w in dow  
O/32 in- th ick ). T h e cham ber cou ld  be sealed and then  evacu ated  co n 
tin u ou sly  th rou gh ou t the irradiation  if required. Irrad iation  o f the 
dum bbells was carried  out at a dose rate o f 1 M ra d /m in .

C. Test Methods

Specim ens were tested  after a period  o f n o t less than  tw o w eeks after 
irradiation . D u m bbells  w ere k ep t in v a cu u m  during this period , and 
am pules w ere n ot opened.

Viscosity Measurements. T h e  specim ens w ere d issolved  in m ethylene 
ch loride, and the intrinsic v iscosities o f the solutions w ere determ ined  from  
m easurem ents obta in ed  in a d ilu tion  v iscom eter m od ified  a ccord in g  to  
H a rd in g . 4 M olecu la r  w eights (M v) were ca lcu lated  from  the relationship  
[7?] =  1.23 X  1 0 " 5i l f 0-83 derived  b y  Schnell6 fo r  m ethylene ch loride 
solutions.

Ultraviolet Absorption Spectra. Specim ens w ere d issolved  in  m eth y len e  
ch loride and  the absorp tion  spectra  m easured w ith  a U n icam  S .P .500  
sp ectrop h otom eter.

Conventional Tensile Measurements. T ensile  properties were obta in ed  
w ith  a B a ldw in  P .T .E . 60 m ach ine at a crosshead speed o f 0.1 in ./m in . 
L o a d /cro ssh e a d  records were obta in ed  au tograph ica lly , and, from  these, 
estim ates o f  changes in m odu lu s at different dose rates w ere determ ined. 
T or specim ens w hich  y ielded , the strength  was recorded  as m axim u m  yield  
load  d iv ided  b y  the original cross-sectional area o f the specim en ; fo r  
specim ens w hich  brok e  w ith ou t y ie ld in g  th e  strength  was recorded  as 
th e  breaking load  d iv ided  b y  th e  original cross-sectional area. F o r  con 
ven ien ce all these results are p lo tted  as m axim u m  y ie ld  strength in  F igures 
4  and  8 . E xtension  is reported  as the d istance m ov ed  b y  the crosshead 
in break in g  th e  specim en  (test length  a p p rox im ately  1 in .). T h u s strength  
and  extension  values correspon d  on ly  w hen th e  specim en  breaks before 
y ie ld ; th is con d ition  was fu lfilled  at h igher radiation  doses.

High-Speed Tensile Impact Measurements. F racture en ergy  m easure
m en ts w ere m ade w ith  a tensile im p act apparatus, based  on  the fly -w heel 
princip le, capab le  o f straining the du m bbell specim ens (F ig . 1) in tension  at 
rates in the range 100 -500  in ./s e c . T h e  apparatus was based  on  the 
m e th o d  d escribed  b y  M axw ell and  H a rrin gton 6 and has been  described  
elsew here .7 I t  consisted  essentially  o f  an inertia bar w h ich  cou ld  be 
rotated  at variou s speeds in a h orizon ta l plane abou t a central spindle. 
D ifferen t speeds o f ro ta tion  w ere obta in ed  from  a variable-speed  m otor  
w ith  a fr iction  drive w hich  w as d iscon n ected  w hen  the required speed was 
obta ined . T h e  du m bbell-grip  assem bly  was a ttached  to  the inertia bar 
b y  the leading grip  w hile the trailing grip w as ligh tly  su pported  on  an 
ad ju stab le  fram e w h ich  k ep t the specim en  in a horizon ta l p lane w ith  just 
sufficient tension  to  m ake th e  assem bly rigid . W h en  the inertia bar was 
rotatin g  at the requ ired  speed a claw  w as thrust in to  the path  o f a pin
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w hich  p ro jected  th rou gh  the trailing grip. On im pact the specim en was 
stretched  to  failure, the broken  p ortion  fell aw ay, and the inertia bar 
con tin u ed  to  rotate . A n  alum inum  record in g  drum  fitted to  the spindle 
o f  th e  apparatu s rev o lv ed  w ith  th e  inertia  bar and was fitted  w ith  a strip 
o f  T eled eltos paper. A  sty lus w hen  energized sparked th rou gh  the paper 
at intervals o f 1/ 2oo sec. T h e  spacing betw een  sparks on  the T eledeltos 
paper, w hen used in con ju n ction  w ith  k n ow n  con stan ts o f the apparatus 
and the inertia o f  the system , w as used as the basis fo r  ca lcu lation  o f 
th e  energy dissipated in breaking a specim en. F racture energy was 
m easured at a v e lo c ity  o f im p act o f 340 in ./s e c . w h ich  correspon ded  to  
a m axim um  straining rate o f 3 4 ,0 0 0 % /s e c . on  the specim en.

T h e specim en grip assem bly used fo r  b oth  con ven tion a l tensile and h igh
speed  tensile im p act testin g  was sim ilar to  th at used b y  M axw ell and 
H arrin gton .6 T h e  grips consisted  o f tw o steel p lates w hich , w hen screw ed 
togeth er, clam ped  the lugs o f the du m bbell. A nn u lar washers, slightly 
th inner than  the specim en, were m ou n ted  on  pins th rou gh  the grips and 
part of their ou ter circu m ference was in co n ta ct w ith  the additional shou l
ders on  the specim en (F ig . 1 ). T hese w ashers p reven ted  the specim en 
from  being draw n th rou gh  the grips and, be in g  free to  rotate , assisted in 
reducing stress con cen tration s at the shoulders.

RESULTS AND DISCUSSION 

Molecular Weight

Irradiated  p o ly ca rb on a te  was soluble in ch loro form  and in m ethylene 
ch loride at all doses em p loyed , the ease o f solu tion  increasing w ith  the 
dose. T h e com plete  absence o f  gel form ation  in d icated  th at cross-linking 
does n o t occu r  and th at m ain-chain  scission was the p redom inant e ffect 
o f  irradiation . T h is  con clu sion  w as born e ou t b y  determ ination  o f the 
m olecu lar w eight o f irradiated  specim ens. F igure 2 illustrates the progres
sive decrease in v iscosity -average  m olecu lar w eight (M ,) w ith  increasing 
dose b o th  in  va cu u m  and in oxygen . T h e break dow n  is sligh tly  a c
celerated  b y  the presence o f oxygon , a result w hich  has been  observed  for 
oth er p olym ers w hich  undergo chain  scission, e .g ., po ly tetra flu oroeth y len e 8 

and p o ly m eth y l isopropen y l k e to n e ;9 p o ly isob u ty len e , how ever, show ed 
identica l rates . 10

In  F igure 3 the data  are presented as reciproca l v iscosity -average  m olec
ular w eigh t versus radiation  dose R. P ure ran dom  chain  scission requires 
th at the relationsh ips shall be  linear a ccord in g  to  the eq u a tion .9,1,112

(106/  M„) =  (lO 6/  M J  +  m N E d)~'R  (1)

w here M „0 is the initial num ber-average m olecu lar w eight, E d is the to ta l 
en ergy  absorbed  per chain  scission p rodu ced , and N  is A v o g a d ro ’s num ber. 
A s exp ected , F igure 3 show s th at the initial m olecu lar w eight d istribution  
is n o t ran dom  in character b u t th at th e  d istribu tion  rap id ly  becom es
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Fig. 2. Viscometric-average molecular weight M v vs. radiation dose R for polycarbonate 
granules irradiated ( X )  in vacuum and (O) in oxygen.

ran dom  as a result o f rad iation -in d u ced  fracture (com pare  p o ly iso b u ty l
en e10), so th at at doses a b ove  oO M ra d  a linear relationship  is obta ined .

F or  the app lica tion  o f eq. (1) the m easured values o f  M„ can  be related 
to  va lu es o f  M „  b y  th e  equ ation  derived  fo r  a ran d om  d istribu tion  :10,11

M v =  M n[(a  +  l ) r ( a  +  l ) ] 17“  (2)

w here T is a gam m a-fu nction . In  the case o f  po lycarbon ates , w here 
a =  0.83 (Schnell5) , th is leads to

M v =  1 .92M * (3)

H en ce  from  the slope o f the lines obta in ed  in  F igure 3 and  b y  app ly in g  
eqs. ( 1 ) and (3 ), the to ta l en ergy  absorbed  per chain  scission, Eg, is 1100
e .v . fo r  p o ly ca rb on a te  irradiated in va cu u m  and 700 e .v . fo r  p o lyca rb on a te  
irradiated  in oxygen . T h e  correspon d in g  G values (num ber o f scissions 
per 100 e .v . en ergy  absorbed ) are 0.09 in va cu u m  and 0 .14 in oxygen . 
T h e  low  G values obta in ed  illustrate the considerable resistance to  d egrada
tion  b y  ion izing radiation  a fforded  b y  the p red om in an tly  arom atic system .

Effect o f Radiation on Tensile Properties

In  th is s tu d y  tw o  m eth ods were em p loyed  to  investigate  the deterioration  
o f tensile properties o f po lyca rb on a te  irradiated in vacu um . C onven tiona l
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Fig. 3. Reciprocal viscometric-average molecular weight, 1 / AA , vs. radiation dose R for 
polycarbonate granules irradiated ( X )  in vacuum and (O) in oxygen.

Fig. 4. Maximum yield strength and extension vs. radiation dose for polycarbonate 
dumbbells (dried), irradiated in vacuum.
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R A D IA T IO N  D O S E  ,  M E G A R A D S

Fig. 5. Fracture energy vs. radiation dose for unconditioned polycarbonate dumbbells
irradiated in vacuum.

tensile testin g  was used to  determ ine th e  m axim um  y ie ld  strength and 
extension  o f the specim en, and h igh -speed  tensile im pact testin g7 to  d e 
term ine the fracture en ergy ; th e  effect o f  rad iation  on  these properties 
is illustrated  in  F igures L and 5.

T h e  m axim u m  y ie ld  strength  and extension  b o th  decrease slow ly  until, 
at a dose o f  approx im ate ly  1 0 0  M ra d , the m axim um  yield  strength  falls 
rap id ly  and the extension  becom es extrem ely  small.

A  m easure o f the m odu lu s o f  the specim en  can  be obta in ed  from  the 
slope o f the tan gen t m odu lu s at the orig in  o f  the lo a d -t im e  curve. A s 
all specim ens had the sam e gage length , p ositive  gripping, and con stan t 
strain rate was applied , the slope o f th is tangent w ill v a ry  w ith  the m odulus. 
H ow ever, it was fou n d  thus, th a t ov er  the range studied  th e  change in 
m odu lu s w ith  dose w as n eglig ib le ; th is is n otew orth y  w hen the con cu rrent 
drastic changes in y ie ld  strength  and elon gation  are considered .

F igure 6 show s the appearance o f ty p ica l specim ens a fter tensile im pact 
testin g  and  illustrates the extrem e brittleness o f h igh ly  irradiated m aterial. 
T h e  fracture en ergy  (F ig. 5) show s a  stead y  fall w ith  increasing dose and, 
soon  a fter the onset o f brittle  fractures, becom es negligible.

F rom  the results obta in ed  here it  w ou ld  appear th at fracture en ergy  is 
a m ore sensitive m easure o f the residual strength  o f the irradiated m aterial 
than o th er tensile properties such as m axim u m  y ie ld  strength and extension .
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Fig. (5. Appearance of typical high-speed tensile impact specimens, unirradiated and
irradiated, after testing.

Effect o f Molecular Weight on Tensile Properties

T h e  overall effects o f m olecu lar w eight on  the m echan ica l properties 
o f polym ers have been  review ed b y  M a rk , 13 and m ore recent w ork  has 
been  carried  ou t on , e .g ., p o ly e th y le n e 14 and p o ly p ro p y le n e . 15 E arlier

5 0 0  1000

Fig. 7. Intrinsic viscosity [>/| in methylene chloride vs. radiation dose for unconditioned 
polycarbonate dumbbells irradiated in vacuum.
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c o n t r o l )

Fig. 8. Maximum yield strength and extension vs. viscometric-average molecular 
weight for polycarbonate dumbbells (dried), irradiated in vacuum.

w ork  has utilized p o lym er preparation s o f  d iffering m olecu lar w eights 
or fraction ated  polym ers, e tc .; how ever, irradiation  o f a po lym er w hich  
undergoes chain  scission and does n o t crosslink p rov ides a v ery  con ven ien t 
m eth od  o f determ in ing the progressive effect o f changes o f  average m o
lecular w eight on  m echan ica l properties. A s polycarbon ates  apparently  
fulfill these con d ition s, determ in ation  o f the v iscosities o f solutions of 
the du m bbell specim ens used fo r  m ech an ica l testing m ade it possible to  
investigate  the e ffect o f m olecu lar w eigh t (the average o f a ran dom  dis
tribu tion ) on  th e  tensile properties . F igure 7 show s th e  relationship  o f 
in trinsic v iscos ity  to  rad iation  dose fo r  specim ens used fo r  con ven tion a l 
tensile testing, and  F igures 8  and 9 illustrate the e ffect o f  m olecu lar w eight 
on  the tensile properties o f  dum bbells.

I t  is apparent (F ig . 8 ) th a t th e  extension  o f the irradiated specim ens 
drops fa irly  rap id ly  w ith  red u ction  o f m olecu lar w eight fo llow in g  a sigm oid  
cu rve  to  a  negligible value a t a m olecu lar w eight o f  a p prox im ately  15,000. 
In  con trast, a lthou gh  the m axim um  yield  strength  also drops stead ily  the 
m aterial still retains ov er  5 0 %  o f its initial va lu e a t this m olecu lar w eight.
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Fig. 0. Fracture energy vs. viseometric-average molecular weight for unconditioned 
polycarbonate dumbbells irradiated in vacuum.

Sim ilar rapid  loss o f exten sib ility  w ith  m u ch  slow er loss o f m axim um  yield  
strength on  degradation  has been  observed  for  oth er m aterials, e .g ., p o ly 
tétra flu oroéth y lèn e . 16

T h e e ffect o f m olecu lar w eigh t on  fracture energy in tensile im p act is 
illustrated  in F igure 9, w h ich  show s th at decrease in m olecu lar w eight 
causes a steady  redu ction  in fracture energy throu gh  the d u ctile -b r ittle  
transition  w hich  occu rs at a m olecu lar w eigh t o f a p prox im ately  15,000. 
T h e  onset o f brittle  fracture is ch aracterized  b y  th e  occu rren ce o f  high 
en ergy  ductile  fractures (average en ergy  17.2 ft .lb .) and  low  energy brittle  
fractures (average energy 2.1 ft .lb .)  a t the sam e rad iation  dose (100 M ra d ). 
Irrespective  o f  the k ind o f fracture, the average o f the results at th is dose 
has been  used in F igure 9 (and also in  F igure 5 w here a sim ilar transition  
occu rs), since con tin u ity  in  the change o f fracture energy w ith  m olecu lar 
w eight is to  be  expected  in view7 o f the con tin u ou s nature o f the scission
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process. O ver the range o f m easurable fracture energy, the fracture 
energy F  can  con ven ien tly  be expressed as a linear fu n ction  o f the m olecu lar 
w eigh t ( ¥ , ) ,  i.e.,

F  =  0.0044 M v -  59 (4)

E xtrap o la tion  o f th is linear p lo t ind icates th at the fracture energy b e 
com es zero at a m olecu lar w eigh t o f  13,500; how ever, as the po lyca rb on a te  
d id  n ot com p lete ly  disintegrate b e low  this va lu e, the d otted  line in F igure 9 
indicates the p robab le  form  o f the relationship. I t  is also likely  that, 
at m olecu lar w eights h igher th an  those studied here, the rate o f increase 
o f  fracture energy w ith  m olecu lar w eight w ou ld  decrease, leading to  an 
overa ll sigm oid  relationship  o f fracture energy to  m olecu lar w eight.

Ultraviolet Light Absorption

T h e final co lo r 2 o f p o ly ca rb on a te  specim ens irradiated  in oxygen  or 
in va cu u m  changes progressively  from  transparent light am ber th rou gh  
am ber-brow n  to  b row n ish -b lack  w ith  increase in  dose (com pare F ig . 6 ). 
T h is darkening in  co lor  is paralleled b y  the increased light absorp tion  o f 
solutions o f the irradiated p o lym er, ty p ica l curves o f w h ich  are illustrated

Fig. 10. Absorption (E, l r0  1 cm.) vs. wavelength of methylene chloride solutions of 
polycarbonate specimens irradiated (— ) in oxygen and (- -) in vacuum to various doses.
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Fig. 11. Absorption (A, 1%, 1 cm.) in methylene chloride vs. radiation dose for poly
carbonate specimens irradiated (O) in oxygen and ( X ) in vacuum.

in F igure 10, w here absorp tion  (E, 1 % , 1 cm .) is p lo tted  against w ave
length  fo r  m ethylene ch loride solutions. T h e  in ten sity  o f the absorption  
m axim um  (305 mju) and the associated  shoulder (approx . 320 m g) increase 
stead ily  w ith  dose, sim ilar curves being obta in ed  in oxygen  to  those in 
vacu um .

F igure 11 illustrates the relationship  betw een  the absorp tion  intensity 
(E, 1 % ,  1 cm .) a t 305 m / i and rad iation  dose R. T h e  results obta ined  
in oxygen  and in v a cu u m  gave co in ciden t straight lines represented (from  
least squares) b y  the equ ation

E =  0 .020R +  0 .32 (5)

A  slight d iscrepan cy  exists in this result, in th a t the actual absorption  
o f unirradiated  po lym er (0 .09) at this w avelen gth  is less than  the value 
(0 .32) obta ined  b y  ex tra p o la tion ; the reason for  this is n o t obv iou s.

B arker and M o u lto n 2 studied  the u ltrav io let light a bsorp tion  o f solid 
L exan  irradiated  to  m oderate  doses and fou n d  absorp tion  m axim a at 
340 and 400 m/u for  fresh ly  irradiated  specim ens. A fter  an aging period  
o f 14 days or after a short period  o f heating at 120°C ., the longer w ave
length  a b sorp tion  hand d isappeared  due. to  d estru ction  o f the active centers 
responsible b y  oxygen  d iffusion , the shorter w avelength  a bsorp tion  being 
left v irtu a lly  unaffected . A s the specim ens irradiated  in the present w ork
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were aged for  at least tw o  w eeks and th en  exam ined  in solu tion , transient 
species shou ld  be absent. T h e  results obta in ed  therefore  in d icate  that 
the perm anent ch em ical change or changes in du ced  b y  rad iation  and 
responsible fo r  th e  absorp tion  m axim u m  at 305 m ¡j. is in dependent o f the 
presence o f oxygen . In  ad d ition  th e  degree o f this chem ical change is 
linearly depen den t on  the rad iation  dose.

Infrared Light Absorption

E xam in ation  o f the in frared  spectra  (2 -1 5  n) o f p o ly ca rb on a te  film  
(0.001 in.) before  and after irrad iation  to  1 0 0 0  M ra d  in v a cu u m  or in 
oxygen  revealed  differences in three regions o f the spectru m ; those ab 
sorp tion  bands w hich  were a ltered  b y  or form ed  b y  irradiation  are g iven  
in T a b le  I.

TABLE I
Absorption Bands in Polycarbonate Film Altered by or Formed by Irradiation

Absorption bands in 
unirradiated 
film, cm.” 1

Absorption bands in irradiated film, cm. 1

In vacuum In oxygen

1340 1340“ 1340“
— 1533 1533

1504 1594 1594
1601 1599 1599

(1635)b 1633 1635
1656 1663 1659
— 1695 1695
— (1735)b ( 1732)b

1766 1762 1762
(1776)b ( 1776 )b 1776

— 3369 3359
— 3458 3454
— 3638 3632

3662 — -- -

a Enhanced absorption. 
b Shoulder.

L ittle  d ifference is observab le  betw een  the results obta in ed  in oxygen  
and th ose  in v a cu u m ; in  b o th  cases the m a jor  e ffect appears to  be  com plex  
changes in  th e  ca rb on y l bands associated  w ith  the carbon ate linkage. 
T h e  C = 0  freq u en cy  in  the p o ly ca rb on a te  occu rs at 1766 c m . - 1  w ith  
an associated  shoulder at 1776 c m . " 1 and is com parab le  to  that o f  d iph en yl 
ca rb o n a te 17 (1775 c m . " 1).

T h e  changes n oted  b y  H a rrin g ton 1 in the 8 7 5 -1000  c m . " 1 region  of 
specim ens irradiated  in air were n o t fou n d  in the present stu dy  alter 
irrad iation  either in air or oxygen .
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Gas Evolution

M ass spectrograph ic analyses of the gas con ten ts o f am pules conta in ing 
p olycarbon ate  granules in itia lly  either evacu ated  or filled w ith  oxygen  
at atm ospheric pressure, a fter irradiation  to a dose o f 1000 M ra d  are given  
in T ab le  I I .

TABLE II
Partial Pressure* of Gases Present in Ampules after Irradiation of Polycarbonate

Gas

Partial pressure of gases, %

Irradiation in vacuum Irradiation in oxygen“

CO 81.2 27 .5(59.1)
C 02 10.7 18.8(39.4)
LL 2.0 0 .7 (1 .5 )
0 , 0.1 53.5 (nil)

a Values in parentheses denote actual partial pressure assuming no oxygen evolved.

N o  evidence o f h y d roca rb on  or oth er p rod u cts  w as fou n d . T h e  pattern  
o f p rod u cts  is thus close ly  sim ilar fo r  irrad iation  b o th  in va cu u m  (com pare 
K rasn an sk y3) and in  oxygen , a lthou gh  in  the latter case the ratio o f carbon  
d iox ide to  carbon  m on ox id e  is greatly  increased. B oth  carbon  m on oxide 
and carbon  d iox ide apparently  arise from  d estru ction  o f the carbonate 
linkage.

Effect o f Radiation on Structure

T h e  predom inance o f m ain-chain  scission and the absence o f cross- 
linking as radiation  effects are in d icated  b y  the com plete  solu b ility  o f 
irradiated specim ens (up to  doses o f  1000 M ra d ) and the lack o f any 
ev iden ce for  crosslinking. T h is con clu sion  is supported  b y  the relationship 
betw een  v iscom etric m olecu lar w eight and rad iation  dose (F ig . 3 ), w hich  
indicates degradation  b y  ran dom  chain  scission.

A s  the benzene ring is v ery  resistant to  rad iation  the m ost likely poin ts  
(tf scission in  the chain  are the carbon ate and  isopropyliden e linkages. 
C onsiderable degradation  o f carbon ate  groups is apparent from  the m ass- 
spectrograph ic results, a lthou gh  no p rod u cts  apart from  a trace o f h ydrogen  
are form ed  w hich  cou ld  be d irectly  a ttribu ted  to  b reak dow n  o f the iso
prop y liden e grouping. T h e  com p lex ity  o f  the carbon y l absorp tion  of 
irradiated  specim ens in  the infrared is further ev idence o f the destruction  
o f carbon ate  linkages. T h e  u ltrav io let absorp tion  a fter irradiation  sug
gests the d evelopm en t o f  con ju ga ted  unsaturation , w h ich  m a y  be due to 
the in teraction  o f carbon y l groupings ad jacen t to  the benzene rings.

T h e  accelerated  degradation  w hich  occu rs in oxygen  as d istin ct from  
va cu u m  m ay  be due to  the com bin ation  o f oxygen  w ith  free radicals pre
ven tin g  the recom bin ation  o f ad jacen t radicals w h ich  m ight otherw ise 
occur. I t  is ev iden t from  the results o f B arker and  M o u lto n 2 th at active 
species are form ed  w hich  are lon g -lived  in the absence o f oxygen .
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T h e  reactions a ccom p a n y in g  d egradation  are at present uncertain , and 
investigations o f the detailed  m echanism  o f these are at present being- 
carried  out.

I he authors thank Messrs. J. McCann and F. Hazell (Technological Irradiation 
Group, Wantage) for assistance in the irradiation of samples, Dr. G. A. Heath (R.P.E., 
Ministry of Aviation) for mass spectrographic results, Mr. R. W. Tobias (E .R.D .E .) for 
viscosity determinations, and Mr. R. J. Pace (E.R.D.E.) for infrared measurements.
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Résumé

La dégradation d’un polycarbonate par irradiation électronique a été examinée en 
présence d’oxygène et sous vide. On a trouvé que le polymère subissait une scission de 
chaîne et que le pontage ne se produisait apparemment pas. Les poids moléculaires des 
échantillons irradiés ont été déterminés à partir de leur viscosité intrinsèque au départ 
de solutions avec le chlorure de méthylène. A partir de la relation liant le poids molécu
laire à la dose de radiation, on a trouvé que la valeur de G (scission par 100 e.v. d ’énergie 
absorbée) était de 0.14 en présence d’oxygène et de 0.09 sous vide. On a étudié l’effet 
simultané du poids moléculaire et de la dose de radiation sur les propriétés mécaniques 
du polycarbonate irradié sous vide. Les propriétés habituelles de traction ont été 
examinées et les énergies de rupture ont également été obtenues en utilisant un appareil 
à impact au choc, basé sur le principe du volant d’inertie qui a été employé pour étirer des 
échantillons à 340 ins./sec. En augmentant la dose de radiation, la force de tension 
maximum et l’extension diminuent d’abord lentement et puis rapidement pour une 
dose de 100 mégarads approximativement. Toutefois le module d’élasticité est vir
tuellement inaffecté par l’irradiation et par les changements attendus du poids molécu
laire. L’énergie de rupture diminue proportionnellement avec la dose de radiation et 
à partir des résultats trouvés, on a obtenu une relation linéaire F =  0.0044 M, — 59 
entre l’énergie de rupture F, et le poids moléculaire M v sur tout le domaine étudié. A 
des poids moléculaires inférieurs à 13,500, l’énergie trop faible n’est plus mesurable. Les 
résultats suggèrent que dans ce cas l’énergie de rupture est une meilleure mesure de la 
force résiduelle après irradiation que les autres propriétés élastiques. Les changements



K.iìfi .1. II. GOLDEE AND E. A. IIAZELT

chimiques provoqués par irradiation conduisent, à une augmenta,timi importante de 
l’absorption dans l’ultraviolet avec un maximum à 305 irqx et un épaulement à 320 m/i. 
On a montré que l’absorption ( E; 1 %, 1 cm) en présence d ’oxygène et sous vide est une 
fonction linéaire, E =  0.020 R +  0.32 de la dose de radiation R. On a également discuté 
les changements dans le spectre infrarouge en particulier l’absorption du carbonylo des 
échantillons irradiés. Les mesures de spectrographie de masse ont montré que la, 
dégradation se produit, avec dégagement de H2, CO et, C 02 à la fois en présence d’oxygène 
et sous vide.

Zusammenfassung

Der Abbau eines Polykarbonates durch Elektronenbestrahlung unter Sauerstoff und 
im Vakuum wurde untersucht. Es zeigte sich, dass Kettensspaltung des Polymeren 
eintritt, offenbar aber keine Vernetzung stattfindet; das Molekulagewicht. der bestrahl
ten Proben konnte daher aus der Viskositätszahl in Methylenchloridlösung bestimmt 
werden. Aus der Beziehung zwischen Molekulargewicht und Bestrahlungsdosis ergab 
sich der (7-Wert (Spaltungen auf 100 e.v. absorbierter Energie) unter Sauerstoff zu 
0,14 und im Vakuum zu 0,09. Der Einfluss von Molekulargewicht und Bestrahlungs
dosis auf die mechanischen Eigenschaften von bestrahltem Polykarbonat wurde unter
sucht. Konventionelle Zugeigenschaften wurden geprüft und unter Benützung eines 
auf dem Schwungradprinzip beruhenden Stosszugapparates, der zur Verformung der 
Proben mit 340 ins./sec. verwendet wurde, konnten auch Bruchenergien erhalten 
werden. Mit Zunahme der Bestrahlungsdosis fallen die Fliessgrenze und -dehnung 
zuerst langsam und dann, bei einer Dosis von etwa 100 niegarad, rasch ab. Der Elastizi
tätsmodul bleibt jedoch von der Bestrahlung und den entsprechenden Molekulargewicht
sänderungen praktisch unbeeinflusst. Die Bruchenergie fällt stetig mit der Bestrahlungs
dosis ab und aus den Ergebnissen wurde im untersuchten Bereich eine lineare_Beziehung, 
F — 0,0044 M„ — 59, zwischen Bruchenergie F und Molekulargewicht M v erhalten. 
Bei Molekulargewichten unterhalb 13500 wird die Energie unmessbar klein. Die 
Ergebnisse lassen erkennen, dass in diesem Fall die Bruchenergie ein besseres Mass für 
die nach der Bestrahlung verbleibende Festigkeit bildet, als andere Zugeigenschaften. 
Die durch Strahlung verursachten chemischen Veränderungen führen zu stark erhöhter 
Lichtabsorption mit einem Maximum bei 305 mß und einer Schulter bei 320 m/i. Die 
Absorption (E ; 1%, 1 cm) unter Sauerstoff und im Vakuum ergab sich als lineare Funk
tion, E =  0,020 R +  0,32 der Strahlungsdosis R. Die Veränderungen im Infrarot,Spek
trum, besonders die Carbonylabsorption, von bestrahlten Proben wurde diskutiert. 
Massenspektrographische Messungen zeigten, dass der Abbau sowohl unter Sauerstoff 
als auch im Vakuum unter Entwicklung von H2, CO und C 02 verläuft,.
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The Infrared Spectrum of Crystalline 
Polysaccharides. IX. The Near Infrared 

Spectrum of Cellulose

K. H. BASSETT,* C. Y . LIANG, and R. H. A TAR CHESS AULT, f
R e s e a r c h  a n d  D e v e lo p m e n t  D iv i s i o n ,  A m e r i c a n  V is c o s e  C o r p o r a t io n ,  

M a r c u s  H o o k ,  P e n n s y lv a n ia

Synopsis

The near infrared region of the spectra of cellulose from about 4000 to S000 cm .-1 was 
investigated and assignments made to the absorption bands in this region. Assignments 
were made on the basis of combinations and overtones of fundamental frequencies and 
were checked where possible b}' various chemical and physical sample modifications. The 
dichroism of all absorption bands in this region was very slight.

I. Introduction

The near infrared spectrum, 4000-8000 cm .-1, is receiving increased at
tention from analytical spectroscopists. Several good reviews have ap
peared recently,1-2 including one directed specifically toward polymer ap
plications.3 The near infrared spectrum has a special attraction for poly
mer chemists who must deal with fibrous specimens, most of which have 
proved to be too thick for transmission spectra in the fundamental region 
of the infrared spectrum. By the use of special techniques, e.g., the infra
red microscope or single-layer fiber mounting,4 it has been possible to 
record spectra for fibrous samples, but by and large workers have not found 
these approaches convenient. These sampling difficulties disappear in 
the near infrared portion of the spectrum because one is dealing then with 
overtone and combination bands which because of their low optical densi
ties allow the use of relatively thick fiber bundles.

The recent study by Fraser and M acRae5 of the near infrared spectrum of 
wool is a good example of what information is available in this spectral 
region. Their work showed that the contribution of the crystalline and 
noncrystalline regions to the dichroism of a given band could be differen
tiated by means of the deuteration technique. The object of this study was 
similar, viz., to study the dichroism of the fiber as a whole and to separate 
the contributions of the crystalline and noncrystalline regions.

* Present address: Research Division, Weyerhaeuser Technical Center, Longview, 
Wash.

t Presenl address: State University of New York, College of Forestry, Syracuse, 
N. Y.
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The near infrared spectrum of cellulose has received only brief attention 
so far. Ellis and Bath6 observed absorption bands at 6940 and 4740 cm .“ 1 
in the spectrum of ramie which they associated with OH oscillators. The 
present study was initially directed, therefore, to the problem of band 
assignment.

II. Experimental Procedure

In this study four cellulosic materials were used: cellophane, tire cord 
rayon, bacterial cellulose, and ramie. All were used in their natural, air- 
dry state for the basic spectra. It was found that cellophane produced 
severe interference fringes if used in its usual form. However, this was 
overcome by drying gel cellophane on frosted glass to give it a frosted light
scattering surface.

To obtain a spectrum, a bundle of fibers or number of layers of film were 
placed in a suitable holder. The thickness of the sample was approximately 
0.5 mm. To reduce scattering losses it was necessary to wet all samples 
(cellophane excepted) in a suitable medium of about the same refractive 
index as cellulose. Initially, Nujol was used for this purpose, but after it 
became apparent that the Nujol showed some absorption bands in this 
region, a mixture of CS2 and CCU was used. All spectra were recorded on a 
Perkin-Elmer model 112 single-beam and double-pass spectrometer 
equipped with lithium fluoride prism. For the polarized spectra, a silver 
chloride plate polarizer was used. In all cases an attempt was made to 
adjust the background to a constant level, but as shown in the figures this 
was not always achieved.

To assist in identifying certain of the absorption bands a number of 
special samples were prepared. A  sample of the tire cord rayon was par-

Fig. 1. Near infrared spectra of four cellulosic materials: (------ ) tire cord rayon; ( - - )
cellophane; (— - — ) ramie; (------------) bacterial cellulose.
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tially dcuterated by soaking in D 20  for several days and then drying in a 
stream of dry nitrogen in a closed cell. Another tire cord sample was hy
drolyzed by boiling for three minutes in 2.5W H C1.

A  sample of completely deuterated bacterial cellulose was produced by 
first aeetylating and then saponifying according to the following schedule. 
For acetylation, the sample was first treated in 15% perchloric acid for 
30 min. at room temperature, followed by treatment with 10 parts acetic 
anhydride to 20 parts toluene for 15 min. at room temperature; the sample 
was then washed in H 20 .

The saponification procedure was to treat in 1% NaOD and 10% NaOAc 
in I LO for 16 hr. on steam bath, followed by a wash in FLO.

Finally, a sample of skin cellophane was prepared by taking cellulose 
acetate film and deacetylating it by treating with 0.5%  solution of sodium 
methoxide in dry methanol for 16 hr. at room temperature followed by 1.5 
hr. at a boil. The sample was then washed in methanol.7 A  standard 
staining procedure8 verified that better than 80% of this sample was skin.

III. Results and Discussion

Figure 1 shows spectra of the four materials used in this study. Since 
the absorption bands in the near infrared region of the spectrum are over
tones and combinations of fundamental frequencies, assignments were made 
by finding the proper combinations of the fundamentals. Where possible 
the assignments were checked by other means. By these methods the 
assignments have been made as shown in Table I.

TARLE I
Near Infrared Spectrum of Cellulose

Frequency,
cm.-1 Assignment

3970 ) 
3990 J CO stretching +  CH and CEL stretching

4235 OH and CH deformational modes 4- CH and CH2
stretching

4365 CO stretching +  OH stretching 
CH2 bending +  CH2 stretching

4560 Cellophane only
4780 OH and CH deformation modes +  OH stretching
5190 Absorbed H20

5310-5480 Background
6770 2X  OH stretching from cellulose and absorbed H20
7265 Background

The fundamental absorption bands found in cellulose have been investi
gated in some detail by Liang and Marchessault.9’10 B y drawing on their 
work, it was possible in most cases to make assignments from binary com
binations of strong fundamental bands. In a few cases, it was apparent 
that more than one assignment was possible to give the observed band.
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Fig. 2. Deuterated and basic spectra of bacterial cellulose: (------ ) untreated; ( - - )
deuterated.

The band occurring at 3070 cm .-1 has been assigned to combination of 
CO-stretching bands occurring at 985-1058 c m r 1 plus CH- and CH2- 
stretching bands occurring at 2870-2970 e m u 1. In the native celluloses 
this band is sharper and occurs at 3990 e m u 1. The fundamentals in
volved here arc strong ones and, since no other direct combinations occur 
at this frequency, the assignment is believed to be correct. Deuteration 
(Fig. 2) does not affect this band to any significant degree.

Similarly, assignments were made on the bands occurring at 4235 and 
4365 e m u 1. The first of these was assigned to a combination of OH and 
CH doformational modes at 1235-1430 m u ’ plus CH- and CH2-stretching 
frequencies occurring at 2853-2940 cm .-1 . The band at 4365 e m u 1 was 
assigned to OO stretching at 985-1058 emu 1 plus OH stretching at 3305- 
3405 e m u 1. If this assignment were completely correct, the band should 
disappear in the deuterated sample where the OH is replaced by OD. As 
seen in Figure 2, this is not the case, although the band is reduced in inten
sity. Also occurring at this point is a combination of CH2 bending at 1430 
e m u 1 and CH2 stretching at 2945 e m u 1 which could be contributing toward 
this band. In the polarized spectra that were obtained on tire cord both 
of these bands showed a very slight polarization, with the band at 4235 
e m u 1 appearing to be perpendicular, while that at 4365 cm .-1 was parallel. 
Considering the fundamental combinations, the 4365 e m u 1 band would be 
predicted as parallel, since both fundamental bands are essentially parallel 
and two parallel bands will give a parallel combination band. No predic
tion for the 4235 e m u 1 band could be made because combinations gave both 
parallel and perpendicular bands in the overtone region.

There is a small band at 4560 e m u 1 that occurs only in the cellophane. 
Since this is its only occurrence and there are no obvious combinations of
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Fig. 3. Deuterated, oven dried, and basic spectra of tire cord rayon: (------ ) untreated;
( - - )  deuterated; (--------- ) oven dried.

fundamentals at this point, it was not possible to make an assignment. It 
was felt that this band might be characteristic of the core structure of 
regular cellophane; however, the skin cellophane showed an indication of a 
band at this point although the resolution was poor.

The broad strong absorption band at 4780 e m u 1 has been assigned to OH- 
and CH-deformational modes occurring at 1282-1455 cm .“ 1 plus OH 
stretching at 3275-3405 cm .-1 . In addition to this combination of strong 
fundamentals, evidence for this assignment is obtained from the deuterated 
samples. Upon partial deuteration, the tire cord sample seen in Figure 3 
showed a small decrease in the intensity of this band. The sample of 
bacterial cellulose which was more highly deuterated showed very little 
absorption at this wave number. As this latter sample was exposed to air 
and the OD groups returned to OH, the band again became strong. It did 
not, however, return to its original intensity, since the OD groups in the 
more crystalline material could not be exchanged, even when the sample 
was soaked in water. The presence of remaining OD groups was con
firmed by observation of a portion of the sample in the fundamental region.

The absorption band occurring at 5190 cm .-1 seems to be due exclusively 
to absorbed water. The band is weakest in the native celluloses which are 
known to have lowrer regain than the regenerated samples. It was possible 
in the case of the tire cord rayon to weaken the band by hydrolyzing the 
sample to a more crystalline form. It was also possible to eliminate the 
band completely by either deuteration or oven drying of the sample (Figs. 
2 and 3). Conversely, the band could be strengthened by increasing the 
moisture content of the sample.

There are a number of small bands in the region of 5310-5480 cm .-1 
which are characteristic of the background and are not all a part of the 
cellulose structure. A  similar small band occurs at 7265 cm .- 1.
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The absorption band at 6770 cm ." 1 bas been assigned to cellulosic OH and 
OTT contributed by absorbed water. The absorption frequency corresponds 
to the first of the fundamental OH-stretching bands at 3245-3405 cm .-1 . 
Upon deuteration, the band disappears, substantiating the OIT assignment. 
Oven drying causes the hand to become less intense, but it is still present; 
conversely, an increase in the moisture content of the sample causes a 
strengthening of the band, both facts indicating that absorbed water is also a 
contributor. The bacterial cellulose does not show any distinct band at this 
point but has a very broad absorption region. There is no explanation at 
present for this, but it is evident that the broad band is due to OH over
tones, since the deuterated sample seen in Figure 2 shows a return to the 
normal background.

The lack of pronounced dichroism in any of the absorption bands in this 
region is disappointing with respect to the usual structural applications of 
this property. It would appear to result from the combinatory nature of 
most of the bands, involving fundamentals with opposite polarizations. 
Oriented polyvinyl alcohol fibers showed very pronounced dichroism in this 
region under the same experimental conditions as used for cellulose.
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Résumé

On a étudié le spectre de la cellulose dans la région du proche infrarouge de 4000 à 8000 
cm .-1 environ, et on a conféré des attributions aux bandes d’absorption dans cette région. 
Les attributions ont été faites sur la base de combinaisons et recouvrements de fréquences 
fondamentales. Elles ont été contrôlées, quand c ’était possible, par diverses modifica
tions chimiques et physiques de l’échantillon. Le dichroïsme de toutes les bandes d’ab
sorption de cette région était très faible.

Zusammenfassung

Das Absorptionsspektrum der Cellulose im nahen Infrarot von etwa 4000 bis S000 
cm.-1 wurde untersucht und eine Bandenzuordnung vorgenommen. Die Zuordnung 
beruhte auf Kombinations- und Obertönen der Grundfrequenzen und wurde, wenn 
möglich, durch verschiedene chemische und physikalische Modifizierungen der Probe 
überprüft. Der Dichroismus aller Banden in diesem Bereich war sehr schwach.
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Transient Analysis of a Vibrating Reed

R. D. GLAUZ, A e r o je t -G e n e r a l  C o r p o r a t io n ,  S a c r a m e n to , C a l i fo r n ia

Synopsis

A new simplified test for obtaining the physical properties of a viscoelastic material is 
described and analyzed. A reed, clamped at one end, is displaced at the free end and the 
damped oscillations measured. From measurements of the damping factor and fre
quency the complex modulus is computed. Tables of eigenvalues have been calculated 
for various masses and moments of inertia attached to the free end of the reed. Many 
experimental tests have shown the simplicity and usefulness of the method.

Introduction

The analysis of the transient behavior of a vibrating reed is considered 
from the standpoint of decaying oscillations. Previous authors, such as 
Glauz1 and Bland and Lee2 have considered the steady-state oscillations 
with driving force applied to the clamped end of the reeds. This has the 
disadvantage of involving instrumentation difficulties in obtaining a 
purely sinusoidal vibration with no change in slope of the driven end. The 
present analysis with a nonoscillating clamped end removes this difficulty.

An apparatus for testing based on this analysis might consistof acontainer 
for the vibrating reed (evacuted to remove the drag of air friction), an 
optical or electrical means of measuring the amplitude of oscillation of the 
free end, and a solenoid to initiate the oscillation. As stresses, strains, and 
displacements all satisfy the same relation with respect to time, any of these 
could be measured at any point on the reed.

Analysis

This analysis studies the free vibration of a clamped reed as a means of 
obtaining the physical properties of a viscoelastic material. The reed is 
considered to be thin and sufficiently long that, motion may be represented 
by the differential equation

Q(d4w/d.r4) +  (y a \ / I g ) P { d - w / b t2) =  0 (1)

in which P  and Q  represent the differential operators in the linear time- 
dependent stress strain law

P ( ° )  =  <2(0 (2)
The boundary conditions at the clamped end are zero displacement and
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zero slope. The free end has a mass attached with a moment of inertia. 
Thus

iv (Q ) =  w ' (  0) =  0

[ -  ( Q l / P )  ( V w / d x 3)  =  J ( d 3w / d P d x )  ]r (3)

[ ( Q / P ) I ( d 3w / d x 3) =  W (d * w / d P ) ] x ^

The special case of a perfectly elastic reed would vibrate continuously 
with zero change of amplitude

w  =  H ( x ) e iat (4)

The effect of internal viscosity as exhibited by viscoelastic materials is a 
damping which causes a decrease in amplitude with time. This may be 
represented by the addition of an exponential damping factor e ~ M to 
eq. (4) resulting in

w ( x , t )  =  H ( x ) e iute ~ xi (5 )

Substitution of eq. (5) into the differential equation (1) and boundary 
conditions (3) yields the determining equations for H ( x )  as

H ‘ v ( x )  -  (t/4/ / 4)//(:c) =  0

7/(0) = = // '(  0) =  0

H " { 1 )  -  B ( r / l ) H ' ( l )  =  0 (6)

=  0

where we have defined

, m (iw  — \ )* P ( i u  — X) 
’  I Q ( i a  -  X)

A =  W/■ m l  

B  =  J / m l3

(7)

The solution of eq. (6) is given by

H  =  G'i A n ( ip / l )x  +  C2cos(ip/L )x +  C3 sinh(^//).c +  C\ c o s h ( ip / l ) x  (8)

The boundary conditions become relations determining the C\, C2, C s, C'4.

C 2 +  C\ =  0 

C i +  C’a =  0

G'i ( — simp -  Bip3 cos ip )  +  C2( —costp +  Bip ' sim/)

+  C3(sinln/' — B ip 3 cosht/) +  ChCcosln/ — B ip 3 sinln/) =  0 (9)

Ci( — coBip +  A ip  simp) +  C2(sim/ +  A ip  costp)

+  C;j(coship +  A ip  sinln/) +  C4(sinhi/ +  A ip  coslq/) =  0
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In order for this set of homogeneous equations to have nontrivial solutions 
for Ci, C2, C-s, C a, the determinant of their coefficients must vanish:

0
1

— sin \p — B\ps cos \p

— cos \p +  A\p sin \p

1 
0

— cos \p +  B\p3 sin \p 
sin \p +  A ip  cos \p 
0 1
1 0

- Hi/'11 cosh ip cosh \p — B ip 3sinh \p i 
cosh \p +  A\p sinh \p sinh \p +  A\p cosh \p

Expanding yields eq. (11):

1 +  cos \p cosh ip +  A \ p (m s  \p sinh \p — sin \p cosh ip)

=  0
sinh \p

(10)

— B\p3(sin \p cosh ip +  cos ^ sinh ip) +  A B \ p i A  — cos ip cosh \p) =  0 (11)

In the case of no mass or  moment of inertia at the free end of the reed 
eq. (11) reduces to

1 +  cos \p cosh \p =  0 (12)

It is proven in Appendix I that eq. (12) has only solutions

yp =  ±1.87510, ±  1.875107 (13)

in the region — ir <  R e\\p) <  tt, — x <  lm {\ p )  <  x. All four values of 
eq. (13) yield the same value for \pi .

In the general case of eq. (11) for nonzero A and B ,  one would conjecture 
that the same situation would occur, that is, the value of ip* would be a real 
positive number with \p satisfying eq. (11). In fact, one could pick suf
ficiently small A ,  B  to make the only values of \p satisfying eq. (11) to be in 
the neighborhood of \p =  ±1.87510, ±  1.875101 and to have zero complex 
part. This is easily seen by expanding eq. (11) into real and imaginary 
parts and for small b finding that there is no solution near ip =  1.87510 
for 6 ^ 0.

Equation (11) has been solved for various values of A ,  B  and the results 
tabulated in Tables I and II.

Separating eq. (7) defining (ip / l )4 into real and imaginary parts yields the 
two equations

Et. =  ( m j W 4)(coa -  X2) (14)

E 2 =  (m l*/ !$ ■ ') (  2oA) (15)

where we have defined the complex modulus as

£ i +  i E 2 =  Q ( iu  -  \ )/ P { i w  -  X) (10)

For the perfectly elastic case, X =  0, note that eqs. (14) and (15) reduce to

E t  =  (m/4/7» 2 (17)
E 2 =  0
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TABLE I
Solution of Eq. ( I l )  for Various Values of A and B

A = A1 = 1 = .4 = 1 = 1 = A 1 = 1 = 4 = .4 =
B 0.0 0 .01 0 .02 0l 03 0i.04 01.05 0 .06 0i.07 01.08 0.09 0.10

0 1.875 1. 857 1. 839 1 .823 1 .807 1. 791 1. 776 1. 762 1. 749 1.735 1 .723
0. 01 1.840 1. 823 1 .807 1 .791 1 .776 1. 762 1. 748 1. 735 1. 722 1.710 1.698
0. 02 1.805 1. 789 1. 774 1 .760 1 .746 1. 733 1. 720 1. 708 1. 696 1 .685 1 .674
0 03 1.771 1. 757 1 743 1 .730 1 .717 1. 705 1. 694 1. 6S2 1. 671 1.660 1 .650
0 .04 1.738 1. 726 1. 713 1 .701 1 .690 1. 678 1. 667 1. 657 1. 647 1 .637 1 .627
0..05 1.707 1. 696 1..684 1 .673 1 .663 1. 653 1. 642 1. 633 1. 623 1.614 1.605
0 .06 1.678 1. 668 1 .657 1 .647 1.637 1. 628 1. 619 1. 610 1. 601 1 .592 1.584
0 .07 1.651 1. 641 1 631 1 .622 1.613 1. 604 1. 596 1. 587 1. 579 1.571 1.564
0 .08 1.625 1. 616 1 .607 1.598 1 .590 1. 582 1. 574 1. 566 1. 559 1 .551 1 .544
0 09 1.600 1. 592 1 .584 1.576 1.568 1. 561 1. 553 1. 546 1. 539 1 .532 1 .526
0..10 1.577 1. 569 1. 562 1.555 1.548 1. 541 1. 534 1. 527 1. 521 1 .514 1.508

TABLE II
Solution of Eq. (11) for Various Values of A and B

____________________________________ __________________________________

A =  . 4 =  A =  A =  A =  A =  A =  A =  A = A =  A =
B 0 .0  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0. 0 1. 875 1. 723 1 .616 1 536 1 .472 1.420 1. 376 1. 338 1 .304 1. 274 1..248
0. 1 1. 577 1. 508 1 .451 1 .403 1 .361 1.326 1. 294 1 .265 1 .240 1. 217 1 .196
0. 2 1. 405 1. 367 1 .333 1 .302 1 .274 1.249 1..226 1 .204 1 .185 1. 166 1 .149
0. 3 1. 296 1. 271 1 .248 1 .226 1 .206 1 .187 1. 169 1. 153 1..137 1. 123 1..109
0. 4 1. 219 1. 201 1 .183 1 .167 1 .152 1.137 1. 123 1 .110 1 .097 1. 085 1 .074
0. 5 1. 160 1. 146 1.132 1 .120 1 .107 1.095 I 084 1.073 1 .063 1. 052 1..043
0. 6 1. 113 1. 101 1.091 1 .080 1 .070 1.060 1.050 1 .041 1.032 1 .024 1.015
0. 7 1. 074 1 .064 1 .055 1 .047 1.038 1 .030 1. 021 1 .014 1 ,006 0 998 0 .991
0..8 1 041 1 .033 1 .025 1.018 1 .010 1 .003 0 .996 0 .989 0 .982 0 .976 0 .969
0..9 1 012 1 .006 0 .999 0 .992 0 .986 0 .979 0 .973 0 .967 0 .961 0 .955 0 .950
1 ..0 0..988 0 .981 0 .976 0 .970 0 .964 0 .958 0 .953 0 .947 0 .942 0 .937 0 .932

In the special case of a Voigt model,

ff =  v (d e / d t) +  E t  (18)

E i  =  E  —

E ì =  t]u  (19)

E  =  E i  +  X, =  OnZy/*«)(«* +  X2)

V =  Ei! «  =  (m Z4/ 7 ^ 4) (2 X )

Hence, from eqs. (14), (15), and (19)

X =  (E / tj)  — (E / r i) [  1 — (w 2ti2/ E 2) ] ' 12 (20)

For the case of a Maxwell model:
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(1 / E )(d < r  /  d t) +  (e r/17) =  (le/ d t ( 2 1 )

E i  =  [0o -rj-E  — \r] E ( E  — \ V) ] / [ ( E  — tj\)2 +  77jcj2 1 (22)

E 2 =  [co tjE ( E  — X77) +  oAr/vE1] /  [(I? — 77X)2 +  r/2or]

From eqs. (14), (15), and (22) one obtains

2r;X3 — £X 2 +  2 co2t]\ — ar E  =  0

with solution

X =  E / 2 t, (23)

The values of E h E 2 may be written for any linear, time-dependent stress- 
strain law. The above two are interesting because of the eqs. (20), (23) 
which give the decay constant X in terms of the model constants and fre
quency.

Test Data Analysis

A  test apparatus which has been used with good results consists of a steel 
beam supporting the viscoelastic reed. A  strain gage attached to the beam 
measures the decaying oscillation of the reed. In the analysis it is assumed 
that the reed is rigidly attached. In actuality, the attached end of the reed 
oscillates a small amount. It is felt that this effect could be included in the 
analysis with little change in the answers and it has been therefore neglected.

The resulting trace of a representative test of a highly damped material 
is shown in Figure 1.

In analyzing this trace it is necessary to obtain the frequency of vibration 
and the damping factor. The frequency is readily obtained from the time 
between successive crossings of the reference axis. Several crossings of the 
axis are measured, and the data fitted with a least-squares straight line. 
A computer program which analyzes the data will handle measurements of

Figure 1.
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every crossing or every nth crossing. For the decay constant the peaks are 
measured from the axis in arbitrary units and the log of the amplitude 
fitted with a least-squares straight line. The slopes of the two least-squares 
straight lines yield the frequency and damping, respectively.

Physical Considerations

Testing has been performed on some highly damped materials. These 
materials yield a test trace which has only three or four measurable peaks 
and crossings. Analysis of the data has indicated that the resulting values 
of damping ratio

damping ratio =  X/w

are in the neighborhood of l/ 3 to 1/i . These high values of damping give 
values for the complex modulus which are definitely located in the middle 
of the complex plane. The complex modulus as measured in these tests 
gives both the real and imaginary parts of E  as functions of a complex 
variable. Thus we have essentially generalized the concept of the complex 
modulus. This more generalized complex modulus is necessary in analyzing 
the damped dynamic stresses in a given stress field. The assumption that 
the complex modulus is a function of only iu>, is a restriction which is here 
removed.

The complex modulus on the purely imaginary axis is obtainable by 
extrapolation. By increasing the loading on the end of the reed it is 
possible to reduce the. damping. Thus, values of damping ratio much 
smaller than the above indicated values arc obtainable. By extrapolation 
of the data obtained for different damping ratios the values on the imagin
ary axis are obtained. Confirmation of the above procedures is possible 
using the steady state forced vibration testing as indicated by other 
authors.

fn  eq. (12) let

APPENDIX I

ip =  a  +  ib  (A l)

Then expanding eq. (12) and separating into real and imaginary parts 
yields the two equations

1 +  cos a  cosh b cosh a  cosò +  sin a  sinh b sinh a  sin b =  0 (A2) 

cos a  cosh b sinh a  sin b =  sin a  sinh b cosh a  cos b (A3)

We note that for 0 =  0 eq. (A2), (A3) reduce to

1 +  cos a  cosh a  =  0 (A4)

with roots a  =  ±  1.8751, ±  1.87517 for the fundamental mode.
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If we multiply eq. (A2) by the factor

sinh a  sin b sin a  sinh b (A5)

which yields

sinh a sin b sin a  sinli b +  cos a  cosh b sinli a  sin b cosh a  cos b sin a  sinh b

+  sin- a  sinli- b sin- a  sin- 6 =  0 (AO)

and substitute eq. (A3) in the second term of eq. (AO), we have

sinh a  sin 6 sin a  sinh 6 +  sin'2 a  sinh2 6 cosh2 a  cos2 6

+  sin2 a  sinh2 6 sinh2 a  sin2 6 =  0 (A7)

Now we note that the second and third terms of eq. (A7) are positive. If 
it can be shown that the first term is also positive for a, b ^  0, then the 
proof is complete.

The first term has factors sin a  sinh a  , sin 6 sinli 6.
Investigation of the function sin a  sinh a  (Fig. 2) shows that it is positive 

in the range — r  <  a  <  ir and zero only at a  =  0; thus eq. (A7) >  0 except 
at a  =  0 or 6 =  0.

APPENDIX II

Nomenclature

a, b =
eii =
A ,  B  =  
E

E i, E i =
g
H

I

J

l
m

Q, P
t

w =  
IF

complex representation of ip 
cross-sectional area, in.2 
constants
Young’s modulus, lb ./in .2 
complex modulus components, lb ./in .2 
acceleration of gravity, in ./sec.2 
displacement distribution, in. 
moment of inertia of cross section, in.4 
moment of inertia of mass, lb.-sec.2in.2/in . 
length of reed, in.
mass per unit length of reed, lb. scc.2/ in .2 
operators in stress -strain law 
time, sec.
transverse displacement, in. 
end loading, lb.-see.2/in .
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e =  strain
7 =  density, It)./in.3
-q =  viscous damping, 11).-sec./in .2
X =  damping factor, 1/sec.
a  =  stress, lb ./in .2
to =  frequency of vibration, rad/sec.
\f/ =  eigenvalue
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Résumé

On décrit et analyse un nouveau test simplifié pour obtenir les propriétés physiques 
d’un matériel viscoélastique. Un peigne, fixé à ces extrémités, est déplacé à l’extrémité 
libre et les oscillations amorties sont mesurées. A partir de mesures du facteur d’amor
tissement et de fréquence on détermine le module du complexe. On a calculé des tables 
de valeurs propres pour diverses masses et moments d'inertie attachés à l’extrémité 
libre du peigne. Ile nombreux tests expérimentaux ont montré la simplicité et la possi
bilité d'utilisation de la méthode.

Zusammenfassung

Ein neuer vereinfachter Test zur Bestimmung der physikalischen Eigenschaften eines 
viskoclastischen Stoffes wird beschrieben und einer Analyse unterzogen. Ein an einem 
Ende eingespanntes Stäbchen wird am freien Ende abgebogen und die gedämpften 
Schwingungen gemessen. Aus dem gemessenen Dämpfungsfaktor und der Frequenz 
wird der komplexe Modul berechnet. Tabellen der Eigenwerte wurden für verschiedene, 
am freien Stäbchenende angebrachte Massen und Trägheitsmomente berechnet. Viele 
Yersuchstests bewiesen die Einfachheit und Brauchbarkeit der Methode.
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Thermodynamic Properties of Polymethyl 
Methacrylate and Methyl Methacrylate

R. W. WAR M E LD  and Af. C. PETREE, U . S . N a v a l  O r d n a n c e  L a b o r a to r y ,  
W h ite  O a k , S ilv e r  S p r in g ,  M a r y la n d

Synopsis
From published data the entropy, enthalpy, and Gibbs free energy of polymethyl 

methacrylate (PM M A) have been calculated over the temperature range 0-260°K. 
These functions have also been calculated for methyl methacrylate over the range 
0-210°K. The entropy of polymerization at 210°K. was found to be 9.63 cal./mole°K. 
and the free energy of polymerization was found to be —11.8 kcal./mole. The thermo
dynamic function Cp/T versus T as calculated for PM M A exhibits a maximum at 70- 
100°K. The number of classically vibrating units per repeating unit of PM M A at 
260°K. is 6.38, and the difference Cp-C , is found to be 0.014 cal./g.°K.

Introduction

A fundamental approach toward an understanding of the structure and 
internal motions of a polymer is to investigate the temperature dependence 
and magnitude of the specific heat, C v, and of the related thermodynamic 
functions over a temperature range extending down to absolute zero. 
Changes in C v and in the related functions, entropy, enthalpy, and free 
energy, are indicative of changes in the structure and internal motions 
of a polymer due to crystallization, glass transitions, and melting. In 
addition, C v measurements at low temperatures are useful in testing the 
validity of the various theoretical equations for the heat capacity of 
linear polymers, such as those advanced by Tarassov1 and by Stockmayer 
and Hecht.2

Additional thermodynamic data on bulk polymers are needed to elu
cidate the nature of the glassy and crystalline states and to explain the 
magnitude of the energy changes which occur when polymers are heated or 
cooled, crystallized or melted. This paper, which is the fourth in a 
series3-6 presents the calculated values of the entropy, enthalpy, and 
Gibbs free energy for polymethyl methacrylate (PALMA) over the tem
perature range 0-260°K. and for methyl methacrylate (M M A) monomer 
over the range 0-210°K. The thermodynamic function C v/ T  versus T  is 
calculated for PM M A , as is the difference C v — C„ and the number of 
classically vibrating units per repeating unit.

Specific Heats o f Polymethyl Methacrylate and Methyl Methacrylate

Specific heat of polvmethyl methacrylate is of particular interest because 
of the presence of pendent — CH3 and — CO— OCH:i groups along the

1701
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main chain. It would he expected that both the ester methyl group and 
the main chain methyl group in PM M A  would contribute to the specific 
heat. Thus, while the molecular weights per repeating unit of PRIMA 
and polystyrene (PS) are very similar, it would he expected that the 
differences in the vibrational spectrum produced by 1he different, pendent 
groups would he reflected by differences in the temperature dependence of 
the specific heats.

TEMPERATURE,(°K)

Fig. 1. Specific heat of methyl methacrylate and polymethyl methacrylate: (0 )
methyl methacrylate, data of Sochava (60-210°K.) and Erdos (293-323°K.); (0 ) poly
methyl methacrylate, data of Sochava (16-260°K.).

The specific heat of PM M A  has been determined by Sochava6 between 
16 and 60°K. and by Sochava and Trapeznikova7 between 60 and 260°K. 
These investigators have also determined the C p of M M A  between 60 
and 210°K., and Erdos and co-workers8 have reported data between 293 
and 323 °K.

The specific heat of PM M A  between 0 and 16°Iv. was obtained by 
extrapolating a plot of C J T  versus T -  of the experimental data between 
16 and 30°K. to absolute zero. The specific heat of M M A  between 0 
and 60 °I\. was estimated by means of a Debye function with 8 degrees of 
freedom and a 6d value of 151°K.9 C v of PM M A  and M M A  are shown in 
Figure 1 and in Tables I and II.
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TABLE I
Specific Heat, Entropy, Enthalpy, and (libbs Fron Energy of Methyl Methacrylate

Tempera
ture,
°K.

Specific beat
c ,„

cal./g.°K .n
S r  — aSVk., 
cal./g. °K.

Hr -  //o° 
cal./g.

k . , - ( F t  -  F„°k.), 
cal./g.

1(1 (0 . 004)b 0 .0021 0.013 0 . 002
20 (0 . 027)b 0 0153 0. 133 0 .097
30 (0.. 059)b 0 0372 0.562 0 .368
40 (0 . 084)b 0 0616 1 .288 0 . 868
50 (0 . 103)'- 0 0856 2.242 1 610
60 0 118 0. 1079 3.352 2 . 582
70 0 .142 0. 1298 4.662 3 . 775
SO 0 . 157 0. 1512 6.162 5..178
90 0 .170 0. 1717 7.802 6. 792

too 0 .181 0. 1912 9.552 8. 612
110 0 .191 0. 2097 11.40 10 02
120 0 204 0. 2276 13.37 12 SO
130 0. 217 0. 2452 15.48 15..17
140 0. 230 0. 2624 17.71 17 .71
150 0 .244 0 .2793 20. OS 20,.42
160 0 256 0. 2960 22.58 23 30
170 0. 269 0. 3124 25.20 26. 34
ISO 0. 285 0. 3287 27.97 29, 55
190 0. 305 0. 3451 30.92 32. 92
200 0. 32S 0. 3617 34. OS 36. 45
210 0. 358 0. 3788 37.50 40. 15

a Data of Sochava (60-210°K.). 
b Calculated by a Debye function.

Between 16° and 60°K., PM M A  and PS6 exhibit similar magnitudes of 
Cj,. However, the C v of PM M A  increases linearly with temperature, 
while that of PS exhibits a nonlinear temperature dependence. This 
suggests that PS has an additional heat capacity which is superimposed
upon a linear one. Trapeznikova and Feofanova10 have concluded that 
this additional C v is due to the rotation of the phenyl group in PS.

Warfield and Petree11 have recently shown that the model of Stock- 
mayer and Hecht2 and the analytical procedure of Starkweather12 can be 
applied to the low temperature heat capacity data of P M M A  and PS. 
Several structural parameters can be calculated by this procedure.

Entropy, Enthalpy, and Gibbs Free Energy Calculations

From C „ data, values of entropy, enthalpy, and Gibbs free energy of 
PM M A and M M A  have been calculated at ten degree increments by 
numerical integration; results are presented in Tables I and II and in 
Figure 2. The values were obtained by evaluating the thermodynamic 
relations

C pd T

T
S r  — S q° k . (1)
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TARDE II
Specific Heat, Entropy, Enthalpy, and Gibbs Free Energy of Polymethyl Methacrylate

Tempera
ture,
°K.

Specific heat
c „

cal./g. °K.*
St — <8>k.,
cal./g. °K.

Hr -  H„ok„
cal./g.

- ( F t -  Vo°iO, 
cal./g.

10 (0.010)'* 0.0112 0.070 0.010
20 0.019 0.0246 0.190 0.179
30 0.035 0.0384 0.460 0.500
40 0.051 0.0529 0.890 0.962
50 0.066 0.0675 1.470 1.568
60 0.083 0.0823 2.210 2.316
70 0.098 0.0977 3.130 3.220
SO 0.112 0.1127 4.180 4.272
00 0.126 0.1277 5.380 5.474

100 0.139 0.1425 6.710 6.828
110 0.149 0.1569 8.150 8.324
120 0.15S 0.1708 9.680 9.962
130 0.160 0.1843 11.30 11.74
140 0.176 0.1975 13.02 13.64
150 0.186 0.2104 14.83 15.68
160 0.194 0.2231 16.73 17.85
170 0.202 0.2356 18.72 20.15
ISO 0.210 0.2478 20.79 22.58
100 0.218 0.2597 22.93 25.11
200 0.226 0.2709 25.15 27.68
210 0.235 0.2825 27.47 30.44
220 0.244 0.2939 29.86 33.33
230 0.250 0.3051 32.34 36.31
240 0.255 0.3161 34.87 39.41
250 0.262 0.3269 37.46 42.63
260 0.267 0.3375 40.11 45.95

a Data of Sochava (I6-260°K.). 
b Calculated by extrapolation.

H r  -  H 0° k . =  f 0T C „ d T  (2)

F t  -  F 0oK. =  ( H r  -  H ook.) -  T ( S r  -  S 0-k .) (3)

where (S T — S 0°k .), ( H t  — / / 0°k .), and (Fr — F0°k .) are the entropy, 
enthalpy, and Gibbs free energy relative to absolute zero.

At 260°K., the entropy of RAIMA was found to be 0.3375 cal./g .°K . 
or 33.75 cal./m ole°K . Entropy of M M A at 210°K. was found to be
0.3788 eal./g.°K . or 37.88 cal./m ole°K . The entropy of polymerization 
at 210°K. was found by difference to be 9.03 cal./m ole°K . At 260°K. 
the enthalpy of PM M A  was found to be 40.11 cal./g., and that of M M A  
at 210°K. was 37.50 cal./g. Gibbs free energy of PM M A  at 260°K. 
was found to be —45.95 cal./g. and for M M A  at 210°I\., —40.15 cal./g.

The free energy of polymerization, AF , is calculated at 210°K. by means 
of eq. (4):

A F = AH -  T AS (4)
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Fig. 2. Thermodynamic functions of polymethyl methacrylate: (01 entropy; (A) 
enthalpy; (0 )  Gibbs free energy.

where A H  is the heat of polymerization of M M A  (13.8 kcal./m ole),13 
and AN is the entropy of polymerization (9.6 cal./m ole°K .). The free 
energy of polymerization is thus found to be —11.8 kcal./m ole at 210°K. 
This AF  value may be slightly high, since the A H  was determined at 
300 °K. The corresponding (AF )  value for the polymerization of styrene 
at 300°Iv. is —9.4 kcal./mole. These values can be compared with the AF  
value of —14.3 kcal./mole which has been calculated by Dainton et al.14 
for the polymerization of 3,3-bis(chloromethyl)oxyacyclobutane.

Plots of the thermodynamic functions versus temperature for P M M A  
are shown in Figure 2. These functions change with temperature in a 
manner very similar to those of PS and polyethylene. Since P M M A  
is an amorphous polymer, it must be assumed that there will be residual 
entropy at absolute zero.

The Function C „ / T  versus T  for Polymethyl Methacrylate

Smith and Dole15 have pointed out that the function C v/ T  versus T  
is a constant if the specific heat rises linearly with T  from a zero value at 
absolute zero. The function C p/ T  measures the rate at which the entropy 
increases with temperature:

(,dS/dT)P = CP/T (5)
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Fig. 3. Specific heat function C,,/T vs. T for polymethyl methacrylate and polystyrene: 
(O) polymethyl methacrylate; (□ ) polystyrene.

Dole and Wunderlich16 have presented data for the magnitude and tem
perature dependence of this function for a number of polymers and long 
chain hydrocarbons. .For many of the hydrocarbons, a maximum value of 
the function is observed at 60-70°K. which, according to Dole and Wunder
lich,16 is due to one or more modes of vibration having the same frequency 
dominating at this temperature range. Warfield and Petree have found 
that polystyrene,3 polyethylene,4 polyvinyl alcohol,5 and polytetrafluoro- 
ethylene4 exhibit maxima at temperatures below 100°K.

A plot of C p/ T  versus T  for PM M A is shown in Figure 3. Data for PS 
are included for purposes of comparison. It will be noted that PM M A  
exhibits a maximum value of this function at 7 (M 00°K . and that at higher 
temperatures the magnitude of the function decreases. These maximum 
values are probably due to interactions between chains which can best be 
described by a three-dimensional Debye continuum of acoustic frequencies.3

Vibrating Units per Repeating Unit o f Polymethyl Methacrylate

Based upon a number of assumptions, D ole17 was able to calculate the 
heat capacity per vibrating unit of polyethylene. Employing the same 
assumptions it is possible to estimate the number of classically vibrating
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units at 2<>0°K. in the PAIMA repeating unit — C(CH :t)(COOCIT:,)CH2— . 
Three assumptions are employed. The first is that the force constant of 
the C— II bond is so great that the methyl and methylene groups will 
vibrate as a single unit; the second is that every group in the chain can 
vibrate harmonically with two degrees of freedom along mutually per
pendicular axes transverse to the chain direction; and the third, that 
longitudinal or stretching vibrations are negligible at 260°Iv. If each 
vibrating unit vibrates with two degrees of freedom, the expected spe
cific heat would be 2R  or 3.97 cal./m ole°K . per vibrating unit. However, 
these considerations apply to C„, not C v.

The number of vibrating units per repeating unit is found by dividing 
C r, the heat capacity at constant volume, by 2R . (7„ can be calculated by 
means of eq. (6):

C. =  C V
_________ 1_________ '

_ r  +  ( T V W / C r T ) .
(6)

where C p is the observed heat capacity of PM M A  at 2fiO°K. (0.2(17 ca l./ 
g .°K .); V  is the sound velocity (2320 m ./sec.);18 d  is the cubic coefficient 
of expansion (2.00 X 10“ 4);19 and J  is the mechanical equivalent of heat 
(4.184 X 107 erg/cal.). C „  is found to be 0.253 cal./g .°K . or 25.3 ca l./ 
m ole°K., and ( C v — C „ )  is 0.014 ca l./g .°K .) Based upon these values the 
number of vibrating units per repeating unit of PM M A  at 200°K. is 
6.38.
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Synopsis

Various self-diffusion and nuclear relaxation experiments are reported for a polyiso
butylene of rather low molecular weight, in bulk and in solution. In the bulk, the self
diffusion coefficient obeys the Arrhenius relation, yielding an activation energy of 5.5 
kcal./mole. In solution the activation energies are lower, approaching the value for the 
solvent at low concentration. The self-diffusion coefficient of the polymer at infinite dilu
tion is 1.2 X 10~5 c m . V s e c .  in CS2 and 0.44 X 10“5 cm.2/sec. in CCh. The ratio is close 
to the inverse ratio of the solvent viscosities. Measurements of self-diffusion of the sol
vent have been made for cyclohexane in polyisobutylene. A simple interpretation of the 
data in terms of Stokes-Einstein models yields molecular dimensions which are too small 
by a factor of two or three.

I. INTRODUCTION

The study of self-diffusion in polymer systems is of fundamental impor
tance. Theories for viscoelastic and dielectric behavior are often presented 
in terms of parameters called friction factors, and a direct measure of these 
parameters can be obtained from self-diffusion measurements. This 
paper presents the results of a series of measurements of self-diffusion for 
a polyisobutylene of low molecular weight in bulk and in solution. In 
addition, nuclear magnetic relaxation has been studied in the same systems.

Both self-diffusion and nuclear relaxation measurements provide in
formation on time dependent behavior but the experiments do not require 
the existence of appreciable gradients (c.g., concentration, velocity, or 
temperature gradients) in the system. The interpretation of nuclear re
laxation times is more complicated than the interpretation of self-diffusion 
owing to the fact that both rotational and translational motions affect the 
former, whereas self-diffusion is a measure of translational effects only.

II. EXPERIMENTAL

The proton magnetic resonance spin-echo technique for measuring self
diffusion has been fully described previously.1,2 No changes have been 
made in the method, but a slight extension of the analysis is necessary to 
include the measurement of self-diffusion coefficients for the components of

1 7 0 9
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a mixture. The echo amplitude for an «-component solution can be written 
as:

/t(2r) =  E  •*',/;¿(2r) (1)
i ~ 1

when the sample is contained in a very homogeneous field (i.c., when diffu
sion is negligible), r is the separation in time between the 90° pulse and 
the 180° pulse and x t is the fraction of protons contained in the ith com
ponent. When a linear field gradient is applied, the echo amplitude is 
given by

g ( 2 r )  =  E  x M 2 t ) exp { - 2 ( 7G)2Z)i(2r)V3} (2)
i = 1

where D t is the self-diffusion coefficient of the ith component, y  is the 
nuclear gyromagnetic ratio, and G  is the field gradient. It will be possible 
to separate these unknown factors, namely I), and hu only when conditions 
are favorable. The h / s  contain information regarding the spin-spin re
laxation times (i.e., IVeffects) and the internuclear ./-coupling.3 When 
the latter factors arc missing, it is usually found that

h i ( 2 r )  =  exp { - 2 t/ T u } (3)

Consider now the case of a polymer dissolved in a solvent, such as 
cyclohexane or benzene. In these solvents (denoted by subscript 1) the 
protons are all equivalent and eq. (3) applies. Thus

h ( 2 r ) =  .r,/),.(2r) +  .Cl exp j - 2 r / 7 ’21} (I)

and

</(2t) =  exp j - 2 ( y G ) - D 2{2 T )3/'6\

+.ri exp | — 2t/T , i} exp { — 2 (7G)-/>i(2r)V3) (o)

The function /¿2(2t) usually decays much more rapidly than exp j — 2 t / T 21} 

in a system such as we are considering. Thus a plot of In h ( 2 r )  versus 
(2t)  will approach a straight line at large (2r), and this line can be ex
trapolated back to the intercept .i7. It is assumed here that the echo decay 
function has been normalized such that /i(2r) =  1 at (2r) =  0. The slope 
of the line is — 1 /7 V  /i-2(2r) can be obtained by a simple subtraction of the
extrapolated line from the experimental curve, h ( 2 r ) .

Usually polymers do not exhibit simple exponential decays, even in 
solution, and thus one is not justified in defining a parameter T22, eq. (3). 
In terms of the steady-state resonance experiment, this amounts to saying 
that the polymer resonance shape is not Lorcntzian.

Having obtained the /i,(2r)’s and .r,’s one may analyze the decay func
tion (j( 2 t ) . Since the polymer diffuses more slowly than the solvent, the 
two terms of eq. (5) decay at approximately the same rate; that is, al
though }i2(2t)  decays much factor than h i ( 2 r ) ,  the effect is compensated by
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the fact that exp { — 2(yL')-/L(27-/i/.'3j decays much more slowly than exp 
j — 2(7fr)2ZIi(2r )3/ 3} . Equation (5) may be written as

h i([t/(2r) -  x -A {'2t) exp \'2(yG)-Di{2T)3/'3} ], .ti/ii(2r)) =  In l,/(2r)]

=  - 2 { y U !) 2A ( 2 r ) V '3  (0)

The procedure that has been adopted is to assume a value for D> and 
make a plot of ln j(2 r) versus (2r ) :i. If the plot is curved, a different value 
is assumed for D2, and a new plot is made. A  straight line is obtained 
when the correct value for D« is used. The slope of the line is —2(yG)2Di/S, 
from which D 2 can be computed.1

Longitudinal relaxation times have been measured bymeans of a 180-190° 
pulse sequence. The “ null” procedure has been adopted, i.e., 7\ =  
¿„uii/ln 2, even when the relaxation behavior is not exponential. Similarly, 
transverse relaxation times have been measured by means of a 90°-180° 
pulse sequence, T 2 =  fi-  In 2, where h i2 is the time between the 90° pulse 
and the echo when h =  1 /•>. Again, the nuclear magnetization may not 
decay exponentially.

III. MATERIALS

Solutions of polyisobutylcne in cyclohexane, carbon tetrachloride, and 
carbon disulfide have been studied. The polyisobutylcne is a commercial 
product designated Indopol H-35 (Indoil Chemical Company, Chicago, 
Illinois). The material is rather low in molecular weight and has a fairly 
broad distribution; the molecular weight is 1660 from dilute solution vis
cosity and 700 from melt viscosity.4 At 25.0°C., the bulk viscosity is 
•'19.04 g./cm.-sec. and the density is 0.86411 g ./cm .3. At M9.9°C. the bulk 
viscosity is 11.38 g./cm.-sec. and the density is 0.8555 g ./cm .3.

Reagent grade solvents were used in each case.

IV. RESULTS AND DISCUSSION

A. Self-Diffusion o f Polymer in the Melt

Self-diffusion of Indopol H-35 has been studied in the undiluted form at 
110-180°C. Figure 1 shows an Arrhenius plot of the data, i.e., log D  
versus reciprocal temperature. Figure 1 also includes points for lower 
temperatures which were obtained by extrapolating data for the CCfi 
solution to the pure polymer side (see below). The points are seen to 
fall on the same line, within the rather generous error involved, and the 
activation energy, E D =  — R [ d  In D / d ( l / T ) ] p, is 5.5 kcal./mole. The 
activation energy for viscosity of the polymer melt, E r =  R [ d  In r¡/d- 

( 1 /7 U ,  is 15.5 kcal./m ole.13 In earlier studies1'5-7 of low molecular weight 
liquids, E d has always been found to be comparable with E v. On the other 
hand, E „  was found to be larger than E D in some fractions of linear poly
ethylene.1 Thus it may be that it is characteristic of polymeric materials 
to have E „  two or three times as large as E D.
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Fig. 1. Arrhenius plot of the self-diffusion coefficient D (c.m.2/sec.) for a polyiso
butylene melt: (• ) direct melt data; (O) obtained by extrapolating the results of 
solution measurements.

B. Self-Diffusion o f the Polymer in Solution

Figure 2 illustrates the concentration dependence of the self-diffusion 
coefficient for solutions of Indopol H-35 in CC14. As the concentration is 
reduced, the resonance signal strength is reduced proportionately, which 
reduces the accuracy of the measurements. At higher concentrations the 
diffusion coefficients arc so small that the measurements are also of limited 
accuracy. Even so, one can say that the concentration dependence of the 
diffusion is exponential, i.e.,

D  =  D 0 exp { — 6c} (7)

and b is (approximately) independent of temperature. The plots of Figure 
2 were extrapolated to c =  1 to obtain the low temperature points of Figure 
1, where c  is weight fraction of polymer. The fact that the extrapolated 
points of Figure 1 are consistent with the data for the high temperature 
melt suggests that the concentration dependence of eq. (7 )  is valid over the 
entire range of concentration, except perhaps at very low concentrations.

Arrhenius plots for the 6.6%  and 46.5% solutions (in CC14) are shown in 
Figure 3. Activation energies are 3.0 ±  0.4 kcal./mole for the 6.6%  
solution, 3.6 ±  0.2 kcal./mole for the 46.5% solution, and 5.5 ±  0.1
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Fig. 2. Concentration C (weight fraction polyisobutylene) dependence of the self-dif
fusion coefficient D (cm.2/sec.) of polyisobutylene in CC14 at (O) 50°C. and (• ) 30°C.

2 .8  2 .9  3 .0  3.1 3 .2  3 .3  3 .4
103/T

Fig. 3. Arrhenius plots of the self-diffusion coefficient D  (cm .2/sec.) for polyiso
butylene in solution in CCU at concentrations of (O) 6.G wt.-%  and (• ) 46.5 wt.-%  
polyisobutylene.
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kcal./mole for the melt ( 100% ). Iu the dilute solution (0.0% ), the acti
vation energy is near that of the solvent.8

C. Self-Diffusion o f Solvent

The concentration dependence of the self-diffusion coefficient of cyclo
hexane in cyclohexane-Indopol H-35 solutions is shown in Figure 4. It is 
seen that the semilogarithmic plot is linear, and thus eq. (7) holds also 
when D  refers to the solvent. The activation energy varies from 4.1

-0.1 O 0.1 0.2 0.3 0.4 0.5 0.6c
Fig. 4. Concentration 0  (weight fraction polyisobutylene) dependence of the self-dif

fusion coefficient D (cm.2/sec.) of cyclohexane at (O) 50°C. and (• ) 130°C.

kcal./mole in the pure cyclohexane to 4.8 kcal./mole in .18.7% w t.-%  poly
mer solution. The activation energy for cyclohexane diffusion extrapolated 
to the pure polymer side is 5.3 kcal./mole. These results and those listed 
above suggest that the activation energy for self-diffusion is determined by 
the solvent host rather than by the diffusing molecule, that is, the concen
trated substance determines the temperature dependence of the diffusion 
coefficient of either the low or the high molecular weight component.

D. The Effect o f Solvent on Polymer Self-Diffusion

Figure 5 shows the concentration dependence of the self-diffusion coeffi
cient for Indopol 11-35 in solution in CS2. Note that in this case the semi
logarithmic plot is not strictly linear. The points at higher concentration 
exhibit positive deviations from a linear connection of the low concentra
tion points and the melt value extrapolated from the CC14 solution plot.
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Fig. 5. Concentration C (weight- fraction polyisobutylene) dependence of the self-dif
fusion coefficient D (cin.2/sec.) of polyisobutylene in CS2 at 30°C

It is of interest to compare the values of the diffusion coefficient at zero 
concentration (extrapolated) for the two solvents CS2 and CC14. At 
30°C., A ,(CS2) =  1.2 X 10~5 cm.'2/sec. and D 0(CC14) =  0.14 X  10~5 
cm .2/sec. The ratio is 2.7, whereas the viscosity ratio t/(CC14) / j;(CS2) is
2.4. The similarity of these ratios is in agreement with the behavior 
expected on the basis of the Stokes-Einstein relation. It is apparent that a 
stronger overall dependence on concentration is to be expected in a solvent 
of lower viscosity; that is to say, since the polymer diffuses more rapidly 
in a less viscous solvent and the diffusion rate in the melt is identical, there 
must be a larger total change in I )  over the entire concentration range in 
the less viscous solvent. However, this does not imply that the slope at 
any particular point will be greater in the less viscous solvent.

E. Nuclear Magnetic Relaxation o f the Polymer in Solution

The concentration dependence of the spin-lattice relaxation time is 
shown in Figure 6. The data are for Indopol H-35 in CC14 and CS2. The 
semilogarithmic plot is approximately linear, and the slope is not strongly 
dependent on temperature. The activation energies obtained from plots
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l'ig. 6. Concentration C  (weight fraction poly isobutylene) dependences of 'J\ (sec.): 
(O) in CCl.i at 50°C.; (• )  in CC14 at 30°C.; (A) in CS2 at 30° C.

of In 7’i versus 1 /T  (L'ig. 7) are 3.9 kcal./mole for the 6.6%  solution in 
CC14 and roughly 5 kcal./m ole for the 46.5% solution in CC14. These 
activation energies are larger than the corresponding (plantitles for self
diffusion. The absolute values of T\ are one order of magnitude lower than 
those exhibited by low molecular weight hydrocarbons.

Figures 8 and 9 display the 1\  data for Indopol H-35 in solution in CC14 
and CS2. The activation energy computed from the slope of Figure 8 
is about 3.4 keal. for the 46.5% solution. In Figure 9 the scatter precludes 
any quantitative interpretation, but it is evident that 'Z,2(CS2) >  T /C C h ), 
in accord with the expected viscosity dependence.

V. DISCUSSION AND INTERPRETATION

The experimental results that lend themselves most readily to inter
pretation in terms of molecular characteristics are those for polymer 
diffusion and relaxation in solution. It is important to realize, however, 
that even the most dilute solutions investigated in this study are relatively 
concentrated, in terms of polymer solution theory. Even so, we have
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103/ T

Fig. 7. Arrhenius plots of Ti (sec.) for polyisobutylene in CCL at concentrations of (O) 
6.6 w t.-%  and (• ) 46.5 \vt.-% polyisobutylene.

2 .8  2 .9  3 .0  3.1 3 .2  3 .3  3 .4

103/ T

Fig. 8. Arrhenius plots of Ti (sec.) for polyisobutylene in CC14 at concentrations of (O) 
6.6 wt.-%  and (• ) 46.5 w t.-%  polyisobutylene.



1 7 1 8 D .  W .  M c C A L L ,  D .  C .  D O U G L A S S ,  E .  W .  A N D E R S O N
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F ig. 9. Concentration C  (w eight fraction polyisobutylene) dependences for T 2 (sec.): 
(O) in CC14 at 50°G.; ( • )  in CCU a t  30 °C .; (A )  in C S 2 at 30°C.

simply extrapolated Figures 2, 0, and 9 (for CCU) to c =  0 and we find 
TUc = 0) =  0.37 sec. at 30°C. and 0.46 sec. at 50°C.; D (c = 0) =  4.41 X 1 0 - 6  

cm.2/sec. at 30°C. and 5.52 X 10~ 6 cm.2/sec. at 50°C.; and 7/(c = o> =
0.12 sec. at 30°C. and 0.15 sec. at 50°C. If the relaxation arises from mo
lecular rotation, the correlation time may be written as4,1(-

t', = 3T V /1071! (8 )

when r 'c «  7/ and t'„ «  1 /to. T"-> is the value T-> would possess if the mole
cules were motionless. A rough estimate of T"-> is (yAiA)” 1, where AH 2 
is the root second moment of the low temperature proton resonance for 
poly isobutylene. Using 0.3 gauss12 for A Hi we find 7'"a =  6  X 10- 6  sec. 
and

r ', =  1.0 X 10- n/T i (9)

These values are to be compared with the Bloembergen, Purcell, and Pound 
result10 or (based on a Stokes-Finstein model),

t'c — 4:irria3/3kT (10)

where 17 is the viscosity and a is the molecular radius. By combining eqs.
(9) and (10) we can deduce a, which for Indopol H-35 at 30°C. turns out 
to be 3.2 A. in CC14 and 3.7 A. in CS>. The difference is insignificant.

A similar estimate of the molecular radius can be calculated from 
Stokes-Einstein self-diffusion relation,

a =  kT /(3Trr]D (1 1 )
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This relation yields .">.2 A. in CS2 and 5.8 A. in CC14, from the Indopol 
Il-.'ir, diffusion data at 30° ( 5 Again, the difference is not significant.

For a bulk density of 0.80 g./cm . , 3 a molecule of molecular weight
1,000 would lie expected to have a radius of about 8  A. Thus the radii 
determined for Indopol 11-35 are too low. This is not surprising, as Stokes- 
Einstein radii usually turn out to be too small. However, the result is 
somewhat disappointing, in that there are reasons for expecting the Stokes- 
Einstein treatment to improve as the size of the diffusing molecule (relative 
to the size of a solvent molecule) is increased. When eq. (11) is applied 
directly to the data obtained for bulk polyisobutylene, one obtains a 
radius of 10 A. at 140°C. and 0.1 A. at 25°C. This result merely reflects 
the fact that the activation energies for viscosity and self-diffusion are 
greatly different, which is inconsistent with eq. (1 1 ).

It should be noted that the deduction of the radius a from the 7) data 
was based on the simplest model available in the limit of motional nar
rowing. This same theory111 predicts that 7\ =  73 in this limit, although 
we find that these quantities differ by a factor of about two in dilute solu
tion. There are several aspects of nuclear relaxation that are poorly 
understood, and a more reliable interpretation may be expected in time. 
For the present, experiment and theory can be said to be in remarkably 
good agreement.

Nolle13 has reported that at low concentrations polyisobutylene in 
carbon tetrachloride 75 becomes independent of concentration and mo
lecular weight. This indicates that segmental motions dominate the re
laxation behavior at low concentration. However, the limiting 75 found 
by Nolle was about 0.07 sec., whereas we observe 75’s of 0 . 2  sec. at even 
higher concentrations. The resolution of this apparent discrepancy 
probably lies in differences of molecular weight. The Indopol Ii-35 
studied herein has a lower molecular weight than any material described 
by Nolle.

T h e authors are indebted to D r. W . P. S lichter and M r. ,1. H. Heiss for valu able  infor
mation and comments.
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Résumé

On a effectué différentes expériences de diffusion e t de rélaxation nucléaire pour le poly- 
isobutylène de faible poids m oléculaire préparé en bloc et en solution. E n  bloc le co
efficient de diffusion obéit à la loi d ’Arrhénisu avec une énergie d 'activation  de 5,5 kcal./ 
mole. E n  solution les énergies d ’activation  sont plus faibles, approchant la valeur pour 
le solvant à faible concentration. L e  coefficient de diffusion du polym ère à dilution in
finie est de 1,2 X  10 -5 cm .2/sec. dans le C S 2 et 0.44 X  10 -5 cm .2/sec. dans le C C 14. Le 
rapport est voisin de l ’inverse du rapport des viscosités des solvants. Les mesures de dif
fusion du solvant ont été faites pour le cyclohexane dans le polyisobutylène. Une inter
prétation simple des données sur la base de modèles de Stokes-E in stein  fournit des di
mensions m oléculaires qui sont trop petites d ’un facteur de 2 à 3.

Zusammenfassung

E s wird über Versuche zur Selbstdiffusion und K ernrelaxation von ziemlich nieder
molekularem Polyisobutylen  in Substanz und in Lösung berichtet. In Substanz ge
horcht der Selbstdiffusionskoeffizient einer Arrheniusbeziehung und liefert eine A k tiv ier
ungsenergie von 5,5 kcal./M ol. In Lösung sind die Aktivierungsenergien niedriger und 
nähern sich bei niedriger K onzentration  dem W ert für das Lösungsm ittel. C er Selbst- 
diffusionskoeffizient beträgt bei unendlicher Verdünnung in C S 2 1,2 X 10~5 cm .2/sec. und 
in C C 14 0,44 X 10 -5 cm .2/sec. D as Verhältnis beider W erte entspricht zeim lich gut dem 
um gekehrten Verhältnis der Viskosität der Lösungsm ittel. M essungen der Selbstdiffu
sion des Lösungsm ittels wurden fiir C yclohexan in Polyisobutylen  ausgeführt. Eine 
einfache Interpretation der Ergebnisse nach dem S tokes-E in stein-M odell liefert M ole
küldimensionen, die um einen F ak tor zwei oder drie zu klein sind.

Received April 5, 1962
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T h e  M o l e c u l a r  S t r u c t u r e  o l ‘ P o ly e t h y le n e .  X I I .  

I n t r in s i c  V is c o s i t i e s  o f  P o ly e t h y le n e  S o lu t io n s *

M. 0 . DE LA GUEST A | and F. W. BILLMEYER, J R ,f  Department of 
Chemistry, University of Delaware, Newark, Delaware

Synopsis

W hile the intrinsic v iscosity  of polyethylene solutions is reported in the literature for 
a t  least 6 different solvents and 14 different tem peratures in 23 com binations, few 
relations exist for converting from one set of conditions to  another. Likewise, intrinsic 
v iscosity-m olecu lar w eight relations are reported for several sets of conditions and 
polym er types, in some cases leading to  inappropriate comparisons. T h e following rela
tions are established between the intrinsic viscosities of branched polyethylene in dif
ferent solvents:

IvU =  L 5 0 [ , ]*>•'» 

hit = 1.26b]«1-«7 
h ] x =  1 . 2 8 b ] « 1-04 

hid = L19 hit1-03 

h i ,  =  1.03 h it0' 97

hid  =  1.15  h  lx1-06

where a  denotes a-chloronaphthalene at 125 °C .; d, decahydronaphthalene a t 70 °C .; 
t, tetrahydronaphthalene a t 12 5 °C .; and x, ¡»-xylene a t 85°C . T h e relations for linear 
polyethylene are significantly different from those for branched polyethylene, b u t have 
not been established in detail. T he literature is examined for the appropriateness and 
reliab ility  of intrinsic v iscosity-m olecu lar w eight relationships for p olyethylene. A n aly 
sis of the experim ental data  leads to the following relations for linear polyethylene w hich 
are proposed as the m ost consistent, reliable, and appropriate currently obtainable (in
trinsic viscosities are expressed in deciliters/gram  for m easurem ent conditions of deca
hydronaphthalene a t 13 5°C ., within experim ental error of those specified in A S T M  
I) 1601-58T). F o r the num ber-averge m olecular weight of fractions of linear poly
ethylene, h i  =  2.3 X  10 _4Af„0-82; for the w-eight-average m olecular w eight of whole 
polym er sam ples of linear polyethylene, hJ =  2.55 X  lC U L liJ1-74; for the w eight-average 
m olecular w eight of fractions of linear polyethylene, [jj] =  3.9 X

* Presented at the Fou rth  D elaw are V alley  Regional M eeting of the Am erican Chem 
ical Societ}', Philadelphia, P a ., January 25-26, 1962. Portions of this research were 
perform ed b y  (M rs.) M . O. de la C uesta  in partial fulfillm ent of the requirem ents for the 
degree of M aster of Science, U n iversity  of D elaw are. Previous papers in this series 
were published in J .  A m .  C h e t n .  S o c . ,  75, 6110 (1953); i b i d . ,  79, 5079 (1957); i b i d . ,  81, 
3129 (1959); J .  P o l y m e r  S c i . ,  62, 251 (1962).

t  M ailing addresses: T extile  Fibers D epartm ent and Plastics D epartm ent, respec
tive ly , E . I. du P on t de N em ours and C o., D u P on t Experim ental S tation, W ilm ington, 
D elaw are.

1 7 2 1
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INTRODUCTION

Since the first preparation of polyethylene 2*> years ago, 1 the dilute solu
tion viscosity of this polymer has been reported in the literature for an un
usually wide range of experimental conditions, including at least G different 
solvents and 14 different temperatures in a total of 23 combinations 
(Table I). However, only a few workers report the viscosity of the same 
samples measured under different conditions; results of this nature are 
often approximate or fragmentary. Thus it is difficult to compare meas
urements made with one set of conditions to those carried out with a 
different solvent, temperature, or both.

The comparison of the intrinsic viscosity of polyethylene with absolute 
values of molecular weight has likewise been made for a variety of con
ditions (Table II). (Here, the more common terminology of Cragg43 is 
used rather than that recommended by the International Union of Pure 
and Applied Chemistry.44) All possible comparisons have been made

T A R E E  I
Experim ental Conditions Published for M easurem ent of the Solution V iscosity  of

Polyethylene'*

Solvent

Tern- Bis-2-
per- (ethyl-

ature, «-Chloro- D ecahydro- hexyl)- T etrahydro- Tol-
° c . naphthalene naphthalene adipate naphthalene uene jo-Xylene

70 5 ,6 ,3 0 , 3 8

3 8

75 2 ,2 0 ,2 2 4 ,1 1 ,3 0
80 23,20 ,30  15
8 1 .0 2 4 ,2 8 ,3 5 ,

36
8 1 .5 41
85 6
00 9

100 35 11,3 4 ,3 0 2 4 ,35
105 10,3d 1 3 , 2 8 , 3 6 ,

41
120 3 S 3 , 1 0 , 1 2 ,

2 7 , 3 S

125 6 ,1 4 ,1 6 ,1 7 , 0 , 3 6

21 ,42
120.2
130

J f i

7 , 1 8 , 2 0 ,

135 8 , 1 4 , 3 6 .

3 1 , 3 2 ,

3 8 , 3 7

145 34

“ T ab le  entries are reference num bers: Rom an typ e  indicate m easurem ent of branched 
polyethylene; italics, linear polyethylene; boldface, both kinds.
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between the intrinsic viscosity of both linear and branched polyethylene, 
fractionated and unfractionated, with both weight-average and number- 
average molecular weight. The inappropriateness of the comparison or its 
limited applicability has often passed unrecognized.

T A B L E  TI
T y p e s of Published Com parisons of Intrinsic V iscosity  and M olecular W eight for

P olyethylen e“

T y p e  cif m olecular w eight

T y p e  of polym er N  um ber-average W eight-average

Branched
W hole polym er 4, 11, 16, 20, 24, 

29, 35
6, 10, 11, 19, 21, 

24, 35, 36, 42
Fraction 5, 15, 24, 28, 30, 

39
23, 24, 41

Linear
W hole polym er 4, 12, 27, 35 3, 10, 11, 14, 17,

26, 32, 35
Fraction 9, 18, 24, 25, 28 

40
14, 31, 32, 33, 36, 

37, 40

“ T ab le  entries are reference num bers.

The purpose of this paper is twofold: (f) to present data relating the 
intrinsic viscosities of polyethylene measured on the same sample with 
different solvents and temperatures (most results refer to branched poly
ethylene, but some comments are made with respect to linear polymers);
(2) to examine for appropriateness and reliability the published intrinsic 
viscosity-molecular weight relations for polyethylene.

EXPERIMENTAL

Samples

Polyethylene samples 14, 76, 77, and 78 are Fawcett-type1 (branched, 
high pressure, free radical) polyethylenes. Sample 84 is an essentially 
linear polyethylene made in a low pressure synthesis with the use of a 
transition metal halide-type catalyst.

Viscosity Measurement

The solvents a-chloronaphthalene, decahydronaphthalene, and 1 ,2,3,4- 
tetrahydronaphthalene were redistilled before use, while p-xylene (Merck 
and Company, reagent grade) was used as received.

Viscosity measurements for the four branched polyethylenes were made 
in a-chloronaphthalene at 125°C., tetrahydronaphthalene at 125°C., 
p-xylene at 85°C., and decahydronaphthalene at 70°C. The viscosity of 
sample 76 was also measured in tetrahydronaphthalene at 80°C., and in 
decahydronaphthalene at 135°C. The viscosity of sample 84 was measured
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in a-chloronaphthalene at I 25°C., tetrahydronaphthalone at 125°C., and 
decahydronaphthalene at 135°C.

The viscosity measurements were made in Cannon-Ubbelohde sus
pended-level dilution viscometers (Cannon Instrument Co., State College, 
Pa.). The capillary size! of the viscometers was so chosen that the efHux 
time for the solvent exceeded 150 sec., making kinetic energy corrections 
negligible. The viscometers were used at shear rates between 1000 and 
2000 sec.-1, in the range where Wesslau14 states that shear rate corrections 
are negligible for intrinsic viscosities below 3.8 dl./g. Since the highest 
intrinsic viscosity measured in this work was 2 . 0  dl./g., no shear rate 
correction was made.

Reduced and inherent viscosities were calculated on a Bendix G-15 
computer. The data for duplicate samples were then combined, and re
duced viscosity-concentration and inherent viscosity-concentration re
lations were established by use of a least-squares program on an IBM 650 
computer. Results were expressed as the intrinsic viscosities and their 
95% confidence limits.

Relations of the type:

hU i vent A K  [t] ]Solvent B (i)

were computed for each pair of solvents for the data obtained with the 
branched polymers. The computer program used here did not take into 
account the individual variances of the intrinsic viscosities, but used only 
the average values. For this reason, no confidence limits have been 
computed for K  and a in eq. (1).

RESULTS

Intrinsic viscosities and their 95% confidence limits are listed in Table 
III, and the Huggins45 and Kraemer46 constants, k' and k", calculated from 
the equations

V*p/c =  M  +  k/[ij]-c (2)

and

In rjr/c =  fo] — k"[y]]-C (3)

respectively, are listed in Table IV. The relations of the form of eq. (1), 
comparing intrinsic viscosities in different solvents, are summarized in 
Table V. These relations refer to the branched polymers only. The data 
points of Table III for both branched and linear polyethylenes are plotted 
in Figure 1, where the solid lines represent some of the relations of Table V.

From the data of Table III, the temperature coefficient of the intrinsic 
viscosity is approximately —0.001 dl./g.°C. for solutions of branched poly
ethylene in decahydronaphthalene and —0 . 0 0 0 2  dl./g.°C. for similar 
solutions in tetrahydronaphthalene.
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TABLE I I I

Intrinsic Viscosity of Polvethylenes as a Function of Solvent and Temperature

Intrinsic viscosity, dl./g.a

Sam- a-Chloro- Decahydro- Tetrahydro-
ple naphthalene naphthalene naphthalene p-Xylene

No. (125°C.) (70°C.) (125°C.) (85°C.)

14 0..335 ± 0..005 0 .450 ± 0. 007 0 .389 ± 0..003 0..412 ± 0. 002
0 .335 ± 0. 004 0 450 ± 0. 007 0..389 ± 0. 003 0. 412 ± 0. 004

70 0..746 ± 0. 007 1..112 ± 0. 015 0..926 ± 0. 007 0. 954 ± 0. 013
0. 750 ± 0. 008 1. 116 ± 0..012 0 .928 ± 0. 006 0. 957 ± 0. 010

— 1 .039 ± 0. 007b 0 .935 ± 0. Oil' —
— 1..042 ± 0. 005b 0..937 ± 0. 010' —

77 0..985 ± 0. 006 1. 460 ± 0. Oil 1. 225 ± 0. 016 1. 259 ± 0. 009
0..992 ± 0. 004 1 .470 ± 0 .008 1 .237 ± 0 .012 1 .267 ± 0 .008

78 0. 618 ± 0. 008 0 .882 ± 0 O il 0 . 753 ± 0 .010 0 .777 ± 0..014
0. 619 ± 0. 007 0 .888 ± 0 .009 0 .754 ± 0 .009 0 .779 ± 0. 011

84 1 .525 ± 0..047 2 .064 ± 0 . 048b 1 .808 ± 0 .044 —
1 . 537 ± 0 .032 2 .079 ± 0 ,030b 1 .823 ± 0 .031 —

“ The first value in each set is intrinsic viscosity calculated from reduced viscosity; 
the second value is intrinsic viscosity calculated from inherent viscosity. 

b Measurements made at 135°C. 
c Measurements made at 80°C.

TABLE IV

Huggins Constants k ' and Kraemcr Constants k "  for Polyethylene as a Function of
Solvent and Temperature

Huggins constants k ' and Kraemer constants A'"“

Sample No.

cc-Chloro- 
naphthalene 

( 125°C.)

Decahydro-
naphthalene

(70°C.)

Tetrahydro-
naphthalene

(125°C.)
p-Xylene
(85°C.)

14 0.443 0.370 0.452 0.295
0.077 0.140 0.077 0.200

70 0.531 0.433 0.447 0.463
0.028 0.101 0.089 0.078

— 0.4211' 0.425' —
— 0 . 107b 0.099' —

77 0.490 0.485 0.558 0.496
0.071 0.078 0.034 0.068

78 0.508 0.490 0.451 0.453
0.034 0.073 0.075 0.081

84 0.481 0.4391' 0.469 —
0.082 0. I l l 1' 0.092 —

» The first value in each set is k ' ;  the second vaue is k ". 
b Measurements made at 135°C.
' Measurements made at 80°C.
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TABLE V
Kelations between Intrinsic Viscosities of Branched Polyethylene in Different

Solvents“

bid = 1.50WI«1-10 
Wit = 1.26W101-07 
UU = 1.28W1«1-04 
Wld = 1.19W]«,'M 
Wlx = 1.03 Wit0 97

__________________ Wld = 1.15 Wlx1-06_______________________________

a Subscripts a , d, t, and x refer to measurements in a-chloronaphthalcne at 125°C ., 
deeahjaironaphthalene at 70 °C ., tetrahydronaphthalene at 125°C ., and p-xylene at 
85°C ., respectively.

Fig. 1. Logarithmic plot of intrinsic viscosity in a-chloronaphthalene at 12o°C. vs. 
that in other solvents (#) for branched polyethylene (letters d, x, and t indicate results 
for decahydronaphthalene at 70°C., p-xylene at 85°C., and tetrahydronaphthalene at 
125°C.) and (O) for linear polyethylene (letters d and t indicate results for decahydro- 
naphthalene at 135°C. and tetrahydronaphthalene at 125°C.).

DISCUSSION

Intrinsic Viscosity as a Function of Solvent

Branched Polyethylene

In Paper III of this series6 it was stated that the intrinsic viscosity of 
branched polyethylene is the same in tetrahydronaphthalene at 125°C. and 
xylene at 8o°C. The present work indicates that the intrinsic viscosity is 
slightly higher in xylene, the difference being within the experimental 
error of the work reported earlier.
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Mendelson41 states that for branched polyethylene

l̂ Jp-xylene, 105°C. 1.04 [7] Jtetrahydronaphthalene, 81.5°C. (4)

This is in fairly good agreement with the present data for sample 7(3, for 
which the ratio is 1.03 after correcting to Mendelson’s temperatures. 

Nicholas’ relation, 30

is in fair agreement with the relation in Table V, but cannot be compared 
directly because of the difference in temperatures.

Linear Polyethylene

Wesslau14 reports that intrinsic viscosities in decahydronaphthalene at 
135°C. and a-chloronaphthalene at 125°C. are related by the equation

If this relation is used to calculate the intrinsic viscosity in decahydro
naphthalene of sample 84 from the experimental value in a-chloronaphtha- 
lene, the calculated value for decahydronaphthalene differs by 0 . 0 2  from 
the experimental value. This is within the 95% confidence limits of the 
intrinsic viscosity of sample 84. However, if the above relation is used to 
calculate the intrinsic viscosity of sample 70, the calculated value is 0.1 
dl./g. higher than the experimental value. This indicates that the intrinsic 
viscosity relation is different for linear and branched polyethylene.

The relation reported by Tung37 for linear polyethylene,

iv Jdecaliydrcmaphthaleiie, liS5°C. 1.10 [7J jtetrahydronaplithalenu, 130°C. (7)
is in fairly good agreement with the ratio obtained for Sample 84 (1.14). 
Wisseroth38 obtains values ranging from 1.12 to 1.10 for the same ratio.

Trementozzi36 reports that the intrinsic viscosity of linear polyethylene 
in xylene at 105°C. is 1 . 0 2  times that in tetrahydronaphthalene at 105°C. 
There is no value for sample 84 in xylene in the present investigation, and 
the ratios of xylene to tetrahydronaphthalene viscosities vary between
1.03 and 1.05 for the branched polyethylenes. These values are not in 
good agreement with Trementozzi’s data for linear polyethylene. (In 
comparing our data with Trementozzi’s, a temperature correction of 
— 0 . 0 0 0 2  dl./g.°C. was applied.)

From the foregoing discussion and results, it seems likely but not certain 
that the relations between intrinsic viscosities are not the same for linear 
and branched polyethylene. Because only one sample of linear poly
ethylene was investigated in this work, it is impossible to say whether the 
ratios are smaller or larger for linear polyethylene than for branched poly
ethylene. This investigation clearly demonstrates, however, that the 
intrinsic viscosities in two solvents are not simply linearly related, but that 
a much better approximation can be established through an exponential 
relation.

log fo]d =  1.09 log [j?L — 0.11. (0 )



1 7 2 8 M .  O . D E  L A  C U E S T A  A N D  F .  W .  B I L L M E V E R ,  J R .

V iscosity Molecular Weight Relationships

Branched Polyethylene: Number-Average Molecular Weight

As discussed in Paper IX , 17 the comparison of intrinsic viscosity to 
number-average molecular weight for branched polyethylene is considered 
inappropriate. The fact that relations of the modified Staudinger type

in] =  K M a (8 )

are obtained is believed to result from fortuitous cancellation of the effects 
of long-chain branching and molecular weight distribution on the intrinsic 
viscosity. The relations published for these conditions would not neces
sarily be expected to agree with one another, since each might be expected

F ig. 2. V iscosity-m olecular w eight relationships reported for the num ber-average 
m olecular weight of branched polyethylene. Num bers refer to references and letters F  
and W  indicate relations for fractions and whole polym ers, respectively. T h e lines 
extend over the range of m olecular w eight covered. (F or the relation of A gg arw al,15 
no range was stated . T o  obtain this relation, it was assumed th a t intrinsic viscosities 
in xylene and toluene were the same.)

to hold only for the specific samples for which it was established. This is 
confirmed by the lack of agreement indicated in Figure 2, where the various 
relations are plotted after being converted to the viscosity measurement 
conditions of tetrahydronaphthalene at 80°C.

Branched Polyethylene: Weight-Average Molecular Weight

The effect of long-chain branching is well established as lowering the 
intrinsic viscosity below that of a linear polymer of the same molecular 
weight. No author has considered it appropriate to formulate a viscosity- 
molecular weight relation for this case.

Linear Polyethylene: Number-Average Molecular Weight

Results for Fractionated Samples. While no viscosity-molecular weight 
relations have been proposed for the number-average molecular weight of
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unfractionated samples of linear polyethylene, several workers have re
ported such relations for fractionated samples. Examination of the data of 
Kaufman and Walsh, 18 Tung , 25 and Krigbaum and Trementozzi, 28 after re
calculating to a common solvent and temperature, suggests (Fig. 3) that 
they can be represented by a single relation. Least-squares analysis gives 
the equation

fa] =  2.0 X 1 0 - W -82 dl./g. (9)

for xylene at 105°C. On converting36' 37 to measurement conditions of 
decahydronaphthalene at 135°C., corresponding within experimental error 
to those specified47 in ASTM D1601-58T, eq. 9 becomes for decahydro
naphthalene at135°C.

fa] = 2.3 X 1 0 -W ,,« -82 dl./g. (10)

The data of Aries and Sachs, 9 also shown in Figure 3, differ widely from 
those discussed above; their brief note gives no clue to explain the dis
crepancy. Kotera et al. 40 give no experimental points; after conver
sion14’ 36’ 37 to measurement conditions of xylene at 105°C., their relation is 
indicated approximately in Figure 3.

F ig. 3. Intrinsic viscosities and num ber-average molecular weights for fractions of 
linear polyethylene: solid line, suggested relation of eq. (9), fitting data  points of 
K a u fm a n ,18 T u n g ,25 and K rigb au m ;29 upper dashed line, relation of |K otera;40 lower 
dashed line, relation of A ries.9

Linear Polyethylene: Weight-Average Molecular Weight

Results for Unfractionated Samples. Despite indications of unusually 
broad distributions of molecular weight in some linear polyethylenes (but 
see Paper X I of this series42), it is appropriate to consider intrinsic viscosity-
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F ig. 4. Intrinsic viscosities and w eight-average m olecular weights for unfractionated 
linear polyethylenes: solid line, suggested relation of eq. (11), fitting the data  points of 
A tk in s,17 C hian g,32 and K o k le ;42 dashed lino, relation of D u c h .10

molecular weight relations for the weight-average molecular weight of un- 
fractionated linear polyethylenes. Experimental data of high reliability 
were published in Papers IX 17 and X I 42 and by Chiang, 32 who discusses 
this and the following ease in detail. The least-squares relation for 
a-chloronaphthalene at 125CC. based on these points (Fig. 4) is

M  =  4.0 X 10-hi / / - 68 dl./g. (11)

(Following Atkins, 17 we omit the point of highest molecular weight, since 
the intrinsic viscosity is believed low due to neglect of shear rate correction.) 
On converting14 to measurement conditions of decahydronaphthalene at 
135°C., eq. (11) becomes

M  =  2.55 X 1 0 -W „ ° - 74 dl./g. (12)

Other data, including those of Duch and Kiichler10 (whose relation is 
approximately indicated in Figure 4) were omitted from the calculation 
since, in our opinion, they are derived from less reliable light scattering 
measurements. 49

Results for Fractionated Samples. Of all sets of conditions discussed, 
the comparison of the weight-average molecular weight of relatively sharp 
fractions of linear polyethylene to their intrinsic viscosity is the most 
soundly based. The data of Chiang, 32 Flenry, 33 and Tung37 appear to be 
the most reliable in the literature. In each case, weight-average molecular 
weight was measured by light scattering with a-chloronaphthalene as 
solvent, and linear Zimm plots were obtained (a requirement for un
ambiguous results; sec Paper X 4S).

These data were adjusted by converting to measuremenl conditions of 
decahydronaphthalene at F!5°C., by use of a factor of 1.15 (an average of 
Tung’s result37 and that of this paper) to correct Tung’s intrinsic viscosities 
to these conditions. The light-scattering molecular weights reported by 
Henry and by Tung were raised 1.055% and 3.15%, respectively, to 
achieve consistency in the value of the specilie refractive increment used,
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F ig. 5. Intrinsic viscosities and w eight-average m olecular weights for re la tively  sharp 
fractions of linear p olyethylene: solid line, suggested relation of eq. (13), fittin g the data  
points of C hian g,32 H en ry,33 and T u n g ;37 upper dashed line, relation of T rem en tozzi;36 
low'er dashed line, relation of K o te ra .40

aw discussed in Paper X I . 42 The three data points assumed by Tung to 
reflect long-chain branching were omitted.

A least-squares analysis was made for the remaining 33 data points, 
which were shown statistically to belong to a single population. The re
sulting intrinsic viscosity-molecular weight relation for decahydronaphtha- 
lene at 135°C. is

to] =  3.9 X 10- W „ u-74 dl./g. (13)

The data are plotted in Figure 5. Also shown are the relation of Tremen
tozzi36 and that of Kotera et al. , 4(1 who gave no data points. It can be seen 
that each of these lines is outside the limits of error of the relation proposed 
in eq. (13).

It is not known whether the specimens of Chiang, Henry, and Tung were 
examined for “ association” in a-chloronaphthalene solution. 36' 42 Its 
existence in these samples seems unlikely, in view of the consistency of the 
data. It must be pointed out. however, that Trementozzi’s relation, 
plotted in Figure 5, is based on light-scattering measurement in tetrahydro- 
naphthalene, for which association is stated to be absent. His molecular 
weights obtained with a-chloronaphthaleno as solvent, also indicated in 
Figure 5, lie closer to the main body of the data.

Self-Consistency of liclalionships

Equations (10) and (13) may be compared, since they yield values of 
M w and il7„ for fractionated samples of linear polyethylene. Over the 
range of molecular weights found in commercial linear polyetliylcnes, they 
yield ratios of M w/M„ between 1.3 and 1.9, significantly larger than that
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anticipated for sharp fractions (1.0-1.1). The difference in exponents 
(0.82 versus 0.74), also seems too large, even though the interrelations 
between viscosities in different solvents, which were involved in deriving 
the equations, are not thoroughly established.

Equations (12) and (13) may be compared, yielding M w for whole 
polymers and fractions of linear polyethylene. If it is assumed that the 
fractions are sharp, the equations may be interpreted as yielding the 
ratio M w/M v, the latter being the viscosity-average molecular weight. 
The value 1.53 predicted for this ratio seems abnormally large, especially in 
view of the observed breadths of the molecular weight distributions for 
some linear polyethylenes. 42

In each case, we conclude that the equations are not entirely self-con
sistent and should not be intercompared indiscriminately.
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Résumé

Alors q u ’on trouve dans la  littérature la  viscosité intrinsèque de solutions de p oly
éthylène pour 6  solvants différents au moins a t à  14 tem pératures différentes dans 23 
combinaisons, il existe peu de relations p erm ettant de passer d ’une série de conditions 
à  une autre. D e même, on donne des relations entre la  viscosité intrinsèque e t le poids 
moléculaire pour plusieurs séries de conditions e t types de polym ère, ce qui conduit dans 
certains cas à  faire des com paraisons peu appropriées. Les relations ont été établies 
dans différents solvants entre les viscosités intrinsèques du polyéthylène ramifié. (V oyez 
synopsis ou a  désign l ’a-chloronaphthalène à 12 5 °C .; d, le décahydronaphthalène à 
70 °C ., t, le  tétrahydronaphthalène à 12 5 °C .; e t x, le ¡»-xylène à 8 5°C .) Les relations 
obtenues pour les polyéthjdènes linéaires sont assez différentes de celles obtenues pour 
le polyéthylène ramifié, mais n ’ont pas été établies en détail. On a exam iné la littérature 
pour connaître l ’exactitude des relations entre la  viscosité intrinsèque et le poids m olécu
laire pour le p olyéthylène. L ’analyse des résultats expérim entaux conduit aux relations 
suivantes pour le polyéthylène linéaire. C es relations sont les plus cohérentes, dignes de 
confiance e t  peuvent généralem ent s’obtenir facilem ent. (Les viscosités intrinsèques 
sont exprimées en décilitre/gram m e pour le décahydronaphthalène à  13 5 °C ., dans les 
lim ites des erreurs^expérimentaies spécéfiées par A S T M  D  1601-5ST.) Pour le poids
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moléculaire moyen en nombre des fractions de polyéthylène linéaire, [ij] — 2.3 X  10 4 

d/„"'s î; pour le poids moléculaire moyen en poids de l ’ensem ble des échantillons de 
polyéthylène linéaire, [77] =  2 .0,7 X  10 4 d/„,"-7 1 ; pour le poids moléculaire m oyen en 
poids des fractions de polyéthylène linéaire, I17] =  3.0 X  10

Zusammenfassung

W ährend in der L iteratur Angaben über die Viskositätszahl von Polyäthylenlösungen 
für mindestens G verschiedene Lösungsm ittel und 14 verschiedene Tem peraturen in 23 
Kom binationen gem acht werden, gibt es nur wenige Beziehungen zur gegenseitigen 
U m wandlung der Angaben. Ebenso werden Viskositätszahl-M olekulargew ichts
beziehungen für verschiedene Bedingungen und Polym ertypen angegeben, die in man
chen Fällen zu nicht vergleichbaren W erten führen. Beziehungen werden zwischen den 
Viskositätszahlen von  verzw eigtem  P o lyäthylen  in verschiedenen Lösungsm itteln 
aufgestellt (Sehen synopsis). H ier bezeichnet a ,  a-Chloronaphthalin  bei 125 °C .; d, 
D ekahydronaphthalin  bei 70 °C .; t, T etrahydronaphthalin  bei 12 5 °C .; x, p -X ylo l bei 
S5°C . D ie Beziehungen für lineares P o lyäth ylen  unterschieden sich m erklich von denen 
für verzw eigtes P olyäthylen , wurden aber nicht näher bestim m t. Eine Ü berprüfung 
der Literatur in bezug auf geeignete und verlässliche Viskositätszahl-M olekulargew ichts
beziehungen für P o lyäthylen  wird durchgeführt. Eine A nalyse der Versuchsdaten 
führt zu folgenden Beziehungen für lineares Polyäthylen , die als die am besten konsis
tenten, verlässlichsten und geeignetsten unter den gegenwärtig vorhandenen betrachtet 
werden (Viskositätszahlen werden in D eciliter/G ram m  für M essung in D ekah yd ro
naphthalin bei 135°C . m it Versuchsfehler spezifiziert nach A S T M  D  1601-58T) angege
ben). F ür den Zahlenm ittelw ert des M olekulargew ichts von Fraktionen von linearem 
Polyäthylen , fo] =  2,3 X  K K W ,,11,82; für den G ew ichtsm ittelw ert von unfraktionierten 
Polym erproben von linearem P olyäthylen , [17 ] =  2,55 X 1 0 ” Ll/„b71; für den G ew ich ts
m ittelw ert von Fraktionen von linearem P olyäthylen , [7 7 J = 3,9 X  K D ‘ il/,,,0.74.
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K in e t i c s  o f  B u t a d ie n e  a n d  I s o p r e n e  P o ly m e r i z a t io n  

w ith  B u t y l l i t h iu m *

MAURICE MORTON, E. E. BOSTICK,f R. A. LIVIGNI.t and 
L. J. FETTERS, Institute of Rubber Research University of Akron,

Akron, Ohio

Synopsis

T h e kinetics of polym erization of butadiene and isoprene w ith butyllithium  initiator 
have been studied both in n-hexane and tetrahydrofuran solution. T he overall poly
m erization rates were much faster in the T H F  solutions than in n-hexane, and the latter 
also exhibited relatively slow initiation rates com pared to propagation. B y  use of a 
preinitiation technique, where necessary, it was possible to  stud y the propagation kine
tics w ithout any interference b y  initiation. T he propagation reaction was found to be 
first-order w ith respect to  monomer in both solvents, b u t m uch faster in T H F . F u r
therm ore, it  was first-order w ith  respect to  growing chain concentration in the T H F  
system , b u t on ly half-order in the «-hexane system . This was taken to indicate the 
existence, in n-hexane solution, of an association equilibrium  betw een active single chains 
and inactive chain pairs. T h e activation  energy for propagation was found to  be 6-7 
kg. cal. in T H F  and about 22 kg. cal. in n-hexane for both monomers, b u t the la tter value 
obviously includes the heat of dissociation of the associated chain pairs. T he Arrhenius 
expression for the propagation rate in T H F  contains a v ery  low frequency factor ( ~ 1 0 4) 
and leads to a propagation rate constant a t least tw o orders of m agnitude less th an  the 
corresponding value for free radical propagation.

In previous papers1' 2 of this series, it had been shown that the polymeri
zation of styrene and isoprene by organolithium initiators is characterized 
by the absence of any termination reaction, if suitable precautions are 
taken. Under those conditions, each molecule of organolithium gives 
rise to one polymer chain, as indicated by the stoichiometry between the 
number of polymer chains and concentration of initiator. Furthermore, 
the same stoichiometry was found to apply regardless of the solvent 
used, i.e., benzene, n-hexane, or tetrahydrofuran solvent.

It was considered of special interest to elucidate the kinetics of these poly
merizations with special reference to the effect of solvents, in view of the 
known effect of these solvents on the chain structure of polyisoprene. 3 ’ 4 

Thus it is known that, in hydrocarbon solvents, the polyisoprene obtained
* Presented in p art a t the Second International S yn th etic R ubber Sym posium , 

London, O ctober, 1961.
t  Present address: Research L aboratory, G eneral E lectric Co., Schenectady, N . Y .
t  Present address: G eneral T ire and R ubber C o., Akron, ( )hio.
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has a very high content of cis-1,4 structure, whereas, in presence of ethers, 
the chain structure consists of a mixture of isomeric forms. Hence a study 
of the kinetics of these systems should help to throw some light on the 
different mechanisms operating in these cases. Butadiene was included 
in this study as a diene which is known not to show any stereospecificity 
in these polymerizations, regardless of solvent used.5 Styrene was not 
included in these studies, since its rate of polymerization in solvents such 
as tetrahydrofuran is too fast to be easily measured, so that solvent effects 
are difficult to compare.

EXPERIMENTAL TECHNIQUES

The general apparatus6 and the techniques used in the purification of 
the solvents and isoprene and in the preparation of butyllithium have al
ready been previously described. 1 ’ 2

Butadiene Purification

Butadiene (Phillips high purity; 0 . 0 2  wt.-% feri-butyl pyrocatechol) 
was collected over sodium lumps in Flask (R) (Fig. 1 ). This section of the 
manifold was fitted with a mercury column pressure release sealed to side- 
arm (P). Flash distillation from (R) removed the inhibitor. Subse
quently, three sodium-coated flasks (F) were used to dry the butadiene and

R F F  F
F ig. 1. B utadiene purification apparatus.

to remove dimers. Finally, the distillate was collected in weighed, evacuated 
ampules at (A). Here, degassing was continued by freezing and pumping 
several times to 10~ 6 mm. Hg pressure. Thawing was accomplished by 
isolating the manifold from the vacuum line. Thawing cycles were found 
to be necessary for removal of occluded air. The thoroughly dried and 
degassed distillate was removed by sealing off in the usual manner.

Polymerization Procedure and Rate Measurements

For these kinetic studies, a high vacuum polymerization apparatus was 
constructed similar to the one previously described, 1 except for the inclu
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sion of a dilatometer to enable rate measurements, as illustrated in Figure 2.
A reaction flask (R) was fitted with a cross tube containing monomer 

(M), solvent (S), lithium alkyl (C), vacuum connection (V), terminator
(T), and dilatometer (D).

Sampling tubes (A) were attached directly to the bulb. When assem
bled, the apparatus was attached to a vacuum line and pumped to 1 0 ~ '6 

mm. Hg pressure. The entire apparatus was then flamed with a gas/ 
oxygen torch. By continuously moving a large, bushy flame over the glass 
surface, heating was increased until the orange color associated with sodium 
emission spectra was noticed. After cooling, the apparatus was sealed off 
from the vacuum line and placed on a magnetic stirrer. Solvent, catalyst, 
and monomer were completely transferred to (R) and thoroughly mixed.

(F), the dilatometer reservoir bulb was filled by tipping, and the dilatom
eter was removed at the construction. Sample tubes (A) were removed 
for double titration according to the method of Gilman and Haubein, 7 

with modifications for vacuum technique. The capillary and bulb of the 
dilatometer (D) were filled by inverting so that (F) drained completely. 
The dilatometer was then immersed in a constant-temperature bath until 
thermal equilibrium was attained. Excess reaction solution was sealed off 
in a side bulb. Reaction progress was observed by measuring the height 
of the meniscus in the capillary. Starkweather and Taylor8 have shown 
that the contraction of a polymerizing system is directly proportional to 
degree of conversion. Therefore, if the extent of reaction is known for the 
initial dilatometer reading, an accurate record of the entire reaction may be 
obtained. Further, several dilatometers may be attached to a single 
reactor, providing an opportunity to determine the effect of temperature 
on the reaction rate.
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TIME (MIN.)
F ig. 3. Polym erization rates.

As previously found in the case of styrene, it was also noted that neither 
ethyllithium nor n-butyllithium reacted instantaneously with isoprene in 
hydrocarbon solvents. Instead, there was a relatively slow reaction at 
29°C. which caused a relatively slow rate of initiation compared to the 
propagation rate. The net result of this combination is a polymerization 
curve which is sigmoidal with time, as shown for isoprene in Figure 3. 
The kinetic treatment of such a process becomes rather complex, 9 but there 
is an experimental approach which simplifies the system. This approach 
involves the use of a “ seeded”  polymerization similar to the type described 
previously. 1 In this case, seeding was accomplished by mixing alkyllithium 
and a portion of the monomer in hydrocarbon solvents and allowing poly
merization to proceed. A polymer with M n of 6,000-10,000 was generally 
designed. This active polymer solution was then divided in vacuo and 
used to polymerize additional monomer. A true propagation rate, first- 
order, was thereby measured. This seeding technique was used for the 
polymerization of isoprene in n-hexane, but was unnecessary for all the 
other systems, since initiation was sufficiently rapid.

Since a time interval of 5-10 min. usually elapsed between the time of 
mixing the reaction ingredients and the first reading of the dilatometer, 
some runs were carried out in which the actual per cent conversion at var
ious times was determined by total solids. In this way, the extent of poly



I I O M O C I i l V R O U S  A N I O I N f C .  P O L Y M E R I Z A T I O N .  I V i t :w

merization at tlxe start of the dilatometer readings could ho obtained. This 
was accomplished by attaching a manifold, X, containing f> or 6  sampling 
ampules, directly to flask R. An ampule was then removed at specified 
times after the initial mixing of ingredients, and the total polymer content 
determined by coagulation in alcohol.

RESULTS AND DISCUSSION

The dilatometric data for the polymerization of butadiene and isoprene 
are shown as first-order plots in Figures 4-9, where A//,„ represents the

F ig. 4. First-order plots for butadiene in T H F  (0 .°C .)

maximum change in capillary height and AH t refers to the change in height 
at the given time. It can be seen that all the rates are first-order with re
spect to monomer concentration and that these kinetics are obeyed over the 
temperature range shown, regardless of the solvent used. This fact was 
also confirmed, as will be shown later, by experiments in which the initial 
concentration of the monomer was varied. These kinetics are, of course, 
to be expected since the number of growing chains should remain constant 
and only the monomer concentration is decreasing.
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The observed first-order rate constants are listed in Table I. From the 
constants at the different temperatures (and the same initiator concentra
tion) it is possible to calculate an apparent activation energy for the prop
agation reaction in each case, and the values are shown in Table II. It can

T A B L E  I
First-O rder Propagation R ate  C onstants ( k i )

System T em p . , 0 C.

[/¿-C4H 9LÌ], 
mole l ._l

X i o ?
[Monomer], 

mole l . - 1

k i ,  see. 1
X 1 0 4

B u ta d ien e-T H F 0 0.57 3.2 5 2.53
30 0.57 3.2 5 7 .6 7

0 0.70 3.2 5 3.4 5
30 0.70 3 .2 5 10.69

0 0.88 3.2 5 4.60
0 1.2 7 3.2 5 7 .1 3
0 1.4 3 3 .2 5 7 .1 8
0 1.6 2 3.2 5 8.62
0 1.9 5 3.2 5 10.58
0 2 .1 7 3.2 5 12 .25

Isoprene-T H F 0 2.85 2.50 0.89
20 2.85 2.50 3.03

0 3.00 2.50 1.5 3
0 3.00 5.00 1 .1 9
0 3 .4 5 7.50 1 .2 5
0 4.00 2.50 1 30

29 4.00 2.50 4 .1 7
0 4 .2 5 2.50 2.54
0 5 .10 2.50 1 .92
0 8.00 2.50 3.42
0 17 .7 5 2.50 7.50
0 23.00 2.50 8.94

B utadiene-hexane 50 0.90 3.2 5 1 .00
50 1.6 0 3.2 5 2.59
50 2.50 1.6 3 3 .1 7
30 3.60 3 .2 5 0.36
40 3.60 3 .25 1.00
50 3.60 3 .2 5 3.4 5
30 6.40 3 .2 5 0.52
50 6.40 3 .2 5 4.29
50 9.30 6.50 5.95
50 11.0 0 4 88 5.58
50 12.00 6.50 6.30

I soprene-hexane 20 0.24 2.50 0 .16
20 0.96 2.50 0.83
29 1 .65 2.50 0.96
20 1.9 7 2.50 1 .05
30.0 1 .9 7 2.50 3.42
50 1.9 7 2.50 12.00
29 2 .35 1.60 1 .1 7
20 3.03 2.50 1.28
29 4 .2 5 2.50 1.5 3
20 5.68 2.50 1 .7 3
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TIME (MIN.)
F ig. 5. First-order plots for butadiene in »-hexane (0 °C .).

he seen at once that, there is a very marked effect of the solvent on these 
apparent activation energies. Thus the observed values are extremely high 
for both monomers in /¡-hexane but are much more reasonable in the ease 
of the THF. This is a strong indication that the propagation mechanism in 
the hydrocarbon solvent involves something more than a simple attack of 
the anion on the monomer double bond. It is also interesting to note the 
similarity of these activation energies for the two monomers in the same sol
vent. The values obtained in »-hexane are somewhat higher than the 14.3 
kg. cal. recently published by Worsfold and By water10 for the propagation 
step in the butyllithium polymerization of styrene in benzene, but all of 
these values indicate a complex propagation mechanism.

T A B L E  II
A pparent A ctivatio n  Energies for Propagation

M onom er Solvent
A ctivation  energy, 

kg. cal. m ole-1

Butadiene »-Hexane 2 1 .5  ±  0 .3
“ T H F 6 .1  ±  0.05

Isoprene /»-Hexane 2 2 .6  ±  0 .3
U T H F 6 .8  ±  0 .1
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F ig. 0. Isoprenc in T H F  (0°C .).

The dependency of the propagation rate on the concentration of growing 
chains is illustrated in Figures 10 and 11. Here are plotted the first-order 
rate constants (&i) listed in Table I as a function of the initiator concentra
tion. Figure 10 shows that both butadiene and isoprene propagation rates 
in THF are first-order with respect to the active chain concentration, as 
would normally be expected. This is consistent with the usual bimolecular 
mechanism between single polymer chains and monomer molecules.

In the case of the n-hexane, however, it can be seen from Figure 1 1  that 
the propagation rate for both monomers is only half-order with respect to 
the concentration of growing chains. This behavior is similar to that found 
for styrene in benzene10' 11 and therefore seems to represent the general 
behavior of organo-lithium polymerizations in hydrocarbon solvents. The 
simplest explanation for this phenomenon would be the assumption of an 
association-dissociation equilibrium in which the dissociated species repre
sent the active growing chains. Such equilibria may be written in two 
forms as follows, where IlLi represents the polymer-lithium growing chain:

1! Li I i -  +  L i '

(RLi) 2 h- -R -L H
(1 )

(2 )
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Equation (1) above represents a simple dissociation of the organo-lithium 
bond into free anions and cations, whereas eq. (2 ) is based on an association 
of the organolithium in pairs, with the active anion actually being part of 
an ion pair.

The possibility of a true ionization of the type indicated in eq. (1) above 
has been minimized, from energetic considerations, by Worsfold and By
water. 10 In addition, the ion-pair concept shown in eq. (2) is further sup
ported by evidence available from microstructure of polymers and viscosity 
of polymerizing solutions.

Fig. 7. Isoprene in n-hexane (29°C .).

Since it is well known that the nature of the counterion has a very 
pronounced effect on the microstructure of the dienes polymerized by the 
alkali metals, such polymerizations are more likely to involve ion pairs 
rather than free anions. Furthermore, this is corroborated by the fact 
that even the type of solvent used may affect this microslructure. 4 '5 

More direct evidence for the existence of an association equilibrium ol the 
type shown in eq. (2 ) is available from recent studies in this laboratory on 
the viscosity of the polymerizing solutions." These will be described in 
detail in the following paper in this series. However, it is sufficient at this 
point to state that such viscosity studies have indicated that the active
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F ig. S. Polym erizations in T H F .

F ig. 9. Polym erizations in »-hexane.
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polyisoprenyllithium is associated in pairs in n-hexane, but no such asso
ciation is observed in THF. Hence the conclusion is that an equilibrium 
of the type shown in eq. (2 ) does exist, with the overwhelming majority of 
the chains being in the associated (inactive) state.

On this basis, then, the surprisingly high activation energy found for the

Fig. 11. Dependence of butadiene and isoprene rates on in itiator concentration
(n-hexane).
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propagation reactions in n-hexane includes, of course, the heat of dissocia
tion of the associated ion pairs. Therefore, in the absence of any precise 
knowledge concerning this equilibrium, it is impossible to determine the 
actual propagation rate constant for these systems. No such restriction, 
however, applies in the case of the THF polymerizations, where all the 
polymer chain species are presumably active. From the available data it is 
therefore possible to calculate the following Arrhenius expressions for the 
propagation rates in THF.

Butadiene: k„ =  4.3 X 104 exp { blOO/h??’ ]

Isoprene: kp =  1.0 X 104 exp j (>800/72 7’ }

It is at once obvious that these reactions have an unusually low fre
quency factor, with the isoprene being, as expected, even more sterically 
hindered. In this connection, it is interesting to make a comparison with 
the free radical propagation reactions for these monomers, 12 where the acti
vation energy is 2-3 keal. higher but the frequency factor is also several 
orders of magnitude greater. The net result is that the anionic propaga
tion rate constant at ambient temperatures is much lower than in free 
radical polymerization. Thus the anionic rate constants calculated for 
60°C. are 4.45 and 0.3b l.mole- 1  sec. - 1  for butadiene and isoprene re
spectively, whereas the corresponding free radical propagation rate con
stants12 are 100 and 50 l.mole- 1  sec.-1. This can presumably be ascribed 
to the high steric requirements of the ion-pair species.

T his work was supported b y  N ational Science Foundation G ran t 0-51)19, and by a re
search grant from  the General T ire  and R ubber Co.
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Résumé
On étudie la cinétique de la polym érisation du butadiène et de l ’isoprène au m oyen 

d ’initiateur butyllithium  en solution à la  fois dans l ’hexane et, le tétrahydrofuranne. Les 
vitesses totales de polym érisation sont beaucoup plus rapides dans les solutions de 
tétrahydrofuranne que dans l ’hexane-a, e t dans ce dernier on constate des vitesses rela
tivem ent lentes d ’initiation com parées à  la propagation. En employant, une technique de
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proinitiation, lorsque cela est nécessaire, il est possible d 'étudier la  cinétique de propaga
tion, sans aucune interférence due à l ’initiation. On trouve que la réaction de propaga
tion est du premier ordre vis-à-vis du monomère dans les deux solvants, mais beaucoup 
plus rapide dans le tétraltydrofuranne. D e plus, elle est du premier ordre vis-à-vis de 
la  concentration en chaînes croissantes dans le systèm e T H F , mais seulem ent d ’ordre 
undem i dans le systèm e hexane. C eci montre l ’existence, en solution dans l ’hexane-ra, 
d ’un équilibre d ’association entre les simples chîanes actives et les paires de chaîne 
inactives. On trouve pour l ’énergie d ’activation  de propagation dans le T H F  6 -7  kcal. 
e t environ 22 kcal. dans l ’hexane-re, pour les deux monomères, mais cette  dernière valeur 
inclut évidem m ent la  chaleur de dissociation des paires de chaînes associées. L ’expres
sion d ’Arrhénius pour la vitesse de propagation dans le T H F  comprend un facteur de 
fréquence très faible ( ~ 1 0 4) et conduit à une constante de vitesse de propagation de deux 
ordres de grandeurs plus faible que la valeur correspondante pour la  propagation radi- 
calaire libre.

Zusammenfassung

Die K in etik  der Polym erisation von  B utadien  und Isopren m it B u tyllitliiu in  als 
S tarter wurde in ra-Hexan- und T etrahydrofuranlösung untersucht. Die B rutto p oly- 
m erisationsgoschwindigkeit war in T H F -L ö su n g viel grösser als in «-H exan und in 
letzterem  trat auch, im Vergleich zum W achstum , eine relativ  geringe Startgeschw indig
keit auf. E s  war m öglich, wenn nötig unter Anwendung eines Vorstartverfahrens, die 
W achstum skinetik ohne Störung durch den S tart zu untersuchen. D ie W achstum s
reaktion war in beiden Lösungsm itteln von erster Ordnung in bezug auf das M onom ere, 
in T H F  aber viel rascher. Ausserdem  war sie in T H F  von erster Ordnung in bezug auf 
die K onzentration  der wachsenden K etten , in re-Hexan aber nur von  der Ordnung ein 
halb. D ies wurde als H inweis auf das Bestehen eines Assoziationsgleichgewichtes 
zwischen aktiven  E inzelketten  und inaktiven  K etten paaren  in n-H exanlösung aufge
fasst. D ie Aktivierungsenergie des W achstum s betrug für beide M onom ere in T H F  6-7 
kcal, und in n-H exan etw a 22 kcal.; der letztere W ert beinhaltet offenbar die D issozia- 
tionswärm e der assozierten K etten paare. D ie Arrheniusbeziehung für die W achstum s
geschw indigkeit in T H F  enthält einen sehr niedrigen Frequenzfaktor ( ~ 1 0 4) und führt 
zu einer W achstum sgeschw indigkcitskonstantcn, die mindestens um  zw ei Grössenord
nungen kleiner ist als der entsprechende W ert für das radikalische W achstum .

Received March 29,1962
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F. M. BROWER and PI. W. McCORMICK, Physical Research Laboratory, 
The Dow Chemical Company, Midland, Michigan

Synopsis

A  stud y of the scope and lim itations of the anionic polym erization of styrene and sub
stituted styrenes under conditions in which a chain term ination reaction is lacking was 
made. Under these conditions polym ers of very  narrow m olecular w eight distributions 
were obtained. U ltracentrifuge d ata  are presented as evidence confirming the form ation 
of narrow distributions. A ll reagents used were carefully purified and subsequently 
were not exposed to the atmosphere. Standard procedure was to  conduct the polym eri
zations b y  adding monomer solution slow ly to in itiate- solution. D eviation s from this 
procedure were designed to  stud y various reaction conditions. M onom ers used were 
styrene, «-m ethylstyrene and m -  and p-vinyltoluene. Solvents used were tetrahydro- 
furan, tetrahydropyran, 2-m ethyl-tetrahydrofuran, dioxane, ethylene glycol dim ethyl 
ether, and diethylene glycol dim ethyl ether. Initiators used were sodium -naphthalene, 
sodium -biphenyl, sodium -a-m ethylstyrene, sodium -phenanthrene, and lith ium -n ap h
thalene. T he choice of solvent had a great effect on the course of the polym erization 
and the tem perature at which narrow distribution polym ers could be produced. Solvents 
prom oting rapid initiation and relatively  slow propagation were best, and those prom ot
ing the reverse situation tended to give side reactions leading to term ination and abroad 
distribution polym er. T h e order of prom otion of rapid initiation and slow propagation 
for these solvents is dioxan >  tetrahydrofuran >  ethylene glycol dim ethyl ether >  di
ethylene glycol dim ethyl ether. In  dioxane solutions monodisperse polym er was pre
pared under a wide range of conditions. M onodisperse polym er could not be prepared 
under the m ost favorable conditions in diethylene glycol dim ethyl ether. T hese effects 
were interpreted in term s of ion pair separation. Other factors which m ight lead to 
broad distribution polym ers were examined. T h e age of the initiator was found to be v ery  
im portant, older in itiator solutions giving broad distribution polym ers. A ged in itiator 
solutions were found to  evolve hydrogen when allowed to react w ith  w ater; freshly pre
pared in itiator solutions evolved no hydrogen. In the presence of toluene there was chain 
transfer to the m eth yl group giving a broad distribution polym er. Sim ilar transfer to 
benzene a t the ring gave term ination before polym erization was com plete. R u sty  iron, 
F e20 3, and F e30 4 adversely effected the course of polym erizations givin g broad distribu
tion polym ers. H ydrogen-reduced iron in the reaction m ixture resulted in only minor 
deviation from narrow distribution.

INTRODUCTION

Vinyl polymerizations initiated by electron transfer to monomer have 
been shown by Szwarc and co-workers1-2 to give polymer molecules with 
perpetually active ends under conditions where a termination reaction is 
lacking. Under carefully controlled conditions, where effects of impurities 
and side reactions are minimized, it has been shown3-4 that polymers of

1749
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narrow molecular weight distribution can be prepared. This paper de
scribes some of the results obtained during an investigation of the scope and 
limitations of such polymerizations of styrene and substituted styrenes 
with the use of alkali metal-aromatic hydrocarbon complexes as initiators. 
The physical and rheological properties of some of the polymers produced 
are described in previous publications.5,6 The data were obtained during 
1956-1958 but were not released for publication until the present time.

The method involved usually requires the slow addition of monomer 
solution to initiator solution. There is immediate electron transfer from 
the initiator to monomer, 1 followed by dimerization or tetramerization of 
the ion-radicals thus formed to give dimers or tetramers with active 
terminal ionic sites. Slow addition of monomer loads to propagation 
which continues until equilibrium between the monomer and polymer is 
achieved.7 Following this, the polymer ends are rendered inactive by 
addition of a proton donor, usually water, or other suitable reagent. 
Narrow distribution of molecular weights results because initiation is 
essentially simultaneous for all polymer molecules and each experiences an 
equal opportunity to grow.

EXPERIMENTAL

A. Reagents

Monomers were purified to impurity concentrations of less than 1 0 0  

ppm determined as sodium by titration with a standardized sodium- 
aromatic hydrocarbon complex in tetrahydrofuran or similar solvent. 
The titration method is an extension8 of a literature procedure9 in which all 
impurities which react readily with sodium complexes are titrated.

Styrene monomer was obtained directly from The Dow Chemical 
Company stills with impurity levels usually in the range of 50-100 ppm. 
The impurity level in this and other monomers was often reduced simply 
by blowing pure nitrogen through the monomer for several hours. Where 
necessary, monomers were further purified by reduced pressure distillation 
from calcium hydride or by passage through a column of activated silica 
gel followed by reduced pressure distillation.

The various ether solvents were purified by distillation from a sodium- 
aromatic hydrocarbon complex. Usually, the complex was prepared 
directly in the ether to be distilled, but, where complexing was slow, a 
previously prepared complex solution in any of several high boiling, end- 
capped polyethylene oxide solvents was added. Distillation gave ether 
solutions which contained, by sodium complex titration with an «-methyl
styrene indicator, not more than 1 0  ppm of impurities calculated as sodium. 
Typical analysis showed 2-5 ppm impurities.

The alkali metal-hydrocarbon complexes used as initiators were prepared 
by adding to the purified ether under nitrogen or argon atmosphere, equi
molar amounts of alkali metal and aromatic hydrocarbon in an amount
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sufficient to give a 0.5—1.0 X solution. The rate of complex formation 
varied tremendously with (he different solvents used. In some eases, 
especially with 1,4-dioxane, the complex formed appeared to have a limited 
solubility, decreasing and/or reversing to release free sodium as the tem
perature was raised. The color of the complex also varied with variation of 
ether and aromatic hydrocarbon; colors ranged from yellow-green through 
green and blue-green to blue and purple. The exact normality of complexes 
used as initiators was determined by titration with n-propanol as a primary 
standard.

The nitrogen used as an inert atmosphere was obtained from a direct 
line to The Dow Chemical Company’s air distillation plant. This nitrogen 
usually analyzed less than 10 ppm oxygen. It was further purified by 
bubbling through a solution of sodium-biphenyl complex in nonvolatile 
polyethylene oxide. Nitrogen thus purified contained virtually no 
measurable quantity of oxygen.

B. Polymerizations

Polymerizations were generally carried out by the slow addition of 
monomer solution to initiator solution and subsequently to the “ living” 
polymer. A standardized procedure using a Pyrex glass apparatus dia
grammed in Figure 1 is outlined below.

1. The apparatus was swept with a slow stream of nitrogen for 16 hr., 
the gas entering and exiting through appropriate ports. Exit ports were 
protected from back-diffusion of air in this and subsequent operations by 
small mineral oil traps.

Fig. 1. Polymerization apparatus.
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2. Sodium complex and solvent were charged to the still through port A, 
and ether was distilled into the graduated receiver.

3. Complex (initiator) solution in the automatic buret was standardized 
with a measured amount of ?r-propanol in the titration flask.

Jt . Impurities in the ether and monomer were determined by titration in 
the titration flask with standard complex solution.

•5. The graduated monomer bulb was removed from port B on the 
titration flask and connected to port C on the graduated receiver.

6. The automatic buret containing standardized complex (initiator) 
solution was removed from port D on the titration flask and connected to 
port E on the reaction flask.

7. The desired amount of initiator solution was added to the reaction 
flask. This was further diluted by pure solvent from the receiver. This 
solution was then allowed to come to bath temperature.

8. A measured amount of monomer was added to a measured amount of 
pure ether in the graduated receiver. This monomer solution was mixed by 
bubbling with nitrogen gas from the titration flask, after which it was 
added dropwise or in a very small stream to the reaction flask. The 
internal temperature of the solution was continuously recorded.

9. After addition of all monomer a few milliliters of freshly boiled, distilled 
water was added to the reaction flask. The solutions were often slightly 
turbid at this point. If a clear polymer was desired, addition of carbon 
dioxide as Dry Ice led to formation of a precipitate of sodium carbonate 
which was filtered off.

10. The reaction flask was removed from the apparatus. The polymer 
solution was roughly devolatized by allowing solvent to evaporate from it 
in trays in a hood, or by precipitation with methanol followed by filtration. 
Final devolatilization was attained by placing the polymer in a tray in a 
vacuum over at 150°C. for 4-16 hr.

In carrying out the above operations, every effort was made to develop 
precise techniques and to eliminate impurities. This was found to be 
essential if meaningful results were to be obtained.

Deviations from the procedure were sometimes necessary in order to 
study varying conditions; appropriate changes in such cases are obvious.

C. Molecular Weight Distributions

Molecular weight distributions were determined by sedimentation 
velocity analysis of ultracentrifuge data. Sedimentation velocity data 
were obtained on a Spinco Model E ultracentrifuge at 59,780 rpm in cyclo
hexane solution at 35°C. Analysis of the sedimentation data to give a 
sedimentation constant-molecular weight relationship to obtain a molecular 
weight distribution have been reported in a previous paper.10 The weight- 
average and number-average molecular weights have been calculated from 
the molecularweight distribution curves by the proper summation processes. 
Molecular weights are shown in Table I and some representative distribu
tion curves in Figure 2.
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RESULTS AND DISCUSSION

The molecular weight distributions of the various polymers prepared are 
best explained by the mechanism proposed by Szwarc. This mechanism is 
illustrated for styrene polymerization as follows.

H H H H
[ I I I

C = = C  +  electron —► : ( ' ------ ('■
I I !

Cello II CrJT,-, H

Dimerization or tetramerization through radical interaction leads to 
either of the following anions:

H H H /H  x H
I I I /  I \  I

: CCH2CH2C: or :C (CH 2)2 I C (CH,)2C:

c !h 5 c 6Ho c 6Ho Vc6h5/ 2 c 6h 5

The species thus produced have active anionic sites at both ends and, if 
given equal opportunity to propagate, a polymer of narrow distribution 
results. Termination is brought about by addition of a proton donor from 
which the active anionic sites each abstract a proton. Perhaps the best 
evidence for this mechanism is the relatively precise control of the intrinsic 
viscosity of narrow molecular weight distribution polymers which was re- 
producibly achieved. These data are shown graphically in Figure 3, 
where molecular weight calculated from initiator concentration is plotted 
against intrinsic viscosity. The various polymer sample numbers reported
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Fig. 3. Relationship of intrinsic viscosity to theoretical molecular weight calculated

from initiator concentration.

on the graphs and throughout this discussion are given so that reference 
may be made to the molecular weight distributions of the samples reported in 
the experimental section. Preparative data and molecular weights are 
also given in Table I. Under some conditions, deviation from the assumed 
mechanism is apparent. The conditions will be described in the discussions 
of the scope and limitations of the polymerization method which follows.

A. Monomers

Polymerization conditions for styrene monomer giving narrow distribu
tion polymers were intensively investigated. Narrow molecular weight 
distribution polymers have also been prepared from «-methylstyrene 
(S40, S41) and a mixture of to- and p-vinyltoluenes (S42).

B. Initiator and Solvent Systems

Successful polymerizations (i.e., rapid initiation followed by relatively 
slow propagation with no termination before addition of a protonating 
substance) are very dependent upon the choice of initiator-solvent system. 
Behavior of the several systems studied can be rationalized in terms of ion- 
charge separation; discussion of the results is presented in the interpreta
tion of temperature effects since all of the systems studied are very tem
perature sensitive. Initiator-solvent systems studied are given in Table
I. Ether solvents used were tetrahydrofuran, tetrahydro-2-methylfuran 
(S53), tetrahydropyran (S56), dioxane, ethylene glycol dimethyl ether, and 
diethylene glycol dimethyl ether. Lithium and sodium were used to form 
complexes with naphthalene, biphenyl (S54) , 11 phenanthrene (S55), and 
a-methylstyrene. 12
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It should be pointed out that the «-methylstyrene-sodium initiator is not 
a true initiator but a dimer or very low molecular weight polymer which is 
prepared by adding sodium to «-methylstyrene monomer in dilute solvent 
solution. The solution is prepared at a temperature far above the ceiling 
temperature for «-methyl-styrene polymerization,7 and, in the presence of 
excess sodium, the molecular weight remains low. These low molecular 
weight «-methylstyrene polymers have active anionic sites on either end 
and propagation takes place immediately when styrene monomer is added.

C. Temperature Effects

The temperatures at which narrow molecular weight polymer can be 
produced vary markedly with the catalyst-solvent system used. A 
catalyst-solvent system which functions in the expected manner at one 
temperature will not always behave the same at another temperature. 
Using sodium-naphthalene in tetrahydrofuran produced narrow distribu
tion polymer (S6 , S5) at temperatures between 0 and 12°C., but at —70 
to — 78°C., results were inconsistent, a high molecular weight, broad 
distribution polymer usually being produced. This effect was shown to be 
due to slow initiation by carrying out a polymerization using a-methyl- 
styrene-sodium and polymerizing at —70 to — 78°C. The polymer pro
duced had a narrow distribution (S44). Since «-methylstyrene-sodium is 
really a preinitiated tetramer, there was no initiation step, and propaga
tion proceeded smoothly in the expected manner. In other experiments 
(S46, S45), narrow distribution polystyrene was produced by initiating 
polymerization with enough monomer to start all chains at room tem
perature, after which the solution was cooled to Dry Ice temperature and 
the remaining major portion of monomer was slowly added.

In satisfactory solvents like dioxane and tetrahydrofuran at 0-25°C., the 
original initiator solution is green or blue-green, depending upon the hydro
carbon. As one slowly adds dilute monomer solution to the initiator 
solution, an orange-red or brown-red solution is rapidly formed, and, if 
the experiment is properly conducted, a narrow distribution polymer is 
(S49, S5) produced. When ethylene glycol dimethyl ether was used as 
solvent, the color change was a little slower and the color formed was not 
quite so brilliant; nevertheless, a fairly narrow distribution polymer was 
obtained (S47). When ethylene glycol dimethyl ether was used at Dry 
Ice temperature (S48) or diethylene glycol dimethyl ether was used at 
room temperature, initiation was obviously very slow; a 10% monomer 
solution was added at a rate of a few milliliters per second for an hour before 
the color change was complete. In the case of the diglycol ether, the red 
color, once formed, slowly faded. Distributions in cases where initiation 
was obviously slow, were broad.

It should also be noted that these same ethers caused extremely rapid 
formation of the original sodium complex, and that they promoted ex
tremely rapid styrene polymerization rates. Dioxane, on the other hand, 
formed sodium complexes very slowly and gave a bright red color rapidly
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when styrene monomer was added to complex. Propagation in this 
case suffered little interference from side reactions and gave polymers of 
narrow molecular weight distribution. A general interpretation of this 
and other results will be presented following a discussion of the effect of 
rate and order of monomer addition during the polymerization.

D. Effect o f Rate and Order o f Monomer Addition

The general method of preparation of narrow distribution polymers calls 
for the slow addition of monomer first to initiator solution, and then to 
polymer with active anionic sites. This is supposed to be necessary in 
order that all active sites may be initiated before much propagation occurs 
and in order that all polymer chains experience equal growth opportunity. 
It has been found that for most conditions this is indeed necessary, but in 
initiator-solvent systems giving very rapid initiation and relatively slow 
propagation the rate, and even order, of addition may be varied and narrow 
distribution polymers still obtained. Sodium-naphthalene-dioxane is 
such a system. When monomer was added rapidly to this initiator at f>°C., 
the mixture stirred for 1 -2  min. before the heat of reaction caused the 
temperature to increase. Once propagation began, the temperature rose 
rapidly to about 25°C. and leveled off. After 10 min. reaction time water 
was added and the polymer was devolatized in the usual manner. The 
ultracentrifuge measurement of this polymer indicated two very sharp 
peaks (S50). This rather peculiar distribution may be interpreted as 
follows. The initiation step is very rapid and occurs almost instantane
ously, giving the active dimer or low molecular weight polymer, which is 
free to add monomer or to react with any impurities present. Since 
propagation is relatively slow in dioxane, the impurities present in the 
system react to kill one or both ends of various dimer molecules. The 
dimers killed on both ends do not contribute to the polymer, but those 
killed on only one end do. We now have two propagating species, dimer 
which is reactive on only one end, and dimer which is reactive on both 
ends. Propagation ensues, and two different narrow molecular weight 
polymers are formed, one having a degree of polymerization twice that of 
the other. This gives a polymer with a distribution curve consisting of 
two very sharp peaks. It should be noted, however, that these peaks are 
so close together that they still constitute a fairly narrow molecular 
weight distribution polymer.

Because there seemed to be an induction period before polymerization 
began in dioxane, it was thought that in this one case initiator could be 
added rapidly to monomer to give, a narrow distribution polymer. When 
this was tried, a polymer with a distribution showing two sharp peaks 
(Sol) was again produced. Adding initiator to monomer in tetrahydro- 
furan gave a broad distribution polymer (S52).

The data presented in this and earlier sections indicate that certain 
catalyst-solvent systems are more reactive than others when considered 
from the view point of metal complex formation and of polymerization
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propagation. Systems promoting rapid propagation are the slowest to 
initiate and the most, prone to “kill out” during polymerization. These 
facts are best explained in terms of ion pair separation.

If we use the same metal-hydrocarbon complex in different solvents, 
then that solvent which can coordinate with the sodium to the highest 
degree will cause the most rapid formation of complex when the complexing 
reagents are brought together. This strongly coordinated solvent produces 
a complex with a relatively great ion pair separation and the aromatic 
hydrocarbon anion is reluctant to release its electron to monomer during 
initiation. This may be visualized as follows:

[Aromatic hydrocarbon] “  <----------- [Monomer radical]"

[Polymer]"

The aromatic hydrocarbon is presumed to have a much greater affinity for 
the electron than the monomer radical, but the equilibrium is driven in 
the direction of the monomer radical by the dimerization and subsequent 
polymerization of the monomer. In cases where the electron is tightly 
held by the aromatic hydrocarbon, initiation is slower and the rate of 
initiation compared to that of propagation is very slow. Under these 
conditions narrow distribution polymer cannot be produced because 
fresh chains are initiating throughout the polymerization.

The systems which are. difficult to initiate and fast to propagate have a 
greater tendency to “kill out” during polymerization. This too can be 
interpreted in terms of ion pair separation. Normal alkyl sodium com
pounds cleave ethers readily even in the cold, 13 and a polymerizing chain 
may be thought of as an alkyl sodium compound in which the carbanion is 
moderated by an electron releasing group such as the phenyl group. Any 
solvent which promotes ion pair separation will also promote cleavage and 
other side reactions.

An interesting deduction concerning the base strengths of ethers may be 
drawn from this work. The indicated order of increasing basicity is 
dioxane < tetrahydrofuran < ethylene glycol dimethyl ether < diethylene 
glycol dimethyl ether.

Substituents on the carbanion other than phenyl will also alter the ion 
pair separation; thus the electron-releasing methyl group lessens the ion 
pair separation, and a-methylstyrenc should be converted to monodisperse 
polymer under a far greater range of conditions than styrene. Ethylene 
polymerization, on the other hand, if it could be initiated, would probably 
“kill out” rapidly.

The alkali metal ion also helps determine the ion pair separation and it 
has been observed that lithium complex polymerization propagation (S61) 
is generally slower than sodium. Potassium has not been investigated 
but potassium systems might be expected to be faster than sodium.
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E. Side Reactions

It seems probable that ether cleavage could occur during anionic polymer
ization, and experimental indications of such side reactions were observed 
in certain cases. It could not be directly determined, however, whether 
termination was caused by ether cleavage or by reaction with impurities. 
Ether cleavage should give rise to definite products which could be identified 
if present in significant quantities. The cleavage reaction is not a simple 
one, but often proceeds predominantly according to the equation: 13' 14 

RNa +  R 'CH 2CH2OCH3 — R 'C H = C H 2 +  NaOCHa +  RH

In order to test for ether cleavage a sodium-a-methylstyrene-ethylene 
glycol dimethyl ether complex was prepared and stored under nitrogen 
at room temperature for about three weeks. This material is comparable to 
a polymerizing «-methylstyrene polymer in glycol ether solvent. After 
three weeks the active chainswere “killed” with a littlewater and a portion of 
the solvent distilled off. An odor was noted coming from the distillate and 
a gas sample was taken. Analysis by mass spectrometry showed the gas to 
be almost entirely the expected methyl vinyl ether. The liquid distillate 
was also analyzed and was expected to contain traces of methanol. None 
was found, but in the presence of ethylene glycol dimethyl ether, traces of 
methanol would be difficult to identify. The presence of methyl vinyl 
ether in the reaction mixture is strong evidence for a cleavage reaction.

A second side reaction giving rise to broad molecular weight distribution 
polymers was encountered in polymerizations initiated by sodium-naphtha
lene in tetraliydrofuran. The difficulty was traced to the age of the initiator 
solutions used. In order to demonstrate the importance of age of initiator, 
two polymerizations using initiator solutions of approximately equal con
centration were conducted. One initiator solution was twelve days old, 
having been stored under nitrogen at room temperature. The other was 
used the day it was prepared. The aged initiator gave a polymer shown by 
ultracentrifuge measurements (S58) to have a broad distribution and two 
peaks. The fresh initiator gave a narrow molecular weight distribution 
polymer (S6 ).

The mechanism of initiator solution deterioration is not known, but an 
interesting correlation with hydrogen evolution in water was observed. 
The fresh catalyst solution did not give off gas when dropped into water, 
but the same solution after standing overnight evolved gas when mixed 
with water. Portions of the solution were reacted with water each day 
for several days. The amount of gas evolved increased daily over a 
period of a week, showing a continuing deterioration of the initiator solution.

F. Effect o f Additives

Some interesting effects were noted when polymerizations were carried 
out in the presence of extraneous materials. With sodium-naphthalene- 
tetrahydrofuran as initiator and redistilled toluene as solvent in the poly
merization of styrene at 0°C., the typical red polymerization color endured
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throughout the run. After “killing” with water and devolatilization of the 
polymer it was found to have an unexpectedly low 10% toluene viscosity of
1.02 cpoise; the molecular tveight distribution determined by ultra- 
centrifuge was broad (S57). Polymerizations carried out under similar 
conditions with tetrahydrofuran as a solvent have a 10% viscosity of about 
5-7 cpoise and a narrow distribution. Since the polymer yield was 94% 
of theoretical, the unexpectedly low viscosity suggests that a transfer was 
occurring during polymerization.

A similar run made in redistilled benzene “killed out” to form a pale yellow 
solution before all of the monomer was added. The run was repeated 
with the use of thiophene-free benzene which was distilled from high boiling 
sodium complex, but again the run “killed out.” The yield from the first 
benzene run was not taken; that from the second run was 24% of theo
retical. Keeping in mind the fact that benzyl sodium is a red compound 
while pure phenyl sodium is a white solid, the results of the benzene runs 
can also be interpreted as resulting from chain transfer. The transfer to 
toluene apparently occurred at the methyl groups while that to benzene 
was to the rings. Benzyl sodium is red and a polymerization initiator, 
but phenyl sodium is colorless and, perhaps, due to reduced ion pair 
separation, does not initiate polymerization to any appreciable extent; 
thus the ultimate effect of transfer to benzene is to “kill” the chain. A run 
in cyclohexane was unsuccessful because the red polymer precipitated out 
as the styrene monomer was added.

Polymerizations in a rusty mild steel reaction vessel gave polystyrene of 
broad molecular weight distribution (S59), although active sites appeared 
to endure throughout the polymerizations. Tn a glass reactor, polymeriza
tions in the presence of a few grams of Fe30 4 or Fe20 3 gave polymers with 
unexpectedly high molecular weights, indicating that the normal mechanism 
had not prevailed. When a few grams of hydrogen-reduced iron was 
present in a glass reactor, a narrow distribution polymer having a slight 
low molecular weight tail (S60) was produced.
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Résumé
Ou a effectue une étude de l’importance et des limites de la polymérisation anionique 

du styrène et des styrènes substitués dans des conditions où une réaction de terminaison 
de chaîn n’a pas lieu. Dans ces conditions, on a obtenu des homopolymères possédant 
une distribution très resserrée do leurs poids moléculaires. Les résultats fournis par 
ultracentrifugation confirment la formation de cette distribution serrée. Tous les ré
actifs utilisés ont été soigneusement purifiés et gardés ensuite à l’abri de l’air. La façon 
habituelle de procéder consiste à effectuer les polymérisations en ajoutant lentement une 
solution de monomère à la solution d’initiateur. On s’est proposé d’apporter des modi
fications à ce processus afin d’étudier différentes conditions de réaction. On a utilisé 
comme monomère: le styrène, l ’a-methyl-styrène, le m- et le p-vinyltoluène, et comme 
solvant: le tétrahydrofuranne, le tétrahydropyranne, le 2-méthyltétrahydrofuranne, le 
dioxanne, l’éther diméthylique de l’éthylène-glycol et l’éther diméthylique du diéthylène- 
glycol. Les initiateurs étaient le sodium-naphtalène, le sodium-biphényl, le sodium 
a-méthyl-styrène, le sodium-phénanthrène et le lithium-naphtalène. Le choix des sol
vants a un grand effet sur l’allure de la polymérisation et la température à laquelle on peut 
produire des polymères à distribution resserrée. Les solvants qui provoquent une rapide 
initiation et une propagation relativement lente sont meilleurs et ceux qui font l’inverse 
ont tendance à donner des réactions latérales menant à une réaction de terminaison et à 
un polymère largement distribué. En ce qui concerne la rapidité d’initiation et la len
teur de propagation, ces solvants sont dans l’ordre suivant: dioxane >  tétrahydrofuranne 
>  éther diméthylique de l’éthylène glycol >  éther diméthylique du diéthylène glycol. En 
solution dioxannique, on a préparé du polymère monodispersé dans diverses conditions. 
Dans l’éther diméthylique du diéthylène glycol, on ne peut préparer de polymère mono
dispersé même dans les conditions les plus favorables. Ces faits s ’interprètent en termes 
de séparation de paire d ’ions. On a examiné d ’autres facteurs qui peuvent conduire à des 
polymères à large distribution des poids moléculaires. On a trouvé que l ’âge de l’in
itiateur jouait un rôle important car les solutions plus anciennes d’initiateur fournissent 
des polymères largement distribués. Des solutions d’initiateur vieilli dégagent de 
l’hydrogène quand il y a possibilité de réaction avec l’eau, tandis que des solutions fraîche
ment préparées d’initiateur ne dégagent pas d’hydrogène. En présence de toluène il y a 
transfert de chaîne vers le groupe méthylique et cela provoque une large distribution du 
polymère. Un transfert semblable au cycle du benzène donne lieu à une terminaison 
avant que la polymérisation ne soit complète. Du fer rouillé, FoaOs et, Fe30 4 affectent 
défavorablement l’allure de la polymérisation et fournissent des polymères largement 
distribués. La réduction du fer par l’hydrogène dans le mélange réactionnel cause 
seulement un écart minime à la distribution serrée des poids moléculaires.

Zusammenfassung
Eine Untersuchung des Umfanges und der Begrenzungen der anionischen Polymerisa

tion von Styrol und substituierten Styrolen bei fehlendem Kettenabbruch wurde durchge
führt. Unter diesen Bedingungen wurden Polymere mit sehr enger Molekulargewichts
verteilung erhalten. Ultrazentrifugenergebnisse beweisen die Bildung enger Verteil
ungen. Alle verwendeten Reagenzien wurden sorgfältig gereinigt und ohne Berührung 
mit der Atmosphäre verwendet. Das Standardverfahren bestand in der Durchführung 
der Polymerisation durch langsamen Zusatz der Monomerlösung zur Starterlösung. 
Zur Untersuchung verschiedener Reaktionsbedingungen wurde dieses Verfahren variiert. 
Als Monomere wurden Styrol, a-Methylstyrol sowie m - und p-Vinyltoluol verwendet, 
als Lösungsmittel Tetrahydrofuran, Tetrahydropyran, 2-Methyltetrahydrofuran, Di
oxan, Äthylenglykoldimethyläther und Diäthylenglykoldimethyläther. 1 )ie verwendeten 
Starter waren Naphthalinnatrium, Biphenylnatrium, « - Mefliylstyrolnatrium, Phenan- 
thrennatrium und Naphthalinlithium. Die Wahl des Lösungsmittels hatte einen grossen 
Einfluss auf den Verlauf der Polymerisation und auf die Temperatur, bei welcher es zur 
Bildung von Polymeren mit enger Verteilung kommt. Lösungsmittel, die einen raschen
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Start und eine verhältnismässig langsames Wachstum begünstigten, waren am besten 
geeignet, im umgekehrten Falle traten Nebenreaktionen auf, die zur Abbruch und einem 
Polymeren mit breiter Verteilung führten. Die Reihenfolge für die Bewirkung von ras
chem Start und langsamen Wachstum ist bei den genannten Lösungsmitteln die fol
gende: Dioxan >  Tetrahydrofuran >  Äthylenglykoldimethyläther >  Diäthylenglykoldi
methyläther. In Dioxanlösung wurde in einem weiten Bereich an Versuchsbedingungen 
monodisperses Polymeres hergestellt. In Diäthylenglykoldimethyläther konnte auch un
ter den günstigsten Bedingungen kein monodisperses Polymeres erhalten werden. Dieses 
Verhalten wurde als Effekt der Ionenpaartrennung gedeutet. Auch andere Faktoren, 
die für die Bildung von Polymeren mit breiter Verteilung verantwortlich sind, wurden 
untersucht. Das Alter des Starters erwies sich als sehr wichtig, wobei ältere Starter
lösungen Polymere mit breiter Verteilung lieferten. Gealterte Starterlösungen ent
wickelten bei der Reaktion mit Wasser Wasserstoff; frisch bereitete Starterlösungen ent
wickelten keinen Wasserstoff. In Gegenwart von Toluol fand Kettenübertragung zur 
Methylgruppe statt, was zur Bildung eines Polymeren mit breiter Verteilung führte. 
Eine ähnliche Übertragung mit Benzol am Ring ergab Abbruch bevor die Polymerisation 
vollständig war. Rostiges Eisen, Fe>03 und Fe30.] hatten einen ungünstigen Einfluss 
und lieferten Polymere mit breiter Verteilung. Wasserstoff-reduziertes Eisen im Reak- 
tions gemisch ergab nur eine geringfügige Abweichung von der engen Verteilung.

Rcceived April 9, 1962
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Anisotropic Properties of Strained Viscoelastic 
Fluids. III. Birefringence of Polystyrene 

Solutions

ROBERT TOGGENBURGER* and STANLEY J. GILL, D epartm ent o f  
Chem istry, University o f  Colorado, Boulder, Colorado

Synopsis

Birefringence relaxation has been studied in concentrated polystyrene solutions. The 
birefringent state is induced by a sudden application of strains and the subsequent relax
ation effect is observed by photoelectric monitoring. The effect of temperature concen
tration on the decay of induced birefringence follows the general patterns observed for 
stress relaxation. Samples of different molecular weights and different molecular weight 
distributions have been studied. A particularly simple empirical result was found to ex
press the relaxation behavior of highly fractionated materials. In such instances the 
birefringence decays with exponential dependence upon the square root of time. The re
sults for samples with broad distributions show curvature when plotted in a similar fash
ion. This simple relaxation behavior has a simple LaPlace transform, so that a compari
son of the exact relaxation distribution function with approximate methods can be made. 
The general behavior of birefringence relaxation distribution functions is similar to that 
noted for stress relaxation functions. The method of reduced variables likewise is ap
plicable to bring the birefringence relaxation results into correspondence at different tem
peratures.

I. INTRODUCTION

The viscoelastic properties of moderately concentrated polymer solutions 
are complicated by the diversity of molecular contacts and interactions. 111 

Nevertheless, the study of such materials provides an important bridge be
tween the dilute and solid state of polymers. A number of such studies are 
reviewed by Ferry.1“ For the most part, these studies have relied upon 
oscillatory measurements of stress and strain over a range of frequencies. 
The relaxation spectrum is then derived by approximate techniques from 
such measurements. 10

In a previous paper a technique was described for studying the relaxation 
of a suddenly induced anisotropic state by the measurement of the as
sociated birefringence.2 According to theories of rubber elasticity the 
induced birefringence of long chain networks should be proportional to the 
stress.3 This has also been confirmed for several fluid materials.4’5 The 
measurement of birefringence relaxation should then provide a parallel to

* Present address: Research Laboratories, Plastic Division, Monsanto Chemical 
Company, Springfield, Mass.
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stress relaxation following a sudden deformation. Neither the 1 »irefringence 
relaxation nor the stress relaxation for rapidly relaxing materials has 
previously been measured. Some practical advantages may result from 
a simple relaxation measurement since the general formulation of the 
measured relaxation is a Laplace integral.

There are presently several theoretical interpretations of the viscoelastic 
behavior of random (toil polymers contained in a medium where the 
frictional forces can be approximated by macroscopic constants.6-10 These 
theories are reasonable for the dilute or solid state where the environment 
of relaxing segments is approximately uniform but there may be com
plications where significant molecular interaction is due both to solvent 
and polymer. These difficulties, or lack of them, might be further revealed 
by birefringence relaxation experiments on materials of narrow molecular 
weight distributions.

In this initial study we have been concerned with the relaxation prop
erties of concentrated polystyrene solutions. The principal parameter 
under investigation has been the effect of molecular weight distribution.

II. EXPERIMENTAL METHODS

A. Apparatus

The strain-birefringence apparatus and method was similar to that de
scribed before.2

In this method an isotropic viscoelastic medium is suddenly strained 
through a sudden distortion of the outer confines of the medium. The in
ternal structure of the solution is then no longer random, and the solution 
becomes birefringent. A suitable optical apparatus measures the induced 
birefringence and its subsequent decay.

The apparatus consisted of a filtered light source (546 my), a light- 
collimating system, a polarizing Nicol prism, a straining cell, a crossed 
analyzing Nicol prism, and photomultiplier tube arranged on an optical 
bench. The quarter wave plate utilized in the previous apparatus was 
not needed to measure the intensity of the transmitted light and hence it 
was omitted. When the solution was strained and made birefringent, the 
resulting elliptically polarized light was transmitted through the analyzing 
prism and its intensity was read by a photomultiplier tube. This signal 
was displa.yed on an oscilloscope and the trace photographed. The 
induced retardation 8 (proportional to the birefringence) was calculated by 
means of the relation I/ I0 = sin2 (8/2) where I  is the intensity of the 
transmitted light. The proportionality constant 70 is determined by 
uncrossing the Nicols to a known angle /3. The optical calibration of the 
apparatus was checked periodically by measuring the ratio Ip/Ia for different 
settings /3. Alignment was always maintained so that Ip / h  was within 
1.5% of sin2 ,8 .

The temperature of straining cell was held constant to ±0.05°C. by 
enclosing the cell in a compartment through which was circulated water
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from a thermostatted bath. The dimensions of the straining ellipse were 
a = 0.52 cm., b =  0.45 cm., and l =  9.2 cm., where 2a, 2b, and l are the 
major axis, the minor axis, and the effective length, respective^. The 
internal Teflon tube had a double wall thickness of 0.14 cm.

Each relaxation curve is a combination of two relaxation photographs. 
One photograph recorded the short time portion of the relaxation spectrum 
and the other measurement recorded the long time portion. This was 
effected by suitable selections of the signal amplification and of the oscil
loscope time sweep. Combination of these two traces resulted in a more 
complete relaxation curve than if it had been based upon a single measure
ment.

Polystyrene was prepared from Eastman Kodak purified grade styrene 
monomer by the method of Outer, Carr, and Zimm.6 The inhibitor, 
ferf-butyl pyrocateehol, was removed by several washings with an aqueous 
sodium hydroxide solution followed by vacuum distillation at less than 
30°C. The monomer was polymerized in a sealed tube with 0.05% East
man Kodak reagent grade benzoyl peroxide at 60°C. for four days. This 
sample was labeled P-0.

Seven fractions (P-1 to P-7) were obtained by a fractional precipitation 
of a portion of polystyrene P-0 by means of a 2-butanone solvent-methanol 
precipitant system. 11 These samples were dried at 25°C. and 10 mm. 
Hg for 48 hr. and then weighed.

The fractionated polystyrene (samples P-1 to P-7) and the unfractionated 
polystyrene (sample P-0) were characterized by viscometry. 12 A dif
ferential molecular weight distribution curve for sample P-0 was con
structed by use of the viscosity molecular weight data for fractions P-1 
to P-7. 13 The differential molecular weight distribution for P-0 is broad 
and conforms approximately to a most probably type. 13

Relaxation studies were performed on Szwarc type polystyrene (S-1159). 
This polystyrene sample was graciously supplied by H. M. McCormick of

B. Materials

TABLE I
Molecular Weights of Polystyrene Samples

Polymer sample M.W. X 10“ 6 M.W. distribution

Polystyrene P-0 
Polystyrene P-2 
Polystyrene P-3 
Polystyrene P-4

M v =  0.88 
M ,  =  1.4 
M .  = 1.15 
M ,  =  0.78 
M v =  0.54» 
M n = 0.53b 
M „  =  0 .57b 
M u =  0.495'

Most probable 
Fractionated from 

P-0

Polystyrene S-1159 M JM u = 1.08''

» Data of Coure et al.16 
b Data of McCormick,16
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the Dow Chemical Company. The weight-average and number-average 
molecular weights as determined by McCormick were 570,000 and 530,000 
respectively. 14 As the ratio of the weight-average molecular weight to the 
number-average molecular weight is near one, the molecular weight 
distribution is narrow.

Table I lists the molecular weights of the unfractionated and fractionated 
polystyrenes and of the Szwarc type polystyrene.

C. Procedures

Care was taken to make the solutions used in the straining cell optically 
clear. Dust was removed by pressure filtration through a medium sintered 
glass frit. Air bubbles had to be removed from solution in the cell before 
an examination of the material could be made.

Relaxation measurements were made on two polymer-solvent systems. 
Polystyrene samples P-0, P-2, P-3, and P-4 were dissolved in thiophene- 
free reagent grade benzene. The Szwarc type polymer, however, was 
dissolved in reagent grade 1,4-dioxane, as concentrated solutions in benzene 
were not optically clear. A sample of P-0 was run in 1,4-dioxane as well 
as in benzene in order to compare solvent effects.

Table II lists the various experimental conditions under which relaxation 
studies were conducted. Note that for practical reasons in preparing the 
solutions the concentrations were expressed as grams of solute per cubic 
centimeter of solvent and multiplied by one hundred.

TABLE II
Summary of Experimental Conditions

Polymer-solvent system

Concentration, 
g. polymer/ 
cc. solvent 

X  100 Temperature, °C.

Polystyrene P-0 in benzene 14 25
Polystyrene P-0 in benzene 16 0, 10, 15, 25, 35
Polystyrene P-0 in benzene 25 0, 25, 35
Polystyrene P-0 in 1,4-dioxane 14 25
Polystyrene P-2 in benzene 12 25
Polystyrene P-3 in benzene 14 10, 15, 25, 35
Polystyrene P-3 in benzene 16 15, 25, 35
Polystyrene P-4 in benzene 14 10
Polystyrene S-1159 in 1,4-dioxane 20 10, 15, 20, 25
Polystyrene S-1159 in 1,4-dioxane 25 10, 15, 20, 25, 35

III. EXPERIMENTAL RESULTS

A. Effect o f Temperature on Birefringence Relaxation

In order to extend the relaxation data over as broad a time range as 
possible, data were taken over a range of temperatures for a particular 
solution and then reduced into a single reduced relaxation curve.ld The
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reduced retardation is given by 8T r/T. A reference temperature of 25°C. 
was arbitrarily selected. Figure 1 shows a graph of 5r, versus log (at) 
for a 25% polystyrene solution in a range of temperatures of 10-35°C.

Fig. 1. Temperature-dependent relaxation data reduced to 25°C. for 25% polystyrene 
S-1159 in 1,4-dioxane: (O) 10°C.; (0 -)  15°C.; (6 )  20°C.; (O) 25°C.; (-O) 35°C.

B. Form o f the Relaxation Function

Since the long-time portion of the relaxation spectrum of viscous solu
tion is emphasized in the method of measurement, the relaxation process 
might be dominated by a single relaxation mode. If this were the case, 
one would predict retardation <5 to be exponentially dependent on the time. 
Plots of log 8 versus time for the concentrated polystyrene solutions 
resulted in curved relaxation functions which indicated contributions of 
several relaxation modes to the relaxation distribution function. As an 
example of this behavior, a graph of log 8 against the time is shown in 
Figure 2 for a 25% Szwarc polystyrene solution at 25°C.

The shapes of the relaxation functions, however, suggested that a plot 
of log retardation against some root of time may result in linearity. Em
pirically, it was found that when the logarithm of the retardation or the 
normalized retardation was plotted against the square root of time a 
linear decay curve resulted for the Szwarc polystyrene in 1,4-dioxane (see 
Fig. 2) and for the fractionated polystyrene samples in benzene (see
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Fig. 2. Log of the relative retardation for 25% S-1159 in 1,4-dioxane plotted against 
(O) t and (• ) against t'/"-. Reduced temperature data (2o°C ) used.

Fig. 3. Log of the relative retardation vs. i1/ 2 for narrow molecular weight distribution 
polystyrene samples with various molecular weights: (O) 12% P-2; (6 )  16% P-3; 
(O) 14% P-4; (0 -) 20% S-1159.
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Fig. 4. Log of the retardation vs. i1/ 2 for various concentrations in benzene of broad 
molecular weight polystyrene sample P-0 at 25°C.: (O )  25%; (• ) 16%; (O) 14%.

Fig. 5. Log of the retardation vs. t'/2 14% polystyrene sample P-0 (O) in benzene and
(• ) in 1,4-dioxane at 25°C.

Fig. 3). In most of these eases linearity persisted over the entire range of 
the relaxation measurements.

The relaxation curves for unfractionated polystyrene solutions deviated 
from the linear relation log 8 versus t'/: (Fig. 4). The observed curvature 
is attributed to the broad molecular weight distribution.

In order to determine the effect of solvent difference between the Szwarc 
polystyrene samples and the other polystyrene samples, a comparison 
of relaxation data of 14% solutions for the unfractionated polystyrene
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sample in benzene and 1,4-dioxane was made. These data, plotted in 
Figure 5, indicate that the general character of the relaxation function is 
uneffected by the solvent difference. This behavior is supported by 
intrinsic viscosity measurements made on polystyrene sample P-0, the 
intrinsic viscosity being about 10% greater in benzene than 1,4-dioxane. 
Dimensional changes due to solvent are therefore small, and thus it seems 
unlikely that changes in the parameters controlling the relaxation process 
are significantly altered.

Â ariations in temperature from 10 to 35°C., in concentration from 14% 
to 25%, and in molecular weight from 5000,000 to 1,400,000 did not 
perceptably alter the linear form noted above for the relaxation behavior of 
narrowly distributed samples.

C. Distribution Function

The linear dependence between the log of S and % 2 may be expressed by 
the equation:

S =  5oe“ 2-3' ‘I/! (1)
where So is the intercept and s is the slope of the log S versus curve. We 
shall find it convenient to use a relative retardation defined by 5' = 5/50 

for cases where relation (1) is found to hold.
One use of this empirical relation is that it enables us to compare various 

approximation procedures with an exact Laplace transform in finding 
the distribution of relaxation times or distribution function. The com
parison relies first of all upon assuming that this exponential dependence on 
the square root of time holds over all ranges of time, although it has been 
confirmed experimentally only over a limited time scale.

Two approximation methods often used for deriving distribution func
tions of relaxation have been developed by Ferry and Williams17 and by 
Andrews. 18 4Are shall use these to evaluate an approximate distribution 
function for this type of exponential decay with %2.

The general form19 of decay of relative retardation can be presented by
S' = f H (In r ) e ~ ‘/r dIn r (2)

where FI (In r) is the normalized distribution function in terms of the 
natural logarithm of the distribution of relaxation times.

In terms of relaxation rates, y , where we define a distribution function of 
rates

<f(7 ) = H {In t) / 7  (3)
and 7  = 1/r
and

5' = /o“ <%7) e ~ h  d y  (4)
We can evaluate this for S' = by approximate techniques or ex
actly by use of the Laplace transform.
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a. Andrews Approximation.18 This approximation is given by
H (In r) = -(di'/d ln  r) +  (0.251 X 2.3) [d*i'/d(ln r)2] (5)

For the case under consideration we find 
H (In r) = (2.3/2) sa/'t e ~ 2-3s^ T

+  (0.251 X 2.3/4)sV/r(l -  2 . 3 s \ / r ] e (6 )
b. Ferry and Williams Approximation.17 We have

77(ln r) = — M (m )5 '(d  log b'/d log i )t = T (7)
where

M (m ) = l/r(m  +  1) (8)
and

m =  — (d log b'/d log t) = — d In b'/d In t (9)
For our empirical decay relation, then,

m  = -(2 .3 /2  )sV r (10)
H(\n t )  =  M (m ) (2.3/2) s \ / t e ~ 2-3s^ T (11)

c. Laplace Transform. Here we have
y  = e - i .u V i  = / 0” ^(7)e- o  (12)

The solution of ^(y) for this expression has been tabulated by Erdelyi2" 
and is given by

* ( y )  =  -  (2.3/2) V T T -i/ssc_(“3,)V(47) (13)
or

H(lnr) = -  (2.3/2) v W r e - (2-3s)2r/4 (14)
Since the form of the approximate expressions for H (In r) for this special 

case does not appear to conform to that of the exact expression one might 
suspect some difference to arise in actual computation.

A graph of the three methods of calculating the relaxation distribution 
function as applies to the 25% Szwarc polystyrene in 1,4-dioxanc at 25°C. 
is shown in Figure 6 .

The Ferry-Williams approximation method corresponds most closely to 
the exact form at long relaxation times. Both the Ferry-Williams and 
Andrews approximations have a low distribution maximum 1han given by 
the Laplace transform. The Ferry-Williams approximation appears to 
be the most valid of these two approximate methods.

The effect of temperature on the distribution function //(In t) as calcu
lated by the exact expressions for the same material is shown in Figure 7.

The displacement of the relaxation distributions to higher times at lower 
temperatures follows the general findings of viscoelastic behavior. The
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distribution can be superimposed by suitable translation with respect to 
log T. This conforms to general observation in the use of reduced vari
ables.

Fig. 0. Relaxation distribution functions vs. log l for 25', /0 S-l 151) in 1, 1-dioxane at 
25°C. as obtained by Ferry-Williams and Andrews approximation methods and by 
Laplace transform.

Fig. 7. Relaxation distribution functions vs. log t as obtained by Laplace transform for 
25% S-1159 in 1,4-dioxauo at various temperatures.
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IV. DISCUSSION

One feature of the log 8 versus i f '! plot is that it tends to point out the 
difference in the stress decay between the most probable and the narrower 
molecular distribution polystyrene samples. Although this difference is 
not as large as might be expected, it is definite.

In principle one might use the observed curvature to estimate 
the distribution of molecular weights. However, such a procedure at 
present would be strictly empirical without a theory which would indicate 
how the various molecular weights contribute to the observed relaxation 
behavior. We shall therefore draw only some qualitative conclusions.

In order to explain the relatively small effect molecular weight distribu
tion has on these solution concentrations, one is compelled to say that 
the effect of molecular weight distribution is almost overwhelmed by mul
tiple interactions in the concentrated solution.

The nature of such interactions in concentrated solutions is not well 
understood. There is no theory of stress relaxation which would explicitly 
indicate the simple relation of the exponential decay with fl / 2 for homo
geneous materials.

The effect of concentration would be one of increasing the density of 
interactions and retarding the relaxation process. The relaxation curves 
for difference concentrations (of unfractionated material) can not be simply 
superimposed by simple translation for the solutions we have studied. 
This lack of superposition may be due to several factors including changes 
of interaction point density and mobilities of the chain segments.

Terry'21 has established by mechanical experiments the general shape 
of the relaxation distribution function for concentrated polystyrene solu
tions over a broad range of time. A typical transition plateau-terminal 
zone pattern is evident. The measurements made in this investigation 
emphasize the terminal portion up to the plateau region of the relaxation

Fig. s. Log relative retardation plotted against l ' / 2 for 10.5% polyisobntylene in docalin 
at 25°C. (data of Schremp, Terry and Evans22)-
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distribution function. Our experiment cannot give the shorter time be
havior.

In order to investigate the possible generality of the exponential de
pendency of the stress on i'/2, the stress relaxation data of a 16.5% poly
isobutylene solution of Schremp, Ferry, and Evans22 was plotted in this 
manner. The polyisobutylene was unfractionated with a molecular weight 
of 2.5 X 106. The plot for this solution is shown in Figure 8 . The shape 
of the relaxation curve is very similar to our curves on the unfractionated 
polystyrene and points out the possible generality of the exponential i‘/s 
dependency of the stress to concentrated solutions of other polymeric 
systems.

The Rouse theory predicts for dilute solution that when the number of 
relaxation modes is large, the relaxation distribution function is dependent 
upon t ~1/\ If we assume this applied to concentrated solution, as exam
ination of the log plot of the distribution function against the log of 5 for 
the monodisperse polystyrene system shows a slope much steeper than 
— ‘/a dominates the distribution function. This behavior suggests that 
only a small number of relaxation modes are controlling the relaxation 
process in this time region. A more complete numerical examination of 
the molecular theory of relaxation is needed to see if one can find a better 
correlation between existing theory and experiment.

The results obtained in this work on relaxation of induced birefringence 
conform to the general behavior of stress relaxation. Similar application 
of reduced variables illustrates the superimposition of relaxation curves of 
retardation at various temperatures. Distribution functions have been 
derived for the relaxation spectrum which follow general stress relaxation 
behavior. The observed exponential dependence of the retardation upon 
the square root of time is a significant feature found with the fractionated 
materials investigated. This relation allows one to extrapolate with some 
certainty to a condition of instantaneous strain to evaluate the retardation 
under such conditions.

This work was supported by the Directorate of Chemical Sciences of the Air Force 
Office of Scientific Research. We are indebted to Dr. McCormick of the Dow Chemical 
Company for providing samples of Szwarc polystyrene.
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Résumé

On a étudié la rélaxation de la biréfringence de solutions concentrées de polystyrène. 
L ’état biréfringent est provoqué par l’application brusque d’une tension et l’effet de ré
laxation qui s’en suit est observé par signal photoélectrique. L ’effet de la température 
locale sur la chute de la biréfringence induite suit l’allure généralement observé pour la 
rélaxation de tension. On a étudié des échantillons de poids moléculaires différents et des 
distributions différentes de poids moléculaires. Un résultat empirique particuliérement 
simple a été trouvé pour exprimer le comportement rélaxationnel de produits fractionnés 
à des très élevés. Dans de tels cas la biréfringence décroit d ’une manière exponentielle 
par rapport à la racine carrée du temps. Les résultats pour les échantillons avec de larges 
distributions montrent en diagramme uue inflexion. Ce comportement de rélaxation a 
un simple transformateur Laplacien, de telle sorte qu’une comparaison de la distribution 
de la fonction de rélaxation au moyen de méthodes approximatives peut être faite. 
Le comportement général des fonctions de distribution de la rélaxation de la biréfrin
gence est semblable à celle notée pour les fonctions de rélaxation de tension. Par ana
logie, la méthode des variables réduites est applicable aux résultats de rélaxation de biré
fringence à différentes températures.

Zusammenfassung

Die Doppelbrechungsrelaxation in konzentrierten Polystyrollösungen wurde unter
sucht. Die Doppelbrechung wird durch plötzliche Verformung hervorgerufen und der 
darauffolgende Relaxationseffekt photoektrisch beobachtet. Der Einfluss von Tempera
tur und Konzentration auf den Avfall der induzierten Doppelbrechung entspricht dem 
allgemeinen, bei der Spannungsrelaxation beobachteten Verhalten. Proben mit verschi
edenem Molekulargewicht und verschiedener Molekulargewichtsverteilung wurden un
tersucht. Ein besonders einfaches empirisches Ergebnis konnte für das Relaxationsver
halten von gut fraktionierten Substanzen erhalten werden. In diesem Fall fällt die 
Doppelbrechung exponentiell mit der Wurzel aus der Dauer ab. Die Ergebnisse an 
Proben mit brieter Verteilung zeigen bei einer solchen Auftragung eine Krümmung. 
Dieses einfache Relaxtions verhalten liefert eine einfache Laplace-Transformation und
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ermöglicht den Vergleich der exakten Relaxationsverteilungsfunktion mit Näherungs
methoden. Das allgemeine Verhalten der Doppelbrechungsrelaxations-Vorteilungs- 
funktionen ist dem bei den Spannungsrelaxationsfunktionen angetroffenen ähnlichi 
Die Methode der reduzierten Variablen‘kann in gleicher Weise zum Vergleich der be. 
verschiedenen Temperaturen erhaltenen Doppelbrechungsrelaxationsdaten angewendet 
werden.

Received March 19, 1962



JOURNAL OF POLYMER SCIENCE: PART A VOL. 1, PP. 1779-1787 (1963)

Theoretical Calculations of Stress Relaxation in 
Concentrated Solutions
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Chem istry, U niversity o f  Colorado, Boulder, Colorado

Synopsis

The Mooney theory for stress relaxation of polymer materials has been numerically 
evaluated in unmodified and modified forms. The modified expressions include such 
effects as molecular weight distributions and entanglement or polymer interaction 
distributions. The relaxation behavior was found to be highly dependent upon the num
ber of interaction points per chain molecule particularly for small numbers. The dis
tributions in molecular sizes and in the number of interaction points have a much smaller 
effect on the shapes of the relaxation curves. A comparison of the theoretical stress re
laxation behavior is made with birefringence relaxation data. The region of correlation 
indicates a number of five interaction points per molecule of polystyrene at 10 wt. %  in 
benzene.

Introduction

The relaxation properties of concentrated polystyrene solutions have 
been reported for different molecular weight values and distributions. 1 

These measurements were obtained by following the decay of a suddenly 
induced birefringence. In the case of fractionated materials, the relaxation 
followed a particularly simple form, an exponential decay depending 
upon the square root of time. In order to explore some of the theoretical 
implications of this result, the molecular theory of Mooney'2 for viscoelastic 
properties of concentrated materials was numerically evaluated for dif
ferent molecular size distributions and for a Poisson distribution of net
work junction points.

The applicability of present molecular theories of polymer relaxation to 
concentrated solutions is somewhat uncertain. However, the general 
validity of molecular theories of Rouse3 and Zimm4 to dilute solution 
properties of polymers is confirmed by numerous experiments,5 with a 
preference towards the theory by Zimm.6 For highly concentrated 
polymer solutions or melts, Bueche7 has also proposed a simplified molecular 
approach. Mooney2 has extended the basic technique of Rouse to con
centrated materials under conditions of large deformations.

The primary problem in going from dilute solution to highly concentrated 
solution behavior of a polymer appears to lie in the change in the frictional

* Present address: Research Laboratories, Plastic Division, Monsanto Chemical Com
pany, Springfield, Mass.
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coefficients affecting the relaxation process. In either dilute or very 
concentrated polymer liquids, the frictional coefficient can be assumed to 
depend upon the bulk properties of the solvent or melt, but in the inter
mediate case, with few entanglements and with large solvent regions, the 
frictional coefficient depends upon whether the immediate surroundings 
of the relaxing segment is primarily solvent or an entanglement. The 
Mooney theory is suitable to account for some of these effects by a pa
rameter which indicates the number of network junction points within the 
system. Strictly, the Mooney theory is suitable for stress time effects, 
but in view of the close relation between stress and birefringence,8'9 

it would seem that the theoretical results could be used as a first step in the 
molecular interpretation of the birefringence measurements. 1

Theoretical

Mooney described the relaxation of stress A a, which arises from instan
taneous elongations ax, a v in the x , y  directions, by

A ct = <t x  — = N k T  (a. z- exp
i  = 1 •irs(-

17T

L2(r + 1)J
(1)

where there are N  chains per unit volume, characterized by v submolecules, 
each of which has vs freely jointed links of link length /. We shall consider 
the submolecules defined by entanglement joints. A mobility factor ¡j. 
can be considered to express the motion of each network junction and is 
considered as constant under fixed conditions. The thermal energy is 
determined by Boltzmann’s constant k and the temperature T. The 
summation is taken over the various normal modes of relaxation with the 
integer values of i running from 1 to v. The time from the instant of 
strain is signified by t. At time t = 0 the stress is determined by the 
product of the thermal energy, the difference of the squares of the elon
gations, and N v, the number of submolecules per unit volume. This is the 
same result as one has from rubber elasticity.8

For computational purposes it is convenient to write a relative stress 
A ct, ,  which is referred to the instantaneous stress A<r0- The number of 
freely jointed links per chain ( w s) is determined by dividing the number of 
monomers per chain n by the number of monomers t, per free link. With 
these terms eq. (1) may be written as:

Acrr
A c

A<t(i
1 V  )M exp \  — v t  sm-
r i = i {

i  7T

+
(2 )

where r is defined by :
t  =  ('SkT(/'2l'2n )t = t,/n
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Fig. 1. Logarithm of relative stress vs. the relaxation time factor r for different numbers 
of interaction points per molecule.

The relaxation curves for given values of v versus the dimensionless factor 
t  are shown in Figures 1 and 2. (The computations were run on a Control 
Data Corporation 1604 digital computer at the National Bureau of Stand
ards Laboratory, Boulder, Colorado. The sine squared functions and 
exponentials were approximated to better than six significant figures.)

Distribution o f Molecular Sizes

The influence of a distribution of molecular sizes on the relaxation prop
erties is given by weighting the relative stress values in proportion to the 
fraction of appropriate molecular species and summing over all sizes:

A crr 7 * -  E  ‘Pin)
Za(To n

v
E exp V

-  tr sm2 
n

llT

l_2(i' +  1). (3)

where v is now a function of n, and <p{n) is the size distribution function. 
On the average, one would expect the number of interaction junctions to
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Fig. 2. Logarithm relative stress vs. square root of r for different numbers of interaction
points per molecule.

be directly proportional to n, determined by v =  (n/n)v, where v and n 
are average v and n, respectively. With this assumption

 ̂ (n / n ) v

A<7r =  —  2  < p (n )  2  exp
A  (To n i  =  l

— (v/n)U sin2
1.7T

_2(vn/n  +  1).
(4)

For plotting purposes it is convenient to use the parameter r = tr/n.
Two distribution functions were used to indicate the importance of these 

effects, the “most probable’’ and the Poisson. The most probable dis
tribution is characterized by the fraction of monomeric units condensed p 
which is given in terms of n :

p  = (n  — l)/w (5)
The most probable distribution can then be written as

<p(n) =  p n~ 1{ 1 — p ) =  \{n — l)/w]Ml/(«  — 1) (6 )
A Poisson distribution in molecular sizes is given by

ip(n) =  (nn/n\)e~'1 (7)
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Fig. 3. Relaxation effects with a most probable distribution of molecular sizes for 
different numbers of interaction points per molecule.

The effect of the most probable distribution function on the relaxation 
behavior is shown in Figure 3 for different n  values. The calculations with 
the Poisson distribution virtually coincided with the unweighted curves of 
Figure 1.

Distribution o f Interaction Points per Polymer Molecule

In order to evaluate the importance of the assumption of uniform sub- 
molecule size we have considered the effect of a distribution of submolecule 
sizes according to the Poisson rule. For a monodisperse solution of 
molecules there will be an average number V submolecules per chain as 
determined by the network interactions. The Poisson distribution of 
sub molecules <p(v) is then

<p{y) = (v/ v\)e 1 (8)
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Fig. 4. Effect of Poisson distribution of number of interaction points for different aver
age numbers of interaction points per molecule upon the relative stress relaxation.

The relative stress is then evaluated for given n and v from

1 v
A<rr = - — X) <pM  2 ] exp 

A(7q [i = l
-j — vt sin2

ITT
L2(V +  1).

The results are shown in Figure 4.

(9)

RESULTS AND DISCUSSION

In the formulation of Mooney as given by eq. (2), the chain mobility, 
and consequently the relaxation behavior, is considered to be controlled by 
the interaction points between polymer chains. In this case the effect of 
solvent interaction on the intermediate regions of polymer chain is neg
lected. In highly dilute or molten polymer liquids the mobility of the 
chain will be determined primarily by the viscosity of the medium. Our 
calculations have been directed towards the effects of intermolecular 
interactions on the relaxation behavior of concentrated polymer solutions.

First of all it should be noted that the chain length n in eq. (2) affects
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only the relative time scale of relaxation for a fixed number of interaction 
points per chain. The most significant effects on the shape of the relaxation 
curve are determined by the number of interaction points v. An in
crease in the concentration undoubtedly increases the number v, though it is 
difficult to formulate the dependence upon concentration. Likewise for a 
given concentration (say, weight per cent) an increase in molecular size 
would increase the number of interaction points per chain.

The effect of interaction points is shown for the unmodified form of the 
M ooney stress relaxation equation in Figure 1 in which the log of the stress 
is plotted against time. The relative stress decay varies from a simple 
exponential, when v =  1, to rather complex decays for v values other than 
one. When v is greater than 10, the general characteristics of the relaxation 
curve are similar. This characteristic shape consists of a rather sharp 
initial drop in the stress, followed by a broadening region in which the 
longer time decays become dominant.

The evaluated relaxation functions were also plotted as the log of the 
relative stress versus the square root of time, a plot suggested by some 
birefringence relaxation data. As may be seen in Figure 2, a near linear 
dependence for this type of plot occurs in the neighborhood of v ~  5 . 

This near linearity persists over three decades of the stress relaxation. 
For smaller values of v the curves are convex; for large values, concave. 
No significant departure from these trends is observed when the curves 
are extended to very long times.

The effect of a wide distribution of chain lengths on the relaxation 
curves is indicated by the calculations shown in Figure 3. The wide 
distribution, represented by the most probable distribution, causes a 
pronounced increase in the convexity of the curves, compared to the 
monodispersed chain length curves. The effect becomes less noticeable 
with the increasing values of v. This means that in concentrated polymer 
solutions, the influence of chain length on the shape of the relaxation 
curves, and hence the distributions of chain lengths, decrease, due to the 
large number on interaction points. Of course the time scale is still 
strongly affected by the chain length.

A  Poisson distribution of chain lengths results in an insignificant change 
from the monodispersed relaxation curves. This signifies that only 
broadly dispersed materials will affect the shape of the relaxation curves 
of concentrated solutions.

The effect of a Poisson distribution on v is shown in Figure 4. The 
shapes of the curves are, for the most part, only slightly different from those 
of the monodisperse curves. The smaller values for the v =  1 curves 
with the Poisson distribution can be attributed to the fact that a certain 
fraction of the chains will have a value of v =  0 and will not contribute to 
the relaxation process. When V =  1, the fraction will be large, and when 
v is large, the fraction will be insignificant.

A  comparison of these results with some experimental findings supports 
several of these theoretical predictions and allows an estimate of the number
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of interactions per chain for a modorately concentrated polystyrene solu
tion. As already noted, stress relaxation measurements are unavailable 
on rapidly relaxing materials, but the analogous data on birefringence 
relaxation have been taken. For moderately concentrated solutions, with 
relaxation controlled by interaction points, stress relaxation and bire
fringence relaxation can be properly assumed to be proportional. This 
has been verified by the theoretical and experimental treatments of rubber 
elasticity8 and by combined measurements on normal stresses and flow 
birefringence.10

Birefringence relaxation of concentrated fractionated polystyrene solu
tions followed a linear relation of logarithm birefringence versus the square 
root of time in the region of 15-20 w t.-%  for molecular weights near 
106.' From the theoretical evaluations of the Mooney theory for a mono- 
disperse material this straight line behaviour indicates the number of 
interaction points per chain should be in the neighborhood of five. This 
number is in essential agreement with estimates of three found by use of 
the theory of birefringence for a rubberlike material.11 The theoretically 
expected curvature that should occur at cither higher or lower concen
trations was not found in the experiments. This is probably due to the 
limited range covered as restricted by certain experimental requirements.

Unfractionated samples of similar weight-average molecular weights pre
pared at similar concentrations showed relaxation curves with a slight 
upward curvature when compared to the fractionated material. This 
effect is borne out by the calculations of the Mooney theory for the most 
probable distribution.

It may be concluded that the number of interactions between molecules 
is small, perhaps less than one would expect in highly concentrated solu
tions. The decreasing effect of size distributions with increasing inter
actions suggests a reasonable hypothesis: chain length is unimportant, 
when there are many interactions along the chain, in determining the 
shape of the relaxation curve.

This work was supported by the Directorate of Chemical Sciences of the Air Force Of
fice of Scientific Research.
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Résumé

La théorie de M oney pour la rélaxation de tension de produits polymériques a été 
évaluée numériquement dans des formes modifiées et non-modifiées. Les expression 
modifiées incluent des effets tels que les distributions de poids moléculaire, l ’intrepréta- 
tion et les interactions des polymères. Le comportement de rélaxation a été trouvé fort 
dépendant du nombre de points d ’interaction par chaîne de molécules, particulièrement 
pour des petits nombres. Les distributions dans les grandeurs moléculaires et dans le 
mombre de points d ’interaction ont un effet beaucoup plus faible sur les formes des cour
bes de rélaxation. Une comparaison du comportement du rélaxation de tension au point 
de vue théorque est fait avec des données de rélaxation de biréfringence. La région de 
corrélation indique un nombre de 5 points d ’interaction par molécule de polystyrène en 
solution benzénique à 1 0 %  en poids.

Zusammenfassung

Die Theorie der Spannungsrelaxation von polymeren Stoffen von M ooney wurde in 
nicht modifizierter und modifizierter Form numerisch ausgewertet. Die modifizierten 
Ausdrücke umfassen Einflüsse, wie Molekulargewichtsverteilung und Verschlingungs
oder Polymerwechselwirkungsverteilung. Das Relaxationsverhalten war in hohem 
Grade von der Zahl der Wechselwirkungspunkte pro Kettenmolekül, besonders bei kleinen 
Zahlen, abhängig. Die Molekülgrössenverteilung und die Verteilung der Zahl der 
Wechselwirkungspunkte besitzen einen viel kleineren Einfluss auf die Gestalt der R e
laxationskurve. Ein Vergleich des theoretischen Spannungsrelaxationsverhaltens mit 
Doppelbrechungs relaxationsdaten wird durchgeführt. Der Korrelationsbereich spricht 
für eine Zahl von fünf Wechselwirkungspunkten pro Molekül Polystyrol in Benzol bei 
10 Gew. % .
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Orientation and Strength of Branched 
Polymer Systems

C. C. HSIAO and T. S. W U,* Institute of Technology, 
University of Minnesota, Minneapolis, Minnesota

Synopsis

A previous theory is simplified and extended to analyze the effect of macromolecular 
orientation on the tensile strength of a branched polymer solid. The analytical result 
is then compared with some known experimental data for oriented polymethyl meth
acrylate.

Introduction

The branching and crosslinking phenomena of polymeric solids have been 
noticed as very common variations of polymer growth. However, the 
mechanical behavior as a result of branching, is not fully understood. This 
is especially true as far as the strength problem is concerned. Many scien
tists have done significant work on this very difficult problem, f  However, 
the effect of macromolecular orientation on strength of branched polymer 
solids has not yet been treated. In view of some previous successes with 
the theory1 in this report, it is simplified and extended to analyze the effect 
of branching and macromolecular orientation on the strength of a polymeric 
solid. The physical idea underlying the subsequent analysis is that in a 
given specific stress field, an assembly of linear polymeric macromolecular 
elements, including their branches, can withstand a total breaking stress 
which is intimately tied in with their orientations as well as the molecular 
configurations of the system. Comparable to the so-called flaws in the 
well-known Griffith theory of failure, we have what we may call perhaps 
openings or vacant spaces in the natural molecular configurations and from 
the packing of the polymeric molecular chains. If we assume that for a 
particular polymer system there exists a critical breaking stress for which 
the inception and growth of the complicated fracture mechanism will 
result, eventually, complete failure of the polymeric solid will occur. It 
is the interest of this report to evaluate, under a simple state of stress, the 
critical breaking stress by obtaining the total contributions from all the 
oriented macromolecules including branches.

According to the earlier theory, only elastic stresses arc calculated. Any 
flow will result in the orientation of the macromolecules. In order to get

* Present address: Columbia University, New York, N .Y .
t See references given by  Hsiao . 1
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the elastic contribution, a known elastic deformation of the molecules is 
required, but this is not easily determined in view of the variation of the 
complicated macromolecular configuration under stress. However, if 
we assume that the total maximum obtainable elastic strains under stress 
are the same before failure as has been found to be for polystyrene,2 then 
we can evaluate the critical breaking stress ratio so that the quantity of elas
tic strain will not be involved in the expression. Furthermore, the geom
etry of the openings or vacant spaces is likely to affect the general result. 
For simplicity, we neglect this factor for the present analysis. The result 
thus obtained is compared with some experimental data for oriented poly
methyl methacrylate.

Now, let us consider a system of polymeric molecules. By taking into 
consideration the effect of macromolecular orientation and the contribution 
from all the molecules, the stress tensor o-y ( f j  =  1,2,3) in the vicinity of a 
point in the polymer as referred to an orthogonal set of the coordinate sys
tem 0 ,X i may be expressed in the following form :

O'ij y  A l~nS,/iSn-S'tSjXpffloj (1)

where E  =  spring modulus of macromolecular chains, l =  length of linear 
molecular element, emnsmsu =  scalar strain of the spring molecule in an in
stantaneous direction designated by a unit vector st, X =  number of mo
lecular elements per unit volume, p =  the density of probability distribution 
function of orientation of the molecular chains, /  =  the fraction of un
broken molecular elements, and doj =  the solid angle.

If E, l, X, /  arc assumed constants throughout the process of orientation, 
eq. (1) may be written as follows:

oij f  emnsm&n8tSjpdu (2)

For tensile strength along the X$ direction, we have tn — e® anil all <ri} 
will vanish except cr33, which may be expressed as:3

where

a33 — X/e33 - iv ’ln ln  M I u ) 2 2h( /33) “ 
_ In in  ~  ( / i , )2

I a = f  El-̂ SiŶ Sj)-pdw

+  Em (3)

(4)

for i ,j  =  1,2,3 and/ «  =  I jt.
On the basis of the general framework of the present theory, it seems pos

sible to develop the theory further. The following section is an account 
of the development when branches or side groups of an essentially linear 
polymer molecules are taken into consideration. The assumptions and 
limitations as well as the general procedures and final results are exhibited 
and explained in the process of the development of the analysis.

Analysis for Uniaxial Orientation

In the following analysis, it is considered that the short-range molecular 
forces in a polymeric solid are randomly distributed as individual units,
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Fig. 1. Geometric configuration of a branched polymer molecule.

and may be represented by a system of linear spring elements. Assuming 
that the configuration of such an ordered unit be consisted of a principal 
chain A which has a length / and spring moleduls E  as shown in Figure 1, 
and Q groups of branches or side chains with each group formed by M q 
identical branches which are uniformly distributed around the principal 
chain A. A  typical branch (q =  1,2,. . ., Q, m =  1,2,. . ., il/„) of the 
gth group has length r„l and spring constant k„E and makes an angle as 
with A.

Consider that a system consisting of a large number of such units is 
oriented along the X 3 direction. During the process of orientation, we 
assume that the final direction of the principal chain A  will eventually be 
in phase with the direction of orientation. Each individual unit will have 
the same configuration before and after orientation, i.e., the relative posi
tions between A and B sm are not altered.

If the degree of orientation is indicated by a homogeneous finite deforma
tion strain e in the X 3 direction, then a point Po(xai,xo2,x03) will displace to 
P(xi,X2,x3) on the assumption that the volume of the solid is maintained 
constant. Then the relation between the original and new coordinates will 
be:

X\ =  +  e) ^

Xz =  ."¡.'(«(l +  t) /2

X-j =  a.'o3 (1 +  e) (5)

If the spherical coordinates d and <f> are employed, then the density of the 
probability distribution function p of orientation is found to be :*

P =  p o (l +  e)H cos-'0  +  (I  +  i ) 3 s i l l - 0 r v ’ (C)

where pu is the probability density function for random orientation.
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The problem now is to evaluate the quantities 2/tj for the branched poly
meric solid. This can be achieved by summing up the contributions of all 
elements, i.e., eq. (4) will become

Q Mq
E / «  =  ( / « ) a +  E  E  W b„  (7)q = 1 m — 1

The unit vectors involved in I t] may be obtained by referring to Figure 1. 
If ip is the angle between the plane AOB?m and plane ARO, then the unit 
vectors u of the principal chain A  and vm of the branch B„m will be :3

U  =  Ml! +  u-,j +  u3k

V qm V qmli +  Vqmlj “b V qm^k

(  <1 =  1,2,. . . ,  Q \
\m =  1,2,. . ., M J

where

Mi =  sin 6 cos <t> (8)

m2 =  sin 8 sin <j>

u3 =  cos 6

vqm\ =  {cos aq sin 8 +  cos[ip +  (to — l)(2ir/M j)]cos 8 sin aq}cos<f>

— sin at sin +  (to— l )(2 ir /M 5)]sin <f> 

v„ „ 2  =  {cos a„ sin 0 +  cos [ f  + (m  — l)(2ir/M q) ]cos 8 sin a ,} sin <f>

+  sin a, s i n +  (to — l)(2 ir /M „) ]cos <f> 

v„mi =  cos 8 cos a„ — cos[^ +  (to— I)(27t/ M s) ]sm 0 sin a„ (9)

Since eqs. (8) and (9) are in terms of trigonometric functions and the 
limits of integration are taken as: \p: 0 to 2ir, <£: 0 to 27t, 6: 0 to ir,

E  In =  E P { f t  d+S„ P{^Ydo> Hr E  M ^ r q Y S t  pM 4* * } (10)
8 = 1

and with similar expressions for others. In eq. (10) the index m is dropped, 
and the variable [ip +  (m — is simply replaced by \p.

Substituting eqs. (G), (8), and (9) in eq. (10) and integrating, we obtain:

h  =  E  In  =  E/a= =  E /is
Q

=  A/moir2{ 3A (2 -  27'’i +  A )  +  E  H/,«,(r,)HV*(2 -  2/<\ +  b\) «•os4 at
5 = 1

+  Va (2 +  2/'’i — o/A) cos- «„ sin2«,, +  Vi6(0 +  21<\ +  oF2) sin4 a s] }

( 1 1 )
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I 2 — X/^13 — ¿1 2̂3
0

=  El'1 pa-K-{ 2(Fi -  Ft) +  T, M tK'(rt)*[2(F1 -  F.) cos4 a 5
5 =  1

+  (2 -  0 F 1 +  6Ft) cos’ a 5 sin2 a a +  4/ 4 (2 +  2!FX -  3F,)sin4 « , ]  1 (12)
Q

h =  Y j ln  =  El'1 pair- { 4F2 +  2  M tK,(rt) 2[4Ft cos4 a,
3 = 1

+  12 (Fi — F2) cos2 aq sin2 at +  s/ 2 (2 — 2Fi +  F2) sin4 a4]} (13)

where

Fi =  [2/(1 -  a6)] -  [2a3/ (1 -  a ^ ^ Jcos"1« 3

F2 =  [(a8 +  2 )/(1  -  a6) 2] -  [3a3/ (1 -  a6) Vi] c o s "1« 3 (14)

with

a =  [1/(1 +  e ) " * ]

In eqs. (11)—(13), all sine and cosine terms are in even powers. There
fore, the negative aq will give the same value for ]\, / 2, I 3 as the positive 
ones.

By use of eqs. (11)—(13), eq. (3) may be simplified as:

<r33(e) =  X/e33[ /3 -  3 {hY/2h\ (15)

To examine how the orientation will affect the strength, we must know 
the strength for the random system.

Since the limiting values for F lt F2 are: / '/  =  2/3, F-> =  2 /5  when t 
=  0 or a =  1; I<\ =  F> =  2 when e - *  c° or a —*■ 0; thus for the random 
system, eqs. (11)—(13) become

Q

/i(0 ) =  7,(0) =  8/ b 7r2A72po[L +  S  M tK'(rt)']
9 = 1

/ 2(0) =  8/ i 52T2^ ?P0 [1 +  E  M M r ty-}
9 =  1

Substituting these values in eq. (15), we obtain:

0-33(0) =  4/ 3 X /poTrW easU +  £  M , k , ( r s) 2] (16)
9 = 1

and a corresponding equation governing the ratio o-33(€)/o-33(0) can be 
found.

Usually the ranges of rs, « 4 are 0 <r„ <  1 and 0 < a s<7r/2. In the case 
if all aq =  0, from Figure 1 it is obvious that there will be no branches, 
only the principal chain will exist. Then the stress ratio reduces to :4

O' 3 3 (e ) *7 7/ “  (F x  -  F.>y- 1

0 -3 3 ( 0 )
— 0  r  -

ay = 0 _2  — 2 F i +  F->_
( 1 7 )
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Another special case is that when all as are the same and equal to x /2 , 
then the strength ratio is :

C33(0)

d/'h +  3/2(2 — 2Fi +  F 2) E  M QKt(rt) 2
_________________________ 9 ^ 1 _________

V s [1 +  E  MqKe(.r<i)2 ]
9 = 1

|2(/i -  Ft)  +  >/., (2 +  2h\ -  377) E  M M r „ y y
________________________________________________________________ 9 ^ 1 _____________________

Q

(2 — 2 F i  +  Gt) +  Vs(6 +  2 F i +  377) E  d7iK5(/yj-
-  ------------ -------------- 0 ----------------------- — --------------  0 8 )

Vs [l +  E  d75iq(r4) 2]
9 =  1

and

0 -3 3 (1 )

0 -3 3 (0 ) = ir/2

0
Q

1 +  E  d75K4(rs) 2
3 = 1

(19)

Equation (19) shows that when the. branches are perpendicular to the 
main chain, the ratio of ultimate strength is inversely proportional to the 
number of branches, the spring constants, and also to the square of the 
length of branches.

When the values of a„ are between 0 and x /2 , the limits of I u /■>, /•, as 
e approaches infinity, i.e., for complete orientation, are:

0
I^ co ) =  37T27v’/2p0 E  M„Ks{ra)'1 sin4 a„

3  = 1

Q
I.,(co) =  4 x 27i72p0 E  M , K t ( r t ) s  sin2 « t cos2 a„

3  = 1

Q

h {  c°) =  8 x 2A72po[l +  E  f l / 4K4(r9) 2 cos4 a „ ]

9 =  1

Hence, for any values of a4 aside from all being zero or all x /2 , the ratio of
o-33(a3)/o'33(0) will be

0 ~33(  ) ___________________ 6 ______________

ff33(0) 1 +  E  M M *
q = l

1. +  E  d / , /;,(/',,)2 cos4
9  = 1

- y
Z  ) l l 7  qKq[ t ¡¡) S i l l  (. 1 CO S
9=1_________________________

y
E  7I/»kv(>v)'- sin1 a-„

9 =  1

(20)
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Since each of the values of rq, sin aq, cos ol„ is less than one, and usually 
M K g are not very large, eq. (19) will then give a good approximation for 
eq. (20). Therefore, the ratio of ultimate strength after orientation will 
be relatively small if there are branches. The maximum value of cra3(  ° ° ) /  

0 3 3 (0 ) occurs when there is no branch.

Numerical Results for Polymethyl Methacrylate

In order to illustrate the application of the theoretical method and to see 
how satisfactory the analytical predictions are, an idealized molecular sys
tem based upon the macromolecular structure of polymethyl methacrylate 
was constructed and analyzed. The various constants were assigned ac
cording to the known geometry and characteristics of the polymeric molec
ular configuration. Neglecting the carbon-hydrogen bonds and consider
ing the methyl group as group 1 and the COOCH 3 group as group 2, the 
various quantities are respectively:

My =  1
K1 =  2
« ! =  70°
j’i =  Vi

The assignment of some of these quantities is based upon the molar 
cohesion forces for the different groups6’6 given in calories per mole. Re
ferring to Figure 2, the molar cohesion for the — CII>—  group is 900 kg.- 
cal./mole, for the — CII3—  group is 1800 kg.cal./mole, and for the — COO—  
CIL group is 5000 kg. cal./mole. For simplicity, we consider that the

Q =  1

m 2 =  1

K-2 =  6
« 2  =  70°
1'2 V 16

ryM, /

V /

\  /
c

/  ^ ° O o

' /  .  , ^  
/

/

V ?  c*
\  /

c
/  X ^ c 0,

°0 C<.

°ch>

Fig. 2. Schematic diagram of the geometry of the linear chain of polym ethyl
methacrylate.
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Fig. 3. Effect of orientation on ultimate strength of polym ethyl methacrylate.

molar cohesion of the CH3 group is approximately twice that of the — CH»— 
group; thus we assign m as 2. Similarly the molar cohesion of the — COO- 
CH3 group is approximately six times that of — CH2—  group; therefore, 
we assign k2 as 6. The geometry of the linear chain of polymethyl meth
acrylate is also drawn approximately as shown with =  70° and a¡ 
=  70°, as the C— C— C type of bond has a bond angle of about 111°30', 
which we approximate to 110°, and 70° is the complimentary angle that 
we use. The distances between the various C— C bonds are also assigned 
as shown. If we let the distance C— CH»— C be l, then we assign i\ =  1/2 
which is approximately the distance for the bond C— CH3. Similarly, we 
assign r2 =  9f/16, which represents approximately the average distance 
for the bond C— COOCH3.

Most polymers have strength values much smaller than the primary val
ence forces. It is most improbable that in cases of rupture of polymeric 
materials, primary bonds are broken. However, through the use of the 
primary bond information, we only hope to deduce some related information 
on fracture as the fracture mechanism is highly complicated. Thus, the 
critical breaking stress was estimated. From the present analysis, the 
variation of the ultimate strength ratio as affected by the orientation of the 
macromolecular chains is reported in Figure 3. In order to compare the 
theoretical predictions with the actual results, some experimental data of 
breaking stress for oriented polymethyl methacrylate specimens were also 
obtained. The orientation of the specimens was induced at an elevated 
temperature by homogeneous stretching on a specially designed orienta
tion machine. By cooling under stress, the orientation of the macro
molecules was frozen in at room temperature. The corresponding degree 
of orientation of the macromolecules was recorded in terms of homogeneous
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strain e. The specimens were then tested at a constant strain rate for sim
ple tension until rupture of the specimens occurred. The experimental 
points of the ultimate strength thus obtained were divided by an average 
random strength of the same solid. Figure 3 shows the comparison of the 
experimental ultimate strength ratio and the theoretical result.

Supported in part by  the U.S. Atom ic Energy Commission.

References

1. Hsiao, C. C., J . A p p l .  P h y s ., 30,1492 (1959).
2. Hsiao, C. C., and J. A. Sauer, J . A p p l .  P h y s ., 21, 1071 (1950).
3. Osborn, J. E., T . S. Wu, and C. C. Hsiao, AEC A T (U -l) -5 3 2  T . R. 12, University 

of Minnesota, 1960.
4. Robinson, A., J. E. Osborn, and C. C. Hsiao, J . A p p l .  P h y s ., 31, 1602 (1960).
5. Dunkel, M ., Z . P h y s ik . C hem ., A138, 42 (1928).
6 . Dunkel, M ., and K. L. W olf, M u ller -P (m ille ts  L eh rbuch  der P h y s ik , 4, 579 (1933).

Résumé

On a simplifié et étendu une théorie antérieure à l ’analyse de l ’effet de l’orientation 
macromoléculaire sur la force de tension d ’un polymère solide ramifié. Le résultat 
analytique est alors comparé avec des données expérimentales bien connues du poly- 
méthacrylate de méthyle orienté.

Zusammenfassung

Eine früher mitgeteilte Theorie wird vereinfacht und auf die Analyse des Einflusses der 
Orientierung der Makromoleküle auf die Zugfestigkeit eines Festkörpers aus verzweigten 
Polymeren ausgedehnt. Das Ergebnis der Analyse wird mit Versuchsdaten an orien
tiertem Polymethylmethacrylat verglichen.

Reccived March 21, 1962
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Diffusion of Benzene in Polyacrylates

A. KISHIM OTO and A'. E X D A , Physical Chemistry Laboratory,
Department of Fisheries, University of Kyoto, Maizuru, Japan

Synopsis
An investigation has been made of the sorption and permeation of benzene vapor in 

polym ethyl acrylate and polyethyl acrylate over relatively wide ranges of temperature 
and concentration. The mutual diffusion coefficients were estimated from the rates of 
absorption and desorption, and the steady-state permeability. The diffusion coefficients 
determined by the different methods agreed within experimental error, suggesting that 
the sorption processes for these systems are controlled by truly Fickian diffusion mech
anism. B y  using the equations of Frisch, the time lags for permeation have been calcu
lated as a function of concentration from the diffusion coefficient data, and compared 
with the observed values. The calculated values agreed with the observed ones, 
indicating that the nonstationary state of permeation is controlled by a purely Fickian 
diffusion mechanism. Experimental data for the thermodynamic diffusion coefficients 
D t  of benzene in P M A  and PEA have been analyzed in terms of a simple free volume 
theory previously developed. It is found that, in all cases examined, the derived rela
tion fits well experimental data. Three temperature-dependent parameters involved 
in the theory are evaluated, and their variation with temperature are discussed.

INTRODUCTION

Absorption and desorption processes of organic vapors in amorphous poly
mers are of the Fickian type, with a diffusion coefficient which depends 
appreciably on penetrant concentration, when the systems are well above 
the glass transition temperatures T„ of the respective polymers.1 - '1 If 
these processes are governed by a purely Fickian diffusion mechanism, the 
diffusion coefficients derived from sorption experiments should agree with 
those determined from the steady-state permeation method. At tempera
tures slightly above Tg, no definite information has been obtained about the 
sorption behavior. Meares6 has demonstrated that the integral diffusion 
coefficient, D, for the system polyvinyl acetate-allyl chloride at 40°C. 
determined from steady-state permeation data increased more rapidly with 
allyl chloride concentration than did the diffusion coefficient from sorption 
experiments.6 Both diffusion coefficients, however, converged to the same 
limit at zero penetrant concentration. A  similar discrepancy between 
steady-state diffusion coefficient and transient diffusion coefficient has 
recently been reported for the system natural rubber-benzene at 50°C.7 
It should be noted that in this case the measurements were carried out at a 
temperature far above the glass transition point of the polymer. The main 
purpose of the present paper is to examine whether the diffusion coefficients

1 7 9 9
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derived from measurements of sorption kinetics and of nonstationary state 
of permeation agree with the ones determined from steady-state permeation 
at temperatures well above the glass transition point of a given polymer.

The polymers studied were unfractionated polymethyl acetylate and 
polyethyl acrylate. Benzene was used as penetrant for both polymers. 
These materials were chosen because their Tg are relatively low so that they 
are rubbery at room temperature.

EXPERIMENTAL

The polymethyl acrylate (PM A) used was the same as that employed 
previously.4 Its number-average molecular weight, determined osmot- 
ically in acetone at 25°C., was 3.1 X  105. The films for sorption and per
meation experiments were prepared in a manner similar to that described 
previously.8 Their thicknesses varied in the range from 3.2 X  10-3 to 
1.22 X  10~2 cm., depending upon the conditions of the particular exper
iment.

The polyethyl acerylate (PEA) used was furnished by the Department 
of Polymer Chemistry, University of Kyoto, through the courtesy of Pro
fessor H. Kawai. It was purified by precipitation from a 2%  acetone 
solution by the addition of water. The intrinsic viscosity in acetone at 
30°C. was 3.21 d l./g. Films of this polymer were prepared following a 
procedure similar to that used for PM A. The films used for sorption 
measurements varied from 7.95 X  10~3 to 1.93 X  10~2 cm. in thickness. 
A  value of 1.086 g./m l. was used for the density of PEA in calculating these 
film thicknesses. This density value was determined in a usual Gay- 
Lussac type pycnometer at 20°C., n-hexane being used as the confining 
liquid.

The benzene used as organic penetrant was purified by shaking a sample 
of technical grade successively with concentrated sulfuric acid and water 
and then was dried over calcium chloride and distilled.

The sorption apparatus described previously8 was used throughout this 
investigation. Integral absorption from and integral desorption to zero 
pressure were measured for several external pressures of benzene vapor at a 
number of temperatures in the range 3CP60°C. for PM A  and in the range 
5-60°C . for PEA.

The permeation measurements were performed by using an apparatus 
essentially similar to that described by Rouse.9 The permeability cell was 
similar to that employed by Stannett and Szwarc.10 The film was sup
ported on a stainless steel screen and clamped between the two halves of the 
cell. In the present permeation experiment, a piece of filter paper was in
serted between the film and the screen. Measurements were carried out for 
several ingoing pressures of benzene vapor at temperatures of 30°C. and 
50°C. for PM A. In sorption and permeation experiments the temperature 
of the system was controlled to within ±0 .1  °C. According to the litera
ture,11'12 the glass transition temperatures Tg of dry PM A  and PEA are
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about b°C. and —22°C., respectively. Thus all of the present measure
ments were performed well above the glass transition temperatures of the 
polymers.

RESULTS AND DISCUSSION 

Sorption

It was found that for both PM A  and PEA the equilibrium benzene con
centrations Co (grams of vapor at absorption equilibrium per gram of dry 
polymer) at given relative pressures are independent of temperature over 
the ranges studied. For a given relative pressure the equilibrium concen
tration for polyethyl acrylate is about two times as large as that for poly
methyl acrylate. Formal application of the Flory-Huggins thermody
namic equation of polymer solutions, assuming no volume change on mixing, 
shows that for both systems the interaction parameter xi is nearly inde
pendent of equilibrium concentration, giving 0.4G for PM A  and zero for 
PEA.

For all the cases studied both absorption and desorption curves had 
shapes expected of the normal Fick diffusion mechanism;13 they are linear 
in the region of small values of and concave against the abscissa in the 
region of large t'/l. The absorption is always faster than the corresponding 
desorption curve. It was found that for a given polymer this difference in 
initial slope between absorption and desorption at a given temperature 
increased systematically with increasing equilibrium concentration. This 
suggests that the mutual diffusion coefficient D  for the system increases 
with penetrant concentration Co, provided the sorption processes are con
trolled by purely Fickian diffusion mechanism.

The apparent diffusion coefficients, Zb and D d, for absorption and de
sorption may be calculated from the initial slopes of the respective plots, 
7a and Id, by

A  =  (tt/ 16 )Ja2X 2 (1)

D d =  (V l6 ) /d 2X 2

where X  is the thickness of film. The values of D a and Dd obtained for 
the system PM A-benzene at 30°C. are plotted semilogarithmically against 
vapor concentration C0 in Figure 1. It is seen that both D* and Dd in
crease with Co, and the difference between them also becomes larger as C0 
increases. Similar data were obtained for benzene-PM A and benzene- 
PEA systems at other temperatures. These results indicate that at high 
temperatures log £>a and log D d are approximatey linear against C0, but 
as the temperature is lowered, the plots tend to show downward curvature 
at low values of C0. This similar behavior has been reported for the sys
tems PMA-ra-alkyl acetates,4 PVAc-allyl chloride at 40CC.,6 and poly
ethylene-benzene.14

The data for D a and D d shown in Figure 1 may be used to evaluate the 
mutual diffusion coefficient D  for the system as a function of benzene
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Fig. 1. Plots of various diffusion coefficients against penetrant concentration for the 
system PM A-benzene at 30°C .: (O ) D from DiV; (• )  D  from D a ) ( O ) D h o m D .

concentration. Crank16 had demonstrated that D & is approximated very 
accurately by the equation:

D ,(C o) =  (o/3)Co~v ‘ f 0c° CVl D(C) dC (2)

provided I) is an increasing function of C. He also has shown that for 
desorption the following equation holds accurately:

Hd(Co) =  1.85 ( C o ) ~ ^ f 0c°(Co -  C)°-S6 D(C) dC (3)

Equation (2) permits evaluation of D(C) by simple graphical differentia
tion when the values of 5 „  are given as a function of C0. To solve eq. (3) 
for D  a more elaborate numerical calculation is necessary. Here we propose 
an approximate method of solving ecp (3). We assume a polynomial 
representation for D (C ):

D(C) =  D0 +  h C  +  /,-2C2 +  k3C3 +  . . .  (4)

where D0 is the value of I) at the limit of zero concentration and kt, k2, 
k3, . . . , are unknown coefficients. Introducing eq. (4) into eq. (3) and 
integrating we obtain an expression for D d:

D a =  D0 +  (Aq/2.85)C  +  (21^/3.85 X  2.85)C2

+  (3 !fc3/ 4.85 X  3.85 X  2.85) C3 +  . . .  (5)

In general, D a may be written

Da =  Dn +  ki'C +  k2'C2 +  k.s'C3 +  . . .  (6)

Comparison of eqs. (5) and (6) gives the following relations:

h  =  2.85/ci'
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h  =  (3.85 X  2.85/2!) =  5.480/-/, (7)

h  =  (4.85 X  3.85 X  2.85/3!) /■/ =  8.871/:/

The coefficients of higher order may be readily calculated. If the plot of 
Dd experimentally determined are fitted with eq. (6), we can immediately 
obtain the D(C) plot- by using eqs. (4) and (7) without any tedious nu
merical calculation. To determine the unknown coefficients D0 and fc/, 
/" /, etc., fitting of eq. (0) to experimental data must be made at suitably 
selected values of Cn. The number of points must be equal to the number 
of coefficients to be determined. In most cases, it is sufficient to use a cubic 
equation to fit the desorption data, since the change in Dd with C is not so 
steep, even when the change in D  in the corresponding concentration range 
amounts to several hundredfold.

Figure 1 includes corresponding D values calculated by eqs. (2) and (3). 
It is seen that the D  values derived from both sets of data agree quite 
well. Such agreements have been observed for two polyacrylates studied 
at other temperatures. We may thus conclude safely that all the absorp
tion and desorption processes measured in this study were truly Fickian.

Permeation

It was found that for PAIA systems at 30°C. and 50°C. the permeation 
curves (the plots for outgoing pressures versus time) were convex toward 
the time axis and approached asymptotically a straight line. This is the 
expected feature when the concentration at the ingoing surface remains 
constant or increased monotonically with increasing time, provided that 
the diffusion is a main controlling factor in permeation process.13 Since 
the present permeation measurements are concerned with the polymer well 
above its glass transition, the poymer solid probably contains no micro
voids, and so the difficulty arising from a convective flow through a cap
illary system formed by such voids may be avoided.

If qs is the steady-state rate of permeation through a film of unit area 
and thickness X  in the unswollen state when the ingoing surface is main
tained at concentration Co and the outgoing surface at zero concentration, 
the integral diffusion coefficient D  is related to qs by the equation

S(C„) =  qs X/C0 =  (1/Co) / 0C" D dC (8)

The solubility coefficient of the penetrant is given by

S(Co) =  Co/pu (9)

where p0 is the pressure at the ingoing surface.
Combination of eqs. (8) and (9) yields

P(C„) =  P(Co)/S(C„) (10)

where P(Cn) is called steady-state permeability and is defined by

P(C 0) =  qsX/po (1 0
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Fig. 2. Reduced time lags for benzene diffusing through P M A  at 30°C. as functions of 
benzene concentration: (O ) experimental data; ( -------) curve calculated by  eq. (12).

The steady-state permeability and the equilibrium sorption isotherm enable 
direct evaluation of S  as a function of concentration, which in turns allows 
ready determination of D  as a function of concentration. Plots of log D  
and log D  versus benzene concentration for the system pMA-benzene at 
30°C. are shown in Figure 1. It is seen from the figure that the D  values 
determined from the steady-state permeation rates agree with those de
duced from absorption and desorption rates. Similar agreements of the 
three sets of D  values have also been observed for the same system at 50°C. 
These results indicate that all the measured sorption processes of benzene 
in PM A  at temperatures above 30°C. are truly Fickian and the sorption 
values of D  are correct.

The intercept on the time axis of the steady-state portion of a permeation 
curve defines the time lag 9 for permeation. Figure 2 plots semilogarith- 
mically the reduced time lag 6/X2 against penetrant concentration for the 
system PM A-benzene at 30°C. It is seen that the reduced time lag de
creases with increase of concentration. This indicates that the mutual 
diffusion coefficient D  increases with concentration, provided the transient 
permeation processes are controlled by truly Fickian diffusion mechanism.

Frisch16 has recently shown that 6 is related to D  by the equation:

e(C0) =  X 2 { / 0C“ w D(w) [ / „ c “ D {u)du\dw }/[f^  D {v)duY  (12)

In his derivation of this equation Frisch assumed the condition of constant 
surface concentration. In principle, eq. (12) can be converted to find D  as 
a function of concentration from the experimentally determined values of 
9{Ca). In practice, this requires a detailed and accurate knowledge of 
9{C0), and, in addition, there is little possibility to carry out this conversion 
in the analytical way. In most cases, the time lag may be obtained as a 
by-product of steady-state permeation measurements. Therefore, we have 
to be satisfied with finding 9 from the known data for D (C ) determined



D I F F U S I O N  O F  B E N Z E N E 180 5

from steady-state permeability measurements. Data for D(C) shown in 
Figure 1 are substituted into the right-hand side of cq. (12) to predict 6 
as a function of concentration, and the result is shown in Figure 2 as a solid 
line. The time lag values so calculated are in reasonable agreement with 
those determined experimentally. A  similar agreement has been found 
for the same system at 50°C. Rogers, Stannett, and Szwarc14 have re
ported results of a similar nature for the system polyethylene-benzene 
at 0°C.

Diffusion Coefficient

The thermodynamic diffusion coefficient of the penetrant, D t, is given 
b y 13

D t =  D(d  In vi/d In ax) / ( l  — rx) (13)

where rx is the volume fraction of penetrant and ax the activity of the pene
trant in the given polymer-penetrant mixture. Equation (13) shows that 
the value of D t may be calculated as a function of rx when the data for D 
and ax as functions of vt arc experimentally determined. The data for 
D(C') may then be converted to the data for D t against Vi, provided the 
densities of the given polymer and penetrant are known and the additivity 
of the volumes of the two components is assumed. This assumption is 
almost valid as the present experiment is conducted at temperatures well 
above the glass transition of the polymers. By way of example, the values 
of D t so computed for the system PEA-benzene are plotted semilogarith- 
micallv against j-j in Figure 3 ; in converting D  to D t the values of the ther
modynamic term d In vi/d In ax have been calculated not from the observed 
isotherm but from the Flory-Huggins thermodynamic equation with an

Fig. 3. Thermodynamic diffusion coefficient Dt for the system PEA-benzene at different
temperatures.
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interaction parameter xi =  0. This family of curves has several important 
features which are analogous to the systems PM A-n-alkyl acetates recently 
studied.4 At high temperatures, log D t varies approximately linearly 
with Vi and its dependence on concentration is less appreciable, but as the 
temperature is lowered, the plots show downward curvature at low values 
of Vi- This curvature becomes more noticeable as the temperature ap
proaches the glass transition temperature of PEA. These trends were also 
observed for the system PM A-benzcne. On the basis of the free volume 
concept Fujita, Kishimoto, and Matsumoto4 have derived the following 
equation for the concentration dependence of D t at a fixed temperature T :

1 _  2.1103/ ( 0 , D  2,303 [f(Q ,T ) ]- 1 {J4)
log (D t/D0) 5 ,i +  B dp(T) ih

Here / ( ( ) ,T) is the average fractional free volume in the pure polymer at 
temperature T, B d is a constant characteristic of the system, and /3{T) stands 
for

P(T) =  y (T ) -  f (0 ,T )  (15)

where 7 ( 2 ’) is the proportionality factor appearing when we assume a linear 
relation between the increase in free volumes and the volume of diluent 
added and is assumed to be a function of T only. Equation (1-1) indicates 
that a plot for l/log(Dr/Do) against 1/wi at a given temperature should be 
linear and that the intercept at 1/ pj =  0 and the slope of the resulting 
straight line are 2 .303 /(0 ,7 ’) .//id and 2.MOM [/'((.),T) ]~/Bd respectively. 
Therefore, provided B d can be evaluated from other data, both /( () ,2 ’) and 
(3(2’) and hence y(T ) may be determined.

0 10 ! 20 30
V|

Fig. 4. [logtZh/Du)] 1 as a function of reciprocal volume fraction of benzene in PEA.
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Tests of eq. (14) with the PEA data are shown in Figure 4. It is seen that 
the data, except for those at 10°C., follow reasonably a straight line in 
agreement with the theoretical prediction from eq. (14), but at 10°C. the 
plot deviates slightly from the straight line in the region of small values of 
Pi-1 . This deviation suggests a limitation of the free volume theory in the 
region of high concentration of penetrant, which will be discussed later. 
The data for the system PMA-benzene also give similar results.

Theory13 shows that the parameter B d in eq. (14) may be determined by 
means of either of the following two procedures, when appropriate data 
are available for both diffusion coefficient and steady flow viscosity of a 
given polymer-diluent system. One procedure refers to the case in which 
both the diffusion coefficient and the viscosity are given as functions of 
diluent concentration at a fixed temperature, while the other is applicable 
when these quantities at zero diluent concentration are known as functions 
of temperature. Here we use the second procedure, which resorts to the 
relation:

In ( J \  R T )  = IC -  B d In r , (0 ,T )  (l(i)

where R  is the gas constant, T  is the absolute temperature of the system, K  
is a constant independent of T, and t](0 ,T ) is the steady flow viscosity of 
undiluted polymer at a fixed temperature T. The desired value for Bd 
may be determined from the slope of a plot for In(D0/RT) against In rj (0 , T ). 
It is a simple matter to show that eq. (16) may be written

In(Do/RT) =  K ' -  B(t In aT (17)

where K '  is a new constant and ox denotes the value of 77(f ), T) relative to 
its value at a suitably chosen reference temperature T*, i.e.,

ar =  v(0 ,T )M O ,T * )  (18)

The cit is called the shift, factor, which may be derived from transient or 
dynamic viscoelastic measurements. 17 Equation (17) indicates that the

- 2 - 1  0 1 2 3

LOGcq

Fig. .5. Correlation between Do and or.
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Fig. 6 . Values of f ( 0 , T ) ,  0 ( ! ' ) ,  and y (T ) for (a) the system PM A-benzene and (b )  
t.he system PEA~benzene: (• )  values of f ( 0 , T )  derived from viscosity data on pure 
P M A  and PEA, respectively.

value of Bd may be determined from the slope of a plot for In(D0/RT) 
against In clt.

Data for <*t as a function of temperature are available for PM A  from 
recent viscosity measurements on PM A-diethyl phthalate by Fujita and 
Maekawa.18 Since for PEA no a? data are yet available, we carried out 
tensile creep measurements over the range of temperature of 10-70°C. 
B y shifting the individual creep curves along the log t axis to construct 
a master creep curve, the desired shift factor oT has been determined as a 
function of temperature. Fits of eq . (16) to the present data are illustrated 
in Figure 5, where the reference temperature T* is chosen as 40°C. for both 
I'M A and PEA. The plots are linear over the range of temperature, giving 
values of B d of 0.89 for PM A  arid 0.08 for PEA. It is noted that, in both 
cases, the values of Bd are smaller than unity. With these Bd values the
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values of f (0 ,T )  (open circles) and /^?1) have been calculated as functions of 
temperature from the intercepts and slopes of the plots for l/log (D x /i)o ) 
against Wi-1 , and are shown in Figures 6a and 66. These figures also in
clude the values of y(T ) determined.

According to the definition of / (0 ,T ) ,  this function must be characteristic 
of the species of the polymer concerned; it must be independent of the 
penetrant with which the diffusion data were taken. Analysis of our 
previous data4 for diffusion of re-alkyl acetates in PM A  gives the values of 
f (0 ,T ) which fall closely on the f (0 ,T )  curve shown in Figure 6a. It is 
noted that t h is /(0 ,7') curve is approximately linear over the range of tem
perature from 30 to 60°C., and, in this region is represented by f (0 ,T )  
=  0.025 +  4.1 X  10-4 ( T — 3), where T is expressed in degrees Centri- 
grade. This is identical in form with the equation derived by Williams, 
Landel, and Ferry,17 and the values 0.025 and 4.1 X  10-4 deg.-1 may be 
compared favorably with the universal values f (0 ,T g) =  0.025 and aj 

=  4.8 X  10-4 deg.-1 , respectively, if the glass transition temperature T„ 
of PM A  be set equal to 3°C. The same conclusion can be drawn from the 
data for the system PEA +  benzene shown in Figure 66. The slope of the 
line f o r / (0 ,7 ’) is about 4.8 X  10-4 deg.-1, which is incidentally identical 
with the af value deduced from W LF equation. It is reported that the 
glass transition temperature of pure PEA is — 22°C .12 If we accept this 
value, extrapolation of Figure 66 gives a value of 0.022 for^ O jT j), which 
may also be compared with the universal value 0.025.

According to Williams, Landel, and Ferry,17 the shift factor ar is repre
sented by the equation

hi at =  [ !//((> ,T)] -  [ l / / ( 0 ,7'*)] (19)

where aT is defined by cq. (18). If data for aT are available and if the value 
of f (0 ,T )  for T =  T* is known, the values o f / (0 ,7 ’) at temperatures other 
than T* may be calculated from eq. (19). Fujita and Maekawa18 analyzed 
viscosity data for the system PM A-diethyl phthalate and derived a /(0 ,7 ')  
value at 20°C. W ith this value of /  taken as f(0 ,T * )  they calculated the 
values of f (0 ,T ) at other temperatures which are shown in Figure 6a by 
solid circles. The two sets of f (0 ,T )  indicated are seen to agree reasonably 
with one another over a range of T. The corresponding comparison for 
PEA is indicated in Figure 66. T h e /(0 ,7 7) from creep data stand in good 
agreement with those derived above from diffusion data. These agree
ments suggest the internal consistency of the free volume theory of diffusion 
and viscosity set forth by Fujita and collaborators.

From Figure 6, one may point out some features about the magnitudes as 
well as the temperature dependence of the parameters f3{T) and y (T ). The 
values of f)(T) gradually decrease as T increases, but y (T )  remains almost 
constant in the corresponding region of T. These trends have been re
ported in our recent analysis of viscosity data on polystyrene and poly
methyl methacrylate in the region of T higher than the glass transition 
point.19 It is of interest that the value of y(T ) shown in Figure 6, is not
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only independent of temperature but also of polymer species and equals 
to about 0.12. As will be expected from its definition, the quantity y(T ), 
to a first approximation, depends upon the diluent species only and may be 
compared with the fractional free volume of the diluent. A  similar con
clusion has been deduced by Ferry and Stratton.20

A limitation of the free volume theory of diffusion can be seen in Fig. 4. 
The plot for 10°C. shows some upward deviation from linearity in the region 
of small values of l/iy (about 0.2 by volume fraction). This deviation is 
contrasted to that which we encountered in treating viscosity data in which 
the plots showed some downward deviation from linearity. Recent data18 
of viscosity for the system PM A-diethyl phthalate have shown that at low 
temperatures the free volume theory is applicable over a fairly wide range 
of diluent concentrations, but, as temperature increases, the maximum 
concentration for which the theory holds shifts toward the low concentra
tion region. It has been suggested from these results that the applicability 
of the free volume theory of viscosity is limited roughly to values of /  ^ 
0.06. Because of the analogy between diffusion and viscosity processes 
we may expect that eq. (14) should be applicable only for sufficiently low 
diluent concentrations (probably less than 0.2 by volume fraction).

The authors wish to thank Professor H. Fujita, Department of Polymer Science, Osaka 
University, Osaka, for Iris encouragement and his helpful advice in the course of this 
investigation. Part of this work was supported by a grant-in-aid of research from the 
Ministry of Education.
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Résumé
On a. examiné, dans des intervalles de température et. de concentration relativement, 

larges, la sorption et la pénétration de vapeurs benxéniques dans le polyacrylate de
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méthyle et le polyacrvlate d ’éthyle. Les coefficients de diffusion sont déduits des 
vitesses d ’absorption et de désorption, et de la perméabilité à l ’état stationnaire. La 
différence entre les coefficients déterminés par ces méthodes différentes ne dépasse pas 
l’erreur expérimentale, supposant que les processus de Sorption por ces systèmes sont 
contrôles par un mécanisme de diffusion selon Fick. En employant l ’équation de 
Frisch, et en partant de données sur les coefficients de diffusion, les délais de pénétration 
sont calculés comme une fonction de la concentration et ces résultats sont comparés avec 
les valeurs observées. Les deux valeurs s’accordent, ce qui indique que l ’état de péné
tration non-stationnaire est contrôlé par un mécanisme de diffusion purement Fickien. 
Les données expérimentales pour les coefficients de diffusion thermodynamiques D i  
de benzène dans les polyacrylates de méthyle et d ’éthyle, sont analysées en termes 
simples d ’une théorie développée précédement, celle du volume libre. On a trouvé 
dans tous les cas observés que la relation déduite s’accorde très bien avec les données 
expérimentales. Trois paramètres dépendant de la température et inclus dans la théorie, 
sont évalués et leurs variations avec la température sont discutées.

Zusammenfassung

Eine Untersuchung der Sorption und Permeation von Benzoldampf in Polym ethyl- 
acrylat und Polyäthylacrylat wurde in einem verhältnissmässig grossen Temperatur- 
und Konzentrationsbereich durchgeführt. Die gegenseitigen Diffusionskoeffizienten 
wurden aus der Absorptions- und Desorptionsgeschwindigkeit sowie der Permeabilität 
im stationären Zustand bestimmt. Die nach den verschiedenen Methoden bestimmten 
Diffusionskoeffi eien teil stimmten innerhalb der Versuchsfehler überein, was zeigt, dass 
die Sorptionsprozesse bei diesen Systemen durch einen echten Ficksehen Diffusions
mechanismus kontrolliert werden. M it den Gleichungen von Frisch wurde die Per
meationsdurchbruchszeit als Konzentrationsfunktion aus den Diffusionskoeffizienten 
berechnet und mit beobachteten Werten verglichen. Die berechneten Werte stimmten 
mit den beobachteten überein und lassen erkennen, dass der nichtstationäre Zustand 
der Permeation durch einen rein Fickschen Diffusionsmechanismus kontrolliert wird. 
Versuchsergebnisse für den thermodynamischen Diffusionskoeffizienten D i  von Benzol 
in P M A  und PEA wurden mit einer früher entwickelten einfachen Freien-Volums- 
Theorie behandelt. In allen untersuchten Fällen gibt die abgeleitete Beziehung die 
experimentallen Daten gut wieder. Drei in der Theorie auftretende temperaturab
hängige Parameter werden ermittelt und ihre Temperaturabhängigkeit diskutiert.

Received March 26, 1962



J O U R N A L  O F  P O L Y M E R  S C I E N C E :  P A R T  A  V O L .  1 ,  P P .  1 8 1 3 - 1 8 3 7  (1 9 6 3 )

Effect of Solvents on the Anionic Polymerization of 
Styrene by Phenyllithium
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Synopsis

The anionic polymerization of styrene by  phenyllithium was studied in various solvents 
The order of the decreasing molecular weights obtained depending on the solvent, was: 
tetrahydrofuran »  toluene >  benzene >  petroleum ether >  diethyl ether. The mo
lecular weight, due to absence of termination, is governed by the ratio of the rate propaga
tion to the rate of initiation (R p/ R i ). Both these rates are influenced by the dielectric 
constant and the solvating power of the solvent for the phenyllithium and for the growing 
end, solvation of the growing end being greater due to the resonance of the propagating 
styryl anions. This leads to the fact that on passing from petroleum ether (low  dielectric 
constant) to tetrahydrofuran (relatively high dielectric constant and high solvating 
power), R p increases much more than R it leading to higher molecular weight. The poly
merization of stj'rene in mixtures of petroleum ether and tetrahydrofuran was studied by 
the addition of increasing amounts of tetrahydrofuran while keeping the cataRst and 
monomer concentrations constant. Initially (up to 2 v o l.-%  tetrahydrofuran) there 
was a sharp decrease in molecular weight due to a greater dissociation of the phenyl
lithium, with a corresponding increase in R { . On further addition of tetrahydrofuran (up 
to about 25 vo l.-% ), the molecular weignt increased and approached the order of that ob
tained in petroleum ether. This is due to a greater increase in R p over due to greater 
solvation of the propagating end. A t this relatively high tetrahydrofuran concentration 
we have maximum solvation both of the catalyst and of the growing end. W ith further 
addition of tetrahydrofuran there is a linear dependence of the molecular weight both 
on the concentration of the tetrahydrofuran and on the dielectric constant of the system. 
Ether gave the lowest molecular weights, in spite of its relatively high dielectric constant, 
due to greater dissociation of the catalyst associates (CsELLiL leading to an increased ef
ficiency of the catalyst (greater R J .  Toluene and benzene led to higher molecular 
weights than petroleum ether, although the dielectric constants are of approximately the 
same order, due to the homogeneous nature of the polymerization in these solvents as com 
pared with the heterogeneous polymerization in petroleum ether. The molecular weight 
increased with decrease in temperature in various solvents due to the increase in the di
electric constant and the lowering in R t.

INTRODUCTION

The polymerization of styrene by n-butyllithium has recently been 
extensively studied. O ’Driscoll and Tobolsky1 and W elch2,3 studied the 
kinetics of the polymerization of styrene in benzene solution and found

* Present, address: Polym er Department, the Weizmann Institute of Science, Re- 
hovoth.
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that the rate of polymerization is accelerated by small quantities of Lewis 
bases. The homogeneous polymerization of styrene by n-butyllithium in 
hydrocarbon solvents at low temperatures led to the formation of isotactic 
polymers, while in the presence of ethers only atactic polymers were 
formed.4 It was also found that stereospecific polymerization occurs with 
linear lithium alkyls and not with branched alkyls.5 Recently it was re
ported that there is a great difference in the rates of initiation of styrene 
polymerization depending on the lithium alkyl derivative.6

Now, we have studied the polymerization of styrene by phenyllithium in 
various solvents, especially in petroleum ether, tetrahydrofuran, and mix
tures of both, in order to find the effect of the dielectric constant and that 
of solvation on the rates of polymerization.

EXPERIMENTAL

Materials

Styrene (B.D.H.) was dried over anhydrous calcium chloride and dis
tilled from sulfur under nitrogen. Before use it was fractionally distilled 
in vacuo under nitrogen, the middle fraction only, about 70% was used. 
Dry, oxygen-free nitrogen was used. Tetrahydrofuran was dried over 
potassium hydroxide pellets and then refluxed over sodium wire for several 
hours. Benzophenone (about 10 g./I.) was added and the reflux continued 
until the tetrahydrofuran became deeply blue or violet from the sodium 
benzophenone formed, and then distilled under nitrogen before use. 
Diethyl ether was refluxed over sodium wire, benzophenone added as in the 
case of tetrahydrofuran, and distilled. Analar grade petroleum ether 
(b.p. 60-80°C.), toluene, and benzene were refluxed over sodium wire and 
distilled under nitrogen. Dimethylformamide (B.D.H .) was dried by 
azeotropic distillation with benzene and then was fractionally distilled 
under nitrogen. Acrylonitrile was purified according to Bamford and 
Jenkins.7 Methyl methacrylate was dried over sodium sulfate; before use 
it was fractionally distilled under nitrogen at atmospheric pressure and 
then in vacuo; the middle fraction (about 70% ) was used.

Preparation o f Phenyllithium

A modified procedure after Gilman and Miller8 was used. Into a three
necked flask fitted with an adapter for introducing nitrogen, a dropping 
funnel and a mechanical stirrer, 350 ml. dry ether and 10 g. (1.43 g. atom) 
lithium wire were introduced. The flask was cooled to 0°C. and 102 g. 
(0.65 mole) bromobenzene previously dried over calcium chloride and 
distilled under nitrogen, dissolved in 100 ml. dry ether were added drop- 
wise during 1 hr. The reaction was continued for 2 hr. more. The 
phenyllithium solution was centrifuged and kept in the cold. Acid-base 
and Volhard titrations of the catalyst solution showed that the molar ratio 
of bromide ion (lithium bromide) to phenyllithium in solution was 1:1.
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Phenyllithium in petroleum ether (b.p. r)0-80°C.) was prepared by 
adding the ethereal solution of phenyllithium to petroleum ether and re
moving the ether by distillation under nitrogen. To insure the complete 
removal of free ether, a part of the higher boiling petroleum ether was also 
distilled. The catalyst solution was centrifuged from precipitated lithium 
bromide, and the resulting catalyst solution in petroleum ether was found 
to contain phenyllithium and lithium bromide in the ratio 4:1, respectively. 
This ratio was obtained in different preparations and was constant. Due 
to the low solubility of phenyllithium in petroleum ether, it partially 
precipitated from solution at room temperature or lower; the supernatant 
catalyst solutions showed the same ratio of phenyllithium to lithium 
bromide. The crystals of phenyllithium that separated in the cold were 
found to contain ether, as shown from the infrared spectrum, so that the 
catalyst is probably in complex with diethyl ether and with lithium bromide. 
In this connection it may be mentioned that a recent work,9 has already 
shown that the phenyllithium in its crystalline form, obtained from 
partial evaporation of the ethereal solution, is composed of 2C6H5Li- 
LiBr-2(CiH 6)20 .

Polymerization o f Styrene

The addition of reagents and the polymerization were carried out under 
nitrogen. Into a three-necked flask fitted with a high-speed stirrer, a gas 
adapter for introducing nitrogen, a thermometer, and an outlet fitted with 
a seal-sealing rubber cap, freshly distilled monomer and solvent were 
transferred with syringes; the flask was brought to and kept at the re
quired temperature of polymerization. The required amount of catalyst 
solution was then added from a syringe with fine graduations. The poly
merization mixture became colored orange-brown, of variable intensity, 
due to the styryl carbanions formed. The polymerization was stopped 
after the required time by adding 2%  methanolic hydrochloric acid. 
More methanol was added to insure complete precipitation of the polymer. 
The polymer was usually precipitated in a sticky condition and was kept 
under methanol until it completely solidified. It was then filtered off, 
washed with water and methanol, and then was ground to a fine powder, 
triturated with water and methanol, and dried to constant weight.

Molecular Weight Determinations

Polymer samples were further purified and dried for molecular weight 
determinations. Viscosities of polymer solutions in benzene were meas
ured in an Ubbelohde viscosimeter. Average molecular weights of the 
polymers were calculated from intrinsic viscosities by use of the equation 
of Pepper:10 [77] =  4.37 X  10_4Af0-66. This equation was found to apply 
to unfractionated polystyrenes having molecular weights in the range of
] X  1 0 a- 2  x  in6,
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Measurements o f Dielectric Constants

The heterodyne beat method was used for the measurement of the di
electric constants at the required temperatures.11 Description of the 
apparatus has been given elsewhere.12

X-Ray Diffraction Diagrams

Debye-Scherrer X -ray diffraction diagrams were taken on a Unicam 
Rotating Crystal Goniometer (cylindrical film, radius 30 mm.). The 
sample was placed with its plane approximately normal to the incoming 
beam, and remained stationary during exposure. CuKa radiation (X =  
1.541 A.) (Ni-filtered) was employed. The exposure time was 3 hr.

Preparation o f Block Polymer o f Styrene-Acrylonitrile

Styrene was polymerized in petroleum ether according to the con
ditions of Runs 82, 83 (Table II). The orange-brown polymer having 
“ living”  styryl carbanions precipitated from solution. After complete 
polymerization of the styrene, acrylonitrile (4 g.) was added in one portion, 
and yellowish polyacrylonitrile started to precipitate. After 30 min. the 
polymerization was stopped; 6.5 g. polymer was obtained, showing that 
2 g. acrylonitrile was polymerized. The polymer was extracted several 
times with boiling benzene to remove homopolystyrene, until evaporation 
of the solvent left no residue. Infrared spectra of the insoluble polymer 
showed absorptions at 4.45 a (cyano groups) and 14.3  ̂ (monosubstituted 
benzene) showing the presence of block polymer of polyacrylonitrile- 
polystyrene, possibly in admixture with homopolyacrylonitrile.

Duplicate experiments gave similar results.

Preparation o f Block Polymer o f Styrene-Methyl Methacrylate

Essentially the above procedure was followed. After complete poly
merization of the styrene, methyl methacrylate (5 ml.) was added. After 
30 min. the polymerization was stopped; 4.9 g. polymer was obtained, 
showing that 0.4 g. methyl methacrylate was polymerized. The polymer 
was extracted with boiling acetonitrile in which homopolymethyl meth
acrylate is soluble.13 Infrared spectra of the residual polymer showed 
absorptions at 5.8 n (ester group) and 14.3 n (monosubstituted benzene) 
showing the presence of block polymer of styrene-methyl methacrylate 
together with homopoly styrene.

Methyl methacrylate differs from acrylonitrile in that it is not poly
merized by phenyllithium,14 so that it could have been polymerized only 
by the “ living”  polystyrene.

RESULTS

Dependence o f Molecular Weight on Monomer Concentration

This was investigated with the use of tetrahydrofuran and petroleum 
ether as polymerization solvents. The polymerizations in tetrahydrofuran
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TA B LE  I
Polymerization in Tetrahydrofuran. Dependence of Molecular Weight, on M onomer 

Concentration Catalyst in Ether“

Run
N o.b

[Styrene],
m ole /1 .

M ,
d l./g . KJ-M7 D P

Catalyst Catalyst 
con- con

sumed, sumed, 
[M ]/[C ] 10~ 4 mole/1. %

49 0.523 0.592 55.6 534 5.81 9 .8 1 . 1

50 0.523 0.689 70.0 672 5.81 7 .8 0 .9
8 8 0.523 0.645 63.3 608 5.81 8 . 6 1 . 0

43 0.871° 0.878 1 0 1 . 0 969 9.67 9 .0 1 . 0

44 0.871 0.819 90.9 873 9.67 1 0 . 0 1 . 1

45 1.743 0.818 90.8 872 19.36 2 0 . 0 2 . 2

47 2 .614d 0.913 107.3 1030 29.04 25.4 2 . 8

“ Experimental conditions: catalyst used 4.5 mmole (0.09 rnole/1.) in 3 ml. ether, 
polymerization temp. 0°C .; time 15 min. 

b The yield in all cases is quantitative.
0 Dielectric constant at 20°C., of the polymerization mixture =  6.80. 
d Dielectric constant at 20°C ., of the polymerization mixture =  5.67.

TA B L E  II
Polymerization in Petroleum Ether. Dependence of Molecular Weight on M onomer 

Concentration. Catalyst in Ether

Catalyst Catalyst 
con- con-

Run
N o.“

[Styrene]
m ole /1 .

M .
d l./g . 1 0 - W D P [M ]/[C ] 1 0

sumed,
“ 2 m ole /1 .

sumed,
%

Series A b
82 0.871 0 . 1 1 1 4 .4 42 9.67 2 . 1 23.3
83 0.871 0 . 1 1 1 4 .4 42 9.67 2 . 1 23.3
84 1.743 0.145 6 . 6 63 19.36 2 . 8 31.1
85 1.743 0.145 6 . 6 63 19.36 2 . 8 31.1
98 2.614 0.228 13.1 126 29.04 2 . 1 23.3

Series B°
95 0.523 0.118 4.85 47 11.62 1 . 1 24.4
96 0.523 0.136 6 . 0 58 11.62 0 .9 2 0 . 0

8 6 0.871 0.145 6 . 6 63 19.35 1.4 31.1
87 0.871 0.145 6 . 6 63 19.35 1.4 31.1
93 2.614 0.195 10.35 99 58.09 2 . 6 57.7
94 2.614 0.219 12.3 118 58.09 2 . 2 48 .8

“ The yield in all cases is quantitative.
b Experimental conditions: catalyst used 4.5 mmole (0.09 mole/1.) in 3 ml. ether; poly

merization temp. 45°C .; time 30 min.
“ Experimental conditions: As in series A  except that catalyst used was 2.25 mmole 

(0.045 mole/1.) in 3 ml. ether.

were carried out at 0°C., while those in petroleum ether were carried out at 
45°C. (No significant polymerization occurred at 0°C. in petroleum 
ether.) Monomer concentration was varied between 0.523 and 2.614 
mole/1. It was found that in tetrahydrofuran (Table I), the molecular
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TA B L E  ITT
Polymerization in Petroleum Ether. Dependence of Molecular Weight on Monomer

Concentration. Catalyst in Petroleum Ether

Catalyst Catalyst 
con- con-

Run
N o.a

[Styrene],
m ole /1 -

M
dl./g . i o - w D P [M ]/[C ] 10

sumed,
~ 2 mole / 1

sumed, 
• %

Series A b
147 0.871 0.106 4.1 39 9.67 2 . 2 24.4
131 1.743 0.145 6.6 63 19.36 2 . 8 31.1
133 2.614 0.240 14.2 136 29.04 1 .9 2 1 . 1

134 2.614 0 . 2 1 2 11 .75 113 29.04 2 .3 25 .5
Series 13°

135 0.871 0.138 6.1 59 19.35 1.5 33.3
136 0.871 0.135 5 .9 57 19.35 1.5 33.3
149 2.614 0.233 13.5 130 58.09 2 . 0 44.4
150 2.614 0.215 1 2 . 0 115 58.09 2 .3 51.1

a The yield in all cases is quantitative.
b Experimental conditions: catalyst used 4.5 mmole (0.09 mole/1.) in petroleum ether; 

polymerization temp. 45°C .; time 30 min.
0 Experimental conditions: as in b series A except that catalyst used was 2.25 mmole 

(0.045 mole/1.).

weights increased with increasing monomer concentration, at relatively low 
monomer concentration, and remained approximately constant with in
creasing monomer concentration within the range investigated. With 
petroleum ether the molecular weight increased continuously with in
creasing monomer concentration. This was investigated at two different 
catalyst concentrations (Table II). Similar results were obtained when 
catalyst dissolved in ether (Table II) or in petroleum ether (Table III) was 
used. In both cases approximately the same order of molecular weights 
was obtained, showing that the presence of a small concentration of ether 
and different concentrations of lithium bromide in the polymerization mix
ture had no appreciable effect on the molecular weights.

The molecular weights obtained in tetrahydrofuran were much higher 
than those in petroleum ether, and also higher than those theoretically 
calculated from the ratio [M ]/[C ].

Dependence o f Molecular Weight on Catalyst Concentration

It was found that in tetrahydrofuran (Table IV), the molecular weight 
was independent of catalyst concentration in the catalyst range (0.04-
0.18 mole/1.) investigated. In petroleum ether, with catalyst dissolved in 
ether (Table V) or in petroleum ether (Table VI), there was a similar in
crease in molecular weight, on decreasing catalyst concentration when 
monomer concentration was 0.871 mole/1., while on decreasing catalyst 
concentration, when the monomer concentration was 2.614 mole/1., the 
molecular weights remained approximately constant in the catalyst range 
investigated.
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T A B L E  TV
Polym erization in Tetrahydrofuran. Dependence of M olecular Weight, on C a ta ly s t 

C oncentration. C a ta ly s t in Ether"

R un
N o .b

[C ata
lyst] , 

mole /I.
M

dl./g. 1 0 -v iz D P
Í M  ] / 
[Cl

C atalyst 
consumed, 

10 -4 mole/1.

C ata ly st
consumed,

%

55 0 .18 0.853 9 6 .7 928 4.84 9 .4 0 .5
56 0 .18 0.947 113 .3 1089 4.84 8.0 0 .45
43 0.09 0.878 10 1.0 969 9.6 7 9 .0 1 .0
44 0.09 0 .819 90.9 873 9.6 7 10.0 1 .1
54 0.06 0.942 1 1 2 .4 1079 14 .5 8 .1 1 .3 5
57 0.04 0.942 112 .4 1079 2 1.7 8 8 .1 2 .0

“ E xperim ental conditions: monomer concentration 0.871 m ole/L; cata lyst w as dis
solved in 3 ml. ether; polym erization  tem p. 0°C . ; tim e 15m in. 

b T he yield in all cases is qu an titative.

T A B L E  V
Polym erization in Petroleum  E ther. D ependence of M olecular W eight on C a ta ly s t 

C oncentration. C a ta ly s t in Ether.

C ata lyst C ata ly st 
consumed, con-

Run
No."

[C a ta ly st], 
mole/1.

Iti,
dl./g. 10 VI/ D P [M ]/[C]

10 ” 2 

mole/1.
sumed,

%

Series A b
86 0.045 0 .14 5 6 .6 63 19 .35 1 .4 3 1 .1
87 0.045 0 .14 5 6 .6 63 19 .35 1 .4 3 1 .1
82 0.09 0 .1 1 1 4 .4 42 9.6 7 2 .1 23.3
83 0.09 0 ,111 4 .4 42 9.6 7 2 .1 23.3

Series B°
93 0.045 0 .19 5 10.35 99 58.09 2 .6 5 7 .7
94 0.045 0 .219 12 .3 118 58.09 2 .2 48.8
97 0.09 0 .19 5 10.35 99 29.04 2 .6 28.9
98 0.09 0.228 13 .1 126 29.04 2 .1 23.3

" T h e yield in all cases is qu an titative.
b Experim ental conditions: monomer concentration 0.871 mole/L; polym erization 

tem p. 4 5 ° C .; tim e 30 min., cata lyst dissolved in 3 ml. ether.
"E xp erim en tal conditions: as in Series A  except th at monomer concentration was 

2.614 mole/1.

Polymerization in Mixtures o f Petroleum Ether and Tetrahydrofuran.
Dependence o f Molecular Weight on Added Tetrahydrofuran

a. Catalyst in Ether, Temperature of Polymerization 20° C. The effect 
of solvation and the dielectric constant of the solvent on the molecular 
weight was studied by carrying out polymerizations in mixtures of tetra
hydrofuran and petroleum ether while keeping the monomer/solvent ratio 
constant. It was found that on changing the concentration of tetrahydro
furan in the polymerization mixture, the molecular weights were differently 
affected, depending on the content of tetrahydrofuran (Table VII, Fig. 1). 
A t low tetrahydrofuran concentrations (up to 2 vol.-% ) there is a con-
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T A B L E  V I
Polym erization in Petroleum  Ether. D ependence of M olecular W eight on C ata ly st 

C oncentration. C atalyst in Petroleum  Ether*

Run
N o .b

[C atalyst], 
mole/l.

[if],
dl./g. 10 -M I D P

C ata ly st C ata lyst 
consumed, consumed, 

[M ]/[C ] 10—2 mole/1. %

135 0.045 0 .138 6.1 59 19 .35 1 .5 33.3
136 0.045 0 .13 5 5 .9 57 19 .3 5 1 .5 33.3
147 0.09 0.10 6 4 .1 39 9.6 7 2 .2 24 .4

137 0 .196 0.088 3 .1 30 4.44 2 .9 14 .8
138 0 .196 0.088 3 .1 30 4.44 2 .9 14 .8

“ Experim ental conditions: monomer concentration 0.871 mole/1.; polym erization 
tem p. 45°C .; tim e 30 min.

b T he yield in all cases is quantitative.

TABLE VII
Polym erization in M ixtures of Petroleum  E ther and Tetrahydrofuran . Dependence of 

M olecular W eight on A dded Tetrahydrofuran . C a ta ly s t in Ether*

Run
N o .b

T etra 
hydro
furan,

v o l.-/ ,'0

D ielec
tric

constant 
at 20°C. dl./g. 10 -M I D P

C atalyst 
consumed, 

10 "2 mole/1.

C ata lyst
consumed,

or/c

107 — 1.9 6 0 .138 6 .1 59 1 .5 16 .7
108 — 1 .96 0 .148 6.8 65 1 .3 14 .4
152 0 .5 2.08 0.096 3 .5 5 34 2 .6 28.9
153 1 2 .1 1 0.085 2 .9 5 28 3 .1 34 .4

109 2 2 .1 6 0.053 1 .4 5 14 6 .2 68.9
110 2 2 .1 6 0.053 1 .4 5 14 6 .2 68.9
154 3 2.20 0.076 2 .5 24 3 .6 40.0
155 4 2.24 0.092 3.3 32 to 30.0
111 6 2.33 0.108 4 .2 40 2 .2 24.4
112 6 2.33 0.120 4 .9 5 47 1 .9 2 1 .1
113 12 2 .79 0 .12 1 5 .0 48 1 .8 20.0
114 12 2.79 0 .12 5 5 .2 5 50 1 .7 18 .9
115 24 3.24 0 .123 5 .2 50 1 .7 18 .9
116 24 3.24 0 .13 5 5 .9 57 1 .5 16 .7
117 50 4.66 0.332 2 3 .15 222 0 .4 4 .4
118 50 4.66 0.304 20.25 194 0 .45 5 .0
199 50 4.66 0.348 24.85 239 0.36 4 .0
200d 50 5 .73 0.459 3 7 .8 363 0.24 2 .7
201d 50 5 .73 0.420 3 3 .1 318 0.27 3.0
119 72 5.80 0.456 37 .4 5 360 0.24 2 .7
120 72 5.80 0.466 3 8 .7 372 0.23 2 .6
102“ 84 6.80 0.543 48.9 470 0 .19 2 .1

“ Experim ental conditions: cata lyst used 0.01) mole/1. in 3 ml. ether; polym erization 
tem p. 20 °C .; tim e 60 min.; monomer concentration 0.871 mole/1.; [M ]/[C ] = 9 .6 7 . 

b T h e yield in all cases is qu an titative.
0 C alcu lated as p art of the total volum e of the polym erization m ixture (50 m l.). 
d A ll the petroleum  ether was replaced by diethyl ether.
0 Polym erization tim e 15 min.
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tinuous decrease of molecular weights with increasing tetrahydrofuran 
concentrations as compared with petroleum ether. At higher concentra
tions (2-6 vol.-% ) there is a continuous sharp increase of molecular weight. 
A  further increase of the tetrahydrofuran concentration (6-25 vol.-% ) 
caused only a slight increase in molecular weight, until the molecular 
weights approached the order of those in petroleum ether. At tetrahydro
furan concentrations of 25 vol.-%  and above, there is a sharp linear in
crease in molecular weight (Fig. 1).

% t h f

Fig. 1. Polym erization in mixtures of petroleum  ether and tetrahydrofuran (ca ta lyst 
in ether, tem perature of polym erization 20°C .). Dependence of m olecular w eight on 
tetrahydrofuran content.

The dielectric constants of the polymerization mixtures including 
monomer, solvent mixture and the catalyst solvent, but without catalyst, 
were measured. It was found that the molecular weight varied with the 
dielectric constant in the same way as with tetrahydrofuran content 
(Fig. 2).

b. Catalyst in Petroleum Ether, Temperature o f Polymerization 45°C.
The same general effect obtained with change in tetrahydrofuran concen
tration was also obtained in these experiments (Table V III, Fig. 3) where 
only petroleum ether and tetrahydrofuran were present in the polymeriza
tion solvent mixture. The lowering and increase in molecular weight over
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1.90 2 5 0  " 3 5 0  ' 4 5 0  "  5 5 0  ~ 6 5 0

DIELECTRIC CONSTANT

Big. 2. Polym erization in m ixtures of petroleum  ether and tetrahydrofuran (ca ta lyst 
in ether, tem perature of polym erization 20 °C .). Dependence of m olecular w eight on 
the dielectric constant of the polym erization m ixture: (O) Polym erization in petroleum  
ether-tetrahydrofuran m ixtures; ( •  ) polym erization in ether-tetrahydrofuran  m ix
tures; (▼ ) polym erization in ether-tetrahydrofuran (run no. 319, T ab le  X ).

F ig. 3. Polym erization in mixtures of petroleum  other and tetrahydrofuran (ca ta lyst 
in petroleum  ether, tem perature of polym erization 4 5 °C .). Dependence of m olecular 
w eight on tetrahydrofuran content.
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T A B L E  V i l i
Polym erization in M ixtures of Petroleum  E th er and Tetrahydrofuran. D ependence of 

M olecular W eight on Added Tetrahydrofuran. C a ta ly s t in Petroleum  E ther8

Run
N o .b

T etra 
hydro
furan,

vo l.-% °

D ielectric 
constant 
a t 45°C .

M ,

dl./g. 10 - > M

C a ta ly s t C ata ly st 
consumed, consumed, 

D P  10-> mole/1. %

157 — 1.9 4 0 .113 4 .5 43 2 .0 22.2
158 2 2.08 0.069 2 .1 5 21 4 .1 4 5 .6
159 4 2 .16 0.065 1 .9 5 19 4 .6 5 1 .1
160 6 2.21 0.06 1 .7 5 17 5 .1 5 6 .7
161 10 2.44 0.06 1 .75 17 5 .1 5 6 .7
162 14 2 .5 7 0.065 1 .9 5 19 4 .6 5 1 .1
163 20 2 .9 1 0.092 3 .3 32 2 .7 30.0
164 50 4 .1 7 0 .136 6.0 58 1 .5 16 .7
165 60 4 .78 0 .15 9 7 .6 73 1 .2 13 .3
166 82 5.93 0.237 13 .9 133 0 .7

OO

a Experim ental conditions: cata lyst used 0.09 molc/1. in 3 ml. petroleum  ether; mono
mer concentration 0.871 mole/1.; [M ]/[C ] = 9 .6 7 ;  polym erization tem p. 4 5 °C .; tim e 
30 min.

b T h e yield in all cases is qu an titative.
c C alculated as part of the to ta l volum e of the polym erization m ixture (50 ml.).

the range of tetrahydrofuran concentrations (0-20 vol.-% ) was con
tinuous.

The dependence of molecular weight on the dielectric constant showed 
similar behavior (Fig. 4).

Polymerization in Ether, Benzene, and Toluene

Experiments carried out under the same general conditions (Table IX ) 
with diethyl ether, benzene, and toluene as solvents showed that the

DIELE', nur r .NSlAlir

Fig. 4. Polym erization in m ixtures of petroleum ether and tetrahydrofuran (catalyst, 
in petroleum  ether, tem perature of polym erization 4 5“C .). D ependence of m olecular
w eight on the dielectric constant, of the polym erization mixture.
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molecular weights obtained as compared with tetrahydrofuran and petro
leum ether, were in the order: tetrahydrofuran »  toluene >  benzene >  
petroleum ether >  diethyl ether. Polymerization in mixtures of ether and 
tetrahydrofuran showed that there is an initial very large increase in 
molecular weight with added tetrahydrofuran, followed by a relative de
crease. At high tetrahydrofuran concentrations the molecular weight 
increased (Table X , Pig. 5). *

T A B L E  I X
Polym erization in Various Solvents“

Run
N o .b Solvent

Solvent
for

cata lyst0
Tim e,

hr.
M ,

dl./g.

7o

D P

C atalyst
con

sumed,
10~2

mole/1.

C ata lyst
con

sumed,
o y
/ o

175 P et. eth. Pet. eth. 1 0 .14 5 6 .6 63 1 .4 15 .5

107 P et. eth. E ther 1 0 .138 6 .1 59 1 .5 16 .7
108 Pet. eth. E ther 1 0 .148 6.8 65 1 .3 14 .4
180 Benzene Pet. eth. 2 0.207 1 1 .3 109 0.8 8 .9
181 Benzene Pet. eth. 2 0.207 1 1 .3 109 0 .8 8.9
305 Benzene E ther 2 0 .138 6 .1 59 1 .5 16 .7
178 Toluene P et. eth. 2 0.263 16 .3 157 0.55 6 .1
182 Toluene Pet. eth. 2 0.272 1 7 .1 164 0.53 5 .9

169 Toluene E ther 2 0 .19 1 10.0 96 0 .9 1 10 .1
170 Toluene E th er 2 0 .19 1 10.0 96 0 .9 1 10 .1
176 E ther P et. eth. 18 0.069 2 .1 5 21 4 .1 4 5 .5
177 E ther Pot. eth. 18 0.069 2 .1 5 21 4 .1 4 5 .5
312d E ther E ther 1 .5 0 .0 71 2 .25 22 4.0 44.4
313d E ther E ther 1 .5 0.067 2.0 5 20 4 .4 48.9
102 T .H .F . E ther 0 .25 0.543 48.9 470 0 .19 2. [
193» Pet. eth. Pet. eth. 1 .5  min. — — — — —

* Experim ental conditions: cata lyst used 0.09 mole/1.; monomer concentration 0.871 
mole/1.; [M ]/[C ] =  9.67; polym erization tem p. 20°C. 

b T he yield in all cases is quantitative. 
c C ata ly st dissolved in 3 ml. solvent.
d T h e sam e polym erization (run 308) stopped after 2 min. gave  5 %  conversion. 
e Polym erization tem p. 4 5 °C .; conversion 8 % .

Dependence o f Molecular Weight on Temperature o f Polymerization

It was found that the molecular weight increased with decrease in 
temperature in tetrahydrofuran (Table X I), in petroleum ether (Table 
X II) in ether (Table X III ) and in benzene (Table X IV ).

Dependence o f Molecular Weight on Per Cent Conversion

It was found (Table X V ) that the molecular weight increased with per 
cent conversion. The polymerization in tetrahydrofuran is very fast as 
seen from the fact that about 80%  conversion was obtained after 30 sec.



E F F E C T  O F  S O L V E N T S 1825

F ig. .5. Polym erization  in m ixtures of ether and tetrahydrofuran. D ependence of 
m olecular w eight on tetrahydrofuran content.

X-Ray Diffraction

Several samples of polystyrene prepared under different conditions were 
examined. The polymer obtained in petroleum ether with catalyst in the 
same solvent (molecular weight =  4100) (Run 147, Table III) showed two 
broad reflections having d values of 4.6 ±  0.4 A. (very strong) and 2.3 ±
0.2 A. (very weak), indicating some partial crystallinity. The polymer- 
obtained in Run 82 (Table II) had similar intensities of reflection, while the 
very high molecular weight polymer obtained at low temperature (Run 105, 
Table X I) showed these two reflections a little more intensely. No other 
reflections were found.

DISCUSSION

In the anionic polymerization of styrene carried out in aprotic solvents, 
termination is negligible when the polymerizations are carried out at 
relatively low temperature, and living polymers are obtained. Their 
molecular weights are given by the ratio of the concentrations of the 
monomer to catalyst ( [M ]/[C ]), and in case that only a part of the catalyst 
(C*) has initiated polymerization, they are given by [M ]/[C *]. In the
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T A B L E  X
Polym erization in M ixtures of E ther and Tetrahydrofuran. D ependence of M olecular 

W eight on Added Tetrahydrofuran. C a ta ly s t in Ether»

Run
N o .b

T etra 
hydro
furan,

vol.-% °
M ,

<11./E- 10 ~ K M D P

C ata lyst 
consumed, 

10 ~2 mole/1.

C atalyst
consumed,

0 /
/ 0

312 — 0 .0 71 2.26 22 4 .0 44.4

313 — 0.067 2.05 20 4 .4 48.9
319 P1 0.339 23.9 229 0.38 4 .2
321 1.48» 0.221 12 .5 120 0 .73 8 .1
320 2 0 .198 10 .6 102 0.85 9 .4
309 12 0 .182 9 .3 89 0.98 10.9
310 12 0 .182 9.3 89 0.98 10.9
315 24 0.309 20.8 200 0.44 4 .9
316 24 0.300 19 .9 191 0.46 5 .1
200f 50 0.459 37 .8 363 0.24 2 .7
2011 50 0.420 3 3 .1 318 0 .27 3 .0
102* 84 0.543 48.9 470 0 .19 2 .1

» E xperim ental conditions: cata lyst used 0.09 mole/1. in 3 ml. ether, monomer concen
tration 0.871 m o le/l.; [M ]/[C ] = 9 .6 7 ;  polym erization tem p. 20 °C .; tim e 90 min. 

b T h e yield in all cases is qu an titative.
c C alcu lated as p art of the total volum e of the polym erization m ixture (50 m l.).
11 T etrahydrofuran  concentration 0.122 mole/1.
>' T etrahydrofuran concentration 0.180 mole/1.
1 Polym erization tim e 60 min.
* Polym erization tim e 15 min.

T A B L E  X I
E ffect of Tem perature on the Polym erization of Styrene in T etrahydrofurau. C atalyst

in Ether»

Catalyst Catalyst

Run
N o .b

P oly
m erization 
tem p., °C .

D ielectric
constant0

l y ] ,

dl./g. 10 -M i D P

consumed,
10~*

mole/1.

con
sumed,

%

102 20 6.80 0.543 48.9 470 19.0 2 .1
43 0 7.20 0.878 10 1.0 969 9.0 1 .0
44 0 7.20 0.819 90.9 873 10.0 1 .1

103 - 2 0 7 .7 3 1.4 87 224.5 2156 4.0 0 .45
105 - 5 0 — 3.820 9 3 7.4 9001 1.0 0 .1
106 - 5 0 — 3.888 962.9 9246 0 .9 0 .1

» E xperim ental conditions: cata lyst used 4.5 m m ole (0.09 mole/1.) in 3 ml. ether; 
monomer concentration 0.871 mole/1.; polym erization tim e 15 min.; [M ]/[C ] = 
9.67.

b T he yield in all cases w as quantitative.
c T he dielectric constant of the system  at 4 5°C . is 6.50, and at — 33°C . is 8.49.

polymerization of styrene by sodium naphthalene all the catalyst was 
found to initiate polymerization at relatively high ([M ]/[C ])  values,15 
b u t  at low values, the molecular weights were much higher than those re
quired if all the catalyst had initiated polymerization.16 This was ex-
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T A B L E  X I I
E ffect of T em perature on th e Polym erization of Styrene in Petroleum  E ther. C atalyst

in E ther“

R un
N o.b

P o ly 
merization 
tem p., °C .

m ,
dl./g. 10 -hi/ D P

C atalyst 
consumed, 

10 2 mole/1.

C atalyst
consumed,

%

82 45 0 .1 1 1 4 .4 42 2 .1 23.3
83 45 0 .1 1 1 4 .4 42 2.1 23.3

147c 45 0.106 4 .1 39 2 .2 24.4
157° 45 0 .113 4 .5 43 2.0 22.2
107d 20 0 .138 6 .1 59 1.4 8 16 .7
108'1 20 0 .148 0.8 65 1 .3 14 .4
140c.® 0 — — — — —

* E xperim ental conditions : catalyst used 4.5 mmole (0.09 mole/1.) in 3 m l. ether;
monomer concentration 0.871 mole/1.; [M ]/[C ] = 9.67 ; polym erization tim e 30
min.

b T he yield  in all cases was qu antitative.
c C ata ly st in petroleum  ether.
d Polym erization tim e 60 min.
° O nly traces of polym er were obtained.

T A B L E  X I I I
E ffect of T em perature on the Polym erization of Styrene in E ther. C ata ly st in Petroleum

Ether“

P oly- C ata ly st C ata ly st
Run merization M i consumed, consumed,
N o .1’ tem p., °C. dh/g. 10 hi/ D P 10-2 mole/1. %

188 35 0.000 1 .75 17 5 .1 5 6 .7
170 20 0.009 2 .1 5 21 4 .1 4 5 .5
177 20 0.009 2 .1 5 21 4 .1 4 5 .5
189 0 0 .124 5 .2 50 1 .7 18 .9
190 - 1 5 0 .13 5 5 .9 57 1 .5 10 .7

a Experim ental conditions: cata lyst used 4.5 mmole (0.09 mole/1.) in 3 ml. petroleum  
ether; monomer concentration 0.871 mole/1.; polym erization tim e 18 h r .; [M ]/[C ] = 
9.67.

h T he yield  in all cases was qu an titative.

T A B L E  X IV
E ffect of Tem perature on the Polym erization of Styrene in Benzene. 

Ether»
C a ta ly s t in

Run
N o .b

P oly
merization 
tem p., °C .

M>
dl./g. 10-hi/ D P

C atalyst 
consumed, 

10 ~2 mole/1.

C a tay st
consumed,

%

317 60 0.092 3 .3 32 2 .7 30.0

304 40 0.097 3.0 35 2 .5 2 7 .8

305 20 0 .138 6 .1 59 1 .5 16 .7

306 2 0. 170 8.4 81 1 .1 12 .2

“ Experim ental conditions: cata lyst used 4.5 mmole (0.09 mole/1.) in 3 ml. ether; 
monomer concentration 0.S71 mole/1.; polym erization tim e 120 min.; [M ]/[C ] = 

9.07.
b T he yield in all eases was quantitative.
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T A B L E  X V
Polym erization in Tetrahydrofuran. D ependence of M olecular W eight on Per Cent 

Conversion. C ata ly st in Ether"

Run
No.

P o ly
m erization

tim e,
sec.

Conversion,

%

M ,
dl./g. 1 0 - W D P

187 3 17 0.260 16.0 154
186 6 45 0.341 2 4 .1 231
184 15 73 0.459 37 .8 363
183 30 84 0.500 43.0 413
102 900 100 0.543 48.9 470

» Experim ental conditions: monomer concentration 0.871 mole/1.; cata lyst concentra
tion 0.09 mole/1.; reaction tem p. 20 °C .; cata lyst dissolved in 3 ml. ether.

plained16 by the fact that not all the catalyst molecules start polymeri
zation, and that the monomer adds more readily to a growing anion than 
to catalyst. Recently,6 the polymerization by different lithium alkyls of 
styrene in tetrahydrofuran at room temperature was investigated. A  low 
monomer/’catalyst ratio ( [M ]/[C ]  =  12) was used, so that the initiation 
will compete with the propagation for monomer throughout the poly
merization. It was found that butyllithium initiated polymerization 
much faster than phenyllithium. This was indicated by the fact that 
much lower molecular weights were obtained with butyllithium, showing 
that more catalyst had initiated polymerization.

Polymerization in Tetrahydrofuran and Petroleum Ether

Effect o f Solvent on the Degree o f Polymerization. In the present work, 
it is seen that the molecular weights obtained in the polymerization in tet
rahydrofuran are much higher than those obtained in petroleum ether. 
Since the average degree of polymerization (in case that the rate of initiation 
is relatively low and catalyst is slowly consumed) can be given by D P =  
Rp/Ri, due to lack of termination, it follows that the ratio of the rate of prop
agation to the rate of initiation (Rp/Rt) in tetrahydrofuran is much greater 
than that in peti oleum ether.

In the phenyllithium polymerization, we have the propagating end 
composed of the ion-pair P ~ C H 2CH (C6H6)L i+. In solvents of low di
electric constant such as petroleum ether (b.p. 60-80°C.) (dielectric con
stant =  1.915 as measured at 20°C.), there is a smaller separation of the 
ions in the ion-pair than in solvents of higher dielectric constant such as 
tetrahydrofuran (dielectric constant =  7.58 at 20°C .),17 due to the need 
for energy to overcome the electrostatic interaction between the ions. 
Now, increasing the charge separation of the ion-pair increases the effective 
negative charge of the propagating anion and therefore can cause an in
crease in the rate of propagation.18-20 Solvation of the cation by solvents 
that are Lewis bases such as ethers will also increase the effective charge of
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the anion. It was also suggested that, in solvents of high dielectric con
stant and high solvating capacity, “ free polymer anions” '-1 (whose positive 
counterions have been separated) and not ion-pairs exist in the polymeri
zation mixture. Also it is reasonable that the macroscopic dielectric con
stant of mixed solvents would only be of considerable importance after 
charge separation was made possible by solvation, as will be seen later.

The effect of solvation and dielectric constant in increasing the rate of 
propagation is also true for the initiation step, which is similarly an inter
action of a carbanion with monomer. However, the fact that DP increases 
shows that the effect in increasing Rp is greater. This may be possibly due 
to differences in ionization and solvation of the phenyllithium and of the 
propagating ion-pair. It is known22 that the C-—Li bond in lithium 
alkyls or in phenyllithium has a low ionic character (about 40% ). Much 
greater ionic character is shown by such lithium alkyls as benzyllithium 
(or styryllithium) where the anion is highly stabilized by four resonance 
structures.22 It follows that the propagating ion-pair is more ionizable 
than the phenyllithium, and consequently, solvation of the lithium in the 
propagating ion-pair by tetrahydrofuran would be more than in the case of 
the lithium of the phenyllithium, due to its greater partial positive charge.23

From all this it follows that the propagating ion-pair is more ionized and 
solvated by tetrahydrofuran than phenyllithium. That is why RP in
creased much more than R t on passing from petroleum ether to tetrahydro
furan. It may be mentioned that the polymerization in tetrahydrofuran 
is much faster than in petroleum ether as indicated by the fact that con
version in tetrahydrofuran is about 80%  complete after 30 sec. at 0°C. as 
compared with petroleum ether where the conversion was only about 8%  
after 90 sec. at 45°C. (Table IX ). Since most of the monomer is con
sumed by the propagation step, further evidence for the fact that Rp in 
tetrahydrofuran is much greater than in petroleum ether is obtained.

Effect o f Catalyst Concentration. Since in such a polymerization DP =  
[M ]/[C * ], where C* is the concentration of catalyst which initiated poly
merization, it is possible in each case to calculate the amount of consumed 
catalyst.6 Comparison of Tables I and II shows that the percentage of con
sumed catalyst in tetrahydrofuran is much less than in petroleum ether. 
Thus, for polymerizations with 0.871 mole/1. monomer and 0.09 mole/1. 
catalyst, the amount of consumed catalyst in tetrahydrofuran at 0°C. was 
about 1%  and in petroleum ether at 45°C. was about 23%. From this it is 
seen that the initiation reaction competes with the propagation for mono
mer much more in petroleum ether than in tetrahydrofuran. That is why 
the molecular weights decrease in petroleum ether with increasing catalyst 
concentration and are not affected in tetrahydrofuran in the catalyst range 
investigated. This is plausible, since only about 1% of the catalyst is con
sumed in tetrahydrofuran, so that catalyst is always present in very large 
excess, unlike the case of petroleum ether where about 25%  of the catalyst 
or more initiates polymerization. At high monomer concentration, the 
influence of catalyst concentration is smaller also in petroleum ether, as
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seen from Table II, where a twofold change of catalyst, concentration was 
not found to change the molecular weights.

Polymerization in Mixtures o f Petroleum Ether and Tetrahydrofuran

To explain the variations in molecular weight found in different petroleum 
ether-tetrahydrofuran mixtures (Fig. 1), it is necessary to deal with the 
following general considerations.

Phenyllithium is present as an etherate complex with lithium bromide. 
Also there exists the possibility of the presence of associated phenyl
lithium (CsEULi)* in petroleum ether. These associated catalyst mole
cules are in equilibrium with monomeric, molecules:

(C8H ,Li), ^  tiC6H6Li +  (C6H6Li)*_B

The monomeric or “ free” phenyllithium can initiate polymerization 
easily. Addition of a solvent which has a greater solvating power than 
petroleum ether, drives the equilibrium to the right leading to increase in 
the concentration of free catalyst.

The polymerization stops are as follows:
Initiation:

C6H6-L i+  +  M  *  C,H»M1-Li+ 

where the rate of initiation is :

Rt =  M CeH s-Li+H M ]

Propagation:

C6H5M 1-L i+  +  M ^  C6H6M 2̂ Li +

CsH»M2-L i+  +  M  -> C6H6M „-L i + 

where the rate of propagation is:

Rp =  fcp[C6H 6M -L i+ ][M ]

The values of kt and kv, the initiation and propagation rate constants, 
depend on the solvation of the catalyst and the growing end, respectively, 
increasing with greater solvation as was explained before. These values 
also increase with the dielectric constant of the polymerization medium. 
Increase of kt or kp will increase A',; or R„, respectively.

As was mentioned before, solvation of the growing end is easier than that 
of the phenyllithium, and this means that on increasing the solvation 
capability or the dielectric constant of the polymerization medium, k„ will 
be increased more than kt.

These general considerations permit us to explain the dependence of 
molecular weight on the concentration of tetrahydrofuran. From Figure 1, 
the following points are observed: (a) at low tetrahydrofuran concen
trations (up to 2 vol.-% ) there is a sharp lowering of molecular weight
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with added tetrahydrofuran; (6) the molecular weight increases with 
further addition of tetrahydrofuran (2-6 vo l.-% ); (c) at 6-2-4 vol.-%  
tetrahydrofuran there is a slight increase in molecular weight; (d) at 
24 vol.-%  tetrahydrofuran and above there is a linear increase in molecular 
weight with added tetrahydrofuran.

The initial effect of the addition of tetrahydrofuran (point a) is to in
crease the concentration of phenyllithium that participates in the initiation, 
by solvating the associated phenyllithium, and hence increasing R t.

It may be mentioned that experiments carried out in the presence of 
6 vol.-%  of ether in the polymerization mixture (Tables II and V) led to the 
same molecular weights as in pure petroleum ether (the catalyst being in 
the form of an ethereal complex). This shows that ether is a poor sol
vating agent for phenyllithium as compared with tetrahydrofuran and at 
these relatively low concentrations it seems that it does not cause appreci
able solvation of the catalyst.

Point (b) can be explained as follows. With more tetrahydrofuran, 
competitive reactions are possible. In the first place, it increases the 
concentration of “ free” phenyllithium, and there is a consequent increase 
in R t. In the second place, solvation of the growing end occurs, which in
creases R„. At the relatively low range of molecular weights which exists 
in this range of tetrahydrofuran concentrations, the solvation has a rela
tively greater effect on R„, and that is why there is increase in the molecular 
weights. Since the change in the dielectric constant of the system is 
small at these small concentrations of tetrahydrofuran (Table V II and 
Figure 2), the sole effect of the addition of tetrahydrofuran in this range is 
concerned with solvation of the catalyst (i.e., the Li cation), the lithium 
bromide present, the Li+ of the growing end, and also breaking the molecu
lar association of the phenyllithium.

It seems that solvation of the phenyllithium-lithium bromide catalyst 
complex with tetrahydrofuran is different from that of butyllithium, where 
2 moles tetrahydrofuran were found to be sufficient to cause total solvation 
of the catalyst.1-3

Point (c) can be explained in that in this range of tetrahydrofuran con
centration we are approaching maximum solvation of the catalyst, i.e., 
R t is being increased to a maximum. The changes in Rp can be connected 
with the dielectric constant as seen from the next point.

Point (d) can be explained as follows. It is seen that the linear de
pendence of molecular weight on the tetrahydrofuran content starts after 
about 25 vol.-%  of tetrahydrofuran is already present. It is quite plaus
ible that solvation both of the catalyst or of the growing anion is already 
complete, and the increase in molecular weight is due to increase in the di
electric constant of the polymerization mixture. This is in accordance 
with the linear dependence found of the molecular weight (or Rv/Rl)  with 
the dielectric constant at this range of tetrahydrofuran concentrations. 
Increase of the dielectric constant increases both R„ and R,:, only that the 
increase in Rv is greater, as was explained before.
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If the linear curve (Fig. 2) is extrapolated, we see that in the (c) region 
the molecular weights obtained are higher than those that should have 
been given by the dielectric constant of the polymerization mixture. This 
seems to be due to the solvation effect which in turn increases R v, so that 
the molecular weights are not much affected. These two effects on the 
molecular weight, namely, low dielectric constant and high solvation, seem 
to cancel each other. Also in this region (c) it might be that a localized 
concentration of the tetrahydrofuran around the polar species such as the 
growing end may cause the local effective dielectric constant to be higher 
than the average value given by the tetrahydrofuran and petroleum ether 
of the polymerization mixture.24

Proof for the fact that the linear increase of molecular weight with the 
dielectric constant is due only to the increase in the dielectric constant wras 
obtained from Runs 200 and 201 (Table V II). Here petroleum ether was 
replaced by diethyl ether in the polymerization mixture containing 50 
vol.-%  tetrahydrofuran (Table V II). At such high concentration of 
tetrahydrofuran (which has much greater solvating powder than diethyl 
ether), the added amount of diethyl ether cannot increase the solvation of 
either the catalyst or the propagating ion-pair. Its sole effect can be in 
increasing the dielectric constant of the polymerization mixture, as ether 
has a dielectric constant25 of 4.5 at 20°C., compared to 1.915 for the 
petroleum ether. Actually this addition of ether increased the dielectric 
constant from 4.74 to 5.72. The molecular weights obtained in these 
experiments fall nicely on the linear curve (Fig. 1) as required by the value 
of the dielectric constant of the polymerization mixture. Ether alone was 
found to give very low molecular weights.

W e tried the use of other solvents, such as ethylene dichloride, o-dichloro- 
benzene, dimethylformamide, or dimethylsulfoxide, for increasing the 
dielectric constants of the polymerization medium to investigate further 
this interesting linear dependence of molecular weight on the dielectric 
constant, but in all cases these solvents reacted with the catalyst.

Essentially the same results can be arrived at from consideration of the 
polymerization of styrene in petroleum ether-tetrahydrofuran mixtures at 
45°C. using catalyst in petroleum ether (Table V III and Figs. 3 and 4).

Reason for the Relatively High Molecular Weights in Petroleum Ether. 
In petroleum ether w7e cannot only consider the dielectric constant as being 
the sole or most important factor in determining the molecular weight as 
there is also the association of the catalyst (CgHsLi)* and of (C6H8Li • LiBr) 
complexes to be taken into consideration, so that, although for its low di
electric constant we should have obtained lowrer molecular weights, the 
small effective catalyst concentration causes lowering in Hi so that higher 
molecular weights are obtained.

Effect o f Monomer Concentration. In petroleum ether the molecular 
weight increases continuously with monomer concentration at constant 
catalyst concentration (Tables II and I I I ) . This is in accordance with D P =  
[M ]/[C * ]. The increase is not directly proportional to the monomer
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concentration, and for a fivefold increase in monomer concentration the 
molecular weight was only doubled.

As in the case of petroleum ether, the molecular weights in tetrahydro- 
furan should have increased with increasing monomer concentration. 
However, the polymerizations were carried out under conditions whereby 
the volume of the polymerization mixture was kept constant. Con
siderable increase of the concentration of the styrene leads to a correspond
ing decrease in the concentration of tetrahydrofuran present in the poly
merization mixture. Since styrene has a lower dielectric constant than 
tetrahydrofuran (2.4 as compared to 7.58 for tetrahydrofuran at 20°C.), 
it follows that increasing the styrene concentration is accompanied by a 
decrease in the dielectric constant of the polymerization mixture (Table I). 
This decrease causes a lowering in molecular weight. The overall effect 
is that we have two opposing effects one of increasing and the other of de
creasing the molecular weight. Both these effects seem to cancel each 
other, and that is w'hy we have no appreciable variation of molecular 
weight in tetrahydrofuran with increase in monomer concentration (0.871- 
2.1G4 mole/1.) (Table I).

On the other hand, the molecular weights were found to increase with 
monomer concentration at low monomer concentrations (0.523-0.871 
mole/1.). This is due to the fact that increasing the monomer concentra
tion causes increase in molecular weights, while the very small change in 
dielectric constant at such low monomer concentrations is not enough to 
cancel the greater effect of increasing the molecular weight due to increase 
of the monomer concentration.

Effect o f Temperature. It is seen that the molecular weight increased 
with decrease of temperature. As was mentioned before, the molecular 
weight is given by the ratio Rp/Rt. The increase in molecular weight shows 
therefore that R t is probably decreased. This is especially seen in petro
leum ether, where lowering of the temperature alone, prevents initiation of 
the polymerization (Run 140, Table X I I ) . The initiation step needs a certain 
activation energy, and on lowering the temperature R t will therefore de
crease. The increase of molecular weight with lowering in temperature is 
also due to the appreciable changes in the dielectric constant of the poly
merization mixture. The dielectric constant increases on lowering the 
temperature (Table X II ), and hence it is also responsible for the increase 
in molecular weight.

In the case of benzene, where the dielectric constant is approximately 
the same over a wide range of temperature,25 the increase in molecular 
weight with decrease in temperature cannot be due to changes in the dielec
tric constant but to decrease in R t. A  semilogarithmie plot of the molecu
lar weight against the reciprocal of the polymerization temperature gave a 
straight line whose slope corresponds to the difference in activation energy 
between propagation and initiation (the two reactions which control the 
molecular weight in this case) of 3.3 kcal./mole, as calculated from the 
equation, d in M/dT =  AE/RT2.
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Polymerization in Toluene and Benzene

The molecular weights obtained in toluene were higher than those 
obtained in petroleum ether (Table IX ). The difference between the 
dielectric constants (toluene has dielectric constant of 2.4 at 20°C.)'25 
is not enough to explain the increase. The increase in molecular weights is 
also connected with the nature of the polymerization. In petroleum 
ether, the polymerization is heterogeneous, and the “ living” polystyrene 
precipitates. This decreases the contact between the growing end of the 
polymer and the monomer in solution. Meanwhile, this monomer can 
react with catalyst in solution, and new polymer chains start. In toluene, 
the “ living” polystyrene remains in solution and can react with monomer 
more freely, thus leading to the higher molecular weights. The molecular 
weights in benzene (Table IX ) are also higher than those in petroleum 
ether for the same reason.

When the catalyst is in ether and not in petroleum ether, the molecular 
weights obtained in toluene and benzene are lower, probably due to more 
participation of the catalyst in the polymerization.

Polymerization in Ether

In all the polymerizations studied in various solvents with the catalyst 
dissolved in ether, the molecular weights were either the same or less 
than those obtained with the catalyst dissolved in petroleum ether. It is 
known that in ether association of lithium alkyls occurs to a certain extent, 
although ether has a complexing ability being a Lewis base. Therefore, 
ether can reduce the association of the (CsHsLi)* relatively to petroleum 
ether, but, unlike tetrahydrofuran, is not strong enough to cause high 
solvation and complete dissociation into ions of the growing ion-pairs or of 
the phenyllithium. This fact seems to show that ether affects only the 
initiation step as can be seen from the following evidences: (a) low DP 
in ether; (b) slow polymerization; (c) low molecular weights in spite of the 
relatively high dielectric constant.

(а) The molecular weights obtained in ether were lower than those 
obtained in petroleum ether, i.e., the Rv/Rt ratio in ether is smaller, as 
required by an increase in R { due to an easier initiation of the polymeriza
tion by the less associated catalyst.1'3 Also, the fact that D P decreases 
sharply relatively to petroleum ether, shows, that, unlike R,, R„ was not 
affected significantly on passing from petroleum ether to ether.

(б) The insignificant effect of ether on Rj, may be seen from the rela
tively slow polymerization in ether (Run 208, Table IX ), which is similar 
to that in petroleum ether (Run 193, Table IX ), but much slower than 
that in tetrahydrofuran (Run 183, Table X V ).

(c) It seems that the increase in Rp (or molecular weight) caused by 
increase of the dielectric constant is more effective when the solvation and 
the dissociation into ions of the growing ion-pairs is complete (Fig. 2). 
Now ether, leading to low molecular weights, although having a relatively
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high dielectric constant (4.34 at 20°C .)25 only proves this assumption to 
be true in this case too; its poor solvation of the growing ion-pairs does 
not affect Rv significantly, but increases Rt as explained.

The above considerations are nicely reflected from the results of the 
polymerizations in mixtures of ether and tetrahydrofuran (Table X , 
Figure 5). Addition of 1 vol.-%  tetrahydrofuran (Run 319, Table X ) 
increased greatly the molecular weight. This is due to the fact that Rj 
increased considerably due to preferred solvation by tetrahydrofuran of 
the growing end over that of phenyllithium, as was explained before. 
This effect is especially pronounced at very low tetrahydrofuran concentra
tions, since insufficient tetrahydrofuran is present for complete solvation of 
both the catalyst and the growing ends (at least two tetrahydrofuran 
molecules can complex with an R — L i).1-3

It is interesting to note that the molecular weight obtained in Run 319 
(Table X ) is as required by the dielectric constant of the polymerization 
mixture (approximately 4.3), as can be seen from Figure 2.

This initial increase in molecular weight at very low concentrations of 
tetrahydrofuran is different from what was foimd in petroleum ether, 
where initial addition of tetrahydrofuran led to considerable lowering in 
molecular weight. This is because ether has already caused solvation of 
the catalyst, and addition of tetrahydrofuran has a similar effect, as was 
found at tetrahydrofuran concentrations of 2-6 vol.-%  by volume in the 
polymerizations carried out in petroleum ether-tetrahydrofuran mixtures 
(Fig. 1), where the molecular weights increased with increasing tetrahydro
furan concentration.

With higher concentrations of tetrahydrofuran (1.5-12 vol.-% ), the 
molecular weight decreased due to increase in the initiation. This is due to 
a more available amount of tetrahydrofuran that can cause also solvation 
of the catalyst. At still higher tetrahydrofuran concentrations, the molec
ular weight increased continuously with increase in the tetrahydrofuran 
concentration due to increase in the dielectric constant.
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Résumé

On a étudié la polym érisation  anionique du styrène par le phényllith ium  dans d if
férents solvants. L ’ordre de décroissance des poids m oléculaires obtenus en fonction  
du solvant est: tétrahydrofuranne »  toluène >  benzène >  éther de pétrole >  éther di- 
éthylique. Les poids m oléculaires par suite de l ’ absence de réaction  de term inaison 
sont déterm inés par le rapport de la vitesse de propagation  et de la vitesse d ’initiateur 
( Rp/Ri). Ces deux vitesses sont influencées par la constante diélectrique et le pou voir 
de solvatation  du solvant vis-à-vis du phényllith ium  et v is-à -vis de la chaîne en crois
sance; la solvattaion  de la chaîne en croissance étan t plus grande à cause de la stabilisa
tion  par résonance de Fanion styrylique. C eci con du it au fait q u ’en passant de l ’ éther 
de pétrole (constan te  diélectrique fa ib le) au tétrahydrofuranne (relativem ent élevée et 
haut pou voir solvatant), Rp d écroît beaucoup plus que R¡ condu isant à  des poids m o
léculaires plus élevés. lia  polym érisation  du styrène dans les m élanges éther de pétrole 
et tétrahydrofuranne a été étudiée par des additions de quantités croissantes de tétra
hydrofuranne en m aintenant les concentrations en catalyseur et en m onom ère constantes. 
Initialem ent (audessus de 2 %  en volu m e de tétrahydrofuranne) il y  a une forte dim inu
tion  dans le poids m oléculaire due à une plus grande dissociation  du phényllith ium , ac
com pagnée d ’une augm entation correspondante de R¡. Par addition  ultérieure de tét
rahydrofuranne (ju sq u ’environ  2 5 %  en volu m e), le poids m oléculaire augm ente e at
teint l ’ ordre obtenu  dans l ’éther de pétrole. C eci est causé par une augm entation de Rp 
plus im portante que Ri due à une plus grande solvatation  de la fin de chaîne en propaga
tion. Â  cette concentration  relativem ent élevée en tétrahydrofuranne, on a une solvata 
tion  m axim um  et du catalyseur et de la fin de chaîne en croissance. Par addition  de 
tétrahydrofuranne il y  a une dépendance linéaire du poids m oléculaire à la fois de la con 
centration  du tétrahydrofuranne et de la  constante diélectrique du sj^stème. L ’éther 
donne les poids m oléculaires les plus bas m algré sa constante diélectrique relativem ent 
élevée, due à la plus grande dissociation du  catalyseur associé (CeHsLi)^ conduisant à une 
efficacité plus im portante du catalyseur ( R¡ plus grand). L e toluène et le benzène donne 
des poids m oléculaires plus élevés que l ’ éther de pétrole bien que les constantes diélec
triques soient approxim ativem ent du m êm e ordre, par suite de la nature hom ogène de la 
polym érisation  dans ces solvants si on les com pare avec la polym érisation  hétérogène dans 
l ’éther de pétrole. Le poids m oléculaire augm ente avec la dim inution de tem pérature 
dans divers solvants à cause de l ’ augm entation de la constante diélectrique et la dim inu
tion de Rf.
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Zusammenfassung

Die anionische, durch  Phenyllith ium  angeregte Polym erisation  v on  Styrol w urde in 
verschiedenen Lösungsm itteln  untersucht. D ie  erhaltenen M oleku largew ichte nahm en 
in A bhängigkeit v om  L ösungsm ittel in folgender R eihenfolge ab : T etrahydrofuran  »  
T o lu o l >  Benzol >  Petroläther >  D iäthyläther. D as M oleku largew icht ist wegen des 
Fehlens eines A bbruchs durch das V erhältnis von  W achstum sgeschw indigkeit zu Start
geschw indigkeit (Rp/Ri) bestim m t. B eide G eschw indigkeiten werden durch die D ielek 
trizitätskonstante und Solvatationsfähigkeit des Lösungsm ittels für Phenyllith ium  und 
das wachsende K ettenende beeinflusst; die Solvatisierung des w achsenden K ettenendes 
ist wegen der R esonanz des S tyrylanions grösser. D as führt dazu, dass beim  Ü bergang 
v o n  Petroläther (niedrige D ielektrizitätskonstante) zu T etrahydrofuran  (rela tiv  hohe 
D ielektrizitätskonstante und hohes Solvatisierungsverm ägen) Rp viel stärker zunim m t 
a s  Ri und so höhere M oleku largew ichte entstehen. D ie  Polym erisation  v on  S tyrol in 
G em ischen  von  Petroläther und T etrahydrofuran  w urde durch Zusatz von  steigenden 
M engen von  T etrahydrofuran  unter K onstanthaltung der K ata lysa tor- und M on o 
m erkonzentration  untersucht. A nfänglich  (b is  zu 2 V ol. %  T etrahydrofuran ) trat, durch 
die stärkere D issoziation  des P henyllith ium s bedingt, eine scharfe A bnahm e des M o - 
lekulargew icths m it einem  entsprechenden Anstieg von  ß ,  auf. B ei w eiterem  Zusatz von  
T etrahydrofuran  (b is  zu etw a 25 V o l .-% )  nahm  das M olekylargew icht zu und näherte 
sich  dem  in P etroläther erhaltenen. D ie  U rsache dafür liegt in einer stärkeren, durch 
die grössere Solvatisierung des w achsenden K etgenendes bedingten, Zunahm e von  R p 
gegen ß ;. Bei dieser verhältnism ässig hohen T etrahydrofurankonzentration  w ird eine 
m axim ale Solvatisierung v on  K ata lysa tor und w achsendem  K ettenen de erreicht. Bei 
weiterem  Zusatz von  T etrahydrofuran  besteht eine lineare A bhängigkeit des M oleku large
w ichts von  der Tetranhdrofurankonzentration  und von  der D ielektrizitätskonstanten  des 
System s. Ä ther lieferte, ungeachtet seiner relativ hohen D ielektrizitätskonstanten , die 
niedrigsten M oleku largew ichte; der G rund liegt in der stärkeren D issoziation  der 
K atalysatorassoziate (CöHäLi)^, die zu einer grösseren W irksam keit des K atalysators 
(grösseres ß ; ) führt. In T o lu o l und B en zol entstanden höhere M oleku largew ichte als in 
P etroläther, obgleich  die D ielektrizitätskonstanten  angenähert gleich sind; das ist 
durch  den hom ogenen Verlauf der Polym erisation  in diesen Lösungsm itteln, im  G egen
satz zur heterogenen Polym erisation  in P etroläther bedingt. D as M olekulargew itch  
nahm  m it fallender T em peratur in verschiedenen Lösungsm itteln, w egen der Zunahm e 
der D ielektrizitätskonstanten  und der Erniedrigung von  ß ,  zu.
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Olefin Polymerizations and Polyolefin Molecular 
Weight Distribution

JAMES C. W. CHIEN, Hercules Research Center Hercules Powder Company,
Wilmington, Delaware

Synopsis

A  m ethod for rapid determ ination of the nonu niform ity  coefficient, M w/Mn, o f linear 
polyethylenes and crystalline p o lyprop ylenes is described. T h e  num ber-average 
m olecular w eight M n was determ ined b y  cou nting the num ber o f C 1‘-labeled alkyl 
groups in troduced  into the polym ers during the in itiation  step. T h e  w eight-average 
m olecular w eight M w was calcu lated from  viscom etric data. T h e  errors in these ca lcu 
lations were estim ated. T h e values of M UJM „ thus obtained for eleven sam ples o f 
linear polyeth ylenes and three sam ples o f crystalline p o lyprop ylenes are com pared  w ith  
the corresponding results obtained  b y  polym er fractionations. T h e  agreem ent was good  
for all the polyeth ylene and polyprop ylen e sam ples studied except for three high v iscos
ity  polyeth ylene sam ples with high M w values and low  M n values from  fractionation  
data. T h e  M w/M u values were determ ined for polym er sam ples taken during ethylene 
polym erizations in itiated b y  the (C M A T iC b A C H A A lC l  system . T h is ratio at first 
decreased w ith  the polym erization  tim e, then reached a. m inim um  as the concentration  of 
grow ing chains reached a m axim um . C om parison  o f polyethylene produced  at various 
tem peratures reveals that the w idth of polym er distribution  decreases w ith  rising p o ly 
m erization tem peratures. T h is decrease is a ttributed  to  the increase in the rates of 
in itiation  and term ination  and the higher activation  energy for the term ination  p roc
esses. H igh catalyst concentrations yielded polyethylenes of broad  distributions. A t 
high catalyst concentrations, the concentrations of grow ing chains are also high. C on 
sequently, m ore low  m olecular weight chains term inate-early to  give products with large 
M w/M„. On the other hand, increase o f the A l /T i  ratio increases chain transfers g iving 
polyethylenes having a low  M J M „.  A n  additional effect o f increasing the A l /T i  ratio 
is the decreased variation  o f M w/M„ w ith  t. T h e  M w/Mn values o f crystalline p o ly 
propylene sam ples taken during polym erizations in itiated b y  a -T iC l3- (C 2H 5)iA ]C l are also 
presented. T h ey  were high at the beginning o f the polym erizations and decreased 
gradually to  a lower constant value. A t higher tem peratures, this variation  was less 
pron ou n ced ; and the M w/M„ values were low er than those for the polym ers obtained  at 
lower tem peratures. T h e  M w/M„ values were insensitive to  experim ental variables 
such as the catalyst concentrations, the A l /T i  ratios, and the m onom er pressures in 
agreem ent w ith the kinetic results. T h e  M J M n values o f am orphous p olyprop ylen e 
sam ples taken  during propylen e polym erizations did  n ot v a ry  w ith t or w ith  the other 
polym erization  conditions. These results support the earlier kinetic interpretation  that 
extensive chain transfers occu r during the form ation  of am orphous polypropylenes.

INTRODUCTION

Numerous studies have been reported on the characterization of linear
polyethylenes and crystalline polypropylenes. Tung1 and Kaufman and 
Walsh- combined fractionation with some methods of molecular weight
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determination to obtain relationships for \i)]-Mn for linear polyethylencs, 
and Chiang3 obtained the [r)]-Mw relationship for Hi-fax polyethylene 
(trademark Hercules Powder Co.)- Ciampa4 reported an expres
sion for crystalline polypropylene; Chiang5 obtained an [q]-M w relationship 
for Pro-fax polypropylene (trademark Hercules Powder Co.). Wesslau6 
proposed a distribution function for linear polyethylene. Shyluk7 dem
onstrated that the same distribution function may be used to describe 
Pro-fax polypropylene.

The procedures above are necessary to characterize the molecular weight 
distributions and intrinsic viscosity-molecular weight relationships of 
polymer systems. Thereafter, the knowledge of the nonuniformity co
efficient, M w/Mn, of a polymer is generally sufficient for process control, 
and for correlation with physical and mechanical properties. Taylor and 
Tung8 vised a turbidimetric method to determine M w/M„. Their empirical 
correlation remains to be verified. Blackmore and Alexander9 combined 
infrared endgroup analysis and viscometry to obtain M w/M„. For some 
of the high viscosity fractions, the values of M n calculated from methyl 
group and vinyl group analyses disagreed.

In this work, M n was determined by the counting of the number of C 14- 
labeled alkyl groups in polymers introduced during the initiation step of 
the olefin polymerizations, and M w was calculated from viscometric meas
urements. The results are compared with those obtained by polymer frac
tionation.

There have been several attempts to express M w and M n as a function of 
reaction time for vinyl polymerizations. These were mathematical treat
ments based upon a priori kinetics. Gold10 discussed the case of first-order 
initiation and nonterminative polymerization. Kyner, Radock, and 
Wales11 extended the treatment to include chain transfer with monomer. 
Neither was applied to actual systems. Using the radioactive tracer tech
nique, Chien12'13 followed the variation of M n with reaction times for low- 
pressure ethylene and propylene polymerizations. In this paper the 
change of M w/M„ as a function of polymerization time is presented. The 
effects of polymerization conditions upon the molecular weight distribu
tion of the polymers are examined.

DETERM INATIONS AND CALCULATIONS OF MOLECULAR
W EIGHTS

Radioactive Tracer Determination o f M n

Radioactive tracer determination of M n is an extension of the method of 
endgroup analysis. Using C I4-labelcd 2,2'-azobisisobutyronitrile, Arnett 
and co-workers14 determined M n for poly methyl methacrylates. Chien12 
found that polyethylenes prepared with the bis(cyclopentadienyl)titanium 
dichloride-dimethylaluminum chloride system contained an average of
1.07 C 14-methyl groups per molecule. In a similar study, the polypropyl
enes prepared with the a-TiCh-diethylahuninum chloride system also con
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