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EDITORIAL

The Editors of the Journal of Polymer Science have been aware of the 
fact that the growth of the field has led to greater specialization of the 
research effort and of the investigators involved in it.

There has been, in recent years, an increasing differentiation between the 
chemical and the physical approach toward the solution of problems 
and interpretation of data. It has always been the general philosophy of 
this Journal to foster the interdependence of these two approaches and 
to act as a medium for publication of all groups engaged in polymer re
search. Just the same, we feel that it would be appropriate to give greater 
emphasis to the field of polymer physics by a stronger representation on 
the Editorial Board.

We are, therefore, happy to announce that Richard S. Stein, Director 
of the Polymer Research Institute of the University of Massachusetts, 
Amherst, has joined our editorial group as of January 1964. His special 
function will be the editorial handling of all papers in the field of polymer 
physics.

We have furthermore added Dr. IT. D. Keith, Bell Telephone Labora
tories, and Dr. Karl Wolf, BASF, Ludwigshafen, to the Advisory Board
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Photosensitized Polymerization o f Acrylic Monomers.
I I I .  Kinetics o f Polymerization o f Acrylamide 

in  the Absence o f Oxygen

S. TOPPET, G. DELZENNE,* and G. SMETS, Laboratoire de Chimie 
Macromoléculaire, University of Louvain, Belgium

Synopsis

Acrylam ide polym erizes at 25°C . in aqueous solution b y  photosensitization w ith 
eosin, in absence of a n y  reducing agent and of oxygen; a strong photoreduction of the 
dyestuff proceeds sim ultaneously. T h e photopolym erization has been followed gravi- 
m etrically, while the rate  of photoreduction w as followed colorim etrically. T h e rate  of 
photoreduction is proportional to  the absorbed ligh t intensity. T h e rate  constants are 
proportional to the monomer concentration when th is concentration is lower than 0.42 
mole/1.; above th is value th ey  are independent from  it. T he rate  of photopolym eriza
tion is proportional to the square root of the eosin concentration when this concentration 
is < 1 0 -6 mole/1.; above this value, the rate  becomes independent of the eosin concen
tration. W ith  respect to  the monomer the order of reaction varies from  1.5 to  1.85 when 
the eosin concentration is 0.4 X  10 -6 and 6 X  1 0 " 6 moles/1., respectively. W ith  respect 
to the ligh t intensity, the order of reaction is 0.35 when the monomer and eosin concen
trations are, respectively, 2.8 moles/1. and 0.4 X  10 "6 moles/1. T he kinetics of photo
reduction are interpreted on the basis of a reaction between the excited trip let state  of 
the dye and the monomer, and a kinetic scheme is presented. T h e kinetics of photo
polym erization are explained b y  a term ination process between a growing chain and a 
prim ary radical, besides the usual term ination process between tw o growing chains.

INTRODUCTION

The photopolymerization of vinyl compounds, sensitized by dye reducing 
agents systems, was described by Oster et al.1" 4 These systems are charac
terized by their high efficiency in the presence of oxygen and are therefore 
described as suitable elements for photoreproduction techniques. The 
initiation of these photopolymerizations was attributed to free radicals 
formed during the photoreduction and the reoxidation of the semiquinone 
radicals and the leuco dyes.6 From the kinetic study of the photopolymer
ization of acrylic monomers in aqueous and semiorganic solutions, a photo
initiation could also be presumed in the complete absence of oxygen and 
reducing agent.6

It is precisely the aim of this paper to present the kinetics of the eosin- 
sensitized photopolymerization of acrylamide in aqueous solution in the

* Present address: G evaert Photoproducten N . V ., M ortsel-Antw erp, Belgium .
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absence of oxygen and reducing agent, as well as the kinetics of photoreduc- 
tion of the sensitizing dye occurring at the same time.

EXPERIMENTAL

Pure acrylamide was used after recrystallization from methylene chlo
ride. Tetrabromofluorescein (eosin) was a biological Michrome reagent 
(E. Gurr, Ltd., London); acetamide was an analytical grade reagent 
(Merck). Water was purified from any dissolved gas by repeated distilla
tions in high vacuum.

Photopolymerization Technique

Solution containing eosin was evaporated under high vacuum in order to 
isolate an adequate amount of dyestuff. The monomer was added, a given 
volume of water distilled in the reaction cell, and the dissolved oxygen 
finally removed from the solution by repeated outgassing under high vac
uum.

The reaction cell was a cylindrical glass vessel of 2 cm. diameter and a 
total volume of about 30 ml. The solution was irradiated at 25°C. with 
a 150-w. Osram BA 155 lamp, stabilized by an automatic Sola voltage 
stabilizer; the incident light intensity is equal to 2.7 X 10” 7 Einsteins/ 
cm.2 min., as measured with the actinometric procedure of Parker and Hat- 
chard.7’8 The irradiation system was fixed on an optical bench, while the 
light intensity was varied by intercalating wire gauzes of different mesh sizes 
between the lamp and the reaction cell. The rate of polymerization was 
determined gravimetrically after several purifications of the polymer by 
dissolving in water and precipitating in acetone.

Photoreduction Technique

The photoreduction of esoin was followed colorimetrically with an Eppen- 
dorf photometer working with a cadmium vapor light source. The ex
tinction coefficient of the eosin solution was determined at 509 m/x (Xmax 
eosin = 518 mu) and its concentration calculated from a calibration curve 
at the same wavelength.

RESULTS

A. Photo reduction of Eosin

The irradiation of an evacuated aqueous solution of eosin produces only 
a very slight photoreduction even after prolonged exposure. Llowever the 
addition of acrylamide to the solution enhances the photoreduction rate of 
eosin whereas the presence of acetamide is without effect on the rate. The 
rate of photoreduction R.ted of the sensitizer can be expressed as follows:

if ml =  —dc/dt =  KIa\m (1)
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Fig. 1. H ate of photoreduction of eosin at different acrylam ide concentrations: (O) 0 
niole/1.; (A ) 0.14 mole/1.; (□ )  0.28 mole/1.; (4 )  0.42 mole/1.; (©) 0.7 mole/1.

Fig 2. Influence of the monomer concentration on the rate of photoreduction of eosin.
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T A B L E  I
Influence of the A crylam ide Concentration on the Photoreduction R ate  of Eosin in

Aqueous Solution

Monomer,
mole/1.

0

0 .14

0.28

0.42

0 .7

Eosin,
Tim e, moles/1.

min. X  106 A In (e ( 'cd  — 1)

0 8 .1 5 0
5 7 .9 0.043

10 7.88 €.057
25 7 .6 5 0.099
36 7 .5 0 .112
51 7.4 3 0 .126

0 S.3S 0
3 8.25 0.021
9 7 .6 5 0 .124

16 6 .75 0 .31
23 5 .9 0.495
30 5 .1 5 0 .67
37 4 .35 0.882
44 3 .9 7 1
51 3 .5 6 1 .1 3
65 2.85 1.3 9

0 7.0 7 0
3 0.47 0 .122
6 5 .9 7 0.225

10 5 .1 0.442
14 4 .4 0.626
IS 3. SS 0 .777
22 3 1.086
27 2 .5 1.294
35 1 .91 1.596
43 1.3 8 1.946

0 7 0
3 6.03 0.208
6 5 0.453
9 4 .5 0 .612

12 3.82 0.789
15 3.24 0.987
18 2.8 5 1 .135
24 1.9 1 1.585
30 1.5 6 1 .802
40 0 .97 2 .2 17

0 6 .4 0
3 5.4 4 0 .219
6 4 .5 5 0 .441
9 4.05 0 .591

12 3 .1 2 0.901
15 2 .59 1 .1 1 3
18 2 .1 5 1.3 2
25 1.4 1 1.788
35 0 .795 2.388

«='/„ K ,

m in .-1

0.003

0.022

0.04G

0.064

,

0.071
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where c is the eosin concentration in moles/1. and 7 abs is the absorbed light 
intensity/cm.3 sec. Taking the relationship between the light intensity 
absorbed per volume unit (7 abs), the incident light intensity (7 0) and the 
transmitted light intensity (7 tr) into account, eq. (1 )  can be transformed 
into eq. (2) :

Rmi =  K  (70 -  I tr)/d =  (IC/d) I0 (1 -  e~ t ci) (2)

where e' indicates the apparent molar extinction coefficient and d the thick
ness of the cell.

By integrating eq. 2 between cn, the initial eosin concentration and c, 
the concentration at time t, one obtains:

In (e, c°d -  1) -  In (ec'cd -  1) =  e'K I0t (3)

The linear relationships obtained from plots of A In (e*ci — 1) as a func
tion of irradiation time indicates the proportionality of the photoreduction 
rate to the concentration of excited dye molecules, i.e., to the absorbed 
light intensity.

The slopes are proportional to the rate constants and, for pure photore
duction processes, can be assimilated to quantum yields. Equation (3) 
was used to plot the results (Table I) of the photoreduction of eosin solu
tions in the presence of various acrylamide concentrations. From the 
slopes of Figure 1 the values of e' IUK  were calculated for the different mon
omer concentrations ; they are proportional to the monomer concentration 
up to 0.42 mole/1., as shown in Figure 2.

B. Photopolymerization of Acrylamide

The very important photoreduction of eosin in deoxygenated aqueous 
solutions of acrylamide is accompanied by the polymerization of this mono
mer. Its rate of polymerization was followed gravimetrically and the in
fluence of the concentration of monomer and of the sensitizing dye as well 
as the influence of the light intensity have been examined.

Influence of the Sensitizer Concentration. The influence of the eosin 
concentration on the rate of photopolymerization of acrylamide in aqueous 
solution was determined at constant light intensity and constant monomer

T A R L E  II
Influence of the Eosin Concentration on the R a te  of Photopolyraerization of A cry l

amide“

Eosin, moles/1. X  10G L igh t absorption, % R ate, moles/1. min. X  102

0.2 5 .5 0.9

0 .4 10 .5 1 .1 3

O.S 20 1.63

4 6 6 .S 1 .8
8 89 l . S

12 96.3 1 .8

“ Tem perature, 25 °C .; 70, 2.7 X  10 -7 E insteins/cm .2/m in.; acrylam ide, 2.82 moles/1.
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Fig. 3. R ate of photopolym erization of acrylam ide at different eosin concentrations.

concentration. At concentrations lower than 10-6 moles/1. the rate is 
practically proportional to the square root of the eosin concentrations; 
above this concentration, however, the rate dependence decreases and be
comes rapidly independent of it. The results are summarized in Table II 
and Figure 3.

Influence of the Monomer Concentration. The influence of the mono
mer concentration was determined in both eosin concentration ranges, 
where the rate was dependent or not on the sensitizer concentration, i.e., 
[eosin] <  10~6 mole/1. and >  10~6 moles/1., respectively.

For an eosin concentration 0.4 X 10~4 moles/1. the rate was proportional 
to the 1.5 power of the monomer concentration, while at sensitizer concen
tration of 6 X 10-6 moles/1., the rate dependence increases and is propor
tional to the 1.85 power of the monomer concentration. The results are 
summarized in Table III.

T A B L E  III
Influence of the M onom er Concentration on the R ate  of Photopolym erizationa

Eosin, moles/1. X  10" M onom er, moles/1. R ate , moles/1. min. X  HP

0.4 2.25 0.85
2.82 1 .1 3
3 .1 1.2 7
4.23 2 .22

0 2 .11 0.497
2.82 0.86
3 .5 2 1 .2
4.22 1.82
4.93 2 .14

* Tem perature, 2 5 °C .; /0, 2.7 X  10“ 7 Einsteins/cm  2 min.
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Influence of the Incident Light Intensity. The influence of the incident 
light intensity on the rate of photopolymerization was determined for 
acrylamide and eosin concentrations of 2.82 moles/1. and 0.4 X 10-6 
moles/L, respectively. The results are summarized in Table IV. The 
intensity exponent of the rate expression is equal to ±0.35. Above 10~6 
moles/1. (at an eosin concentration of 4 X 10~6 moles/1.) preliminary 
measurements indicated an even lower value of this intensity exponent.

T A B L E  IV
Influence of the Light In ten sity  on the R ate  of Photopolym erization of A crylam ide“

I a, E insteins/cm .2 min. X  107 R ate  moles/1. min. X  102

0.84 0.65
3 .13 1.0 2
3 .6 1 .1
6 .5 5 1 .3 5

“ Tem perature, 2.5°0.; eosin, 0.4 X  10 6 moles/1; acrylam ide, 2.82 moles/1.

DISCUSSION 
A. Photoreduction of Eosin

The photoreduction rate of eosin in aqueous acrylamide solution can be 
expressed by the empirical eq. (4):

R =  K  Jabs = . * Libs (4)
(V +  p [ iv l j

The influence of the sensitizer concentration on the photoreduction must 
be attributed to the reaction of photoexcited eosin molecules, while the 
influence of the acrylamide on the rate of photoreduction can be interpreted 
on the basis of a scheme analogous to that proposed by Uchida, Kato, 
and Koizumi.9'10

These authors explained the marked accelerating effect of w-hexene 
and cyclohexene on the rate of photoreduction of eosin in alcoholic solution 
assuming the formation of a transient complex between the triplet state 
of the excited dye and the solvent (alcohol) and an improved reductive 
decomposition of this complex under the influence of these promotors.

The formation of a transient complex between excited dye and solvent 
molecules was admitted on the basis of flash photolysis measurements. 
An analogous reaction mechanism is therefore proposed for the photore
duction of eosin in aqueous solution in the presence of acrylamide (M). 
In this scheme D, Ds, and Dt represent the eosin in the ground state, in 
the excited singlet state, and the excited triplet state, respectively, while 
DH- is a semiquinone radical. Although not demonstrated kinetically, 
the existence of a transient complex (Dt. . . HOH) between D t and a 
water molecule may be admitted [reaction (d)]. The very slow rate of 
photoreduction in aqueous solution agrees with a much less favorable 
energetical situation than in alcoholic medium; consequently reaction
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(f) becomes negligible in our experiments. Reaction (g) accounts for the 
promoting effect of acrylamide on the photoreduction; it is evident that 
a saturated amide, as acetamide, is unable to carry out such a reaction.

hv
D -> Ds (a)

Ds —► D +  hv' (fluorescence) (b)

De -> D t (c)

Dt +  HOTf — ( Dt. . ■ HOH) (transient activated complex) (d) 

(Dt. • ■ HOH) — D +  HOH (e)

(Dt . . . HOH) — DH ■ +  OH • (negligible) (f)

(Dt ■ • HOH) +  M DH- +  HO-M- (g)

D t — D +  hv" (delayed fluorescence and phosphorescence (h) 

The rate of photoreduction of eosin is equal to :

R„<i =  -  dC/dt =  fcg [Dt . . . HOH] [M] (5)

Assuming steady-state conditions for the intermediate species, this equation
becomes:

p  I C  1 abs

rPd =  a  +  p  [ M j

where k' =  k'd kc; k'd =  kA [HOH]; a =
=  fcg  ( k ' d  +  k h ) ( k b  +  k , . ) .

h  [M]

: (k',\ +  kh)(kb +  k/)ke',

(B)

and |3

This equation agrees with the experimental expression (4).

B. Photopolymerization of Acrylamide

The photopolymerization of acrylamide in evacuated aqueous solution 
is initiated by the free radicals formed in the scheme discussed above. The 
kinetics of photopolymerization show discrepancies, however, with respect 
to the classical rate expression as well for the influence of the monomer 
concentration (order between 1.5 and 1.85), the sensitizer concentration 
(from 0.5 progressively to zero) and the influence of the light intensity 
(0.35 and lower).

These results can be interpreted by assuming chain termination reaction 
between primary radicals and growing chains. Indeed, if this chain ter
mination prevails, the rate of polymerization becomes proportional to the 
square of the monomer concentration and independent of the rate of ini
tiation.11 This interpretation is strengthened on considering the nature 
of the primary semiquinone radicals which are formed in these experiments 
and which are undoubtedly stabilized by resonance.

A similar behavior was recently described by Misra, Haffeez, and 
Sharma12 in the bulk polymerization of styrene at 50°C, in the presence
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of phenyl azo triphenylmethyl radicals as initiator. This particular 
effect of semiquinone radicals will be evidently more important at high 
eosin concentrations. Moreover the increased viscosity of the reaction 
medium due to the very high molecular weight of the polyacrylamide 
causes a decrease of the recombination (or disproportionation) reaction 
of two macroradicals. This termination reaction becomes progressively 
diffusion-controlled13'14 and will be more affected than the reaction in which 
only one macro radical is involved. Consequently this viscosity effect 
enhances also a chain termination process involving primary radicals.

T h e authors are indebted to the IR S IA  (In stitu t pour la Recherche Scientifique dans 
l ’Industrie et l ’A griculture) and to G evaert Photoproducten N. V. (Antw erp) for sup
porting this research, and to the I R S I A  for a fellowship to  one of them  (S. T .).
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Résumé
L ’acrylam ide polym erise à 25°C  en solution aqueuse par photosensibilisation au m oyen 

d ’éosine, en absence de tout réducteur et d ’oxvgène; cette polym érisation s ’accom pagne 
d ’une photoréduction sim ultanée du colorant. L a  photopolym érisation a été suivie par 
la méthode gravim étrique, tandis que la vitesse de photoréduction a été  suivie colori- 
m étriquem ent. L a  vitesse de photoréduction est proportionnelle à  l ’ intensité lumineuse 
absorbée; aux concentrations en monomère inférieures à 0.42 mole/1 les constantes de 
vitesse sont proportionnelles à la concentration en monomère; au delà, elles en »ont 
indépendantes. L a  vitesse de photopolym érisation de l ’acrylam ide est proportionnelle 
à la racine carrée de la concentration en éosine lorsque la concentration en éosine est 
inférieure ou égale à 10 "B mole/1; au delà, la vitesse devient indépendante de la concen
tration en colorant. L ’ordre par rapport au monomère varie de 1.5 à 1.85 lorsque la 
concentration en éosine s ’élève à 0.4 X  1(K 6 et 6 X  10-6 moles/1; par rapport à  l ’ inten
sité lumineuse, l ’ordre s’élève à 0.35 à une concentration en monomère égale 2.8 moles/1 
et une concentration en éosine de 0.4 X  10-6 moles/1. L a  cinétique de photoréduetion 
est interprétée par la réaction de l ’é ta t activé  triplet avec le monomère, et un schéma 
cinétique est présenté. La  cinétique de photopolym érisation s’explique sur la base 
d ’une réaction de term inaison entre les chaînes en croissance et un radical prim aire, 
outre la  term inaison habituelle entre les deux chaînes en croissance.
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Zusammenfassung
A crylam id polym erisiert bei Photosensibilisierung m it Eosin bei 25°C  in wässriger 

Lösung in A bw esenheit von  Reduktionsm itteln  und Sauerstoff; gleichzeitig tr itt  eine 
starke Photoreduktion des Farbstoffes auf. D ie Photopolym erisation wurde gravi- 
m etrisch, die G eschw indigkeit der Photoreduktion kolorim etrisch gemessen. D ie 
G eschw indigkeit der Photoreduktion ist der absorbierten Lich tin tensität und die G esch
windigkeitskonstante bei M onom erkonzentrationen unterhalb 0,42 M ol/I.it dieser 
K onzentration  proportional; oberhalb dieses W ertes ist sie davon unabhängig. Die 
G eschw indigkeit der Photopolym erisation ist bei Eosinkonzentrat.ionen unterhalb 
10 -6 M o l/L it der W urzel aus der Eosinkonzentration proportional; oberhalb dieses 
W ertes wird die G eschw indigkeit von der Eosinkonzentration unabhängig. In bezug 
auf des M onom ere ändert sich die R eaktionsordnung beim Ü bergang der Eosinkonzen
tration  von 0,4 X  10~6 auf 6 X  10 _c M o l/ L it von 1,5 zu 1,85. In bezug auf die L ich t
intensität ist die R eaktionsordnung bei einer M onom er- und Eosinkonzentration von 
2,8 M o l/L it bzw. 0,4 X  10~6 M o l/ L it gleich 0,35. E in kinetisches Schem a für die 
Photoreduktion wird aufgestellt, dem die Annahm e einer R eaktion  zwischen dem 
angeregten T rip lettzustan d der Farbstoffes und dem M onom eren zu G runde liegt. F ü r 
die K in etik  der Photopolym erisation wird neben der üblichen A bbruchsreaktion zwischen 
zwei washsenden K etten  noch ein K etten abbruch zwischen einer wachsenden K e tte  und 
einem Prim ärradikal angenom men.

Received February 18, 1963
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1,5-Hexadiene Polymers.
I. Structure and Properties o f Poly-l,5-Hexadiene*

HENRY S. MAKOWSKI, BENJAMIN K. C. SHIM ,f and ZIGMOND 
W. WILCHINSKY, Chemicals Research Division, Esso Research and 

Engineering Company, Linden, New Jersey

Synopsis

1,5-H exadiene has been polym erized w ith a num ber of modified a lk y l m etal coor
dination catalysts to  crystalline polym ers having an unusual com bination of properties. 
These polym ers are crystalline, have high tensile strengths, high m elting points, high 
densities, and y e t are very  flexible. Poly-1,5-hexadiene has a chain iden tity  period of 
4.80 A ., and is best defined as consisting prim arily of l-m ethylene-3-cyclopentyl units in 
which the substituents are a s  and the cyclopentane ring is in an envelope conform ation. 
Since not all the monomer units incorporated into the chain are cyclized, the polym er 
more closely resembles an interpolym er than a hom opolym er.

INTRODUCTION

A mechanism for the polymerization of certain 1,5- and 1, (1-dienes to 
soluble, saturated polymers was first proposed in 1957 by Butler.1 This 
mechanism, cyclopolymerization or intra-intermolecular polymerization 
to polymers having recurring cyclic units, has since been fully substantiated 
with a variety of monomer and catalyst systems.2'3 In 1958 Marvel and 
Stille reported the preparation of hydrocarbon soluble polymers from the 
polymerization of 1,5-hexadiene with the triisobutylaluminum-titanium 
tetrachloride catalyst system.4 The benzene-soluble portions of poly-1,5- 
hexadienes prepared with variations of this catalyst system were found to 
contain only 5 -8 %  residual unsaturation. On this information the most 
probable principal recurring unit in these polymers was proposed as the 
1 -me thy lene-3-cy clopen ty 1 group.

This paper presents a study of the structure and properties of crystalline 
poly-1,5-hexadiene prepared with triethylaluminum- titanium chloride 
catalyst combinations. The principal recurring unit and chain conforma
tion of this polymer are defined consistent with the polymer’s chain identity 
period and physical properties. These considerations present more de
tailed information on the structure of polymers produced via the intra-

* Presented before the D ivision of Polym er C hem istry, 137th N ational M eeting, 
Am erican Chem ical Society, C leveland, Ohio, A pril 1960.

t Present address: C entral Research, Lord M anufacturing Com pany, Erie, Pa.
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intermolecular polymerization mechanism and add more evidence for the 
correctness of this mechanism.

EXPERIMENTAL

Starting Materials

«.-Heptane (Phillips Petroleum Company) was percolated through Alcoa 
F-5 alumina at 1-2 v./v./hr. under nitrogen and was stored over sodium 
ribbon prior to use. Chlorobenzene (Matheson, Coleman & Bell) was 
percolated through Alcoa F-5 alumina under nitrogen at 1-2 v./v./hr.

1,5-Hexadiene (Aldrich Chemical Company) was purified immediately 
prior to use by refluxing with a sodium dispersion and distilling through a 
15-plate Oldershaw distillation column under nitrogen. The product boil
ing at 60.5-63.0°C. was collected and used.

Triethylaluminum (specifications of >22.5% aluminum)5 was used 
without further purification and was handled as a 0.88M solution in dry 
«-heptane. A preformed TiCl3-0.22 AlCl:i catalyst component was pre
pared6 by reacting 9 parts of titanium tetrachloride (Baker Chemical 
Company), 1 part of titanium powder (Metal Hydrides, Inc.), and 2 parts 
of Alcoa #140 atomized aluminum metal at 250°C. for 6 hr. The reaction 
product was washed with dry «-heptane, dried in vacuo, and ball-milled in 
a stainless steel jar for 5 days. A preformed TiCl2-0.5 A1C13 catalyst 
component was prepared6 by reacting titanium tetrachloride with alu
minum powder at 220°C. for 5 hr., and the resultant product was ball-milled 
for 6 days. The ball-milled product was heated for 6 hr. at 220°C. and 
then additionally flint pebble-milled for 4 days.

Catalyst Preparations
All catalysts were prepared immediately prior to use. The preformed 

catalysts and triethylaluminum were mixed in a dropping funnel in an 
amount of diluent sufficient to allow a clean catalyst transfer to the poly
merization vessel. Split-pretreated catalysts were prepared in «-heptane 
as follows. A titanium tetrachloride solution was heated to 70°C. and 
triethylaluminum was added in sufficient amount to make the A l/T i molar 
ratio = 0.5 and the catalyst concentration = 21.8 g./l. The catalyst 
slurry was maintained at 70°C. for 1 hr. The catalyst slurry was added 
to the reactor containing the diluent and sufficient triethylaluminum to 
make the overall A l/Ti molar ratio =  2.0. A normal pretreat catalyst 
was prepared by mixing triethylaluminum and titanium tetrachloride in 
«-heptane at room temperature at a catalyst concentration of 3.65 g./l. and 
an A l/Ti molar ratio of 2.0. The catalyst so prepared was then im
mediately added to the diluent in the polymerization vessel.

Polymerizations
Polymerizations were conducted in glass resin reaction flasks which were 

thoroughly dried and swept with scrubbed, dry nitrogen. The diluent was
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added to the reaction flask and brought to temperature. The catalyst was 
added followed immediately by the 1,5-hexadiene. Polymerization was 
terminated by the addition of 30-100 ml. of isopropyl alcohol. The result
ing polymer slurry was added to 1.5 volumes of acetone or an acetone- 
isopropyl alcohol solution. The product was filtered and washed 2-5 times 
with acetone or an acetone-isopropyl alcohol solution. The filtered and 
washed product was dried in vacuo at 55°C. Nine polymerizations were 
made, and full details of polymerization conditions and polymer yields 
are given in Table I.

Physical Properties
Softening and melting points were determined with a Nalge melting 

point apparatus. Inherent viscosities were determined in tetralin solution 
at 125°C. Densities, tensile properties, and apparent moduli of elasticity 
were determined according to ASTM procedures D792-50, D412-51T, and 
D1043-51, respectively.7 The physical properties of the polymers obtained 
are listed in detail in Table I.

X-Ray Diffraction
X-ray diffractometer traces and diffraction photographs with a flat plate 

camera were obtained by using nickel-filtered Cu Ka radiation. The cam
era was calibrated using the values of Bragg spacings reported by the 
National Bureau of Standards for reagent grade Pb(N 03)2 powder.8 The 
diffractometer trace of poly-1,5-hexadiene (Fig. 1) revealed a crystalline 
pattern with only one peak which was very intense and sharp, d-spacing 
of 4.87 A., superimposed over an amorphous background in the region

F ig. 1. X -ra y  diffraction patterns of poly-1,5-hexadiene and polyethylene.
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29 =  5-30°. Diffraction photographs of cold-drawn, oriented strips of 
poly-1,5-hexadiene showed a fiber-type pattern with a spacing of 4.80 A. 
along the fiber axis.

Infrared Spectra

Spectra of total poly-1,5-hexadiene polymers were obtained on thin 
films. The major absorption bands in the 7 .0 - 1 3 .0 m region were: 7.5 
(strong, broad), 8.0 (medium), 8.3 (medium), 9.5 (weak, broad), 10.05 
(weak), 10.4 (medium, broad), 11.05 (medium), 11.7 (medium, broad), 
and 12.7 (weak). The bands at 10.05 and 1 1 .0 5 m were assigned to residual 
vinyl unsaturation.

Solvent Extraction of Polymers

n-Heptane-soluble fractions were obtained on the polymers from runs 
3, 4, and 8 by Sohxlet extraction for 48 hr. Benzene-soluble fractions were 
obtained on the polymers from runs 4 and 8 by Sohxlet extraction of the 71- 
heptane residues for 48 hr. Full details on the size and on the properties 
of these fractions are given in Tables I and II.

Calculations
For the 1,4-cyclohexane system the following assumptions were made: 

the cyclohexane ring is in the chair form; all C -C -C  bond angles are 109° 
28'; all C-C distances are 1.54 A.9

For the 1,2-cyclobutane system the following assumptions were made: 
the cyclobutane ring is planar (i.e., all internal angles =  90°); the ring 
C-C distances =  1.56 A.; all external C-C bond distances =  1.54 A; all 
external C -C -C  bond angles =  109° 28'; the H -CrinE-C externai bond an
gles =  109° 28' and the planes of these groups are perpendicular to the 
plane of the cyclobutane ring and bisect the ring angles.10'11

For the 1,3-cyclopentane system calculations were made according to 
Pitzer and Donath.12 All C-C bond distances were assumed to be 1.54 
A.

RESULTS AND DISCUSSION

Poly-1,5-hexadienes were prepared with a number of modified metal 
alkyl coordination catalysts in either w-heptane or chlorobenzene diluent 
(Table I). The best physical properties of poly-1,5-hexadiene were ob
tained with a split pretreated Al(C2H5)3/T iC l4 catalyst at an A l/T i ratio 
of 2.0. This catalyst system gave higher melting points, better tensile 
properties, and lower n-heptane and benzene solubles than both preformed 
Al(C2H6)3/T iC l3-0.22 A ids and Al(C2H6)3/TiC]2-0.5 A1C13 catalyst sys
tems; however, the latter two systems gave higher monomer conversions 
and catalyst efficiencies.

Although the yields of polymers and their respective properties varied 
with the catalyst modification and the mode of preparation, every poly-
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1,5-hexadiene prepared was crystalline, had a density exceeding 1.0 g-/cc., 
a melting point in excess of 100°C., and was very flexible. The high 
density of poly-1,5-hexadiene is a particularly interesting physical property 
and is offered as a proof that the polymers formed do contain carbocyclic 
rings. No aliphatic poly-a-olefin has a density as high as poly-1,5-hex
adiene, and poly-l-hexene, the poly-a-olefin analog to poly-1,5-hexadiene, 
is a low density, amorphous product.13

Poly-1,5-hexadiene has about the same strength amd melting point as 
high density polyethylene, i.e., Ziegler type or Phillips type, and its density 
is higher than polyethylene (Table III). Yet it is an unexpectedly flexible 
product as indicated by its apparent modulus of elasticity. It is about as 
flexible as low density polyethylene. This combination of properties 
can best be explained through structures resulting from an intra-inter- 
molecular polymerization mechanism. Poly-1,5-hexadiene more closely 
resembles an interpolymer than a homopolymer, as shown by its structure:

CH, CH,
—  /  

CH CH

CH, CH, CH, CH

\ /
CHg-CHg

\  X
CH

N X
CH

\ /
CH„—  CH,

N /
CH

,  CH, CH, i^n,CH, CH,

CH
\ /
CHg-CHg

CH CH CH

CH,

CH,

/
CH

x

\ /
CH -̂ CHg

CH,

Marvel and Stifle have already shown that not all of the monomer units in 
poly-1,5-hexadiene are incorporated through both bonds; some are in
corporated through one bond only.4 The noncyclized units tend to dis
rupt the regularity of the chain composed of cyclized monomer units re
sulting in a polymer which is less crystalline, lower melting, less dense, and 
considerably more flexible. The carbocyclic ring in the polymer chain 
makes the chain more rigid and also contributes a degree of symmetry 
which aids in the packing of the molecules in the unit cell. The net effect 
is a greater weight per volume ratio than could be achieved with poly-a- 
olefins, and, therefore, the density is higher.

A rather peculiar phenomenon was observed upon the extraction of 1,5- 
hexadiene polymers with w-heptane or benzene. The polymers after ex
traction had densities identical to those of the original polymers even 
though as much as 34% of the potymer had been extracted (Table II). 
Normally it is expected that the density of the residue will increase upon 
removal of less dense amorphous fractions. It must be concluded in this 
case that the extracted polymers differ from the residues only in molecular 
weight and not in composition.

As mentioned previously poly-1,5-hexadiene is a crystalline polymer. 
Figure 1 illustrates the x-ray diffraction pattern for poly-1,5-hexadiene and 
compares it with that of polyethylene. The general nature of the x-ray 
diffraction pattern of poly-1,5-hexadiene is seen to be very similar to that

u h u t v h V i ï t j j h  f m n m n r m f t /



1 5 5 6 MAKOWSKI, SHIM, AND W ILCllIN SKY

of polyethylene. The d-spacing for the most intense crystalline peak 
is 4.87 A. for poly-1,5-hexadiene, whereas that for polyethylene is 4.15 A. 
An x-ray diffraction photograph of a highly oriented poly-1,5-hexadiene 
fiber showed equatorial reflections from the (MO) planes. Of these the 
reflection corresponding to d =  4.87 A. was very intense; several very weak 
reflections were also observed. Nonequatorial reflections were present at 
two levels but only along the meridian indicating a symmetry correspond
ing to orthorhombic or higher. From an analysis of the photographs a 
repeat distance of 4.80 ±  0.05 A. was determined on the basis that the 
observed layer line reflections were from the (001) and (002) planes.

It is concluded from the low value of the chain identity period that 
poly-1,5-hexadiene has a linear, zigzag rather than a helical chain conforma
tion. The chain identity period for a helical poly-1,5-hexadiene would be 
expected to be at least as large as that of isotactic polypropylene, 6.5 A .14

By using this value of the chain identity period, it is possible to deduce 
the structure of poly-1,5-hexadiene via calculations on all of the the
oretically possible structures. The “ possible” recurring units for poly-
1,5-hexadiene occurring via the intramolecular-intermolecular polymeriza
tion mechanism are considered in structures I and I I :

*CH,
CH

r : +
CH2 ^CH 

c h ;

CH ,=CH

C H Z  

h 2

II. S e c o n d a r y  C arban ion

RCHp
\  /
C H -C H o  •• <-

RCH
CH2 c h 2

CH
\ /

c h 2 — c h 2

IA. Prim ary C arbanion

CH2— CH2

RCH CH:
\  /

c h 2— c h 2

IB. S e co n d a ry  C arban ion

r c h 2 c h 2 :
\ /  
CH— CH

CH2 — CH2

IIA. Prim ary Carbanion

r c h 2 _c h 2 
^ c h '"  "c h :

\ /
c h 2— c h 2

IIB. S e co n d a ry  C arban ion

It is not necessary to distinguish the polymer chain end as an anion, a 
cation, or a free radical when considering these possible structures since the 
same considerations apply regardless of choice. However, considerable 
evidence does exist that polymerization via metal alkyl coordination cat
alysts is anionic in nature.15 If it is so assumed, it is readily seen that
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T A B L E  III
Com parison of Properties of Polyethylene and Poly-1,5-H exad;ene

Polyetl

High
density“

ivlene

Low
densityb

P o ly -1 ,5-
hexadiene”

T ensile strength, psi 4330 2630 5420
Elongation, % 230 130 270
S .P ./m .p ., °C . 125/132 122/124 131/13,8
D ensity, g./cc. 0.949 — 1.12 2
Apparent modulus of e lasticity,

psi X  10~5
A t 25°C . 0.80 0 .41 —
A t 0 °C . 1.0 3 0 .75 0.86
A t — 50°C. 3.00 2.24 2.00

“ Ziegler ty p e  (E th yl). 
h Alkat.hene high density ( I C I ). 
c From  Run 9.

cyclopentane rings are formed if two consecutive primary or two consecu
tive secondary anions are formed. The primary anions, of course, would 
be the more likely. On the other hand the formation of cyclobutane rings 
or cyclohexane rings requires the alternate formation of primary and sec
ondary anions, which per se is very unlikely, at least in a regular fashion. 
However, calculations have been made on the cyclobutane and cyclohexane 
ring systems to determine whether they could be ruled out on the basis of

Fig. 2. Chain conform ations of the 1,4-evclohexane system s: (a) le, 4e-cyclohexane, 
repeating monomer distance =  4.36 A .; ( b )  le, da-cyclohexane, repeating monomer dis
tance =  3.55 A., iden tity  period = 7.10 A.
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T A B L E  IV

System
R ing

configuration Chain conform ation

R epeating 
monomer 

distance, A.

M ost 
probable 

chain 
iden tity  
period, A .

1,4-Cyclo- e ,  e  (Chair) Linear, zigzag 4.30 4.36
hexane

e ,  a  (Chair) Linear, zigzag 3 .5 5 7 .1 0
o, a  (Chair) Linear, zigzag 3 .5 5 3 .5 5

1,2-Cyclo-
butane c i s a Linear, zigzag 4 .36 8 .72

cis’’ Linear, zigzag 4 .36 8.72
c i s c Linear, zigzag 3.21 5 .6 4
tra m s '1 Linear, zigzag 4.98 9.96
t r a n s ” Linear, zigzag 3.99 7 .3 7

1,3-Cyclo- m -P la n a r H elix (?) 4 .19 > 6 .5 '
pentane

a's-H alf
chair

H elix (?) 4 .19 > 6 .5 '

t r a n s -  En
velope

H elix (?) 4.88 > 6 .5 '

Iraras-Planar Linear, zigzag 4.88 9 .76
fraras-Half

chair
Linear, zigzag — 5 .0 — 10.0

cfs-En-
velope

Linear, zigzag 4.93 4.93

a W here both cyclobutane carbons in the polym er backbone and the extranuclear 
carbons are planar t r a n s  and alternate cyclobutane rings are on opposite sides of the 
polym er chain.

b Sam e as in a  except th at alternate cyclobutane rings are on the same side of the 
polym er chain.

0 W here one backbone and one nonbackbone cyclobutane carbons and the extranu- 
elear carbons are planar t r a n s  and alternate cyclobutane rings are on opposite sides of 
the chain.

d W here both backbone cyclobutane carbons and the extranuclear carbons are planar 
t r a n s  and alternate cyclobutane rings are on opposite sides of the chain.

6 W here one backbone and one nonbackbone cyclobutane carbons and the extra- 
nuclear carbons are planar t r a n s  and alternate cyclobutane rings are on opposite sides of 
the chain.

f Chain iden tity  period of isotactic polypropylene.

the experimentally determined chain identity period, 4.80 A. A summary 
of these calculations is given in Table IV.

In considering the cyclohexane system the rings (chair form) must be 
interconnected in the 1,4-positions. When these positions are e,e (Fig. 2a) 
the “ repeating monomer distance,”  herein defined as the distance from the 
beginning of one monomer unit to the beginning of the adjacent monomer 
unit, is 4.36 A., and this distance is also the most probable chain identity 
period. When the 1,4-positions are e,a (Fig. 26) the repeating monomer 
distance is only 3.55 A., and the most probable chain identity period would
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Fig. 3. Chain conform ations of the 1 ,2-cyclobutane system s: (a) 1,2-m -cyclobutane, 
repeating monomer distance =  4.36 A ., iden tity  period =  8.72 A .; (b) 1 ,2-frans-cyelo- 
butane, repeating monomer distance =  4.98 A ., iden tity  period = 9.96 A.

be twice that, 7.1 A. When the 1,4-positions are a,a both the repeating 
monomer distance and the chain identity period are 3.55 A. On the basis of 
these calculated values and on the assumption that the poly-1,5-hexadiene 
chain must be linear, zigzag rather than helical, the cyclohexane system is 
ruled out as being the major repeating structural unit.

The cyclobutane system can also be ruled out on the basis of similar 
calculations. In the 1,2-cyclobutane system 36 chain conformations are 
theoretically possible as a result of cis-trans isomers, conformation about 
the Cring Cexternal bond, Conformation about the CexternawCexternal 
bond, and the positioning of alternate cyclobutane rings on the same or on 
opposite sides of the polymer chain. Of these possibilities only five will 
produce linear, zigzag polymer chain conformations (Table IV ). The most 
probable chain conformation of the 1,2-m-cyclobutane system (Fig. 3a) has 
a repeating monomer distance of 4.36 A. and a most probable chain identity 
period of 8.72 A. The most probable 1,2-trans-cyclobutane system (Fig. 
36) has a repeating monomer distance of 4.98 A. and a chain identity period 
of 9.96 A. Incidentally, only planar cyclobutane rings have been con
sidered here. Spectroscopic studies show the unsubstituted cyclobutane 
ring to be planar.10 It is possible that the substituted rings may be 
folded,11'16 but even in that event the cyclobutane ring system can be 
ruled out as the chief recurring unit in the polymer chain.

In the remaining system, the cyclopentane system, it can be considered 
possible not only for the substituents to be either cis or trans but also for 
the ring to be planar or puckered into either a half-chair conformation 
or an envelope conformation. (The names envelope and half-chair are 
descriptive names originally suggested by Brutcher17 and corresponding
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to the Cs and C2 symmetry forms, respectively, of cyclopentane). Con
siderations on a planar cyclopentane ring system are included here only 
to show that it can be excluded on the basis of these calculations and to 
serve as a comparison in subsequent considerations. Certainly, plentiful 
evidence is available for the existence of pseudorotation in cyclopentane 
and for the barriers to this pseudorotation in substituted cyclopentanes 
which exist in the most stable ring-puckered conformations.12’18,19

Fig. 4. T h e eyelopentane system : (a) planar conform ation; ( b )  half-chair conformation,
(c) envelope conformation.

The planar 1,3-cyclopentane ring system is illustrated in Figure 4«. If 
the substituents in this system are placed cis, then the repeating monomer 
distance is 4.19 A., and the polymer chain resulting from this recurring unit 
would most probably be of a helical nature. On the other hand, if the 
substituents are placed trans a linear, zigzag polymer can be obtained with 
a repeating monomer distance of 4.88 A. which closely corresponds to the 
experimentally determined chain identity period. However, as is il
lustrated in Figure 5a, the chain identity period of this linear, zigzag poly
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mer is twice the repeating monomer distance, i.e., 9.76 A. Obviously this 
rules out the planar cyclopentane system.

In considering the possible conformations for a half-chair or for an en
velope 1,3-cyclopentane system, it should be remembered that the system 
must satisfy two requirements: It must have a repeating monomer dis
tance of about 4.80 A., and it must have a chain identity period of about 
4.80 A., i.e., in this instance, the polymer chain must be linear, zigzag. It

F ig. 5. C hain  conformations of the 1,3-cyclopentane system s: ( a )  1,3-irans-cyclopen- 
tane, planar ring conformation, repeating monomer distance =  4.88 A ., iden tity  period 
=  9.76 A .: (b ) 1,3-Zrans-cyclopent.ane, half-chair ring conformation, repeating monomer 
distance ~ 5 .0  A ., id en tity  period ~ 10 .0  A .; (r) 1 ,3-cis-oyc.lopentane, envelope ring con
form ation, repeating monomer distance = 4.93 A., iden tity  period =  4.93 A.

follows that it will be necessary for puckering to identically affect the dis
placement of the methylene groups, i.e., that the displacement be sym
metrical.

One of the possible half-chair forms for the 1,3-cyclopentane ring system 
is illustrated in Figure 46. Here C5 is above the ring and C4 at an equal 
distance below the ring. When the substituents are placed in the cis 
configuration it makes no difference which of these carbon atoms is above 
and below the plane. The repeating monomer distance for the cis system 
remains constant for symmetrical and reasonably small puckering. The
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Fig. 6. T iie  1 ,3-m -cyolopentane system , envelope ring conformation. Pucker vs. repeat
ing monomer distance.

value of this repeating monomer distance is the same as that obtained 
in the cis planar cyclopentane system, i.e., 4.19 A. Another fact ruling out 
this system is that the polymer chain resulting from this recurring unit 
would most probably be helical. In the trans half-chair system, when CB 
is above and C4 below the plane, the distance between the methylene groups 
increases thereby increasing the repeating monomer distance over that 
obtained in the trans planar cyclopentane system. Its most stable con
formation would result in a repeating monomer distance of at least 5.0 
A. A linear, zigzag chain can be obtained with this system (Fig. 5b); how
ever, the chain identity period is twice that of the repeating monomer 
distance, at least 10.0 A. When the puckering in the trans system is 
reversed, i.e., when C6 is below and C4 is above the plane of the ring, the 
distance between the methylene groups decreases over that obtained in 
trans planar cyclopentane, 4.88 A. Again a linear, zigzag chain can be ob
tained with this system, but the chain identity period is twice that of the 
repeating monomer distance, i.e., somewhat less than 9.64 A. Conse
quently all three possibilities with a C4, C5 half-chair cyclopentane con
formation are ruled out.

In the cyclopentane envelope system, puckering on any ring carbon 
except C2 will result in an unsymmetrical displacement of the methylene 
substituents and, in most cases, the improper repeating monomer distance. 
When C2 is puckered and the substituents are placed trans (Fig. 4c) the 
distance between the methylene groups remains relatively constant with 
pucker, i.e., about the same as that obtained in the trans planar cyclo
pentane system. Although this value of about 4.88 A. corresponds closely 
to the experimentally determined value of the chain identity period, the 
polymer chain resulting from such a recurring unit would most probably 
be helical, at least it would not be linear, zigzag.

When the substituents in the 1,3-cyclopentane system are placed cis 
(Fig. 4c), pucker of C2 into an envelope form exerts a marked effect on the 
distance between the methylene groups. In addition the displacement of 
the methylene groups is perfectly symmetrical. The change in distance
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between the methylene groups with the change in perpendicular distance 
of C2 from the plane of Ci, C3, C4, and C6 is plotted in Figure 6. The cal
culations of the conformation of cyclopentane and the relative positions of 
substituents thereon were made according to the procedure of Pitzer and 
Donath.12 As the plot shows, at zero pucker, i.e., when the ring is planar, 
the distance between methylene groups is 4.19 A. When C2 is out of the 
plane of the other four ring carbons at a distance of 0.46 A., the distance 
between the methylene substituents is 4.80 A. However, a linear, zigzag- 
polymer chain cannot be well constructed. In order for this model to give 
a linear, zigzag structure the Cring-Cmothyicne-Cring bond angle would have 
to be about 100°. This bond angle would be expected to be at least 
tetrahedral, if not somewhat larger, based on the fact that the zigzag angle 
in polyethylene is 112°.20 In order for this bond angle to be tetrahedral, 
a displacement of C2 above the plane of the other four of 0.61 A. is required. 
With this extent of pucker the distance between the methylene substituents 
is 4.93 A. With this model as the repeating unit a linear, zigzag chain con
formation is obtained as illustrated in Figure 5c. It is interesting to note 
that the equilibrium displacement of C2 in the 1,3-cfs-cyclopentane model 
is below 0.75 A., the point at which the C2, C3 and C2, C4 axial bonds are 
irons and coplanar. The fit of the calculated value from the Pitzer 
mathematical model12 with that of the experimental value is considered 
to be good. Relatively minor and energetically inexpensive changes in 
internal bond angles would be sufficient to arrive at a value closely co
incident with that obtained experimentally. It is therefore, concluded 
that the major repeating unit in poly-1,5-hexadiene is the as-l-methyl- 
ene-3-cyclopentyl group wherein the cyclopentane ring is in an envelope 
form. The system where poly-1,5-hexadiene is depicted as being composed 
primarily of these units and a minor amount of uncyclized monomer fits 
all the known facts. This system accounts for polymer physical properties, 
such as density and flexibility, and for the experimentally determined chain 
identity period.

Substantiating evidence for the correctness of the structure of poly-1,5- 
hexadiene as outlined here is available from the work of Truett, et al. on 
polynorbornene.21 It was found that norbornene could be polymerized 
with a LiAlR4/TiC l4 catalyst system to a crystalline polymer. It was 
postulated on the basis of chemical and infrared evidence that norbornene 
polymerized via a ring opening reaction with the retention of unsaturation 
to give polymer chains composed of cyclopentane rings linked in a cis-
1,3-fashion with frans-CH=CH groups.

Thus polynorbornene is similar to poly-1,5-hexadiene in that both polymers 
contain the 1,3-as-cyelopentane system as part of the major repeating
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Fig. 7. M ost probable chain eon orm ation of polvnorbornene. Id en tity  period =
11 ,S A.

unit. This grouping should have identical dimensions in both polymers. 
Polynorbornene was found to have a chain identity period of 11.8 A. which 
the authors say corresponds to two monomer units. Using the chain 
identity period of poly-1,5-hexadiene (4.80 A.) as the distance between 
methylene groups in the 1,3-m-cyelopentane portion of the polynorbornene 
chain, a chain identity period of 11.75 A. was calculated for polynorbornene 
which, of course, corresponds exactly to the experimentally determined 
chain identity period.

In performing this calculation it was assumed that C% and C3 of one 
cyclopentane ring, the CH =C H  group, and Ci and 0 2 of the adjacent 
cyclopentane ring are all in the same plane. In this conformation the 
maximum distance along the chain axis is achieved. Other conformations 
about the

C  =  C
/  I

C  H

single bonds will produce linear, zigzag structures but with chain identity 
periods always less than 11.75 A. The conformation with the six carbon 
atoms coplanar would be the expected one. For example, I rans-1,4-poly - 
pentadiene has a chain identity period of 4.8 A. which corresponds to a 
linear, zigzag, planar structure22 virtually identical to that assumed for 
these polynorbornene segments. It should be pointed out, however, that 
the polynorbornene backbone is not perfectly planar. Only the six-carbon 
segments are coplanar, and these coplanar segments intersect at an angle 
of about 155° with each other. The polynorbornene chain is illustrated in 
Figure 7.

As pointed out by Huggins,23 poly-1,5-hexadiene may possess a ribbon
like structure which he theorizes for planar, zigzag structures, such as 
polyethylene, in order to explain several apparently anomalous phenomena. 
Indeed, if this ribbon phenomenon is due to the st.eric repulsion of 1,3- 
hydrogen atoms as Huggins suggests, then the ribbon effect should be even 
more pronounced in polv-1,5-hexadiene where (assuming Pitzer’s model of 
cyclopentane is correct) the distance between the centers of the hydrogen 
atoms on adjacent cyclopentane rings is considerably shorter (ca. 1.8- 2.1
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A.) than the 2.54 A. distance in polyethylene. This cun be visually 
depicted in Figure 5c.

With the large number and wide variety of presently available coordina
tion catalysts, it might be possible to prepare a poly-1,5-hexadiene wherein 
the methylene substituents are trans rather than cis. In this event it is 
predicted that the cyclopentane ring conformation from considerations on 
the cis polymer chain would be a C4, C6 half-chair conformation and the 
resultant chain conformation would be linear, zigzag with a chain identity 
period of approximately 10 A.

T he authors wish to thank M r. H. W . D ougherty for his experim ental assistance and 
D r. E . T orn qvist for some of the cata lyst preparations.
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Résumé

On polym erise le  1,5-hexadiène avec des catalyseurs alcoyl-m étallique de coordination 
en polym ères cristallins ayan t des propriétés combinées intéressantes. Ces polym ères 
sont cristallins, ont une haute force de tension, un point de fusion élevé, une haute
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densité et sont très flexibles. L e  poly-l,5-hexadiène présente une périodicité identique 
de 4.80 A . et se définit le mieux comme étant constitué d ’unités l-m éthylène-3-cyclo- 
pentyle dans lesquels les substituants sont en c i s  et le noyau cyclopentane sous forme 
d ’une enveloppe. E ta n t donné que toutes les unités monomériques dans la  chaîne ne 
sont pas cyclisées le polym ère ressemble plus à  un interpolym ère qu ’à un hom opoly- 
mère.

Zusammenfassung

1,5-H exadien wurde m it einer A nzahl m odifizierter M etallalkylK oordinat.ionskataly- 
satoren zu kristallinen Polym eren m it einer ungewöhnlichen K om bination  von E igen
schaften polym erisiert. D iese Polym eren sind kristallin, besitzen hohe Zugfestigkeit, 
hohen Schm elzpunkt und hohe D ich te  und sind dennoch sehr flexibel. P o ly-1,5- 
H exadien hat eine Identitätsperiode von 4,80 A . und besteht hauptsächlich aus 1-M eth- 
ylen-3-cyclopentyl-Einheiten, in denen die Substituenten in cfs-Stellung stehen und der 
Cyclopentanring eine Envelop-Ivonform ation einnimm t. D a  nicht alle in die K e tte  
eingebauten M onom ereinheiten cyclisiert sind, ähnelt das Polym ere mehr einem In ter
ais einem H om opolym eren.
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Coloration in  A cry lon itrile  Polymers

TOSHIHIRO TARATA and IWAO HIROI, Research Institute, Toho 
Rayon Co. Ltd., Tokushima, Japan, and MASAKAZU TANIYAMA, 

Tulio Beslun Co. Ltd., Tokyo, Japan

Synopsis

T h e heat coloration and alkali coloration of P A N  was investigated w ith model com
pounds by measuring infrared absorption spectra and u ltraviolet absorption spectra. 
Some of the inform ation obtained from  this work supported the opinion of Grassie et ah, 
who proposed the form ation of p a rtly  hydrogenated naphthyridine-type structure to 
explain the alkali coloration of P A N . T h e  intram olecular ring closure mechanism of 
the initiation to  propagate to the parti}' hydrogenated naphthyridine-type structure of 
heat-treated P A N  proposed by Grassie e t al., which, how ever, m ay involve th e dehy
drogenated structure somewhere, was supported, too. On the other hand, the form ation 
of interm olecular azom ethine-type crosslinking structure proposed by Schurz et al. was 
not supported b y  any results of the experim ents w ith model compounds.

Since Houtz1 proposed the formation of substituted pyridines, naphthy- 
ridines, and higher condensed systems to explain the heat coloration of 
polyacrylonitrile (PAX), many papers have been published to discuss those 
phenomena. Among them, Schurz and his co-workers2 emphasized that 
the naphthyridine-type ring structure is purely hypothetical, never having- 
been proved experimentally, and they proposed the formation of azo- 
methinc-type intermolecular crosslinking structure, while Grassie and his 
co-workers3 proposed the formation of an intramolecular ring structure, 
which initiates the formation of partly hydrogenated naphthyridine-type 
structure.

In the base coloration of PAX', Schurz et al.4 proposed the formation of 
intermolecular crosslinking structure like secondary amide bridge, while 
Grassie et al.3 proposed the formation of the partly hydrogenated naphthy
ridine-type structure, which is initiated by nucleophylic reagents (OH~, 
XtH2-, etc.).

Overberger et al.,6 too, presumed that the coloration of polymetha- 
crylonitrile in the ionic polymerization with lithium amide in ammonia is 
due to the formation of the type of partly hydrogenated naphthyridine 
structure initiated by the X’ H2 anion suggested by Grassie.

The present authors had synthesized model compounds7-3 of PAX' and 
its related compounds3-11-12 to use for the investigation on the coloration of 
PAXr described above. Thus were obtained somewhat obvious results, 
which answer the problems discussed by Schurz et al. versus Grassie et al.

1567
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RESULTS AND DISCUSSION

Changes o f Structure by Alkali Treatment

2,4-Dicyano-n-pentane (I)7 and 2,4,6-tricyano-n-heptane (II)7, as the 
model compounds of PAN, had been treated with sodium amide10 to form 
a,a'-dimethylglutaroimidine (IV), m.p. 209-210°C. (decomp.), from I, 
and octahydro-2,7-diimino-d,6-dimethyl-l,8-naphthyridine (VI), m.p. 222- 
224°C. (decomp.), from II,11 as follows:

C I i 2

C H 3— C H  O H — C H 3 NaNH,

C N  O N  
I

in HCONH,

C H 2

C H 3— C H  C H — C H 3

C

H N N
H
IV

N H

C l i 2 C H 2

C H 3— C H  C H  C H — C H 3
! I I 
C N  C N  C N in HCONll,

II

C H , C 1I2

C II 3— C H  C II  C H — C II3
I I I
C  c  c

/  \  /  \  /  \
H N  N  N  N H

V I

C H 2
/  \

C II3— C H  C H — C 1I3 
I I 

C  C
/  \  /  \

H 2N  N  N H

V I '

c h 2 c h 2
/  \  /  \

C II3— C H  C H  C H — C H 3
I I I

C  C  C N
,/  \  / %

H N  N  N H  
H ^

V

c h 2 c h 2
/  \  /  \

C l l 3— C H  C H  C H — C H 3
♦  I I I

c  c  c
/  \  /  V  /  N

1I2N N  N N H
V I '

Since in this reaction compound V, regarded as an intermediate, was not 
actually isolated,11’12 the' reaction V -> VI was presumably fast. These 
results support the speculation of Overberger et ah, moreover, IV and VI 
are the model compounds of Grassie-type partly hydrogenated naphthy- 
ridine-like structure.

The solubility of VI in dimethylformamide (DMF) is very poor, therefore 
the formation of the ring structure in PAN molecule obviously relates to 
the insolubilization of colored PAN, and it is not proper to conclude that 
the insolubility of colored PAN is due to the formation of a crosslinked 
structure only.2

Then from IV and VI, respectively, 3,f>-dimethylpyridine (VII),12 b.p. 
I68-171°C., and 3,6-dimethyl-l,8-naphthyridine (V III),12 m.p. 191-192°C. 
were derived.
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The infrared absorption spectra of the compounds described above were 
measured to permit comparison with the spectra of alkali-treated PAN, as 
shown in Figure 1.

As shown in Figure 1, though the fully aromatic naphthyridine (VIII) 
and pyridine (VII) have strong absorption bands at 10-15/x (1000-650
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Fig. 2. U ltraviolet absorption spectrum  of 3,5-dim ethylpyridine (V II)  in éthanol.

WAVE LENGTH (mf-)

Fig. 3. U ltraviolet absorption spectrum  of 3,6-dim ethyl-l,8-naplithyridine (V II I)  in
éthanol.



T A B L E  I. U ltraviolet Absorption M axim a (Xmax) and M olecular E xtin ction  Coefficient
(«max) of M odel Com pounds

Form ula Solvent mu log Cmax N ote

C H 2

/ \
C H 3C H  c h — c h 3

I I
c  c

/ \ /  \
H N  N  N H  

H

CHo

/ \
C H 3— C H  C H — C H 3

I I
C  c

/  \ / \
O N  O 

H

C H 2---- C H 2

I I
C  c

/ \ / \
H N N  N H  

H

C H ---- 2C H 2

C

/
N  N H  
H

.C ILCIL

N

CHa C H 2

/ \ / \
C H 3— C H  C H  C H — C H 3

I ! I
c  c  c

/  \  /  \  /  \
H N  N  N  N H  

H

VN N

N  C — CH»— C — C H 3

II
N H

c h 3— c — o c 2h 5

I!
N H

C 2H 6O H  254.5

C 2H 6OH  209

C H 3OH 237

h 2o 227

212
C 2H 5ü H 268 

275

C 2H 5O H  300

C 2H 5O H

H exane

4.33

3.89 L iteratu re 14

4.30 L iteratu re 10

4 .3 1  L iteratu re1’

3 .59
3.5 3
3 .4 1

3.39

See F ig. 2

2 1 1 .5
265.5  
306
3 1 1 .5  
319
259 (3860 

m m .- 1 )

4 .76
3.62
3.82
3.85
3.88
4.28

See Fig. 3

L iteratu re 19

C H 3OH  253 (3940 1 . 10 L iteratu re 19

m m .- 1 )
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cm.-1) as Schurz pointed out,2 the model compounds IV and VI have not 
such strong bands in this region. This fact supports the opinion of Grassie 
et al.13

The ultraviolet absorption maxima of these compounds and related 
compounds are shown in Table I.

Fig. 4. U ltraviolet absorption spectra of 2,4-dicyano-ra-pentane (I) measured a t the 
concentration of 1370 m g./l. in ethanol mixed w ith Vio volum e (to 1 volum e of ethanol) 
of 1.340A  K O H -eth a n o l: (1)  6 min. after dissolving; ( 2 )  37 hr. after dissolving.

WAVE LENGTH (mh)
Fig. 5. U ltraviolet absorption spectra of 2,4,6-t.ri-cyano-ri-heptane (II)  measured at 

the concentration of 1070 m g./l. in ethanol mixed with 7m volum e (to 1 volum e ethanol) 
of 1.3401V K O H -eth an ol: ( 1 ) 4.2 min. after dissolving; ( 2 )  21.8 min. after dissolving; 
(3 ) 45.0 min. after dissolving; ( 4 )  62.2 min. after dissolving; (5 )  82.8 min. after dis
solving; ( 6 )  103.5 min. after dissolving; (7) 113.0 min. after dissolving.
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The ultraviolet absorption spectra of VII and VIII agree with Bayzer 
and Skoda’s results20'21 dealing with substituted pyridines and substituted 
naphthyridines.

Next, 2,4-dicyano-n-pentane(I), 2,4,6-tricyano-n-heptane(II), and 2,4,6,-
8-tetracyaiio-n-nonane(III) were treated with potassium hydroxide in 
ethanol, and the changes of their ultraviolet absorption spectra were 
observed as shown in Figures 4-6.

Fig. G. U ltraviolet absorption spectra of 2,4,6,8-tetracyano-n-nonane (II I)  measured 
at the concentration of 500 m g./l. (curves 1 - 3 )  and 95.4 m g./l. (curve 4 )  in ethanol 
mixed with Vio volum e (to 1 volum e ethanol) of 1.3401V K O H -eth an ol: ( 1 ) 2.5 min. 
after dissolving; ( 3 )  12.5 min. after dissolving; (3) 22.5 min. after dissolving; (4 )  43 
hr. after dissolving.

It has been shown14 that under such conditions as described here the 
absorption band at 233-24") m/i is due to the structures of the type

O IL

— C H  G II—
I
C  C

V  X /
N
H

and that at 286-300 m,u is due to structures of the type:

C I L  C H .
/ \  / \

— O il C H C H —
!

c C
!

c
/  \

N X 
H
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Then the absorption band at 336 mix, shown in the case of III (Fig. 6), is 
presumably due to the structures

/

c h 2 c h 2 c h 2
/  \  /  \  /  \  /

C H  C H  C H  C H
I [ I 

c  c  c  c
/  %  /  \

N N N 
H

s

According to Bayzer and Schurz,4 the alkali-treated PAN film had an 
absorption band increasing at 30,000 cm ."1 (333 npz). This band is per
haps due to the same structure having absorption maxima at 336 m^ as 
mentioned above (Fig. 6).

Though they presumed the formation of intermolecular secondary amide 
bridge having absorption bands at 3401 cm ."1 (2.94 /z), 1667 cm ."1 (6.0 ¿¿) 
and 1570 cm ."1 (6.37 n) when PAN was treated with aqueous alkaline 
solution,16 this was not observed14 when the model compounds such as I, 
II, III and containing amide groups were treated with potassium hydroxide, 
but there was formation of a ring structure as described above. Acrylo
nitrile copolymer having a primary amide group has absorption bands23 
near 3400 cm ."1 and 1670 cm ."1, and compound IV has a strong band at 
1540-1570 cm ."1 (Fig. 1). Therefore from those absorption bands the 
formation of secondary amide crosslink can not be concluded.

When model compounds7'9 were treated in DMF with potassium hy
droxide, the formation of such a ring structure proceeded more rapidly11 
than in ethanol.

The ring formation in alkaline medium was accelerated by an amide 
group14 attached to the main molecular chain instead of one of the nitrile 
groups. This effect of the amide group is comparable to the fact that the 
PAN which was treated alkali and hydrochloric acid successively, was 
recolored with alkali more rapidly than the original PAN,4 because the 
former should have amide groups.

Thus the hypothesis of Grassie et al. on the alkali coloration of PAN is 
supported by the results of experiments with model compounds.

Changes of Structure by Heat Treatment
The formation of azomethine-type intermolecular crosslink2 as follows 

has been proposed by Schurz et al.:

— CH—  — CH—
I

C ^ N  c = n h

H — C—
I I

— C —  C N
I
C N
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while Grassie et al.3 proposed the formation of an intramolecular ring, 
from which the hydrogenated naphthyridine-type structure is propagated 
as follows :

H
l/ C H 2 

NC— C V

I ^ H
NC

I ^c h 2 ^ 2 

I PH~

CN
CH, CH2 CH , . 

N C — H CN ''C H  ''C H  ^CH

CN

Schurz et al.2 have been pointed out that the heat-treated PAN has no 
strong absorption band at 10-15/x (1000_1-650 cm ."1) and has an absorp
tion maximum at 37,000 cm.-1 (270 m/x), whereas substituted naphthyri- 
dines have strong absorption bands at 10-15/x and absorption maxima 
at 330-300 m/x (30,000-33,000 cm ."1) and 233-217 m/x (43,000-46,000 
cm._1) .

On the other hand, Grassie et al.8’13 have emphasized that the heat colora
tion almost coincided with the alkali coloration in the formation of the 
hydrogenated naphthyridine-type structure except for the initiation step 
described above, so it is natural that the differences of absorption spectra 
were observed between fully aromatic structure and heat-treated PAN.

On the problem of absorption spectra the findings shown in Figure 1 
and Table I support Grassie’s opinion. However, since the hydrogenated 
naphthyridine-type structure may be propagated from Schurz’s intermolec- 
ular azomethine crosslink,5 the heat treatments of model compounds I, II, 
and III were carried out, and the resulting samples were submitted to the 
measurement of infrared and ultraviolet absorption spectra to discuss the 
change of structure.

In this case the model compounds separated into the stereoisomers8 
as mentioned in Table II were used.

T A B L E  II
M odel Com pounds of P olyacrylonitrile

Formula. N o.

C H 3C H C H ,C H C H ;i la

i
C N  C N  lb

C H 3C H C H ,C H C H ,C H C H 3 l i a

I I
C N  C N  C N  l i b

C H 3C H C H ,C H C H ,C H C H ,C H C H 3 I l i a

I I I I
C N  C N  C N  C N  I l l b

M .p., °C.

Liquid  at 
room  tem p. 

55

45-4C

80-81

130-132

O ptical
activ ity

A ctive

Inactive

A ctive

158 Inactive
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The infrared absorption spectra of heat-treated model compounds and of 
heat-treated PAN are shown in Figures 7-13.

The absorption maxima in ultraviolet absorption spectra of heat-treated 
model compounds are given in Table III.

WAVE NUMBER cm "1

F ig. 7. Infrared absorption spectra of 2,4-dicyano-n-pentane ( la ) :  (1 ) original; ( £ )  

treated at 200°C. for 9 hr.; ( 3 )  treated at 250°C. for 9 hr.; ( 4 )  treated at 300°C. for 6 hr.

WAVE NUMBER c i r 1

Fig. 8. Infrared absorption spectra of 2,4-dicyano-ra-pentane (lb ): (1) original; (2)
treated at 300°C. for 6 hr.
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These observations indicate that if an azomethine-type intermolecular 
crosslinking structure of the type proposed by Schurz et al. could be formed, 
its formation should occur in the heat-treatment of compounds I and II. 
However in the ultraviolet absorption spectra of heat treated I and II no 
absorption band of azomethine structure (at 3860 mm.-1 mentioned in 
Table I) reported by Schurz et al.19 was observed (Table III).

WAVE NUMBER o m '1

Fig. 9. Infrared absorption spectra of 2,4,6-tricyano-n-heptane (H a): (7) original; ( 2 )  

treated a t 250°C. for 9 hr.; (3) treated a t 300°C. for 6 hr.

Fig. 10. Infrared absorption spectra of 2,4,6-trieyano-n-heptane ( lib ): (I )  original; (2)
treated at 250°C. for 9 hr.; (3) treated at 300°C. for 6 hr.
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If the following reaction could occur as soon as the azomethine structure 
was formed,

c h 3- c h - c h - c h - c h , c h 3- c h - c h 2- c h - c h ,
I l I | J

C = N H __rC ^ N  C = N — C=NH

C H - ¿ - c h 2-  c h - c h 3 c h  3- c -  C H -  C H -C H  «
I l I I

CN CN CN C-N

this product should have a stronger absorption band in the ultraviolet 
and infrared region than that observed here.

Schurz et al. observed absorption maxima at 26,500 cm.-1 (377 m/x) and 
37,500 cm .-1 (267 m/x) in the DMF extracts of heat-treated PAN .16 These 
bands are probably due to the by-products of the heat treatment. The 
main products should remain in the insoluble part.

Moreover Schurz et al. reported that the hydrochloric acid extracts of 
colored insoluble PAN heat-treated in the presence of ammonia had an 
absorption maximum at 4800 mm.“ 1 (208 m/x) which agreed with that of 
hydrochloric acid extract of PAN heat-treated in the absence of ammonia.17 
It is probably due to the formation of a glutaroimide ring having an ab
sorption maximum near 210 m/x, because the glutaroimide ring is formed 
from the structure

— C H — CH«— C H —

1/000 3000 2000 1800 1600 11/00 1200 1000 8oo 6oo

WAVE NUMBER cm "1

Fig. I I . Infrared absorption spectra of 2,4,f>,8-tetracyano-n-nonane (I lia ) : (1) original;
(2) treated at 200°C. for 9 hr.; (.3) treated at 250°C. for 9 hr.
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WAVE NUMBER cm "l

Fig. 12. Infrared absorption spectra of 2,4,6,8-t.etracyano-n-nonane ( II I6 ) : (1)  
original; ( 2 )  treated a t 200°C. for 9 hr.; ( 3 )  treated at 250°C. for 9 hr.; ( 4 )  treated at 
300°C. for 0 hr.

WAVE NUMBER crn 'l

Fig. 13. Infrared absorption spectra of polyacrylonitrile (PAN): (1) original; {2)
treated at 200°C. for 0.5 hr.; (3) treated at 200°C. for 9 hr.
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by treatment with hydrochloric acid,11 and the structure
C H , C H 2

/  \  /  \
— C H  C H  C H —

I I I
c  c  c

/■  \  /  %  / '  \
H N  N N 

H

presumably yields the glutaroimide ring in the treatment with hydrochloric 
acid as follows :

C H , C H 2

-C H  C H  C H

C H , C H ,

I
C C

\ / \  / \
C H ^ • HCl - C H CH

I
L H

1
C H*0

1
c

1
c C

H N N
%

O N  O

If the initiation step proposed by Grassie et al.3 is applied to the model 
compounds, the scheme may proceed as follows:

CH,

N C — CH X C H — CH3

,C

H jC ^  c N H

N „

, c n 2 
^  \

N C — CH CH— CH,
I I

C f t

h 3c  'CN 

(II) (IX)

l-Imino-2,(i-dimethyl-4,t>-di(;yanocycloliexane

CN

1 / ^
N C — CH G  C H — CH3

j

CH, <X H C ,

X CH X N w
I

CH :,

(III)

CN
^ C H ,  / CH,

N C — CH X C X C H — CH3

c h 2

- d f ^
i

CH:j

(X)

c.
NH %

l-Im ino-2,4-dioyano-6-m ethyl-2-(2-(jyano-«-propyl)cyclohexane

CN
, c h 2 / c h 2

N C — CH

CH,

C

c

C H — CH,

.  /  \  /  ^ N H  
CH N
I

CH3

(XI)

2-Imino-3,9-diniethyl-5,7-dicyano-2,3,4,5,6,7,8,9-0(;tahydroquinoline
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Though none of the compounds IX , X , and X I has yet been isolated, 
the infrared and the ultraviolet spectra described above show that the 
reaction II — IX  has not proceeded to any great extent but the reaction 
III X I has proceeded.

However if IX  was formed, the infrared spectrum at 1500-1800 cm.-1 
would not change remarkably, since cyclohexanone oxime18 has no absorp
tion band in this region except at 1665 cm._1.

The results shown in Figures 11 and 12 and Table III show the probabil
ity of the reaction III —► X  —► X I at >250°C. Moreover the difference of 
configuration8 has a greater influence upon the reactivity in the heat treat
ment, where I llb  was more stable than Ilia. In Grassie’s initiation step 
mentioned above the configuration would influence the reaction velocity 
of ring formation, which agrees with those results.

In summary, these are the facts which support the hypothesis of Grassie 
et al.3 in the heat treatment of model compounds.

Further, in the heat treatment of the model compounds having amide, 
carboxyl, and ester group9 the ring formation had been accelerated by 
nucleophilic groups22’23 in the molecules, as mentioned by Grassie et al.6 
Among them, though it had been observed that the methyl carboxylates 
were stable to heat,24 the structure

—CH—CH2—CH—
I I
CO O CH s C N

was converted by heat treatment into the glutaroimide ring, with elimina
tion of ethylene.23 This suggests the possibility of the mechanism shown 
below owing to the nitrile group at the /3-position to methyl ester group.

c h 2
— CH " T H —

.C H 2
— *  — CH C H —

CN COOCH3 0/ n / C = O  
in y

c h 3
ATP

— CH CH — -CH2------- ► '

„ / f %
„ c h 2

— CH C H —

c h 2©
HNX  O

CH2
— CH X 'H  -

IN
h

r

c h , = c h 2

rearrange"*

jC H ,

O'

CHC?% H ~ ~

On the other hand, there are several other opinions. For example, 
dehydrogenation occurs in the heat treatment of PAN at 100-120°C. in 
air before the reaction involving the nitrile function,26 and the triazine struc
ture is formed in the heat treatment of PAN,27 and the fully aromatic 
naphthyridine-type structure is formed by the dehydrogenation of the 
hydrogenated naphthyridine-type structure.28 In the present paper these 
phenomena were not considered, but in the synthesis of hydrogenated 1,8-
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naphthyridine, the analogous dehydrogenation occurred to form aromatic 
rings under some conditions.12-22

Saum’s study on the nitrile dipole pair bond81 suggests the difficulty of 
formation of the intermolecular azomethine-type crosslinking structure.

Finally, with respect to the difference between accessibilities of heat- 
treated and alkali-treated PAN to hydrochloric acid2 it may be considered 
that the partly hydrogenated naphthyridine-type structure proposed by 
Grassie et al. should be easily hydrolyzed29 with hydrochloric acid, but the 
heat-treated PAN should have dehydrogenated structures (aromatic 
structure)12-22'26-28'30 somewhere, which exhibits different stabilities to 
hydrochloric acid.

Though in this paper the effects of abnormal structure, which may be 
present in polymer, were not considered, it should be important especially 
in the study on heat treatment of PAN to consider the presence of abnormal 
structure.

EXPERIMENTAL

Measurements o f  Infrared Absorption Spectra

Infrared spectral measurements were carried out with a Hitachi EPI 
Type-2 spectrophotometer and NaCl prism on KBr disk or liquid film 
according to the state of the sample, whether solid or liquid.

Measurements o f Ultraviolet Absorption Spectra

Ultraviolet spectroscopy was carried out with a Plitachi EPS Typc-2 
spectrophotometer and quartz cell (1 cm. thickness).

Heat Treatment o f  Sample

About 300 mg. of sample was heated at 200, 250, or 300 °C. in a sealed 
glass tube of 8 mm. diameter and 70 nun. length.

T he authors express gratitude to the T oho R ayon  Co. L td . for allowing them  to publish 
this paper, and are grateful to M r. Y .  N ishiyam a and M r. K . K u bo , who helped them  
w ith  the infrared spectra work, and to the D epartm ent of Applied C hem istry of T o k u 
shima U niversity, who allowed them to use the u ltravio let absorption spectrophotom eter.
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Résumé

La coloration du P A N  duo à  la  chaleur ou au milieu alcalin a été étudiée à l ’aide de 
composés modèles, en m esurant les spectres d ’absorption infrarouge et des spectres 
d ’absorption ultra-violette. C ertaines inform ations obtenues dans ce travail confirment 
l ’opinion de Grassie e t collaborateurs qui proposent, pour expliquer la  coloration du 
P A N  en milieu alcalin, la  form ation d ’un composé de structure du typ e  de la naphthyri- 
dine partiellem ent hydrogénée. On a  égalem ent confirmé la mécanisme d ’initiation 
avec cyclisation intram oléculaire, qui donne lieu, lors du chauffage du P A N , à  la form a
tion d ’une structure du ty p e  de la naphtliyridine partiellem ent hydrogénée comme l ’ont 
proposé Grassie et ses collaborateurs; ce mécanisme peut cependant comprendre à un 
moment donné une structure déhydrogence. L ex  expériences effectuées avec des 
composés modèles n ’ont, par contre, jam ais confirmé, dans leurs résultats, la form ation 
d ’une structure interm oléculaire pontée du typ e  azom éthine, proposée par Schurz et 
collaborateurs.

Zusammenfassung

D ie H itze- und A lkaliverfärbung von P A N  wurde anhand von M odell-verbindungen 
durch M essung der TR- und U V-Absorptionsspektren untersucht. Gewisse bei dieser 
Llntersucliung erhaltene Ergebnisse stützen die A nsicht von Grassie u. M itarb., die zur 
Erklärung der A lkali-verfärbung von P A N  die B ildung partiell hydrierter naphthyridin- 
artiger Strukturen Vorschlägen. Ebenso wurde der von Grassie u. M itarb. vorge
schlagene M echanism us eines intram olekularen Ringschlusses gestützt, der die Bildung
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von partiell hydrierten naphthyridinartigen Strukturen von hitzebehandeltem  P A N  
einleitet, an dem aber an irgendeiner Stelle auch die dehydrierte Sgruktur beteiligt 
sein kann. Andererseits lieferte keines der an den M odellverbindungengew onnenen 
experim entellen Ergebnisse eine Stütze für die von Schurz u. M itarb. vorgeschlagene 
B ildung einer Struktur m it interm olekularer Vernetzung vom  A zom ethintyp.

Received February 28, 1963
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Rubber Elasticity in Highly Crosslinked Polyesters

DOV KATZ* * and ARTHUR V. TOBOLSKY, Frick Chemical Laboratory, 
Princeton, University, New Jersey

Synopsis
Three unsaturated polyesters were crosslinked with different amounts of styrene, and 

for the resulting polymers the 10-sec. shear modulus was measured as a function of tem
perature. It was observed that the polymers have well defined glassy, transition, and 
rubbery regions. The equation for the shear modulus from the theory of rubber elas
ticity was applied for the plateau regions of the polymers.

This work is a continuation of our studies in the field of viscoelastic 
behavior of highly crosslinked systems with the same aim of finding the 
correlation between the structure and properties of the system.1-3

The present investigation was carried out on three unsaturated polyesters 
crosslinked by polymerization with different amounts of styrene. Each 
one of the polymers thus obtained has a 10-sec. shear modulus-temperature 
curve with well defined glassy, transition, and rubbery plateau regions. 
We tried to apply the concepts of the theory of rubber elasticity for the 
plateau regions.

The three unsaturated polyesters, kindly supplied by the American 
Cyanamid Company, were prepared from the monomers in the ratios 
shown and had the number-average molecular weight shown in Table I.

TABLE I

Composition (mole)

Sample
Supplier’s
designation

Propylene
glycol

Maleic
anhydride

Phthalic
anhydride

Molecular
weight

Pi S-4857-58 1 1 — 1800
Pn B-133-23 2 1 1 1550
Pm B-409-28 3 2 1 1400

The number of unsaturated residues per polyester molecule is 12, 4, and 
6 for polyesters, Pi, Pu, and Pm, respectively. The average molecular 
weights between the double bonds in polyesters Pi, Pu, and Pm  are ap
proximately 156, 362, and 259, respectively.

It is well known that varying amounts of isomerization of the double
* On leave from the Scientific Department, Israel Ministry of Defence.
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bonds occurs during the esterification process, depending on conditions.4 
We were informed by the supplier of these resins that although the alkyds 
we used were prepared from maleic anhydride, the double bonds found in 
the resulting unsaturated polyesters are substantially all of the fumarate 
type.6 We shall accordingly for simplicity use the term fumarate units to 
refer to all the segments of polyester which originated from the maleic 
anhydride, and this may include minor amounts of maleate units.

The crosslinking reaction occurs by a vinyl-type copolymerization be
tween styrene and the double bonds of the polyester. The unsaturated 
bonds of the polyester do not react among themselves, and the polyester 
molecules can be crosslinked only through bridges of one or more styrene 
molecules. A complication occurs in certain cases when nontransparent 
polymers, probably heterogeneous mixtures of the crosslinked polyester 
and the styrene homopolymer, are obtained as the products of the reaction. 
The structure of the homogeneous polymers depends on the amount of 
styrene used, and three possibilities can be considered.

(1 ) The molar amount of styrene is equal to the molar amount of unsat
urated bonds in the polyester. In this case ideally all polyester double 
bonds will be interconnected by single styrene units because of the alter
nating tendency of styrene and fumarate double bonds. This assumption is 
considered justified from chemical evidence.6 In this case the network 
chain consists of the portion of the polyester between fumarate units.

(2) The molar amount of styrene is smaller than the molar amount of 
unsaturated groups in the polyester. The reacted double bonds are bridged 
by single styrene units. In this case the network chains are longer than the 
average distance between neighboring fumarate units in the polyester 
molecule.

(3) The molar amount of styrene is larger than the molar amount of 
unsaturated bonds in the polyester. We assume that in this case the 
styrene residues joining the maleic residues will be randomly distributed in 
length and the average number of styrene units in the polystyryl bridges is 
equal to the molar ratio of styrene to maleic anhydride residues. Here the 
polystyryl bridges may also act as network chains if they are sufficiently 
long. In the appendix we consider the effect of the “ free ends” of the 
polyester emanating from the first and the last double bond in the polyester 
chains.

Experimental
The monomer mixtures were prepared by weighing and mixing of ade

quate amounts of polyester uninhibited styiene, 0.006% cobalt added 
in the form of a 6% solution of Co naphthenate (Nuodex Products Com
pany) and 0.5% Lupersol DDM, a 60% solution of methyl ethyl ketone 
peroxide in dimethyl phthalate (Wallace and Tiernan, Inc.). The per
centages of the catalyst and promoter were calculated on the total amount 
of monomers. The mixture was cast into aluminum foil molds, poly
merized at room temperature in an atmosphere of C 02 for 2d hr., and post-
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TABLE II

Sample
No.

Pi,
wt..-%

Density d, 
g./em .3

Mole
ratio
s/m

in,
nioles/cni.3

G,
dynes/cm.2*

1 70 1.241 0.64 0.00557 4.35 X (X)8 3.13
2» 65 1.232 0.S1 0.00513 5.S3 X 10s
3» 60 1 .220 1.00 0.00473 6.30 X 108
4b 50 1.206 1.50 0.00387 0.50 X 10s

a Measured at T  =  470°K. 
b Opaque sample.

cured for 2 hr. at 105°C. The samples were used for determination of the 
relation of the 10-sec. Gehman modulus versus temperature and their 
specific density was measured by displacement. The molar ratios of 
styrene to maleic anhydride are listed in Tables II-IV .

In the experiments with polyester Pi, as the molar ratio of styrene to the 
polyester increased the polymers showed increasing opacity. Only sample 
one was completely clear. The opacity in the other samples was probably 
due to the existence of heterogeneous mixtures of the crosslinked polymers 
with polystyrene homopolymer.

The polymers of Pm behaved similarly. Samples 1 and 2 were com
pletely clear, the others showed increasing opacity.

TABLE III

Sam
ple
No.

Pi.,
wt-

%

Density
d,

g./em.3

Mole
ratio
s /m

in,
moles/cm.3

G,
dynes/cm. ̂ 4>ez 4>e

1 70 1.227 1.49 0.002373 9.82 X 107 1.22 1.22
2 65 1.225 1.87 0.002200 1.10 X 10s 1.46 1.46
3 60 1.214 2.32 0.002012 1.35 X 10* 2.06 2.06
4 50 1.193 3.48 0.001648 1.14 X 10s 2.03 2.03
5 40 1.145 5.22 0.001265 8.32 X 107 1.93
6 30 1.139 8.12 0.000944 6.45 X 107 2.00
7 20 1.129 13.92 0.000624 3.18 X 107 1 .50

a Measured at T  = 410’ K.

TABLE IV

Sam- Pm, Density Mole
pie vvt.- d, ratio m, G,
No. oy/c g./em.3 n / in moles/eni.3 dynes/em.2,1 4>ez 4>e

1 70 1 .241 1 .07 0.003354 2.50 X 10“ 1 .99 1.99
2 60 1 .217 I . 66 0.002X19 2.94 X 10“ 2 79 2.79
3h 50 1.170 2.49 0.002259 3.00 X 10*
4b 40 1.167 3.74 0.001802 2.06 X 10“

a Measured at T  = 450°K. 
b Opaque samples.
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All of the samples from polyester II were completely clear. Shear 
moduli were measured by a modified form of the Gehman instrument.6

Discussion of Results

The 10-sec. shear moduli plotted in the form of log G versus temperature 
are shown in Figures 1-3. Some calculated numerical results discussed 
later are given in Tables II-IV .

Fig. 1. Modulus-temperature curves for the system polyeste I/styrene.

The graphs show that all of the polymers exhibit a glassy region, transi
tion region, and rubbery plateau region of viscoelastic behavior.

It is our particular concern to test the applicability of the theory of rubber 
elasticity to these highly crosslinked systems in the region of the rubbery 
plateau. We applied the equation

G =  <lmR,T (1)

In eq. (1) n is the concentration of network chains per cubic centimeter, 
R is the gas constant, T is the absolute temperature, and $ is the “ front 
factor” discussed in earlier publications.7 For an ideal rubber, <i> should 
be unity at all temperatures. For a nonideal rubber $ may differ from 
unity; also <f> may or may not depend on temperature. For each sample 
a suitable temperature T in the rubbery plateau region was chosen at which 
to apply eq. (1). These temperatures are indicated in the tables.
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Fig. 2. Modulus-temperature curves for the system polyester II/styrene.

Fig. 3. Modulus-temperature curves for the system polyester III/styrene.
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The major problem is to relate the concentration of network chains to 
the known concentration of fumarate residues or of styrene residues.

We consider the moles of network chains n per cubic centimeter of cross- 
linked polymer as related to the number of moles m per cubic centimeter 
of fumarate units or to the number of moles s of styrene per cubic centi
meter.

In the case that s is smaller or equal to m, then

n =  es

In the case that s is larger than m, we have

me <  n <  2me

We therefore can rewrite eq. (1) as follows:

G =  <i>esRT

G =  QezmRT

,s m (2)

s >  m (3)

s ^  m (4)

s >  m (5)

In eq. (5), z varies between 1 and 2, depending on whether the poly- 
styryl bridges are sufficiently long to count as network chains.

In eqs. (2)-(5) the quantity e is introduced in the sense of a crosslink 
efficient, or, more exactly, as a measure of the deviation of the actual 
structure from our idealized model. For example, when s <  m it is possible 
that in spite of the alternating tendency in this type of vinyl polymerization 
that some of the bridges connecting fumarate residues contain more than 
one styrene residue. In this case e would be less than unity. When s >  
m it is possible that some of the fumarate units are nevertheless not re
acted. In this case e would again be less than unity. If our model of the 
structure is an exact one, e should be unity.

A chemical estimation of e is in principle possible by hydrolytic cleavage 
of the crosslinked network. Xo data pertinent to the samples we used are 
as yet available. We believe that e is close to unity because of the chemical 
probability of our model and because of the results we described below.

Equations (4) and (5) were applied to the data presented in Tables II-IV . 
Where eq. (4) applies, 4>e can be obtained directly from the equation and 
from the data presented in the tables. The calculated values of <t>e are 
tabulated for these cases, i.e., for s/m smaller than or equal to one.

Where eq. (5) applies, 4>ez can be obtained directly from the equation 
and from the data presented in the tables. The calculated values of $>ez 
are tabulated for these cases, i.e., for s/m larger than unity.

For s/m between 1 and 3.5 we assume that the shortness of the poly- 
styryl bridges between the fumarate units is such that they cannot count 
as network chains. We have in these cases assumed that z is equal to 
unity and tabulated both 4>ez and 4>e.
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For all cases presented in the tables both Fe and Fez lie between 1.2 and
3.1. We believe that this indicates that both $ and e are of the order of 
magnitude of unity.

We consider it very interesting that the portions of the polyester chains 
between fumarate double bonds are sufficiently long to act as rubbery net
work chains, and that the deviation from ideal rubber elasticity (with a 
front factor of unity) is so relatively small.

In fact, if for an unknown sample of this type the equation for ideal elas
ticity were assumed, i.e.,

G =  nRT  (G)

the concentration of network chains could be calculated within a factor of 
two or three.

In the case of ethyl acrylate crosslinked with ethylene glycol dimethac
rylate we have shown that up to 12 mole-% of dimethacrylate, corre
sponding to very short polyethyl acrylate chains, the shear modulus obeys 
eq. (1) with a front factor of unity.2

In previous studies7 we have shown that the front factor of rubber net
works depends on the structure of the repeating unit of the polymer chain. 
For crosslinked polymethyl methacrylate the front factor is 1.5; for cross- 
linked polystyrene 1.7; for crosslinked polyacrylates or polymethacrylates 
with long alkyl side chains the front factors are considerably less than 
unity.7 We have also shown in as yet unpublished work that the front 
factors for these various systems remain relatively constant up to 12 
mole-% of dimethacrylate crosslinks.

The results obtained on the crosslinked polyesters can perhaps be ex
amined somewhat more critically in the light of these results.

For polyester II the molecular weight between fumarate units is 362. 
The quantity Fe is 1.6 ±  0.4. Perhaps in this case the deviation of the 
front factor from unity is characteristic of the particular chain structure.

For polyesters I and III the molecular weights between fumarate units 
are 156 and 259, respectively, and the values of Fe are 3.1 and 2.4 ±  0.4, 
respectively. Perhaps in these cases the deviations of the front factors 
from unity are in part characteristic of the particular chain structure, but 
also partly due to the tightness of the crosslinking.

Appendix

For simplicity the discussion of the number of network chains per fu
marate unit was presented for a hypothetical case where the polyester mole
cule has a very large number of fumarate groups. Practically, the num
ber of fumarate residues in a polyester molecule is not very large; in the 
cases considered in this paper between four and twelve. The number z 
of network chains per opened fumarate bond in the resin will depend to some 
extent on the average number a of fumarate bonds in the molecule of the
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polyester. For cases where s is smaller or equal to m, the total amount of 
moles of network chains per cubic centimeter is:

where a is the number of fumarate groups in the polyester molecule. For 
s larger than m,

e <  n e

Another important point is that in order to obtain a structural network 
after copolymerization with styrene, the polyester molecule must have at 
least two reacted fumarate bonds.

The support of the Office of Naval Research is gratefully acknowledged, and the 
authors express their thanks to the American Cyanamid Company for sending their 
samples of polyesters.

References
1. Tobolsky, A. V., D. Katz, R. Thach, and R. Schaffhauser, ./. Polymer Sei., 62, 

S176 (1962).
2. Katz, 1)., and A. V. Tobolsky, J. Polymer Sri., A2, 1595 (1964).
3. Katz, 1)., and A. V. Tobolsky, Polymer, in press.
4. Lawrence, J. R., Polyester Resins, Reinhold, New York, 1960, p. 20.
5. Updegraff, I. H., American Cyanamid Co., private communication of January 9, 

1963.
6. Designation ASTM D 1053-58, A S T M  Standards on Rubber Products, Am. Sue. 

Testing Materials, Philadelphia, A58, p. 550 (1958).
7. Tobolsky, A. V., D. Carlson, and N. Indicator,J . Polymer Sei., 54, 175 (1961 ).

Résumé
Trois polyesters insaturés ont été pontés avec différentes quantités tie styrène et on a 

mesuré le module de cisaillement de ces polymères formés en fonction de la température. 
On a trouvé que les polymères ont des régions vitreuses, de même que des régions de 
transitions et caoutchouteuses bien définies. L’équation du module de cisaillement à 
partir de la théorie de l’élasticité fut appliquée pour les régions plateau des polymères.

Zusammenfassung
Drei ungesättigte Polyester wurden mit verschiedenen Mengen von Styrol vernetzt 

und an den erhaltenen Polymeren der 10-Sekunden-Schermodul in Abhängigkeit von 
der Temperatur gemessen. Die Polymeren haben gut definierte Glas-, Übergangs- und 
Kautschukbereiche. Die aus der Theorie der Kautschukelastizität folgende Gleichung 
für den Schermodul wurde auf rlie Plateau-Bereiche der Polymeren angewandt.

Received March 4, 196.3
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Rubber Elasticity in Highly Crosslinked 
Polyethyl Acrylate

DOV KATZ* and ARTHUR V. TOBOLSK Y, Frick Chemical Laboratory, 
Princeton University, Princeton, New Jersey

Synopsis
Copolymers of ethyl acrylate with three different dimethacrylates were prepared over 

the complete range of copolymer composition. Modulus temperature curves of these 
polymers were constructed and contrasted with the modulus temperature curves of 
phenol-formaldehyde type polymers. The ethyl acrylate-dimethacrylate polymers 
appeared to have rubbery plateau regions at high temperatures, even for very high mole 
percentages of dimethacrylate. This was especially true if the dimethacrylate molecule 
had a long flexible chain within it, as in tetraethvlene glycol dimethacrylate. On the 
other hand the phenol-formaldehyde type polymers and polyethylene glycol dimethac
rylate did not appear to have rubbery plateau regions. Up to 12 mole-% of dimethac
rylate the shear moduli of the ethyl acrylate copolymers in the rubbery plateau region 
were independent of the structure of the dimethacrylate at equivalent crosslink concen
trations. Furthermore these polymers appear to obey the laws of ideal rubber elasticity 
with a front factor of unity.

Introduction

The purpose of this study was threefold: (1) to provide an overall view 
of the viscoelastic properties of crosslinked amorphous polymers over a 
very extensive range of crosslink densities, (2) to evaluate the effect of the 
“ length” of the crosslink on the elastic behavior, and (3) to evaluate the 
applicability of the theory of rubber elasticity over a wide range of crosslink 
densities.

Experimental

Copolymer samples in the form of flat sheets were prepared from ethyl 
acrylate and the three following divinyl compounds: ethylene glycol di
methacrylate (EGDM), triethylene glycol dimethacrylate (TrEGDM) and 
tetraethylene glycol dimethacrylate (TEGDM). Samples were prepared 
over the entire range of copolymer compositions by a method already 
described.1 Molded sheets of phenol-formaldehyde, urea-formaldehyde, 
and melamine-formaldehyde polymers, supplied by the Allied Chemical 
Company, were also studied.

Densities of all the polymers were measured by displacement at 25°C.
* On leave from the Scientific Department, Israel Ministry of Defence.
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T E M P E R A T U R E , ( °C )

Fig. 1. Plots of 10-sec. shear modulus G  vs. temperature for ethyl acrylate-ethylene 
glycol dimethacrylate copolymers.

The shear modulus measured after 10 sec. was determined as a function 
of temperature for all of the polymers by using a modified Gehman ap
paratus.2 For some of the samples with very high torsion moduli, the 
Clash-Berg torsion apparatus3 was also used. The agreement of the two 
methods was quite good.

The composition of the copolymers that were prepared, their densities 
and certain calculated quantities to be discussed later are shown in Tables 
I—III. Shear modulus versus temperature curves are shown in Figures 
1 and 2.

Efficiency of Crosslinking

The problem of the crosslinking efficiencies of dimethacrylates with 
methyl methacrylate was discussed by others,4-6 and in this paper we 
utilized the method of Loshaek and Fox4 to study the efficiency of cross- 
linking of ethyl acrylate by the three dimethacrylates. The agreement 
between our results and the previous results on methyl methacrylate4 was 
very good. The calculations for efficiency are based on the molar contrac
tion of the monomers during polymerization as revealed by the change of 
density. The following data for molar contraction were used: for each
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Fig. 2. Plots of 10-sec. shear modulus G  vs. temperature for polymers of melamine- 
formaldehyde, phenol-formaldehyde, urea-formaldehyde, ethylene glycol dimethacryl- 
ate, triethylene glycol dimethacrylate, tetruethylene glycol dimethacrylate, and some co
polymers of ethyl acrylate with the three dimethacrylates.

vinyl group in the dimethacrylate 22.5 cm.3; for ethyl acrylate 20.75 
cm.3

In Tables I—III we list the mole percentage of the crosslinking agent, and 
from this value and the polymer density we compute and tabulate c, the 
moles per cubic centimeter of dimethacrylate incorporated in the polymer. 
Some of these incorporated dimethacrylate molecules have reacted through 
only one double bond; the other double bond remaining unreacted. 
These are ineffective as crosslinks and hence the concept of crosslink 
efficiency. For less than 5 rnole-% of dimethacrylate the calculation of 
efficiency requires an accuracy in the density measurements that was 
beyond our experimental means. Loshaek and Fox suggested that the 
crosslinking efficiency should approach 100% as the crosslink concentration 
approaches zero. However, we had no reliable way of extrapolating the 
experimental results from 5 mole-% to zero dimethacrylate.

From the moles of dimethacrylate per cubic centimeter and the efficiency 
e, the true crosslink density c' (in moles per cubic centimeter) is obtained b y :

c' =  tc (1)
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Regions of Viscoelastic Behavior

In Figure 1 are shown the modulus-temperature curves for ethyl acrylate 
copolymerized with EGDM. Preliminary data on the modulus tempera
ture curves of ethyl acrylate-TEGDM copolymers appeared in an earlier 
communication.7

As for other linear amorphous-polymers, the modulus-temperature curve 
for the homopolymer of ethyl acrylate shows five regions of viscoelastic 
behavior: a glassy region, a transition region, a rubbery plateau, a rubbery 
flow region, and a liquid flow region.8 Introduction of small amounts of 
crosslinking agent suppresses the last two regions, and we then have a 
glassy region, a transition region, and a rubbery plateau region.

Increasing the amount of the dimethacrylate increases the temperature 
of onset of the transition region and also broadens the temperature range 
of the transition region, as can be seen in a qualitative way in Figure 1.

Increasing the amount of dimethacrylate also increases the magnitude of 
the rubbery plateau modulus, as is clear from Figure 1.

An unresolved question is: how high can we go in crosslink density and 
still have a rubbery plateau region? This can be answered at present only 
in a qualitative way by an examination of the shape of the modulus tem
perature curve.

For comparative purposes vre have showm in Figure 2, the modulus tem
perature curves of phenol-formaldehyde polymer, urea-formaldehyde 
polymer, and melamine-formaldehyde polymer.

These very highly crosslinked polymers exhibit modulus-temperature 
curves which appear to be “ glassy” at all temperatures until their decom
position temperatures. It is, of course, possible to prepare samples of 
these thermosetting resins vrhich are much less highly crosslinked than the 
samples used in this study, e.g., by incomplete cure.

In the same figure are plotted the modulus-temperature curves of the 
homopolymers of EGDM, TrEGDM, and TEGDM. The TEGDM homo
polymer appears to have a glassy region, a transition region, and a rubbery 
plateau region. The existence of the rubbery plateau region here is 
probably due to the long length of chain within this dimethacrylate mole
cule.

The homopolymer of EGDM, on the other hand, did not give a modulus- 
temperature curve that definitely proved or disproved the existence of a 
rubbery plateau. Unfortunately the samples of this polymer are very 
brittle and the curve was constructed from numerous samples. We do not 
believe that a rubbery plateau exists here because of the short molecular 
chain within this dimethacrylate.

The sense in which we use the wrord “ rubbery” in the above discussion is 
only very qualitatively defined from the appearance of a modulus-tempera
ture curve.

We have much more confidence in the existence of rubbery plateaus for 
the copolymers of ethyl acrylate with about 25 mole-% of EGDM, Tr-
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EGDM, and TEGDM. Some modulus-temperature curves of these 
polymers are also shown in Figure 2.

For mole percentages of dimethacrylate below 12 mole-%, the copoly
mers have true rubbery plateau regions which indeed are in full accord with 
the theory of rubbery elasticity as discussed below.

Equation for Rubber Elasticity
The equation of state for rubber elasticity gives the following formula for 

shear modulus G:

G =  SnRT  (2)

In eq. (2), n  is the concentration of network chains per cubic centimeter, 
R is the gas constant, and T is the absolute temperature. The quantity 
$ is the front factor, which is unity at all temperatures for ideal rubbers. 
For nonideal rubbers the front factor may differ from unity and may or 
may not be temperature-dependent.1

The concentration of network chains must be related to the concentration 
of crosslinks and hence to the copolymer composition. We utilize the 
following equation:

n =  c'z =  tcz (3)

The z value of a network is defined by eq. (3). For a tetrafunctional 
“ point” crosslink 2  is two. We believe that the length of chain within 
EGDM is sufficiently short so that it can be considered as a point cross
link up to 12 mole-%, and z is equal to two in this case.

For the case of TrEGDM and TEGDM the a -priori evaluation of z is 
difficult. It might appear that for very small dimethacrylate concen
trations 2  =  2 (here the length of chain within the dimethacrylate is 
negligible with respect to the length of polyethyl acrylate chains between 
dimethacrylate molecules). At intermediate concentrations c', 2  may 
perhaps be three (here the length of chain within the dimethacrylate is 
comparable with the length of chain between dimethacrylate molecules). 
At very high mole percentages of dimethacrylate, 2  may approach unity 
(here the length of polvethyl acrylate chain between dimethacrylate mole
cules is negligible compared with the length of the molecular chain within 
the dimethacrylate). However, we must emphasize that the present theory 
of rubber elasticity is based on point crosslinks. We have no reliable theo
retical guide for the treatment of flexible chains within a crosslinking 
molecule.

However, as shown below there is an experimental solution to the 
problem of 2 values for concentrations of dimethacrylate less than 1 X 10-3 
moles/cm.3 (roughly corresponding to 12-15 moles-% of dimethacrylate).

Experimental Results on Equation for Rubber Elasticity
By combining eqs. (2) and (3) we obtain

G =  QzctRT (4)
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The experimental results on shear modulus versus temperature for the 
different copolymer compositions were interpreted according to eq. (4). 
The temperature at which this equation was applied was 426°K., since 
this was well within the rubbery plateau region for all the ethyl acrylate 
copolymers.

In eq. (4) the quantities, G, c, t, R, and T are experimental quantities or 
constants. Hence we were able to compute $ 2  for all samples which con
tained more than 5 mole-% of crosslinking agent. I11 cases with a lower
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Fig. 3. Plots of 2<t> vs. ee for copolymers of ethyl acrylate with ethylene glycol dimeth
acrylate, triethylene glycol dimethacrylate, and tetraethylene glycol dimethacryl
ate.

amount of dimethacrylate than 5 mole-% we calculated the values and 
listed them in a separate column, leaving open the question of the cross- 
linking efficiency.

We utilized eq. (4) for calculational purposes for all crosslink densities, 
even the very high ones. This does not mean that we believe eq. (4) is 
truly applicable for very high crosslink densities. However, until a con
vincing theory for the elastic properties of the very highly crosslinked net
works is available, it is interesting to tabulate the <f>2 values obtained by eq.
(4) for all crosslink densities.
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For c' values of dimethacrylate between 3 X 1(D4 and 1 X 10-3 moles/ 
cm.3 a very clear and simple though perhaps somewhat surprising result 
emerges, as can be seen in detail in Tables I—III. The values Fs for all 
three dimethacrylates are equal to 2.0 ±  0.25. Inasmuch as the z value 
for EGDM copolymers is two, it appears that below about 13% dimethacry
late or c ’ below 1 X 10-3 moles/cm.3 the copolymers of ethyl acrylate with 
TrEGDM and TEGDM act as if their z values are also two. By taking 
z =  2 in this range we were able to list Ft and F in the tables. As can be 
seen, the front factor F is very close to unity. This agrees with earlier 
data1 from this laboratory for very low crosslink densities, if one assumes 
that the efficiency of crosslinking is unity at a value of c =  4 X 10“ 5 
moles/cm.3

Between the range of c = 4 X 10~6 and 4 X 10-4 moles/cm.3, there is 
some reason to surmise from the tabulated values of Fe that the iront 
factor values fall slightly below unity, if we assume that the efficiencies do 
not fall below the experimental value measured at 5 mole-% of dimeth
acrylate.

At any rate, the front factor of these crosslinked ethyl acrylate co
polymers are very nearly unity up to quite high crosslink densities. Fur
thermore, it was shown in an earlier publication1 that the front factor for 
crosslinked ethyl acrylate is independent of temperature.

For the ethyl acrylate-EGDM copolymers the rubber network behaves 
ideally up to c' =  1 X 10-3 moles/cm.3 This corresponds to a molecular 
weight between the idealized pohit crosslinks of M c =  508, using the 
formula M c =  d/2c', where d is density. This means that this rubber 
network behaves ideally with only ten single bonds between network 
junctures.

High Crosslink Densities
In Figure 3 we show a plot of Fz versus c' for ethyl acrylate copolymerized 

with all three dimethacrylates, up to 75 mole-% of the divinyl compound. 
We show results only for c' larger than 8 X 10 4 moles/cm.3, which corre
sponds to dimethacrylate contents higher than 10 mole-%. At these high 
crosslink densities the difference between EGDM, TrEGDM, and TEGDM 
crosslinks shows up very markedly. For the EGDM copolymers the appli
cability of eq. (4) probably ceases slightly beyond c' =  10“ 3. For the 
TrEGDM and TEGDM copolymers, one might possibly extend the range 
over which eq. (4) applies to a value of c' =  2 X 10~3 moles/cm.3, corre
sponding to 40 mole-% of TEGDM. An a priori evaluation of z and F, 
however, is very difficult.

It should be pointed out that the number of single bonds between the 
vinyl group is 7 for EGDM, and this appears insufficient to act as a rubbery 
network chain in ethyl acrylate-EGDM copolymers. The number of 
single bonds between vinyl groups in TrEGDM and TEGDM are 13 and 16, 
respectively, and these intramolecular chains possibly act as rubbery 
network chains under certain conditions in the copolymers studied here,
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namely between c' =  1 X 10~4and2 X 10~4. However, our experimental 
results indicate that these long intramolecular chains do not contribute 
much to the elastic behavior of the network for dimethacrylate contents 
below 13 mole-%.

The partial support of the Office of Naval Research is gratefully acknowledged.
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Résumé
On a préparé des eopolymères d’acrylate d’ét.hyle avec trois diméthacrylates différents 

dans tout le domaine de la composition de copolymère. On a tracé les courbes module/ 
température de ces polymères et on les a comparées avec les courbes module/tempéra- 
ture des polymères du type phénol-formaldéhyde. Les polymères acrylate d’éthyle- 
diméthacrylate semblent avoir des régions caoutchouteuses à des températures relative
ment élevées, même pour des pourcentages molaires très elévés en diméthacrylate. Ceci 
est surtout vrai quand les molécules du diméthycrylate contiennent une longue chaîne 
flexible dans le copolymère, comme dans le cas du diméthacrylate de t.étraéthylène glycol. 
D’autre part les polymères du type phénol formaldéhyde et diméthacrylate de poly
éthylène glycol ne semblent pas avoir des régions caoutchouteuses. Les modules de 
cisaillement des copolymères d’acrylate d’éthyle dans la région caoutchouteuse sont 
indépendants de la structure du diméthacrylate à des concentrations de pontage atteign
ant jusqu’à 12% molaire de diméthacrylate. En plus, ces polymères semblent suivre les 
lois d’élasticité idéale des caoutchouc avec un facteur qui est égal à l’imité.

Zusammenfassung
Copolymere aus Äthylacrylat und drei verschiedenen Dimethacrylaten wurden im 

gesamten Bereich der Copolymerzusammensetzung hergestellt. Die Modul-Tempera- 
tur-Kurven dieser Polymeren wurden ermittelt und denen von Polymeren des Phenol- 
Formaldehyd-Typs gegenübergestellt. Die Äthylacrylat-Dimethacrylat-Polymeren 
haben anscheinend auch bei sehr hohem Dimethacrylatgehalt bei hohen Temperaturen 
Kautschukplateau-Bereiche. Dies ist besonders dann der Fall, wenn das Dimethacryl- 
atmolekül eine lange flexible Kette enthält, wie im Tetraäthylenglykol-dimethacrylat. 
Andererseits haben Polymere des Phenol-Formaldehyd-Typs und Polyäthylenglykol- 
dimethacrylat offenbar keine Kautschukplateau-Bereiche. Bis hinauf zu 12 Mol
prozent Dimethacrylat waren die Schermoduln der Äthylaerylat-Copolymeren im 
Kautschukplateau-Bereich bei äquivalenten Vernetzungskonzentrationen von der 
Struktur des Dimethacrylates unabhängig. Überdies gehorchen diese Polymeren 
offenbar den Gesetzen der idealen Kautschukelastizität mit einem Frontfaktor eins.

Received March 4, 1963
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Synopsis
Poly-(ircwis-CHD=CHD) and poly-(as-CHD=CHD) have been obtained with 

[Al(Et)a +  TiCL] and with [A1(i-Bu)3 +  TiCL], Poly-(frans-CHD=CHD) and poly- 
(cts-CHD=CHD) obtained with [Al(Et)s +  TiCL] give mutually different infrared 
spectra. The characteristic absorption bands of the former are found at 1335, 1288, 
and 594, and 586 cm.-1, and those of the latter at 1306, 597, and 590 cm.-1. In order 
to interpret these spectra, the normal vibration frequencies of the model structures, 
namely, erythro-diisotactic and threo-diisotactic structures, have been calculated. 
From the comparison of the observed and calculated frequencies, it has been concluded 
that poly-(irans-CHD=CHD) obtained with [Al(Et)3 -f- TiCL] consists mainly of the 
threo-diisotactic and disyndiotactic portions and jjoly-(as-CHD=CHD) obtained with 
the same catalyst consists mainly of the erythro-diisotactic and disyndiotactic portions. 
The relation between the type of double bond opening and the structure of the resultant 
polymer has been discussed, and it has been concluded that the as-opening of the double 
bond occurs in the polymerization reaction with [Al(Et)3 +  TiClJ. The spectra of 
poly-(ira«s-CHD=CHD) and poly-(as-CHI)— CHD) obtained with [A1(i-Bu)3 +  
TiCL] are not so different from each other, but they are different from the spectra of 
the polymers obtained with [Al(Et)3 +  TiCL]. The polymers obtained with [Al(f-Bu)3 
+  TiCL] show characteristic bands at 2919, 2850, 2176, 2095, 1453, 660, 623, 600, 593, 
581, 566, and 545 cm.-1. These bands give evidence of the presence of isolated CH2 
and CD2 groups. This fact indicates that the hydrogen-deuterium exchange reaction 
in monomers as well as the polymerization is promoted by [A1(i'-Bu)3 +  TiCL] •

INTRODUCTION

Previously Ikeda et al. polymerized (rans-l,2-dideuteroethylene and 
m-l,2-dideuteroethylene separately with a Ziegler catalyst and found 
small differences between the infrared spectra of the resultant polymers.1 
It is expected that some information on the molecular structures of these 
polymers may be obtained from the analysis of these spectral differences. 
As was mentioned briefly in the previous paper,1 we may approach an 
understanding of the mechanism of polymerization with this catalyst 
through the structural analysis of these polymers. In such hopes we have 
begun this study.

1607
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EXPERIMENTAL 

I. Samples

Films prepared from the samples shown in Table I were used for the 
measurements of the infrared spectra. The procedures of the preparation 
of these polymer samples were described in the previous paper.1 The films 
were prepared from xylene solutions by evaporating the solvent over a hot 
plate at 120°C.

TABLE I
Polymer Samples Used for the Infrared Measurements

Sample Monomer Catalyst

Polymer
ization 

tempera
ture, °C.

A ira«s-CHD=CHD Al(Et)3 +  TiCb 0
B cts-CH1)=CH1) Al(Et)3 +  TiCL 0
C frans-CHD=CHD Al(f-Bu)3 +  TiCL 0
D m -CH D=CH D Al(i-Bu)s +  TiCL 0
E frons-CHl )=CHT) Al(Et), +  TiCL +  70
F irans-CHD=CH 1 ) Al(Et)a +  TiCL - 7 0
0 irans-CH I )=C H  D 

+  as-CHD=CHT) 
(50%-50% )

Al(Et)s ~\~ TiClq 0

H-l cn2=cn. Al(Et)a +  TiCL 0
H-2» c d 2= c d . Al(Et)a +  TiCL 0
I CHo=CTL Al(Et), +  TiCL 0

“ This sample contains a considerable amount of H atoms as impurity.

II. Measurements of Infrared Spectra

Infrared spectra in the region of 4000-650 cm.-1 were recorded by a 
Hitachi EPI-2 double-beam spectrometer equipped with a NaCl prism 
(Fig. 1) and a Perkin-Elmer 112G single-beam grating spectrometer 
equipped with a KBr fore-prism (Figs. 2-9). A Koken DS 401G double
beam grating spectrometer2 equipped with a CsBr fore-prism was used for 
the measurements in the region below 700 cm.~' (Figs. 10-14). For the 
polarized infrared measurements commercial AgCl polarizers and the polar
izer described by Yamaguchi et al.3 were used. Melted state spectra were 
obtained for the samples sandwiched and heated between two KC1 or 
KRS-5 plates.

III. Results and Preliminary Interpretation

1. General Aspects. Figure 1 shows the low-resolution spectra of the 
samples A, B, C, and D. The polymerization was repeated a few times 
for each sample and all the spectra shown in this figure were confirmed by 
the several repeated measurements.
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Fig. 1. Infrared spectra of poly-(lrans-CHD=CHD) and poly-(cis-CHD=CHD): 
(a )  sample A; (b) sample B; (c) sample C; (d )  sample D. Broken lines indicate ab
sorptions arising from impurity.

Samples A and B show definite differences in the region of 1350-1200 
cm.-1. It is noted that the absorptions in this region are affected not only 
by the monomer species, but also by the catalyst. Samples C and D show 
very small differences in this region, and both of them are similar to B 
rather than A. Differences between the samples obtained with [Al(Et)3 +  
TiCh] and those obtained with [Al(z'-Bu)3 +  TiCl4] are seen at about 1460 
and 720 cm.-1 also. In these two regions the former samples show two 
characteristic bands which are not observed for the latter ones. These 
bands may be assigned to the CH2 bending and the CH2 rocking vibrations 
of normal polyethylene produced from the ethyl group of Al(Et)3.4 The 
1453 cm.-1 band which always appears for each sample may be assigned to 
the bending vibration of the CH2 group placed between two CHD groups.

2. CH and CD Stretching Vibration Regions. The spectra of the CH 
and the CD stretching vibration regions are shown in Figures 2 and 3. 
In these regions poly-(£rans-CHD=CHD) and poly-(as-CH D=CH D)
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Fig. 2. Infrared spectra of poly-(<rans-CHD=CHD), polv-(cfs-CHD=CHD), poly- 
(CDi=CD2), and poly-(CH2= C H 2) in the CH stretching vibration region: (a) sample 
A; (b ) sample C; (c) sample H -l ; (d) sample I.

obtained with a common catalyst give almost the same spectra. In Figure 
2 only the spectra of poly-(frans-CHD=CHD) are shown. Some dif
ferences are seen between the samples obtained with [Al(Et)3 +  TiCL] and 
those obtained with [Al(t-Bu)3 +  TiCl4], especially in the CD stretching 
vibration region (Fig. 3). The latter samples have two bands at ca. 2176 
and 2095 cm.-1 which are not observed for the former ones. These are 
close to the 2192 and 2088 cm.-1 bands of perdeuterated polyethylene (Fig. 
3e). The 2919 and 2850 cm.-1 bands of sample A (Fig. 2a) may be as-
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Fig. 3. Infrared spectra of poly-(i«ms-CHD=CHD), poly-(,cj's-CHD=CHD), and 
poly-(CD2= C D 2) in the CD stretching vibration region: (a) sample A; (b ) sample B, 
(c) sample C; (/0 sample D; and (e) sample H-l.

sociated with normal polyethylene produced from the ethyl group of AI- 
(Et)3 by referring to the spectrum of poly-(CH2= C H 2) shown in Figure 2d. 
The samples obtained with [Al(f-Bu)3 +  TiCh] show absorptions at about 
the same frequencies (Fig. 2b). The assignment of these bands will be 
considered later. The 2888 and 2882 cm.-1 bands of sample H (Fig. 2c) 
may be assigned to the CH stretching vibrations arising from the remaining 
CH groups in the perdeuterated polymer.

3. CHD Bending Vibration Region. The absorption bands associated 
with the CHD bending vibrations are expected to appear at about 1300 
c m r '. The spectra in this region are shown in Figure 4. As described 
in the previous section, definite differences are observed between samples 
A and B. Samples C and D are slightly different from each other. The 
polymerization temperature has little effect on the spectra (Figs. 4e and 
/) .  Sample G (a copolymer of irans-monomer and cfs-monomer) gives a 
spectrum intermediate between those of the A and B samples.
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All the bands (of samples A and B) in this region show dichroism per
pendicular to the direction of stretching of the film (Fig. 5). This is in 
agreement with the assignment of these bands to the CHD bending modes.

The crystalline normal polyethylene shows two bands at 1473 and 1463 
cm. while in the melted state they are replaced by a single band at

Fig. 4. Infrared spectra of poly-Umras-CHD=CHD) and poly-(eis-CHD=CHD) in the 
CHD bending vibration region: (a) sample A; (ft) sample B; (c) sample C; (d )  sample 
D; (e) sample E; (/) sample F; (g )  sample G.
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Fig. 5. Polarized infrared spectra of poly-(I ra n s -C H D =C H D ) and poly-(m -CHD=
CHD) in the CHD bending vibration region: (a) sample A; (6) sample B; (------ )
radiation with electric vector perpendicular to the stretching direction; (— ) radiation 
with electric vector parallel to the stretching direction.

1463 cm.-1. The doublet in the crystalline phase was interpreted as a 
result of the interaction between neighboring chains in the crystal.6 This 
interpretation was confirmed by the work on the solid solutions of C64Hi3(i 
in CiooD2ij2.5 It is expected, therefore, that the bands in the region of 
1340-1320 cm.-1 might be associated with such a crystal field splitting. 
Experiments were carried out in order to test this expectation, and the 
rather complicated results shown in Figures 6-9 were obtained. In the 
spectrum of sample A a broad band at 1325 cm.-1 is found in the melted 
state, and on cooling the sample the intensity of the 1335 cm.-1 band in
creases slightly (Fig. 6). The solid solution which is composed of 30% 
poly-(frans-CHD=CHD) (sample A) and 70% poly-(CH2= C H 2) shows a 
single band at 1331 cm.-1 instead of the two bands at 1335 and 1328 cm.-1 
of the original sample A (Fig. 9). These results indicate that, as was ex
pected, the 1335 and 1328 cm.-1 bands of sample A are related to the
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crystal field. Yet, the reason why the 1328 cm.“ 1 band is weaker than the 
1335 cm.-1 band remains unanswered. Sample B has two bands at 1325 
and 1320 cm.“ 1. This doublet is also replaced by a broad singlet in the 
melted state spectrum (Fig. 7). Sample G gives spectrum intermediate 
between those of samples A and B in the melted state also (Fig. 8).

For all these three samples the change of the intensity ratio of the lower 
frequency bands (the 1288 cm.“ 1 band of sample A and the 1306 cm.“ 1 band

_i___i___i___i___i___l___i___i___i i___
1350 1300 c m '1 1250

Fig. 6. Infrared spectra of poly-(<rans-CHD=CHD) (sample A) in the CHD bending 
vibration region: (a) Solid before melting; (6) melted state; (c) solid obtained on cooling 
the melt.

of sample B) to the higher frequency ones (at ca. 1320 cm.“ 1 in the melted 
state) is observed in going from the solid to the melted state (Figs. 6-8). 
The intensities of the lower frequency bands increase relatively in the 
melted state. There is no good explanation for this. However, the in
tensities of these two groups of bands may depend differently upon the 
temperature, since they are to be assigned to the different vibrational 
modes as will be described later.



EREOilEGULATED POLYDIDEUTEROET11YLENE If. I

Fig. 7. Infrared spectra of poly-(«s-CHD=CHD) (sample B) in the CHD bending 
vibration region: (a) solid before melting; (6) melted state; (c) solid obtained on cooling 
the melt.

4. CDH Rocking Vibration Region. The infrared-active CH2 rocking 
vibration of — (CH2) „— and the corresponding CD2 vibration of — (CD2) „— 
appear, respectively, at about 725 and 520 cm.-1. Therefore, the CDIi 
rocking mode of — (CHD)n— will appear between these two frequencies. In 
fact, a doublet is found at ca. 590 cm.-1 in the spectrum of either sample A 
or B (Fig. 10). The mean frequency of the doublet of sample B (594 cm.-1) 
is a little higher than that of sample A (590 cm.-1). The doublet of each 
sample is perpendicularly polarized in accord with the assignment (Fig. 11). 
In order to examine the origin of the doublet, measurements were made for 
the melted state and solid solutions. The doublet is replaced by a singlet 
in the melted state and reappears on cooling (Figs. 12 and 13). As a result 
of this heat treatment, the intensity of the higher frequency component is 
enhanced in comparison with that of the lowrer frequency one. The doublet 
disappears completely in the spectrum of the solid solution composed of 
30% sample A and 70% normal polyethylene 70% (Fig. 146), whereas it
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Fig. 8. Infrared spectra of copolymer of £rans-CHD=CHD and a'«-CHD=CHD  
(sample G) in the CHD bending vibration region: (a )  solid before melting; (b) melted 
state; (c) solid obtained on cooling the melt.

Fig. 9. Infrared spectrum of the solid solution of 30% poly-(irans-CHD=CHD) (sample 
A) in 70%, poly-(CH2=CH») in the CHD bending vibration region.
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still remains in the solid solution of the reversed composition (Fig. 14c). 
It is clear from these results that the doublet is associated with the crystal 
field, as in the case of the doublet at 731 and 720 cm.-1 in the spectrum of 
normal polyethylene.

Fig. 10. Infrared spectra of poly-(irans-CHD=CHD), poly-(czs-CHD=CHD), and 
poly-(CD2= C D 2) in the CDH rocking vibration region: (a )  sample A; (b ) sample B; 
(c) sample C; (d) sample D; (e) sample G; (/) sample H -l; (q ) sample H-2.
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Fig. 11. Polarized infrared spectra of poly-(fr<ms-CHD=CHD) and poly-(ci«-CH D =  
CHD) in the CDH rocking vibration region: (o) sample A; (6) sample B; (------ ) radia
tion with electric vector perpendicular to the stretching direction; (— ) radiation with 
electric vector parallel to the stretching direction.

Fig. 12. Infrared spectra of poly-(<mras-CHD=CHD) (sample A) in the CDH rocking 
vibration region: (a )  solid before melting; (b ) melted state; (c) solid obtained on cooling 
the melt.
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Samples C and D show many absorption bands in this region (Fig. 10). 
They appear roughly symmetrical in both sides of the strongest band at 
ca. 590 cm.-1. The assignments of these bands will be discussed later.

5. Summary. Poly- (irans- CH D =CH D ) and poly-(as-CHD=CHD) 
obtained with [Al(Et)3 +  TiCff] give mutually different infrared spectra.

6 0 0  5 5 0 c m -1

Fig. 13. Infrared spectra of poly-(cis-CHD=CHD) (sample B) in the CDH rocking 
vibration region: (a) solid before melting; (b) melted state; (c) solid obtained on cooling 
the melt.

The characteristic absorption bands of the former are found at 1335, 1288, 
and 590 cm.-1 (mean frequency of the doublet) and those of the latter at 
1306 and 594 cm.-1 (mean frequency of the doublet). The spectra of 
poly-(tra/i.s'-Cl lD — Cl ID) and poly-(cfs-CHD=CHD) obtained with 
[Al(f-Bu)3 +  TiCl4] are not so different from each other, but they are 
different from the spectra of the polymers obtained with [Al(Et)3 +  TiCl4].

CALCULATION OF NORMAL VIBRATIONS OF MODEL 
STRUCTURES

I. Models

The differences between the infrared spectra of po Iy-(//'ans-C111)- C H D j 
and poly-(cfs-CHD=CHD) must be associated with some structural dif-
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f e r e n c e s  b e t w e e n  t h e s e  p o l y m e r s .  A c c o r d i n g l y ,  t h e  a n a l y s i s  o f  t h e  i n f r a r e d  

s p e c t r a  w i l l  p r o v i d e  s o m e  i n f o r m a t i o n  o n  t h e  m o l e c u l a r  s t r u c t u r e s  o f  t h e s e  

p o l y m e r s .  H o w e v e r ,  i t  i s  n o t  p r a c t i c a l  t o  d e r i v e  t h e  m o l e c u l a r  s t r u c t u r e s  o f  

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

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

o f  a  g i v e n  m o d e l  s t r u c t u r e .  I f  t h e  n o r m a l  v i b r a t i o n  f r e q u e n c i e s  o f  v a r i o u s

Fig. 14. Infrared spectra of the solid solutions of poly-(ira/is-CHD=CHD) in poly- 
(CH2= C H 2) in the CDH rocking vibration region: (a )  sample A; (b ) 30% sample A and 
70% sample I; (c ) 70% sample A and 30% sample I.

m o d e l  s t r u c t u r e s  a r e  c a l c u l a t e d  a n d  t h e  f r e q u e n c y - s t r u c t u r e  c o r r e l a t i o n  i s  

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

c o r r e l a t i o n .  I n  s u c h  h o p e s  w e  h a v e  c a l c u l a t e d  t h e  n o r m a l  v i b r a t i o n s  f o r  

t h e  t w o  m o d e l  s t r u c t u r e s  o f  i n f i n i t e  l e n g t h ,  n a m e l y ,  e r y t h r o - d i i s o t a c t i c  

s t r u c t u r e  ( e - D I )  a n d  t h r e o - d i i s o t a c t i c  s t r u c t u r e  ( t - D I )  s h o w n  i n  F i g u r e

1 5 .  F o r  t h e s e  m o d e l s  a l l  t h e  b o n d  a n g l e s  a r o u n d  t h e  c a r b o n  a t o m  a r e  

a s s u m e d  t o  b e  t e t r a h e d r a l ,  a n d  t h e  l e n g t h s  o f  t h e  C — C  a n d  C — H  b o n d s  

a r e  a s s u m e d  t o  b e  1 . 5 4  a n d  1 . 0 9  A . ,  r e s p e c t i v e l y .
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Fig. 15. Unit relis and symmetry éléments of model structures.

II. Calculation o f Normal Vibrations

A n  i n f i n i t e  c h a i n  h a s  a n  i n f i n i t e  n u m b e r  o f  n o r m a l  v i b r a t i o n s .  A m o n g  

t h e m  t h e  m o d e s  i n  w h i c h  a l l  t h e  c o r r e s p o n d i n g  a t o m s  i n  a l l  t h e  u n i t  c e l l s  

m o v e  i n  p h a s e  a r e  i n f r a r e d -  o r  R a m a n - a c t i v e .  I n  T a b l e  I I  t h e  s y m m e t r y  

s p e c i e s ,  c h a r a c t e r s ,  n u m b e r  o f  s u c h  n o r m a l  m o d e s  ( n , ) ,  a n d  s e l e c t i o n  r u l e s  

a r e  g i v e n  f o r  t h e  t w o  m o d e l  s t r u c t u r e s .  T h e  f r e q u e n c i e s  o f  s u c h  n o r m a l  

m o d e s  m a y  b e  c a l c u l a t e d  c o n v e n i e n t l y  a c c o r d i n g  t o  t h e  m e t h o d  w o r k e d  o u t  

b y  S h i m a n o u c h i  a n d  M i z u s h i m a ®  a n d  a p p l i e d  t o  n o r m a l  a n d  p e r d e u t e r a t e d  

p o l y e t h y l e n e s 6 ' 7 a n d  s o m e  v i n y l  p o l y m e r s . 8 ( T h e  n o r m a l  v i b r a t i o n s  o f  t h e  

s y n d i o t a c t i c  a n d  i s o t a c t i c  p o l y v i n y l  a l c o h o l s  h a v e  b e e n  c a l c u l a t e d . 9)  

W h e n  w e  w a n t  t o  c a r r y  o u t  t h i s  c a l c u l a t i o n  a n d  d r a w  a  c e r t a i n  c o n c l u s i o n  

f r o m  t h e  c o m p a r i s o n  o f  t h e  o b s e r v e d  a n d  t h e  c a l c u l a t e d  f r e q u e n c i e s ,  w e  

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

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

i e d , 10' 11 a n d  n o w  a  s e t  o f  m o d i f i e d  U r e y - B r a d l e y  f o r c e  c o n s t a n t s  i s  a v a i l 

a b l e .  ( T h e  U r e y - B r a d l e y  f o r c e  c o n s t a n t s  c o n s i s t  o f  t h e  r e p u l s i v e  f o r c e  

c o n s t a n t s  b e t w e e n  n o n - b o n d e d  a t o m s  a s  w e l l  a s  t h e  b o n d - s t r e t c h i n g  a n d  

t h e  a n g l e - b e n d i n g  f o r c e  c o n s t a n t s .  T h e  d e t a i l s  h a v e  b e e n  d e s c r i b e d  b y  

S h i m a n o u c h i . 7 R e c e n t l y  s o m e  m o d i f i c a t i o n s  o f  t h i s  f o r c e  f i e l d  w e r e  

p r o p o s e d . 10’ 12 ' 13 A  r e v i e w  o n  t h e  a p p l i c a t i o n  o f  t h i s  f o r c e  f i e l d  t o  t h e  c a l 

c u l a t i o n  o f  t h e  n o r m a l  v i b r a t i o n s  o f  m a n y  m o l e c u l e s  h a s  b e e n  w r i t t e n . 14)  

T h e  p r e s e n t  c a l c u l a t i o n  w a s  c a r r i e d  o u t  o n  t h e  b a s i s  o f  t h e  f o r c e  c o n s t a n t s  

g i v e n  b y  T a s u m i  e t  a l . 11 a s  o b t a i n e d  w i t h  t h e  P C - 2  c o m p u t e r  o f  t h e  C o m 

p u t i n g  C e n t e r  o f  t h e  U n i v e r s i t y  o f  T o k y o .  T h e  r e s u l t s  a r e  s h o w n  i n  

T a b l e  I I I .  I n  T a b l e  I V  t h e  o b s e r v e d  f r e q u e n c i e s  o f  n o r m a l  a n d  p e r d e u t e r -
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TABLE III
Calculated Frequencies for Model Structures

e-DI structure

Species

t-DI structure

Calcu
lated
fre

quency,
cm.-1 AssignmentSpecies

Calculated
frequency,

cm ."1 Assignment

A 0 2874 CH stretch. A i 2891 CH stretch.
2100 CD stretch. 2109 CD stretch.
1312 CHD bend. 1295 CHD bend.
1150 Skeletal 1112 Skeletal
1000 CDH rock. 588 CDH rock.

A u 1127 CHD wag. A  2 1328 Skeletal
802 CDH twist. 1040 CHD wag.

B . 1369 CHD wag. 783 CDH twist.
1123] CDH twist. I I I 2898 CH stretch.
867/ and skeletal 2132 CD stretch.

B u 2914 CH stretch. 1323 CHD bend.
2142 CD stretch. 1041 CDH rock.
1304 CHD bend. B,„ 1238 CHD wag.
595 CDH rock. 900 CDH twist.

TABLE IV
Observed and Calculated Frequencies of Normal and Perdeuterated Polyethylenes“

Normal polyethylene Perdeuterated polyethylene

Observed
frequencj’,

Calculated
frequency,

Observed
frequency,

Calculated
frequency,

Species cm. 1 cm. 1 cm. 1 cm. 1

A „ 2848 2852 — 2058
1440 1445 — 1192
1131 1143 961

B ig 1415 1406 — 1230
1061 1036 — 836

B 2a 1295 1295 — 916
Bsg 2883 2896 — 2141

1168 116S — 1007
A  u 1050 1050 — 743
B ]U 2919 2925 2192 2160

7311 7257201 518 524
B%u 2851 2903 2088 2119

1473]
1463/ 1469

10921
1087) 1077

Bsu 1176 1175 — 8S9

a For the assignments of the observed values of normal polyethylene, see Tasumj 
et al.10
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a t e d  p o l y e t h y l e n e s  a r e  c o m p a r e d  w i t h  t h e  f r e q u e n c i e s  c a l c u l a t e d  o n  t h e  

b a s i s  o f  t h i s  s e t  o f  f o r c e  c o n s t a n t s .  T h e  c a l c u l a t i o n  o n  t h e  b a s i s  o f  t h e  

s e t  o f  f o r c e  c o n s t a n t s  g i v e n  b y  T a s u m i  e t  a l . 10 w a s  a l s o  m a d e ,  a n d  i t  g a v e  

a l m o s t  t h e  s a m e  r e s u l t s  a s  t h e  p r e s e n t  o n e .  T h e  u s e  o f  a  s e t  o f  m o r e  r e 

f i n e d  f o r c e  c o n s t a n t s  m a y  a l t e r  t h e  c a l c u l a t e d  f r e q u e n c i e s  a  l i t t l e  f r o m  t h e  

p r e s e n t  o n e s .  H o w e v e r ,  i t  i s  u n l i k e l y  t h a t  t h e  o r d e r  o f  f r e q u e n c i e s ,  f o r  

e x a m p l e ,  £ i ( t - D I )  >  / f i , ( e - D I )  >  A i ( t - D I )  f o r  t h e  C H D  b e n d i n g  v i b r a t i o n  

i s  c h a n g e d  b y  t h e  r e f i n e m e n t  o f  f o r c e  c o n s t a n t s .  S u c h  f r e q u e n c y  o r d e r  i s  

u t i l i z e d  i n  t h e  d i s c u s s i o n  o f  t h e  n e x t  s e c t i o n .

D I S C U S S I O N

I .  P o l y m e r s  O b t a i n e d  w i t h  [ A l ( E t 3)  +  T i C b ]

I n  t h e  f i r s t  p l a c e ,  l e t  u s  d i s c u s s  t h e  o r i g i n  o f  t h e  s m a l l  s p e c t r a l  d i f f e r e n c e s  

b e t w e e n  p o l y - ( 7 r a n s - C H D = C H D )  a n d  p o l y - ( m - C H D = C H D )  i n  t h e  C H D  

b e n d i n g  a n d  t h e  C D H  r o c k i n g  v i b r a t i o n  r e g i o n s .  I n  T a b l e  V  t h e  o b s e r v e d  

f r e q u e n c i e s  a r e  c o m p a r e d  w i t h  t h e  c a l c u l a t e d  f r e q u e n c i e s  f o r  t h e  m o d e l  

s t r u c t u r e s .  T h e  a p p r o x i m a t e  v i b r a t i o n  p a t t e r n s  f o r  t h e s e  c a l c u l a t e d  f r e 

q u e n c i e s  a r e  i l l u s t r a t e d  i n  F i g u r e  1 6 .  T h e  f o l l o w i n g  c o r r e s p o n d e n c e  b e 

t w e e n  t h e  o b s e r v e d  a n d  t h e  c a l c u l a t e d  f r e q u e n c i e s  c a n  b e  s e e n  f r o m  T a b l e  

V :  1 3 3 5  a n d  1 3 2 8 ( 7 r a n s ) - 1 3 2 3 ( t - D I ) ,  1 2 8 8 ( 7 r o n s ) - 1 2 9 5 ( t - D I ) ,  5 9 4  a n d  

5 8 6  ( f r a n s ) - 5 8 8  ( t - D I ) ,  1 3 0 6  ( a s ) -  1 3 0 4 ( e - D I ) ,  a n d  5 9 7  a n d  5 9 0 ( c z s ) - 5 9 5 -  

( e - D I ) .  I n  s h o r t ,  t h e  f r e q u e n c i e s  o f  p o l y - ( 7 r a n s - C H D = C H D )  a n d  p o l y -  

( c t s - C H D = C H D )  a r e  c l o s e  t o  t h o s e  o f  t h e  t - D I  a n d  e - D I  s t r u c t u r e s ,  

r e s p e c t i v e l y .  T h i s  c o r r e s p o n d e n c e  s u g g e s t s  t h a t  t h e  a c t u a l  s t r u c t u r e  o f  

p o l y - ( 7 r a n s - C H D = C H D )  i s  c l o s e r  t o  t - D I  t h a n  e - D I ,  a n d  t h e  s i t u a t i o n  i s  

r e v e r s e d  f o r  p o l y - ( c f s - C H D = C H D ) .  I n  t h e  p r e s e n t  d i s c u s s i o n ,  h o w e v e r ,  

t h e  b a n d  a t  1 3 2 1  c m . - 1  o f  p o l y - ( 7 r a n s - C H D = C H D )  a n d  t h e  b a n d s  a t  

1 3 2 5  a n d  1 3 2 1  c m . - 1  o f  p o l y - ( c f s - C H D = C H D )  a r e  s e t  a s i d e .  B e f o r e  w e

TABLE V
Observed and Calculated Frequencies in CHD Bending Vibration and CDH Rocking

Vibration Regions

Observed frequency, cm. 1 Calculated frequency, cm v1

ira/i.sa c is h e-DI t-DI

13351
1328 / 13251
1321 1321/ 1323(71,)

1312(T„)
1300 1304(S„)

1288 1295(.4,)
597 \

594 \ 590/ 5 9 5 ( / L ) 58S(,4, )

586 /

“ Sample A. 
b Sample B.
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Fig. 16. Approximate vibrational patterns for the CHD bending and the CDH rocking
vibrations: (O) H; (•) D.
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c o n s i d e r  t h e  a s s i g n m e n t s  o f  t h e s e  b a n d s ,  w e  w i s h  t o  d i s c u s s  t h e  r e l a t i o n  

b e t w e e n  t h e  t y p e  o f  t h e  d o u b l e  b o n d  o p e n i n g  i n  t h e  p o l y m e r i z a t i o n  r e a c t i o n  

a n d  t h e  s t r u c t u r e  o f  t h e  r e s u l t a n t  p o l y m e r .

I n  t h e  c a s e  o f  t h e  c i s - o p e n i n g  o f  t h e  d o u b l e  b o n d  w h i c h  i s  i l l u s t r a t e d  i n  

F i g u r e  1 7 ,  t h e  s t r u c t u r a l  u n i t  ( a )  o r  ( a ' )  i s  e x p e c t e d  f o r  p o l y - ( c i s - C H D =  

C H D )  a n d  t h e  u n i t  ( b )  o r  ( b ' )  i s  e x p e c t e d  f o r  p o l y - ( 7 r a n s - C H D = C H D ) .  

T h e  c h a i n  — a a a a —  o r  — a ' a ' a ' a ' —  c o r r e s p o n d s  t o  t h e  e - D I  s t r u c t u r e  a n d  

— b b b b —  o r  — b ' b ' b ' b ' —  c o r r e s p o n d s  t o  t h e  t - D I  s t r u c t u r e .  T h e  c h a i n s  

— a a ' a a ' —  a n d  — b b ' b b ' —  r e d u c e  t o  a n  i d e n t i c a l  s t r u c t u r e ,  n a m e l y ,  t h e  

d i s y n d i o t a c t i c  s t r u c t u r e  ( s e e  F i g .  1 5 c ) .  N a t u r a l l y ,  p o l y m e r s  o f  c o m p l e t e l y  

r e g u l a r  s t r u c t u r e s  a r c  n o t  t o  b e  e x p e c t e d .  P o l y - ( c f s - C H D = C H D )  w i l l  b e  

a  m i x t u r e  o f  e - D I  a n d  D S  p o r t i o n s  a n d  p o l y - ( i r o n s - C H D = C H D )  w i l l  b o  

a  m i x t u r e  o f  t - D I  a n d  D S  p o r t i o n s .

I n  t h e  c a s e  o f  t h e  ¿ r a n s - o p o n i n g  w h i c h  i s  i l l u s t r a t e d  i n  F i g u r e  1 8 ,  t h e  

s t r u c t u r a l  u n i t  ( c )  o r  ( c ' )  i s  e x p e c t e d  f o r  p o l y - ( c f s - C H D = C H D )  a n d  t h e  

u n i t  ( d )  o r  ( d ' )  i s  e x p e c t e d  f o r  p o l y - ( / r a n s - C I ! D = C T I D ) .  T h e  u n i t s  ( c )  

a n d  ( c ' )  a r e  i d e n t i c a l  w i t h  ( b )  a n d  ( b r ) ,  r e s p e c t i v e l y ,  a n d  t h e  u n i t s  ( d )  a n d  

( d ' )  a r e  i d e n t i c a l  w i t h  ( a )  a n d  ( a ' ) ,  r e s p e c t i v e l y .  H e n c e ,  i n  t h i s  c a s e  p o l y -  

( c i s - C H D = C I I D )  w i l l  b e  a  m i x t u r e  o f  t - D I  a n d  D S  p o r t i o n s  a n d  p o l y -  

( i r a n s - C H D = C H D )  w i l l  b e  a  m i x t u r e  o f  e - D I  a n d  D S  p o r t i o n s .

A s  d e s c r i b e d  a b o v e ,  i f  o n l y  o n e  o f  t h e  t w o  t y p e s  o f  d o u b l e  b o n d  o p e n i n g  

t a k e s  p l a c e  i n  t h e  p o l y m e r i z a t i o n  r e a c t i o n  w i t h  [ A l ( E t ) 3 +  T i C h ] ,  a  c e r t a i n  

l o c a l  r e g u l a r i t y  i s  e x p e c t e d  f o r  t h e  p r o d u c e d  p o l y m e r .  O n  t h e  c o n t r a r y ,  

i f  b o t h  o f  t h e s e  t w o  t y p e s  o f  d o u b l e  b o n d  o p e n i n g  t a k e  p l a c e ,  t h e r e  w i l l  b e  

n o  r e g u l a r i t y  a t  a l l  c o n c e r n i n g  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  H  a n d  D  a t o m s  

i n  t h e  p r o d u c e d  p o l y m e r .  A c c o r d i n g l y ,  n o  d i f f e r e n c e  c a n  b e  e x p e c t e d  

b e t w e e n  p o l y - ( i r a n . s - C H  D = C T  I D )  a n d  p o l y - ( c f s - C H D = C H D ) .

C o m b i n i n g  t h e  e x p e c t a t i o n  d e s c r i b e d  a b o v e  w i t h  t h e  s u g g e s t i o n  o b 

t a i n e d  f r o m  t h e  c o m p a r i s o n  o f  t h e  o b s e r v e d  a n d  t h e  c a l c u l a t e d  f r e q u e n c i e s ,  

w e  m a y  c o n c l u d e  a s  f o l l o w s .  ( 1 )  P o l y - ( / r a n s - C I I D = C H D )  c o n s i s t s  

m a i n l y  o f  t - D I  a n d  D S  p o r t i o n s ,  a n d  p o l y - ( c f s - C H D = C I I D )  c o n s i s t s  

m a i n l y  o f  e - D I  a n d  D S  p o r t i o n s .  ( 2 )  T h e  c i s - o p e n i n g  o f  t h e  d o u b l e  b o n d  

o c c u r s  i n  t h e  p o l y m e r i z a t i o n  r e a c t i o n  w i t h  [ A l ( E t ) 3 +  T i C l 4 ] ,

T h e  b a n d  a t  1 3 2 1  c m . - 1  o f  p o l y - ( t r a n s - C H D = C H D )  a n d  t h e  b a n d s  a t  

1 3 2 5  a n d  1 3 2 1  c m . - 1  o f  p o l y - ( c i s - C H D = C H D ) ,  w h i c h  w e r e  s e t  a s i d e  i n  

t h e  p r e c e d i n g  d i s c u s s i o n ,  m a y  r e a s o n a b l y  b e  a s s i g n e d  t o  t h e  C H D  b e n d i n g  

v i b r a t i o n s  o f  t h e  D S  p o r t i o n s .

I I .  P o l y m e r s  O b t a i n e d  w i t h  [ A l ( i - B u ) s  +  T i C l 4 ]

T h e  s p e c t r a  o f  p o l y - ( t r a n s - C H D = C H D )  a n d  p o l y - ( m - C H D = C H D )  

o b t a i n e d  w i t h  [ A l ( i - B u ) 3 +  T i C h ]  a r e  n o t  m u c h  d i f f e r e n t  f r o m  e a c h  o t h e r .  

T h i s  s u g g e s t s  t h a t  [ A l ( i - B u ) 3 +  T i C h ]  w o r k s  d i f f e r e n t l y  f r o m  [ A l ( E t ) 3 +  

T i C h ] .

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

t a i n e d  w i t h  | A l ( E t ) 3 +  T i C h ]  a n d  t h o s e  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  

[ A l ( i - B u ) 3 +  T i C h ]  i s  s e e n  i n  t h e  C D H  r o c k i n g  r e g i o n  ( F i g .  1 0 ) .  S e v e r a l
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b a n d s  a r e  o b s e r v e d  i n  t h i s  r e g i o n  f o r  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( 7 -  

B u)3 +  T i C h ] .  T h e  t e n t a t i v e  a s s i g n m e n t s  o f  t h e s e  b a n d s  m a y  b e  g i v e n  

a s  f o l l o w s .  T h e  s t r o n g e s t  b a n d  a t  5 9 3  c m . - 1  a n d  t h e  s h o u l d e r  b a n d s  a t  

c a .  6 0 0  a n d  c a .  5 8 1  c m .  1 a r i s e  f r o m  t h e  C D H  r o c k i n g  v i b r a t i o n s  o f  

— ( C F I D ) „ — , w h e r e  n  ^  3 .  T h e  b a n d  a t  6 2 3  c m . - 1  m a y  b e  a s s o c i a t e d  w i t h  

t h e  p o r t i o n  — C H D — C H D — C H 2—  o r  — C H D — C H 2— C H D — .  S i m 

i l a r l y ,  t h e  o t h e r  b a n d s  m a y  b e  a s s o c i a t e d  w i t h  t h e  v a r i o u s  p o r t i o n s  i n  t h e  

p o l y m e r  c h a i n :  t h e  6 6 0  c m . - 1  b a n d  i s  w i t h  — C H D — C H 2— C H 2—  o r  

— C H 2— C H D — C H 2— , t h e  5 6 6  c m . " 1 b a n d  i s  w i t h  — C H D — C H D — C D 2—  

o r  — C H D — C D 2— C H D ,  a n d  t h e  5 4 5  c m . - 1  b a n d  i s  w i t h  — C D 2— C H D —  

C D 2—  o r  — C D 2— C D 2— C H D — . S u c h  p o i n t  o f  v i e w  i s  s u p p o r t e d  b y  t h e  

f a c t  t h a t ,  a s  s h o w n  i n  F i g u r e  l O g ,  p e r d e u t e r a t e d  p o l y e t h y l e n e  c o n t a i n i n g  

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

t h e  r e g i o n  o f  5 6 0 - 5 3 0  c m . w h i c h  m a y  b e  a s s o c i a t e d  w i t h  — C D 2— C H D —  

C D 2— , —  C H D — C D 2— C D 2— , — C H D ^ C D 2^ C H D ,  a n d  s o  o n .  H o w 

e v e r ,  t h i s  p o i n t  o f  v i e w  i s  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  h y d r o g e n -  

d e u t e r i u m  e x c h a n g e  r e a c t i o n  s u c h  a s  C H D = C H D  — ► C H D = C H 2 o r  — *• 

C H D = C D 2 t a k e s  p l a c e  s i m u l t a n e o u s l y  w i t h  t h e  p o l y m e r i z a t i o n .  I j T h i s  

a s s u m p t i o n  a p p e a r s  s o m e w h a t  s t r a n g e ,  b u t  t h e r e  a r e  o t h e r  e x p e r i m e n t a l  

r e s u l t s  w h i c h  m a y  b e  w e l l  e x p l a i n e d  o n  i t .  ( 1 )  I n  t h e  C D  s t r e t c h i n g  v i 

b r a t i o n  r e g i o n ,  b a n d s  c h a r a c t e r i s t i c  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  

[ A l ( f - B u ) 3 +  T i C h ]  a p p e a r  a t  2 0 9 5  a n d  2 1 7 6  c m . - 1 .  T h e s e  a r e  c l o s e  t o  

t h e  b a n d s  a t  2 0 8 8  a n d  2 1 9 2  c m . - 1  o f  p e r d e u t e r a t e d  p o l y e t h y l e n e  a n d  m a y  

b e  a s s i g n e d ,  r e s p e c t i v e l y ,  t o  t h e  s y m m e t r i c  a n d  a n t i s y m m e t r i c  s t r e t c h i n g  

v i b r a t i o n s  o f  t h e  i s o l a t e d  C D 2 g r o u p .  ( 2 )  I n  t h e  C H  s t r e t c h i n g  v i b r a t i o n  

r e g i o n  a l s o ,  t h e  s p e c t r a  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( z - B u ) 3 +  T i C h ]  

a r e  s o m e w h a t  d i f f e r e n t  f r o m  t h o s e  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( E t ) 3 +  

T i C h ]  ( F i g .  2 ) .  T h e  b a n d s  a t  2 8 5 0  a n d  c a .  2 9 1 9  c m . - 1  a r e  m u c h  s t r o n g e r  

i n  t h e  s p e c t r a  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( i - B u ) 3 +  T i C h ] -  T h e  

c o r r e s p o n d i n g  b a n d s  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( E t ) 3 +  T i C h ]  

h a v e  b e e n  a s s i g n e d  t o  t h e  C H 2 s y m m e t r i c  a n d  a n t i s y m m e t r i c  s t r e t c h i n g  

v i b r a t i o n s  o f  n o r m a l  p o l y e t h y l e n e  p r o d u c e d  f r o m  t h e  e t h y l  g r o u p  o f  A l -  

( E t ) 3 .  H o w e v e r ,  t h e  b a n d s  o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( ? ' - B u ) ;l +  

T i C h ]  c a n n o t  b e  a t t r i b u t e d  t o  n o r m a l  p o l y e t h y l e n e ,  b e c a u s e  t h e s e  p o l y m e r s  

a b s o r b  n e i t h e r  a t  1 4 6 3  n o r  7 2 0  c m . - 1  a n d  i t  i s  c l e a r  f r o m  t h i s  f a c t  t h a t  t h e s e  

p o l y m e r  s a m p l e s  d o  n o t  c o n t a i n  n o r m a l  p o l y e t h y l e n e .  H e n c e ,  t h e s e  

b a n d s  m u s t  b e  a s s i g n e d  t o  t h e  s y m m e t r i c  a n d  a n t i s y m m e t r i c  s t r e t c h i n g  

v i b r a t i o n s  o f  t h e  i s o l a t e d  C H 2 g r o u p .  ( 3 )  T h e  i n t e n s i t y  o f  t h e  1 4 5 3  c m . - 1  

b a n d ,  w h i c h  h a s  b e e n  a s s i g n e d  t o  t h e  b e n d i n g  v i b r a t i o n  o f  t h e  i s o l a t e d  

C H 2 g r o u p  p l a c e d  b e t w e e n  C H D  g r o u p s ,  i s  m u c h  s t r o n g e r  i n  t h e  s p e c t r a  

o f  t h e  p o l y m e r s  o b t a i n e d  w i t h  [ A l ( f - B u ) 3 +  T i C h ]  t h a n  i n  t h e  s p e c t r a  o f  

t h o s e  o b t a i n e d  w i t h  [ A l ( E t ) 3 +  T i C h ] .  T h i s  i n d i c a t e s  t h e  e x i s t e n c e  o f  a  

c o n s i d e r a b l e  a m o u n t  o f  t h e  i s o l a t e d  C H 2 g r o u p s  i n  t h e  p o l y m e r s  o b t a i n e d  

w i t h  [ A l ( t - B u ) 3 +  T i C h ] .  ( T h e  C H 2 g r o u p  w h i c h  i s  s a n d w i c h e d  b e t w e e n  

C H D  a n d  C D 2 o r  b e t w e e n  C H D  a n d  C H 2 w i l l  a b s o r b  a t  t h e  f r e q u e n c i e s  

c l o s e  t o  1 4 5 3  c m . - 1 . )  ( 4 )  T h e  b a n d  w h i c h  i s  a s s i g n a b l e  t o  t h e  C D 2 b e n d i n g
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v i b r a t i o n  s e e m s  t o  e x i s t  a t  1 0 8 5  c m . - 1  i n  t h e  s p e c t r a  o f  t h e  p o l y m e r s  o b 

t a i n e d  w i t h  [ A l ( t - B u ) ,  +  T i C l i ] ,  a l t h o u g h  i t  i s  o b s c u r e d  b y  t h e  o v e r l a p  o f  

a  b r o a d  b a n d  a r i s i n g  f r o m  i m p u r i t y .

W e  m a y  r e g a r d  t h e  f i n d i n g s  d e s c r i b e d  a b o v e  a s  e n o u g h  e v i d e n c e  t o  p r o v e  

t h e  v a l i d i t y  o f  o u r  f o l l o w i n g  c o n c l u s i o n s .  N o t  o n l y  t h e  p o l y m e r i z a t i o n  

b u t  a l s o  t h e  h y d r o g e n - d e u t e r i u m  e x c h a n g e  r e a c t i o n  i n  m o n o m e r s  i s  p r o 

m o t e d  b y  t h e  c a t a l y s t  [ A l ( t - B u ) 3 +  T i C h ] .  O n  a c c o u n t  o f  t h i s  n o  s i g n i f i 

c a n t  d i f f e r e n c e  c a n  b e  f o u n d  b e t w e e n  p o l y - ( / r a n s - C H D = C H D )  a n d  p o l y -  

( c i s - C H D = C H D )  o b t a i n e d  w i t h  t h i s  c a t a l y s t .

I I I .  B a n d  A s s i g n m e n t s

T h e  b a n d  a s s i g n m e n t s  w h i c h  h a v e  b e e n  o b t a i n e d  i n  t h e  p r e s e n t  d i s c u s 

s i o n  a r e  s u m m a r i z e d  i n  T a b l e s  V I  a n d  V I I .  A l l  t h e  o b s e r v e d  b a n d s  s h o w e d  

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

TABLE VI
Assignments of the Infrared Bands of Poly-(frons-CHD=CHD) and 

Poly-(«s-CHD=CHD) obtained with [Al(Et)3 +  TiCL]

Observed frequency, cm.“ 1

tra n sa c is b Assignment

2957(vw) 2957(vw) »„(CH.)
2923(vw) 2923(vw) *„(CH2) of —(CH2)n -
2897(vs) 2900(ys) y(CH)
2X82(vs) 2880(vs) »(OH)
2S50(w) 2850(w) r„(CIL) of — (OIL),,—
2590(w) 2590(w)
2152(sh) 2155(sh) »(CD)
2133(b) 2137(8) -(CD)
1463(w) 1463(w) fc(CH«) of — (OIL),,—
1453(w) 1453(w) b (CHo) of isolated CfL»
1335(m)l
132S(m)j /j(CHD) of t-DI portion

1321 (m)
1325(m)l
1321(m)J b (CHI)) of DS portion

1306(m) b (C A lD )  of e-Dl portion
12SS(w) 6(CHD) of t-DI portion
1230( vw) 
725(vw) 72o(vw) r(CHo) of — (CTL),—

597(w)\
590(w)/

r(CDH) of e-DI portion

r.94(w)l 
5S6(w) j r(CI)H) of t-DI portion

• Sample A. 
b Sample B.

I V .  C o n c l u s i o n

I t  h a s  a l r e a d y  b e e n  r e c o g n i z e d  t h a t  t h e  n o r m a l  v i b r a t i o n  c a l c u l a t i o n  

i s  u s e f u l  i n  t h e  i n t e r p r e t a t i o n  o f  v i b r a t i o n a l  s p e c t r a 1 4 1 5  a n d  a l s o  i n  t h e
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TABLE VII
Assignments of the Infrared Bands of Poly-(£rarcs-CHD=CHD) and 

Poly-(ds-CHD=CHD) obtained with [Al(i-Bu)3 +  TiCL]

Observed 
frequency, cm.-1 Assignment

2919(sh) 
2899(vs) 
2S80(vs) 
2850(b) 
2176(m) 
2140(a) 
2095(m) 
1327(m) \ 
1321(m) /  
130G(m) 
1290(sh) 
660(vw)

C23(w)

(>()()( sli) 

593(m)

581(sh)
506(w)

545(vw)

ii;,(CH2) of isolated CH2 
v{ CH)
»(CH)
r,(CH.) of isolated ( 1I, 
fi,(CD.) of isolated CD2 
»(CD)
» » ( C D s )  of isolated CD2

fe(CHD) of DS or t-DI portion

h(CHD) of e-1)I portion 
if(CHD) of t-1)I portion 
Rocking-type vibration of

— CH I)—CH2— CH2—  or —CH2— CHD— CH2— 
Rocking-type vibration of 

— CHD— CHD— CH,—  or -  CHD— CH,—  
CHD—

Rocking-type vibration o f— (C1IR)„— , where 
n  ê  3

Rocking-type vibration of 
— CHD— CHD— CD2—  or — CHD— Cl)2—  
CHD—

Rocking-type vibration of 
— CD, -C H D — CD2—  or — CHD— CD,— CD2—

d e t e r m i n a t i o n  o f  m o l e c u l a r  c o n f o r m a t i o n s . 15- 16 I n  t h e  p r e s e n t  w o r k  t h e  

n o r m a l  v i b r a t i o n  c a l c u l a t i o n  w a s  a p p l i e d  t o  t h e  s t u d y  o f  t h e  “ c o n f i g u r a 

t i o n ”  o f  t h e  p o l y m e r  c h a i n  — ( C H D ) , — ,  a n d  t h e  u s e f u l n e s s  o f  t h i s  m e t h o d  

w a s  s h o w n .  T h e  c o n f i g u r a t i o n  o f  t h i s  p o l y m e r  i s  d i r e c t l y  r e l a t e d  t o  t h e  

t y p e  o f  d o u b l e  b o n d  o p e n i n g  i n  t h e  p o l y m e r i z a t i o n  r e a c t i o n ,  a n d  w e  m a y  

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

t h e  s t u d y  o f  t h e  r e a c t i o n  m e c h a n i s m .

R e c e n t l y  t h e  k n o w l e d g e  o n  t h e  f o r c e  c o n s t a n t s  o f  m a n y  m o l e c u l e s  i s  

i n c r e a s i n g .  I f  t h e  t r a n s f e r a b i l i t y  o f  f o r c e  c o n s t a n t s  a m o n g  m o l e c u l e s  w i t h  

s i m i l a r  s t r u c t u r e s  i s  a s s u m e d ,  t h e  n o r m a l  v i b r a t i o n  f r e q u e n c i e s  o f  v a r i o u s  

m o l e c u l e s  m a y  b e  c a l c u l a t e d .  W e  b e l i e v e  t h a t  s u c h  c a l c u l a t i o n  w i l l  g i v e  

i n f o r m a t i o n  t o  t h e  s t u d y  o f  v a r i o u s  c h e m i c a l  p r o b l e m s .
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R é s u m é

On a obtenu la poly-(fra?is-CHD=CHD) et le poly-(cts-CHD=CHD) au moyen de 
[Al(Et)2 +  TiCL] et au moyen de [Al(i-Bu)3 +  TiClJ. Le poly-(ira/is-CHD=CHD) 
et le poly-(«s-CHD=CHD) obtenus au moyen de [Al(Et)3 +  TiClJ donnent des 
spectres infra-rouges différents entre eux. Les bandes d’absorption caractéristiques du 
premier sont 1335, 128S, 594 et 586 cm.-1 et ceux du dernier 1306, 597 et 590 cm.-1. On a 
calculé en vue d’interprêter ces spectres, les fréquences normales de vibration des struc
tures modèles, notamment les structures erytho-diisotactiques et thrèo-diisotactiques. 
A partir de la comparaison des fréquences observées et calculées, on conclut que le 
poly-(iraras-CHD=CHD) obtenu au moyen de [Al(Et)3 +  TiClJ consiste principale
ment de portions thréo-diisotactiques et disyndiotactiques et le poly-(c»s-CHD=CHD ) 
obtenu avec le même catalyseur consiste principalement de portions érythro-diiso- 
tactique et disyndiotactique. On discute la relation entre le type de double liaison 
ouverte et la structure du polymère résultant, et on conclut que l’ouverture de la double 
liaison c is  se passe dans la réaction de polymérisation avec [Al(Et)s +  TiCL]. Les spec
tres du poly-(frcms-CHD=CHD) et du poly-(as-CHD=CHD) obtenus au moyen de 
[A1(î-Bu)3 +  TiCh] ne sont pas différents l’un de l’autre, mais ils sont différents des 
spectres des polymères obtenus au moyen de [A1(ET)3 +  TiClJ. Les polymères ob
tenus au moyen de [Al(f-Bu)3 +  TiClJ montrent des bandes caractéristiques à 2919, 
2850, 2176, 2095, 1453, 660, 623, 600, 593, 581, 566, et 545 cm.-1. Ces bande sprouvent 
la présence de groupes isolés CH» et CD*. Ces faits indiquent que la réaction d’échange 
hydrogène-deutérium dans les monomères aussi bien qu’au cours de la polymérisation 
est activée par [Al(f-Bu)3 +  TiClJ.

Z u s a m m e n f a s s u n g

Poly-(irans-CHD=CHD) und Poly-(cis-CHD=CHD) wurden mit [Al(Et)3 +  
TiClJ und [A1(î-Bu)3 +  TiCL] erhalten. Mit [Al(Et)3 +  TiClJ dargestelltes Poly- 
(fo*aws-CHD=CHD) und Poly-(m-CHD=CHD) weisen verschiedenartige Infrarot
spektren auf. Die charakteristichen Absorptionsbanden des ersteren liegen bei 1335, 
1288, 594, und 5S6 cm.-1, die des letzteren bei 1306, 597, und 590 cm.-1. Zur Zuordnung 
dieser Spektren wurden die Normalschwingungsfrequenzen der Modellstrukturen, 
nämlich der erythro-diisotaktischen und der threo-diisotaktischen Struktur, berechnet. 
Der Vergleich der beobachteten und der berechneten Frequenzen zeigte, dass das mit 
[Al(Et)a +  TiClJ erhaltene Polv-(frans-CHD=CHD) hauptsächlich aus threo-diiso
taktischen und disyndiotaktischen Anteilen und das mit dem gleichen Katalysator 
erhaltene Poly-(as-CHD=CHD) hauptsächlich aus erythro-diisotaktischen und di
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syndiotaktischen Anteilen bestellt. Die Beziehung zwischen dem Doppelbindungs
öffnungstyp und der Struktur des resultierenden Polymeren wurde diskutiert und der 
Schluss gezogen, dass die cks-Offnung der Doppelbindung bei der Polymerisation mit 
[Al(Et)3 +  TiCh] auftritt. Mit [A1(i-Bu)3 +  TiCh] dargestelltes Poly-(frares-CHD= 
CHD) und Poly-(cis-CHD=CHD) zeigen keine so grossen Unterschiede in ihren Spek
tren, sie unterschieden sich aller von den Spektren der mit [Al( Et ):i +  TiChl erhaltenen 
Polymeren. Die mit [Al(i-Bu)3 +  TiCL] erhaltenen Polymeren besitzen charakter
istische Banden bei 2919, 2850, 2176, 2095, 1153, 660, 623, 600, 593, 581, 566, und 545 
cm.-1. Diese Banden beweisen die Gegenwart isolierter CH2— und CIR-Gruppen. 
Diese Tatsache lass erkennen, dass [A1(i'-Bu)3 +  TiCh] neben der Polymerisation auch 
die Wasserstoff-Deuterium-Austauschreaktion katalysiert.

R e c e i v e d  M a r c h  8 , 1 9 6 3
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Fractionation of Chemically Heterogeneous 
Latex Particles by Centrifugation

J .  B .  Y A N N A S , *  W .  R .  G r a c e  a n d  C o m p a n y ,  C a m b r i d g e ,  M a s s a c h v s e t t s

S y n o p s i s

A simple centrifugation method for the clean separation of chemically heterogeneous 
latex particles is described in some detail. It exploits density differences among par
ticles that could be due to differences in composition, degree of crosslinking, crystal
linity or other structural features. Particles differing in density by as little as 0.005 
g./ml. have been cleanly separated. The fractionation of particles differing in density 
by less than the above should be feasible with this method which is applicable to concen
trated as well as dilute latices.

I n t r o d u c t i o n

A  t a c i t  a s s u m p t i o n  u n d e r l y i n g  c h a r a c t e r i z a t i o n  w o r k  o n  l a t e x  s y s t e m s  i s  

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

i n  a n  a q u e o u s  p h a s e  w h i c h  a r e  i d e n t i c a l  i n  a l l  r e s p e c t s  e x c e p t  s i z e .  N o  

a t t e m p t  h a s  b e e n  m a d e  t o  i n v e s t i g a t e  h e t e r o g e n e i t y  a m o n g  p a r t i c l e s  t h a t  

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

t a l l i n i t y  a n d  o t h e r  s t r u c t u r a l  f e a t u r e s .

A  s i m p l e  a n d  r e l a t i v e l y  r a p i d  m e t h o d  f o r  t h e  s e p a r a t i o n  o f  l a t e x  p a r t i c l e s  

i n t o  f r a c t i o n s  d i f f e r i n g  i n  d e n s i t y  l i a s  b e e n  d e v e l o p e d  a n d  i s  d e s c r i b e d  h e r e  

i n  s o m e  d e t a i l .  T h i s  m e t h o d  i s  a p p l i c a b l e  t o  c o n c e n t r a t e d  a s  w e l l  a s  d i l u t e  

l a t i c e s  a n d  m a k e s  u s e  o f  a  s i m p l e  p r e p a r a t i v e  c e n t r i f u g e  w i t h  n o  s p e c i a l  

p r o v i s i o n  f o r  t e m p e r a t u r e  c o n t r o l  o r  c o n v e c t i v e  c o n t r o l .  I n  s p i t e  o f  t h e  

l a c k  o f  s o p h i s t i c a t i o n  i n  t h e  a p p a r a t u s  u s e d ,  l a t e x  p a r t i c l e s  d i f f e r i n g  i n  

d e n s i t y  b y  a s  l i t t l e  a s  0 . 0 0 5  g . / m l .  h a v e  b e e n  c l e a n l y  s e p a r a t e d .  T h e  

r e s o l u t i o n  o b t a i n a b l e  w i t h  t h i s  m e t h o d  m a k e s  i t  t h e r e f o r e  s u i t a b l e  f o r  

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

o f  l a t e x  a s  l o n g  a s  t h i s  h e t e r o g e n e i t y  g i v e s  r i s e  t o  s m a l l  d e n s i t y  d i f f e r e n c e s  

a m o n g  t h e s e  p a r t i c l e s .  H e t e r o g e n e i t y  d u e  t o  d i f f e r e n c e s  i n  c h e m i c a l  c o m 

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

l a t i c e s  i n  t h i s  l a b o r a t o r y  a n d  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  w i l l  b e  r e 

p o r t e d  a t  a  l a t e r  t i m e .  T h e  p r e s e n t  p a p e r  w i l l  d e a l  w i t h  t h e  d e s c r i p t i o n  o f  

t h e  s e p a r a t i o n  p r o c e d u r e  i t s e l f .

B r i e f l y ,  t h e  m e t h o d  c a l l s  f o r  t h e  a d d i t i o n  o f  a  s u i t a b l e  l o w  m o l e c u l a r

* Present address: Frick Chemical Laboratory, Princeton University, Princeton, 
New Jersey.
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w e i g h t  s o l u t e  t o  t h e  l a t e x  ( h e r e  a s s u m e d  t o  c o n t a i n  o n l y  t w o  d i s t i n c t  

p a r t i c l e  s p e c i e s )  s o  t h a t  t h e  d e n s i t y  o f  t h e  a q u e o u s  p h a s e  i s  c o n t r o l l e d  t o  t h e  

d e s i r e d  l e v e l .  I f  t h e  d e n s i t y  o f  t h e  a q u e o u s  p h a s e  m a t c h e s  e x a c t l y  t h a t  o f  

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

f l o a t s  o r  s e d i m e n t s  i n  t h e  c e n t r i f u g a l  f i e l d .  I f  t h e  d e n s i t y  o f  t h e  a q u e o u s  

p h a s e  i s  a d j u s t e d  t o  a n  i n t e r m e d i a t e  l e v e l ,  p a r t i c l e s  o f  o n e  s p e c i e s  f l o a t  

w h e r e a s  p a r t i c l e s  o f  t h e  o t h e r  s e d i m e n t ,  l e a v i n g  a  l a y e r  o f  p r a c t i c a l l y  c l e a r  

s e r u m  i n  t h e  m i d d l e  o f  t h e  t u b e .  I n  p r i n c i p l e ,  t h e  m e t h o d  i s  s i m i l a r  t o  t h a t  

u s e d  b y  H a r v e y  f o r  t h e  f r a g m e n t a t i o n  o f  s e a  u r c h i n  e g g s , 1 b y  B e h r e n s  f o r  

t h e  s e p a r a t i o n  o f  c e l l  c o n s t i t u e n t s , 2 a n d  b y  L i n d g r e n  e t  a l .  f o r  t h e  i s o l a t i o n  

o f  h u m a n  b l o o d  l i p o p r o t e i n s . 3

E x p e r i m e n t a l  M e t h o d

T h e  c e n t r i f u g e  u s e d  w a s  a  S e r v a l l  S S - 3  m o d e l  e q u i p p e d  w i t h  a n  S M - 2 4  

r o t o r .

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

s c h e m a t i c  d i a g r a m  i n  F i g u r e  1 ,  w h e r e  p w  r e p r e s e n t s  t h e  d e n s i t y  o f  d i s t i l l e d  

w a t e r  a t  t h e  t e m p e r a t u r e  o f  t h e  i n v e s t i g a t i o n .  L i n e  I  i s  t h e  d e n s i t y -  

c o n c e n t r a t i o n  r e l a t i o n  o f  a  l a t e x  a l l  o f  w h o s e  p a r t i c l e s  a r e  a s s u m e d  t o  h a v e  

a  u n i f o r m  d e n s i t y  p i *  T h e  p a r t i c l e s  i n  t h i s  l a t e x  w i l l  b e  h e l d  b u o y a n t  

w h e n  t h e i r  d e n s i t y  i s  e q u a l  t o  t h e  a q u e o u s  p h a s e  d e n s i t y .  T h i s  w i l l  o c c u r  

a t  a  c e r t a i n  l a t e x  d i l u t i o n  l e v e l  c o r r e s p o n d i n g  t o  a  p o l y m e r  w e i g h t  c o n 

c e n t r a t i o n  w h i c h  h e r e  i s  c a l l e d  t h e  b u o y a n c y  c o n c e n t r a t i o n .  A t  t h e  

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

t h e r e f o r e ,  t h a t  o f  t h e  w h o l e  l a t e x  i t s e l f  a r e  a l l  e q u a l  t o  p i .  I n  l i n e  I ,  t h e  

b l a c k  d o t  i n d i c a t e s  t h e  p o i n t  o f  b u o y a n c y  f o r  t h e  p a r t i c l e s  i n  t h i s  l a t e x ;  

i t  c o r r e s p o n d s  t o  a  p o l y m e r  c o n c e n t r a t i o n  o f  2 0 . 0 % .  S i m i l a r l y ,  l i n e  I I  i s  

t h e  d e n s i t y - c o n c e n t r a t i o n  r e l a t i o n  f o r  a n o t h e r  l a t e x  a l l  o f  w h o s e  p a r t i c l e s  

h a v e  a  u n i f o r m  d e n s i t y  p n .  P a r t i c l e s  I I  w i l l  b e  h e l d  b u o y a n t  w h e n  t h i s  

l a t e x  h a s  t h e  d e n s i t y  p n .  I n  F i g u r e  1 ,  t h e  b l a c k  d o t  i n  l i n e  I I  i s  t h e  p o i n t  

o f  b u o y a n c y  c o r r e s p o n d i n g  t o  a  p o l y m e r  c o n c e n t r a t i o n  o f  1 5 . 0 % .

A  p h y s i c a l  b l e n d  o f  t h e s e  t w o  l a t i c e s  ( f o r  e x a m p l e ,  i n  t h e  r a t ' o  5 0 / 5 0  

b y  w e i g h t  o f  p a r t i c l e s )  g i v e s  t h e  d e n s i t y - c o n c e n t r a t i o n  r e l a t i o n  r e p r e s e n t e d  

b y  l i n e  I I I  ( F i g .  1 ) .  T h e  h o r i z o n t a l  l i n e s  i n  t h e  d i a g r a m  a r e  d r a w n  a t  t h e  

d e n s i t y  l e v e l s  o f  p a r t i c l e s  I  a n d  I I  a n d  i n t e r s e c t  l i n e  I I I  a t  p o i n t s  A  a n d  B ,  

r e s p e c t i v e l y .  V e r t i c a l  l i n e s  p r o j e c t e d  f r o m  p o i n t s  A  a n d  B  t o  t h e  a b s c i s s a  

d e f i n e  c o n c e n t r a t i o n  l e v e l s  o f  l a t e x  I I I  w h o s e  d e n s i t y  i s  e x a c t l y  e q u a l  t o  t h e  

d e n s i t y  o f  p a r t i c l e s  I  a n d  I I .  I n  t h e  d i a g r a m ,  t h e s e  c o n c e n t r a t i o n  l e v e l s  

a r e  1 2 . 5  a n d  3 7 . 5 % ,  r e s p e c t i v e l y .

I f  n o w  t h e  c o n c e n t r a t i o n  o f  l a t e x  I I I  ( c o n t a i n i n g  t h e  t w o  p a r t i c l e  s p e c i e s )  

i s  a d j u s t e d  t o  1 2 . 5 %  a n d  t h e  l a t e x  i s  c e n t r i f u g e d ,  p a r t i c l e s  I  w i l l  b e  h e l d  

b u o y a n t  w h i l e  t h e  h e a v i e r  p a r t i c l e s  I I  w i l l  s e d i m e n t .  C o r r e s p o n d i n g l y ,  a t

* This relation has been found to be quite linear for all latices examined so far. It can 
be obtained by measuring the density of the latex at several levels of dilution with dis
tilled water.
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a  c o n c e n t r a t i o n  o f  3 7 . 5 % ,  t h e  d e n s i t y  o f  l a t e x  I I I  w i l l  b e  e q u a l  t o  t h e  

d e n s i t y  o f  p a r t i c l e s  I I  w h i c h ,  u p o n  c e n t r i f u g a t i o n ,  w i l l  b e  i m m o b i l i z e d  

w h i l e  t h e  l i g h t e r  p a r t i c l e s  I  w i l l  f l o a t  a n d  c o l l e c t  a t  t h e  t o p  o f  t h e  t u b e .  I n  

t h e  c o n c e n t r a t i o n  r a n g e  1 2 . 5 - 3 7 . 5 % ,  p a r t i c l e s  I  w i l l  f l o a t  w h i l e  p a r t i c l e s  

I I  w i l l  s e d i m e n t ,  l e a v i n g  a  p a r t i c l e - f r e e  s e r u m  l a y e r  i n  t h e  m i d d l e  o f  t h e  

t u b e .  O u t s i d e  t h e  c o n c e n t r a t i o n  r a n g e  1 2 . 5 - 3 7 . 5 % ,  b o t h  p a r t i c l e s  I  a n d  

I I  w i l l  e i t h e r  s e d i m e n t  o r  f l o a t  t o g e t h e r ,  f a i l i n g  t o  a c c u m u l a t e  i n  d i s t i n c t  

f r a c t i o n s .

Fig. 1. Density-concentration relations for two latices (lines I and II) and a 50/50 
(by weight) blend of particles (line III). The dots on lines I and II indicate the buoy
ancy concentration for the corresponding latices.

G i v e n  a  c e r t a i n  u n k n o w n  l a t e x  o n  w h i c h  i n f o r m a t i o n  w i t h  r e s p e c t  t o  

p a r t i c l e  h e t e r o g e n e i t y  i s  d e s i r e d ,  o n e  h a s  t o  p r o c e e d  w i t h o u t  t h e  b e n e f i t  o f  

t h e  a u x i l i a r y  l i n e s  I  a n d  I I  i n  F i g u r e  1 .  I n s t e a d  o n e  c a n  o b t a i n  e x p e r i 

m e n t a l l y  o n l y  t h e .  d e n s i t y - c o n c e n t r a t i o n  r e l a t i o n  f o r  t h e  u n k n o w n  w h i c h ,  

i n  t h e  c a s e  o f  t h i s  h y p o t h e t i c a l  l a t e x ,  i s  s h o w n  a s  t h e  s o l i d  l i n e  i n  F i g u r e  2 .  

T h e  v e r t i c a l ,  b r o k e n  l i n e  i n  F i g u r e  2  r e p r e s e n t s  t h e  h i g h e s t  c o n c e n t r a t i o n  

l e v e l  a t  w h i c h  t h e  l a t e x  r e m a i n s  c o l l o i d a l l y  s t a b l e .  F o r  t h i s  h y p o t h e t i c a l  

c a s e ,  i n s t a b i l i t y  o c c u r s  a b o v e  f i O  w t . - %  p o l y m e r  a t  w h i c h  c o n c e n t r a t i o n  

t h e  u n k n o w n  l a t e x  1 m s  a  d e n s i t y  o f  pmax. O n  t h e  a s s u m p t i o n  t h a t  t h e  p a r t 

i c l e  c o m p o n e n t s  i n  t h i s  l a t e x  a r e  t w o ,  t h r e e  p o s s i b l e  c a s e s  c a n  b e  s e e n  t o

a r i s e .
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Fig. 2. Density-concentration relation for a latex (------ ) and for the same latex to
which a heavy low molecular weight solute has been added (— ).

C a s e  1 .  T h e  d e n s i t y  o f  a t  l e a s t  o n e  o f  t h e  t w o  p a r t i c l e  c o m p o n e n t s  l i e s  

i n s i d e  t h e  r a n g e  p w  t o  p m a x -  I n  t h i s  c a s e ,  t h e  l a t e x  i s  s i m p l y  d i l u t e d  w i t h  

w a t e r  t o  s e v e r a l  c o n c e n t r a t i o n  l e v e l s  a n d  c e n t r i f u g e d  w h e r e u p o n  a  y i e l d  o f  

p a r t i c l e  f r a c t i o n s  i s  o b t a i n e d  a c c o r d i n g  t o  t h e  s c h e m e  o f  F i g u r e  1  a n d  t h e  

a c c o m p a n y i n g  e x p l a n a t i o n .

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

d i s t i n c t i o n  c a n  b e  m a d e  w h e n  p r o t r a c t e d  c e n t r i f u g a t i o n  o f  t h e  u n k n o w n  

l a t e x  a t  i t s  h i g h e s t  c o n c e n t r a t i o n  c a u s e s  s e d i m e n t a t i o n  o f  a l l  p a r t i c l e s .  

I n  s u c h  a  c a s e ,  a  h e a v y  s o l u t e  i s  a d d e d  t o  t h e  a q u e o u s  p h a s e  o f  t h e  l a t e x  

t o  i n c r e a s e  t h e  s l o p e  o f  t h e  d e n s i t y - c o n c e n t r a t i o n  l i n e  ( s e e  d o t t e d  l i n e  i n  

F i g .  2 ) .  T h e  v a l u e  o f  p m a x  i s  t h u s  i n c r e a s e d  t o  p ' m a x *  u n t i l  t h e  l a t t e r  b e 

c o m e s  j u s t  h i g h e r  t h a n  t h e  d e n s i t y  o f  t h e  l i g h t e r  c o m p o n e n t  a s  e v i d e n c e d  

b y  a  t r i a l  c e n t r i f u g a t i o n .  T h e  p r o c e d u r e  o f  c a s e  1 i s  n o w  a p p l i c a b l e .

C a s e  3 .  T h e  d e n s i t i e s  o f  b o t h  c o m p o n e n t s  a r e  l o w e r  t h a n  p w .  T h i s  

c a n  b e  i n f e r r e d  t o  b e  t h e  c a s e  w h e n  c e n t r i f u g a t i o n  o f  t h e  u n k n o w n  l a t e x  

i n  h i g h l y  d i l u t e d  f o r m  c a u s e s  f l o t a t i o n  o f  a l l  p a r t i c l e s .  I n  a  s i t u a t i o n  o f

* For simplicity of graphical presentation, the stability of the latex is taken as inde
pendent of the nature and amount of solute added; thus p '„ »  corresponds to a polymer 
concentration of 60% (Fig. 2) as was the case prior to the addition of solute.
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t h i s  k i n d ,  a  s o l u t e  l i g h t e r  t h a n  w a t e r  i s  a d d e d  t o  t h e  l a t e x  u n t i l  t h e  d e n s i t y  

o f  t h e  a q u e o u s  p h a s e  b e c o m e s  l i g h t e r  t h a n  t h e  h e a v i e r  c o m p o n e n t .  O n c e  

t h i s  i s  a c h i e v e d ,  t h e  p r o c e d u r e  o f  c a s e  1  b e c o m e s  a g a i n  a p p l i c a b l e .

I t  m u s t  b e  e m p h a s i z e d  a t  t h i s  p o i n t  t h a t  t h e  a d j u s t m e n t  o f  t h e  l a t e x -  

a q u e o u s  p h a s e  w h i c h  b e c o m e s  m a n d a t o r y  i n  c a s e s  2  a n d  3  i n v o l v e s  a  c e r t a i n  

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

w e i g h t  s o l u t e  i s  l i m i t e d  n o t  o n l y  b y  i t s  d e n s i t y  a n d  s o l u b i l i t y  b u t  a l s o  b y  

i t s  e f f e c t  o n  l a t e x  s t a b i l i t y .  M a n y  l a t i c e s  a r e  v e r y  s e n s i t i v e  e v e n  t o  l o w  

c o n c e n t r a t i o n s  o f  m e t a l l i c  i o n s ;  u s e  o f  m o s t  s a l t s  t o  i n c r e a s e  t h e  a q u e o u s  

p h a s e  d e n s i t y  o f  s u c h  l a t i c e s  ( r e q u i r e d  i n  c a s e  2 )  i s ,  t h e r e f o r e ,  p r e c l u d e d .  

M o s t  l a t i c e s ,  h o w e v e r ,  c a n  b e  s p e c i a l l y  s t a b i l i z e d  f o r  t h i s  p u r p o s e  w i t h  

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

n o t  p o s s i b l e  o r  d e s i r a b l e ,  m a t e r i a l s  s u c h  a s  g l u c o s e  ( d e n s i t y  1 . 5 4  g . / m l . )  

o r  b r o m o a c e t i c  a c i d  ( d e n s i t y  1 . 9 3  g . / m l . )  c a n  b e  u s e d  t o  i n c r e a s e  t h e  d e n 

s i t y  o f  t h e  a q u e o u s  p h a s e  w i t h o u t  a f f e c t i n g  l a t e x  s t a b i l i t y .

T h e  c h o i c e  o f  a q u e o u s  p h a s e  s o l u t e  i n  c a s e  3  i s  v e r y  l i m i t e d ,  s i n c e  t h e  

n u m b e r  o f  c o m p o u n d s  ( u s u a l l y  l i q u i d s )  w h i c h  a r e  l i g h t e r  t h a n  w a t e r  a n d  

w h i c h  d o  n o t  a f f e c t  l a t e x  s t a b i l i t y  a r e  v e r y  f e w .  F o r  e x a m p l e ,  s e v e r a l  

s o l u b l e  d e r i v a t i v e s  o f  e t h y l a m i n e  d e s t a b i l i z e  m a n y  l a t i c e s  e v e n  a t  v e r y  l o w  

c o n c e n t r a t i o n s .  S o l u b l e  a l c o h o l s  a l s o  c o a g u l a t e  l a t i c e s  b u t  u s u a l l y  a t  

h i g h e r  c o n c e n t r a t i o n s ;  h e r e ,  a g a i n ,  t h e  s e n s i t i v i t y  o f  t h e  l a t e x  t o  a l c o h o l  

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

t h e  p o l y m e r i z e d  e t h y l e n e  o x i d e  t y p e .

R e s u l t s

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

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

A l l  l a t i c e s  i n v e s t i g a t e d  w e r e  b u t a d i e n e - s t y r e n e  c o p o l y m e r s  p r e p a r e d  a t  

v a r i o u s  c o m o n o m e r  c o m p o s i t i o n s .  P a r t i c l e  s i z e  f o r  t h e s e  e s s e n t i a l l y  

m o n o d i s p e r s e  l a t i c e s  r a n g e d  f r o m  1 9 0 0  t o  2 1 0 0  A .  L a t i c e s  o f  k n o w n  

c o m p o s i t i o n  w e r e  m i x e d  i n  k n o w n  p r o p o r t i o n  t o  g i v e  b l e n d s  w h i c h  w e r e  

t h e n  s u b j e c t e d  t o  t h e  p r o c e d u r e  d e s c r i b e d  b e l o w .

I n  o n e  c a s e  ( b l e n d  1  i n  T a b l e  I )  t w o  b u t a d i e n e - s t y r e n e  l a t i c e s  ( d e s i g 

n a t e d  c o m p o n e n t s  I  a n d  I I  i n  T a b l e  I )  w e r e  p r e p a r e d  w i t h  b u t a d i e n e  c o n 

t e n t  o f  3 6 . 6  a n d  3 3 . 2  w t . - %  i n  t h e  p o l y m e r  p a r t i c l e s  s o  t h a t  t h e  d e n s i t y  

d i f f e r e n c e  b e t w e e n  p a r t i c l e s  i n  t h e s e  l a t i c e s  a m o u n t e d  t o  0 . 0 0 5  g . / m l .  

F r o m  p r e v i o u s  e x p e r i e n c e  w i t h  t h e s e  l a t i c e s  i t  w a s  c l e a r  t h a t  t h e  p r o p o s e d  

s e p a r a t i o n  w o u l d  f a l l  u n d e r  c a s e  2  ( s e e  p r e v i o u s  s e c t i o n ) ,  s o  t h a t  a d j u s t 

m e n t  o f  t h e  l a t e x  d e n s i t y  u p w a r d s  w o u l d  b e  n e c e s s a r y .  F o r  t h i s  r e a s o n ,  a  

s m a l l  a m o u n t  o f  s o d i u m  p y r o p h o s p h a t e  d e c a h y d r a t e  ( d e n s i t y  1 . 8 2  g . / m l . )  

w a s  a d d e d  d u r i n g  t h e  p o l y m e r i z a t i o n .  T h i s  s o l u t e  d i d  n o t  a f f e c t  l a t e x  

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

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

p e r s u l f a t e ,  a s  t h e  o n e s  c o n s i d e r e d  h e r e  w e r e .

B l e n d  1  w a s  p r e p a r e d  b y  m i x i n g  t h e s e  l a t i c e s  i n  e q u a l  p r o p o r t i o n s  ( b y  

w e i g h t  o f  p a r t i c l e s )  a n d  s t i r r i n g  c a r e f u l l y .  T h e  r e s u l t i n g  b l e n d  w a s  d i l u t e d
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TABLE I
Characteristics of Particles Separated by Centrifugation

Blend

Component. I Component II

Density
difference,

g./ml.
Butadiene,

wt.-%

Particle den
sity at 25°C., 

g./ml.
Butadiene,

wt.-%

Particle den
sity at 25°C., 

' g./ml.

1 36.6 1.005 33.2 1 .010 0.005
2 47.1 0.986 33.2 1.010 0.024
3 70.3 0.943 8.1 1.048 0.105

a t  s e v e r a l  l e v e l s  w i t h  w a t e r  a n d  c e n t r i f u g e d  f o r  3  h r .  a t  1 5 , 5 0 0  r p m  c o r r e 

s p o n d i n g  t o  c a .  3 0 , 0 0 0  g  i n  t h e  c e n t r i f u g e  u s e d .  T h i s  p r o c e d u r e  g a v e  a  

r e a d y  i n d i c a t i o n  o f  t h e  c o n c e n t r a t i o n  l e v e l s  a t  w h i c h  p a r t i c l e s  I  a n d  I I ,  

r e s p e c t i v e l y ,  w e r e  b u o y a n t .  A c c o r d i n g l y ,  f r e s h  s a m p l e s  o f  t h e  b l e n d  w e r e  

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

l e v e l s  o f  d e n s i t y :  1 . 0 0 5  g . / m l .  ( e q u a l  t o  t h e  d e n s i t y  o f  p a r t i c l e s  I ) ,  1 . 0 0 8  

g . / m l .  ( i n t e r m e d i a t e  b e t w e e n  t h e  d e n s i t y  o f  t h e  t w o  s p e c i e s )  a n d  1 . 0 1 0  

g . / m l .  ( e q u a l  t o  t h e  d e n s i t y  o f  p a r t i c l e s  I I I ) .

I n  t h e  f i r s t  i n s t a n c e  ( b u o y a n c y - s e d i m e n t a t i o n ) ,  a  n e a t l y  p a c k e d  s e d i 

m e n t  w a s  c o l l e c t e d .  I n  t h e  s e c o n d  ( f l o t a t i o n - s e d i m e n t a t i o n ) ,  b o t h  t o p  

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

l e c t e d .  I n  t h e  t h i r d  i n s t a n c e  ( b u o y a n c y - f l o t a t i o n ) ,  a  c o n c e n t r a t e d  f r a c t i o n  

o f  p a r t i c l e s  w a s  r e m o v e d  f r o m  t h e  t o p .

TABLE II
Purity of Fractions Obtained by Centrifugation

Procedure Density relation
Fraction
obtained

Purity of 
fraction, %

Buoyancy-sedimentation PII >  PI = pill Bottom 86-86
Flotation-sedimentation pn >  pm > pi Bottom >97

Top >97
Buoyancy-flotation pn = pm > pi Top 70-75

T h e  a b o v e  t h r e e  p r o c e d u r e s  w e r e  u s e d  t o  s e p a r a t e  h e t e r o g e n e o u s  p a r 

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

i n  e x a c t l y  t h e  s a m e  m a n n e r .  O n e  o f  t h e  t w o  a d d i t i o n a l  l a t e x  b l e n d s  p r e 

p a r e d  ( b l e n d  2  i n  T a b l e  I )  c o n t a i n e d  p a r t i c l e s  a n a l y z i n g  3 3 . 2  a n d  4 7 . 1  w t . - %  

b u t a d i e n e .  T h e  o t h e r  b l e n d  ( b l e n d  3  i n  T a b l e  1 )  c o n t a i n e d  p a r t i c l e s  w i t h

8 . 1  a n d  7 0 . 3 %  b u t a d i e n e .

A t  t h e  c o m p l e t i o n  o f  c e n t r i f u g a t i o n ,  a l l  f r a c t i o n s  r e m o v e d  f r o m  t h e  

t u b e s  w e r e  c a r e f u l l y  a n a l y z e d  f o r  ( a )  p o l y m e r  c o n t e n t  b y  A S T M  m e t h o d  

D 1 4 1 7 - 6 1  a n d  w i t h  p r o p e r  c o r r e c t i o n s  f o r  t h e  p r e s e n c e  o f  n o n p o l y m e r i c  

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

a r d i z e d  a g a i n s t  c o p o l y m e r s  o f  k n o w n  c o m p o s i t i o n .  R e s u l t s  o f  s e v e r a l  

r u n s  a t  t h e  s a m e  d e n s i t y  l e v e l  f o r  e a c h  b l e n d  w e r e  o b t a i n e d  a n d  t h e  p u r i t y
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o f  f r a c t i o n s  c o l l e c t e d  a n d  a n a l y z e d  w a s  e x p r e s s e d  a s  t h e  w e i g h t  p e r  c e n t  o f  t h e  

m a j o r  c o m p o n e n t  i n  i t .

I n  a l l ,  t h e r e f o r e ,  t h r e e  l a t e x  b l e n d s  w e r e  p r e p a r e d  a n d  e a c h  w a s  c e n t r i 

f u g e d  s e v e r a l  t i m e s  f o l l o w i n g  t h e  t h r e e  p r o c e d u r e s  t h a t  c o u l d  y i e l d  d i s 

t i n c t  f r a c t i o n s .  T h e  r e s u l t s  a r e  c o l l e c t i v e l y  p r e s e n t e d  i n  T a b l e  I I  w h e r e  

P m  i s  t h e  d e n s i t y  l e v e l  c f  t h e  b l e n d e d  l a t e x  a t  w h i c h  t h e  l a t t e r  w a s  c e n t r i 

f u g e d  a n d  p i  a n d  p n  a r e  t h e  d e n s i t i e s  o f  t h e  c o m p o n e n t  p a r t i c l e s  i n  e a c h  

c a s e .

T h e  r e s u l t s  i n  T a b l e  I I  s h o w  t h a t  t h e  f l o t a t i o n - s e d i m e n t a t i o n  p r o c e d u r e  

i s  c l e a r l y  s u p e r i o r .  U n s a t i s f a c t o r y  r e s u l t s  w e r e  o b t a i n e d  w i t h  t h e  b u o y 

a n c y - f l o t a t i o n  p r o c e d u r e ,  w h i l e  t h e  b u o y a n c y - s e d i m e n t a t i o n  p r o c e d u r e  g a v e  

r e s u l t s  o f  i n t e r m e d i a t e  q u a l i t y .

D i s c u s s i o n

T h e  h i g h  d e g r e e  o f  p u r i t y  o f  f r a c t i o n s  o b t a i n e d  b y  t h e  f l o t a t i o n - s e d i 

m e n t a t i o n  p r o c e d u r e  c a n  b e  a t t r i b u t e d  t o  t h e  m i g r a t i o n  o f  t h e  t w o  s p e c i e s  

i n  o p p o s e d  d i r e c t i o n s  i n s i d e  t h e  t u b e .  I t  c a n  a l s o  b e  c o n c l u d e d  t h a t  

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

t w o  t r a n s f e r r e d  p a s t  e a c h  o t h e r .  T h i s  w a s  f o u n d  t o  b e  t r u e  e v e n  i n  c a s e s  

w h e r e  t h e  t o t a l  w e i g h t  f r a c t i o n  o f  p a r t i c l e s  i n  t h e  l a t e x  w a s  a s  h i g h  a s  4 0 %  

( c o r r e s p o n d i n g  t o  a  v o l u m e  f r a c t i o n  o f  4 0 % ) .  A t  w e i g h t  f r a c t i o n s  h i g h e r  

t h a n  c a .  4 5 % ,  h o w e v e r ,  t h e  p u r i t y  o f  t h e  f r a c t i o n s  w a s  s o m e w h a t  l o w e r .

T h e  r e l a t i v e l y  l o w e r  q u a l i t y  o f  s e p a r a t i o n  o b t a i n e d  b y  t h e  b u o y a n c y -  

s e d i m e n t a t i o n  p r o c e d u r e  ( s e e  T a b l e  I I )  i s  c e r t a i n l y  d u e  t o  t h e  f a c t  t h a t  

o n l y  o n e  s p e c i e s  t r a n s f e r s  a l o n g  t h e  t u b e .  T h e  o t h e r  s p e c i e s  i s  h e l d  b u o y 

a n t  t h u s  c o n t a m i n a t i n g  t h e  b o t t o m  w h e r e i n  t h e  m i g r a t i n g  s p e c i e s  c o l l e c t s .  

O n  t h e  o t h e r  h a n d ,  t h e  m i g r a t i o n  o f  t h e  h e a v i e r  s p e c i e s  t o w a r d  t h e  b o t t o m  

o f  t h e  t u b e  l e a d s  t o  t h e  c r e a t i o n  o f  a  p o s i t i v e  c o n c e n t r a t i o n  g r a d i e n t  a l o n g  

t h e  s a m e  d i r e c t i o n .  T h i s  c o n c e n t r a t i o n  g r a d i e n t  c o r r e s p o n d s  t o  a  p o s i t i v e  

d e n s i t y  g r a d i e n t  a l o n g  t h e  s a m e  d i r e c t i o n .  A p p a r e n t l y ,  t h e  l a t t e r  g r a d i e n t  

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

m e c h a n i c a l  a n d  t h e r m a l  c o n v e c t i o n .  T h u s  t h e  p u r i t y  o b t a i n e d  w i t h  t h i s  

p r o c e d u r e  w a s  r e a s o n a b l y  h i g h  a t  8 2 - 8 6 % .  T h e  r e v e r s e  s i t u a t i o n  h o l d s  

t r u e  i n  t h e  c a s e  o f  b u o y a n c y - f l o t a t i o n .  H e r e ,  t h e  n e g a t i v e  d e n s i t y  g r a 

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

t o p  o f  t h e  t u b e  w h i c h  c a u s e s  m i x i n g  o f  t h e  t w o  s p e c i e s . 4 T h i s  p r o b a b l y  

a c c o u n t s  f o r  t h e  u n s a t i s f a c t o r y  p u r i t y  o f  t h e  f r a c t i o n s  o b t a i n e d  w i t h  t h i s  

p r o c e d u r e  ( 7 0 - 7 5 % ) .

U n d e r  t h e  p a r t i c u l a r  c e n t r i f u g a t i o n  c o n d i t i o n s  u s e d ,  t h e  p u r i t y  o f  s e p a r a 

t i o n  w a s  f o u n d  t o  b e  i n d e p e n d e n t  o f  t h e  d e n s i t y  d i f f e r e n t i a l  b e t w e e n  t h e  

h e t e r o g e n e o u s  p a r t i c l e  s p e c i e s .  T h e  p a r t i c l e  s i z e  o f  t h e  c o m p o n e n t s  a s  

w e l l  a s  i t s  d i s t r i b u t i o n  ( a l t h o u g h  n o t  s t u d i e d  a s  v a r i a b l e s )  s h o u l d  a l s o  n o t  

a f f e c t  t h e  q u a l i t y  o f  s e p a r a t i o n  a s  l o n g  a s  c e n t r i f u g a t i o n  i s  c o n d u c t e d  a t  a n  

a p p r o p r i a t e l y  h i g h  r o t o r  s p e e d  a n d  f o r  a n  a d e q u a t e  p e r i o d  o f  t i m e .

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

t i o n  o f  t h e  f r a c t i o n s .  F r a c t i o n a t i o n  o f  l a t e x  p a r t i c l e s  d i f f e r i n g  i n  d e n s i t y  

b y  l e s s  t h a n  0 . 0 0 5  g . / m l .  s h o u l d  p r o b a b l y ,  t h e r e f o r e ,  b e  f e a s i b l e .  T h e  

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

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

I t  c o u l d  p o s s i b l y  b e  e x t e n d e d  t o w a r d  t h e  s t u d y  o f  p a r t i c l e s  d i f f e r i n g  i n  

d e g r e e  o f  c r o s s l i n k i n g  o r  f r a c t i o n  o f  c r y s t a l l i n i t y .

The skillful assistance of Mr. A. D. Clarke in obtaining the experimental data is 
acknowledged. Dr. A. S. Wexler and Miss Jane Husking analyzed the copolymers and 
the fractions for butadiene content.
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R é s u m é

On décrit de façon quelque peu détaillée une méthode simple de centrifugation pour la 
séparation nette de particules de latex chimiquement hétérogène. Elle exploite des 
différences de densité entre les particules qui pourraient être dues à des différences de 
composition, degré de pontage, cristallinité ou autres facteurs structurels. On a séparé 
avec netteté des particules dont la densité ne diffère pas de plus de 0.005 g./ml. Il 
serait possible avec cette méthode, qui est applicable aussi bien à des latex concentrés 
que dilués, de fractionner des particules dont la densité diffère encore moins fort.

Z u s a m m e n f a s s u n g

Eine einfache Zentrifugiermethode zur sauberen Trennung chemisch heterogener 
Latexteilchen wird ausführlich beschrieben. Sie macht sich Dichteunterschiede zwis
chen den Teilchen zunutze, die auf Verschiedenheiten in Zusammensetzung, Vernet
zungsgrad, Kristallinität oder anderen strukturellen Eigenschaften beruhen. Teilchen 
mit so kleinen Dichteunterschieden wie 0,005 g./ml. wurden sauber getrennt. Teilchen 
mit noch geringeren Dichteunterschieden sollten mit dieser Methode, die sowohl auf 
konzentrierte als auch auf verdünnte Latices anwendbar ist, fraktioniert werden können.

R e c e i v e d  March 6, 19G3



JOURNAL OF POLYMER SCIENCE: PAR T A VOL. 2, PP. 1641 1615 (1964)

a-Trifluoromethyl Vinyl Acetate

H O W A R D  C .  H A A S  a n d  N O R M A N  W .  S C H U L E R ,  C h e m i c a l  R e s e a r c h  

L a b o r a t o r i e s ,  P o l a r o i d  C o r p o r a t i o n ,  C a m b r i d g e ,  M a s s a c h u s e t t s

S y n o p s i s

a-Trifluoromethyl vinyl acetate has been synthesized. Although the homopolymer 
has not been obtained, this new monomer readily copolymerizes with a variety of vinyl 
monomers including styrene. Alcoholysis of vinyl acetate/a-trifluoromethyl vinyl 
acetate copolymers leads to trifluoromethyl-substituted polyvinyl alcohols having new7 
and unusual properties. These polyvinyl alcohol derivatives, containing about 30 
wt.-% of fluorine, are completely insoluble in w7ater but dissolve in the lower alcohols. 
Because of the increased acidity of fluorosubstituted alcohols, they are also soluble in 
dilute aqueous alkalies to yield polyalkoxide-type solutions.

C o n t i n u i n g  o u r  r e s e a r c h  o n  p o l y v i n y l  a l c o h o l  ( P V A )  a n d  r e l a t e d  h y d r o x y l  

c o n t a i n i n g  p o l y m e r s , 1 - s  w e  h a v e  n o w  p r e p a r e d  a n d  s t u d i e d  a  n e w  m o n o m e r ,  

a - t r i f l u o r o m e t h y l  v i n y l  a c e t a t e .  I t  w a s  t h o u g h t  t h a t  r e p l a c e m e n t  o f  t h e  

a l l y l i c  h y d r o g e n s  o f  i s o p r o p e n y l  a c e t a t e 7 - 9  b y  f l u o r i n e  w o u l d  r e d u c e  

d e g r a d a t i v e  c h a i n  t r a n s f e r  d u r i n g  p o l y m e r i z a t i o n ,  m o d i f y  c o p o l y m e r i z a t i o n  

b e h a v i o r ,  a n d  p e r h a p s  l e a d  t o  s o m e  i n t e r e s t i n g  m a t e r i a l s .  C o p o l y m e r i z a 

t i o n  o f  t h i s  n e w  m o n o m e r  w i t h  v i n y l  a c e t a t e  a n d  a l c o h o l y s i s  

o f  t h e  r e s u l t i n g  c o p o l y m e r  h a s  y i e l d e d  C F 3- s u b s t i t u t e d  P V A  h a v i n g  r a t h e r  

u n i q u e  p r o p e r t i e s .

M o n o m e r  P r e p a r a t i o n

A f t e r  n u m e r o u s  a t t e m p t s  t o  p r e p a r e  3 , 3 , 3 - t r i f l u o r o - 2 - a c e t o x y p r o p e n e ,  

t h i s  m a t e r i a l  w a s  f i n a l l y  s y n t h e s i z e d  i n  g o o d  y i e l d  b y  t h e  f o l l o w i n g  s e q u e n c e  

o f  r e a c t i o n s :
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CF3— C—  CHs -----------> CFa— C— CH,Br---------- » CF3— C— CLLBr
H2SO4
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Fig. 1. Infrared spectrum of a-trifluorornethyl vinyl acetate.

T h e  i n f r a r e d  s p e c t r u m  o f  t h e  p u r e  m o n o m e r  i s  p r e s e n t e d  i n  F i g u r e  1 .  

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

a c e t a t e ,  v i n y l  a c e t a t e ,  a c e t i c  a n h y d r i d e ,  o r  a c e t y l  c h l o r i d e ,  w i t h  t h e  u s e  o f  

a  v a r i e t y  o f  a c i d i c  a n d  b a s i c  c a t a l y s t s  a n d  c o n d i t i o n s ,  f a i l e d  t o  y i e l d  p r o d u c t  

e x c e p t  p e r h a p s  i n  t r a c e  q u a n t i t i e s  a s  d i d  t h e  a t t e m p t e d  a d d i t i o n  o f  a c e t i c  

a c i d  t o  3 , 3 , 3 - t r i f l u o r o p r o p y n e .  O n  t h e  o t h e r  h a n d ,  w e  w e r e  a b l e  t o  p r e p a r e

3 , 3 , 3 - t r i f l u o r o - 2 - t r i f l u o r o a c e t o x y p r o p e n e  b y  r e a c t i n g  t r i f l u o r o a c e t o n e  w i t h  

t r i f l u o r o a c e t i c  a n h y d r i d e  i n  a  s t e e l  b o m b  a t  1 0 0 ° C .  w i t h  a  p o t a s s i u m  a c e t a t e  

c a t a l y s t .

P o l y m e r i z a t i o n

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

m e t h y l  v i n y l  a c e t a t e ,  a l t h o u g h  a n  e x h a u s t i v e  s t u d y  o f  a l l  a v a i l a b l e  p o l y 

m e r i z a t i o n  t e c h n i q u e s  h a s  n o t  b e e n  m a d e .  H e a t i n g  t h e  m o n o m e r  w i t h  

0 . 4 %  a z o b i s i s o b u t y r o n i t r i l e  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  7 0  t o  1 2 0 ° C .  a n d  

a l s o  p r o l o n g e d  i r r a d i a t i o n  w i t h  a  G e n e r a l  E l e c t r i c  A H - 4  u l t r a v i o l e t  s o u r c e  

f a i l e d  t o  p o l y m e r i z e  t h e  m o n o m e r .  E x a m i n a t i o n  o f  t h e s e  r e a c t i o n s  s h o w e d  

t h a t  d i m e r i z a t i o n  d i d  n o t  o c c u r ,  a n d  e x c e p t  f o r  a  s l i g h t  c o l o r a t i o n ,  t h e  

m o n o m e r  r e m a i n e d  u n c h a n g e d .  S e v e r a l  e m u l s i o n  r e c i p e s  u s i n g  a  p e r s u l 

f a t e  i n i t i a t o r  a t  5 0 ° C .  w e r e  s i m i l a r l y  u n s u c c e s s f u l  a n d  t h e  m o n o m e r  w a s  

r e c o v e r e d  u n h y d r o l y z e d .  B u t y l l i t h i u m ,  s o d i u m  i n  l i q u i d  a m m o n i a ,  s o d i u m  

m e t h o x i d e ,  b o r o n  t r i f l u o r i d e ,  a n d  i t s  e t h e r a t e  d i d  n o t  i n i t i a t e  p o l y m e r i z a 

t i o n .  D i f f i c u l t y  i n  p r e p a r i n g  t h e  h o m o p o l y m e r  i s  n o t  t o o  s u r p r i s i n g ,  

c o n s i d e r i n g  t h e  r e s u l t s  o b t a i n e d  w i t h  3 , 3 , 3 - t r i f l u o r o p r o p e n e . 1 0 - 1 2

a - T r i f l u o r o m e t h y l  v i n y l  a c e t a t e  c o p o l y m e r i z e s  w i t h  a  v a r i e t y  o f  v i n y l  

m o n o m e r s  w h e n  p o l y m e r i z a t i o n  i s  i n i t i a t e d  w i t h  u l t r a v i o l e t  r a d i a t i o n  o r  

f r e e  r a d i c a l - p r o d u c i n g  c a t a l y s t s .  A l t h o u g h  w e  h a v e  n o t  m e a s u r e d  c o 

p o l y m e r i z a t i o n  r e a c t i v i t y  r a t i o s  o r  A l f r e y - P r i c e  Q  a n d  e  v a l u e s  f o r  t h i s  

m o n o m e r ,  w e  c a n  m a k e  s o m e  q u a l i t a t i v e  s t a t e m e n t s  r e g a r d i n g  i t s  r e a c t i v i t y .  

F r o m  a  s e r i e s  o f  h i g h  c o n v e r s i o n  c o p o l y m e r i z a t i o n s  a t  0 0 ° C .  e m p l o y i n g  

e q u a l  w e i g h t s  o f  t h e  t w o  m o n o m e r s ,  i t  w a s  l e a r n e d  f r o m  t h e  i n f r a r e d  s p e c t r a
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o f  t h e  r e s u l t i n g  p o l y m e r s  t h a t  a - t r i f l u o r o m e t h y l  v i n y l  a c e t a t e  c o p o l y -  

m a r i z e s  r e a d i l y  w i t h  v i n y l  a c e t a t e  a n d  v i n y l  t r i f l u o r o a c e t a t e .  W i t h  m a l e i c  

a n h y d r i d e  ( i n  b e n z e n e )  n o  c o p o l y m e r  i s  o b t a i n e d ,  w h i l e  m e t h y l  m e t h a c r y 

l a t e  y i e l d s  e s s e n t i a l l y  m e t h y l  m e t h a c r y l a t e  h o m o p o l y m e r  a n d  v i n y l i d e n e  

c h l o r i d e  a l l o w s  a  s m a l l  q u a n t i t y  o f  t h e  f l u o r o  m o n o m e r  t o  e n t e r  t h e  r a d i c a l  

c h a i n .  A  c o p o l y m e r  i s  o b t a i n e d  w i t h  s t y r e n e .  T h e s e  r e s u l t s  v e r i f y  t h e  

e x p e c t e d  b e h a v i o r ,  t h a t  t h i s  n e w  m o n o m e r  s h o u l d  h a v e  a  l o w  r e a c t i v i t y ,  

Q ,  a n d  a  f a i r l y  p o s i t i v e  e  v a l u e .  I t  i s  t h e  l a t t e r  w h i c h  e n h a n c e s  t h e  t e n d 

e n c y  t o  a l t e r n a t e  w i t h  s t y r e n e  t o  p r o d u c e  a  c o p o l y m e r .  T h i s  a b i l i t y  t o  

c o p o l y m a r i z e  w i t h  m o n o m e r s  o f  t h e  s t y r e n e  a n d  v i n y l p y r i d i n e  t y p e  n o w  

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

T r i f l u o r o m e t h y l - S u b s t i t u t e d  P V A

T h e  i n f r a r e d  s p e c t r u m  o f  a  c o p o l y m e r  o f  a - t r i f l u o r o m e t h y l  v i n y l  a c e t a t e  

a n d  v i n y l  a c e t a t e  i s  d u p l i c a t e d  i n  F i g u r e  2 .  T h i s  c o p o l y m e r  w a s  p r o d u c e d  

b y  a n  u l t r a v i o l e t - i n i t i a t e d  h i g h  c o n v e r s i o n  b u l k  c o p o l y m e r i z a t i o n  o f  a

Fig. 2. Infrared spectrum of a copolymer of vinyl acetate and a-trifluoromethyl vinyl
acetate.

Fig. 3. Infrared spectrum of a trifluoromethyl-substituted polyvinyl alcohol.
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m o n o m e r  m i x t u r e  h a v i n g  a  m o l e  f r a c t i o n  o f  0 . 3 5  i n  f l u o r o  m o n o m e r .  A b 

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

d i s c e r n i b l e  i n  t h e  1 1 0 0 - 1 2 0 0  c m . “ 1 r a n g e .  T h e  c o p o l y m e r ,  l i k e  p o l y v i n y l  

a c e t a t e ,  i s  s o l u b l e  i n  b e n z e n e ,  a c e t o n e ,  a n d  e t h y l  a c e t a t e  b u t  u n l i k e  p o l y 

v i n y l  a c e t a t e ,  s w e l l s  b u t  d o e s  n o t  d i s s o l v e  i n  t h e  l o w e r  a l c o h o l s .

T h e  a b o v e  c o p o l y m e r  w a s  c o n v e r t e d  t o  P V A  c o n t a i n i n g  — [ C H 2C ( C F 3)  

O H ] —  r e s i d u e s  i n  t h e  c h a i n  b o t h  b y  r e f l u x i n g  w i t h  m e t h a n o l  c o n t a i n i n g  

h y d r o g e n  c h l o r i d e  a n d  b y  t r e a t m e n t  w i t h  m e t h a n o l  c o n t a i n i n g  a  c a t a l y t i c  

a m o u n t  o f  s o d i u m  m e t h o x i d e .  B o t h  m e t h o d s  p r o d u c e  p r o d u c t s  h a v i n g  

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

f a s t e r .  T h e  p u r i f i e d ,  d r i e d ,  p o l y a l c o h o l  h a d  a  f l u o r i n e  a n a l y s i s  o f  2 9 . 0 5 %  

w h i c h  c o r r e s p o n d s  t o  s o m e t h i n g  l e s s  t h a n  a n  A B A B  c o p o l y m e r  ( 3 6 . 5 %  

F ) .  H o w e v e r ,  i t  m u s t  b e  r e m e m b e r e d  t h a t  t h e  p r o d u c t  w a s  n o t  i n i t i a l  

c o p o l y m e r .

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

p r i s i n g  p r o p e r t i e s .  T h e y  d i s s o l v e  i n  m e t h a n o l ,  a r e  c o m p l e t e l y  i n s o l u b l e  i n  

w a t e r ,  a n d  a r e  s o m e w h a t  s w e l l e d  b y  a c e t o n e .  F u r t h e r ,  b e c a u s e  o f  t h e  

a c i d i t y  o f  f l u o r i n a t e d  a l c o h o l s  ( t r i f l u o r o e t h a n o l  h a s  a  K a =  4  X  1 0 - 1 2 ) ,  

t r i f l u o r o m e t h y l  P V A  d i s s o l v e s  i n  d i l u t e  a q u e o u s  a l k a l i e s  t o  y i e l d  p o l y e l e c 

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

a m m o n i a c a l  w a t e r - a l c o h o l  s o l u t i o n s .  T h e  f i l m s  a r e  c l e a r ,  r e a s o n a b l y  

t o u g h ,  a n d  m o r e  s l i p p e r y  t o  t h e  t o u c h  t h a n  n o r m a l  P V A  f i l m s .  L i k e  P V A ,  

t h e  f i l m s  m a y  b e  o r i e n t e d  b y  s t r e t c h i n g .

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

P V A  s h o w  t h a t  t h e  b a n d s 6 g e n e r a l l y  f o u n d  a t  2 2 0 ,  2 8 0 ,  a n d  3 3 0  m g  a r e  

p r e s e n t .  T h e  i n f r a r e d  s p e c t r u m  o f  C F 3- m o d i f i e d  P V A  i s  r e p r o d u c e d  i n  

F i g u r e  3 .  S t r o n g  a b s o r p t i o n s  a g a i n  a p p e a r  i n  t h e  1 1 0 0 - 1 2 0 0  c m . - 1  r e g i o n .

E x p e r i m e n t a l

3 - B r o m o - l , l , l - t r i f l u o r o - 2 - p r o p a n o l  w a s  p r e p a r e d  f o l l o w i n g  t h e  m e t h o d  o f  

M c B e e  a n d  B u r t o n . 13 T h i s  w a s  c o n v e r t e d  t o  3 - b r o m o - 2 - a c e t o x y - 1 , 1 , 1 -  

t r i f l u o r o p r o p a n e  a s  f o l l o w s .  A  1 6 2 - g .  p o r t i o n  ( 0 . 8 4  m o l e )  o f  3 - b r o m o - l , l , l -  

t r i f l u o r o - 2 - p r o p a n o l  w a s  r e f l u x e d  w i t h  2 2 0  g .  ( 2 . 2  m o l e )  o f  i s o p r o p e n y l  

a c e t a t e  a n d  1  g .  o f  p - t o l u e n e s u l f o n i c  a c i d .  A c e t o n e  ( 4 7  g . )  w a s  r e m o v e d  

t h r o u g h  a  2 - f t .  p a c k e d  c o l u m n .  T h e  r e a c t i o n  m i x t u r e  w a s  t r e a t e d  w i t h  

e x c e s s  s o d i u m  b i c a r b o n a t e  t o  n e u t r a l i z e  t h e  a c i d ,  f i l t e r e d  a n d  f r a c t i o n a t e d .  

A f t e r  a  f o r e r u n ,  t h e  e s t e r  w a s  c o l l e c t e d  a t  8 5 ° C .  a t  1 3 0  m m . ;  t h e  y i e l d  w a s  

1 1 3  g .  ( 5 8 % ) ,  n f >  =  1 . 3 8 7 7 ,  r f g  =  1 . 5 5 4 .

3 , 3 , 3 - T r i f l u o r o - 2 - a c e t o x y  p r o p e n e  w a s  o b t a i n e d  b y  d e h y d r o b r o m i n a t i o n  

o f  3 - b r o m o - 2 - a c c t o x y - l , l , l - t r i f l u o r o p r o p a n e .  A  5 2 - g .  p o r t i o n  ( 0 . 2 2  m o l e )  

o f  3 - b r o m o - 2 - a c e t o x y - l , l , l - t r i f l u o r o p r o p a n e  w a s  h e a t e d  w i t h  1 3 0  m l .  o f  

f r e s h l y  d i s t i l l e d  t r i b u t y l a m i n e  a t  a n  o i l  b a t h  t e m p e r a t u r e  o f  1 7 5 - 1 9 0 ° C . ,  

a n d  m o n o m e r  w a s  c o l l e c t e d  a t  7 5 - 9 0 ° C . ;  t h e  y i e l d  w a s  2 2  g . ,  c o r r e s p o n d i n g  

t o  6 4 % .  T h e  p r o d u c t  w a s  c a r e f u l l y  f r a c t i o n a t e d  t h r u  a  s p i n n i n g  b a n d  

c o l u m n ;  b . p .  8 6 . 5 ° C . ;  d f b =  1 . 2 1 1 9 ;  n f t =  1 . 3 3 8 0 .  T h e  m o l e c u l a r  r e -  

f r a c t i v i t y ,  M R , f r o m  t h e  L o r e n t z - L o r e n t z  e q u a t i o n  i s  2 6 . 5 0  c o m p a r e d  t o  a
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v a l u e  2 6 . 7 8  o b t a i n e d  b y  s u m m i n g  i n c r e m e n t s  a n d  u s i n g  a  v a l u e  o f  1 . 2  f o r  

f l u o r i n e .

A n a l.  Cale.: C, 39.0%; H, 3.7%; F, 37.0%. Found: C, 39.3%; H, 3.8%; F, 
35.7%.

The authors wish to thank Professor Derek Barton, and Drs. Lloyd Taylor and 
Martin Idelson for helpful suggestions regarding the monomer synthesis.
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R é s u m é

On a synthétisé le a-trifluorométhylacétate de vinyle (TMF). Bien que l’homo- 
polymère n'ait pas été obtenu, ce nouveau monomère copolymérise facilement avec de 
nombreux monomères vinyliques, y compris le styrène. L’alcoolyse des copolymères 
TFM/acétate de vinyle fournit des alcools polyvinyliques porteurs de groupes CFS 
et présentant des propriétés nouvelles inhabituelles. Les dérivés d’alcool polyvinylique, 
contenant environ 30% de fluor, sont complètement insolubles dans l’eau, mais se 
dissolvent dans les alcools inférieurs. Par suite de l’acidité accrue des alcools par sub
stitution fluorée, ces substances sont aussi solubles dans les solutions aqueuses alcalines 
en formant des solutions contenant des ions polyalcoolates.

Z u s a m m e n f a s s u n g

a-Trifluormethylvinylacetat wurde dargestellt. Das Homopolymere konnte zwar 
nicht erhalten werden, doch copolymerisiert dieses neue Monomere leicht mit einer 
Anzahl von Vinylverbindungen einschliesslich Styrol. Die Alkoholyse der Vinylacetat- 
a-Trifluormethylvinylacetat-Copolymeren führt zu trifiuormethylsubstituierten Poly
vinylalkoholen mit neuen und ungewöhnlichen Eigenschaften. Diese Polyvinylalkohol
derivate mit einem Fluorgehalt von etwa 30 Gewichtsprozent sind in Wasser voll
kommen unlöslich, lösen sich aber in den niedrigen Alkoholen. Wegen der erhöhten 
Acidität fluorsubstituierter Alkohole lösen sie sich auch in verdünnten wäßrigen Al
kalien unter Bildung von Polyalkoxyd-Lösungen.

R e c e i v e d  J a n u a r y  2 4 ,  1 9 6 3
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Nitrogen Adsorption Isotherms on Polyolefins

J O E  W .  H I G H T O W E R  a n d  P .  H .  E M M E T T ,  D e p a r t m e n t  o f  C h e m i s t r y , 

T h e  J o h n s  H o p k i n s  U n i v e r s i t y ,  B a l t i m o r e ,  M a r y l a n d

S y n o p s i s

Nitrogen adsorption isotherms were determined for a number of polyolefinic com
pounds. R.E.T. calculations showed that most of the samples possess surface areas 
averaging about 0.5 m.2/g., although a few very high molecular weight polyolefins pre
cipitated during polymerization have areas of about 8 m.2/g. On most of the polyole
fins, the C  values from the B.E.T. equation are unusually small, indicating a relatively 
low heat of nitrogen adsorption. Adsorption isotherms were determined with krypton 
on two of the high polymers and were found to yield areas in satisfactory agreement with 
those obtained from the nitrogen adsorption experiments.

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

F o r  m a n y  y e a r s  t h e  B . E . T .  m e t h o d 1 o f  e s t i m a t i n g  s u r f a c e  a r e a s  b y  t h e  

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

f o r  a  w i d e  v a r i e t y  o f  m a t e r i a l s .  H o w e v e r ,  u p  t o  t h e  p r e s e n t  t i m e ,  r e l a 

t i v e l y  f e w  o r g a n i c  s u b s t a n c e s  h a v e  b e e n  m e a s u r e d  b y  t h i s  p r o c e d u r e .  

T h e  p r e s e n t  m e a s u r e m e n t s  a r e  s u b m i t t e d  w i t h  a  v i e w  t o  s h o w i n g  t h a t  t h e  

a d s o r p t i o n  o f  n i t r o g e n  o r  k r y p t o n  a t  — 1 9 5 ° C .  c a n  b e  u s e d  e f f e c t i v e l y  f o r  

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

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

A p p a r a t u s

T h e  c o n v e n t i o n a l  B . E . T .  a p p a r a t u s  h a v i n g  a  m e r c u r y  m a n o m e t e r  t o  

m e a s u r e  t h e  p r e s s u r e  w a s  u s e d  t o  d e t e r m i n e  t h e  n i t r o g e n  i s o t h e r m s  a t  

—  1 9 5 ° C . ;  f o r  k r y p t o n  i s o t h e r m s  a  s i m i l a r  a p p a r a t u s  h a v i n g  a  c a l i b r a t e d  

t h e r m i s t o r  f o r  m e a s u r i n g  p r e s s u r e  w a s  u s e d .

M a t e r i a l s

T h e  p o l y e t h y l e n e  a n d  e t h y l e n e - b u t y l e n e  c o p o l y m e r s  w e r e  m a d e  b y  t h e  

P h i l l i p s  P r o c e s s  ( c h r o m i c  o x i d e  o n  s i l i c a - a l u m i n a  a s  a  c a t a l y s t ) .  T h e  

p o l y p r o p y l e n e  s a m p l e s  w e r e  p r e p a r e d  o v e r  a  t i t a n i u m  t r i c h l o r i d e - a l u m i n u m  

a l k y l  c a t a l y s t .  A l l  s a m p l e s  w e r e  f u r n i s h e d  b y  t h e  W .  I t .  G r a c e  C o .

P r e p u r i f i e d  n i t r o g e n  w a s  p a s s e d  o v e r  r e d u c e d  c o p p e r  t u r n i n g s  a t  3 5 0 ° C .  

a n d  t h r o u g h  a n  a c t i v a t e d  c h a r c o a l  t r a p  a t  —  1 9 5 ° C .  P r e p u r i f i e d  h e l i u m
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1650 J. W. HIGHTOWER AND P. 11. EMMETT

w a s  p a s s e d  t h r o u g h  a n  a c t i v a t e d  c h a r c o a l  t r a p  a t  —  1 9 5 ° C .  K r y p t o n  

( 9 9 . 9 9 % )  w a s  u s e d  a s  p u r c h a s e d  f r o m  A i r c o .

R E S U L T S

T h e  e x p e r i m e n t a l  r e s u l t s  a r e  s u m m a r i z e d  i n  T a b l e  I .  T y p i c a l  a d s o r p 

t i o n  i s o t h e r m s  a r e  g i v e n  i n  F i g u r e  1 .  T h e  c o r r e s p o n d i n g  B . E . T .  p l o t s  a r e  

s h o w n  i n  F i g u r e  2 .

Fig. 1. Representative isotherms: (A) 994-4-6; (□) 994-4-13; (♦) 869-13; (O) Ti02.

A s  c a n  b e  s e e n  f r o m  T a b l e  I ,  o n l y  t w o  o f  t h e  s a m p l e s  w e r e  m e a s u r e d  b y  

k r y p t o n ,  a n d  s i n c e  t h e  a r e a  v a l u e s  o b t a i n e d  o n  t h e s e  t w o  s a m p l e s  w e r e  i n  

r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  a r e a s  o b t a i n e d  b y  n i t r o g e n ,  n o  f u r t h e r  

k r y p t o n  m e a s u r e m e n t s  o n  t h e  s a m p l e s  w e r e  c a r r i e d  o u t .

D I S C U S S I O N

T h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  I  a r e ,  f o r  t h e  m o s t  p a r t ,  s e l f - e x p l a n a t o r y .  

M o s t  o f  t h e  p o l y o l e f i n s  h a v e  a r e a s  i n  t h e  r a n g e  0 . 3 - 0 . G  m . 2/ g .  O n l y  t h e  

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

p r e c i p i t a t e d  d u r i n g  p o l y m e r i z a t i o n  h a d  s u r f a c e  a r e a s  i n  t h e  r a n g e  5 - 9  

m . 2/ g .  P r e s u m a b l y ,  t h e  h i g h  s u r f a c e  a r e a s  a r e  a s s o c i a t e d  w i t h  t h e  f a c t  

t h a t  t h i s  p a r t i c u l a r  p o l y m e r  w a s  p r e c i p i t a t e d  d u r i n g  p o l y m e r i z a t i o n .

T h e  C  v a l u e s  o b t a i n e d  f r o m  t h e  B . E . T .  p l o t s  a r e ,  f o r  t h e  m o s t  p a r t ,  i n  

t h e  r a n g e  1 1 - 4 , 8  f o r  t h e  v a r i o u s  n i t r o g e n  a d s o r p t i o n  i s o t h e r m s .  S i n c e  t h e  

C  v a l u e s  a r e  r e l a t e d  t o  t h e  h e a t s  o f  a d s o r p t i o n , 1 t h e  r e s u l t s  s u g g e s t  t h a t  

n i t r o g e n  i s  n o t  a s  s t r o n g l y  a d s o r b e d  o n  t h e  p o l y m e r i c  m a t e r i a l s  a s  i t  i s  o n  

t h e  m i s c e l l a n e o u s  i n o r g a n i c  s u b s t a n c e s  o n  w h i c h  B . E . T .  i s o t h e r m s  h a v e  

b e e n  d e t e r m i n e d .
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Fig. 2. B.E.T. plots for isotherms in Fig. 1: (A) 994-4-6; (□) 994-4-13; (•) 869-13;
(O) m .

Fig. 3. Pierce plots for isotherms in Fig. 1. Curve 1 shows the slope given in Pierce’s 
papers.2.3 Symbols are as in Figs. 1 and 2. Curve 1 is from a plot made by Pierce.2.3
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Attention should be called to one peculiar exception with respect to the 
heat of adsorption. The two isotherms determined on ethylene-butylene 
copolymers showed low surface areas but relatively high C  values (107 and 
124 for the two samples). Presumably, for some reason that is not clear, 
the nitrogen adsorption on the copolymers involves a somewhat higher 
heat of adsorption than on the polyethylene and polypropylene samples.

There have been some suggestions that krypton sometimes exhibits type 
3 adsorption isotherms and, therefore, is not suitable for surface area 
measurements. It is reassuring that on the present polyolefins the krypton 
curves were normal, have good B.E.T. plots and yielded surface area values 
that are in reasonable agreement with those obtained from nitrogen iso
therms.

In recent publications, Pierce2'3 has pointed out that a plot of the 
logarithm of the volume of nitrogen adsorbed at — 195°C. by a solid versus 
log log P 0/ P  yields a straight line from very low to very high relative 
pressures. In Figure 3 is shown a plot that he has presented as typical of 
nitrogen adsorption on solids. In this same figure are shown plots of our 
data for Ti02 and also for the high polymers for which isotherms were shown 
in Figure 1. It will be noted that the plot for the ethylene-butylene co
polymers yields a slope parallel to the plot for TiG2 and for the standard 
plot furnished by Pierce. On the other hand, the plots for those materials 
having low C  values yield curves of very different slopes from the ones sug
gested by Pierce. This is a necessary consequence of the fact that the 
slopes of the actual isotherms for systems with relatively low heats of ad
sorption will be considerably greater than the slopes of isotherms with 
higher heats of adsorption. Accordingly, plots of the type recommended 
by Pierce will be helpful not only in disclosing unusual packing in the first 
layer or in indicating capillary condensation as he suggested, but will also 
be useful in giving an estimate of the C  value for the B.E.T. plots, or in 
other words, for the relative values of the heats of adsorption of the adsor
bate on the solids being studied.

References

1. Brunauer, S., P. H. Emmett, and E. Teller,,/. Am. Chem. Soc., 60, 30!) (1938).
2. Pierce, C., J. Phys. Chan., 64, 11S4 (1960).
3. Pierce, C., and B. Ewing, J . Am. Chem. Soc., 84, 4070 (1962).

Résumé

On determine les isothermes d’adsorption de l ’azote pour un nombre de composés 
polyoléfiniques. Les calculs de BET montre (pie les échantillons poosèdent une surface 
moyenne d’emiron U.û m.8/g., alors que quelques polyolefines de très haut poids molé
culaire, précipitées au cours de la polymérisation, ont une surface d’environ 8 m.2/g. 
Pour la plupart des polyolefines, les valeurs rie C provenant de l’équation B.E.T. sont 
inhabituellement petites et indiquent, une relativement, faible chaleur d ’adsorption de 
l’azote. On détermine les isothermes avec du krypton sur deux des hauts polymères 
et on trouve des surfaces en accord satisfaisant avec celles obtenues au départ des 
expériences d’adsorption d’azote.
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Zusammenfassung

Für eine Anzahl von Polyolefinverbindungen wurden Stickstoff-Adsorptionsisothermen 
bestimmt. Wie 13.E.T.-Berechnungen zeigen, besitzen die meisten Proben Oberflächen 
von durchschnittlich etwa 0,5 m.-/g., ausgenommen ein paar sehr hochmolekulare 
Polyolefine, die schon während der Polymerisation ausgefällt wurden und Oberflächen 
von etwa 8 m.2/g. haben. Bei den meisten Polyolefinen wiesen ungewöhnlich kleine 
C-Werte in der B.E.T.-Gleichung auf eine relativ niedrige Stickstoff-Adsorptionswärme 
hin. Die Ermittlung der Adsorptionsisothermen von zweien der Hochpolymeren mit 
Krypton ergab Oberflächenwerte, die mit den für Stickstoff erhaltenen Werten befrie
digend übereinstimmen.

Receivcd March 6, 19G3
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Effect of Temperature on Molecular Weight 
Measurements in Polyethylene

H. P. SCHREIBER and M. H. WALDMAN, Canadian Industries Limited, 
Central Research Laboratory, M cM asterville, Quebec, Canada

Synopsis

Light-scattering evaluations of molecular weight and gyration radii have been carried 
out over a range of temperatures for linear and branched polyethylenes in a-ehloro- 
naphthalene solutions. In a number of cases the molecular size parameters have been 
found to depend on the solution temperature. When observed, the temperature de
pendence can change molecular weight values by as much as 50%. The temperature 
dependence tends to be more pronounced at higher molecular weights, in linear than in 
branched polyethylenes, and is particularly noticeable at solution temperatures below 
that of the normal crystalline melting temperature of the polymer. It is suggested that 
the temperature dependence of molecular weight parameters may be due to a gradual 
dissociation in solution of polymer aggregates arising from persisting interchain entan
glements. A relationship was established between intrinsic viscosity and molecular 
weight for selected fractionated polyethylenes by using molecular weight data obtained 
under conditions unfavorable to the persistence of polymer aggregates. A number of 
published viscosity-molecular weight functions for polyethylenes was compared with 
the calibrated relationship. Some of the published equations gave results in good agree
ment with the present function, but a number of others resulted in gross overestimates 
of molecular weight. Polymer aggregation problems may have been encountered in the 
derivation of some of these viscosity-molecular weight functions. The comparison 
indicates the danger of indiscriminate choice of viscosity-molecular weight functions 
for use in rapid estimates of polymer molecular weight.

INTRODUCTION

Light-scattering techniques are now widely used for determinations 
of weight-average molecular weights (M J) in polyethylenes and other 
polydisperse polymers which can only be dissolved at high temperatures. 
Application of the technique to these polymers is complicated by experi
mental difficulties, notably the sensitivity of Zimrn plots to polymer poly- 
dispersity,1 the related problem of dissymmetry correction2-4 and solution 
clarification 3>5 An additional serious problem has been raised recently 
by Trementozzi,6 who showed that the molecular weight of some low 
and high pressure polyethylenes depended on the solvent used in the light
scattering determinations. The suggestion was made6 that polymer as
sociation could take place in a-chloronaphthalene (a-CN) but not in 
tetralin, a thermodynamically superior solvent for polyethylene. This 
assumption was supported by the apparent dependence of M m for one high

1655
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pressure (branched) polyethylene on the temperature of a-CN solutions 
used in the light-scattering experiments. Some recent results of Tung7 
can also be interpreted as supporting the polymer association hypothesis, 
although the author did not draw this conclusion himself. Finally, an 
examination in this laboratory8 of the temperature dependence of intrinsic 
solution viscosities [57] for high and low pressure polyethylenes in a-CN and 
tetralin also gave results which are consistent with an assumed polymer 
association in a-CN solutions. On the other hand, Billmeyer and co
workers,9 using a-CN, tetralin, and decalin solutions of polyethylenes, could 
not corroborate Trementozzi’s reported molecular weight dependence on 
solvent medium for either high or low pressure polyethylenes, and criticized 
the assumption of polymer association as being devoid of an obvious physi
cal basis. These workers did not investigate possible temperature varia
tions of M w, all light-scattering measurements being done at constant 
temperature in a given solvent.9 A study of the effect of temperature on 
light-scattering results in a-CN and tetralin solutions of polyethylenes, in 
the range 80-125°C., was reported by Nicolas,10 who found no evidence 
for polymer association. However, the refractive index increment, 
dn /d c, for a-CN solutions used by Nicolas was some .35% greater than 
other reported values for this solvent,2'r’’11 so that the results of this work 
cannot be regarded as unequivocal evidence either for or against the associa
tion hypothesis.

Clearly, the question of polyethylene association in the a-CN solutions 
commonly used in light scattering is as yet unresolved. Consequently 
some uncertainty also exists regarding the absolute meaning of molecular 
weight values and allied parameters, such as gyration radii, derived from 
light-scattering data. In view of the importance of these parameters, an 
attempt was made to determine whether or not polyethylene associates in 
a-CN by carrying out light-scattering measurements for linear and 
branched polyethylenes over broad ranges of temperature. This experi
mental approach was based on the reasonable assumption that as tempera
ture rises any existing polymer aggregates will tend to dissociate thereby 
reducing the apparent weight-average molecular weight. The purpose of 
this paper is to present and discuss the results of this study. The con
sistency of various published relationships between intrinsic viscosity and 
M w of low pressure (linear) polyethylenes is also examined in the light of 
the results of this work.

EXPERIMENTAL 

1. Materials

Both low and high pressure polyethylenes were used in this work. 
The high pressure (branched) resins were chosen to cover an apparent 
molecular weight range from about 105 to greater than 106. The linear 
polyethylenes were of the Phillips type. A number of these were frac
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tionated by the coacervation technique of Blackmore and Alexander12 
to provide fractions which, while not particularly sharp, were substantially 
narrower in molecular weight distribution than the parent polymers.

2. Intrinsic Viscosities

Intrinsic viscosities were measured in redistilled a-CN and tetralin solu
tions at 125 and 120°C. respectively and in reagent grade decalin solutions 
at 135°C. by use of previously described techniques.8

3. Light Scattering

Light-scattering measurements were performed in a Brice-Phoenix ap
paratus modified to permit high temperature operation. In all cases a-CN 
solutions were used, the temperature varying from 90 to 150°C., though the 
entire range was not covered for every sample investigated. Vertically 
polarized light, with A = 5460 A., was used.

4. Refractive Index Increment

Highly consistent values of dn /d c for polyethylene in a-CN have been 
reported by Billmeyer,2 Chiang,11 Henry,18 and Tung.14 We have adopted 
the procedure followed by Billmeyer9 of averaging the literature values and 
taking the correct d n /d c  values as —0.190 at 135°C. —0.192 at 125°C., and 
— 0.199 at 90°C. In this way a self-consistent set of increments was ob
tained for the temperatures involved in our experiments. The dn /d c val
ues, as well as values of the light-scattering constant H , are given in 
Table I.

TABLE I
Light-Scattering Parameter Values

Temp., °C. — dn/dc, cm.3/g. H X 10°, mole cm.2/g.

90 0.199 6.30
100 0.197 6.09
110 0.195 6.00
120 0.193 5.81
130 0.191 5.70
140 0.189 5.50
150 0.187 5.42

5. Solution Clarification

It has been shown, notably by Muus and Billmeyer,3 that large, “in
soluble” particles in polyethylene solutions (e.g., dust particles, etc.) can 
produce marked curvature in Zimm plots and lead to erroneous molecular 
weight estimates. Thus, solution clarification aimed at removal of such 
foreign particles is a necessary prerequisite to light-scattering measure
ments. On the other hand, Moore and Peck15 have demonstrated the 
presence, in branched polyethylenes especially, of large polymer molecules
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which could conceivably classify as “insoluble” particles in terms of Muus 
and Billmeyer.3 The removal of such particles is certainly not desirable 
if it is proposed to characterize the polymer sample as originally con
stituted, since even a small number of such supermolecules can have sub
stantial influence or rheological and physical properties of the polymer.

In this work, previously prepared solutions of polyethylene in a-CN at 
140°C. were placed in a heated filter holder, fitted with a Millipore filter 
disk (Millipore Filter Corp., Watertown, Mass.) having a mean pore size 
of 0.65 fx. The filter had been previously conditioned by repeated washing 
with hot solvent. None of the solutions exceeded 0.5% by weight solute 
concentration. The solutions were filtered under mild nitrogen pressure 
directly into light-scattering cells which had been previously washed, sol- 
vent-conditioned, and dried. This procedure was adopted because it 
seemed adequate for removing foreign particles without significantly af
fecting the composition of the polymer as received. The criterion for the 
latter assertion was a comparison of apparent Newtonian melt viscosity
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S IN 2 §_+ IO C  
2

Fig. 2. Zimm plot for branched polyethylene HPPE-4, showing curvature in low-angle 
high dilution segment, T =  120°C.

770*, and the shear stress n for onset of non-Newtonian melt flow for poly
mer as received and after precipitation from solutions subjected to various 
filtration procedures. It has been shown that vo* is sensitive to weight- 
average molecular weight and long branch incidence,16 while ri is particu
larly dependent on the molecular weight of the high end of the distribu
tion.17 The described filtration procedure was found to have little sig
nificant influence on these characteristics. On the other hand, use of finer 
filter disks, or solutions in which the polyethylene concentration appreciably 
exceeded 0.5% by weight resulted in significant changes both in 770* and
n. Coarser filter disks were not desirable because of the danger of failure 
to remove dust and other foreign materials.3

The standard solution preparation procedure did not result in linear 
Zimm plots in all cases, however. Typical plots are shown in Figure 1 for a 
fractionated linear polyethylene and in Figure 2 for a whole branched



1660 II . P. SCIIKK1BKR A ND  M. II . W ALDM AN

polyethylene. Here c is the concentration (in grams per milliliter), I e is the 
scattering intensity ratio with respect to the initial intensity at 0° viewing 
angle, and d is the viewing angle. From these plots il7„, is calculated from 
the relationship

1 / M W = H i  (1)

where i is the intercept at infinite dilution of the zero angle scattering line, 
and values of H  are given in Table I. The curvature in the zero concen
tration extrapolation in Figure 2 may be interpreted as evidence for broad 
molecular weight distribution1518 in this sample. In a few cases curvature 
in the low angle, zero concentration segment of the Zimm plot made ac
curate extrapolation of the M w value impossible. In these cases the molec
ular weight was obtained by extrapolating the linear segment of the zero 
concentration line at higher viewing angles to the zero angle intercept, as 
shown in Figure 2. Molecular weight values so obtained are designated 
M J .  These values do not fully weigh the contribution of very high molec
ular weight constituents of the distribution in the given polymer, but 
they are preferable in this context because of the increased precision with 
which they may be defined.

RESULTS AND DISCUSSION

1. Temperature Dependence in M w Determinations

Five low pressure (LPPE) and four high pressure (HPPE) polyethylenes 
were used in this part of the experimental program. Pertinent M w or 
M J  values for these resins averaged from two or more determinations 
are given in Table II, which also includes a tabulation of the 2-average 
mean square radius of gyration, (r2)2'A, for all samples except LPPE-1. 
The (r2)2‘/! parameter is calculated in each case from the initial slope of the 
infinite dilution curve in the light-scattering plot.119 In the case of LPPE-1, 
the Zimm plot curvature was too great to permit meaningful evaluation 
of the limiting slope. The M u, precision is about ±  10%.

It is evident from Table II that in spme cases (e.g., samples HPPE-1 
and LPPE-3F) there is no detectable evidence of a temperature variation 
in M w, while in others (e.g., samples HPPE-4 and LPPE-4F), the molecular 
weight does appear to vary with the solution temperature. Decreasing 
M w or M J  at rising solution temperatures could of course be regarded con
sistent with a dissociation of molecular “aggregates” as solvent-solute 
interaction increases. In cases where such a dissociation may occur, it 
would be reasonable also to expect a decrease in (r2)z'/\ Because of slight 
data scatter in all cases and some curvature in the high dilution, low view
ing angle segments of the Zimm plots for two of the polymers (see Table II), 
the (r2)z'A values cannot be considered reproducible to better than 5%. 
Thus, the samples showing no temperature dependence in the molecular 
weight parameter also can be considered as showing no significant change
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in (rr)z''\ whereas in such cases as HPPE-4, LPPE-4F, etc., where a sig
nificant inverse temperature variation in molecular weight is noted, there 
is also a corresponding inverse temperature variation in the gyration radius. 
It is readily shown that such an inverse dependence of (r2)21/2 on solution 
temperature is, in these cases, not explicable in terms of the theoretically 
expected temperature dependence of the gyration radius. Flory20 and 
Ciferri21 have developed a relationship between the temperature de
pendence of the mean square radius of gyration of the unperturbed polymer 
molecule and the temperature dependence of the intrinsic viscosity of poly
mer solutions. From their development it is apparent that the sign of the 
temperature variation of these parameters will be equivalent—a result in 
keeping with their experimental findings which, in the case of Flory,20 in
volve solutions of polyethylene in n-alkanes. The theoretical result may be 
applied to the 2-average gyration radius as a good approximation, and since 
the slope of the intrinsic viscosity versus solution temperature plot for 
both high and low pressure polyethylenes in a-CN is positive,8 a direct 
dependence of (r2)2 and T  would be expected. The results in Table II 
therefore suggest a more radical effect of rising temperature on the dimen
sion of solute particles, such as might be expected if partial dissociation of 
aggregates were taking place.

Inspection of Table II further suggests that the temperature dependence 
of molecular dimension parameters is negligible above about 120°C. for 
the high pressure polyethylenes; because of apparatus limitations which 
made work above 150°C. impossible it is more difficult to find a similar 
trend in the low pressure resins, but the inference to be drawn from the 
results for the fractions suggests a decreased temperature sensitivity above 
about 140°C. It is not possible from the present results to define un
equivocally an “exuilibrium” molecular weight for the experimental sam
ples, but the conclusion can nevertheless be drawn that light-scattering 
experiments should proceed above 120°C. for high pressure and at no lower 
than 140°C. in low pressure polyethylenes, if a-CN is the solvent medium.

The apparent temperature dependence of M w and M w' in these cases can 
be further analyzed along the lines of Figure 3. Here the quantity (4?„,)r 
is defined as a “reference” molecular weight for each sample and represents 
the experimental M w value at the highest temperature in which the sample 
was involved (either 140 or 150°C.). Figure 3 is therefore a plot of pro
portional molecular weight change versus experimental temperature. The 
plot suggests the following regarding the temperature dependence of M w\ 
(a) whole, low pressure (linear) polyethylenes appear to be more subject 
to temperalure sensitivity than high pressure resins at comparable ( M w) r 
(compare HPPE-1 and LPPE-2); (b) the temperature dependence in the 
low pressure polymers is clearly more pronounced at higher (il?„)r; a 
similar but less well defined situation seems to obtain for high pressure 
resins; (c) the molecular weights of fractionated low pressure samples are 
less affected by solution temperature than those for whole polymers (com
pare LPPE-5F to LPPE-1 and LPPE-3F to LPPE-2).
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Fig. 3. Comparison of temperature dependence of M w for high and low pressure poly-
ethylenes.

The above may be used to formulate a physical basis for the existence of 
polyethylene “aggregates”6 in a-CN solutions. It is widely believed that 
a distinguishing characteristic of non-Newtonian fluids such as polyethylene 
is the ability of polymer chains to participate in chain entanglements,22 
thereby creating an extensive viscoelastic network. The degree to which 
a given polymer chain is involved in this network (i.e. the complexity of 
the network) is logically dependent on the detailed molecular structure. 
Thus, at given M w the more compact branched polymer is less capable of 
participating in entanglements than a linear molecule,23 with important 
results on the bulk viscosity of the polymer.16 Further, the involvement of 
a molecule in interchain entanglements may be expected to rise with molec
ular weight and also with a broadening of the molecular weight distribu
tion at constant number-average molecular weight, by virtue of the presence 
of longer than average polymer chains. These concepts lead to expectations 
which arc fully consistent with Figure 3 if it is assumed, in keeping with an 
earlier suggestion,8 that the polyethylene aggregates in a-CN solutions 
arise from an inability of this solvent at the temperature in question to 
fully eliminate chain entanglements in the polymer sample. The degree 
of polymer-solvent interaction will of course increase with temperature, 
leading to gradual disentanglement and consequently to changes in molec
ular dimension parameters. This suggestion at once accounts for Tremen- 
tozzi’s finding6 of a lower aggregation tendency for polyethylene in tetralin- 
a thermodynamically superior solvent—and furnishes the physical basis 
for polymer aggregates which Billmeyer9 found lacking in Trementozzi’s 
original postulate. Moreover, it tends to shed light on the previously 
noted apparent decrease in temperature sensitivity of the molecular size 
parameters above about I20°C. for low density and above 140°C. for high
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density polyethylenes. These temperatures are, respectively, slightly above 
the expected crystalline melting points of these polymers. The persistence 
of chain entanglements in polymer solutions may therefore be favored at 
temperatures below the normal crystalline melting point of the polymer, 
where solvent-solute interactions may be offset by polymer cohesive forces 
arising from some crystalline memory effect.

If the suggested existence of polymer aggregates in solution due to in
complete dispersion of pre-existing entanglements in the bulk polymer 
is correct, then a similar temperature dependence of light-scattering 
parameters could conceivably exist in systems involving polymers other 
than polyethylene, which are characterized by viscoelastic properties due to 
interchain entanglements.

2. Comparison o f [ r i ] - M w Relationships for Polyethylene*

A number of relationships linking [7 7 ] and AIW have been reported in the 
literature for linear polyethylenes. Chiang11 has already noted discrepan
cies among some of these, accounting for the results of different workers 
in terms of variations in solution clarification, dissymmetry correction and 
polymer fractionation procedures. Since substantial differences also exist 
in the temperature used for light-scattering determinations and in the 
solvents used for the evaluations of [??] in the reported functions, it seems 
possible that existing discrepancies among these relationships could be 
due, at least in part, to varying degrees of persisting polymer entangle
ments. In this section a number of [77 ] -M w functions is therefore examined 
with respect to a reference relationship established for scries of fractionated 
linear polyethylenes under conditions tending to minimize the severity of 
polymer aggregation. While the comparison is made from the viewpoint of 
possible aggregation effects, no formal cause and effect hypothesis is being 
attempted since differences in sample polydispersity and experimental pro
cedures among the various experimental systems undoubtedly contribute 
to observed differences.

Six polyethylene fractions of somewhat varying polydispersity, prepared 
by the coacervation technique, 12 were used in this portion of the experi
mental program. A reference [77 } -M w function was established for these 
materials by using light-scattering data from a-GN solutions at 140°C. 
and intrinsic viscosities of tetralin solutions at 120°C. The Zimm plots in 
each of these cases were linear, permitting evaluation of true M w values. 
The data, in part reported previously, 17 are given in Table II I ; the reference 
[7 7 ] -M w function they define is

log hlt.iaj = —11-281 +  0.71 log (J7,jr (2)

where the subscripts t ,120 refer to tetralin solutions at 120°C.
* Note Added In Proof: The render is referred to a paper 0 1 1  this topic by M. (). 

De La Cuesta and F. W. Billmeycr, Jr. which was published in J . Polymer Sci., Al, 
1721 (1963) while this paper was in press.
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TABLE III
Molecular Weights and Intrinsic Viscosities of Six Fractionated Linear Polyethylenes

Sample (M w)r X 10-6 Mt.iso, dl./g. M<jCti.l25, dl./g. [^,135, dl./g.

1 0.96 1.92 1.63 2.31
2 3.90 5.11 4.21 6.08
3 2.75 3.80 3.14 4.53
4 1.55 . 2.41 1.96 2.S6
5 1.35 2.33 1.88 2.74
6 0.73 1.63 1.31 1.93

In subsequent comparisons, the following published [ti] - M w relationships
were employed.

Duch and Ivuchler:4

log fokuo = -3.627 +  0.78 log M w (3)

Tung14 (light scattering, a-CN at 125°C.) :

log fokiao =  —3.337 +  0.725 log M w (4)

Henry13 (light scattering, a-CN at 135°C.) :

log bk«e = -3.337 +  0.73 log M w (5)

Chiang11 (light scattering, a-CN at 135°C.) :

log hid.ias = -3.208 +  0.70 log M w (6)

Francis, Cooke, and Elliott24 (light scattering, a-CN at 135°C.) :

log b k i.5 = -3.109 +  0.67 log M w (7)

Atkins et al.25 (light scattering, a-CN at 125°C.) :

log h k N .125 = -3.367 +  0.67 log M w (8)

The subscripts, d, above, refer to decalin solutions. Molecular weights for 
the six selected samples were calculated from each of eqs. (3)-(8) by using 
the appropriate intrinsic viscosity data given in Table III. Intrinsic 
viscosities in tetralin at 130°C. [eq. (4)] were calculated from the [ y ] -T  
relationship for linear polyethylenes published earlier.8 Values of hLcN,i2» 
were obtained experimentally; the ratio M ,i2o/bLcN,i25 = 1-24 ±  0.03 
was in very good agreement with that used by Atkins.25 The ratio 
h]d,i3s/[»?LcN,i25 was found to be 1.46 ±  0.03 and M W M .n o  = 1-16 ±  
0.02, in excellent agreement with Billmeyer’s values2 for these ratios. The 
calculated M w values, along with the appropriate ( M w)t value in Table 
III, were used to obtain the ratios of calculated to reference molecular 
weights. These ratios are given in Table IV.

The various [n ] -M w relationships give data which fall into two broad 
categories. If allowance is made for experimental inaccuracies, permitting 
a scatter of about ±0.15 in M w/ (M W) T values, then eqs. (3) and (4) may be 
taken as consistent with the reference function [eq. (2)], with the results
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TABLE IV
Ratio of Mm Calculated from Various Functions to

Experimental Reference (.If»), Value“

(Mm}. (Mm), (M w\ (M w), (Mm) 6 (Mm)-, (Mm)»
Sample ( Mw)r (Mm) r (Mm) r (M w), (Mm) r (M w) r (Mm) r

1 l 1.05 1.00 1.19 1.28 1.91 1.92
2 l 0.95 1.00 1.10 1.31 2.09 2.32
3 l 0.93 0.91 1.07 1.20 1.87 2.11
4 l 0.90 0.87 1.01 1.11 1.06 1.86
5 l 0.98 0.95 1.10 1.19 1.80 2.00
6 l 1.14 1.07 1.26 1.33 1.97 2.18

“ Subscrqrt identifies equation from which particular M w is calculated.

from eq. (5) only slightly out of line with this group. There is insufficient 
variation among the ratios computed from any of these functions to 
suggest that the state of aggregation of the polymers in the various solu
tions differed significantly from that operative in the present study. The 
discrepancy between the relationships of Henry13 and Tung14 [eqs. (5) and
(4) ] has already been discussed by these authors and the confirmation of 
its existence here is not construed as evidence for residual entanglement 
aggregates in Henry’s solutions. Molecular weight ratios computed from 
eqs. (6)-(8) clearly show these equations to form a second category giving- 
molecular weight values very much higher than those obtained from the 
former group of functions. It is doubtful whether differences of this mag
nitude could be accounted for in terms of polydispersity differences* among 
the samples used in this work and those involved in defining eqs. (6)-(8). 
In these cases therefore, it may be suggested that the presence of residual 
entanglement aggregates influences the [r)]-M m functions with consequent 
overestimates in M w calculations, relative to the reference function (2) or 
the group of functions given by eqs. (3)-(5).

CONCLUSION

The presented results suggest that polyethylene aggregates arising from a 
persistence of chain entanglements in dilute solutions of the polymer in 
thermodynamically weak solvents such as a-CN, may lead to estimates of 
M w which are erroneously high. The possibility of error due to aggregation 
increases with the molecular weight of the polymer, and seems especially 
prevalent at solution temperatures below the normal crystalline melt tem
perature of the polymer. The aggregation effect therefore may compro
mise, in certain instances, the absolute validity of weight-average molec
ular weights estimated from Zimm plot extrapolations. Similarly, the

* As noted, the fractionated samples used in this work were not particularly sharp in 
molecular weight distribution. Thus overcalculations of Mw from eqs. (6 )-(8 ) would 
imply that these equations were based on the use of polymer samples with very much 
broader weight distributions than the present ones. This seems unlikely in view of the 
reported fractionation procedures11'24'25 in these cases.



M O LECULAR W E IG H T  M EASU REM EN TS 1067

e ffe c t  m a y  a c c o u n t  fo r  g ross  d iffe re n ce s  a m o n g  a n u m b e r  o f  re p o r te d  re la 
t io n sh ip s  b e tw e e n  fo] a n d  M w o f  p o ly e th y le n e s . T h is  w o r k  sh o w s  th a t  
reg a rd less  o f  th e  e x a c t  ca u se  o f  d is c r e p a n c y  a m o n g  th e  v a r io u s  e x a m in e d  
[y ] - M m fu n c t io n s , th ese  a rc  n o t  in d is c r im in a te ly  in te r ch a n g e a b le  fo r  c a l
cu la tio n s  o f  p o ly m e r  m o le cu la r  w e ig h ts  fr o m  in tr in s ic  v is c o s i t y  d a ta . 
R a th e r , w h e n  th is  e x p e d ie n t  is re so rte d  to , it  is a d v is a b le  t o  re s tr ic t  use to  
a fu n c t io n  w h ich  h as b e e n  d e r iv e d  fr o m  e x p e r im e n ts  p e r fo r m e d  u n d er  
c o n d it io n s  te n d in g  to  re d u ce  th e  p o te n t ia l e ffe c ts  o f  s o lu te  a g g reg a tes .

We are indebted to Dr. H. W. Holden for preparing fractionated polyethylene samples, 
and to Drs. A. Rudin and E. B. Bagley for valuable discussions.
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Résumé

On a évalué, au moyen de mesures de diffusion lumineuse effectuées à diverses tem
pératures, les poids moléculaire et les rayons de gyration de polyéthylènes linéaires es 
ramifiés en solution dans l ’a-chloronaphtalène. Dans un certain nombre de cas, let 
dimensions moléculaires dépendent de la température de la solution. La dépendance en 
fonction de la température peut modifier les valeurs du poids moléculaire jusqu’à 50%; 
elle tend à être beaucoup plus prononcée pour les poids moléculaires plus élevés, pour les 
polyéthylènes linéaires que pour les ramifiés et est particulièrement marquée pour les 
températures situées endessous de la température de fusion cristalline normale du poly
mère. On pense que la dépendance du poids moléculaire en fonction de la température 
peut être due à une dissociation progressive en solution des aggrégats polymériques
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provenant de 1:encombrement entre les ehaênes. On a pu établir une relation entre la 
viscosité intrinsèque et le poids moléculaire pour des polyéthylènes fractionnés en 
utilisant les poids moléculaires obtenus dans des conditions non-favorabes à la persist
ance des agrégats polymériques. Les diverses relations entre la viscosité et le poids 
moléculaire, déjà publiées pour les polyéthylènes, ont été comparées avec la relation 
calibrée. Certaines équations publiées donnent des résultats en parfait accord avec le 
fonction présente, mais d’autres présentent une très grande surestimation du poids 
moléculaire. Les problèmes soulevés par l’aggrégation polymérique peuvent être 
abordés en tenant compte de ces fonctions entre la viscosité et le poids moléculaire. La 
comparaison montre le danger qu’il y a à choisir d’une façon aveugle les fonctions reliant 
la viscosité au poids moléculaire lorsqu’on utilise ces fonctions en vue d’une estimation 
rapide du poids moléculaire des polymères.

Zusammenfassung

Molekulargewichte und Gyrationsradien linearen und verzweigter Polyäthylene 
wurden durch Lichtstreuungsmessungen an a-Chlornaphthalinlösungen bei mehreren 
Temperaturen bestimmt. In einer Reihe von Fällen waren die Molekülgrössenpa
rameter von der Lösungstemperatur abhängig. Die beobachtete Temperaturabhängig
keit kann die Molekulargewichtswerte um bis zu 50% verändern. Die Temperatur
abhängigkeit ist bei höheren Molekulargewichten mehr ausgeprägt, bei linearen stärker 
als bei verzweigten Polyäthylenen, und ist besonders bei Lösungstemperaturen unter
halb der normalen Kristallschmelztemperatur des Polymeren merklich. Es wird 
angenommen, dass die Temperaturabhängigkeit der Molekulargewichtsparameter auf 
eint; graduelle Dissoziation von Ivettenverschlingungs-Polymeraggregaten in Lösung 
zurückzuführen ist. Aus Molekulargewichtsdaten, die unter ungünstigen Bedingungen 
für die Beständigkeit von Polymeraggregaten gewonnen worden waren, wurde eine 
Viskositätszalil-Molekulargewichtsbeziehung aufgestellt. Eine Reihe publizierter Vis
kositäts-Molekulargewichtsbeziehungen für Polyäthylen wurde mit der hier erhaltenen 
verglichen. Einige der publizierten Gleichungen lieferten dabei eine gute Überein
stimmung, andere dagegen ergaben viel zu hohe Molekulargewichte. Das Problem der 
Polymeraggregat ion schient bei der Ableitung einiger dieser ViskositätsMolekularge- 
wichtsbeziehungen eine Rolle gespielt zu haben. Der Vergleich lasst die Gefahr einer 
kritiklosen Auswahl von Viskositäts Molekulargewichtsbeziehungen zur raschen Bestim
mung des Molekulargewichts von Polymeren erkennen.

Received March 7, 1963
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Les Polymeres à l’Interface Eau-Air

J. JAFFE et J.-M. LOUTZ,* Laboratoire de Chimie générale I I , Faculté 
des Sciences, Université libre de Bruxelles, Belgique

Synopsis

Even at high superficial dilution ( t <  40 mdyne/em.-1) it is impossible to determine 
the molecular weight of a flexible polymer. LTsing statistical equations containing an 
adjustable parameter it can be accounted for the compression isotherms. This parame
ter corresponds not to an experimental relation, and is without any physical significance. 
The polymeric layers can be described by Singer’s equation, if one attributes to the term 
x the significance of an experimental parameter.

I. INTRODUCTION

La constatation, due à Guastalla1 que la pression superficielle d’un film 
de hauts polymères obéit, aux grandes dilutions, à une loi analogue à celle 
de l’état gazeux non parfait, a suscité un grand nombre de travaux.

Cette technique permet, dans certains cas, de déterminer la masse 
moléculaire de la molécule étalée.2 Elle peut également fournir des ren
seignements concernant les dimensions et la forme de cette molécule.3 
Les résultats obtenus sont ici en bon accord avec ceux fournis par les 
techniques courantes.

Dans d’autres cas cependant, on constate que la masse moléculaire 
trouvée par osmométrie superficielle ne correspond nullement à celle fournie 
par les méthodes classiques. Ce désaccord se marque principalement dans 
le domaine des hauts polymères de synthèse ou l’on obtient des masses 
moléculaires superficielles inférieures aux masses réelles.4

Cela doit sans doute être attribué au fait que la distance moyenne entre 
molécules étalées est nettement inférieure à celle des molécules dissoutes 
et que l’extrapolation à deux dimensions est par conséquent plus difficile.

Pour les molécules compactes, cet effet de concentration se fera moins 
sentir du fait que les interactions entre molécules n’engagent que les groupe
ments périphériques. Par contre, si la chaine polymérique est suffisam
ment souple et déployée en surface, il y aura imbrication mutuelle des molé
cules qui seront sujettes à un mouvement microbrownien.5-7

Des substances telles que l’acétate de cellulose ou les protéines fournis
sent des valeurs concordantes de la masse moléculaire parce que l’existence 
de liaisons secondaires (ponts d’hydrogène, par exemple) entre fragments de 
chaînes conduit à un édifice moléculaire fort raccrapoté.

* Présent, address: Laboratorie de rerherches-U.C.B., Drogenbos, Belgium.
1669
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Pour des molécules flexibles, nous avons préféré baser la détermination 
de la masse moléculaire sur la mesure de la viscosité superficielle de couches 
extrêmement diluées. Cette méthode plus générale nécessite cependant 
un étalonnage préliminaire.8

Comme l’équation de Guastalla ne rendait pas compte de tous les résul
tats, certains auteurs ont proposé de la remplacer par d’autres établies à 
partir des théories de Flory-Huggins.

On assimile la surface à un quasi-réseau dont les macromolécules peuvent 
occuper statistiquement un certain nombre de sites.

Ces théories introduisent un paramètre de flexibilité qui permet de 
traduire les résultats expérimentaux dans un assez large domaine de pres
sions superficielles.9

Parmi les théories les plus usitées, citons celle de Singer et celle de Frisch- 
Simha.

Essentiellement, Singer considère que la macromolécule linéaire est 
complètement étalée sur la surface assimilée à un réseau bidimensionnel.10 
Le processus suivi par Singer pour calculer la variation d’entropie résultant 
du dépôt des molécules en surface est analogue à celui de Huggins décrivant 
le comportement des solutions de hauts polymères.11

Quant à Frisch et Simha, ils considèrent que V  des X  segments que com
porte une chaîne se trouvent, en moyenne, dans le plan de l’interface. Ces 
segments adsorbés sont isolés sur la surface et reliés les uns aux autres par 
des ponts (X-F) se déployant dans la solution.12

Chacune de ces relations néglige les contributions énergétiques d’origine 
enthalpique.

Dans le présent travail, nous avons réalisé des mesures de pressions super
ficielles aux plus faibles concentrations actuellement accessibles à l’ex
périence correspondant kir <  40 mdyne/cm; les résultats obtenus sont 
traités par chacune des trois théories que nous venons d’énumérer et nous 
essayons d’en tirer des conclusions quant à leur utilisation pour décrire les 
films étalés.

Nous appellerons M $d les masses moléculaires réelles déterminées par 
les méthodes classiques, M 2u les masses moléculaires obtenues par extrapola
tion à concentration nulle des isothermes de compression.

II. APPAREILS 

1. Basses Pressions

Nous avons employé le micromanomètre à fil tendu de Guastalla.13 
Celui-ci nous permet d’évaluer des pressions comprises entre 0 et 5 X 10~2 
dyne/cm. Les modifications que nous avons apportées ont été signalées 
dans un travail antérieur.2

Depuis, nous avons ajouté un dispositif qui a pour but l’amortissement 
des vibrations de l’appareil. Ce dispositif comprend essentiellement une 
table massive en béton reposant sur des ressorts en acier. Ces derniers
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prennent assise sur deux colonnes en briques faisant corps avec les poutres 
maîtresses du bâtiment. En plus, le centre de gravité de l’ensemble a 
été abaissé par la suspension, a la table, d’une masse inerte importante.

L’amortissement obtenu a rendu nos mesures plus faciles et plus précises.
L’ensemble de la technique expérimentale est identique à ce qui a été 

décrit antérieurement.2'3

2. Pressions Moyennes

Nous avons utilisé le manomètre à suspension pendulaire décrit par 
Guastalla.13 Notre appareil nous permet d’évaluer des pressions comprises 
entre 0 et 5 dyne/cm. Dans ces conditions, il est aisé d’atteindre une 
précision de 10-2 dyne/cm. De manière à éviter une contamination de la 
surface de mesure par des poussières, l’appareil est enfermé dans une caisse 
en Plexiglas.

3. Hautes Pressions

Celles-ci jusqu’à 25 dyne/cm. sont évaluées à l’aide d’un tensiomètre 
Dognon-Abribat fourni commercialement.14 La précision relative à la 
balance peut être évaluée à ±6  X 10~2 dyne/cm. La seule modification 
que nous y avons apportée consiste en le remplacement de la cuve livrée 
avec l’appareil par un cristallisoir de plus grande surface (227 cm2). Cette 
modification nous permet d’obtenir avec une meilleure précision des con
centrations superficielles élevées.

III. SUBSTANCES

Nous avons utilisé (I) l’acétate de cellulose (AcC), (2) l’acétate de poly- 
vinyle (PVA), (3 ) l’acide polyacrylique (PAA).

Les fractions d’acétate de cellulose sont obtenues au départ d’une solu
tion à 2,5% de polymère brut, dans l’acétone.

Le fractionnement s’effectue par évaporation. Nous avons obtenu 
sept fractions. Chaque fraction est redissoute puis reprécipitée, en solu
tion concentrée, par de l’alcool éthylique. La masse moléculaire M2d 
déterminée par la méthode des couches superficielles fournit, à condition 
de prendre un bon solvant d’étalement (CHCL à 15% d’éthanol) un résultat 
comparable à celui de la viscosimétrie classique.4’15 (La masse moléculaire 
M 3D de AcC est obtenue par viscosimétrie dans l’acétone au moyen de 
fo] = 1,54 X 10 -W 0’82.)16

TABLEAU I

Masse Masse Degré
Fraction moléculaire monomère polymérisation

II 97.000 2S1 346
VI 21.000 256 82
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L’indice d’acétyle est déterminé à partir de l’hydrolyse basique du poly
mère dissous dans la pyridine. Le Tableau I caractérise les deux fractions 
utilisées.

La méthode d’obtention de différentes fractions de PVA a été décrite 
antérieurement.8

Les masses moléculaires M w  ont été déterminées par viscosimétrie dans 
l’acétone au moyen d’un viscosimètre du type Ostwald (Tableau II) au 
moyen de:17

[v ] =  2,09 X 10~4 M0'68

TABLEAU II

Masse Masse Degré
Fraction moléculaire monomère polymérisation

II 98.000 86 1139
V 14.000 86 163

Les caractéristiques se rapportant à l’acide polyacrylique ont également 
été données précédemment.8

Nous avons utilisé un échantillon de M viscosimétrique = 38.000.

IV. RESULTATS EXPERIMENTAUX ET DISCUSSIONS 

1. Théorie de Guastalla

On a que

ir (S  -  b) = (m /M ) R T

Fig. 1. Courbe ir =  f(C,)  pour l’acetate de cellulose.
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Fig. 3. Courbe ir = f (Cc) pour l’acide polyacrylique.
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Fig. 4. Acetate de polyvinyle. Pression superficielle en fonction de la concentration.

ou jt = pression superficielle, b = cosurface, S  = surface sur laquelle se 
trouvent étalés m  grammes de substance, M  = masse moléculaire super
ficielle de la substance étalée.

Les isothermes de compression relatives à nos substances sont présentées 
dans les Figures 1, 2, et 3. Le support est une solution HCl IV/100. La 
température est fixée à 20°C ±  1°C.

En utilisant cette équation, on trouve que : pour AcC, les masses moléc
ulaires 2D et 3D coïncident dans la limite des erreurs acceptables commises 
sur leur détermination (environ 10%). Dans le cas de PVA, et principale
ment pour la grande masse moléculaire, il y a discordance entre les résultats 
fournis par les pressions superficielles et ceux que l’on obtient par les 
méthodes tridimensionnelles (Tableau III).

TABLEAU III

Fraction Mi D Mm /  = M îd/Mîd

II 98.000 11.600 0.12
V 14.000 10.400 0.74

Pour les fractions 3 et 4, on confirme que M w  reste comprise entre 10.400 
et 11.600. En dépit de la sensibilité de notre appareil, l’écart entre il/2n 
et M zd indique que le champ de nos investigations est encore trop éloigné
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du domaine des grandes dilutions pour nous permettre d’obtenir à ex
trapolation C  —*■ O la masse moléculaire correcte (Fig. 4).

PAA présente un comportement superficiel en tout point analogue à 
celui de PVA. Les mesures de basses pressions superficielles ne permettent 
pas de trouver directement la masse moléculaire. Les mesures de vis
cosité indiquent cependant que la molécule présente une rigidité inter-
médiaire entre celle de AcC et PAA:8'18 M %d = 38.200; M 2d = 19.500; 
/  = 0.51.

Chacune des équations développées par Singer ou Frisch-Simha comporte 
un paramètre que l’on peut ajuster pour faire coïncider la courbe expéri
mentale et l’isotherme théorique. Dans ce cas, suivant la valeur de ce 
paramètre, l’une ou l’autre de ces théories permet de vérifier l’expérience.

Rappelons que dans le cas de la théorie de Singer la pression superficielle 
est donnée par l’expression

ou Ao représente l’aire occupée par un segment de la chaîne dans le film 
condensé, x  =  degré de polymérisation, A  = l’aire disponible par monomère 
sous la pression ir, Z ' est lié à Z  l’indice de coordination du réseau. Cette 
équation considère que toute la molécule se trouve dans le plan de l’inter
face.

Davies19 a proposé de relier arbitrairement Z ' à la flexibilité de la chaîne. 
Si la molécule constitutive du film est complètement rigide, chaque unité 
aura deux premiers voisins.

Ceci s’exprime quantitativement en terme de coordination Z ' qui dans 
ce cas sera égal à 2. Si autour de chaque segment il y a plus que deux 
positions possibles, ce nombre sera supérieur à 2. Ceci traduira qu’un 
certain fléchissement de la chaîne est admis, la valeur maximum Z ' étant 4.

Quant à la théorie de Frisch et Simha, elle conduit à l’expression suivante 
de la pression :

Dans ce cas, on considère qu’il y a des segments dans le support et la rela
tion V  = f X  relie le nombre total de segments X  au nombre de segments V  
se trouvant dans le plan de l’interface.

Cette équation n’est en général pas utilisée parce que l’accessibilité 
expérimentale de V  est mal définie.

Etant donné que les deux équations statistiques contiennent une variable 
Z , il faut si l’on veut s’assurer de la validité de l’une ou l’autre de ces formu

2. Theories de Singer et de Frisch-Simha

(D

7T

(2)
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lations trouver une relation expérimentale supplémentaire liant les dif
férentes grandeurs X ,  f , et Z.

Huggins20 a montré que l’équation de Singer pouvait être mise sous la 
forme :

TT = (A:7'//lo)C(l +  B 1C +  B f A  +  . . .) (3)

Ai, = étant la surface occupée dans le film compact par une molécule de 
polymère, C =  A a/ A  représentant la fraction de la surface qui est réelle
ment occupée, A  = la surface disponible, à la pression 7r, par molécule. 

Dans ce cas,

B 1 (Singer) = \ (* ~  f i)

(Singer) = ‘̂ 1  -  (3')

Quant à l’équation de Frisch-Simha mise sous la même forme, elle conduit 
à:

7?i (Frisch-Simha)

B  » (Frisch-Simha)

/  représente la fraction des segments de la chaîne qui se trouve effective
ment dans la monocouche.

Pour une molécule ne présentant pas de fragments dissous dans le sup
port f  =  1 e t  Z '  =  Z , les deux expressions de B 1 et de B 2 sont identiques. 

A partir de A0 et de la densité superficielle d, on peut obtenir AI :

M  = A 0d N  (4)

ou N  =  nombre d’Avogadro.
La densite superficielle est également nécessaire pour calculer la fraction 

superficielle C.

C  =  m /d S  (5)

où m est la masse de substance étalée sur la surface S.
A partir des équations (3), (4), et (5), on établit l’équation:

Si 71/ R T  7T
---------- —  =  A ^ N  +  N \ A 0*B, -  A o W )  —  +  • • ■
m ir n i

En portant S M /r n  — R T /i r en fonction de ir /R T  pour de faibles valeurs 
de 7r, on obtient une droite dont la pente et l’ordonnée à l’origine permettent 
de définir le rapport B 2/B A .
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En effet :
B  2 pente
B  2 (intersection)2

De cette manière, nous pouvons comparer une valeur expérimentale du 
rapport B 2/ B ,2 indépendante de toute hypothèse de structure superficielle 
à une valeur calculée à partir des équations (3') qui tiennent compte des 
paramètres Z , X ,  et/du quasi-réseau bidimensionnel.

Nous allons appliquer cette méthode à nos polymères.
Acétate de Cellulose. Ainsi que nous l’avons rappelé, ce polymère 

fournit, par application de l’équation de Guastalla une masse moléculaire 
superficielle comparable à la masse moléculaire viscosimétrique. L’écart 
peut en partie être attribué à la polydispersité des échantillons; l’osmom- 
étrie superficielle donnant une masse moléculaire en nombre. Les 
auteurs qui ont étudié des couches d’étalement de ce polymère sont d’ac
cord pour reconnaître que, si certaines conditions sont respectées (faibles 
concentrations superficielles, bon solvant d’étalement),2'16'21 les molécules 
sont disposées à plat dans le plan de l’interface et les zones expérimentales 
sont suffisamment proches de l’état gazeux pour permettre une détermina
tion de M .

Les isothermes de compression doivent dans ce cas être calculées à l’aide 
de l’équation de Singer.

Le seul facteur qui doit être préalablement déterminé est .4o, l’aire ré
ellement occupée par un monomère dans la couche.

Fig. 5. Acetate de cellulose. Détermination de A 0.
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On considère en général que la partie linéaire de la courbe des hautes 
pressions fournit cette grandeur.

Pour obtenir la zone du film continu jusqu’au collapse, nous avons 
employé un tensiomètre de Dognon-Abribat.

Les courbes ainsi obtenues sont représentées dans la Figure 5 et le 
Tableau IV.

TABLEAU IV

Ca pour tt =  0, A 0/monomère, 
M  m g/m 2 A 2

21.000 1.18 30

i --------- 1----------- 1----------- i---------- 1------------------------------------
1 2  3 4 S

Fig. 6. Détermination experimentale de Bo/B^.

A partir de cette donnée et de la valeur de X ,  il ne reste plus qu’à trouver 
par interpolation la valeur de Z ' qui permet de représenter le mieux possible 
la courbe expérimentale.

Dans le cas de l’acétate de cellulose, une valeur de Z ' = 2,01 représente 
correctement l’isotherme de compression (Fig. 1).

A partir de cette valeur nous pouvons calculer théoriquement à l’aide 
de (3') le rapport B 2/ B i2 Singer.

Bt_ _  4 1 [1 -  (4/ Z ' 2)] _  532 
5i2 “  3 a- [1 -  (2/Z')P “  x

D’autre part, la méthode graphique, que nous avons indiquée précédem
ment, fournit la valeur expérimentale de ce même rapport (cf. Fig. 6 et 
7). Les résultats sont rassemblés dans le Tableau V.



LES POLYM ERES A L ’IN T E R F A C E  E A U -A IR 1679

TABLEAU V

M Bi/Bi2 calculé B-i/Br mesure

21.000 0,48 6,5
97.000 1,53 1,5

La correspondance entre les valeurs mesurées et calculées, pour chacune 
des deux fractions, justifie l’utilisation de l’équation de Singer appliquée 
à l’entité physico-chimique.

Acetate de Polyvinyle. PVA étant un polymère linéaire flexible, sus
ceptible à priori de dérouler certains de ses segments dans le support, se 
rapproche du modèle imaginé par Frischet Simha pour l’établissement de 
leur relation.

Fig. 7. Détermination experimentale de Billig.

Dans ce cas, en utilisant les grandeurs reprises dans le TableauVI, nous 
pouvons chercher à déterminer la valeur du paramètre Z.

Pour évaluer Ao, nous avons construit un modèle de Stuart en posant 
tous les carboxyles sur l’interface. La distance entre deux (7 = 0 voisinso #
est de l’ordre de 5,5 A, ce qui entraîne une valeur, de l’aire par monomère

TABLEAU VI

Fraction .1/ A V f Ao, .42

II 98.000 1139 135 0,12 24
V 14.000 163 121 0,74 24
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Fig. 8. Détermination du rapport BiJB¡2 en prenant M  = 14,000.

de 24 Â2 environ. Cette aire concorde avec celle renseignée dans la lit
térature.5

La Figure 2 montre qu’une valeur de Z  =  2,7 permet de parfaitement 
rendre compte de l’isotherme relative à la fraction Y.

Quant à la courbe w = /(C's) obtenue à l’aide de la fraction II, aucune 
valeur de Z  inférieure à 4 ne permet de la représenter.

Par exemple, pour C s =  0,05 mg/nr2, l’équation de Frisch-Simha devi
ent:

?r = 19.421 Z  log [1 -  (0,0201/Z)] +  0,170

Si l’on prend pour Z  la valeur de 4, habituellement considérée comme 
limite supérieure de ce paramétre19 on trouve une valeur de ir proche de 0.

D’autre part, si pour la fraction V on compare la valeur théorique de 
B z /B ^  Frisch-Simha calculée avec Z  =  2,7, /  = 0,74, et A" = 163 avec le 
même rapport expérimental (Fig. 8), on trouve une discordance très nette 
(Tableau VII).

Au lieu de traiter les résultats obtenus avec le P VA au moyen de la 
théorie de Frisch-Simha, nous avons essayé de nous rendre compte dans 
quelle mesure celle de Singer pouvait leur être appliquée.

TABLEAU VII

B,/BS(  F.-S.)
Fraction calculé B2/B,2 mesuré

V 0,075 0,915
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Si on représente l’isotherme de compression de PVA par l’équation de 
Singer, on trouve une bonne concordance avec l’expérience pour Z ' = 
2,48.22 Dans ce cas, on calcule pour la fraction II un rapport B ^ B x  = 
0,01 et pour V un rapport égal à 0,075. L’ordre de grandeur totalement 
différent de celui mesuré (0,915) indique que, pour les molécules flexibles, 
le seul paramètre Z ' ne peut aucunement caractériser la couche.

Dans ce cas, à côté de l’hypothèse qui considère que toute la molécule 
se trouve dans le plan de l’interface et que par conséquent /  = 1, nous 
envisageons que dans ce plan les molécules sont caractérisées par un second 
paramètre qui sera la grandeur expérimentale M 2d -

les résultats ainsi obtenus sont rassemblés dans le Tableau VIII, et 
Figure 9.

Nous remarquons que l’application de l’équation de Singer moyennant 
les hypothèses faites conduit à une bonne concordance des valeurs ob
servées et calculées.

TABLEAU V ili

Fraction M ïd Z'
(Singer)
calculé

b 2/b s
mesuré

II 11.000 2,045 0,90 0,93
V 10.400 2,047 0,96 0,98
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Fig. 10. Acide polyacrylique. Dtéermination de A 0.

( 1 m . r i ) i o - 12
m  ti A c i d e  P o l y a c r y l i q u e

_3 _1
3 , 5  < TC < 1 6 . 1 0  d y n e . c m

-

B?
---------- 1-------------* * 13

T*-/ R T  1 0

0  1 1 0

Fig. 11. Détermination experimentale de Bi/BA.

Acide Polyacrylique. La même méthode que celle suivie pour PVA 
peut être adoptée pour PAA. On peut cependant supposer que sur un 
support à pH = 2, la molécule est plus pelotonnée. Les groupes —COOH 
non ionisés contribuent à la cohésion de l’édifice par suite de leurs liaisons 
hydrogènes présentes en très grand nombre.

Les films de PAA collapsant assez rapidement par compression, la valeur 
de Ao est déterminée à aide de l’appareil des moyennes pressions (Fig. 10).

Les différentes grandeurs statistiques relatives à une fraction de ce 
polymère sont consignées dans les Tableaux IX et X  et Figure 11.

Dans ce cas également, nous constatons une meilleure coïncidence de 
l’expérience et de la théorie, si l’on considère l’existence sur la surface de 
particules caractérisées par la grandeur M-2D.
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TABLEAU IX

Ü/3D
4°,
Â 2 /  r

Z
(F.-S.)

R2/R 12
(F.-S.)
calculé

B2/Bi2
mesuré

38.000 37 0,51 530 2,25 0,82 1,15

TABLEAU X

M 2d X Z' (Singer)

B,/BS
(Singer)
calculé

19.500 271 2,015 1,15

V. CONCLUSIONS

Nos mesures nous ont permis de montrer que, même dans une région 
de faibles concentrations (A o /A  <  0,1) rarement utilisée, l’application de 
l’équation de Guastalla à des couches de hauts polymères flexibles ne permet 
pas d’obtenir la valeur de la masse moléculaire réelle.

La validité de la méthode ne peut cependant être mise en doute puisqu’
elle fournit des renseignements corrects dès que la macromolécule garde en 
surface une cohésion suffisante.

Cet insuccès provient de ce que pour des molécules telles que PVA et 
P AA même dans ce domaine de concentrations les molécules sont encore à 
ce point imbriquées que les grandeurs déterminées, par extrapolation à 
C s nulle, sont sans relation avec les dimensions exactes de la particule.4

Les équations de Frisch-Simha et de Singer qui négligent la contribution 
enthalpique dans l’évaluation de l’énergiede formation du film ne pourront 
dans ce cas fournir qu’une représentation approchée des résultats expéri
mentaux.

Comme, d’autre part, ces équations renferment un paramètre leur per
mettant de décrire les isothermes de compression expérimentales, on ne peut 
tirer aucune conclusion quant à la validité des modèles physiques qu’elles 
représentent.

Le caractère semi-empirique de ces paramètres apparaît dans le désac
cord existant entre les valeurs de l’indice de coordination obtenu à partir 
de Z ' ri et celui trouvé par l’application de la théorie de Frisch-Simha 
(Tableau XI).

TABLEAU XI

Substance Z'

Z calculé 
à partir 

de Z' Z (F.-S.)

PVA (II) 2,045 2,028 indéterminable
PVA( V) 2,047 2,030 2,7
PAA 2,015 2,000 2,25
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Tout au plus peut-on utiliser Z ' pour fournir en unité arbitraire une 
mesure de la flexibilité de la molécule.10

On constate effectivement dans ce cas, en accord avec d’autres expéri
ences24 que l’acétate de cellulose apparaît comme plus rigide que PAA, 
lui-même moins flexible que PVA.

Nous constatons également pour AcC une valeur de Z ' plus faible que 
celle renseignée dans la littérature.22

Ceci provient du fait que l’équation de Singer est dérivée à partir d'une 
hypothèse de random-mixing des segments à la surface. Dans le domaine 
beaucoup plus dilué que nous utilisons, la distribution des sites devient plus 
discontinue. Il y a formation d’îlots où la densité est en moyenne plus 
élevée que sur le reste de la surface, ce qui entraîne des écarts à cette hy
pothèse. On note d’ailleurs le même effet dans le cas des solutions clas
siques de hauts polymères pour lesquelles, aux grandes dilutions, le nombre 
de coordination est plus petit.23

Suivant une méthode indiquée par Huggins, nous avons caractérisé 
chacun de nos polymères par une constante indépendante de tout modèle 
superficiel. Nos calculs montrent que cette grandeur (B2/S i2) est re
trouvée en considérant les paramètres relatifs à la description de la molécule 
considérée comme étalée dans le plan de l’interface.

Pour AcC l’accord théorique et expérimental est très bon en utilisant 
une valeur de Z ' déterminée par l’équation de Singer décrivant l’isotherme 
et une valeur de la masse moléculaire correcte.

Pour PVA et PAA, l’équation de Frisch-Simha, qui devrait a priori 
fournir les meilleurs résultats, 11e conduit pas à une bonne concordance. 
Ceci provient vraisemblablement du fait que le terme V ne peut être 
défini connue nous l’avons fait par M3D/M 2d-

Pour les molécules flexibles, il semble que leur caractérisation par un 
terme Z ' calculé grâce à une équation de Singer relève de l’arbitraire. Il 
faut en plus de cette valeur introduire un second paramètre M w , lequel, 
sans relations quelconques avec la masse moléculaire, est également lié 
à la rigidité de la chaîne polymérique.

Il y a lieu de rappeler que nos mesures sont effectuées à très basses 
pressions et à l’interface eau/air. On a tout lieu de croire que pour des 
pressions plus élevées, voisines de celle du collapse, ou qu’à des interfaces 
huile/eau, la théorie de Frisch-Simha permettra une meilleure représenta
tion des résultats. Dans ces conditions, des parties de la chaîne poly
mérique doivent se déployer en dehors du plan de l’interface, soit par ex
trusion mécanique, soit par meilleure solvatation des parties hydrocar
bonées. De toute manière, une image mathématique des couches d’étale
ment qui tiendrait compte du fait que des segments moléculaires peuvent 
se trouver dans l’air aussi bien que dans la phase aqueuse serait susceptible 
de représenter au mieux la réalité physique. La solution statistique d’un 
tel problème n’est pas simple. En effet, on 11e sait pas quel modèle choisir 
pour calculer la A S  résultant du passage des segments dans l’air, étant 
donné que l’image réticulaire d’un tel milieu, à laquelle on devrait avoir 
recours, n’aurait pas beaucoup de sens.
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Résumé
Même dans un domaine de grande dilution superficielle (M  <  40 mdyne/cm), il n’est 

pas possible de déterminer la masse moléculaire d’un polymère flexible. L’utilisation 
d’équations statistiques introduisant un paramètre ajustrable permet de rendre compte 
des isothermes de compression. Ce paramètre ne satisfait cependant pas une relation 
expérimentale et il apparaît qu’on ne peut lui accorder aucune signification physique 
rigoureuse. Les couches de polymères étudiés peuvent être décrites au moyen de 
l'équation de Singer si on accorde au terme x la signification d’un paramètre expérimen
tal.

Zusammenfassung
Selbst im Bereiche sehr grosser Oberflächenverdünnung (.V <  40 mdyne/cm-1) ist 

es nicht möglich das Molekulargewicht eines flexiblen Polymeren zu bestimmen. Die 
Benützung von statistischen Gleichungen mit einem adjustierbaren Parameter erlaubt 
eine Darstellung der Kompressions-isothermen. Dieser Parameter gehorcht allerdings 
der experimentell gewonnenen Beziehung nicht und er scheint keine strenge physikalische 
Bedeutung zu besitzen. Die untersuchten Polymerschichten können mit der Gleichung 
von Singer beschrieben werden, wenn man den Term x als experimentellen Parameter 
auffasst.
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The Distinction between Terminal and Penultimate 
Copolymerization Models

M. BERG ER and IR V IN G  K U NTZ, Esso Research and Engineering 
Comparti/, Linden, New .Jersey

Synopsis

An examination of the usual terminal and penultimate mechanisms of copolymeriza
tion shows that, for a great many comonomer pairs, copolymer composition data are not 
sufficient to choose one model over the other. The reactivity ratios based on one copoly
merization model can be derived from the reactivity ratios of the other model. Pre
dicted copolymer composition, based on both models, will agree with the observed ex
perimental data within the precision of the usual methods used for copolymer analysis. 
Hypothetical cases and examples from the literature all show this behavior. The litera
ture comonomer systems were «-methylstyrene-acrylonitrile, and styrene with maleic 
anhydride, citraconic anhydride, and acrylonitrile. Polymer structure, however, pre
dicted by the two mechanisms do differ appreciably in detail. In particular, predictions 
of the sequential arrangements of the monomers in the copolymers produced are different 
for the terminal and penultimate mechanisms. It would seem that the development of 
experimental procedures for determining the sequential arrangement of the comonomers 
will be necessary before one can easily and definitely distinguish between terminal and 
penultimate copolymerization models for a particular system.

Introduction

This publication compares reported experimental observations of co
polymer compositions with predicted values based on terminal and pen
ultimate copolymerization models.1 In the systems we have examined, 
copolymer composition results cannot be used to distinguish between 
terminal and penultimate models ; where penultimate mechanisms had been 
favored, we found that terminal model predictions could also explain co
polymer composition within the expected precision of the experimental 
procedure. This publication expresses no preference for one model over 
the other. Indeed, it indicates that while similarities in copolymer com
position can be explained by both models, large differences in comonomer 
sequence lengths are predicted by the two models. In any particular 
comonomer system, based on our analysis, there seems to be two methods 
for distinguishing decisively between the two mechanisms. The first is to 
develop extremely precise methods of determining comonomer feed ratios 
and copolymer compositions. The second is to develop analytical pro
cedures for determining comonomer sequence lengths. We would suggest 
the latter approach receive more attention in polymer research.

1687
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Discussion

The usual terminal copolymerization model characterizes the comono
mer system in terms of the reactivity ratios which describe the ratios of 
specific rate constants for the addition of monomer units to the growing 
macromolecular chain end.1 Only the terminal monomer residue is con
sidered. The reactivity ratios can be obtained from monomer-feed data 
and copolymer compositions using the familiar copolymer composition 
equation, eq. (1).

mi M i {r i)M i  +  M 2

m2 M 2 _ (r 2) M 2 +  M i

Here, m i/m 2 refers to the ratio of monomer residues in the copolymer and 
Mi and M 2 to the concentration of the two monomers.1

Merz, Alfrey, and Goldfinger introduced the concept that the next to 
last monomer residue, as well as the terminal unit, might influence the 
addition of the next monomer molecule.2 This approach was later ex
panded on by others.3-8 Recently, certain stereospecific polymerization 
systems have been characterized by means of this penultimate model.6 
Table I compares the two copolymerization models and shows the notation 
we will use. (The notation suggested for penultimate systems by F. P. 
Price7 has much to commend it, but we will not use it in this paper.)

For the copolymerization of two monomers, the penultimate theory re
quires eight specific rate constants and hence is considerably more complex 
than the terminal model. The relationship, eq. (2), corresponding to eq. 
(1) for the penultimate case is more involved, so that it is impossible to 
obtain the reactivity ratios from the usual copolymer composition-mono-

TABLE I
Cop< »lvmerizatii>n Models

Growing Rate New Reactivity
chain Monomer constant structure ratios

(1)

Terminal

- 1 1 kn - 1 1 II

- 2 1 k?i - 2 1

- 1 2 ki 2 - 1 2

-2 2 ha -2 2 (V2) = &22/A'21

Penultimate

- 1 - 1 1 k\u - 1 - 1 - 1

-2 - 1 1 &211 -2 - 1 - 1 — kni/kii2
-2 - 2 1 &221 -2 -2 - 1

- 1 - 2 1 &121 - 1 -2 - 1 ~  k'2\\/k.2\2
- 1 - 1 2 &112 - 1 - 1 - 2

-2 -1 2 &212 -2 - 1 -2 r2 = km/hn
-2 -2 2 &222 -2 -2 -2

- 1 -2 2 &122 - 1 -2 - 2 Ti =  A'122/̂ 121
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mer feed data. Very often simplifying assumptions, i.e., setting certain 
reactivity ratios equal to zero, or estimates of the reactivity ratios by other 
procedures have been made in applying the penultimate approach.

1 +  r /
M ±  M 2 +  T \ M i

.Mt  +  n ' M x .

1 +  r,'
M i  M \  +  r i M i

_ M i  M l  -|- T2fM 2 _

(2)

In a particular experiment, at a certain molar comonomer feed ratio, 
Mi/M 2 =  X , the exact equivalence between the reactivity ratios of the 
terminal and penultimate models shown in eqs. (3) and (4) can be drawn. 
(The Appendix shows other relationships of the two models. Reactivity 
ratios from the terminal mechanism are shown in parentheses.)

Oi) =  r {
( n X  +  1 \
W X  +  1 /

(3)

(ri) =  r2
X  +  r2 
X  +  r-i

(4)

Since copolymerization experiments are always carried out over a range of 
monomer feed ratios, it is obvious that the values for (rq) and (r2) will vary 
over the range of X . There will be no constant values for (n) and (r2) on 
the one hand, and jq, r / ,  r2, and r/ on the other, which will both lead to 
exactly the same predicted copolymer composition.

The important question is whether there are values for (n) and (r2), 
averaged over the experimental range of monomer feed ratios, which will 
lead to copolymer compositions which are experimentally indistinguishable 
from the predictions of the penultimate model.

From eq. (3), we can define the average value of (?/) shown in eq. (5) 
over the interval from the lower feed ratio

r x  n X  +  1Jx, n'X + 1
i ' X i

dX
J  X i

(5)

X i, to the higher molar monomer feed ratio Xi. In order to use eq. (4) 
to define the average value (f2), we must average over 1 /X  since X  is 
defined as M i/M i; eq. (6) shows the relationship.

/ -̂V 2
J  Y d(l/X )

(h )  = (6)
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Integrating eqs. (5) and (6) over the interval AX (=  X 2 — X i) gives eqs.
(7) and (8), respectively.

(g )

n AX +  (1 -  n/n') In
1 +  n ' X j  
1 +  d 'X , .

AX
(7)

(r2) =  r2
(1 /X i -  1 /X 2) +  (r2/r 2' -  1) In 

1 /X i -  1/X*

X 2(X. +  rs'Y 
X i(X 2 +  r,')J

(8)

Results

The logical step at this point is to develop a mathematical relationship 
which would express the difference between the predicted copolymer com
positions as a function of the reactivity ratios and the monomer feed ratios.

Fig. 1. Composition vs. feed for two hypothetical copolymerizations.

One could then determine if these differences are always within the esti
mates of experimental error. This procedure appears to be mathematically 
complex. A  less general approach is to consider specific systems. That is, 
to use the reactivity ratios of one model to calculate the reactivity ratios 
of the other and then to use these values to calculate copolymer com po
sitions at the same monomer feed ratios. An estimate of the validity of 
eqs. (7) and (8) is then how well these predicted compositions agree. We 
have used this latter approach.

Two of these cases are shown in Figure 1. Here we have considered two 
hypothetical polymerizations: (a) a copolymerization where the reactivity
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ratio (n) is 0.1 and (f2) is 1.0, and (6) one where the reactivity ratio (fi) is
1.0 and (f2) is 0.1. Then, using eqs. (7) and (8), we have calculated a set of 
values for rh r / ,  r2, and r2' to closely match the copolymer composition- 
monomer feed curves defined by (a) and (b). Figure 1 shows that the 
penultimate ratios give approximately the same ratio of monomer residues 
in the polymer, N, at all monomer feed ratios, X , over the range 0.01 to 20. 
This range of monomer feed ratios is wider than those used experimentally 
in much copolymerization research. Figure 1 indicates the difficulty of

TABLE II
Comparison of Copolymer Compositions

Comonomer
system

(M ,-M o)

Molar 
feed ratio 

Mi/Mi

Copolymer composition 
Mi/Mi Residues

Experi- Penulti- 
mental Terminal mate

Refer
ence

Styrene-maleic 12 1.37 1 .27 1 .51 3
anhydride“ 25 1.S7 1 .57 1. 85

50 2.25 2 .15 2 .41
100 3.25 3 .27 3 .30
150 4.00 4 .30 4 .20

Sty rene-citra coni c 0.05 0.79 0 .78 0 .77 3
anhydride1’ 0.33 0.935 1.01 1 .04

1.0 1.13 1 .14 1 .22
3.0 1.76 1 .41 1 .52

19 2.77 3 .60 2 .93
Styrene- 1.25 1.4 1 .43 1 .47 5

acrylonitrile0 2.5 2.0 1 .86 1 .93
4.0 2.6 2 .37 2 .42

15. 5.5 6 .10 5..so
«-Methylstyrene- 1.2 1.0 1 .03 1. 02 4

acrylonitrile1* 1.8 1.2 1.145 1 .15
3.5 1.3 1.28 1..28

10 1.7 1.81 1..72

“ Reported: r,, 0.017; n ', 0.063 
b Reported: n, 0.07; r/, 0.25;

: r2, 0; r2', 0 
r-i, 0.15; ri

. We find Oi), 0.0227, (r2), 0.
', 0.015. We find (L), 0.136; (r2),

0.015.
“ Reported: n, 0.30; rV. 0.45; r«, 0.03; r2', 0.45. We find (n), 0.338, (70), 0.03.
d Reported: rh 0.055; n ', 0.093; )2, 0.06; r2', 0.06. We find (L), 0.0805; (f2), 

0.06.

differentiating the copolymerization mechanism using copolymer com
position and monomer feed data. Note that these general results are not 
restricted to any specific initiation mechanism.

Table II further examines this difficulty of mechanism selection by 
examining actual experimental results from the literature. In these cases, 
penultimate mechanisms were favored by the original authors. We have 
used eqs. (7) and (8) to calculate the terminal model (fi) and (f2), and from 
these the predicted copolymer compositions at the different monomer feed 
ratios. The evidence from these comparisons is clearly that when experi
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mental error is considered, copolymer compositions do not permit a definite 
choice between the terminal or penultimate mechanisms.

Conclusions

Since these results indicate that the experimentally observed composition 
of the copolymer cannot differentiate between the two models, it is ap
propriate to determine if any parameter of copolymer structure can be 
used for this purpose. It appears that the distribution of monomer units 
in the macromolecule does’ make this distinction possible. Using the 
equations of Miller and Nielsen6 given in the Appendix, we have calculated

m, NUMBER OF RES ID U ES  IN SEQUENCE

Fig. 2. Number distribution of styrene residues: styrene-maleic anhydride copolymer. 
Calculated from terminal and penultimate models. X  =  150; N =  4.
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. 1 5

1 2 3 4 5 8 12
m, NUMBER OF RES ID U ES IN SEQUENCE

Fig. 3. Weight distribution of styrene residues: styrene-maleic anhydride copolymer.
Calculated from terminal and penultimate models. X  =  150; N = 4.

the number and weight distribution of styrene units in the styrene-maleic 
anhydride copolymer prepared at a feed ratio X  of 150 and in the styrene- 
citraconic anhydride copolymer prepared at a feed ratio AT of 3. The 
results are shown in Figures 2-5. These copolymers have quite different 
relative compositions; for the first, the found ratio of styrene residues to 
the comonomer was 4 /1, for the second 1.76/1. While the differences in 
copolymer compositions predicted by the different models for these two 
cases is only 2.5 and 4.5%, respectively (Table II), the differences in 
comonomer sequence length predictions is quite large. It would appear 
that such distribution data should permit a selection between the terminal 
and penultimate mechanism.

It is important to recognize that we believe the penultimate model to be a 
valuable concept among the theories of polymerization mechanisms. Its 
power in understanding the factors influencing stereoregularity in polymers 
has recently been demonstrated.6 What we suggest is that until data are 
available on the distribution of monomer units in copolymers, the final 
selection of terminal or penultimate copolymerization models for most 
comonomer systems cannot be made.
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Fig. 4. Number distribution of styrene residues: styrene-citraconie anhydride copoly
mers. Calculated from terminal and penultimate models. X  =  3; N =  1.76.

APPENDIX

These relationships are taken from Miller and Nielsen,6 expressed in the 
notation used in this paper. They are also generally described by Price.7

We define X  =  Mi/Mi, molar ratio of monomer 1 to monomer 2 in feed; 
N  =  Ni/Ni, molar ratio of residue from monomer 1 to residue from mono
mer 2 in copolymer.

Probabilities

Penultimate M odel. Probabilities for the penultimate model are as 
follows.
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I
i l

I l

-TER M IN A L MODEL

-P EN U LT IM A TE  MODEL

1
2 3 4

111, NUMBER OF RES ID U ES  IN SEQUENCE

Fig. 5. Weiglit distribution of styrene residues: styrene-citraeonic anhydride copolymer. 
Calculated from terminal and penultimate models. X  = 3; N =  1.76.

That a chain ending in 11 will add a 1 monomer:

Pm  -  r ,X  +  1

That a chain ending in 11 will add 2 monomer:

P 112 —
1

n X  +  1

That a chain ending in 21 will add 1 monomer:

P  -  r / X
Pm  “  1 +  n 'X

That a chain ending in 21 will add 2 monomer:

1
P 212 —

1 +  r / X
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That a chain ending in 22 will add 2 monomer:

f 2
P 222 =  ----—

X  +  r,

That a chain ending in 22 will add 1 monomer:

„  -Y  
P” ‘ “  X  +  r,

That a chain ending in 12 will add 2 monomer:

P  _ _ i L _
1122 “  X  +  >’■/

That a chain ending in 12 will add 1 monomer:

X
P 121 —

X  +  r-2

Terminal M odel. Probabilities for the terminal model arc as follows. 
That a chain ending in 1 will add a 1 monomer:

P  ii =
(n )X

1 +  (ri)X

That a chain ending in 1 will add a 2 monomer:

P a  =  -  '-------
1 +  (ri)X

That a chain ending in 2 will add a 2 monomer:

p = (» >
22 x  +  (r2)

That a chain ending in 2 will add a 1 monomer:

X
P  21 = X  +  (r2)

Sequence Length o f Monomer Residues in Copolymer. This is the 
probability that a sequence of 1 monomer residues contains m units. 

Number Fraction— Penultimate M odel. This is :

W n(m ) =  P  2n P  m P m 'n~ 2

and

W n( l )  =  P ,n

Weight Fraction— Penultimate M odel. This is:

W w(m ) = ivu nu  in
P 112 T" P  2:

m >  1

m  =  1

m >  1
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and

W „ (  1) =  -

Number Fraction— Terminal Model.

P 112 P  212 
112 +  P  211 

This is:

W B' (m) =  Pnm~'Pr2 

Weight Fraction— Terminal M odel. This is:

W J  =  m P u W - 1
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Résumé

Une étude des mécanismes usuels de copolymérisation, le mécanisme terminal et le 
mécanisme pénultième, démontre que, pour beaucoup de paires de comonomères, les 
données de la composition des copolymères ne permettent pas de choisir un des deux 
mécanismes. On peut calculer les rapports des réactivités basés sur un mécanisme de 
copolymérisation à partir des rapports des réactivités de l’autre mécanisme. La com
position des copolymères, prévue selon les deux mécanismes sera en accord avec les 
données expérimentales, dans les limites de précision des méthodes employées couram
ment pour l’analyse des copolymères. Cela est prouvé par des cas hypothétiques et des 
exemples de la littérature. Les systèmes de comonomères, trouvées dans la littérature 
sont l’alpha-méthylstyrène-acrylonitrile, styrène-anhydride maléique, et anhydride 
citraconique-acrvlonitrile. Par contre, la structure des polymères, prévue par les deux 
mécanismes, diffère nettement dans les détails. En particulier, les prévisions des 
séquences de monomères dans le copolymère diffèrent pour le mécanisme terminal et le 
mécanisme pénultième. II nous semble qu’il sera nécessaire de développer des méthodes 
expérimentales pour la détermination des séquences de comonomères, avant que l’on 
puisse aisément et définitivement distinguer les deux mécanismes, terminal et pénultième, 
pour un système donné.

Zusammenfassung

Eine Überprüfung der bekannten Copolymerisationsmechanismen mit Einfluss der 
Endgruppe und der vorletzten Gruppe zeigt, dass für eine grosse Zahl von Comonomer- 
paaren die Copolymer-Zusammensetzungsdaten zur Bevorzugung eines der beiden 
Modelle nicht ausreichen. Die auf dem einen Copolymerisationsmodell beruhenden 
Reaktivitätsverhältnisse können aus den Reaktivitätsverhältnissen des anderen Modells 
abgeleitet werden. Die nach beiden Modellen zu erwartende Copolymerzusammen
setzung stimmt innerhalb der Genauigkeit der üblichen Methoden der Copolymeranalyse 
mit den Versuchsdaten überein. Angenommene Fälle und Literaturbeispiele zeigen
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alle dieses Verhalten. Die aus der Literatur entnommenen Systeme waren a-Methyl- 
styrol-Acrylnitril und Styrol mit Maleinsäureanhydrid, Citraconsäureanhydrid und 
Aerylnitril. Die nach den beiden Mechanismen zu erwartende Polymerstruktur unter
scheidet sich aber in den Einzelheiten beträchtlich. Besonders unterscheiden sich die 
nach dem Endgruppen- und dem Vorletzten-Gruppen-Mechanismus zu erwartenden 
Monomersequenzanordnungen. Es scheint, dass die Entwicklung von Versuchsmetho
den zur Bestimmung der Comonomersequenzanordnung notwendig ist, bevor leicht und 
endgültig zwischen dem Mechanismus mit Endgruppenwirkung und demjenigen mit 
Einfluss der vorletzten Gruppe in einem bestimmten Fall unterschieden werden kann.

Received July 11, 1962 
Revised March 14, 1963
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Radioly sis of Polyisobutene. Part 1. Yields of 
Fractures, Double Bonds, and Gas

D. T. TU RN ER,* Camille Dreyfus Laboratory, Research Triangle Institute,
Durham, North Carolina

Synopsis

Purified polyisobutene with approximately a random molecular weight distribution 
and a number-average molecular weight of 3.5 X 105 was irradiated in vacuo at about 
25°C. with 4 M.e.v. electrons. The degradation of the polymer was studied by osmom
etry and viscometry and the G (fracture) value determined as 4.1. The G value for 
total unsaturation was determined as 5.3 by a chemical method suitable for olefins 
branched in the vicinity of the double bond. Little or no internal unsaturation was 
detected by ozonolysis of the irradiated polymer. Hydrogen and methane were formed 
with G values of 1.3-1.6 and 0.8-0.5, respectively. At doses greater than about 10 
Mrad all the above G values decreased. The G value for isobutene formation (< 0 .1 ) 
remained approximately constant up to a dose of at least 150 Mrad. On lowering the 
temperature of irradiation to — 196°C. the yield of fractures was markedly decreased 
w-hile the yield of hydrogen plus methane was scarcely affected. This is interpreted as 
evidence that the degradation reaction is due predominantly to the direct fracture of 
carbon-carbon bonds rather than to any reaction associated with gas formation. The 
observed ratio of double bonds to fractures is shown to be consistent with this interpreta
tion.

The radiolysis of polyisobutene has been studied previously in some 
detail by Alexander, Black, and Charlesby.1 These authors determined 
yields of fractures and double bonds and qualitatively investigated the 
formation of gas which they found to comprise mostly hydrogen and 
methane. They proposed a mechanism of polymer degradation according 
to which a carbon-carbon bond is directly fractured on irradiation with the 
formation of one double bond. Actually they reported experimentally 
that 1.87 double bonds were formed per fracture but attributed the excess 
unsaturation to an unspecified side reaction involving the formation of 
hydrogen and methane. Another mechanism was proposed at about the 
same time by W all2 according to which both hydrogen formation and 
polymer degradation resulted from the primary fracture of carbon-hydrogen 
bonds. Subsequent to the tentative conclusion of Alexander et al. that 
about one molecule of methane was evolved per random fracture of the 
polymer molecule, Chapiro3 and Shultz4 proposed different mechanisms in 
which polymer degradation was associated with the formation of methane.

* Post-Doctoral Fellow on leave from The Natural Rubber Producers’ Research As
sociation, Welwyn Garden City, Herts, England.
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The present work was undertaken as an attempt to distinguish between 
the rival suggestions that polymer degradation is due to the direct fracture 
of the main chain of carbon atoms or by some reaction associated with gas 
formation. The interpretation of the experimental data should be simpler 
than of that previously reported insofar as the polymer was purified, 
characterized, and irradiated in vacuo. Determinations are provided of 
yields of gas as well as of fractures and double bonds.

EXPERIMENTAL

A sample of high molecular weight polyisobutene was obtained from 
Polymer Consultants Ltd. A lower molecular weight polymer which was 
used only in ozonolysis experiments was prepared from isobutene.5 Both 
polymers were purified by three precipitations from petroleum ether (b.p 
40“ 60°C.) with methanol. The higher molecular weight polymer was 
additionally thinly sheeted on a mill and extracted with acetone at ca. 
()0°C. for 24 hr. under nitrogen. The polymers were rigorously degassed 
and stored in vacuo for several weeks before use.

All solvents were of analytical reagent grade.

Preparation o f Samples

Polymer was weighed into breakseal tubes of glass (diameter 0.8 cm., 
wall thickness 0.1 cm.) or silica (diameter 0.0 cm., wall thickness 0.1 cm.). 
The polymer was thoroughly degassed and the tubes sealed at <10 -4 mm. 
Hg pressure.

Irradiation o f Samples

The irradiation (supervised by Mr. J. McCann) was carried out at 
Wantage Radiation Laboratory. The tubes were exposed to the electron 
beam from a 4 m.e.v. linear accelerator. The pulses of electrons from the 
accelerator were 2.5 nsec, wide and were emitted at a rate of 000 pulses/'sec.

The temperature of irradiation was controlled by spraying the tubes with 
water. Temperatures near —190 and — 80°C. were approached by 
irradiating silica tubes in close fitting thin walled tubes of polyethylene 
through which flowed liquid nitrogen or acetone precooled with solid carbon 
dioxide.

Dosimetry measurements were made with a water calorimeter and 
checked at low doses (< 5  Mrad) by estimation of the yield of hydrogen 
from cyclohexane [(7(H2) =  5.3].6 Doses of 10 Mrad or less were adminis
tered at a mean dose rate of 1 Mrad/min. and higher doses at rates ranging 
from 1 to 5 Mrad/min., as convenient.

Tubes were opened three or more days after irradiation.
G values were calculated from eq. (1) in which n is the number of moles of 

product per gram of polymer and R the dose in Mrad.

G  (specified product) =  9.0 n R ~ l X  10s (1)
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Polymer Characterization

The flow times of solutions of the polymer were measured in Ubbelohde 
viscometers at 2;>°C. The kinetic energy correction of flow was less than 
1% and was neglected. A linear extrapolation of three viscosity numbers 
to zero concentration gave the limiting viscosity number in milliliters per 
gram.

Number-average molecular weights were determined with benzene 
solutions of the polymer at 25°C. in Zimm-Afeyerson osmometers with 
Ultracellafilter “ feinst”  grade membranes. (The characterization of 
polymer was supervised by Miss M. A. Place.)

Total Unsaturation

To aliquots from a solution of polymer in carbon tetrachloride were 
added varying amounts of iodine monochloride in the same solvent. The 
iodometric titer of each solution was determined after 1 hr. in the dark.7'8

Ozonolysis o f Polymer

In ozonolysis of polymer,9 polymer (2.5 g.) was dissolved in a mixture of 
carbon tetrachloride (100 ml.), methanol (15 ml.), and di-n-butyl mono
sulfide (1 ml.). The solution was stirred at — 20°C. while ozone was 
passed in. Aliquots (10 ml.) were withdrawn periodically and [?j] deter
mined after further dilution with carbon tetrachloride.

Gas Analysis

Preliminary examinations of the gas volatile at room temperature were 
made by gas-solid chromatography (Dr. R. W. Hummel, Wantage Re
search Laboratories).

The gaseous products, volatile at various temperatures, were compressed 
into a known volume with a Topler pump and the pressure measured with a 
silicone oil manometer.10 The yield of gas was calculated from the pressure 
and temperature.

The gas volatile at — 196°C. was rigorously removed from the polymer 
and the proportions of hydrogen and methane estimated by thermal 
conductivity measurements11'12 and reference to pure hydrogen and 
methane and to known mixtures.

RESULTS AND DISCUSSION 

Yield o f Fractures

The number of moles of fractures per gram of polyisobutene F  was 
calculated from eq. (2), in which M 0 and M n are, respectively, the number- 
average molecular weights before and after irradiation.

F  =  M n - 1 -  M r 1 (2)
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After very low doses number-average molecular weights were determined 
directly by osmometry and gave a G(F) value of 4.1 (Table I). After 
higher doses the molecular weight of the polymer was too low for reliable 
osmometry measurements.

TABLE I
G(F) Values Determined by Osmometry

Dose,
Mrad

Molecular 
weight 
X 10 ■- 6 0(F )

0 3.52 —

0.65 1.78 4.1
1.5 1.08 4.1

The degradation of the polymer was followed down to much lower 
molecular weights by solution viscosity measurements. Viscosity-average 
molecular weights M v were calculated from relationships (3) and (4) based 
on data reported by Fox and Flory13 for narrow fractions of polyisobutene. 
Number-average molecular weights were calculated from eq. (5) on the 
assumption that the polymers have a random molecular weight distri
bution.1'14

b ] 25°c. =  2.9 X  10~ W 0-68 (carbon tetrachloride) (3)

b W c . =  2.15 X  1 0 -W 0-67 (toluene) (4)

M v/M„ =  1.85 (5)

In fact, polyisobutenes sometimes do approximate to a landorn molecular 
weight distribution and direct justification for the use of eq. (5) for the 
polymer used in this work is provided by the closeness of experimentally 
determined ratios of M v/Mn to 1.85 (Table II). The fact that viscosity 
measurements give an almost identical G(F) value to osmometry measure
ments is probably fortuitous but suggests that such measurements may be 
used to provide approximate estimates of fractures up to about 10 Mrad 
(Table III). At higher doses, however, the G(F) value decreases, and 
estimates are not necessarily quantitatively correct as the molecular 
weight distribution of the polymer might eventually change on irradiation.

The G(F) value as determined by osmometry would be the resultant of 
chain fracture and any crosslinking. However, as other work5 indicates

TABLE II
Relationships between M v and M „ for Initial Polymer1

Solvent M r X 10-5 M J M n

Toluene 6.22 1.76
Carbon tetrachloride 6.82 1.94

8 Osmotic molecular weight M n =  3.52 X 105.
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TABLE III
Effect of Dose on Yields of Fractures and Gas1*

Dose,
Mrad G W G(gas)

5 4.0 2 . 1
7 4.1 2 .1

10 4.0 2.0
30 3.5 1.9ä
40 2.9 1 .8

Fractures determined from [77] in toluene.

that virtually no crosslinking occurs in polyisobutene at low doses, the 
value of 4.1 may be taken as applying to simple fracture alone.

Other G(F) values of 5.0,1 1.5,15-16 and 1.5-2.816 have been reported 
previously for polyisobutene. These were all calculated from solution 
viscosity measurements of polymers irradiated at about 20°C. On this 
basis similarly diverse results have also been obtained in these laboratories 
with different samples of polyisobutene and it would appear that the 
method is not generally reliable in cases where the molecular weight dis
tribution is not known.

Yrields of fractures calculated from viscosity measurements over a much 
more extended dose range are shown in Figure 1. The rate of fracture 
apparently decreases with increasing dose until it eventually attains a 
limiting value which approximately applies up to the highest value in
vestigated of 150 Mrad. These results, although they are based on similar 
measurements and calculations, do not agree with the general conclusion of

50 100 iso
RADIATION DOSE (Mrad)

Fig. 1. Effect of dose on yields of products: (• ) calculated from viscosities in toluene; 
(O) calculated from viscosities in carbon tetrachloride.
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Alexander et al. that the yield of fractures is simply proportional to the 
dose It. Examination of the plots of log il/,,"1 against log It presented by 
these workers reveals that although their conclusion may he justified by 
data reported for Co™ and pile radiation it is not supported by their more 
limited results with 4 M.e.v. electrons which instead follow a trend similar to 
the present results.

Yield o f Double Bonds

The method used to determine unsaturation was developed by Lee, 
Kolthoff, and Johnson7'8 for olefins branched in the vicinity of the double 
bond and has been used successfully with 2,4,4-trimethylpent-l-ene which 
contains the predominant unsaturated group found in irradiated polyiso
butene. As the method has, furthermore, been developed for high molecu
lar weight copolymers of isobutene with a small amount of diolefin, it is 
admirably suited to the present purpose. The typical results for an ir
radiated polyisobutene in Figure 2 indicate how the concentration of 
double bonds is defined by the intersection of two branches which has been 
shown to correspond to theoretical values in olefins of known structure. 
In this one experiment the irradiated polymer was heated in vacuo for 72 
hrs. at 50°C. before examination to ensure that all the unsaturation de
tected was combined in the polymer. As the very small volatile fraction 
had a negligible iodometric titer this precaution was unnecessary in samples 
given smaller doses (<100 Mrad).

Fig. 2. Determination of unsaturation from decrease in iodometric titer. Dose: 100
Mrad.

The G values for double bond formation after various doses shown 
in Table IV  are very different from the value of 9.4 reported by 
Alexander et al. Probably a more appropriate form of comparison is of 
the ratio of the yield of double bonds to fractures which was obtained 
using the same stock solution of the polymer in carbon tetrachloride. 
Table IV shows that up to about 10 Mrad the ratio is about 1.35, but that 
at higher doses it decreases (1.1 at 150 Mrad). The value of 1.87 reported 
by Alexander et al. is believed to be too high because their method of de-
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TABLE IV
Effect of Dose on Yields of Double Bonds

Dose,
Mrad G (C = C )a' C =C /F

4 5.4 1.35
6 5.3 1.37
8 5.3 1.33

10 5.2 1.36
60 4.1 1.28

100 3.6 1.2
150 3.0 1.1

“ Allowance made for initial unsaturation of polymer (0.08 X 10“ 1 mole/g.).

termining unsaturation usually gives overestimates when applied to olefin 
branched in the vicinity of the double bond.

Rehner17 has shown that when copolymers of isobutene and small pro
portions of diolefin are ozonized the internal double bonds are cleaved and 
may therefore be estimated by the decrease in molecular weight of the 
polymer. This procedure was adopted to detect any internal unsaturation 
in irradiated polyisobutene and ethanol was included as a polar additive to 
expedite cleavage. Moreover, as Rehner had found that polyisobutene is 
itself degraded by ozone, although at a slower rate than the copolymer, 
di-n-butyl monosulfide was included as a buffer. This additive was 
chosen because in studies of graft polymers it has been found not to inter
fere with the ozonolysis of polyisoprene yet to prevent degradation of 
polymethyl methacrylate.9

Figure 3 shows how di-n-butyl monosulfide protected an unirradiated 
polyisobutene from ozonolytic degradation up to the time calculated for 
its consumption by ozone. As the irradiated polymer was not rapidly 
degraded on introduction of ozone it is concluded that G (internal unsatu
ration) is probably very small and certainly less than 0.3.

Yields o f Gas

The total gas volatile at ca. 25°C. produced at doses ranging from 100 to 
200 Mrad was examined by gas-solid chromatography and found to 
comprise mostly hydrogen and methane in the ratio of about 2 to 1 with 
much smaller amounts of isobutene and even smaller amounts of ethane. 
These results agree qualitatively with the mass spectrometer data of 
Alexander et al. except that these latter workers found no evidence at all 
for the formation of ethane.

A G value of 0.74 for the total gas from polyisobutene after a dose of 
about 100 Mrad has been reported by K arpov.15 This is much lower than 
the value of 1.8 calculated for the same dose from Figure 1. Karpov’s G 
values for gas formation from other polymers are also usually lower than 
those generally reported.
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Fig. 3. Ozonolysis of polyisobutene in presence of di-n-butvl monosulfide: (• ) Unir
radiated low molecular weight polymer; (O) irradiated polymer (8 Mrad). Vertical bro
ken line indicates the protection time calculated before the consumption of di-n-butyl 
monosulfide. Horizontal broken line indicates increase in number of molecules corre
sponding to G (internal unsaturation) =  0.3.

The fraction of gas front the irradiated polymer which is volatile at 
— 196°C. evidently comprises hydrogen and methane. The rate of for
mation of this fraction decreases up to a dose of about 40 Mrad and then 
remains approximately constant up to about 150 Mrad (Fig. 1). The 
decline in rate is shown more precisely by the G values in Table III, which 
decrease from an initial value of 2.1 to 1.8 at 40 Mrad. A  decline in the 
rate of formation of hydrogen with increasing dose has been reported 
previously in the radiolysis of various saturated hydrocarbons and has been 
attributed to the scavenging of hydrogen atoms by double bonds.18 Com
parison of the decreasing G values for gas and double bonds with increasing 
dose in Tables III and IV suggests a similar scavenging of radical gas pre
cursors in the present system. However, it is unusual that the decline 
apparently does not persist beyond doses of about 40 Mrad.

The proportion of hydrogen in the — 196°C. fraction formed by a dose 
of 40 Mrad was determined by thermal conductivity measurements as 
72%. As the method wyas not suitable for very small quantities of gas it 
could not be used satisfactorily after smaller doses. Therefore, the initial 
composition of the gas is in doubt according to the composition of the 14% 
of gas which is presumed to be scavenged by double bonds. Accepting 
limits imposed by the possibility that all the scavenged gas may be either 
hydrogen or methane the composition of the initial gas is compared in 
Table V with yields reported for the radiolysis of other hydrocarbons.19 
Evidently, the general effect of a methyl group is to decrease the overall 
yield of gas and increase the yield of methane.

After removal of the gas volatile at — 196°C. the polymer was main
tained at — 78°C. and a further rather sluggish fraction pumped off. 
This evidently comprised mostly isobutene (b.p. — 7°C.) as only negligible 
amounts of gas could subsequently be pumped off from the polymer at

15 30
TIME OF OZONOLYSIS (MINS)
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TABLE V
Gaseous Yields on Radiolysis of Hydrocarbons

Hydrocarbon

G values

h 2 c h 4 H2 +  CH,,

?i-Hexanea 5.0 0.2 5.2
2,2,4-Trimethylpentanea 3.0 0.7 3.7
2,2-Dimethylbutane“ 2.0 1.2 3.2
Polyisobutene 1.6-1 .3 0 .5 -0 .8 2.1

“ Data of Dewhurst.19

room temperature. The amount of gas formed was proportional to the 
dose [G ( —78°C. fraction) ~  0.1] up to at least 150 Mrad (Fig. 1). By 
contrast, Alexander et al. reported that the ratio of isobutene to hydrogen 
and to methane rose rapidly with increasing radiation dose. However, 
their results covered a higher dose range of about 50-500 Mrad and were 
obtained at a temperature of 70°C. in an atomic pile.

Alexander et al. interpreted their data on isobutene formation as con
sistent with a mechanism of double random fracture of the main chain of 
carbon atoms of the polymer, a reaction which would depend on the 
square of the radiation dose. By contrast, the present results must be 
explained by invoking a reaction which stems from a single absorption of 
energy. A  possibility is the formation of a polymer radical which then 
eliminates isobutene [eq. (6 )].20

CH3 c h 3 c h 3 c h 3
I I  I I

— CH— C— CH— C- — — CH— C- +  CHo=C (6)
I '  I " I I

CHj CH3 CH;, CH3

The energy for this reaction might be carried over by the polymer radical 
during its formation or alternatively a spontaneous depolymerization 
chain reaction could occur if the polymer is above its “ ceiling”  tempera
ture.21

Influence o f Temperature on Yields o f Fractures and Gas

Tubes were removed from the heating or cooling liquid immediately after 
irradiation. Those which had been irradiated in liquid nitrogen emitted a 
blue glow which made immediate inspection of the contents difficult, 
but later it could be seen that the polymer had acquired an intense violet- 
black coloration which disappeared within about 2 min.

The yield of fractures determined from viscosity measurements in toluene 
is given in Figure 4 in the form of moles per gram per megarad to allow a 
comparison with results calculated from data of Alexander et al. The two 
sets of results agree that there is apparently a linear relationship between 
the rate of fracture and temperature of irradiation in the range 77-290°K. 
This unusual temperature dependence has also been noted in the radiation 
damage of certain biological systems but remains unexplained. Above
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300°K. the results of Alexander et al. indicate a marked increase in the rate 
of fracture which was not observed in the present experiments up to 
360°K. A rapid increase in t he rate of fracture might be expected at high 
temperatures because of the known formation of free radicals on irradiation 
and hence the possibility of a degradative chain reaction but its onset might 
be sensitive to the difference in reaction conditions in the two sets of 
experiments.

Although the temperature of irradiation has such a drastic influence on 
the yield of fractures it has little influence of the yield of gas volatile at 
— 196°C. Similarly, it has been reported that lowering the temperature 
of irradiation reduces the yield of crosslinks in polyethylene22 and, possibly, 
in a polyisoprene,23 while the yield of gas is virtually unaffected although 
for the former polymer there is additionally a conflicting report that the 
yield of gas also decreases.24

Polymer Degradation

The observation that on lowering the temperature of irradiation the 
solution viscosity is markedly reduced while the yield of gas is scarcely 
affected indicates that the predominant mode of polymer degradation is by 
direct fracture of the main chain of carbon atoms [eq. (7) ].

c h 2

CH„
1

0 — CH:,-

CH,I c h 3

- C - c i u -
1

----- * — CH,— C— (
1

CH, CII3
1

CH3

C— CH,—
:

or
CH.,

A CH-

CH3

(7)

This reaction would account for double bonds up to a G value equal to the 
yield of fractures, 4.1, and therefore the higher value observed, 5.3, to
gether with the indications that double bonds are located at the ends of 
molecules, suggests the occurrence of additional minor fracture reactions 
associated with gas formation. A  likely reaction scheme of this type, 
which would be expected to yield a ratio of double bonds to fractures in 
excess of unity, stems from the cleavage26 of CH3 or H, both of which are 
represented by A in the schematic reaction (8). The resulting type of 
reaction scheme (8-10) has been suggested by W all,2 who has offered good 
reasons for supposing that the sterically strained polymer radicals from 
polyisobutene would undergo (¡-bond scission [eq. (10)]. The occurrence 
of these reactions would provide a ready explanation of the observed de
crease in the rates of formation of gas, double bonds, and fractures by 
postulating that A  - is scavenged by double bonds (Fig. 1).
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Fig. 4. Influence of temperature on yields of fractures and gas: ( X ) yields of fractures 
calculated from Table 2 of the paper by Alexander et al. for Co60 •>-irradiation; (O) yields 
of fractures (0-12 Mrad); (• ) yields of gas volatile at — 190°C. (0-14 Mrad).

1
A

+  A ■ (S)

A -+ — | +  A., (D)
A

___________________— ■ +  ------ (10)

From the above considerations it seems unlikely that all the gas can be 
associated with the fracture reactions. In addition, reference to the simple 
stoichiometric relationship [eq. (11)] suggests that some of the gas is not

G (F) +  G (Gas) =  G (C— C)
4.1 +  2.1 5.3

associated with double bond formation. By default, it is possible that 
some gas is associated with the linking of carbon atoms and, as G (cross
links) <0 .2,5 to the formation of intramolecular cyclic structures. This 
possibility appears reasonable on examination of molecular models.

This work was begun in the laboratories of The Natural Rubber Producers’ Research 
Association. Irradiation facilities were provided by the Technological Irradiation 
Group at Wantage Research Laboratories (A.E.R.E.) with the kind cooperation of Dr. 
It. Roberts and his colleagues. Mr. G. T. Jones is thanked for help with the experi
ments.
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Résumé

Du polyisobutène purifié, ayant une distribution des poids moléculaires à peu prè 
statistique et un poids moléculaire moyen en nombre de 3.5 X 10®, a été irradié sous vide 
à 25°C avec des électrons de 25 Mev. On a étudié la dégradation de ce polymère par 
osmométrie et par viscosimétrie et on a trouvé comme valeur de G (rupture) 4.1. Une 
méthode chimique appropriée pour les oléfines branchées au voisinage de la liaison 
double a permis de trouver pour G la valeur de 5.3 pour une insaturation totale. L ’ozono- 
lyse du polymère irradié n’a révélé aucune ou presqu’aucune insaturation interne. 
L’hydrogène et le méthane étaient formés avec des valeurs de G de 1.3-1.6 et 0.8-0.5 
respectivement. A des doses supérieures à 10 Mrad, toutes les valeurs de G diminuaient. 
La valeur de G pour la formation de l’isobutène (< 0 .1 ) restait constante jusqu’à une 
dose d’au moins 150 Mrad. En abaissant la température d’irradiation à — 196°C, la 
quantité de produits de rupture diminuait considérablement, tandis que la quantité 
d’hydrogène et de méthane était à peine influencée. On a interprête ceci comme preuve 
du fait que la dégradation est due principalement à la rupture directe des liaisons C— C, 
plutôt qu’à une réaction associée à la formation d’un gaz. On a démontré que le rapport 
observé entre les quantités de doubles liaisons et de produits de dégradation correspond 
avec cette interprétation.
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Zusammenfassung

Gereinigtes Polyisobuten mit annähernd statistischer Molekulargewichtsverteilung 
und einem Molekulargewichtszahlenmittel von 3,5 X 10s wurde im Vakuum bei 25 °C 
mit Elektronen von 4 MeV bestrahlt. Der Abbau des Polymeren wurde osmometrisch 
und viskosimetrisch untersucht und ein G-Wert (Spaltung) von 4,1 gefunden. Mit einer 
für Olefine mit zur Doppelbindung benachbarten Verzweigungen geeigneten chemischen 
Methode wurde der G-Wert für die Gesamtzahl der Doppelbindungen zu 5,3 bestimmt. 
Bei der ( izonolyse des bestrahlten Polymeren wurden nur geringe oder gas keine inneren 
Doppelbindungen gefunden. Die der Bildung von Wasserstoff und Methan entsprechen
den G-Werte waren 1,3-1,6 bzw. 0,8-0,5. Bei grösseren Dosen als 10 Mrad trat ein 
Absinken aller angeführten G-Werte ein. Der G-Werte für die Isobutenbildung (< 0 ,1 ) 
blieb bis zu Dosen von mindestens 150 Mrad konstant. Wurde die Bestrahlungstempera
tur auf — 196°C erniedrigt, so sank die Spaltungsausbeute deutlich, während die Gesamt
ausbeute an Wasserstoff und Methan kaum beeinflusst wurde. Dies wird als Beweis 
dafür angesehen, dass der Abbau viel eher auf einer direkten Spaltung von Kohlenstoff- 
Kohlenstoff-Bindungen als auf einer unter Gasbildung verlaufenden Reaktion beruht. 
Das beobachtete Verhältnis Doppelbindungen: Spaltungen steht mit dieser Interpreta
tion im Einklang.

Received March 4, 1963
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Radiolysis of Polyisobutene. Part II. Infrared and 
Ultraviolet Absorption Spectra

G. M. C. HIGGINS, The Natural Rubber Producers’ Research Association, 
Welwyn Garden City, Herts, England, and D. T. TU RN ER, Camille Dreyfus 

Laboratory, Research Triangle Institute, Durham, North Carolina

Synopsis

Purified polyisobutene was irradiated in vacuo with 4 M.e.v. electrons and the changes 
in infrared and ultraviolet absorption recorded. R iR 2C = C H 2 groups accounted for 
about 60% of the total unsaturation, and evidence could be adduced for the formation 
of RiR2C = C H R 3 groups. About one ¿erf-butyl group was formed per double bond. 
Qualitative evidence was obtained for formation of the group R ,— CEL— CEL— R 2. 
Conjugated diene groups are formed proportional to the dose up to the maximum inves
tigated of 1400 Mrad (<? value about 0.1).

Changes produced in the infrared and ultiaviolet spectra of polyisobutene 
on exposure to radiation from an atomic pile have been reported by Alex
ander, Black, and Charlesby.1 Infrared spectroscopic data were inter
preted as providing qualitative evidence for the formation of R iR 2C = C H 2 
groups. Ultraviolet data revealed the formation of a chromophore with an 
absorption maximum at 240-270 m,u, varying in a rather erratic manner 
with radiation dose. The yield of this chromophore was found to increase 
roughly linearly with dose.

In the present paper more extensive spectroscopic data are reported for 
a purified polyisobutene irradiated in vacuo.

EXPERIMENTAL RESULTS

A  purified polyisobutene of number-average molecular weight 3.5 X 105 
was carefully degassed and sealed in vacuo in tubes. The tubes were ex
posed with water cooling to a 4 M.e.v. beam of electrons from a linear ac
celerator at Wantage Radiation Laboratory. Mean dose rates ranged 
from 1 to 5 Mrad/min. Doses greater than 500 Mrad were built up in 
stages, the successive increments being administered after intervals of about 
two weeks.

More details concerning the above procedures have been given previ
ously.2

Thin films of the polymer and solutions in analytical reagent carbon di
sulfide were examined with a Hilger H.800 double-beam spectrometer fitted

1713
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with a sodium chloride prism. Ultraviolet absorption spectra of the poly
mer in spectroscopically pure cyclohexane were measured with a Hilger 
Uvispec spectrophotometer.

2,2,4-Trhnethylpent-l-ene (Phillips Petroleum Company) shown by gas- 
liquid chromatography to be 99% pure was used as a reference compound.

Figure 1 shows the infrared absorption of the polymer before and after 
the maximum dose investigated of 1400 Mrad. Figure 2 shows changes oc
curring in the region 1400-700 cm .-1 as a function of radiation dose. The 
overall degradation of the polymer with increasing dose is reflected in the 
gradual decrease of various bands. Those at 1380 and 1358 c m v 1 have

a

Frequency cm '1

Fig. J. Infrared absorption spectra of polyisobutylene (a) before and (!/) after a dose of
1400 Mrad.

been assigned to the symmetrical deformation vibration of a pair of methyl 
groups on a single carbon atom and those at 1225, 950, and 925 cm .-1 to 
vibrations of the distorted carbon tetrahedron.3 The increased absorption 
at 899 cm .-1 due to the out-of-plane deformation vibration of hydrogen 
atoms in the group R iR 2C = C H 24 was used to determine this group quan
titatively by reference to 2,2,4-trimethylpent-l-ene (Fig. 3).

Use of a differential spectroscopic technique hi the region 1500-1350 
cm .-1, after a dose of 1400 Mrad, revealed that in addition to the expected 
decrease of absorption at 1485 cm .“ 1 due to the bending frequency of poly
isobutene methylene groups there was also increased absorption at 1450 
cm .“ 1.
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0  2 0 0  4 0 0  6 0 0  8 0 0  1000 1200 1400 1600 1800
Dose (Mrad)

Fig. 2. Change of intensity of absorption bands with dose.

DISCUSSION 

Infrared Absorption

The liiR 2C = C H 2 group accounts for only about (10% of the total un- 
saturation as previously determined, by addition of iodine monochloride,2 
up to a dose of 150 Mrad (Fig. 3). As experiments at low doses (<10 
Mrad) indicate that little or no internal unsaturation is formed on irra
diation of polyisobutene,2 this unaccounted unsaturation may be largely 
assigned to terminal groups of the type R H C = C (C H 3)2. On account of 
their intrinsically weak absorption such groups would be difficult to detect 
in low concentration, although there is a very weak band4 at approxi
mately 820 cm .-1 which is consistent with their formation (Fig. 1). The 
predominant mechanism of polymer degradation by the direct fracture of 
the main chain of carbon atoms2 may therefore be represented by reac
tions (1) and (2). Additionally, there would probably be a smaller contri
bution to these unsaturated groups as a result of the /3-bond scission of
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Fig. 3. Yield of unsaturated groups on irradiation of polyisobutene: ( X ) total unsatura
tion; (O) HiI{2C = G H j; (• ) conjugated diene.

polymer radicals formed by the primary fracture of C —H and C— CII3 

bonds.2

c h 3 C ll3
I I

— c i  r2— c — c h 2— c —  —

c  c

Reactions (1) and (2) require the formation of ¿erf-butyl end groups which 
may be detected6 in polyisobutenes by absorption at 1250 and 1193 cm .-1 , 
although these bands are largely obscured by the previously mentioned 
band at approximately 1225 cm .-1 if the polymer is of too high molecular 
weight.6 This is evidently the case with even the lowest molecular weight 
polymer, obtained after a dose of 1400 Mrad, but nevertheless the spectrum 
does show an inflection at 1240 cm .-1 which could be assigned to the terl- 
butyl group (Fig. 1). I 11 order to assess the quantitative significance of
this absorption, the extinction coefficient of the band at 1235 cm .-1 in 2,2,4- 
trimethylpent-l-ene was determined and used to estimate the concentration 
of ¿erf-butyl groups in the polymer as about 10-3 m ole/g. Reference to 
Figure 3 (1400 Mrad) indicates that this value is consistent with the equi
molar relationship with terminal double bonds required by reactions (1) 
and (2).

The increased absorption at 1450 cm .-1 may be assigned to the formation 
of sterically strained RiCFl2CH 2R 2 groups 011  the grounds that methylene

/
\

c r 2 c h 3
Il I- C R —C +  CH3— C—

CH3 CI13

c h 3 CI13
I I

— C H = C  +  CHS— C—
!

CHa

(1)

(2)

CHa
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groups in cyclopcntane4 similarly have a bending frequency at 1455 cm .“ 1. 
Such groups might lie formed intramolecularly by reaction (.'!), which would 
help to account for hydrogen formation,2 or by various intermolecular reac
tions such as reaction (4).

c h 3
1

c h 3
I

c h 2— c h 2
/  !

— CH,-- C — OHo-
1

-C — CH—  -— * — CHo— C C— cil., -  +  H. 
| \ c h / |  

c h 3 c h 3
c h 3 c h 3

c h 3 c h 3 c h 3 c h 3

— CH2— ¿ — CH2- +  -CH2— C— CH2 —  — CH,— ¿ — CH2— CH2— ¿ — CH2—

¿ h 3 c h 3 c h 3 ¿ h 3

(3)

(4)

Ultraviolet Absorption

A puzzling feature of the ultraviolet absorption data of irradiated poly
isobutene reported by Alexander et al. is that the absorption maximum 
varies in an erratic manner with radiation dose in the region of 240-270 
m/i. This absorption was reasonably attributed to “ a very small number

Fig. 4. Change in ultraviolet absorption on irradiation: (a) 0 Mrad; (&) 200 Mrad; (c) 
400 Mrad; (rf) 800 Mrad; (<?) 1400 Mrad.
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of conjugated double bonds,”  but the variation of the maximum was not 
explained satisfactorily.

The present results differ from those mentioned above in that even up to 
the much higher dose of 1400 Mrad the absorption maximum occurs in the 
narrow range of 242 ±  2 mu (Fig. 4). As the polymer was irradiated in 
vacuo the presence of oxygenated groups may be definitely excluded and 
the chromophore assigned to conjugated diene. A simple conjugated diene 
has an absorption maximum at <230 m/x, but a bathochromic shift of the 
extent observed is to be expected7 in one formed from a molecule of poly
isobutene on account of its considerable steric strain.8 Quantitative esti
mates of the yield of conjugated diene were made by assuming an extinction 
coefficient of e =  10,000 which, by reference to similar chromophores,7 is 
unlikely to lead to an error greater than a factor of two (Fig. 3).

A most striking feature of the formation of conjugated diene is that its 
concentration is proportional to the dose up to the maximum investigated 
of 1400 Mrad. As pointed out by Alexander et al., a linear dependence on 
dose seems to rule out the possibility of a superimposition of damage by 
further absorption of energy and therefore it is suggested that double dam
age can occur following a single absorption of energy as has been suggested 
previously to account for similar features in isobutene formation.2 For 
example, some olefin groups may be formed with sufficient excess energy to 
eliminate a molecule of methane [eq. (5)].

CH3 CH, c h 3 c h 2
I I !  I II

— CH2— C— CH2— C — —  CH,— C = C H — C +  CH4 (5)
I I I

c h 3 c h 3 c h 3

As no conjugated triene is detected by the appearance of an absorption maxi
mum in the— region beyond 275 m/x the reaction apparently stops at this 
stage although in order to account for the slight coloration of the irradiated 
polymer, also observed by Alexander et ah, it might be supposed that 
occasionally it proceeds further to yield a conjugated polyene.

Note: Since this paper was completed the authors have learned of the earlier work
of Slovokhotova.9 Changes observed in the infrared spectrum of polyisobutene after 
exposure in vacuo y-radiation (900 Mrad) from a Co60 source were consistent with a de
crease in the number of ^ C (C II3)2 groups and the formation of the groups R iR2C = C H 2
and R iR 2C = C H R 3. It is, however, disturbing to note that the spectra apparently 
were obtained only on relatively thick films of carbon tetrachloride solutions implying 
intense absorption by the solvent in the region 850-700 cm.-1. In these circumstances, 
and in the absence of any supporting evidence, the assignment of a band at 770 cm.-1 
to ethyl groups must be regarded as not proven.

This work was begun in the laboratories of The Natural Rubber Producers’ Research 
Association. Irradiation facilities were provided by the Technological Irradiation 
Group at Wantage Research Laboratories (A.E.R.E.) with the kind cooperation of Dr. 
R. Roberts and his colleagues.
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Résumé
D u  polyisobutène purifié a été irradié sous vide avec des électrons de 4  M ev, et on a 

suivi les changem ents de l’absorption I.R . e t U .V. Les groupem ents R ]R 2C = C H 2 
constituaient environ 60 %  de l ’insaturation totale, et on p ou vait prouver la form ation 
de groupem ents I tiR 2C = C H R 3. Il se form ait à peu près un groupe ierf-butyle par double 
liaison. On trou vait une preuve qu alitative de la form ation du groupem ent R i— C H 2—  
C H 2— R 2. Des groupem ents diéniques conjugués se form aient proportionnellem ent à 
la dose d ’irradiation jusqu ’à  la dose m axim um  qui é ta it examinée, c ’est à dire 1400 M rad 
(valeur de G . environ, 0.1).

Zusammenfassung

Gereinigtes P oly isobu ten  w urde im  V akuum  m it E lektronen  v on  4 M eV  bestrahlt und 
die V eränderungen in der IR -  und U V -A bsorp tion  bestim m t. 6 0 %  der G esam tzahl 
der D oppelb indun gen  waren R iR 2C = C H 2-G ruppen. D ie  B ildung von  R iR 2C = C H R 3- 
G ruppen  w urde nachgewiesen. P ro  D opp elb in d u n g wurde ungefähr eine ierf.-B uty l- 
gruppe gebildet. D ie  B ildung der R iC H 2— C H 2R 2— G ruppe konnte qualita tiv  nach 
gewiesen werden. D ie  B ildung konjugierter D iengruppen ist bis zur höchsten  unter
suchten  D osis von  1400 M rad  der D osis proportional (G -W ert etw a 0 ,1).

Received March 4, 1963
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E f f e c t  o f  A d d i t i v e s

D. T. TU RN ER,* Camille Dreyfus Laboratory, Research Triangle Institute,
Durham., North Carolina

Synopsis

T h e effect of various liquid additives on the degradation of polyisobutene exposed to 
4 M .e.v . electrons has been studied b y  solution viscom etry and b y  m easurem ent of gas 
volatile  a t — 196 °C . A t  a concentration of abou t 10 -4 m ole/g. some additives result in 
an increased yield of fractures, the m axim um  observed being abou t 2 0 %  w ith  nitro
benzene, presum ably due to the scavenging of polym er radicals which otherwise would 
combine. A t  higher concentrations m ost additives result in a decrease in the yield  of 
fractures. T hus, 2 X  10 -3 m ole/g. thiophenol decreases the yield  b y  about tw o-thirds 
and itself suffers sensitized decom position as evidenced b y  an increase in the yield of gas 
from  the irradiated m ixture. In  the sim plest case, di-re-butvl disulfide has a sym m etrical 
effect in suppressing part of the yield of fractures and gas. T his is consistent w ith  the 
v iew  th at a proportion of the fractures is associated w ith gas form ation.

The influence of additives on a polymer which degrades on irradiation 
has been studied previously for the case of polymethyl methacrylate. Alex
ander, Charlesby, and Ross1 incorporated solid additives into the polymer 
by casting films from solution and calculated molecular weights after ir
radiation from solution viscosity measurements. These additives were 
found to reduce radiation-induced degradation of the polymer and sub
sequently further additives were found to be similarly effective and investi
gated in most detail by Alexander and Tom s.2

No work has been reported on the effect of a range of additives on the 
radio lysis of polyisobutene, but a number of related studies should be noted. 
Alexander and Charlesby3 showed that isobutene units were protected by 
styrene units in the radiolysis of copolymers. Henglein and Schneider4 
studied the radiation-induced degradation of polyisobutene in solution and 
showed that some solvents protect the polymer whereas others cause in
creased degradation. Lastly, in a study of the y-initiated polymerization 
of styrene mixed with polyisobutene Sebban-Danon6 has obtained data 
which show that the polymer is protected by the monomer.

The present paper describes a survey of the influence of varying concen
trations of a range of liquid additives on the radiolysis of poly isobutene.

* P ost-D octoral Fellow  on leave from T he N atu ral R ubber Producers’ Research A s
sociation, W elw yn G arden C ity , H erts, England.

1721



1 7 2 2 T ) .  T .  T T T R N L I 1

Polymer degradation was followed by viscometry and additional data has 
been obtained on yields of hydrogen plus methane.

The purified polyisobutene had a number-average molecular weight of 3.5 
X  105 and approximately a random molecular weight distribution.

The liquids used as additives or solvents were whenever possible of ana
lytical reagent grade and in other cases of laboratory reagent grade.

Liquids were added to the degassed polymer (1 g.) in glass tubes with a 
micrometer syringe or pipet and thoroughly degassed by freezing and melt
ing in vacuo. The tubes were sealed at <  10-4 mm. Hg pressure.

The tubes for any one experiment were irradiated simultaneously with 
water cooling by a 4 M.e.v. electron beam from a linear accelerator. The 
mean dose rate ranged from 1 to 4 Mrad/min. throughout all the experi
ments.

The tubes were opened two or more days after irradiation. In some cases 
the additive was pumped off but generally the total contents were dissolved 
in toluene or carbon tetrachloride (100 ml.) and the limiting viscosity num
ber [r/] determined by measurements of intrinsic viscosity at three concen
trations or else at one low concentration, c, by using eq. ( l ) s

in w h ich /a n d /i are the flow times of the solution and solvent, respectively.
The viscosity-average molecular weight, M„, was calculated from either 

eq. (2) or (3)7 and the number-average molecular weight from eq. (4),8 
which applies for a random molecular weight distribution.

The number of moles of fractures per gram of polymer, F, was calculated 
from eq. (5), in which M 0 and M n represent, respectively, the number-av
erage molecular weight of the polymer before and after irradiation.

The percentage decrease in the yield of fractures due to the additive was 
obtained from eq. (6), in which F0 and F represent, respectively, the yield 
of fractures in the absence and in the presence of additive.

EXPERIMENTAL

Measurement and Interpretation of Viscosity Results

M  =  c -  hi ( ///„ ) (1)

b ( 25°c. =  2.9 X  1 0 -W °-68 (carbon tetrachloride) 

b W c . =  2.15 X  10 4)l/o.67 (toluene) 

M v/Mn =  1.85

(2)

(3)

(4)

F  =  M r 1 -  M o -1

( 6 )
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Expression (6) is numerically equivalent to the percentage protection pre
viously defined in similar work on polymethyl methacrylate,2 hut differs in 
that it does not assume independence of the dose.

Determination of Gaseous Yields
The irradiated polymer was thoroughly outgassed and the volatiles at 

— 19(i°C. (H2 +  CH4) determined with a manometer.
More details concerning the conditions of irradiation and experimental 

procedure have been given in a previous paper.9

RESULTS AND DISCUSSION

As thermal radicals are readily scavenged by very low concentrations 
of scavenger, a preliminary experiment was undertaken with 2 X  10 ~5 
mole/g. of additive and the dose kept low to minimize any additive deple
tion. Under these conditions the yield of fractures was reduced by up to 
about 10% (Table I). Greater reductions in the yield of fractures were 
obtained with larger amounts of additives (about 5% ), the maximum effect 
being a 42%  decrease with thiophenol (Table II). This degree of protec
tion appears to be less than in polymethyl methacrylate,2 as may be judged 
from the 80%  protection reported for the following concentrations of ad
ditives: benzoic acid (1% ), a-naphthylamine (3% ), and a-naphthol 
(6% ). However, the two sets of results are not strictly comparable, as 
those for polymethyl methacrylate were obtained with the use of solid ad
ditives and by exposure to y-radiation.

An observation from Table II which has no parallel in the work reported 
for polymethyl methacrylate is that some additives increase the degrada
tion of the polymer. Such additives are generally only partly miscible with 
polyisobutene and hence are present in lower concentration than the 
amount actually added. A  study of the effect of the concentration of ad
ditive on the yield of fractures reveals that increased degradation may also 
be observed with low concentrations of additives such as benzene and tol
uene which protect at higher concentrations (Fig. 1). Conversely, there

T A B L E  I
D ecrease in the Y ie ld  of Fractures for Low  C oncentrations 

of A dditives a t Low  Doses

A dd itive (2 X 10 -6 m ole/g.)

D ecrease in 

1.5 M rad

fractures, %

3 M rad

Benzene - 1 - 4
Toluene 6 9
T  richlorobrom om ethane - 1 1

Di-re-butyl disulfide 9 6

M eth vl iodide 7 3

Di-re-butyl monosulfide S 10

re-Butvl m ercaptan 7 - 1
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T A B L E  II
Decrease in the Yield of Fractures for Higher Concentrations of Additive"

A dd itive (0.05 m ole/g.)
Decrease in fractures,

Of
Zo

Thiophenol 42
Iodobenzene 39
Thiophene 38
M eth yl iodide 32
1 li-a -b u ty l disulfide 30
1 hm ethylaniline1' 28
Anisole 17
Toluene 15
D i-» -bu tyl monosulfide 14
ra-Butyl m ercaptan 10
B enzene 7
Petroleum  ether 1
n-1 )ecane - 1
C yclohexane - 1
Trichlorobrom om ethane - 7
M eth yl phenyl ketone1’ - 1 1
B enzonitrile1’ - 1 2
B enzaldehydeb - 1 6
Nitrobenzene*1 - 1 8

" D ose: 5 M rad.
b O nly p artly  m iscible w ith polym er.

A M O U N T  O F  A D D I T I V E  ( M O L E S  P E R  G  O F  P O L Y M E R  X  I 0 3 )

Fig. 1. E ffect o f con centration  o f various additives on the y ield  o f fractures. D ose : 
8 M rad. Vertical lines indicate extent o f degradation  during certain v iscosity m easure
m ents.
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are indications that an additive such as nitrobenzene which causes in
creased degradation according to the results in Table II might protect the 
polymer if the two were more miscible.

A  unique difficulty encountered with nitrobenzene as an additive was that 
solutions prepared from the irradiated polymer degraded during viscosity 
measurements. This effect was not always detected and subsequent to 
obtaining the results in Figure 1 it was found that it could be prevented by 
an initial extraction of the irradiated polymer with cold acetone. Previ
ously, post-irradiation degradation has been reported only after irradiation 
of polymethyl methacrylate in air.10

An additive which is miscible with polyisobutene and yet appears to 
cause increased degradation according to Table II is trichlorobromoethane. 
In a more extensive experiment with a number of halogen compounds 
it was found that for a concentration of 1.5 X  10~3 m ole/g. and a dose of 
25 A1 rad increased degradation was observed only with aliphatic bromine 
compounds and not with chlorides or iodides (Table III).

It was convenient to vary the dose according to the experiment and evi
dence that this would not seriously distort the overall picture was provided

T A B L E  III
D ecrease in Y ie ld  of Fractures for H alogen Com pounds“

A dd itive (1.5  X  10 3 m ole/g.) D ecrease in fractures, %

M eth yl iodide 45
Iodobenzene 41
Chlorobenzene 41
Brom obenzene 30
Carbon tetrachloride 2

P ro p yl chloride i
Trichlorobrom om ethane - 2 7
sec-Octyl brom ide - 3 2
P rop yl bromide - 3 3
C yclohexvl brom ide - 4 0

a D ose: 25 M rad.

T A B L E  IV
E ffect of A dditives after Various Doses

Dose,
M rad

Fractures w ithout 
additive, 

m ole/g. fractures 
X  104

D ecrease in fractures w ith 
additives, % a

Thiophenol N itrobenzene

G 0.25 40 - 8
12 0.44 35 - 1 4

18 0 .56 28 - 1 2
24 0 .72 31 - 8

30 0.83 29 - 1 5
36 0 .97 26 - 1 3

* Initial concentration of additive: 1.7  X  10 4 m ole/g.
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F ig. 2. E ffect of additives on the yields of gas and fractures: ( X )  fractures; (O) gas 
volatile  a t — 196°C. Dose: 15 M rad.

C O N C E N T R A T I O N  O F  T H I O P H E N O L  ( m  p e r  g  x  1 0 4 )

Fig. 3. E ffect of thiophenol on the yields of gas and fractures: ( X )  fractures; (O) 
gas volatile  a t — 196°C .; ( • )  gas volatile  a t — 196°C . minus gas calculated to com e 
from  direct radiolysis of thiophenol. Dose: 25 M rad.

by studying the effect of dose on polyisobutene containing small concen
trations (1.7 X I0~4 m ole/g.) of additive. Thiophenol and nitrobenzene 
were chosen as representing the extremes of behavior observed in 'Fable 
II, and the results in Table IV provide evidence of some depletion of the 
former additive but not the latter. A decrease of protective power after
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high doses has previously been reported2 in the case of 8-hydroxyquinoline 
in polymethyl methacrylate.

Figures 2 and 3 show the effect of additives on the yield of gas volatile 
at — 196°C. as well as on the yield of fractures. The simplest results were 
obtained with trichlorobromoethane which cannot itself contribute to the 
yield of gas which is decreased by some 50%. Similar results with di
n-butyl disulfide would require a correction for the contribution of any gas 
formed from the additive although this would probably be relatively small.

With large concentrations of thiophenol the yield of gas from the mix
ture is increased (Fig. 3). Values of the G(gas) value for the irradiation 
of thiophenol alone (1 g.) were determined after doses of 5 and 30 Mrad 
as 4.2 and 4.1, respectively. Even after using these G values to allow for 
a contribution to the gaseous yield through direct radiolysis of thiophenol, 
an increased yield was still evident at the higher concentrations from 
the mixture.

With low concentrations of thiophenol (< 10~ 4 m ole/g.), the yield of gas 
from the mixture is decreased. Experiments11 with tritiated thiophenol 
have shown that the polymer is tritiated on irradiation and therefore it may 
be inferred that as a consequence small concentrations of thiophenol would 
be largely converted to diphenyl disulphide. By analogy with the results 
obtained with an aliphatic disulfide (Fig. 2) it may be further inferred that 
an aromatic disulfide would depress the yield of gas and so account for the 
initial decrease in Figure 3. Direct experiments with diphenyl disulphide 
were not undertaken, as it is a solid and not very miscible with the polyiso
butene.

Relationship Between Effects on Gas and Fractures
The degradation of polyisobutene on irradiation is predominantly by 

direct fracture of the main chain of carbon atoms, represented schematically 
by reaction (7). Flowever, there are also indications that some fractures 
are associated with a part of the gas formed, possibly by reactions (8)-(10), 
in which A represents H or CH3.9

A- H—  -j—  — ------  +  A2 (9)
A

2 — -—  — 2 ------- +  2 —— (10)

Consistent with these reactions it is found that a part of the gas, some 50%, 
is suppressed12 by additives (Fig. 2) and that in the case of di-n-butyl disul
fide there is a symmetrically related suppression of fractures. More com
plicated fracture results are obtained with trichlorobromomethane but these
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may be attributed to the formation of radicals which attack and degrade 
the polymer (cf. Table III). This type of reaction is known to occur when 
polyisobutene is heated with peroxides13 and also is in line with the report 
that bromine rapidly degrades butyl rubber,14 a copolymer of isobutene with 
small amounts of diolelin.

No precise quantitative significance is attached to the relationship be
tween the suppressed yields of gas and fractures because the latter effect 
probably includes a contribution due to the suppression of reaction (7). 
Suppression of reaction (7) must be invoked in order to account for marked 
protection by thiophenol which can reduce the yield of fractures by as much 
as two-thirds (Tig. ?>). To account for the symmetrical relationship be
tween the decrease in the yield of fractures and the increase in the yield 
of gas it may be postulated that thiophenol deactivates12 an intermediate 
in reaction (7 ) and as a result itself suffers sensitized decomposition.

Increased Degradation in the Presence of Scavengers

Polymer radicals are formed on irradiation of polyisobutene, (7(radical) 
=  7.4,11 and the question arises as to whether these participate in com
bination reactions which offset degradation. As very low concentrations 
of additive do not increase the yield of fractures (Table I), it may be sup
posed that the contribution of randomly distributed radicals to such reac
tions is unimportant. However, the increased degradation which is ob
served with some additives, which would be expected to scavenge hydro
carbon radicals, at a much higher concentration of about 1CV4 mole/g. 
suggests competition for radicals which are formed close together.15 The 
largest effect observed is an increase in fractures of about 20% with nitro
benzene (calculated with reference to the lower extremities of the vertical 
lines in Tig. 1) although the quantitative significance of this and other re
sults (Table II and IV) is open to question because of an overlapping pro
tective effect.

This work was begun in the laboratories of T h e N atu ral R ubber Producers’ Research 
Association. Irradiation facilities were provided b y  the Technological Irradiation Group 
a t W antage Research Laboratories (A .E .R .E .)  w ith the kind cooperation of Dr. R . 
Roberts and his colleagues. Mi'. G . T . Jones is thanked for help w ith the experim ents.
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Résumé
L ’effet de différents additifs liquides sur la dégradation du polyisobutène, exposé à 

des électrons de 4 M ev, a été étudié par viscosim étrie de la solution et par la mesure de 
volatilité gazeuse à — 196°C . Pour une concentration d ’environ 1 0 " 4 m oles/gr quelques 
additifs entraînent une augm entation de rupture, le m axim um  observé est d ’environ 
20%  avec le nitrobenzene, probablem ent par suite de la capture des radicaux polym ères, 
qui autrem ent se recom binent. A  des concentrations plus élevées, la p lu p art des addi
tifs entraînenet une dim inution dans le pourcentage de rupture. 2 X  10“ 3 m oles/g de 
thiophénol dim inuent le pourcentage à environ deux tiers et le thiophénol même subit 
une décomposition sensibilisée, ce qui est démontré par une augm entation dans le pour
centage de gaz du mélange irradié. D ans le cas le plus simple, le disulfure de n-butyle a 
un effet sym étrique en supprim ant une partie du pourcentage des ruptures et du gaz. 
Ceci est com patible avec l ’idee q u ’ une partie des ruptures est associée à la form ation 
de gaz.

Zusammenfassung
D er Einfluss verschiedener flüssiger Zusätze auf den A bbau von Polyisobuten  bei der 

Bestrahlung mit E lektronen von 4 M eV  wurde durch Lösungsviskosim etrie und durch 
Bestim m ung des bei — 196°C  flüchtigen G ases untersucht. In einer K onzentration  von 
etw a 10 -4 M ol/g führen gewisse Zusätze zu einer erhöhten Spaltungsausbeute. D ie 
grösste Erhöhung— etw a 20% — wurde beim  N itrobenzol beobachtet, was verm utlich 
darauf zurückgeht, dass Polym erradikale abgefangen werden, die andernfalls rekom - 
binieren würden. In  höheren Konzentrationen führen die meisten Zusätze zu einer 
Abnahm e der Spaltungsausbeute. So erniedrigt Thiophenol in einer K onzentration  von 
2 X  10~ä M ol/g die Ausbeute um etw a zwei D ritte l und erleidet dabei selbst eine sensi
bilisierte Zersetzung, wie die Erhöhung der G asaubeute bei der Bestrahlung der M ischung 
zeigt. D er einfachste F all liegt beim  D i-n-butyläulfid vor, welches die Spaltungs- und 
G asausbeute in gleichem  M asse erniedrigt. D ies stim m t m it der Auffassung überein, 
dass ein bestim m ter A nteil der Spaltungen von G asbildung begleitet ist.

Received March 4, 1963
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Synopsis
The kinetics of the aqueous polym erization of acrylonitrile initiated by  the perm an

ganate-oxalic acid redox pair have been studied gravim etrically a t 32 ±  0.2 °C . T he 
rate of polym erization is independent of oxalic acid concentration over a sm all range. 
The cata lyst exponent varies continuously w ith the cata lyst concentration, being 0.9 
at low cata lyst concentration and 0.27 a t  high cata lyst concentration a t a monomer 
concentration of 0.30J/. Tire monomer exponent is nearly u n ity  in the concentration 
range 0.30J/ and above. T h e m olecular w eight of the polym er is independent of oxalic 
acid concentration in the range where the rate of polym erization is independent of the 
oxalic acid concentration but decreases a t higher concentration of oxalic acid w ith in
creasing concentration of cata lyst and tem perature. T he overall activation  energy was 
found to be 8.6 kcal./m ole. A ddition of salts such as Na2S04 depresses the rate of po
lym erization, but the addition of M n S 0 4 at low concentrations increases the rate, whereas 
a t higher concentration the initial rate falls. I t  has been suggested th at hydrated M n 3 + 
ions cause oxidative chain term ination of polyacrylonitrile  radicals. Com plexing agents, 
such as fluoride ions, ethylene-diam inetetraacetic acid, etc., decrease the rate of po
lym erization, whereas addition of detergents enhances it.

The initiating power of the permanganate-oxalic acid system for po
lymerization of methyl methacrylate, acrylonitrile, vinyl acetate, and 
methyl acrylate has been reported briefly,1 and detailed studies of polymer
ization of methyl methacrylate have also been published.2 The present 
paper reports the results of asimilar study with acrylonitrile as the monomer.

GENERAL FEATURES AND MECHANISM OF THE INITIATION OF
POLYMERIZATION

Permanganate-oxalic acid is a powerful initiator, and the polymer sep
arates out as a colloidal suspension or precipitate, depending on the con
centration of the activator, the catalyst, and the monomer, the lower the 
concentration the stabler being the separating phase. In this system, 
there are two consecutive redox reactions,3 viz., (1) that between per
manganate (oxidant) and monomer (reductant) and (2) that between the 
separated hydrated manganese dioxide (oxidant) and oxalic acid (reduc
tant). The reactions involved in (2) are probably the same as reported by

1 7 3 1
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Launer and Yost4 but no detailed study of reaction (1) is available. On 
addition of permanganate to an aqueous solution of acrylonitrile, the follow
ing changes are observed: (a) permanganate is immediately reduced and a 
brownish black colloidal suspension, probably of M n 0 2, is formed; (b) 
a faint turbidity is observed; (c) the solution becomes alkaline. The fact 
that turbidity is seen suggests that permanganate alone initiates aqueous 
polymerization of acrylonitrile. The reactive species is not known but 
may be a hydrated form of the higher valent manganese ion. The overall 
reaction between the permanganate and the monomer appears to be

M n 0 4- +  3 C H 2= C H C N  +  H 20  M nO , +  3 C H 2— C H C N  +  OH ~

OH

Polymethyl methacrylate initiated by the M n 0 4 ~ -H 2C20 4  redox system 
has been found to contain carboxyl and hydroxyl endgroups.3'5 The 
incorporation of OH endgroups in the polymer may be partly due to the 
above reaction. Again the fact that the oxidation of olefinic compounds 
by permanganate in acid6 or alkaline media involves hydroxylation sug
gests the possibility of the occurrence of the above reaction, which is 
similar to the initiation reaction of vinyl monomers initiated by cobaltic 
salts in aqueous media, proposed by Baxendale et al.7 The reactive species 
in the permanganate-oxalic acid reaction is undoubtedly “ active” oxalic 
acid8'” (Ch()4- )  or the carboxyl radical ion (COO- ) or both. The existence 
of carboxyl endgroups in polymers3 initiated by permanganate-oxalic 
acid clearly demonstrates the existence of these species as intermediate 
products in this redox reaction. We assume that these species also initiate 
acrylonitrile polymerization because so far it has not been possible to 
identify these initiator fragments as polymer endgroups in polyacrylonitrile 
by the dye tests as the latter are inapplicable to polyacrylonitrile due to 
the insolubility of the polymer in benzene.

Permanganate is also a powerful initiator in presence of the disodium 
salt of ethylenediaminetetraacetic acid (ED TA). X o brownish-black 
precipitate of manganese dioxide separates out. The colloidal M n 0 2 dis
solves very quickly to form a highly effective initiator, a light violet solu
tion of a complex of higher valent manganese and EDTA. Polymeriza
tion continues usually as long as the solution is colored. The behavior of 
the initiator will be reported elsewhere.5

EXPERIMENTAL

The quality of the reagents and the details of the experimental pro
cedure for rate measurements by the gravimetric method have been described 
in Part II .2 The results are quite reproducible.

RESULTS AND DISCUSSION

The yield versus time curve shows linearity after the initiation of pol
ymerization, but this region in the yield-time curve probably does not exist
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at sufficiently low monomer concentration (O.OToA/ or below) (Figs. 1 and 
3) or if it exists, it thus persists for a very short period which is difficult to 
diagnose by the gravimetric method of rate measurement.

Rate Dependence on Oxalic Acid Concentration

Yield-time curves at various concentrations of oxalic acid are shown in 
Figures 1 and 2. At low monomer concentration the rate of polymeriza
tion R„ as well as the yield remains practically constant over a wide range 
of oxalic acid concentration. The rate tends to increase at oxalic acid 
concentration when the separating phase is colloidal, but tends to fall at 
relatively high concentration of the activator (viz., oxalic acid), the separat-

Fig. 1. Y ield and rate curves in the aqueous polym erization of acrylonitrile (0.075A/) 
with perm anganate-oxalic acid initiation at K M n O , concentration of 1,26 X  10 “ W  
and varyin g concentrations of oxalic acid.
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Fig. 2. Y ie ld  curves at acrylonitrile concentration of 0.303f, K M n D 4 concentration of 
1.26 X  10 ~ 4M ,  and varyin g concentrations of oxalic acid.

mg phase being a precipitate. At relatively high monomer concentration, 
Rp is independent of oxalic acid concentration over a wider range, but 
the yield tends to fall (Fig. 2). In general in a redox-initiated system, an 
increase of the activator concentration enhances the rate of generation of 
primary radicals which, in turn, increases the rate of polymerization. 
Therefore it is expected that the rate of polymerization should increase 
with the increase in the concentration of the activator (oxalic acid), the 
concentration of the catalyst (permanganate) remaining constant. How
ever, the increase in concentration of oxalic acid increases the electrolyte 
concentration as well as the H+ ion concentration of the medium. This, 
on the other hand, enhances the rate of coagulation of the separating phase 
and thus lowers the rate of polymerization. Therefore, these two opposite
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effects on the kinetics of polymerization would strike a balance over a 
certain range of concentration and the rate of polymerization will be in
dependent of activator concentration over this range of oxalic acid con
centration. At high concentration of oxalic acid the pH effect probably 
predominates and so the rate falls. At very low concentration of the 
activator, the rate rises due to the colloidal stability of the separating 
phase.10 The variation in the yield of the polymer (Fig. 2) in the con
centration range of oxalic acid where the initial rate remains almost con
stant, is again due to the stability of the latex particles. Initially, the poly
mer separates as a colloid, the stability of which depends on pH of the 
solution. In fact, at low concentration of oxalic acid (0.0625 X  10_2M ), 
the separating phase is very unstable colloid which coagulates on shaking 
in this case, whereas at higher concentration of the acid, the polymer co
agulates during the course of the reaction. The lower the pH, the faster 
is the rate of coagulation. Several workers11 have reported similar in
dependence of rate over a wide range of activator.

Rate Dependence on Catalyst Concentration
Figures 3 and 4 show that the rate of polymerization and the yield in

crease with increase in the concentration of the catalyst (oxidant, KMnCb) 
and the variation of the initial rate R ¡„i (taken from the slopes at zero 
time) with the concentration of the catalyst is shown in Figure 5, while the 
variation of the steady-state rate (Rp) with catalyst concentration is 
shown in Figure 6. At low concentration of monomer (0.075M), the 
catalyst exponent is nearly unity, i.e., rate a [catalyst]. At relatively high 
monomer concentration (0.30M), the catalyst exponent continuously de
creases with the concentration of the catalyst from 0.9 to 0.27. This 
probably suggests that the nature of the termination reaction also changes 
with catalyst concentration. It is customary to interpret the usual kinetic 
data in the classical way, viz. (a) when the catalyst exponent is unity, 
termination takes place unimolecularly either by degradative chain 
transfer or by dissolved metal ions or by occlusion of the growing radicals 
in the cage of polymer coils; (b) when the exponent is 0.5, the termination 
is due to the bimolecular collision process of two growing polymeric radicals;
(c) when the catalyst exponent is less than 0.5, termination partly by 
primary radicals take place, and when the catalyst exponent is zero, 
termination is then only due to primary radicals,12 assuming stationary 
state kinetics in all cases.

However in a precipitating medium, the kinetic data can also be in
terpreted in a different way. It is well known that, in precipitating media, 
the polymer molecules will be tightly coiled and the growing ends will be 
occluded in the coils, and so the termination is likely to be unimolecular 
as indicated by the catalyst exponent (unity). With the increase in the 
concentration of the catalyst, the rate of generation of primary radicals and 
also its concentration increase. During the polymerization reaction, the 
primary radicals will distribute themselves in the two phases, i.e., aqueous
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Fig. 3. Yield curves a t acrylonitrile concentration of 0.0753/, oxnlir acid concentration 
of 0.8 X  10“ 2A7, and varyin g  concentrations of K M n 0 4.

phase and polymer phase containing trapped radicals. Thus the termina
tion by primary radicals is a possibility and becomes more and more im
portant as the catalyst exponent falls. When the overall catalyst ex
ponent becomes 0.5 in a precipitating medium, termination may be partly 
by unimolecular process and partly by primary radicals rather than the 
mutual annihilation process, as the mobility of the growing chain in a pre
cipitate has been reduced to a considerable extent. In other words, ter
mination in a precipitating medium takes place either unimolecularly or 
by primary radicals or by both, depending on the concentration of the cata
lyst. It has been demonstrated clearly by Palit and co-workers5 that as 
the catalyst exponent changes gradually from unity to zero with the increase 
in the catalyst (permanganate) concentration in the aqueous polymeriza-
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Fig. 4. Y ield curves a t acrylonitrile concentration of 0.30.17, oxalic acid concentration 
of 0.S X  10“ 2.1/, and varyin g concentrations of K M n O ,.

tion of methyl methacrylate initiated by M n 0 4_-H 2C2 0 4 redox system, 
the average number of endgroups per polymer molecule increases gradually 
from one to two. This probably confirms our conclusion that in the hetero
geneous polymerization where the separating polymer is a precipitate, ter
mination takes place unimolecularly at low initiator concentration (initia
tor exponent being unity), solely by primary radicals (initiator exponent 
being zero) and due to their joint action at concentrations of the initiator 
lying between these two limits.

However, this does not overthrow the concept of bimolecular collision 
process when the catalyst exponent is (Lb. In fact, when sustained co
existence of radicals in a coagulum is possible (gel effect), termination by 
mutual collision between two growing chains is highly probable2 due to the
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{[c a t ] x ic t

Fig. 5. P lo t of the logarithm  of the initial rate /?;„/ (in per pent, polym erized/m inute) 
vs. the logarithm  of the in itiator ( K M n 0 4) concentration at acrylonitrile concentration 
of 0.075/1/ and oxalic acid concentration of 0.8 X  10 ~ W .

internal Brownian motion of the polymer molecules which does not even 
vanish in a three-dimensional crosslinked polymer.13 Apart from the 
catalyst concentration, termination also depends on monomer concentra
tion. When the monomer concentration is very low (0.075M) the catalyst 
exponent is 1.0. This result is to be taken with caution, because at high 
catalyst concentration water-soluble oligomers will be formed, and they 
escape estimation by the gravimetric method. However, at low concen
tration of the monomer the catalyst exponent, unity, may arise from the 
nonstationary-state kinetics.

Dainton and co-workers14 reported similar results. They concluded 
that in aqueous acrylonitrile polymerization when the separating phase is a 
very unstable colloid, the rate of polymerization Rv and the nature of chain 
termination depends on monomer concentration, [M], and the rate of 
initiation.

11,, =  K [M ] [Cat],/! [M] >0.o mole/1.

Rv =  A IM ]2 [Cat]* [M] <0.o mole/1

where 0.2 <  x  <  0.9.
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L O G  ^ [ C A l ]  X I 0 4 J  -----> -

Fig. 6. P lo t of the logarithm  of the steady-state rate R p (in per cent polym erized/ 
m inute) vs. the logarithm  of K M n O j concentration at acrylonitrile concentration of 
0.30.1/ and oxalic acid concentration of 0.8 X  10“ 2.1/.

Initiator Injection Experiment and Locus of Polymerization
Injection of catalyst late in a run increases both the rate and the yield 

(Fig. 7). This is to be expected because the injection of catalyst in a pre
cipitating medium will be tantamount to fresh initiation, as the new pri
mary radicals generated from the injected initiator will distribute them
selves in the two existing phases, e.g., aqueous phase and polymer phase.2 
Thus the rate will increase but the DP must fall due to premature chain 
termination by primary radicals. This is borne out by the data in Table I. 
Since the rate increases due to the injected initiator, the locus of polymeriza
tion still exists in the aqueous phase. In other words, the locus of polymeri
zation remains in both the phases.
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Fig. 7. E ffect of in itiator (K M n 0 4) injected late in a run at a  concentration of oxalic 
acid of 0.4 X  10 ~ W , perm anganate concentration of 1.26 X  10“ W ,  and acrylonitrile 
concentration of 0.304/: (.4 ) control; ( R )  1.26 X  10“ W  K M n ()4 injected after 20 m in.; 
( 0 )  1.26 X  10 “ W  K M n O j injected after 60 min. T he arrows indicate the points of 
injection.

T A B L E  I
Initiator Injection Experim ent"

Tim e of injection of 
catalyst after the initiation 

of polym erization, min.

A m ount of 
cata lyst injected, 

mole X 10J 100 ml./g.

Control nil 1.80
20 1 .26 1.4 5
60 1.26 1 .5 7

"A cry lo n itrile  =  0.30 mole/1.; catalyst = 1.26 X 10~J mole/1.; activator = 0.4 
10~2 mole/1.

Rate Dependence on Monomer Concentration

The yield versus time curve at different monomer concentrations is 
shown in Figure 8. We find that the steady-state rate varies approximately 
linearly at relatively high monomer concentration (0.3071/ and above). 
At very low monomer concentration (0.075M) possibly a steady state is 
not attained, or if so, it persists for a very short period and so the steady- 
state rate is difficult to measure gravimetrieally in this case.
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Rate Dependence on Temperature

The initial rate of polymerization rises with temperature, attains a maxi
mum value at about 45°C., and then falls with further rise in temperature; 
a similar feature has also been observed with methyl methacrylate as

Fig. 8. Y ie ld  curves at oxalic acid concentration of 0.08 X  10 - M , perm anganate con
centration of 1.20 X  10-4il/, and varyin g concentrations of acrylonitrile.

monomer.2 The yield, however, decreases with increasing temperature 
(from ‘25°C. on) (Table II). The fall in the initial rate at higher tempera
ture (above 45°C.) is evidently due to the instability of the primary radicals 
(C2O r  or COO- ), and the fall in the yield with increasing temperature 
is probably due to the fact that a good portion of the primary radicals un
dergoes side reactions such as

C oO j- +  M n 3+ - *  2 C 0 2 +  M n !+
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i.e., the reaction of M n3+ or M n4+ with oxalic acid becomes faster. Higher 
temperature will also coagulate the polymer rapidly, and so the rate and 
yield may fall at 50°C. and above. The overall activation energy in the 
temperature range 20-45°C. has been found to be 8.(3 kcal./mole.

T A R L E  II
H ate Dependence on Tem peraturea

Tem p.,
°C.

In itial rate,
%  polym erized/ 

min.

Lim iting 
conversion 

(in 1 hr.), %
FI,

100 ml./g.

Overall
activation

energy,
kcal./m ole

20 0 .27 12 .9 1.8 7
25 0.32 14 .4 2.08
30 0.40 1 1 .4 1.8 2 8 .61
35 0 .55 8.0 1.0 5
40 0.70 5 .6 0 .97
45 0.80 4 .3 0.68
50 0 .61 3 .1 —
55 0 .41 2 .5 —

a A crylonitrile = 0.22 m ole/1.; K M n O j =  1.20 X 1 0 mole/1.; H 2C 2O 4 =  0.08 X
10 2 mole/1.

Rate Dependence on Additives

a. Salts. Addition of neutral salts such as sodium sulfate depress the 
rate of polymerization (Fig. 9). This is evidently due to the coagulating 
effect of the added electrolyte.10 However, the addition of M 11SO4 in 
small quantities enhances the rate of polymerization except at relatively 
high concentration. It is well known that M n2 + ions undergo a dispropor
tionation reaction with M n4+ ions and produce M n3 + ions at a rapid rate; 
in other words, the rate of carboxyl radical ion-producing reaction increases, 
and hence the rate of polymerization rises. The increase in the yield may 
be due to polymerization initiated by the M n3+-oxalate complex which 
persists even after the initiation of polymerization as indicated by the light 
violet color of the solution, and the higher the concentration of the added 
M n2 + ions, the greater is the duration period of the complex.

It is difficult to explain the fall in the initial rate at relatively high con
centration of added M n2+ ions. It may be that under these conditions 
the concentration of M n3+ ions becomes very high, and all of the M n3 + 
ions do not find time to form a complex with oxalate ions; a fraction of the 
hydrated M n3+ ions probably causes oxidative chain termination of poly
acrylonitrile radicals which is known to occur with hydrated Fe3+ ions.15JB

b. Detergents. Two types of detergents were used: ( /)  anionic, e.g., 
sodium cetyl sulfate, and (2) cationic, e.g., cetyl trimethylammonium bro
mide (C T A B ); the results are shown in Figure 10. In presence of deter
gents, the separating phase is a colloidal latex and, as expected, the rate of 
polymerization increases. This gives additional experimental evidence to
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T I M E  I N  ( M I N - )

Fig. 1). E ffect of inorganic salts on the rate of poR m erization  at monomer concentra
tion of 0.3044, oxalic acid concentration of 0.08 X  10 ~ 2M ,  and perm anganate concentra
tion of 1.20 X  10 -W .- (4)4.0 X  10 ~ 2M  m anganous sulfate; ( 2 )  2.0 X  10 _2A4 m anganous 
sulfate; (3) control; (4) 1.0 X  10 - W  m anganous sulfate; (5 ) 4.0 X  10“ W  sodium  
sulfate.

support the conclusion of Palit and Guha10 that in heterogeneous aqueous 
polymerization the rate of polymerization depends on the colloidal stability 
of the polymer. Baxendale and Madaras17 also made a similar observation 
and reported that the rate of aqueous acrylonitrile polymerization increases 
in presence of CTAB. It is to be noted that the anionic detergent is a 
better peptizer than the cationic one.

c. Complexing Agents. Some species, such as fluoride and ethylene- 
diaminetetraacetic acid, form complexes with higher valent manganese 
ions, and as a result the rate of carboxyl radical ion-producing reaction is 
suppressed and so the rate falls (Fig. 11). Weiss“ also noted that the ad-
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Fig. 10. Effect of detergents on the rate of polym erization at perm anganate concentra
tion of 1.26 X  10-4Af, oxalic acid concentration of 0.0S X  10 “ W ,  and acrylonitrile con
centration of 0.30df: ( 1 )  0.01 %  sodium  cetyl sulfate; ( g )  0 .1%  cetyltrim etliylam m onium  
bromide; (S) control; (4) 0 .0 1%  cetyltrim etliylam m onium  bromide.

dition of fluoride ion« in the system containing H g2+, H»C2O i, and M 11O4 

ions decreases the rate of production of Hg+ ions, and attributed this to the 
fall in the rate of generation of “ active” oxalic acid (C20 4_).

Degree of Polymerization
The intrinsic viscosity of the polymer remains constant within experi

mental error in the range of oxalic acid concentration where the rate of 
polymerization is independent of activator concentration (Table I I I ) .  
A similar observation was made with methyl methacrylate polymerization.2 
In the S20 8=-H S 0 3 “ -initiated polymerization, Whitby ct al.1 |ia) also got
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T I M E  I N  ( M I N )

Fig. 11. E ffect of com plexing agents on the polym erization rate at monomer con
centration of 0.30A7, perm anganate concentration of 31.65 X 10~5M , and oxalic acid 
concentration of 0.8 X  10 -2il/: ( I)  control; ( & )  0.025% E D T A  [disodium salt); (3) 
4.0 X  10 M  N aF .

similar results. The molecular weight of the polymer however falls with 
further rise in oxalic acid concentration (Table III).

The reciprocal of the intrinsic viscosity varies approximately linearly with 
the square root of the catalyst concentration (Fig. 12). With the rise of 
temperature, the molecular weight of polymer falls (Table II).

When this work had been completed, we came across a recent paper by 
Yuguchi and Watanabe18 who studied dilatometrically the aqueous acryl
onitrile polymerization initiated by the permanganate-oxalic acid redox 
pair, and gave the rate of polymerization R„ by

1 ! „  =  k  [ K M n 0 4 ]on-7 5 [H 2C 20 4 ]o,l[ A N ] 1-9- 2-1’
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T A B L E  III
Variation of Intrinsic V iscosity  w ith O xalic Acid Concentration“

Oxalic acid concentration, 
mole/1. X 102 h i ,  100 ml./g.

0.0625 2.35
0 .12 5 2.40
0.25 1.89
0.50 1.80
1.0 1.63
4.0 1.60

“ Acrylonitrile  = 0 .30 m ole/l.; K M n ()4 =  1.26 X  10 4 inole/1.

The overall activation energy was found to be 9.3 kcal./mole. Unimolec- 
ular termination has been suggested. The degree of polymerization de
creased with the rise of catalyst concentration, temperature, and with the

Fig. 12. V ariation of the reciprocal of the intrinsic v iscosity  a t 35 ±  0.05°C. with the 
square root of the cata lyst (K M n O () concentration.

decrease in monomer concentration. Their results differ significantly 
from those of ours in some respects, but strongly support our conclusion on 
unimolecular chain termination in a precipitating medium.

T hanks are due to the C .S .I.R . (India) for giving financial assistance to one of us 
(R .S .K .)  in the form of a senior research fellowship.
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Résumé
On a étudié par gravim étrie la polym érisation de I’acrylonitrile, en milieu aqueux, 

initiée par le systèm e redox perm anganate-acide oxalique (32 ±  0 .2°C .) L a  vitesse de 
polym érisation est indépendante de la concentration en acide oxalique dans un p etit 
dom aine de concentration. T,'exposant du catalyseur varie d ’une façon continue avec 
la concentration de celui-ci: il passe de 0.9 à basse concentration en catalyseur à 0.27 
à concentration élevée en catalyseur pour une concentration en monomère de 0.3M . 
L ’exposant du monomère est proche de l ’unité dans le domaine des concentrations 
égales et supérieures à  0.3M .  Le poids moléculaire du polym ère est indépendant de la 
concentration en acide oxalique dans la région où la vitesse de polym érisation ne dépend 
pas de la concentration de celui-ci mais il décroît aux concentrations plus élevées en 
acide oxalique lorsque la concentration en catalyseur et la tem pérature augm entent. 
L ’énergie d ’activation  totale est de 8.6 kcal/m ole. L ’addition de sels tels le Na-»S0i, 
abaisse la vitesse de polym érisation mais l ’addition de M nSOi à basse concentration 
augm ente la vitesse, tandis qu ’à concentration plus élevée, la vitesse initiale tom be. 
On suppose que les ions M n +3 hydratés produisent une term inaison de chaîne oxydante 
des radicaux polyaerylonitriliques. Des agents com plexants, tels les ions fluorures, 
l ’acide tétraacétique de l ’éthylène diam ine etc., abaissent la vitesse de polym érisation 
tandis que l ’addition de détergents produit l’effet contraire.

Zusammenfassung
D ie K in etik  der wässrigen, durch lias R edoxpaar Perm anganat-O xalsäure gestarteten 

Polym erisation von A crylnitril wurde bei (32 ±  0,2)°C. gravim etrisch untersucht. D ie 
Polym erisationsgeschw indigkeit ist von der Oxalsäurekonzentration in einem kleinen 
Bereich unabhängig. D er K atalysatorexp onen t ändert sich bei einer M onom erkonzen
tration  von 0,30 M kontinuierlich m it der K atalysatorkon zentration  und zw ar von 0,9 
bei niedriger bis 0,27 bei hoher K atalysatorkon zentration. Der M onom erexponent ist
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im K onzentrationsbereich von 0,30 M und darüber fast eins. In demjenigen Bereich, in 
welchem die Polym erisationsgeschw indigkeit von der O xalsäurekonzentration unab
hängig ist, gilt das gleiche auch für das M olekulargew icht, doch sinkt dieses bei höheren 
Oxalsäurekonzentrationen m it steigender K atalysatorkon zentration  und Tem peratur ab. 
D ie B ruttoaktivierungsenergie ist 8,6 kcal./M ol. Zusatz von Salzen wie N a 2S 0 4 ernie
drigt die Polym erisationsgeschw indigkeit. D agegen führt ein Zusatz von M n S 0 4 in 
niedriger K onzentration  zu einer Erhöhung der G eschw indigkeit, während bei höheren 
K onzentrationen die A nfangsgeschw indigkeit absinkt. E s wird angenommen, dass 
hydratisierte M n 3 M on en  den oxydativen  K etten abbruch der Polyacrylnitrilradikale 
bewirken. Kom plexierende Agenzien wie Kluoridionen, Ä thylendiam intetraessigsäure 
etc. erniedrigen die Polym erisationsgeschw indigkeit, während der Zusatz von Deter- 
gentien sie erhöht.
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Synopsis

T h e relationships between composition and structure of vinylidene chloride ( V D C ) -  
v in yl chloride (V C )  copolym er were investigated by various methods such as x-ray  wide- 
angle and sm all-angle scattering, electron diffraction and m icroscopy, therm al analysis, 
and high resolution nuclear m agnetic resonance. T h e copolym ers used were made by 
suspension copolym erization below 5 %  conversion. T h e crystalline regions are funda
m entally ismorphous to polyvinvlidene chloride (P V D C )  for the V D C - V C  copolym ers in 
the composition range from 1 to 0.560 in term s of the molar fraction of V D C  (0.560 V D C ). 
In the composition range below 0.145 V D C , the copolym ers form crystallites isomorphous 
to p olyvin yl chloride. T h e  copolym ers having the interm ediate compositions are am or
phous. In the composition range above 0.560 V D C , the average crystallite sizes of the 
uniaxially oriented specimens are alm ost constant; on the contrary, the long periods in
crease with decrease of the m olar fraction of V D C . T he intensities of the long-period 
diffraction peaks show a m axim um  for the copolym er in which the molar fract ion of V D C  is 
0.685. T h e crystallinities, which were estim ated from the x-ray method, decrease with 
decrease of the V I )C  fraction. T h e m elting point depression is so sm all th at it  cannot be 
explained b y  F lo ry ’s equation. T h e results of N M R  indicate th at a large percentage of 
V C  monomer units exists as sequences even in V D C -rich  copolym ers. P V D C  and the 
V D C - V C  copolym ers higher than 0.745 V D C  crystallize in the form of layer crystal ag
gregates from  monochlorobenzene solutions. T h e m olecules are sharply folded within 
these layers. T h e  average crystallite sizes and long periods of the solution grow th crystals 
are almost constant. T hese experim ental facts cannot be interpreted in the term s of the 
structure which is expected b y  the copolvnierization theory, but m ay be explained only 
on the basis of the m olecular structure model which means the copolym er has a kind of 
block-type structure.

INTRODUCTION

It is well known that structures and physical properties of copolymers are 
influenced predominantly by their compositions. There have been so far 
many papers on the melting and glass transitions of copolymers. On the 
other hand, with respect to the crystallographic studies, there have been 
reported only a few papers which discussed the relationships between the 
compositions and crystal structures of copolymers such as ethylene-carbon 
monoxide copolymer (Polyketone),1 3-methyl-l-butene-4-methyl-l-pen- 
tene copolymer;2 also a few papers3’4 on the relationships between the com
positions and diffraction patterns have been published. On some aspects
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of the molecular configuration of copolymers, for instance, investigations 
by means of nuclear magnetic resonance spectroscopy of vinylidene fluo- 
ride-hexafluoropropylene copolymer,6 and some studies by means of in
frared absorption spectroscopy of vinylidene chloride-vinyl chloride co
polymer6 and ethylene-propylene copolymer7 have been recently reported.

The relationship between composition and structure of the copolymer, 
in particular vinylidene chloride-vinyl chloride copolymer, has not been 
systematically investigated in spite of its practical importance.

The purpose of this study is to scrutinize the above-mentioned problem. 
Various methods, such as x-ray wide-angle and small-angie scattering, 
electron diffraction and microscopy, thermal analysis, infrared absorption, 
and high resolution nuclear magnetic resonance were applied in this work.

EXPERIMENTAL AND RESULTS 

Samples
Copolymerizations were carried out below 5%  conversion in a 10-liter 

autoclave at 50°C., because a large quantity of the samples of vinylidene 
chloride (VD C)-vinyl chloride (VC) copolymers of different compositions 
with narrow distributions were needed for the experiments. Copolymer
ization conditions were as follows: lauroyl peroxide (0.1%  to monomer) 
was used as catalyst; the ratio of monomer to water was V 2 ; a methanol 
solution of guaiacol (0.05% to monomer) was used as stopper reagent. 
The copolymers obtained were dissolved in tetrahydrofuran and precipi
tated with methanol, after Soxhlet extraction with methanol. The purified 
copolymers were dried at 40°C. under reduced pressure. The compositions 
of the copolymers were determined from chlorine analysis.

Polyvinylidene chloride (PVDC) was made under the same conditions.
Uniaxially oriented filaments of PVDC and V D C -V C  copolymers were 

made by the following procedure. The monofilaments, from resins con
taining 3%  plasticizer were extruded through a die (1 mm. diameter) at 
temperatures of 140-200°C. and then immediately quenched in a methanol 
bath (at —78°C.), were drawn to their maximum elongation at room tem
perature (about 15°C.), and were annealed at temperatures given in 
Table II.

As reference materials, vinylidene chloride-methyl acrylate (M A) co
polymers and vinylidene chloride-octyl acrylate (OA) copolymers which 
had different compositions were copolymerized under nearly the same condi
tions as those of PVDC.

X-Ray Wide-Angle Diffraction
Powder patterns of PVDC and the V D C -V C  copolymers were measured 

with a diffractometer using Ni-filtered C u K « radiation. For the uniaxi
ally oriented filaments, photographs were taken with a cylindrical camera. 
In this case the fiber axis was tilted to the incident beam to permit observa
tion of the (020) reflection,8 beside the usual perpendicular position. The



V I N Y L I D E N E  C H L O R I D E - V I N Y L  C H L O R I D E  C O P O L Y M E R S  175 1

Fig. 1. F iber photograph of cold-drawn P V D C .

Fig. 2. F iber photograph of cold-drawn Y D C - Y C  copolym er (0.685 V D C ).

Fig. 3. F iber photograph of cold-drawn V D C - V C  copolym er (0.560 V D C ).

x-ray beam used for these photographs was CuKa radiation monochroma- 
tized by a LiF single crystal.

Unit cell dimensions of PVD C and its copolymers (isomorphous to 
PVDC) have been given:8 a =  6.73 A., b =  4.68 A. (fiber axis), c =  12.54 
A., /3 =  123°35', z =  4, monoclinic system, space group; C%-Pgt. The 
crystal structure will be reported in a following paper.8

Fiber photographs of PVDC, the V D C -V C  copolymer, 0.685 in terms of 
the molar fraction of VDC (0.685 VD C), and the V D C -V C  copolymer 
(0.560 VDC) are shown in Figures 1-3. These photographs were taken 
with a cylindrical camera using CuKa radiation monochromatized by LiF. 
The observed spacings are listed in Table I. It may be concluded from the 
results of the wide-angle diffraction that the crystalline regions of V D C -V C
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T A B L E  I
Relationship betw een Com positions and Observed S]racings of V D C - V C  Copolym ers

Observed spacings, A.

C om position  
(m olar fraction 

of V D C )

100
+

102 002 104

200
+

204

105
+

205

005
+

305 020

1 .000  (P V D C ) 5 .61 5 .3 5 3 .1 1 2 .8 04 2 .4 4 0 2.081 2 .343
0 .9 05 5.61 5 .2 8 3 .1 0 2 .8 04 2 .4 4 0 2 .089 2 .3 4 3
0 .8 20 5 .6 3 5 .2 8 3 11 2 .8 09 2 .4 43 2 .0 86 2 .3 4 3
0 .7 45 5 .6 1 5 .2 8 3.11 2 .8 09 2 .4 43 2 .086 2 .3 43
0 .6 85 5 .6 3 5 .2 8 3.11 2 .8 09 2 .4 50 2 .089 2 .3 50
0 .6 03 5 .6 3 3 . 13 2 .8 09 2 .4 50 2 .089 2 .3 4 3
0 .5 6 0 5 .5 7 2 .8 09 2 .3 5 0

copolymers higher than 0.560 VDC are fundamentally isomorphous to 
PVDC, and the crystallites of the copolymers lower than 0.145 VDC are 
isomorphous to PVC. The copolymers having the intermediate composi
tions are amorphous.

T A B L E  II
Relationship betw een Com position and C rystalline Param eters of V D C - V C  Copolym ers

Com position 
(m olar fraction 

of V D C )

M elting
point,

°C .
C rysta l

lin ity, % D raw ing conditions

Average 
crystal
lite size 

along 
fiber 
axis, 

A .

Long
period

A.

1 .000 (P V D C ) 195 43 Cold-drawn 45 76
Annealed at 100°C. after

being cold-drawn" 48 90
0.905 192 34 Cold-drawn 45 SO

Annealed at 100°C. after
being cold-drawn 48 96

0.820 188 33 Cold-drawn 45 84
Annealed at 100°C. after

being eold-drawn 47 96
0.745 185 28 Cold-drawn 45 87

Annealed at 100°C. after
being cold-drawn 47 100

0.685 183 22 Cold-drawn 41 103
Annealed at 90°C. after

being cold-drawn 43 119
0.603 183 19 Cold-drawn 41 135

Annealed at. 70°C. after
being cold-drawn 43 142

0.560 183 20 Cold-drawn 42 —

a Annealing was carried out under constant length, for 10 min., in a w ater bath.
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Tn th is  paper, th e  Y D C -Y C  copolym ers w hich are  1  to  0.560 Y D C  in 
th e ir  com positions w ill be d iscussed.

T h e  x -ra y  m e asu rem en ts  of c ry s ta llin ity  were carried  o u t in pow der 
s ta te  w ith  a  d iffrac tom ete r, because it was im possible to  ap p ly  o th e r  m e th 
ods in  th is  case.

T h e  sc a tte r in g  due to  con tin u o u s x -ra y  w as rem oved  by using  th e  ba l
anced-filte r m e th o d . 9 T he C o m pton  sc a tte r in g  w as neglected.

S ep ara tio n  of th e  c ry sta llin e  an d  am o rp h o u s com ponen ts from  w hole 
d iffraction  cu rves w as carried  o u t accord ing  to  H erm a n s’ m e th o d . 10 T h e  
p er cen t c ry s ta llin ity  show n in T ab le  I I  w as ca lcu la ted  from  th e  in te g ra te d  
in ten s itie s  of b o th  com ponen ts in th e  angle range betw een  10° an d  50°.

T h e  rad ia l b roadness of th e  (020) reflection  in th e  t i l t  p h o to g rap h s  w as 
m easured  w ith  a m ic ro p h o to m ete r; th e  average cry s ta llite  sizes, DnM, in  
th e  d irec tion  p ara lle l to  th e  fiber axis w ere ca lcu la ted  by  u sing  S ch erre r’s 
line b ro ad en in g  e q u a tio n : 11

J'hu = K-\/(p- cos 6)

w here Dm is th e  average size of th e  c ry sta llite s  p e rpend icu la r to  th e  (hid) 
p lanes in angstrom s, K  is a  c o n s ta n t (0 .9n used here), and  P is th e  pure  
b re a d th  a t  half-m ax im um  in te n s ity  of th e  (hkl) reflection hav ing  w ave
leng th  A an d  B ragg  angle 6. In  th is  case, co rrec tions for th e  in s tru m e n ta l 
b ro ad en in g  w ere neg lec ted , 12 because h/B <  0.1, w here b is th e  b re a d th  due 
to  in s tru m e n ta l cond itions o b ta in ed  by  using  finely pow dered  q u a rtz , an d  
B is th e  ex p e rim en ta lly  observed  b rea d th  of th e  (hkl) reflection. As well 
know n, th e  c ry s ta llite  size derived  from  th e  line b roaden ing  of x -ra y  d if
fra c tio n  alw ays includes som e am o u n ts  of e rro r  due to  la ttic e  im perfec
tion .

As a  m easure  of th e  average c ry s ta llite  sizes in th e  d irec tion  perp en 
d ic u la r to  th e  fiber axis, Dh0i w ere m easured  in a s im ilar w ay  by  using  th e  
eq u a to ria l reflection  in w hich  th e  (204) reflection w ere superposed on th e  
(200) reflection . T h e  in te n s ity  of th e  (200) reflection is five tim es g re a te r  
th a n  th a t  of th e  (204) reflec tion .8 T h e  average cry s ta llite  sizes m easured  
w ith  th a t  reflection, the re fo re , m a y  be regarded  as D 20o. I t  w as im possible 
to  m easure  th e  average sizes in  o th e r  e q u a to ria l d irec tions, because of 
superposition  o r w eakness of th e  in ten sitie s  of o th e r  reflections .8

F or reference, th e  degrees of p a ra lle lity  of th e  un iax ia lly  o rien ted  fila
m e n ts  used w ere e s tim a ted  from  th e ir  fiber p h o to g rap h s  ( ta k e n  w ith  a  fla t 
cam era), as a m easure  of c ry s ta llite  o rien ta tio n . T h e  degree of p ara lle lity , 
t , w as defined by  th e  follow ing eq u a tio n  : 13

7r =  (180 -  p )/m

w here P is th e  b re a d th  a t  half-m ax im um  in te n s ity  along  th e  D ebye ring  
of th e  (hkl) reflection in  degrees, th e  reflection used here in w hich th e  ( 1 0 0 ) 
an d  ( l 0 2 ) reflections w ere m u tu a lly  superposed .

T h e  degrees of p a ra lle lity  of these  filam en ts w ere a b o u t 0.94, excep t for 
th e  V D C -V C  copolym er (0.500 V D C ) (0.90).
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X-Ray Small-Angle Scattering

T h e sm all-angle sc a tte r in g  p h o to g rap h s  w ere o b ta in ed  w ith  an  unfilte red  
x-ray  beam  th ro u g h  a  p in  hole slit sy stem  w ith  a  fla t p la te  a t  a  d is tan ce  of 
180 m m . from  th e  specim en. T h e  un iax ia lly  o rien ted  filam en ts of P V D C  
an d  th e  VDC- VC copolym ers h igher th a n  0.608 VDC show  a  ty p ica l long-

Fig. 4. Small-angle scattering photograph of cold-drawn PVDC. Fiber axis vertical. 
Fig. 5. Small-angle scattering photograph of cold-drawn VDC-VC copolymer (0.G85

VDC). Fiber axis vertical.
Fig. G. Small-angle scattering photograph of cold-drawn VD C-YC copolymer (0.5G0

VDC). Fiber axis vertical.

LONG-PERIOD, A. 
30 0  200 100

Fig. 7. Relative long-period diffraction curves of VD C-VC copolymers (cold-drawn). 
Numbers in the figure represent the molar fraction of VDC of the copolymers.
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LONG-PERIOD. A.

Fig. 8. Relative long-period diffraction curves of VD C-VC copoRmers (heat-treated 
after being cold-drawn). Numbers in the figure represent the molar fraction of VDC of 
the copolymers.

period  d iffraction , a s  seen in  F ig u re  4 an d  5, h u t th e  V D C -V C  copolym er 
(0.560 V D C ) show s a  con tinuous sc a tte r in g  (Fig. 6 ).

F u rth e rm o re , th e  long-period d iffraction  w as m easu red  by  m eans of 
fixed co u n t m e th o d  w ith  a  sm all-angle d iffrac to m e te r (R igaku -D enk i 
Co., L td .) . T h e  g uard  slit w as n o t used, because i t  w as req u ired  to  fix 
specim ens d irec tly  on th e  second slit.

F igures 7 an d  8  a re  th e  re la tiv e  long-period d iffraction  cu rves of th e  cold- 
d raw n  an d  th e  h e a t- tre a te d  filam en ts o b ta in ed  w ith  N i-filtered  C u K a  
rad ia tio n . In  these  curves, th e  sc a tte r in g s  from  b o th  a ir  an d  th e  slit edges 
w ere ex p e rim en ta lly  e lim inated , b u t th e  co llim ation  e rro r w as n o t co rrected . 
T h e  long periods w hich w ere ca lcu la ted  by  B rag g ’s eq u a tio n  from  th e  posi
tio n s of m ax im u m  in ten sitie s  of these  cu rves a re  g iven  in  T ab le  I I .  T h e  
long periods of th e  h e a t- tre a te d  specim ens are  longer th a n  those  of th e  cold- 
d raw n  ones ov er th e  en tire  com position  range u n d e r consideration . T h is  
phenom enon  is n o t unusual, an d  m ay  be explained  b y  th e  s im ilar p h e 
nom enon in Z W 14

Thermal Analysis

T h e specific h ea ts  of P Y D C  an d  its  copolym ers w ere m easu red  in  the  
pow der s ta te  w ith  an  a u to m a tic  record ing  d iffe ren tia l th e rm a l an a ly zer 
an d  a d iab a tic  ca lo rim eter (R igaku -D enk i Co., L td ., J a p a n ) .
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Fig. 9. Melting points vs. compositions for VDC-VC, VDC-M A, and VDC-OA co
polymers.

Iii th e  cases of P V D C , th e  V D C -V C  copolym ers, the  V D C -M A  copoly
m ers, an d  th e  Y D C -O A  copolym ers (h igher th a n  0.745, 0.917, an d  0.935 
V D C , respectively ), tw o peaks are observed  in th e  specific h ea t versus 
te m p e ra tu re  curves. T h e  low er peaks obv iously  d isa p p ea r w hen th e  sam 
ples are annealed  a t  te m p e ra tu re s  ju s t  above th e  te m p e ra tu re s  of th e  lower 
peaks, b u t no difference can  be found  betw een  th e  x -ray  d iag ram s of the  
u n tre a te d  an d  th e  annealed  pow der, an d  it is im possib le to  find a t  th e  a n 
nealing  te m p e ra tu re s  th e  m acroscopic fea tu res  of m elting . S im ilar p h e
nom ena have  been rep o rted  by D o le , 15 b u t a t  p resen t it is very  d ifficult to

H

Fig. 10. NM R absorption spectrum of VD C-VC copolymer (0.820 VDC).
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explain  th e  low er peaks. I t  is e v id en t th a t  th e  h igher peaks correspond  to  
th e  m e ltin g  of c ry s ta llite s  hav in g  norm al s tru c tu re . I t  w as found by  th e r-  
m o g rav im etric  ana ly sis  th a t  a  decrease in w eigh t -  p ro b ab ly  due to  d eh y 
d ro c h lo rin a tio n —occurred  a f te r  m elting . T h e  m e ltin g  p o in ts  of P V D C  
an d  th e  V D C -V C  copolym ers a re  g iven  in T ab le  I I  an d  F igu re  9 an d  those  
of th e  V D C -M A  copolym ers an d  th e  V D C - 0  A copolym ers in  F igure 9.

High Resolution Nuclear Magnetic Resonance

T he p ro to n  m agnetic  resonance of so lu tions of P V D C  an d  th e  V D C -V C  
copolym ers in  o-dichlorobenzcnc (10% ) w as m easured  w ith  a  V arian  As
soc iates M odel V—k i l l  high reso lu tion  N M R  sp ec tro m e te r o p era tin g  a t  
60 m cycles/sec. equ ipped  w ith  a  v ariab le  te m p e ra tu re  p robe accessory, 
M odel V-4340, a t  a  h igh  te m p e ra tu re  (ab o u t 100°C.) to  ge t b e t te r  so lu b ility  
of th e  po lym ers an d  to  a t ta in  b e t te r  reso lu tion  of th e  spectra . One of th e  
sp e c tra  is illu s tra te d  in F igure 10. T h e  peak  C is assigned as th e  resonance 
effect due to  th e  m ethy len ic  p ro to n s  in V C  sequences, from  th e  in fo rm atio n  
o b ta in ed  on  PV C  an d  its  m odel com pounds; th e  assignm en ts  of o th e r  
peaks is n o t decided a t  p re se n t . 16

Solution Growth Crystals

F or th e  purpose of th is  in v estig a tio n , pow ders of P V D C  an d  the  V D C - 
VC copolym ers w ere d issolved in m onochlorobenzene (a t 132°C.) an d  cry s
ta llized  in th e  form  of a  suspension by  low ering slowly th e  te m p e ra tu re  of 
th e  so lu tions ( 0 .0 1 %  to  0 . 1 % ) to  room  te m p era tu re .

T h e  suspension w as picked up  on a  collodion film  an d  w as d irec tly  
exam ined  u n d e r a  e lec tron  m icroscope, JE M -5 Y  (Jap a n  E lec tro n  O ptics 
L ab o ra to ry  Co., L td .) . T h e  cry sta ls  grow n from  th e  so lu tions of P V D C  
an d  th e  V D C -V C  copolym ers h igher th a n  0.745 V D C  w ere o b ta in ed  in  
m a n y  cases in th e  fo rm  of layerlike aggregates as seen in F igure  1 1 . Single

Fig. tl. Electron micrograph of solution growth crystals of VDC-VC copolymer 
(0.905 VDC). Crystallized in the form of a suspension from 0.015% monoclilorobenzene 
solution, l ’ t shadowed, X 30,000.
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cry s ta ls  w ith  w ell-defined faces eq u iv a le n t to  th a t  observed , fo r exam ple, 
in  p o ly e th y le n e 17 h ave n o t y e t  been o b ta in ed . I t  is th o u g h t to  be du e  to  
so lub ility  th a t  such c ry s ta ls  of V D C  -VC copolym ers low er th a n  O. 6 8 0  V D C  
can n o t be o b ta in ed  u n d e r th a t  condition . T h e  d irec tion  of m olecules w as 
exam ined  by  selected  a re a  e lec tron  d iffraction . T hese e lec tron  d iffraction  
p ho tog raphs, how ever, show ed on ly  a  p a t te rn  due to  tw in  s tru c tu re  in  
sp ite  of th e  s im ila rity  in ap p earan ce  to  single c ry s ta l m ateria l.

Fig. 12. Small-angle scattering photograph of solution growtli crystal sediment of 
YDC-VC copolymer (0.745 VDC). Fiber axis vertical.

W hen  th e  suspension  w as filtered  slow ly , 18 th e  sed im en ting  cry sta ls  
form ed a  film. T hese films could be used for x -ray  exam inations. W hen 
th e  beam  w as p e rp en d icu la r to  th e  h im  surface, th e  w ide-angle d iffraction  
d iag ram  consisted  of con tinuous rings. O n th e  o th e r  hand , w hen  th e  beam  
w as para lle l to  th e  film  surface, a  d iag ram  of fiber sy m m etry  w as ob ta ined . 
T h e  average c ry s ta lli te  sizes on  th e  Dm of these  film s w ere m easured  by  th e  
m ethod  described  above. T h e  resu lts  a re  g iven  in  T ab le  I I I .  T he sm all- 
angle sc a tte r in g  p h o to g rap h s  of such  films w ere also ta k e n  w ith  th e  cam era  
p rev iously  described. As seen in  F igu re  1 2 , these  p h o to g rap h s  gave w eak 
b u t sh a rp ly  defined d iffractions co rresponding  to  th e  la ttic e  p lanes para lle l 
to  th e  film surface w ith  th e  B ragg  spacings g iven  in  T ab le  I I I .

TABLE III
Relationship between Compositions and Periodicities of Solution Growth Crystals of

VDC-VC Copolymers

Composition 
(molar fraction 

of VDC)
Long period, 

A.

Average crystallite 
size along 

fiber axis, A.

1.000 (PVDC) 76 50
74“ 53“

0.905 78 54
0.820 76 44

78a 50“
0.745 72 45

' Heat-treated at 100°C. for 20 min., in an air bath.
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T hese experim en ts suggest th a t  th e  m olecules are e ith e r  p e rp en d icu la r 
to  these  layers or n early  so an d  m u s t be sh a rp ly  folded w ith in  these  layers. 
T h e  long period is sm aller th a n  th e  fo ld ing period , i.e., th e  lay er th ickness 
w hich w as assessed from  th e  shadow s in  th e  e lec tron  m icrographs. A 
m ore deta iled  re p o rt on the  m orphological in v estig a tio n s will be published  
a t  a la te r  date .

DISCUSSION

T h e m elting  p o in t depression  in  copolym ers can  be expressed by  F lo ry ’s 
e q u a tio n :19

1 / T:n -  1 /T ° m =  ~ { R / A H U)Dip

w here T m an d  T m are th e  m elting  p o in ts  of th e  hom opolym er com posed of 
A  u n its  (i.e., V D C  u n its  in  th is  s tu d y ) an d  th e  copolym er, respectively , R 
is th e  gas co n s tan t, AHu is th e  h e a t of fusion p e r  m ole of A  u n its , a n d  p is 
th e  p ro b a b ility  th a t  in  th e  copolym er an  A u n it  is succeeded by  a n o th e r  
A u n it, in d ep en d en t of th e  n u m b e r of A  u n its  p reced ing  th e  g iven  one. 
F o r a  ran d o m  copolym er, p =  X A, w here .Y,\ is th e  m o la r fra c tio n  of A 
u n its , w hile fo r a  v in y l copolym er p ^  X A- F o r  th e  V D C -M A  copolym ers 
an d  th e  V D C -O A  copolym ers w hich can  be regarded  as ran d o m  copoly
m e rs ,20 A H  f, th e  tru e  h e a t of fusion p e r  g ram  of P V D C  o b ta in ed  from  
F lo ry ’s eq u a tio n , was 11-1.5 c a l./g . In  th e  case of th e  V D C -V C  copoly
m ers w hich are  n o t ran d o m  copo lym ers,20 A H f v alues m ore th a n  100 ca l./g . 
w ere ob ta ined .

F ro m  th e  experim en t on th e  m e ltin g  p o in t depression  of P V D C  by  a- 
m e th y l benzyl e th e r  as a d ilu e n t,19 we o b ta in ed  a b o u t 14 c a l./g . as AHf. 
T h e  A H f v alue  o b ta in ed  from  tire ca lo rim etric  m easu rem en t w as a b o u t 15 
c a l . /g . ; 0.43 w as used as th e  w eigh t fra c tio n  of c ry s ta llin ity .21

T hese resu lts  in d ica te  th a t  th e  m e ltin g  p o in t depression  of th e  V D C -V C  
copolym ers c a n n o t be explained  b y  F lo ry ’s equ a tio n .

T h e  average cry s ta llite  sizes in  th e  d irec tion  p ara lle l to  th e  fiber axis of 
th e  un iax ia lly  o rien ted  filam en ts of th e  V D C -V C  copolym ers are a lm ost 
c o n s ta n t ; Dm =  40 -50  A., in  th e  com position  range from  1 to  0.560 in  te rm s  
of th e  m o la r fra c tio n  of V D C  (T ab le  I I ) .  T h is  resu lt m eans th a t  th e  
sc a tte red  x -ray s are in  phase  am ong  a b o u t tw e n ty  m onom er u n its  in  th e  
d irec tio n  p ara lle l to  th e  m olecu lar axis. S im ply  considered, i t  is supposed 
th a t  th e  m a jo r ity  of V D C  u n its  exists as V D C  sequences hav in g  m ore th a n  
tw e n ty  m onom er u n its , in  o th e r  w ords, th e  V D C -V C  copolym ers are 
b lock -type  copolym ers, an d  th e  c ry s ta llite s  a re  a lm ost all com posed of V D C  
u n its . T h is  view  is su p p o rted  b y  tw o fac ts : one is th e  sm aller m elting  
p o in t depression, w hich m eans th e  copolym er is a  b lock-type co p o ly m er;22 
th e  second is th e  resu lts  of N M R . As seen in  F igure  10, th e  in te n s ity  of 
th e  ab so rp tio n  b y  V C sequences ind ica tes th a t  a  large p e rcen tage  of VC 
m onom er u n its  exists as sequences even  in  such  V D C -rich  copolym er.

T h e  above view , how ever, is re jec ted  b y  th e  copo lym erization  th e o ry 20'23 
an d  th e  in fra red  s tu d y  of V D C -V C  copolym ers.6 T he average sequence
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le n g th  of Y D C  u n its  of th e  V D C -V C  copolym er (0.5G0 V D C ) ca lcu la ted  
b y  th e  th e o ry  is a b o u t 2; values used for th e  m onom er re a c tiv ity  ratios, 
ri an d  r 2, w ere 3.2 a n d  0 .3 ,20 respectively . T h e  in fra red  s tu d y  leads to  
sim ilar resu lts. T hese fac ts  m a y  suggest th a t  V C m onom er u n its  a re  in 
cluded, as a  fau lt, in  th e  copolym er c ry s ta llite s  isom orphous to  P V D C . 
O n th e  inconsistency  betw een  these  m odels, th e  resu lts  of th e  sm all-angle 
sc a tte r in g  will give a so lu tion .

T here  have been so fa r p resen ted  m a n y  theories on  th e  long-period d if
fra c tio n  of fiber substance , such as th e  theo ries of Iv ra tk y  an d  P o ro d 24 
an d  H ess an d  K iessig25 an d  H o sem an n ’s recen t review  on th is  p ro b lem .20 
H ow ever, i t  is generally  difficult to  find a n  in te rp re ta t io n  app licab le  in 
a n y  case .27 I n  th is  case, therefo re , th e  in te rp re ta tio n s  of sm all-angle 
sca tte rin g s  w ere forced to  be lim ited  in  som e p a r tic u la r  conceptions, hoi- 
in stance, i t  m a y  be possible to  d iscuss q u a lita tiv e ly  th e  sca tte rin g s  on  th e  
basis of th e  lam ella-pack ing  m odel of K ra tk y .24

T h e long periods considerab ly  increase w ith  decrease of th e  m olar f ra c 
tio n  of V D C , as seen in  T ab le  I I .  O n th e  co n tra ry , increases of c ry sta llite  
sizes on  th e  Dm a re  v e ry  sm all as com pared  w ith  those  of th e  long periods. 
T hese  resu lts  in d ica te  th a t  referring  to  th e  K ra tk y ’s th eo ry , th e  x -ray  
sc a tte r in g  sy stem s of th e  un iax ia lly  o rien ted  filam en ts con tinuously  change 
from  densely  packed  p artic le  system s to  d ilu te  p a rtic le  system s, as th e  m olar 
fra c tio n  of V D C  decreases. T h is  change is also show n by  th e  decreasing  
c ry sta llin itie s  of th e  pow der sam ples, as seen in  T ab le  I I .  T h is  is reason
able a t  least q u a lita tiv e ly , a lth o u g h  th e  p e r cen t c ry sta llin itie s  of th e  fila
m en ts  ca n n o t be d iscussed on  th e  sam e basis as those  of th e  pow der sam ples.

T h e  in ten sitie s  of th e  long-period d iffraction  peak s show  m ax im a for 
th e  specim ens in  w hich th e  m o la r fra c tio n  of V D C  is 0.685, for b o th  th e  
co ld-draw n an d  th e  h e a t- tre a te d  system , as seen in  F igure  7 an d  8. A 
decrease in  th e  sc a tte r in g  in te n s ity  for th e  copolym ers in  th e  com position  
range  from  0.685 to  0.560 V D C  is Explained as  due to  a change of density  
inhom ogeneity  in  th e  specim ens from  densely  p ack ed  p artic le  system s in to  
d ilu te  p a rtic le  sy s tem s.24’27 T h e  n a tu re  of th e  sc a tte r in g  in te n s ity  curves 
fo r th e  specim ens in  th e  com position  range  from  1 to  0.685 V D C  ca n n o t be 
in te rp re te d  in th e  above p o in t of view. T h e  decrease of th e  in te n s ity  of 
th e  sc a tte r in g  m ax im um  m a y  be also due to  th e  increase of th e  re la tiv e  
flu c tu a tio n  of th e  in te rp a rtic le  d is ta n c e .24 I t  is, how ever, v e ry  d ifficult to  
conclude th a t  th e  re la tiv e  f lu c tu a tio n s decrease w ith  decrease of th e  m o la r 
frac tio n  of V D C , because th is  fa c t is som ew hat incom patib le  w ith  th e  co
po lym eriza tion  th e o ry .23 S uch  a  n a tu re  of th e  sc a tte r in g  in te n s ity  curves 
fo r th e  copolym ers in  th e  com position  range from  1 to  0.685 V D C  ca n n o t 
be explained  by  th e  re la tiv e  f lu c tu a tio n  only. I t  is ev id en t th a t  th e  in 
te n s ity  of th e  sm all-angle sc a tte r in g  is p ro p o rtio n a l to  th e  sq u are  of th e  
difference of e lec tron  d ensities betw een  partic les  an d  m edia, i.e ., c ry s ta l
lites an d  th e  am orphous reg ions.27 Such a n a tu re  of th e  sc a tte r in g  in 
te n s ity  cu rves for th e  copolym ers over th e  en tire  com position  range, th e re 
fore, should  be in te rp re te d  n o t on ly  from  th e  p eriod ic ity  in  d en s ity  in-
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CRYSTALLINE REGION

Fig. 13. A schematic model of molecular structure and fine texture of VDC-VC co
polymer: (O) VDC units; (• ) VC units.

hom ogeneity  in  th e  sc a tte r in g  system s b u t also from  th e  difference of elec
tro n  d ensitie s betw een  c ry sta llite s  an d  th e  am orphous regions.

F ro m  th is  p o in t of view, such a  d ifference of th e  e lec tron  densities m a y  be 
in te rp re te d  b y  a  m odel in  w hich th e  com position  of th e  c ry sta llin e  regions 
is rich  in  V D C  as com pared  w ith  th e  overa ll com position  of th e  copolym er; 
on  th e  c o n tra ry , th e  com position  of th e  am orphous regions is rich  in  VC. 
B y  th is  m odel, th e  difference of e lec tro n  d ensitie s betw een  b o th  regions 
becom es g rea te r  w ith  decrease of th e  m o la r fra c tio n  of V D C , if th e  com posi
tions of th e  cry sta lline  regions a re  ap p ro x im ate ly  equa l to  each  o ther, 
in d e p en d e n tly  of th e  overa ll com positions of th e  copolym ers. T h is  m odel 
m a y  be realized on ly  by  th e  m olecu lar s tru c tu re  sa tisfy ing  th e  following- 
cond itions: (I) th e  average sequence leng th s of V D C  un its , of course, 
becom e sh o rte r  w ith  decrease of th e  m o la r fra c tio n  of V D C ; (2) V D C  se
quences have  a  d is tr ib u tio n  in  th e  len g th s; an d  (3) longer V D C  sequences 
ex ist as b locks in  th e  m olecu lar chains. U n d er considerations of these  
conditions, a  schem atic  m odel of m olecu lar s tru c tu re  an d  fine te x tu re  of 
th e  copolym er is illu s tra te d  in F igu re  13.

T h e  p erio d ic ity  in  d en s ity  inhom ogeneity  is easily  u n d ersto o d  from  th is  
m odel, th a t  is, th e  average d istances betw een  c ry sta llites  in  th e  d irec tion  
para lle l to  th e  fiber axis should  increase w ith  decrease of th e  m o la r fra c tio n  
of V D C , because th e  average cry s ta llite  sizes in  th a t  d irec tion  are  considered 
a lm ost co n stan t.

In  th is  m olecu lar s tru c tu re  m odel, th e  c ry s ta llite s  of th e  V D C -V C  co
po lym ers are assum ed  to  be com posed p red o m in an tly  of blocks of longer 
V D C  sequences. O n th e  c o n tra ry , in  th e  am orphous regions, blocks of 
sh o rte r  V D C  sequences m ay  be p red o m in an t. T h is  assu m p tio n  m ay  be 
su p p o rted  b y  th e  follow ing fac ts . F irs tly , resu lts  of th e  w ide-angle 
d iffraction  s tud ies show  th a t  th e  average cry s ta llite  size in  th e  d irec tio n  
p ara lle l to  th e  fiber axis is a lm ost c o n s tan t, an d  th e  average c ry s ta llite  
size in  th e  d irec tio n  p erp en d icu la r to  th e  (200) p lanes is of th e  o rd er of 
several ten s of A ngstrom s over th e  en tire  com position  range u n d e r consider
a tio n . T h e  la t te r  resu lt also is believed to  be ev idence to  su p p o rt th e  m odel, 
because m ore th a n  te n  m olecules should  be regu la rly  agg regated  in  th e  
d irec tion  p erp en d icu la r tc  th e  (200) p lanes even  in  th e  V D C -V C  copoly
m er (0.500 V D C ). Secondly, a  decrease of th e  p e r cen t c ry s ta llin ity  in  the
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d iffraction  cu rves of pow der sam ples is a t tr ib u te d  m ain ly  to  th e  increase 
of th e  b ackg round  sc a tte r in g  fo r th e  sam ples in  th e  com position  range  
from  1 to  0.745 V D C  an d  also to  th e  decrease of th e  la ttic e  com p o n en t of 
th e  sc a tte r in g  fo r th e  copolym ers in  th e  com position  range  from  0.745 to  
0.560 V D C . T h e  decrease of th e  la ttic e  com p o n en t is app reciab le  on  th e  
o th e rs  th a n  th e  (M)0) reflection, as seen in  T ab le  I  an d  F igu re  1-3. T h is 
fac t leads us to  th e  follow ing specu la tions. T h e  m olecules m ay  fo rm  a 
c ry s ta llite  inc lud ing  a  sm all n u m b e r of V C u n its  in  i t ;  th e n , such V C u n its  
in  th e  c ry s ta llite s  increase m ore an d  m ore w ith  decrease of th e  m o la r fra c 
tio n  of V D C , an d  finally  becom e too  m a n y  to  p e rm it fo rm a tio n  of a  regu la r 
la ttice . T h e  th ird  fac t su p p o rtin g  th e  m olecu lar m odel is th e  sm aller m e lt
ing p o in t depression. F o u rth , th e  average c ry s ta llite  sizes in  th e  fiber 
d irec tion  of th e  un iax ia lly  o rien ted  V D C -V C  copolym ers are a lm o st equal 
to  o r som ew hat g re a te r  th a n  those  of the  un iax ia lly  o rien ted  V D C -A IA  
copolym ers an d  V D C -O A  copolym ers in w hich th e  m o la r frac tions of V D C  
are  n early  equal to  those  of th e  co rrespond ing  V D C -V C  copolym ers and  
w hich w ere sp u n  u n d e r th e  sam e cond itions as th e  V D C -V C  copolym ers. 
On th e  o th e r  hand , th e  long periods of th e  fo rm er a re  sm alle r th a n  those  of 
th e  la tte r . T h e  in ten sitie s  of th e  long-period d iffraction  peaks of th e  la t te r  
a re  generally  s tro n g e r th a n  those  of th e  form er. T h is  is a n  ev idence for 
th e  m odel, because e lec tro n  d ensitie s of M A  u n its  an d  OA u n its  a re  e s ti
m a ted  as to  be sm aller th a n  those of V C u n its .

As seen in T ab le  I I I ,  th e  average c ry s ta llite  sizes in  th e  fiber d irec tion  of 
th e  so lu tion  g ro w th  c ry s ta ls  decrease som ew hat w ith  decreasing  m o la r 
frac tion  of V D C  an d  are  a lm o st equa l to  those  of th e  d raw n  sam ples. T he 
long periods a re  a lm o st co n s tan t, in  sp ite  of th e  v a ria tio n s  of th e  m o la r 
com positions. I t  seem s th a t  th e  in ten s itie s  an d  sharpness of th e  long- 
period  d iffraction  peak s do n o t change m uch . O n h e a t tre a tm e n t, th e  
average c ry s ta lli te  sizes increase a  fa ir  a m o u n t, b u t th e  long periods scarcely  
increase, as in d ica ted  in  T ab le  I I I .  T h is  is also ev idence for th e  above 
m en tioned  a rgum en ts .

As described  above, all th e  experim en ta l resu lts  in th is  p ap e r w ere ex
p la ined  on ly  on  th e  basis of th e  m olecu lar s tru c tu re  m odel p roposed  here. 
In  F igu re  1 0  a  peak , Z ) H h  is assigned  as th e  resonance effect due to  th e  m etli- 
y lenic p ro to n s  in  V D C  u n its  bonded  in h ead -to -head  sequence.16 T h is  
p eak  is n o t observed  in th e  sp ec tru m  of P V D C . T h e  ab so rp tio n  in 
te n s ity  of th is  p eak  increases w ith  decrease of th e  m o la r frac tion  of V D C . 
T herefore, if th e  h ead -to -head  bonds of V D C  u n its  ex ist in th e  sh o rte r  
sequences, o u r m odel m ay  be com patib le  w ith  th e  N M R  in v e s tig a tio n 16 too. 
T h is  m odel, also, is believed to  be n o t inconsisten t w ith  th e  resu lts  of th e  
in frared  s tu d y ,6 if d is tr ib u tio n s  in th e  sequence leng th s are ta k e n  in to  
consideration  in th e  in te rp re ta tio n  of those  results.

I t  m ay  be concluded th a t  V D C -V C  copolym er m ade by th e  usua l sus
pension copolym erization  is a  kind of block copolym er in w hich longer 
A D C  sequences a re  aligned  as blocks in th e  m olecu lar chains, a lth o u g h  th is
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s tru c tu re  m a y  be inco n sis ten t w ith  th e  s tru c tu re  w hich is expected  by  th e  
copo lym erization  th e o ry .20'23

The author would like to express his thanks to Prof. M. Kakudo of Osaka University 
and Dr. M. Asahina of this Laboratory for their helpful advice, and also to Mr. A. Aida 
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Résumé

On a étudié les relations entre les compositions et les structures du copolymère de 
chlorure de vinylidène (VI )C) et chlorure de vinyle ( VC) par diverses méthodes telles que 
la diffusion des rayons-X à grand et petit angle, diffraction des électrons et microscopie, 
analyse thermique, et résonance magnétique nucléaire à haute résolution. Les copolye 
mères utilisés ont été préparés par copolymérisation en suspension, le degré de conversion 
étant inférieur à 5%. Les régions cristallines sont fondamentalement ¡amorphes an 
chlorure de polyvinylidène (PVDC) pour les copolymères de VDC-VC dans le domaieu
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de composition de 1 à 0.560 fraction molaire de VDC (0.560 VDC). 1 )ans le domaine de 
composition en-dessous de 0.145 VDC, les copolymères forment des eristallites isomorphes 
au chlorure de polyvinyle. Les copolymères ayant des compositions intermédiaires sont 
amorphes. Dans le domaine de composition au-dessus de 0.560 VDC les dimensions 
moyennes des eristallites des spécimens orientés de façon non-axiale sont presque con
stantes, au contraire les longues séquences croissent, lorsque la fraction molaire de VDC 
décroît. Les intensités des pics de diffraction des longues séquences montrent une valeur 
maximum dans le copolymère dont la fraction molaire en VDC est 0.685. Les cristallin- 
ités, estimés au moyen de la méthode des rayons-X, décroissent bien sûr, lorsque décroît 
la fraction de VDC. La dépression du point de fusion est si faible qu’elle ne peut pas 
être expliquée par l’équation de Flory. Les résultats de N M R indiquent qu’il existe, 
même dans les copolymères riches en VDC, un grand pourcentage d’unités monomériques 
VC séquencées. Le PVDC et les copolymères de VD C-VC avec plus de 0.745 VDC cris
tallisent sous forme d ’aggrégats de couches cristallines à partir de leurs solutions dans le 
monochlorobenzène. Les molécules sont en plis serrés à l’ intérieur de ces couches. Les 
dimensions moyennes des eristallites et les longues séquences des cristaux développés à 
partir de la solution sont presque constantes. Ces faits expérimentaux ne peuvent pas 
être interpêtés en termes de structure selon la théorie de la copolymérisation, mais peu
vent uniquement être expliqués sur base du modèle de structure moléculaire qui implique 
que le copolymère se presente sous forme d ’une sorte de copolymère séquencé.

Zusammenfassung

Die Beziehungen zwischen Zusammensetzung und Struktur wurden an Vinylidenchlo- 
rid (VDC)-Vinylchlorid(VC)-Copolymeren mit Hilfe verschiedener Methoden, wie 
Röntgenbeugung bei grossen und kleinen Winkeln, Elektronenbeugung und mikroskopie, 
thermische Analyse und magnetische Kernresonanz hoher Auflösung untersucht. Die 
Copolymeren wurden durch Suspensions-Copolymerisation zu Umsätzen unter 5% 
hergestellt. Im Bereich des VDC-Molenbruches von 1 bis 0,560 (0,560 VDC) sind die 
kristallinen Bereiche der VDC-VC-Copolvmeren grundsätzlich isomorph mit Polyvinyl- 
idenchlorid (PVDC). Im Bereich unter 0,145 VDC sind die von den Copolymeren ge
bildeten Kristallite isomorph mit Polyvinylchlorid. Copolymere mit dazwischen lie
gender Zusammensetzung sind amorph. Im Zusammensetzungsbereich über 0,560 VDC 
ist die mittlere Kristallitgrösse der in einer Richtung orientierten Proben fast konstant, 
dagegen steigen die Langperioden mit abnehmendem VDC-Molenbruch an. Die Inten
sität der Beugungsmaxima der Langperioden hat. bei Copolymeren mit einem VDC-M o
lenbruch von 0,685 ein Maximum. Die mittels der Röntgenmethode bestimmte prozen
tuelle Kristallinität nimmt natürlich mit. abnehmendem VDC-Molenbruch ab. Die 
.Schmelzpunktserniedrigung ist kleiner als der Florv-Gleichung entsprechen würde. Die 
NMR-Ergebnisse zeigen, dass auch in VDC-reichen Copolymeren ein Grossteil der VC- 
Monomereinheiten in Sequenzen vorliegt . PVDC und die VDC-VC-Copolymeren mit 
höherem VDC-Molenbruch als 0,745 kristallisieren aus ihrer Lösung in Monochlorbenzol 
in Form von Schichtkristallaggregaten. Innerhalb dieser Schichten sind die Moleküle 
scharf gefaltet. Die mittlere Kristallitgrösse und die Langperioden der aus der Lösung 
gewachsenen Kristalle sind fast konstant. Diese experimentellen Ergebnisse können 
nicht durch die nach der Copolymerisationstheorie zu erwartenden Strukturen erklärt, 
werden, sondern nur auf der Basis eines Molekülstrukturmodelles, nach welchem das 
Copolymere eine Art Block-Copolymeres ist.
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The Chemistry of Poly(vinyl Chloride) Stabilization.
III.* Organotin Stabilizers Having Radioactively 

Tagged Alkyl Groups

A L F R E D  IT. F R Y E , R A Y M O N D  W . H O R S T , an d  Af A R K O  A. 
T A L K )B A O IS , The Cincinnati Milling Machine Campani/, Cincinnati, 

Ohio, and The Advance Divinimi of the Carlisle Chemical Works, New 
Brunswick, New Jersey

Synopsis

The stabilizing action of a representative group of organotin compounds of the 
formula Bu2SnY2 has been studied by a radioactive tracer technique, the tags ( l4C) 
being located in the butyl group's Ci-position. The Y groups of the chosen organotin 
compounds were: monomethyl maleate, oxooctyl thioglycolate, /3-mercaptopropanoate, 
and 2-ethylhexanoate. It was found that after a sequence of two dissolution and pre
cipitation cycles (using tet.rahvdrofuran and methanol) an appreciable portion of radio
activity is ret ained by the resin, the resins having been previously admixed with the tagged 
stabilizer, milled into films and then subjected to carefully controlled heat treatments. 
Under these conditions it was found that the amount of radioactivity retained by the 
resin was determined by the nature of the Y  group and the duration of the heat treat
ment. Further, it was found that for a given Y group, the amount of retention first 
increases with increase in the duration of the heat treatment, reaches a maximum, and 
then drops off. However, the amount of radioactivity retained by such a resin was not 
found to be constant when the sample was subjected to further dissolution-precipitation 
cycles, but, within the limits of the present experiments, to decrease markedly with each 
successive cycle. It is suggested that the major portion of this retention is due to the 
formation of an associative link between the polymer and the organotin compound and 
that this linkage is partially ruptured by the tetrahydrofuran-methanol treatment. 
It is also shown that only a very minor portion of the radioactivity retained by the 
precipitated resin can be due to actual butylation of the resin as preposed by Kenyon, 
and that it is unlikely that it could contribute appreciably to the resin’s stabilization. 
It is suggested that the formation of an associative complex between the resin and the 
organotin compound functions as a precursor wherein certain relatively labile centers 
in the polymer chain can be altered, possibly by a displacement reaction involving the 
organotin compound’s Y group, and int his way retard or inhibit the zipperlike elimi
nation of hydrogen chloride which is the initial phase of the polymer’s degradation.

INTRODUCTION

T h e d e te rio ra tio n  of p o ly (v in y l chloride) b y  th e  ac tio n  of h e a t a n d  ligh t, 
as well as th e  re ta rd a tio n  of th a t  d e te rio ra tio n  b y  th e  inclusion of chem ical 
ad d itiv es , are su b jec ts  of considerab le p rac tica l an d  th eo re tica l in te rest.

* For Parts I and II of this series, see Frye and Horst, t 2
1765
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O ver th e  course of th e  p a s t tw en ty -five  or so years, m an y  su b stan ces an d  
co m b in atio n s of su b stan ces have been  found  w hich  have p roved  rem a rk a b ly  
effective in  re ta rd in g  such  d e te rio ra tio n . In  m o st in s tan c es  th e  d iscovery  
of th e se  stab iliz in g  a d d itiv e s  h as  been  th e  re su lt of sim ple tr ia l  an d  erro r 
ex p e rim en ta tio n , an d , u n til  recen tly , li t t le  w as a c tu a lly  know n concern ing  
th e  ch em is try  of th e ir  s tab iliz in g  ac tion .

In  P a r ts  I  a n d  I I 1’2 of th is  series, we p re se n ted  ev idence in  su p p o rt of our 
th e o ry  th a t  th e  s tab iliz in g  a c tio n  of th e  b a riu m , cadm ium , an d  zinc car- 
boxy la te  class o f s tab ilize rs  resu lts , a t  le as t in p a r t ,  from  th e  d isp lacem en t 
of ce rta in  of th e  p o ly m e r’s re la tiv e ly  labile ch lo rine  a to m s by th e  s ta b ilize r’s 
ca rb o x y la te  m oie ty .

S S
o  — c — o  — c — o

(R— h— 0 )2M +  — ¿ — Cl R — C— ()— ¿ —  +  R— C— 0 — M— Cl

T h ere  is ev idence w hich  in d ic a te s3 th a t  th e  resu ltin g  ca rb o x y la te  e s te r  is 
m ore re s is ta n t to w ard  p y ro ly tic  e lim in a tio n  th a n  th e  orig inal ch loride from  
w hich i t  w as derived .

S
o c h 2

11 IR— C— 0— C—  
S

— C— Cl
s

a h  i *

A  H i *

S
CH O
II II

— C +  R— C— OH
s

1
CH H

S
(AH,* >  AH-,*)

In  its  ea rly  stages, th e  d e te rio ra tio n  is know n to  proceed  th ro u g h  a rap id  an d  
se q u en tia l e lim in a tio n  of hydrogen  chloride along  a  le n g th  of po ly m er chain 
g iv ing rise to  a  ch rom ophoric  an d  easily  oxidizable po lyene s tru c tu re .1’2 
T h e  ease of th is  zipperlike e lim in a tio n , once i t  has  b een  in itia te d , is read ily  
u n d ers to o d  in  te rm s  of th e  ally lic  effect of a n  olefinic g roup  upon  a n  a d jo in 
ing ch lo rine-bearing  ca rb o n  a to m . A ccord ing ly , i t  is reasonab le  to  expect 
th a t ,  o th e r  th in g s  being  equa l, a n  ag e n t w hich  can  e ith e r  in h ib it th e  in tro 
d u c tio n  of such  a  lab ile  group , or, if such a  g roup  be a lread y  p re se n t, a l te r  it 
to  a m ore s ta b le  one, can  th u s  serve to  s tab ilize  th e  resin . In  th e  p re se n t 
series of p a p e rs ,4'5 we re p o rt on  o u r in v estig a tio n s in to  th e  stab iliz in g  ac tio n  
of a rep re se n ta tiv e  g roup  of o rg an o tin  s tab ilizers  a n d  offer som e in te rp re ta 
tio n s  of these  findings in  te rm s  of o u r th e o ry  of s tab iliza tion .

T h e  stab iliz in g  a c tio n  of ce rta in  o rg an o tin  com pounds on po ly  (vinyl 
chloride) resins w as d iscovered  by  Y ngve in  1936, for w hich  d iscovery  he was 
su b se q u en tly  issued a  series of p a te n ts .6 Since Y ngve’s in itia l d iscovery , 
h u n d red s of s tru c tu ra lly  m odified o rg an o tin  com pounds have been  p rep a red  
a n d  te s te d  for th e ir  stab iliz in g  ac tio n  a n d  i t  is now clea r th a t  a  w ide range of
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effec tiv ity  is possib le as  a fu n c tio n  of th e  o rg an o tin  co m p o u n d ’s m olecu lar 
s tru c tu re  a n d  of th e  c o n c en tra tio n  in  w hich  i t  is used. Som e generaliza
tio n s  a re  also possible. T h u s , th e  m o s t effective com pounds (com pared  on 
th e  basis of equa l t in  co n cen tra tio n s) a re  of th e  general fo rm u la  [IR Sn- 
Y(4—i) ]«, w here I t  is a lky l an d  Y  is a  m ore com plex organic m o ie ty . A l
th o u g h  th e  pu b lish ed  in fo rm a tio n 7-9 on  tire w ay  in  w h ich  v a r ia tio n  in  th e  
size a n d  s tru c tu re  of th e  I t  group  affects th e  stab iliz ing  a c tio n  of [RjSn- 
Y (*_X)]n is n o t ex h au stiv e , i t  is in  accord  w ith  o u r ow n fra g m e n ta ry  obser
v a tio n s , v iz ., t h a t  for a lk y l a n d  alicyc ly l g roups in  th e  C 3- C 10 range , a n d  for 
a  g iven  Y  group , th e  effects a re  re la tiv e ly  m inor. W e have also observed  
th a t  for g iven  I t  an d  Y  groups, w here x is 1, 2, o r 3, th e  stab iliz ing  ac tiv itie s  
of th e  m ono- a n d  d ia lk y l com pounds a re  essen tia lly  eq u iv a le n t an d  con
sid e rab ly  g rea te r  th a n  th a t  of th e  tr ia lk y l analogs. C uriously  enough , i t  
ap p ears  th a t  com pounds in  w hich  x is zero (i.e., S n Y 4) ex ert a  q u ite  d e le te ri
ous ac tio n  u p o n  po ly  (v iny l chloride) ’s th e rm a l s ta b ili ty . H ow ever, i t  is 
th e  n a tu re  of th e  Y  group  w hich  m o st p ro found ly  affects th e  s tab iliz ing  
efficiency of th e  o rg an o tin  com pound  an d  a  usefu l su m m ary  of th is  face t has  
been  rec en tly  p resen ted  b y  H . V. S m ith .10 A m ong th e  m ore fre q u en tly  
en co u n te red  Y  g roups are  th e  ca rb o x y la te s  of f a t ty  acids, a n d  especially  of 
a ,i8 -unsa tu ra ted  d ibasic ac ids an d  th e ir  half-esters, m e rc a p to -su b s titu te d  
carboxylic  acids a n d  es te rs  the reo f, alkoxides, an d  m ercap tid es . F in a lly , i t  
is also  possib le th a t  a t  leas t som e of th e  o rg an o tin  s tab ilizers  co rrespond ing  
to  th e  fo rm u la  [R^SnY (4_r) ]„ m a y  a c tu a lly  be o ligom eric r a th e r  th a n  m o n o 
m eric (n  m ay  have va lues g rea te r  th a n  u n ity ) . T h u s , th e  know n  ten d en cy , 
of t in  to w ard  o c tah e d ra l o r tr ig o n a l b ip y ram id a l c o o rd in a tio n ,11-14 to g e th e r  
w ith  th e  fac t th a t  th e  Y  groups in v a riab ly  c o n ta in  a t  le a s t one dono r a to m , 
open  nu m ero u s possib ilities for oligom eric associa tion . T h is, how ever, is 
a n  a re a  u p o n  w hich  fa c tu a l in fo rm atio n  is a lm o s t e n tire ly  lacking.

PLAN OF THE INVESTIGATION

In  p lan n in g  th e  in v es tig a tio n s  sum m arized  in  th is  series of p apers , we 
so u g h t to  le a rn  th e  follow ing th in g s : (I)  do a n y  chem ical reac tions occur 
be tw een  th e  o rg an o tin  stab ilizers an d  th e  po lym er in  th e  course of m illing  
an d  h e a t tre a tm e n t;  (2) if so, w h a t a re  th e ir  n a tu re s ; (3) do th e  reac tio n s  
co n trib u te  sign ifican tly  to  th e  p o ly m e r’s s tab iliza tio n ?  F ro m  th e  v iew po in t 
of m echan istic  o rganic chem is try , chem ical reac tio n s in  general m a y  be 
classed as  e lim in a tio n  reactions, d isp lacem en t reactions, or a d d itio n  reac
tio n s  (or th e ir  co m b in atio n s in  seq u en ce). T h e  fa c t th a t  th e  p r im a ry  ev e n t 
in  th e  d e te rio ra tio n  of p o ly (v in y l chloride) is th e  e lim in a tio n  of hydrogen  
ch loride, ren d e rs  i t  h igh ly  u n lik e ly  t h a t  o rg an o tin  com pounds could  p ro 
m o te  th e  e lim in a tio n  of h y d ro g en  ch loride (or an y  o th e r  m oie ty ) a n d  by  so 
do ing  enhance  th e  p o ly m e r’s s ta b ili ty . A ccord ing ly , one m a y  confiden tly  
assum e t h a t  a n y  s tab iliz in g  chem ical reac tions w hich  m a y  occur betw een  
th e  p o ly m er a n d  th e  o rg an o tin  ad d itiv e s  w ill be reac tio n s invo lv ing  d is
p lacem en ts  a n d /o r  ad d itio n s  u p o n  th e  po lym er. T h e  p rob lem  th e n  becom es
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one of d e tec tin g  w h e th e r  o r n o t p o rtio n s  of th e  o rg an o tin  ad d itiv es  becom e, 
in  th e  course of th e  m illing  a n d  h e a t tre a tm e n t opera tions, chem ically  bou n d  
to  th e  po lym er, a n d  secondly  of d e te rm in in g  w hether th e  reac tio n  or reac
tio n s  have  been d isp lacem ents o r add itions, o r b o th . F o r these  purposes 
th e  m e th o d  em ploy ing  rad io ac tiv e ly  tagged  stab ilizers, as used in  our 
ea rlie r w o rk ,2 is p a r tic u la rly  w ell su ited , since i t  can  fu rn ish  unequ ivocal 
ev idence of chem ical rea c tio n  u n d e r cond itions id en tica l w ith  those  used  
in d u stria lly  in  th e  screen ing  a n d  ev a lu a tio n  of resin -stab ilizer system s.

In  princip le, th e  m e th o d  consists in  th e  p re p a ra tio n  of m illed  po ly  (v inyl 
chloride) films in to  w hich  th e  rad io ac tiv e ly  tag g ed  s tab ilizers have been 
in co rp o ra ted . A fter su b jec tin g  th e  film s to  rigorously  con tro lled  h ea t 
tre a tm e n t, each  is p u t  th ro u g h  a sequence of d isso lu tions in  te tra h y d ro fu ra n  
a n d  p rec ip ita tio n s  w ith  m eth an o l. T h e  d ry  p re c ip ita te d  resins a re  th e n  
assayed  for re ta in e d  rad io a c tiv ity . I f  a  resin  sam ple  re ta in s  a n  appreciab le  
an d  effectively  c o n s ta n t am o u n t of ra d io a c tiv ity  th ro u g h  a  sequence of 
th re e  o r m ore successive cycles, i t  is ta k e n  as defin itive ev idence of chem ical 
b ond ing  b e tw een  th e  rad io ac tiv e ly  tag g ed  p o r tio n  of th e  s tab ilize r a n d  th e  
po lym er. T h is  conclusion is w a rra n te d  b y  th e  fa c t th a t  w hen  u n stab ilized  
po ly  (v iny l chloride) resins, e ith e r  v irg in  or m illed  a n d  h e a t tre a te d , a re  d is
solved in  te tra h y d ro fu ra n  an d  th e  rad io ac tiv e ly  tagged  s tab ilizers are th e n  
ad d ed  to  th e  so lu tions, th e  m e th an o l p re c ip ita te d  resins ex h ib it b u t  sligh t 
rad io ac tiv ity .

O ur choice as to  th e  p a r tic u la r  o rg an o tin  stab ilizers to  be s tu d ied  w as 
based  u p o n  th e  follow ing considerations : (1 ) th e  s tab ilizers shou ld  be rep re 
se n ta tiv e  of th e  v ario u s im p o r ta n t ty p e s  used in d u s tria lly  ; (2) th e ir  rad io 
ac tiv e ly  ta g g ed  m odifications shou ld  n o t be u n d u ly  d ifficult o r co s tly  to  
p rep a re ; (3) th e ir  m o lecu lar s tru c tu re s  should  be rea so n ab ly  w ell e s ta b 
lished. T h e  com pounds chosen w ere : d ib u ty ltin  /3-m ercaptopropanoate*

S— CH2 

BiuSn7

V /
A

d ib u ty ltin  b is(oxoocty l th io g ly co la te ) , B uiSi^SC FhC O aC gH iT^lt d i
b u ty lt in  b is  (m onom ethy l m a lea te ), B u sS n fO a C C E ^ C H C C b C ih )? ;!  an d  
d ib u ty ltin  b is(2 -e th y lh ex an o a te ), B u 2Sn[OaCCHXC-iEbOCiHsda.

T o o b ta in  rea so n ab ly  unam biguous in fo rm atio n  b earing  on  th e  s ta te d  
ob jectives, ou r p lan s called for th e  sy n th esis  of th re e  d iffe ren tly  tagged

* The structure of dibutyltin /3-mercaptopropanoate has been assigned on the basis 
of its elementary analysis and method of synthesis; however, molecular weight deter
minations (ebullioscopio) indicate it to be more complex.

f The octyl alcohol employed in the synthesis of this material was a complex mixture 
of isomeric primary octanols produced commercially by reduction of oxo-process octanals.

t Dibutyltin bis( mono methyl maleate) is considerably less effective as a stabilizer 
than the industrially used dibutyltin bis(monobutyl maleate); however, the ready 
availability and comparative cheapness of methanol-C14 dictated this choice.
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rad io ac tiv e  m odifications of eacli of th e  above com pounds: one hav in g  th e  
ta g  in  th e  b u ty l group, a n o th e r  hav in g  it  in th e  t in  a to m , arid a  th ird  hav in g  
i t  in  th e  Y  group . In  th e  s tu d ies  rep o rted  in  th e  p re se n t p ap er, the  b u ty l 
g roups w ere tag g ed  w ith  14C in th e ir  C i-positions. T h e  sy n th e ses  a re  su m 
m arized  in  th e  eqs. ( l ) - ( 7 ) .  D e ta ils  of th ese  sy n th eses  w ill be rep o rted  
elsew here 23

CHtCHsCHoCHoCl +  Mg CH.,OH,CtLCH2MgOI (l)

4CHaCH,CH2CH,MgCl +  SnCl4 -  (CH3CII2CH2CH2)4Sn +  4MgCl2 (2) 

(CH3CH2CH2CH2)4Sn +  SnCli ->- 2(CH3CH2CH2CH2)2SnCl2 (2)

(CH3CIT2CH2CH2)2SnCl2 +  2NaHC03 +  2HSCH2CO,C8H,7 -*

(CH3CH2CH2CH2)2Sn(SCH2C 02C8H,7)2 +  2NaCl +  2CO, +  2H20  (4) 
(CH3CH2CH2CH2)SnCl2 +  2NaHC03 +  HSCH2CH2C 02H ->

S— CH2
* /  Y

(CH3CII)CH-.CH>)2Sn CH» +  2NaCl +  2CO. +  2 FLO (5)
\  /

O— CO

(CH3CH2CH2CH2)SnCl2 +  2K 02C C H =C H C 02CH3 -*

(CH3CH2CH2CH2)2Sn(02C C H =C H C 02CH3)2 +  2KC1 (0)

c 2h 5
* I

(CH 3CH2CH»CH2)2SnCl2 +  2Na02CCHC4H 9

C2H5

( CH3CH2CH2CH2 )2Sn(02CCHC4H 9)2 +  2NaCl (7)

EXPERIMENTAL

Materials

T h e  p o ly (v in y l chloride) used  in  th ese  ex p e rim en ts  w as G eon 101-EP 
m a n u fa c tu re d  b y  th e  B . F . G oodrich  Co.

A lth o u g h  we have no  d irec t q u a n ti ta t iv e  m easu re  of th e  am o u n t of rad io 
a c tiv ity  p re se n t in  each  of th e  final o rgano tin  stab ilizers, th e  follow ing fac ts  
a re  p e r tin e n t. D ib u ty lt in  d ich loride (b.p. l l . ‘l-1 1 4 ° C ./2  T o rr)  w as ob 
ta in e d  in  9 1 %  o v era ll conversion  from  a  m ix tu re  of ra d io a c tiv e  b u ty l-  
1 -I4C ch loride (46 m g., 2.0 m c ./m m ole , N ew  E n g la n d  N u c lea r C orp .) an d  
o rd in a ry  b u ty l chloride (17.2 g.) b y  th e  sequence of reac tio n s o u tlin ed  in 
th e  eqs. (1)—(3), given above. D ib u ty l- l - I4C -tin  /3 -m ercaptopropanoate 
(m .p. 120-123°C .) w as o b ta in ed  from  a  p o rtio n  of th e  rad io ac tiv e  d ib u ty ltin  
d ich loride in  8 2 %  conversion. D ib u ty l l - 14C -tin  b is(oxoocty l th iog lyco la te ) 
w as o b ta in ed  in 97 .5%  conversion from  a  second p o rtio n  of th e  rad io ac tiv e  
d ib u ty ltin  d ichloride. A th ird  p o rtio n  of th e  rad io ac tiv e  d ib u ty ltin  d ich lo 
rid e  w as used  to  p rep a re  th e  d ib u ty l t in - l- 14C -tin  b is (m onom ethy l m a lea te ) 
(98%  conversion). T h e  d ib u ty l - l -14C -tin  b is(2 -e thy lhexoanoa te ) w as 
o b ta in ed  in  essen tia lly  q u a n tita tiv e  conversion.
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Film Preparation

T h e film s w ere p rep a re d  from  m ix tu re s  of G eon 101-EP  resin  (100 g .), th e  
o rg an o tin  s tab ilizer (3.34 m m ole), an d  m in e ra l oil (0.5 g .). T h ey  w ere 
m illed on a W m . R . T h ro p p  Sons m ill h av in g  a  p a ir  of o il-hea ted  ch rom ium  
p la ted  rollers, one w ith  speed 18 rp m  an d  th e  o th e r  w ith  speed 20 lpm . 
P rio r  to  th e  m illing  of each  film , th e  ro llers w ere carefu lly  cleaned  w ith  
m ineral oil an d  th e ir  se p a ra tio n  a d ju s te d  to  fu rn ish  film s hav in g  th icknesses 
in  th e  range of 0 .016-0 .018  in. T h e  te m p e ra tu re  of th e  ro llers w as m a in 
ta in e d  a t  1 (i0°C. a n d  each film  w as m illed for 5 m in.

H e a t tr e a tm e n t of th e  film s w as done in  a  th e rm o sta tic a lly  con tro lled , 
fo rced -d ra ft oven. (P rec ision  Scientific Co., M odel 18). E ac h  of th e  
ex p erim en ta l film s w as c u t in to  sections m easu rin g  3.5 X  3.5 in. A long one 
side of each  section  a p a ir  of Vs in. holes w as drilled , 1.5 in . a p a r t  an d  a p 
p rox im ately  0.5 in . from  th e  film s edge. T hese  holes p e rm itte d  a  n u m b e r of 
film s to  be m o u n ted  (ab o u t 0.5 in. from  each  o th er) on  th e  spikes of a  sm all 
m e ta l rack  (Fig. 1) an d  th e  rack  an d  film s c e n tra lly  p laced  in  th e  oven. 
T h is  device in su red  effectively  un ifo rm  h e a t tr e a tm e n t  cond itions for a 
series of film s (as d e m o n s tra te d  b y  con tro l te s ts )  and , a t  th e  sam e tim e, p e r
m itte d  th e  exped itious w ith d raw a l of in d iv id u al specim ens a t  p red e te rm in ed

Heat Treatment

Fig 1. Rack for film heat treatment.
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in te rv a ls . T h e  te m p e ra tu re  of th e  oven  d u rin g  h e a t tr e a tm e n t  w as m a in 
ta in ed  a t  175 ±  1°C.

Film Work-Up

T h e  in d iv id u a l film sections (3.5 X 3.5 in .) w ere c u t in to  in.
sq u a res  w ith  scissors (in  o rd er to  fa c ilita te  d isso lu tion ), d isso lved  w ith  
s tirr in g  in  85 m l. of te tra h y d ro fu ra n  co n ta in e d  in  a W arin g  B lendor, a n d  th e  
c lear so lu tion  th e n  d ilu ted  w ith  210 m l. of ab so lu te  m e th an o l ad d ed  drop- 
w ise over th e  course of 30 m in . accom pan ied  b y  vigorous s tirr in g . T h e  
p rec ip ita ted  m a te ria l w as co llected  b y  su c tio n  f iltra tio n , w ashed  rep ea ted ly  
w ith  sm all p o rtio n s  of m e th an o l, an d  th e n  d ried  in  a ir  o v ern ig h t. P r io r  to  
m e asu rem en t of th e ir  re ta in e d  ra d io a c tiv ity , th e  ind iv idual d ry  an d  pow 
d ery  resins w ere p laced  in  a  v ac u u m  d esicca to r for 2.5 h r., th e  p ressu re  
th e re in  being  reduced  to  a p p ro x im a te ly  0.1 T o rr  b y  a  co n tin u o u sly  o p er
a tin g  v acu u m  pum p.

Measurement o f Radioactivity

R a d io a c tiv ity  m e asu rem en ts  w ere m ade  w ith  a decade scaler (M odel 
1070-A, A tom ic In s tru m e n ts  Co.) in  co n ju n c tio n  w ith  a  gas flow p ro p o r
tio n a l coun ter. T h e  ch am ber of th is  co u n te r  w as especially  designed an d  
co n s tru c te d  so th a t  i t  could accom m odate  re la tiv e ly  large sam ples— film  
sections (3.5 X 3.5 in.) o r shallow  b rass  t ra y s  (3 X 4 X 1/a in.) co n ta in in g  
th e  p re c ip ita te d  resin  pow ders— th u s  p e rm ittin g  a  g re a te r  degree of p re 
cision in  co u n tin g  th a n  is possib le w ith  sm alle r sam ples an d  th e ir  cor-

Fig. 2. Counting chamber: (a ) to atmosphere, (b) inlet for P-10 gas; (c) to vacuum 
pump, (d) chamber wall, (e) preamplifier case, ( / )  nylon insulator, (g) O-ring, (h) hypo
dermic needle, (i) counterwire.
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respond ing ly  reduced  a re a  of effective ra d ia tin g  surface. T h e  ch am b er w as 
m ade of ‘/ 8 in. s ta in less steel in  hem icy lind rica l shape (Fig. 2) h av in g  a 3/ 8 
in. flange on  its  b o tto m  surface to  w hich  w as cem en ted  a  N eoprene gasket. 
T h e  base -p la te  of th e  ch am b er w as m ade  of 0.5 in. s ta in le ss  stee l in to  w hich 
w as m illed  a  rec tan g u la r  groove, 3/ s in . deep  an d  ‘/ 2 in. in  w id th , th e  overall 
d im ensions of th e  groove being  such  as to  coincide w ith  th e  h em icy linder’s 
flanged surface. A  silicone ru b b e r g ask e t (S ilastic R T V -11 , D ow  C orn ing  
C orp.) w as form ed in situ in  th e  b a se -p la te ’s groove. B y  m eans of a p a ir  of 
m e ta l c lam ps th e  hem icy linder could be easily  an d  securely  positioned  on 
th e  b ase-p la te .

In  one of th e  h em icy linder’s ends w as drilled  a  se t of th re e  holes, one 
hav in g  a '/a  in. d ia m e te r  an d  cen te red  l 3/ 4 in. from  th e  flanged surface. 
T h e  o th e r  tw o  holes (3/ i6 in. diarn.) w ere sy m m etrica lly  p laced  below  an d  on 
e ith e r  side of th e  ce n tra l hole, y 2 in. above th e  flange an d  3 in. a p a r t.  A 
p a ir  of holes w as drilled  in to  th e  h em icy linder’s o th e r  en d : one, of V 2 in. 
d iam eter, w as p laced  d irec tly  opposite  th e  hole of th a t  sam e d ia m e te r  in  th e  
opposite  end, th e  o th e r, of d ia m e te r  3/ i6 in., w as loca ted  d irec tly  below  th e  
first an d  V 2 in. from  th e  flange. E ac h  of th e  V 2 in. holes w as fitte d  w ith  a 
ny lon  in su la to r  h av in g  an  O -ring seal (see inse t, F ig. 2). One of th e  in 
su la to rs  w as p ierced  w ith  a s to u t hypoderm ic needle se rv ing  as a  canal 
th ro u g h  w hich th e  0.008 in. d ia m e te r  tu n g s te n  coun terw ire  w as passed . A 
second hypoderm ic needle w as firm ly em bedded  in  th e  o th e r  ny lo n  in 
su la to r  an d  served  as tire te rm in u s  of th e  coun terw ire . T h e  w ire w as m ade 
t a u t  an d  firm ly  so ldered in to  these  needles. T h e  pream plifie r (M odel 
851-13, V icto reen  Co.) w as m o u n ted  on  th e  ex te rn a l w all of th e  cham ber 
an d  as close as possib le to  th e  em erg ing  coun terw ire  in  o rd er to  p rov ide  a n  
e lec trica l p a th  of m in im u m  d istance  b e tw een  th e  co llecting  w ire an d  th e  
p ream plifier. T h e  signal from  th e  p ream plifie r w as relayed , v ia  a  lin ear 
am plifier (M odel 851-A, V icto reen  In s tru m e n t Co.) an d  a n  in teg ra l an d  
differen tia l pu lse  h e ig h t an a ly zer (M odel D D 2 , V icto reen  In s tru m e n t Co.) 
to  th e  decade scaler. T h e  h em icy lin d er’s rem ain ing  th ree  holes w ere 
th rea d ed  to  accep t fittings for '/V in . o.d. copper tu b in g  b ea rin g  th e  various 
connections an d  needle valves show n in  F igure  2. T h is  la t te r  assem bly  
served  to  ev acu a te  a ir  from  th e  ch am b er an d  to  rep lace  it w ith  P -10 co u n t
ing gas (90%  m e th an e , 10%  argon).

In  o rder to  reduce to  a m in im um  th e  re la tiv e ly  large back g ro u n d  co u n t to  
be expected  for a co u n te r h av in g  th e  specified dim ensions, th e  a p p a ra tu s  
w as en tire ly  enclosed w ith  a  2 in. lead  b rick  shielding. Access to  th e  
co u n te r for load ing  an d  un lo ad in g  w as fac ilita te d  b y  m o u n tin g  its  base  on a 
se t of ro ller b ea rin g  slide-w ays, a n  a rran g e m en t w hich  p e rm itte d  th e  co u n te r 
to  be ro lled  o u t of th e  lead  enclosure u p o n  rem oval of four of th e  f ro n t 
bricks. W e found  th a t  w ith  th is  se t-u p  we o b ta in ed  a n  average b ackg round  
of 280 c o u n ts /m in .

T h e  follow ing p rocedure  w as follow ed in  assay ing  th e  rad io a c tiv ity  of ou r 
sam ples. T h e  sam ple to  be assayed  w as sy m m etrica lly  p laced  on  th e  cham 
b e r’s b ase-p la te  a n d  th e  hem icy linder p ro p erly  positioned  an d  firm ly  se
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cu red  w ith  th e  p a ir  of m e ta l clam ps. T h e  v ario u s needle valves w ere th a n  
se t so th a t  th e  ch am ber w as su b jec ted  to  th e  ac tio n  of a v acu u m  p u m p  fo r a 
10-min. period , a t  th e  end  of w hich tim e th e  pressu re  inside th e  ch am b er w as 
reduced  to  a b o u t 25 ju- N ex t, th e  valves w ere a d ju s te d  to  close off th e  
v acu u m  p u m p  a n d  carefu lly  a d m it th e  co u n tin g  gas u n til th e  pressu res 
inside a n d  ou ts ide  th e  ch am b er w ere equal. T h en , th e  valves to  th e  
v acu u m  p u m p  w ere carefu lly  reopened  an d  th e  a tm o sp h e re  inside th e  
ch am b er aga in  ev a cu a te d  b y  a second 10-min. pum ping  period . F in a lly  
th e  v acu u m  p u m p  valves w ere closed an d  coun ting  gas aga in  re a d m itte d  
u n til th e  p ressu re  inside th e  ch am b er w as ju s t  s lig h tly  g re a te r  th a n  th e  
ex te rn a l p ressu re , a  cond ition  read ily  ach ieved  b y  th e  use of a  sim ple 
m o n o sta t b u b b le r  (Fig. 2). W e found  th a t  '/i-m. o.d. ny lon  tu b in g  p roved  
m ost sa tis fac to ry  in  m a k in g  th e  connections betw een  th e  coun ter, th e  
v acu u m  p um p , an d  P-10 gas cy linder.

T h e  co u n te r  w as o p era ted  a t  th e  /3-plateau region, a t ta in e d  b y  ap p ly in g  
ap p ro x im ate ly  2800 v. on  th e  coun terw ire , an d  h ad  a  slope of a b o u t 10%  p er 
100 v. T h e  se lec ted  coun ting  in te rv a l w as such  th a t  a p recision  of ± 5 %  
(based on  90%  confidence lim its) w as o b ta in ed . Before each  d a y ’s ru n  an d  
a t  several in te rv a ls  th ro u g h o u t th a t  d ay , th e  in s tru m e n t’s perfo rm ance w as 
checked ag a in s t a  s ta n d a rd  “ Co source an d , a t  th e  sam e tim e, a  co u n t of th e  
backg round  w as m ade. T h is  in fo rm atio n  th e n  p e rm itte d  th e  a p p ro p ria te  
co rrec tions to  be m ade  to  th e  d a ta  collected  in th e  ensu ing  in te rv a l. In  
o rd er to  com pensa te  for an y  effects caused  by  th e  b rass  t r a y  used  to  co n ta in  
th e  p re c ip ita te d  pow ders, th e  b ack g ro u n d  co u n t w as m ade  w ith  an  e m p ty  
t r a y  in  th e  co u n te r cham ber.

RESULTS AND DISCUSSION

F igu re  3 sum m arizes o u r findings in  th e  experim en ts designed to  d e te r 
m ine th e  e x te n t of rad io a c tiv ity  re ta in ed  by  th e  p re c ip ita te d  resins from  a 
se t of four film s, each  stab ilized  v  ith  a  d iffe ren t o rg an o tin  com pound  (all 
tag g ed  in  th e  b u ty l g roup), a s  a  fu n ctio n  of th e  d u ra tio n  of th e  film ’s h e a t 
t r e a tm e n t a t  175°C . T h e  sum m arized  d a ta  refer to  th e  assays m ade  a f te r  
a  sequence of tw o d is so lu tio n -p re c ip ita tio n  cycles. T h e  o rg an o tin  s ta b i
lizers used in  these  experim en ts w ere: d ibu ty l-1 - 14C -tin  b is (m onom ethyl 
m a lea te ), d ib u ty l - l - 14C -tin  /3 -m ercap topropanoate, d ib u ty l - l - 14C -tin  b is -  
(oxooctyl th io g ly co la te ), an d  d ib u ty l - l -14C -tin  b is(2 -e th y lh ex an o a te ).

P e rh a p s  th e  firs t fea tu re  w hich  one no tices in in spec ting  F igu re  3 is th e  
fac t t h a t  each of th e  re te n tio n  curves rises w ith  increase in  th e  d u ra tio n  of 
h e a t tr e a tm e n t, passes th ro u g h  a m ax im um , a n d  th e n  d rops off. B eh av io r 
of th is  sam e so rt w as en co u n te red  in ou r ea rlie r s tu d ies  on s ta b iliza tio n  by  
b ariu m , cadm ium , a n d  zinc ca rb o x y la te s .1-® In  all in stances th e  b lacken ing  
of th e  film s se ts  in  on  th e  descending  p o rtio n s  of th e  cu rves (ind ica ted  in 
F igu re  3 b y  a  p a ir  of in te rcep tin g  slashes). 'The ap p earan ce  of ea rly  color 
for th e  poo rer stab ilizers occurs on  th e  ascend ing  p o rtio n s  of th e  curves 
(ind ica ted  b y  a  single slash ), w hile for th e  b e t te r  stab ilizers it is on  th e
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Fig. 3. Effect of heat treatment on the retention of radioactivity by poly( vinyl chlo
ride) resin after two dissolution-precipitation cycles, the resins having been milled with: 
(-41 and 4->) dibutyl-l-uC-tin bis( mono methyl maleate), (B) dibutyl-1-11C-tin /3-mercap- 
topropanoate, (C) dibuytl-l-I*C-tin bis(oxooctyl thioglycolate), (D ) dibutyl-l-14C-tin 
bis( 2-ethyl hexanoate).

cu rv e’s descend ing  p o rtio n . (D ib u ty ltin  b is(2 -e th y lh ex an o a te ), a lth o u g h  
it  delays th e  film ’s b lacken ing , has  lit tle  or no effect on ea rly  color.) One 
m ig h t also a n tic ip a te  th a t  th e  h e ig h ts  of th e  cu rv es’ o rig ins an d  m ax im a 
could be co rre la ted  w ith  th e  effectiveness of th e  stab ilizers.*  I f  such  a 
co rre la tion  does indeed exist, it is no t a p p a re n t  to  us. I t s  absence, we are 
confiden t, finds exp lan a tio n  in  ce rta in  o th e r  findings to  w hich  we now  tu rn  
o u r  a tte n tio n .

As we have p o in ted  o u t above, if th e  re te n tio n  of ra d io a c tiv ity  b y  the  
p re c ip ita te d  resin  is due to  th e  fo rm atio n  of a  s ta b le  chem ical bond betw een  
th e  resin  an d  th e  s tab ilizer, or a rad io ac tiv e ly  tagged  p o rtio n  of th a t

* Since all of our organotin compounds were prepared from the same batch of dibutyl- 
l - I4C-tin dichloride, they must all have the same concentration of radioactivity per mole 
of stabilizer.
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NO. OF S U C C ES S IV E  D ISSO LU TIO N -  
PRECIPITATION C Y C L E S

Fig. 4. Effect of repeated dissolution and precipitation on the retention of radioactivity 
by a resin milled with dibutyl-1-1 ‘C-tin bis(monomethyl maleate).

stab ilizer, th e n  it  is reasonab le  to  conclude th a t  th a t  re te n tio n  should  rem ain  
effectively  c o n s ta n t th ro u g h  successive d isso lu tion  an d  p rec ip ita tio n  cycles.

T o o b ta in  in fo rm atio n  bearin g  on th is  p o in t we selected  a  section  of 
d ib u ty l - l -14C -tin  /3 -m ereap topropanoate-stab ilized  film w hich  h ad  been 
su b je c ted  to  h e a t t r e a tm e n t a t  175°C . for 60 m in . (n ea r th e  m ax im um  of 
cu rve  B, F ig . 3) an d  p u t  th is  m a te r ia l th ro u g h  a  sequence of six d isso lu tio n - 
p re c ip ita tio n  cycles, th e  p rec ip ita te s  being  assayed  for re ta in ed  rad io 
a c tiv ity  a t  th e  close of each  cycle. F igure  4 sum m arizes th e  re su lta n t d a ta  
an d  show s th a t  w ith in  th e  lim it of these  experim en ts th e  re te n tio n  is n o t 
c o n s ta n t b u t  decreases as  a fu n c tio n  of th e  n u m b e r of successive d isso lu 
tio n -p re c ip ita tio n  cycles to  w hich  th e  resin  is sub jected .

T h e  ques tion  th a t  n ex t arises is w h e th e r th e  so rt of re te n tio n  w ith  w hich 
we are  here dea ling  is th e  re su lt of physica l occlusion of th e  stab ilizer b y  th e  
p re c ip ita te d  po lym er, o r to  a re la tiv e ly  w eak associa tive  lin k  b e tw een  th e  
resin  a n d  th e  stab ilizer, w hich lin k  is d is ru p te d  b y  th e  ac tio n  of th e  te tra h y -  
d ro fu ran , th e  m e th an o l, o r b o th . In a se t of experim en ts rep o rted  in  th e  
su b se q u en t p a p e r ,4 we show  th a t  w hen a rad io ac tiv e ly -tag g ed  s tab ilize r is 
added  to  a  te tra h y d ro fu ra n  so lu tion  of po ly  (v iny l ch lo ride)— e ith e r  v irg in  
resin  o r resin  w hich  h ad  been  m illed a n d  h e a t t r e a te d — an d  th e  so lu tion  
th e n  d ilu ted  w ith  m e th an o l in th e  usua l m anner, i t  is found th a t  th e  am o u n t 
of rad io a c tiv ity  re ta in ed  b y  th e  p re c ip ita te d  resin  is so v e ry  m u ch  less th a n  
th a t  observed  in th e  p re se n t ex p e rim en ts  t h a t  th e re  can  be no reasonab le
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d o u b t a b o u t th e  ex istence of such a n  associa tive  lin k  be tw een  th e  po lym er 
a n d  th e  s tab ilizer. ( In  th e  c ited  experim en ts th e  p a rtic u la r  s tab ilize r used 
w as d ib u ty l-113 t in  /3-mercaPt°ProPanoat e ra th e r  th a n  d ib u ty l - l -14C -tin  
d -m ercap to p ro p an o a te , as  one m ig h t a 'priori deem  m ore ap p ro p ria te . 
H ow ever, ev idence y e t  to  be p re se n ted  show s convincing ly  th a t  u n d e r th e  
ex p erim en ta l cond itions involved  a ll b u t  a  v e ry  sm all p o rtio n  of th e  b u ty l 
g roups rem a in  firm ly b ou n d  to  th e ir  respective  t in  a tom s.)

T h e  above findings c o n tra s t m o s t su rp ris in g ly  w ith  ce rta in  s tud ies  
briefly  rep o rted  by K e n y o n 15 m ore th a n  a decade ago on  th e  p h o to s tab iliza 
tio n  of p o ly (v in y l chloride) b y  d ib u ty ltin  d iace ta te . A lthough  K en y o n  
gave no ex p erim en ta l deta ils , he s ta te d  th a t  “ w hen  po lyv iny l ch loride is 
irra d ia te d  by  lig h t of w aveleng ths g rea te r  th a n  2700 A. in  th e  p resence of 
C -l-i b u ty l-lab e led  d ib u ty ltin  d ia ce ta te , th e re  is observed  a n  increase in  th e  
re ta in ed  /3-activity  w ith  tim e of irra d ia tio n . A fter irra d ia tio n  th e  s tab ilizer 
w as ex tra c te d  b y  d isso lv ing  an d  rep rec ip ita tin g  th e  p o lym er a nu m b er of 
tim es u n til c o n s ta n t re ta in ed  a c tiv ity  w as observed  in  th e  p o lym er film .” 
K enyon  p roposed  th a t  th e  s tab iliz ing  ac tio n  of th e  d ib u ty ltin  d ia c te a te  w as 
due to  its  a b ility  to  d o n a te  a  b u ty l group  to  a  po lym er rad ica l (R  •),

R - +  (C 4H 9)2S n(A C )2 R C 4H 9 +  C 4H 9S n (A C )2

th a t  rad ical hav in g  been  form ed by  th e  “ ex tra c tio n  of a hyd rogen  a to m  
from  th e  po lyv iny l ch lo ride .” I f  i t  is tru e , as has  freq u en tly  been p ro 
p o se d ,16-18 th a t  th e  th e rm a l d eg ra d a tio n  of po ly  (v iny l chloride) is also a  
free rad ical process, i t  is d ifficult to  u n d e rs ta n d  w hy in  o u r ex p e rim en ts  
u sing  such tru ly  effective stab ilizers as d ib u ty ltin  /3-m ercaptopropanoate 
an d  d ib u ty ltin  b is(oxoocty l th iog lyco la te ) we find no c o n s ta n t re te n tio n  of 
ra d io a c tiv ity  even  a f te r  a sequence of six d isso lu tio n -p re c ip ita tio n  cycles.

I n  th e  hope of o b ta in in g  som e m ore defin itive in fo rm atio n  on th is  p o in t 
we reso rted  to  a m ore  d ras tic  series of experim en ts. In  these  experim en ts, 
th e  p re c ip ita te d  resins, w hich served  to  es tab lish  cu rve A 2 of F igu re  3, 
w ere se p a ra te ly  red issolved in  te tra h y d ro fu ra n  an d  th e ir  so lu tions slow ly 
m ade s a tu ra te d  w ith  an h y d ro u s  h yd rogen  chloride (1-2  h r.) a t  room  te m 
p e ra tu re . T h e  so lu tions w ere allow ed to  s ta n d  o v ern ig h t an d  th e  resins 
th e n  rep rec ip ita ted  in  th e  u su a l m a n n e r w ith  m ethano l. A fter being a l
lowed to  d ry  in a ir, th e  p rec ip ita ted  resins w ere su b jec ted  to  a  second d is
so lu tio n -p re c ip ita tio n  cycle an d  th e n  assayed  for re ta in ed  rad io a c tiv ity  in 
th e  u sua l m an n er. F igu re  5 sum m arized  th e  resu lts  of these  assays an d  
show s th a t  a v ery  g rea tly  d im in ished , b u t  nevertheless definite, am o u n t of 
rad io a c tiv ity  is re ta in ed  even  a f te r  th is  d ra s tic  tre a tm e n t. F in a lly , in  
o rd er to  gain  ev idence as to  w h e th e r o r n o t th is  sm all am o u n t of re ta in ed  
ra d io a c tiv ity  is due to  b u ty la tio n  of th e  po lym er as p roposed  by  K enyon, 
we aga in  su b jec ted  one of th e  hydrogen  ch lo rid e-trea ted  resins (arrow ed 
specim en in  Fig. 5) to  an  ad d itio n a l l i d - t r e a tm e n t  an d  a  sequence of tw o 
fu r th e r  d isso lu tio n -p re c ip ita tio n  cycles. A rad io a c tiv ity  assay  of th e  th u s  
tre a te d  resin  show ed it  to  have effectively  th e  sam e am o u n t of re ta in ed  
rad io a c tiv ity  (95 c o u n ts /m in .)  as i t  h ad  before th e  second HC1 tre a tm e n t.
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One fu rth e r  finding is also  p e r tin e n t here. W hen  th e  above hydrogen  
ch lo rid e -trea ted  resin  specim en w as an a ly zed  b y  em ission spectroscopy , no 
trace  of tin  w as ev iden t. A ccordingly , we m u s t conclude th a t  b u ty la tio n  
of th e  resin  does occur. H ow ever, in  view of th e  absence of tin , one m u s t

Fig. 5. Radioactivity retained by a resin stabilized with dibutyl-l-14C-tin bis- 
( monomethyl maleate) (A ) before and (A«) after treatment with HC1 in tetrahydro- 
f u r a n

regard  as un like ly  th e  suggestion  th a t  th is  b u ty la tio n  is th e  resu lt of a n  a d 
d itio n  reac tio n  of th e  so rt,

Bu Bu
\  N. N  I

SnY, +  C H = C H  -*  Bu— CH— CH— SnY2 
/  %  "V

Bu

T h is  conclusion  is su b s ta n tia te d  by th e  fac t th a t  w hen  m odel com pounds, 
such  as  d ib u ty ltin  d ichloride, a re  su b jec ted  to  th e  a c tio n  of h y d ro g en  chlo
rid e  in  te tra h y d ro fu ra n , no c leavage of th e  c a rb o n -tin  bon d s occur. H ence,
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th e  ex p lan a tio n  th a t  th e  absence of t in  in  th e  po ly m er is due to  hy d ro g en  
chloride cleavage:

Bu Bu
V  I %  I

Bu— CH— CH— SnY2 +  HC1 -*  Bu— CH— CH2 +  Cl— SnY2

is u n te n ab le . T h e  q u es tio n  w hich n ex t arises is w h e th e r th e  observed  
b u ty la tio n  of th e  po ly m er is indeed  responsib le for a ll o r a p a r t  of th e  s ta 
b ilizing  a c tio n  of th e  o rg an o tin  ad d itiv e . In  seek ing  a  p lausib le  answ er to  
th is  question , i t  is help fu l to  know  som eth in g  a b o u t th e  e x te n t to  w hich  it 
occurs. A lth o u g h  we h av e  no d irec t m easu rem en ts  of th is , ev idence of an  
in d ire c t so r t o b ta in e d  in  connection  w ith  ou r 113S 11- tra c e r  s tu d ies5 in d ica tes  
th a t  th e  a m o u n t of o rg an o tin  com pound  re ta in ed  by  a  d ib u ty ltin  b is(m ono- 
m e th y l m alea te )-s tab ilized  film  w hich  h ad  been  h e a t tr e a te d  a t  175°C . for 
75 m in . a n d  th e n  su b je c ted  to  tw o successive d isso lu tio n -p re c ip ita tio n  
cycles is on ly  a b o u t 18%  of th e  3.34 m m oles w hich  had  b een  in itia lly  ad d ed  
p e r  100 g. of resin . A fte r hyd ro g en  ch loride tre a tm e n t, th e  rad io a c tiv ity  
of th is  resin  d rops from  1400 to  95 c o u n ts /m in ., a decrease of ap p ro x im ate ly  
95% . O n th e  b asis  o f th ese  figures, i t  ap p e a rs  th a t  o n ly  a b o u t 1%  of th e  
b u ty l g roups p re se n t in  th e  in itia lly  added  d ib u ty ltin  b is(m o n o m eth y l 
m alea te ) o r 0.0334 m m ole becom e co v a len tly  b o u n d  to  th e  po lym er cha in  
as p roposed  b y  K enyon . G eon 101-EP  is rep o rted  to  have a n  average m olec
u la r  w eigh t of ap p ro x im ate ly  75,000; accord ing ly  100 g. of th a t  resin  cor
responds to  a b o u t 1.3 m m ole. T h u s , u n d er th e  cond ition  of ou r experi
m e n t on ly  a n  average of one o u t of every  40 po lym er m olecules is b u ty la te d  
and , accord ing  to  th e  K en y o n  m echanism , has  its  u n z ippering  cha in  te r 
m in a te d  a t  som e stage  p rio r  to  th a t  w hich  w ould  have o b ta in ed  in  th e  a b 
sence of th e  s tab ilizer. C lea rly , th is  d isp a rity  c rea tes  serious difficulties 
fo r th e  K en y o n  m echanism . F u rth e r , recen t k in e tic  stud ies  b y  G u y o t an d  
B en ev ise ,19 em ploy ing  a  h igh ly  refined m easu rin g  tech n iq u e , have  show n 
th a t  a t  170°C. in  a n  a tm o sp h e re  of a ir  a  com m ercial p o ly (v in y l chloride) 
resin , w ith  a  n u m b er-average  m olecu lar w eigh t of 65,000 e lim in a te s  a p 
p ro x im a te ly  2 .2%  of its  w eigh t as hyd rogen  ch loride in  75 m in ., w h ich  is 
e q u iv a le n t to  a n  average of a b o u t 40 m olecules of HC1 p e r  m olecule of 
po lym er. Y e t v isua l in spection  of th e  s tab ilized  a n d  u n stab ilized  films 
a t  th e  end  of 75 m in. a t  175°C . show s th e  fo rm er to  have on ly  a  p a le  s traw  
color w hereas th e  la t te r  is a  deep b row n ish  red. E v en  a t  th e  end  of 45 
m in . th e  u n stab ilized  film  show ed s tro n g  co lo ra tion . T a k e n  to g e th er, 
these  fac ts  m ake it  seem  h igh ly  un like ly  ( b a t  th e  K enyon m echan ism  con
tr ib u te s  a n y th in g  b u t a v e ry  m ino r role to  th e  stab iliz ing  ac tio n  of th e  
o rg an o tin  ad d itiv e . T h is  view is also read ily  ra tio n a lized  b y  th e  a p p a re n t 
zero o rd er of th e  p o lym er b u ty la tio n  reaction  (F ig . 5).

I t  y e t rem ains for us to  offer som e c larifica tion  of th e  n a tu re  of th e  asso
c ia tive  link  w hich  we propose is fo rm ed b e tw een  th e  p o lym er a n d  th e  o rgan- 
o tin  s tab ilizer in  th e  course of th e  m illing  an d  h e a t tr e a tm e n t opera tions.
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W e suggest th a t  one (or possib ly  tw o) of th e  p o ly m er m olecu le’s ch lorine 
a to m s form s a  d a tiv e  b o n d  w ith  th e  t in  a tom .

-C H 2- C H - C H 2'

Cl

+
TY

B u ^ ^ Y
+

Cl
I

-C H ,—C H -C H ,.

• CH2—CH—CH2 

Cl
Bu—T------7Y
/  Sn /  

Bu---- h -Y

CH2

Cl
I

- c h - c h 2 ■

S uch  a  com plex m ig h t serve as  a  p recu rso r b y  m eans of w hich  th e  d isp lace
m e n t of ce rta in  re la tiv e ly  lab ile  halogen  a to m s can  be affected  b y  Y  groups.

CH2- C H — c h 2

Cl :y

Bu> S n - Y
B u ^ l

Cl

-C H 2— C H -C H 2

•CH2— CH—CH2 

Y
Ru- -C1
/  Sn /

Bu----- -p— Y
Cl
I

'C H 2— c h - c h 2

S uch a  process w ould  involve an  a c tiv a tio n  energy  sufficient to  acco u n t for 
th e  ascending  p o r tio n  of th e  cu rves in  F igu re  3. T h e  fac t th a t  th e  re te n 
tio n  of ra d io a c tiv ity  b y  th e  p o ly m er is n o t c o n s ta n t b u t  decreases th ro u g h  
a sequence of d isso lu tio n -p re c ip ita tio n  cycles m ig h t be th e  resu lt of sol- 
vo ly tic  d isp lacem en t of th e  Y  or Cl functions b y  th e  te tra h y d ro fu ra n , th e  
m ethano l, o r b o th .

'C H 2- C H - C H 2 —  

Y
Bu— 1;-------Cl
/  Sn /  +

Bu------ t-----Y
Cl
I

-C H 2 CH CH2—

' Q

• c h 2- c h — c h 2

Y

+

Cl
/  i1n /U "1

(!)
+

c i
1

-CH 2— CIT—CTI2

E v id en ce  in  su p p o r t of such  co o rd in a tiv e  o rg an o tin  com plexes has re
c e n tly  b een  given  b y  G o l'd sh te m 2" an d  his co-w orkers. O th e r  ev idence is 
the fa c t th a t  if we increase th e  vo lum e of te tra h y d ro fu ra n  used  for d is
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so lu tion  of th e  resin  (or, a l te rn a tiv e ly , use a n  eq u a l vo lum e of cyclohex
anone, a  s tro n g e r nucleophile) th e  a m o u n t of rad io a c tiv ity  re ta in ed  b y  th e  
su b seq u en tly  p re c ip ita te d  resin  can  be m ark ed ly  decreased.

F in a lly , th e  descending  b ran ch es of th e  cu rves in  F igu re  3 find a  p lausib le  
ex p lan a tio n  in  te rm s  of th e  cleav ing  ac tio n  of e lim in a ted  h yd rogen  chloride 
u p o n  th e  o rg an o tin -p o ly m er com plex. (See follow ing p a ra g ra p h .)

CH2-C H -C H 2—
c h 2- c h - c h 2— 1

Y
Y
1 +

Bu—------- Cl
/  Sn /  + HC1 --------

Bu------ 1-----Y

Bu. ,C l 

B u - ' NSI
Cl +

c h 2— c h - c h 2 — Cl
1

—  c h 2- c h - c h :

S upp lem en ting  th is  ac tion , a ce rta in  a m o u n t of p y ro ly tic  e lim in a tio n  of the  
com plexed o rg an o tin  m o ie ty  m ay  also ta k e  place.

T h ere  rem ain  several o th e r  ex p erim en ts  of ours w hich  are  in fo rm ative . 
In  one of th ese  w e so u g h t to  d e te rm in e  w h e th e r  th e  resins o b ta in ed  from  
films w hich  h ad  been  m illed w ith  d ib u ty l- I4C - l- t in  d ich loride, h e a t- tre a te d , 
an d  th e n  su b je c ted  a  sequence of tw o  d is so lu tio n -p re c ip ita tio n  cycles, ex
h ib ited  a n y  re te n tio n  of rad io a c tiv ity . C u rv e  F  in  F igu re  0 sum m arizes 
o u r findings an d  show s th a t  on ly  a f te r  a b o u t 75 m in . a t  175°C . (w hen th e  
film is q u ite  d a rk  in  color) is th e re  a n y  convincing  ev idence of re te n tio n  by  
th e  resin. I t  is also p e r tin e n t to  p o in t o u t th a t  in  th e  co n c en tra tio n  in 
w hich we em ployed  th e  d ib u ty ltin  d ich loride (3.34 m m oles/100  g. of resin) 
i t  causes on ly  a  very  sligh t o r negligible stab iliz ing  ac tion . A p p aren tly , 
d ib u ty ltin  d ich lo ride  form s no associa tive  links w ith  th e  u n d eg rad ed  po ly 
m er, o r if such  links a re  form ed, th e y  are very  read ily  b roken  b y  th e  te tra -  
h y d ro fu ran  an d  m ethano l.

I t  has  been  suggested '21 th a t  o rg an o tin  com pounds of th e  ty p e  l t 2Sn- 
(S R )2 m ay  p erfo rm  th e ir  stab iliz ing  fu n ctio n  b y  a c tin g  as a  g enera ting  
source fo r m ercap tan s.

R 2S n (S R )2 +  IIC1 R 2S n (S R )C l +  I IS R

T h e th u s  lib e ra te d  m e rc a p ta n  m ig h t th e re a f te r  a c t  as  a n  a n tio x id a n t, chain  
te rm in a to r , e tc . H ow ever, we have found  th a t  m ix tu re  of d ib u ty ltin  d i
ch loride a n d  e ith e r  /3-m ercaptopropanoic ac id  o r oxoocty l th iog lyco la tc , 
ta k e n  in  a  1 :2  m o la r ra tio , ex erts  b u t  v e ry  lit tle  stab iliz ing  ac tio n  an d  th is  
on ly  du rin g  th e  m illing  op era tio n . M oreover, if film s are  p rep a re d  w hich 
c o n ta in  on ly  th e  m e rc a p ta n  e n t i ty  an d  no d ib u ty ltin  d ich loride, th e n  no 
s ta b iliza tio n  is observable. I t is, how ever, n o t to  be den ied  th a t  th e  o b 
served  ine ffec tiv ity  of th e  ad d ed  free m e rc ap ta n s  m ig h t be due to  th e ir  loss 
b y  v o la tiliza tio n  du rin g  th e  m illing  op era tio n , how ever, th e ir  re la tiv e ly  h igh  
bo iling  p o in ts  (/3-m ercaptopropanoic acid, 110°C ./15  T o rr ; oxooctyl th io -
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Fig. 6. Radioactivity retained by a resin stabilized with (E ) a mixture of dibutyl-l-14C- 
tin dichloride and disodium j3-mercaptopropanoate and (F) dibutyl-l-14C-tin dichlo
ride.

glyco late , 12 o °C ./1 7  T o rr)  m akes th is  a rg u m e n t som ew hat less th a n  con
v incing. O ne m ig h t, o f course, a t t r ib u te  th e  feeble s ta b iliza tio n  observed  
w hen  m ix tu re s  of d ib u ty ltin  d ich lo ride an d  th e  free m e rc a p ta n  are  used  to  
a n  assoc ia tive  com plex be tw een  th e  tw o w hich  in h ib its  th e  v o la tiliza tio n  of 
th e  m e rc ap ta n .

H R

BusSnCls +  2 HSR Bu,SnCl2

S
/

H
\
R

W e h av e  also  exam ined  th e  possib ility  th a t  a m ix tu re  of d ib u ty ltin  d ich lo
ride  a n d  th e  d isod ium  s a lt  of (3-m ercaptopropanoic acid  m a y  affect s ta b iliza 
tio n . W e found  th a t  th e  m ix tu re  w as v e ry  defin ite ly  effective, how ever
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considerab ly  less effective th a n  d ib u ty ltin  /3 -m ercaptopropanoate. I t  is 
n o t un like ly  th a t  in  th is  case th e  s ta b iliza tio n  resu lts  from  th e  g enera tion  
in situ in  som e d ib u ty ltin  /3 -m ercaptopropanoate.

S— CH2
/  \

Bu2SnCI, +  NaSCH2CH2C 02Na Bu2Sn CH, +  2 NaCl
\  /

O— CO

C urve  E (Fig. 6) sum m arizes ou r find ings in  a  se t of tra c e r  stud ies on  a 
film  m illed w ith  a  m ix tu re  of d ib u ty l - l - 14C -tin  d ich loride an d  d isod ium  /3- 
m ercap to p ro p a n o a te  an d  w hich h ad  been  su b jec ted  to  ou r s ta n d a rd  h e a t 
tre a tm e n t a n d  d isso lu tio n -p re c ip ita tio n  p rocedure . I t  is e v id en t th a t  in  
th e  presence of th e  sod ium  sa lt th e re  is a  very  app rec iab le  am o u n t of rad io 
a c tiv ity  re ta in ed  b y  th e  resin  a f te r  a sequence of tw o d isso lu tio n -p re c ip ita 
tio n  cycles. F in a lly , we have exam ined  th e  stab iliz ing  ac tio n  of a  m ix tu re  
of oxooctyl th io g ly co la te  w ith  e i th e r  d ib u ty ltin  b is(2 -e thy lhexoanoa te ) o r 
d ib u ty ltin  b isa ce ta te . B y  them se lves th ese  la t te r  com pounds are q u ite  
poor stab ilizers— indeed, th e  a c e ta te  com pound  ap p ears  to  affect som e sligh t 
d es tab iliza tio n . C u riously  enough , th e  s tab iliz ing  ac tio n s of th e  m ix tu res  
(2 m oles of m e rc a p ta n  p er m ole of d ib u ty ltin  com pound) are essen tia lly  
eq u iv a len t an d  a lm ost equa l to  th a t  of d ib u ty ltin  b is(oxoocty l th iog lyco la te) 
itse lf .22 T his, of course, suggests th a t  th e  follow ing in te rac tio n  occurs.

B u ,S n (0 2C - R ) 2 +  H S R  B u 2S n (S R )2 +  2 H O C - R  
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Résumé

L’action stabilisatrice d’un groupe représentatif de composés organostanniques de 
formule BujSnYs a été étudiée par le technique des traceurs radioactifs; l’atome traceur 
14C est localisé en position Ci du groupement butyle. Les groupements Y des composés 
organostanniques choisis étaient (1) le maléate de monométhyle, (2) le thioglyeolate 
d’oxooctyle, (3) le /J-mercaptopropanoate, et (4) le 2-éthylhexanoate. On a trouvé 
qu’après une série de 2 cycles de dissolution et précipitation (au moyen de tétrahydro- 
furanne et de méthanol), une fraction appréciable de radioactivité est retenue par la 
résine, celle-ci ayant été au préalable mêlée au stabilisateur marqué, mise sous forme de 
film et soumise à des traitements thermiques soigneusement contrôlés. Dans le telles 
conditions, on a trouvé que la quantité de radioactivité retenue par le résine est déter
minée par la nature du groupe Y et par la durée du traitement thermique. De plus, 
on a trouvé que pour un groupe Y donné, la quantité de matériau retenu commence par 
augmenter lorsqu’on accroît la durée de traitement thermique, puis atteint un maximum 
et enfin diminue. Cependant on a trouvé que la quantité de radioactivité retenue par 
une telle résine ne reste pas constante lorsqu’on soumet l'échantillon à de nouveaux 
cycles de dissolution-précipitation mais que, dans les limites des expériences actuelles, 
elle décroît notablement à chaque cycle. On émet l ’hypothèse que la majeure partie 
de cette rétention est due à la formation d’associations entre le polymère et le composé 
organostannique et que ces liaisons sont en partie détruites par le traitement au t.étra- 
hydrofuranne et au méthanol. On montre aussi qu’il n’y a quîune très faible partie de la 
radioactivité retenue par la résine précipitée, que peut être attribuée à une butylation 
réelle de la résine, comme le propose Kenyon et qu’il est peu probable que cela puisse 
contribuer à la stabilisation ce la résine d’une façon appréciable. On suppose que la 
formation d’un complexe d’association entre la résine et le composé organostannique 
constitue un premier intermédiaire dans lequel certains centres relativement labiles 
de la chaîne polymérique peuvent subir des altérations, peut-être par une réaction de 
déplacement faisant intervenir le groupement Y  du composé organostannique; de cette 
façon l’élimination en série contiguë d ’acide chlorhydrique qui constitue le phase initiale 
de la dégradation du polymère est retardée ou inhibée.

Zusammenfassung

Die stabilisierende Wirkung einer repräsentativen Gruppe von Organozinnverbindun, 
gen der Formel BusSnYj wurde mittels einer radioaktiven Tracer-Technik untersucht- 
wobei die Butylgruppen in der Ci-Stellung mit 14C markiert waren. Die Y-Gruppen der 
ausgewählten Organozinnverbindungen waren (1) Monomethylmaleat, (2) Oxooctyl- 
thioglycolat, (3) /3-Mercaptopropionat, (4) 2-Äthylhexanoat. Nach einer Folge von 
Umfällungen (mit Tetrahydrofuran als Lösungs- und Methanol als Fällungsmittel) wird 
ein merklicher Teil der Radioaktivität durch das Harz zurückgehalten, wenn die Harze 
vorher mit dem markierten Stabilisator vermischt, zu Filmen gewalzt und dann einer 
sorgfältig kontrollierten Hitzebehandlung unterworfen worden waren. Unter diesen 
Bedingungen hängt die Menge der vom Harz zurückgehaltenen Radioaktivität von der 
Art der Y-Gruppe und der Dauer der Hitzebehandlung ab. Bei einer gegebenen Y- 
Gruppe stieg das Ausmass der Retention mit steigender Dauer der Hitzebehandlung 
zuerst an, erreichte ein Maximum und fiel dann wieder ab. Die Menge der von einem 
solchen Harz zurückgehaltenen Radioaktivität blieb jedoch nicht konstant, wenn die 
Probe weiteren Umfällungen unterworfen wurde, sondern nahm im Bereich der vorlie
genden Experimente mit jeder weiteren Umfällung deutlich ab. Es wird angenommen,
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dass der (¡rossteil dieser Retention auf die Bildung einer associativen Bindung zwischen 
dem Polymeren und der Organozinnverbindung beruht und dass diese Bindung durch 
die Tetrahydrofuran-Methanol-Behandlung teilweise gespalten wird. Es wird ferner 
gezeigt, dass nur ein sehr kleiner Teil der vom gefällten Harz zuriickgehaltenen Radio
aktivität auf eine tatsächliche Butylierung des Harzes zurückgehen kann, wie sie von 
Kenyon vorgeschlagen wurde, und dass es unwharscheinlieh ist, dass eine solche zur 
Stabilisierung des Harzes merklich beiträgt. Es wird angenommen, dass die Bildung 
eines assoziativen Komplexes zwischen Harz und Organozinnverbindung als Yorstadium 
auftritt, in welchem bestimmte relativ labile Zentren im Polymeren durch eine Yerdrän- 
gungsreaktion linder Beteiligung der Y-Gruppe der Organozinnverbindung verändert, 
werden können, und dass auf diese Weise die zipper-artige Abspaltung von HCl gehemmt 
oder inhibiert wird, die den Beginn des Polymerabbaues darstellt.

Received M arch 15, 1963
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The Chemistry of Poly(vinyl Chloride) Stabilization.
IV. Organotin Stabilizers Having Radioactively 

Tagged Tin Atoms

ALFRED II. FRYrE, RAYMOND W. HORST, and 
MARKO A. PALIOBAGIS, The Cincinnati Milling Machine Company, 
Cincinnati, Ohio, and The Advance Division of the Carlisle Chemical Works, 

New Brunswick, New Jersey

Synopsis

The chemistry of poly(vinyl chloride) stabilization by organotin compounds has been 
studied by the use of a radioactive tracer technique. The stabilizers studied were of the 
type [R2SnY2]„, where R was either butyl or octyl, Y  either monomethyl maleate, oxo- 
octylthioglycolate, or /3-mercaptopropanoate, and luSn was the radioactive tag. It was 
found that resins milled into films with the tagged stabilizers retain an appreciable 
amount of radioactivity after the films have been subjected to the conditions of acceler
ated thermal degradation, dissolution in tetrahydrofuran, and thereafter precipitated 
from solution by the addition of methanol. The amount of retained radioactivity varies 
with the duration of the heat treatment and with the nature of the Y  group in a manner 
that parallels our findings in a previously reported study using a 14C tag in the stabi
lizers’ butyl groups. We have also found that the amount of radioactivity retained by 
the precipitated resins decreases in a regular manner when the resins are subjected to a 
sequence of repeated dissolutions and precipitations. However, in the case of the 
resin stabilized with dibutyltin-m Sn bis(monomethyl maleate) at least, the loss of 
radioactivity with repeated dissolution and precipitation appears to level off after 13-14 
cycles and approach a constant value of retention. Treatment of the radioactive resins 
with anhydrous hydrogen chloride results in the loss of essentially all their radioactivity. 
On the basis of these findings, we suggest that in the performance of their stabilizing 
action, the organotin compounds undergo little or no cleavage of their carbon-tin bonds. 
Further, the observed retention of radioactivity by the resin is best rationalized as due 
to the existence of a coordinative linkage formed between the stabilizer’s tin atom and 
some donor atom present in polymer’s molecular structure.

INTRODUCTION

In Part III of this series1 we reported our findings on a set of experiments 
designed to determine whether poly (vinyl chloride) is butylated by organo- 
tin stabilizers of the general type [B112S11Y 2],,. under the conditions normally 
used to study the thermal degradation of the polymer. In those studies 
the butyl groups were radioactively tagged with I4C at the 1 -position. 
The Y  groups were either monomethyl maleate, oxooctyl thioglycolate, 
d-mercaptopropanoate, or 2 -ethylhexanoate, and were chosen because they 
are representative of the various types of organotin stabilizers commonly 
encountered in industrial usage. In this part we report our findings on the

1785
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second phase of the study wherein the same stabilizers are used, but in 
which the tin atoms, rather than the butyl groups, bear the radioactive tag. 
In Part V of this series2 we report on our studies with the stabilizers having 
their Y groups tagged.

The principle underlying the use of radioactively tagged stabilizers in 
these studies is simply this: if one finds that a sample of poly (vinyl chlo
ride) after treatment with a radioactively tagged stabilizer acquires and 
retains an effectively constant amount of radioactivity through a sequence 
of dissolution-precipitation cycles, then that moiety of the stabilizer in 
which the tag was localized has, perforce, become chemically bound to 
the polymer molecule. The treatment involved consists in the preparation 
of poly(vinyl chloride) films into which the stabilizers are incorporated by a 
milling operation. The films are carefully heat treated, dissolved in tetra- 
hydrofuran, and the resins precipitated from solution by the addition of 
methanol. The precipitated resins are then assayed for their radioactive 
content.

The radioactive tin required for the present group of experiments was 
obtained by subjecting a specimen of high purity tin to neutron bombard
ment which resulted in the formation of the unstable isotope, 113Sn.

1,2Sn +  ’n° — usSn +  7

The resultant radioactive metal was next converted to tin tetrachloride by 
reaction with chlorine and the product diluted with a quantity of nonradio- 
active SnCh. By means of a redistribution reaction with tetrabutyltin, 
the diluted radioactive tin tetrachloride was transformed to dibutyltin 
dichloride.

113SnCl.i +  BujSn ->■ Bu2113SnCl2 +  Bu2SnCl2

The radioactive dibutyltin dichloride was then used to prepare the various 
organotin stabilizers by the methods outlined in Part III1 of this series.

EXPERIMENTAL

Materials

The poly(vinyl chloride) used in these experiments was Cleon 101-EP 
manufactured by the B. F. Goodrich Company.

The tin used for neutron bombardment was Tin E, Sample Xo. 435, 
obtained from the U. S. National Bureau of Standards, 'to facilitate its 
handling, the metal was cast in the form of 3-mm. diameter wire by drawing 
the molten metal into a length of glass tubing having that same diameter. 
The wire was then cut into four small sections, each weighing approximately 
0.2 g. Each section was then sealed in a small quartz ampule. The neu
tron bombardment was performed in the “ swimming pool” reactor of the 
Battelle Memorial Institute at West Jefferson, Ohio. After irradiation, 
the four ampules and their contents at a distance of 1 m. had an activity
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of 690 counts/min. This material (0.8 g., 0.067 atom) was converted quan
titatively to tin tetrachloride by reaction with chlorine and the product 
diluted with nonradioactive S11CI4 (25 g., 0.096 mole). (The detailed ex
perimental procedure for this and the other preparations will be reported 
elsewhere.5) A portion of the resultant radioactive tin tetrachloride (18.93 
g\, 0.073 mole) was then equilibrated with tetrabutyltin (24.97 g., 0.072 
mole) to furnish dibutyltin dicliloride. After distillation (135°C./7 Torr) 
there was obtained 39.2 g. (0.137 mole) of product melting at 43°C. An
other portion of the radioactive tin tetrachloride (7.8 g., 0.03 mole) was 
allowed to react with tetraoctyltin (17.1 g., 0.03 mole) to furnish, after re
crystallization from petroleum ether, 11.85 g. of dioctyltin dichloride melt
ing at 48°C.

The preparation of the organotin- 113 Sn-stabilized poly(vinyl chloride) 
films, their heat treatment, and subsequent work-up was performed as de
tailed in Part III . 1

Measurement o f Radioactivity

Isotope I13Sn decays by the process of /7-electron capture to yield a 
metastable indium isotope, a process having a half-life of 1 1 2  days.

113Sn +  °c- 1 112 d. "»"In  +  y ’

The indium isotope thus generated in turn undergoes rapid decay to a 
stable isotope of that same element. This latter process has a half-life 
period of 1.73 hr.

"In
1 . 7 3  hr .

13In +

These two processes are accompanied by the emission of y-rays of widely 
differing energies—24 Iv.e.v. for the 113Sn decay and 392 K.e.v. for 113™In. 
For the purposes of our present studies we chose to measure the 392 Iv.e.v. 
radiation.

The metastable indium, formed by the decay of the 113Sn atoms, is in
soluble in the tetrahydrofuran-methanol mixture and, as a consequence, 
all of that element present in the film at the time of its dissolution will be 
collected along with the precipitated resin in the filtration step. This will 
be true whether the individual radioactive indium atom has originated from 
a tin atom which is chemically bound to the polymer or from one which is in 
no way bound to the polymer. Obviously, if our studies were to be mean
ingful, a way had to be found to circumvent this difficulty. The way proved 
to be quite simple and consisted in simply allowing the filtered resin to 
stand for a period of 20-24 hr. before attempting to assay its radioactivity. 
During this interval, which amounts to about 12-13 half-life periods, more 
than 99% of the radioactive indium present at the time of filtration will 
have been transformed to the nonradioactive species. Twenty-four hours 
after filtration essentially all the 392 K.e.v. radiation emitted by the resin 
will be originating from 113™In atoms which have been generated from
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u:iSn atoms that were chemically bound to (or coordinatively associated 
with) the resin at the time of its precipitation.

Detection of the 392 Ive.v. radiation was made by means of a thallium- 
activated sodium iodide scintillation phosphor (crystal diameter 2  in., 
crystal thickness 2 in.) coupled to a 2-in. photomultiplier tube (Assembly 
8S8/2, Harshaw Chemical Co.), the power required for the photomultiplier 
tube being furnished by a stable high voltage supply unit (Model 683, 
Victoreen Instrument Co.) The signal from the photomultiplier tube was 
transmitted in sequence to a preamplifier (Model 851-15, Victoreen), a 
nonoverload linear amplifier (Model 851 A, Victoreen), an integral-differ
ential single-channel pulse height analyzer (Model DD2, Victoreen), and 
finally to a scaler (Model 1050A, Atomic Instrument Co.). The entire as
sembly is shown semischematically in Figure 1. The scintillation detector 
was mounted in a small metal stand having a base made of 0.5 in. aluminum 
plate and a Plexiglas top supported by four aluminum rods. In the center 
of the Plexiglas top was located a circular aperture (diameter upper portion 
2.31 in.) having a 0.25 in. shoulder on its lower edge, the aperture thus 
being able to function as a receptacle for aluminum foil sample dishes 
(diameter 2.25 in.). The Plexiglas shelf also permitted us to measure 
directly the radioactivity of an intact section of poly (vinyl chloride) film. 
This we did by symmetrically placing the film directly over the aperture, 
covering it with a second Plexiglas plate and compressing the resultant 
“ sandwich”  with a set of four pinch clamps.
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FILM  P LE X IG LA S  PINCH PRECIP ITATED
RESIN

Fig. 2. The differing geometries involved in the scintillation counting of samples as milled 
films and as precipitated resins.

In order to obtain meaningful data on the radioactivity of our samples, 
it was necessary to make certain corrections on our experimentally ob
served measurements. Thus, in addition to the usual correction for back
ground count, it was necessary to correct for the decay of 113Sn occurring 
in the interval between some initial “ zero” time and the time at which the 
particular sample was actually counted. This was done empirically by 
employing a standard reference sample, prepared by evenly distributing a 
layer of finely powdered 113Sn-tagged dibutyltin /1-mercaptopropanoate on 
the bottom of a standard aluminum foil dish. The powder was made to 
adhere to the dish by careful application of several coats of acrylic spray 
(Krylon). The activity of this reference sample was carefully determined 
at a date (our zero time) prior to measurement of the activity of all other 
experimental samples. Its activity was also determined each day that 
experimental samples were to be assayed. Then, by application of a 
simple proportion, the activities of the various experimental samples could 
be corrected back to their values at zero time, thus providing a meaningful 
basis of comparison.

In a number of the experiments we also undertook to estimate the amount 
of radioactivity present in a sample of precipitated resin relative to the 
amount of radioactivity in the original intact film. This we did by meas
uring the activity, At, of the film prior to its heat treatment, dissolution, 
and precipitation, and then later measuring the activity, A r, of it’s pre
cipitated resin. The quotient of these two values, A T/At, (both corrected 
for background and decay) was multiplied by an empirically determined 
geometry factor, F g, and by 100 to give the sought for relationship in terms 
of the percentage of the initially added stabilizer retained by the pre
cipitated resin.

Per cent retention = (A r/At)Fg X 100

The necessity for a geometry correction factor can be readily understood 
by reference to Figure 2, which shows schematically the geometry involved 
in the film and precipitated resin counting operations. Clearly, of the total
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number of 7 -particles emitted by a sample in a given interval of time, only 
those which strike the sodium iodide phosphor are detected. Further, for a 
sample of some particular total activity, the magnitude of that detectable 
fraction can be made to vary by alteration of the sample’s shape or place
ment on the Plexiglas top of the counting stand. Our empirical correction 
factor for this difference was determined as follows. A section of dibutyl- 
tin-118Sn bis (monomethyl maleate)-containing film was assayed for activity 
as outlined above. It was then subjected to dissolution in tetrahydrofuran 
and precipitation by methanol, the precipitated resin being collected, 
washed, and dried in the usual manner. However, the filtrate and the 
washings, instead of being discarded, were combined and carefully concen
trated to a volume of about .3-5 ml. The dry resin was placed in an alu
minum foil counting dish and the concentrated mother liquors carefully 
added from a micropipet in small droplets in such a way as to insure as 
homogeneous a distribution as possible. To minimize any losses in transfer, 
the concentrating vessels and the micropipet were washed with small por
tions of methanol and these washings added to the resin sample. The dish 
and its contents were then placed in position on the counting stand, assayed 
for radioactivity, and the geometry factor calculated by means of the re
lationship

^  Activity of the film section
E Activity of the ppt. resin +  conc’d filtrate

Two independent determinations of /A furnished values of 0.6038 and 
0.6881. For our calculations we employed their average, 0.6460.

RESULTS AND DISCUSSION

Figure 5 summarizes our findings pertaining to the retention of radio
activity by a poly (vinyl chloride) resin which has been milled with various 
113Sn-tagged organotin stabilizers, the films subjected to heat treatment at 
175 °C. and then to a sequence of two dissolution-precipitation cycles. 
When one compares these results with those obtained for the corresponding 
butyl-tagged stabilizers, 1 it is seen that certain similarities are clearly 
evident.* Thus, both of the monomethyl maleate curves rise steeply,

* In comparing the curves of Figure 3 in this paper with the curves of Figure 3 in the 
preceding paper,1 one should note that in the present paper we have plotted the per
centage of the originally added stabilizer which is retained by the precipitated resin, 
whereas in the earlier paper we have plotted the actually measured counts per minute. 
Since the same batch of radioactive tin tetrachloride w'as used to prepare all of our 
U3Sn-tagged stabilizers, their radioactivities per millimole will be equal. Similarly, in 
our butyl-tagged studies, the same batch of dibutyl-l-l4C-tin dichloride was used to 
prepare the different stabilizers used in that work hence their radioactivities per milli
mole must also be the same. Unfortunately, our supply of 113Sn-tagged dibutyltin 
dichloride was insufficient to enable us to prepare an adequate amount of the corre
spondingly tagged dibutyltin bis(2-ethylhexanoate) for study of its retention by poly 
(vinyl chloride).
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Fig. 3. Effect of heat treatment on the retention of radioactivity by poly(vinyl 
chloride) resin after two dissolution-precipitation cycles, the resins having been milled 
with: (A ) dibutyltin-l,8Sn bis(monomethyl maleate); (A) dibutyltin-U3Sn (/3-mercapto- 
propanoate; (C) dibutyltin-luSn bis(oxooctyl thioglycolate; (G) dioctyltin-113Sn 0-mer- 
captopropanoate.

reach relatively sharp maxima, and then steeply descend. The pair of 
curves which characterize the retention of radioactivity from the butyl- 
tagged and the 113Sn-tagged dibutyltin /3-mercaptopropanoates are es
pecially similar in both their shape and displacement. Although the two 
curves for the differently tagged species of dibutyltin bis(oxooctyl thio- 
glycolate) do not match each other quite so well as do the curves for the 
/3-mercaptopropanoates, there is, nevertheless, an obvious similarity. 
Finally, when one compares the relative heights of the maxima, it is clear 
that the same general relationships obtain for the stabilizers tagged in the 
butyl group as for the stabilizers tagged in the tin atom. Thus, the rela
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tive heights of the maxima of the A, B, and C curves are A >  B >  C, 
whereas the displacements of those maxima along the abscissa are A ~  
C <  B.

These facts, as well as certain others about to be discussed, suggest that 
in the performance of their stabilizing functions the organotin compounds 
undergo little or no cleavage of their carbon-tin bonds. True, if this pos
tulate is correct, then the displacements of the maxima along the abscissa 
for a given stabilizer should be the same when the tag is in the butyl group 
as when it is in the tin atom. Further, the relative heights of the maxima 
for the different stabilizers as revealed by the butyl-tagging should be 
equivalent to the relative heights of the maxima for those stabilizers as 
revealed by the 113Sn-tagging. However, the accumulation of experimental 
errors inherent in the various operations, as well as the fact that the posi
tions assigned to the maxima were arrived at by extrapolation from only 
two or three experimentally determined points, may reasonably be expected 
to result in some discrepancies. Thus, it appears that for the 113Sn- 
tagged studies with dibutyltin bis(monomethyl maleate) the maximum re
tention of radioactivity by the resin coincides with approximately 90 min. 
of heat treatment, whereas the butyl-tagged studies indicate that the maxi
mum retention occurs at about 60 min.

Figure 3 has one other curve which merits some attention viz., curve G, 
which was obtained from a film that had been milled with dioctyltin 
113Sn d-mercaptopropanoate. It is generally recognized that the toxicities 
of dioctyltin stabilizers are considerably less than that of their butyl ana
logs. 3 Further, the dioctyl compounds appear to be equal, or perhaps 
somewhat superior, to the dibutyl analogs with respect to their stabilizing 
action. These advantages notwithstanding, the industrial usage of the 
dioctyltin compounds remains relatively minor, chiefly because of their 
increased costliness. It was of interest, nevertheless, to learn whether under 
our experimental conditions a dioctyltin compound might show a greater 
degree of retention by the resin than its dibutyl analog. For this purpose 
we chose to compare the d-anercaptopropanoate derivatives. Curves B 
and G (Fig. 3) show that appreciable differences do exist after the films 
have been heated for approximately 2  hr. at 175 °C., the dioctyl compound 
being more strongly retained. During the earlier stages, however, the 
difference in retention is slight or nonexistent.

The information summarized in Figure 3 relates to the retention of radio
activity by the resin after a sequence of two dissolution-precipitation cycles. 
In order to gain insight into the nature of this retention, it is essential to 
know whether it remains effectively constant when the resin is subjected to 
further cycles of dissolution and precipitation, or whether that treatment 
will result in further decrease. Figure f  summarizes our findings for a 
film containing dibutyltin- 113Sn bis(monometliylmaleato) which had been 
heat treated at 175°C. for 75 min. It is clearly evident that during the 
first 1 0 - 1 1  cycles the amount of retention decreases markedly with each 
successive cycle. However, in the latter cycles the differences become
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NO. OF SUCCESSIVE DISSOLUTION- 
PRECIPITATION CYCLES

Fig. 4. Effect of repeated dissolution and precipitation on the retention of radioactivity 
by a resin milled with dibutyltin-n3Sn bis( monomethyl maleate).

smaller and smaller and there is reason to think a constant value in the 
neighborhood of 2000 counts/min. is being approached. If our postulate 
that organotin compounds undergo little or no cleavage of their carbon-tin 
bonds in the performance of their stabilizing function is indeed valid, then 
it follows that in our experiment1 involving the repeated dissolution and 
precipitation of the dibutyl-l-14C-tin bis(monomethyl maleate)-stabilized 
resin, a sequence of ten or more successive dissolution-precipitation cycles, 
rather than six, would have revealed a similar leveling off.

Curve K  in Figure 5 summarizes our findings in a supplementary experi
ment with a dibutyltin-U3Sn /3-mcrcaptopropanoate-stabilized film which 
had been heat-treated at 170 °C. for 75 min. It is seen that for this par
ticular resin-stabilizer system a sequence of 1 1  dissolution-precipitation 
cycles shows only a continuous decrease in retained radioactivity with no 
indication of a leveling off at some effectively constant value. Whether, 
upon continued dissolution and precipitation, such a leveling off might be 
revealed can only be conjectured. But should that prove to be the case, 
the value at constant retention, it would seem, would be considerably less 
than the value of 2 0 0 0  counts/min. indicated for the monomethyl maleate 
analog. The other two curves in Figure 5 relate to experiments in which di- 
butyltin-U3Sn /3-mercaptopropanoate (ca. 0.25 mmole) was added to a 
solution of either virgin resin (5.17 g., curve L) or milled and heat treated
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I

NO. OF SUCCESSIVE DISSOLUTION -  
PRECIPITATION CYCLES

Fig. 5. Effect of repeated dissolution and precipitation on the retention of radioac
tivity by: ( K)  a resin milled with dibutyltin-U3Sn /3-mereaptopropanoate and heat 
treated at 17()°C. for 75 min. ; (5 ) a virgin resin to whose solution in tetrahydrofuran di- 
butyl-tin-113Kn /3-mercaptopropanoate was added; (717) a milled and heat-treated resin to 
whose solution in tetrahydrofuran dibutyltin-U3Sn /3-mercaptopropanoate was added.

resin (5.17 g. of film, 30 min. at 175 °C., curve M)  in tetrahydrofuran (85 
ml.) and the resins thereafter precipitated and assayed for retained radio
activity. It is seen that in both cases the amount of radioactivity retained 
by the precipitated resins is very much less than that found in the experi
ment relating to curve K.  in the former cases it seems probable that the 
activity of the precipitated resins is primarily the result of physical occlu
sion. The very magnitudes of the differences between curve K  and curves 
L and M  are such as to render extremely unlikely the possibility that the re-
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I’ig. 6. Retention of radioactivity by a resin milled with dibutyltin-U3Sn bis(mono- 
methyl maleate) and subjected to repeated dissolution and precipitation using: (A ) the 
standard volumes of tetrahydrofuran and methanol; (0 ) 2.5 times that amount of tetra
hydrofuran and methanol; (P)  standard volumes of cyclohexanone and methanol.

tention represented by curve K  can also be the result of simple physical 
occlusion.

Figure 6  summarizes some further findings on the retention of radio
activity by a dibutyltin-113Sn bis(monomethyl maleate)-stabilized resin. 
Curve N  in Figure 6  restates the information given in Figure 4 as a bar 
graph and indicates an approaching leveling off of retention at about 2 0 0 0  

counts/min. In that experiment we employed our standard volumes of 
tetrahydrofuran (85 ml.) and methanol ( 2 2 0  ml.) to affect the dissolution 
and precipitation of the resin in a standard section of film (3.5 X 3.5 in., 
ca. 5.2 g.). The particular specimen of film used was one which had been
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heated at 175°C. for 75 min., and which, after a sequence of two dissolu
tions and precipitations was found to retain approximately 17.8% of the 
initially added radioactive!}' tagged stabilizer (3.34 mmoles/100 g. resin). 
At that stage, the resin had a radioactivity of 5400 counts/min. This 
activity fell, after a sequence of 14 dissolutions and precipitations, to 2100 
counts/min., which is equivalent to a retention of approximately 6.9% 
of the initially added stabilizer (or a tin-containing moiety thereof). Curve 
0  Figure 6 , relates to an experiment in which another sample of the same 
dibutyltin-I13Sn bis (monomethyl maleate)-stabilized film was subjected to 
a sequence of 1 1  dissolution and precipitation cycles, but in which the 
volumes of tetrahydrofuran and methanol used were increased by a factor 
of 2.5. It is seen that under these conditions the initial cycles reveal a 
much sharper decrease in retained radioactivity and that the latter cycles 
show a leveling off of about 1350 counts 'min., which is equivalent to a re
tention of approximately 4.5% of the initially added tin. Curve P  refers 
to a third experiment in which the standard volume of tetrahydrofuran 
was replaced by an equal volume of cyclohexanone, and shows that under 
these conditions one obtains essentially the same results as when the stand
ard volumes of tetrahydrofuran and methanol are increased by a factor 2.5. 
Clearly, these experiments leave no doubt as to the reality of the leveling 
off of retention in resins stabilized with dibutyltin-113Sn bis(monomethyl 
maleate). One is, of course, tempted to conclude that curve N,  if the ex
periment had been further continued, would show a leveling off at the same 
value as found for curves 0  and P. But this, if correct, remains to be 
proved.

Two further experiments are pertinent here. We found that when the 
resin samples which correspond to the pair of “ arrowed” points in Figure 
6  were dissolved in tetrahydrofuran (85 ml.), their solutions slowly satu
rated at room temperature with anhydrous hydrogen chloride and then 
allowed to stand for 24 hrs. before precipitation with methanol, the meas
ured activities of the resins were essentially zero (21 and 42 counts/min.). 
This finding is consistent with our earlier one, 1 which showed by spectro
scopic means the absence of tin in a dibutyltin bis (monomethyl maleate)- 
stabilized resin which had been subjected to a similar treatment. Since 
such hydrogen chloride treatment causes extremely little or no carbon-tin 
bond cleavage when applied to tetrabutyltin, dibutyltin dichloride, or 
dibutyltin /3-mercaptopropanoate, we conclude that the retention of radio
activity by the resin cannot be due to the presence of carbon-tin bonds 
linking the polymer to the stabilizer. Instead, the accumulated evidence 
is most plausibly accounted for by the presence of coordinative linkages be
tween the tin atoms and certain donor atoms covalently bound to the 
polymers backbone (viz., chlorine, oxygen, and/or sulfur). Such linkages 
could be ruptured by the action of tetrahydrofuran, methanol, cyclohexa
none and, most readily, by hydrogen chloride. The proposed reactions can 
be visualized by the following equations in which Z is a donor present in the 
Y  moiety (W +  Z =  Y).
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•CH2— C H -C H , 
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Bu— 1—  
/  Sn 

Bu------ 1—
/

Cl
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'C H 2- C H - C H 2

c h 3o h

~CH — C H -C H 2> 
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Bu— I-------Y
/  Sn /

Bu------j— Cl

CH3
+
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I

• c h 2—c h - c h 2-

HC1

• c h 2— c h - c h 2-

W - Z

II
+

V C1
Bu-
/  Sn /  

Bu-----1— Cl

CH, HI

For the particular case of the dibutyltin-113Sn bis (monomethyl maleate)- 
stabilized resin, which furnished unequivocal evidence of constant reten
tion of radioactivity equivalent to approximately 4.5% of the initially 
added tin, one may rationalize the findings in terms of the often suggested4 
Diels-Alder addition to a degraded section of the polymer

HC— CH
S  \

HC CH

+

H C =C H CH3

0 = C  C— 0
\  /  

o  o

Bu2SnY

H C =C H
/  \

—HC CH —
\  /
HC— CH CHS
/  \  /

0 = C  C— 0
\  /

0  0
1

BinSnY

where Y is monomethyl maleate or chlorine. The fact that treatment of the 
resin with hydrogen chloride in tetrahydrofuran results in the loss of essen
tially all of the resin’s radioactivity, is then readily accounted for in the 
following way.

H C = CH H C==CH
/ \ // \

-H C CH - - H C C H -
\ / \ /
HC— CH 0H 3 — H C --CH CH3
/ / / /

( )= C C— 0 o=c C—0
\ / \ /
o 0  +  HC1 o 0
1 ! +  Cl +  HY

Bu2SnY H 1Til uiinP.lBu»SnCl

Attractive as these ideas may be, the question yet remains as to whether 
such a Diels-Alder addition, if it does indeed occur, accounts for in whole or 
in part the stabilizing action of the organotin maleates.
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Résumé

On a étudié la chimie de la stabilisation du chlorure de polyvinyle par les composés 
organostanniques en utilisant la technique des traceurs radioactifs. Les stabilisateurs 
étudiés sont du type (R 2SnY2)„ où R est soit butyl ou octyl, Y maléate de monomethyle, 
oxoôctylthioglycolate ou 0-mercaptopropanoate et ou l ’étain 113 constitue l’atome 
traceur. On a trouvé que des résines calendrées sous forme de film avec des stabilisa
teurs marqués retiennent une quantité appréciable de radioactivité après qu’on ait placé 
les films dans des conditions de dégradation thermique accélérée, qu’on les ait dissous 
dans le tétrahydrofuranne et ensuite précipités de leur solution par addition de méthanol. 
La quantité de radioactivité retenue varie avec la durée du traitement thermique et 
avec la nature du groupement Y  d’une façon comparable à ce que l’on avait trouvé dans 
une étude précédente où le groupement butyle du stabilisateur était marqué au 14C. 
Nous avons également trouvé que la quantité de radioactivité retenue par la résine 
précipitée décroît régulièrement quand on soumet la résine à une suite de dissolution et 
de précipitation. Cependant, dans le cas de la résine stabilisée avec le dibutyl-1I3Sn 
bis(monométhyl maléate), la perte de radioactivité causée par les dissolutions et les 
précipitations répétées, semble s’arrêter après 13 à 14 cycles et conserver une valeur 
constante de rétention. Le traitement des résines radioactives par l’acide chlorhydrique 
anhydre provoque la perte de presque toute la radioactivité. Sur la base de ce fait, 
nous supposons, que lors de leur action stabilisatrice, les composés organostanniques ne 
subissent que peu ou pas de rupture de leur liaison carbone-étain. Ultérieurement la 
rétention de radioactivité observée sur la résine s'explique le mieux en supposant l’ex
istence d’un lien de coordination entre l’atome d’étain du stabilisateur et quelqu’atome 
donneur présent dans la structure moléculaire du polymère.

Zusammenfassung

Der Chemismus der Stabilisierung von Polyvinylchlorid durch Organozinnverbindun
gen wurde mittels einer radioaktiven Tracer-Technik untersucht. Die untersuchten 
Stabilisatoren waren vom Typ [R2SnYr2]„, wobei R Butyl oder Octyl, Y Monomethyl- 
maleat, Oxoöctylthioglykolat oder 0-Mercaptopropionat war und 113Sn als radioaktive 
Markierung verwendet wurde. Die mit den markierten Stabilisatoren zu Filmen ge
walzten Harze hielten eine merkliche Menge Radioaktivität zurück, nachdem sie einem 
beschleunigten thermischen Abbau unterworfen, in Tetrahydrofuran gelöst und durch 
Zusatz von Methanol aus der Lösung gefällt worden waren. Die Menge der zurück
gehaltenen Radioaktivität variiert mit der Dauer der Hitzebehandlung und mit der Art 
der Y-Gruppe in einer Weise, die zu unseren Befunden bei einer früheren Untersuchung 
mit einem in den Butylgruppen mit 14C markierten Stabilisator parallel verläuft. Die 
Menge der von den gefällten Harzen zurückgehaltenen Radioaktivität sinkt bei wieder
holter Umfällung der Harze stetig ab. Jedoch scheint wenigstens im Falle des mit 
Dibutylzinn-m Sn-bis(monomethylmaleat) stabilisierten Harzes, dieser Radioaktivi
tätsverlust bei wiederholtem Umfällen nach 13-14 Umfüllungen aufzuhören und sich 
ein konstanter Retentionswert einzustellen. Die Behandlung der radioaktiven Harze 
mit wasserfreiem Chlorwasserstoff führt zum Verlust praktisch ihrer gesamten Radio
aktivität. Auf Grund dieser Befunde nehmen wir an, dass die Organozinnverbindungen
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bei ihrer stabilisierenden Wirkung nur geringe oder gar keine Spaltung ihrer Kohlenstoff- 
Zinn-Bindung erlieiden. Ferner lässt sieh die beobachtete Retention der Radioaktivität 
durch das Harz am einfachsten durch das Vorliegen einer koordinativen Bindung zwis
chen dem Zinnatom des Stabilisators und irgendeinem in der Molekülstruktur des Poly
meren vorhandenen Donatoratom deuten.

Received March 15, 196,3
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The Chemistry of Poly(vinyI Chloride) Stabilization.
V. Organotin Stabilizers Having Radioactively 

Tagged Y Groups

ALFRED H. FRYE, RAYMOND W. HORST, and MARNO A. 
PALIOBAGIS, The Cincinnati Milling Machine Company, Cincinnati, 

Ohio, and The Advance Division of the Carlisle Chemical Works, New 
Brunswick, New Jersey

Synopsis

Experiments with a select group of radioactively tagged organotin stabilizers of the 
general formula Bu>SnY2, in which the radioactive atoms ( 14C) are located in the Y 
groups, have shown, that, under the conditions normally employed to evaluate and 
screen poly(vinyl chloride) heat stabilizers, a portion of that radioactivity becomes 
firmly associated with the resin. Under standard conditions, the extent of this associa
tion has been found to be dependent upon the nature of the Y  group and the duration 
of the heat treatment. It is suggested that the stabilizing action of these organotin 
compounds arises in part from reactions between the polymer and the stabilizer wherein 
certain of the polymer’s chlorine atoms are exchanged for the stabilizer’s Y  groups (or a 
portion thereof), the resulting structure being more stable toward degradative elimina
tion. Other possibilities for reaction between the polymer and the stabilizer are also 
considered and it is shown how these can further supplement the organotin compound’s 
stabilizing action and yet be rationalized within the experimental evidence.

INTRODUCTION

In Parts II I1 and IV2 of this series we reported the results of our radio
active tracer studies on the stabilizing action of a group of organotin 
compounds of the class [R2SnY2]„, with tags in the alkyl groups (14C) and 
in the tin atoms (113Sn). The alkyl groups of the stabilizers chosen for 
study were, with one exception, butyl groups, while the Y groups were 
monomethyl maleate, d-niercaptopropanoate, oxooctyl thioglycolate, or
2-ethylhexanoate. In the one exception the stabilizer’s alkyl groups were 
octyl. These studies showed that a resin milled with a tagged stabilizer, 
and thereafter subjected to the conditions normally used to affect the 
accelerated thermal degradation of the polymer, retains a significantly 
large amount of radioactivity when the milled film is dissolved in tetra- 
hydrofuran and the resin then precipitated by the addition of methanol. 
The amount of radioactivity retained by the resin varies with the nature of 
the stabilizer’s Y  group and with the duration of the film’s heat treatment, 
and is very much greater than can reasonably be accounted for by physical
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occlusion of the stabilizer in the precipitated polymer. It was also found, 
that the amount of radioactivity retained by the precipitated resins de
creases in a regular way when the resins are subjected to successive cycles 
of dissolution and precipitation. In one instance at least—a resin stabilized 
with dibutyltin-113Sn bis (monomethyl maleate)—the loss of radioactivity 
with successive dissolutions and precipitations leveled off at a relatively 
low but constant value. Of particular interest was the marked parallelism 
evident between the curves in the butyl-tagged experiments with those of 
the tin-tagged series, a parallelism which indicates that in the performance of 
their stabilizing action organotin compounds undergo little or no cleavage 
of their carbon-tin bonds. It was suggested that these and other findings 
are best rationalized in terms of a coordinative linkage formed between the 
stabilizer’s tin atom and donor atoms present in the polymer’s molecular 
structure.

In the present paper we report our experiments involving the same set of 
organotin stabilizers, but with the radioactive tags in the Y groups. The 
syntheses of the required radioactive intermediates and their conversion to 
the final stabilizers are outlined in eqs. ( l ) - ( l l ) .

Dibutyltin bis (monomethyl- 14C maleate) :

O
A *C — O C H j

/
HC

HC
\

C— OH

O

(1)

2 CH30 2C C H =C H C 02H +  K2COs - *  2 CH30 2C C H =C H C 02K  +  C 02 +  H ,0  (2) 

Bu2SnCl2 +  2 K 0 2C C H =C H C 02CH3 -*  Bu2Sn(02C C H =C H C 02CH3)2 +  2 KC1 (3) 

Dibutyltin 0-Mercaptopropanoate-3-14C :

H2C = 0  H2C— 0  (4)
+  -*■ I i

h 2c = c = o  h 2c — c  - o

h 2c — o

+  NaSH HSCH2CH2C 02Na (5)
H2C— c = o

Bu2SnCl2 +  NaHCOs + S— CH2

HSCH2CH2C 02N a Bu2Sn CH2 +  2 NaCl +  H20  +  C 02 (6)
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Dibutyltin bis(oxooctyl thioglycolate-l-I4C):

HN— C = 0
* /  \  +  H.,0 +  NaCl (7)

(H oN>2C = S  +  ClCH2C 02Na — HN - C CH2

HN— CO NH O
/  \  * II II

2 H N = C  OII2 +  NaOH —  2 HSCHsC02Na +  H2N— C— NH— C— NH, (8)

ns/
HSCH2C 02H -+ HOC8H17 HSCH2C 02C8Hn +  H20  (9)

Bu2SnCl2 +  2 NaHCO, +  2 HSCH2C 02C8Hi7 —
Bu2Sn[SCH2C 02C8H „]2 +  2 NaCl + 2 H .0  + 2  C 02 (10)

Dibutyltin bis(2-ethylhexanoate-l-14C ):

Bu2SnO +  2 H 02CCHEtBu — Bu2Sn(02CCHEtBu)2 +  2 H ,0  (11)

EXPERIMENTAL

Materials

Tlie poly(vinyl chloride) used in these experiments was the same as used 
in parts II I1 and IV .2

The detailed procedures for the preparation of the radioactive stabilizers 
will be reported elsewhere;9 however, the following data will serve to provide 
information pertinent to the relative radioactivities of the stabilizers and 
the per cent conversions in which they were obtained. Dibutyltin bis- 
(mo nomethyl-14C maleate) was prepared from a mixture of 16 mg. of 
methanol-14C (2.0 me./mmole, Volk Radio-Chemical Co.) and 830 mg. of 
non radioactive methanol. The end product was obtained in a 96% overall 
conversion and was found by assay to have an activity of 32 /rc./mmole. 
The dibutyltin /3-mercaptopropanoate-3-14C was prepared from a mixture 
of 60 mg. of paraformaldehyde-14C (0.5 me./mmole, Volk Radio-Chemical 
Co.) and 2670 mg. of the nonradioactive material. From this the dibutyl
tin |8-mercaptopropanoate-3-14C was obtained in 43.2% overall conversion 
with a calculated activity of 11 ¿¿c./mmole. From a mixture of 57 mg. of 
monochloroacetic-l-14C acid (1.64 me./mmole, Nuclear-Chicago Co.) and 
5460 mg. of the nonradioactive acid we obtained dibutyltin bis(oxooctyl 
thioglycolate-l-14C) in 62.6% overall conversion, the products’ calculated 
activity being 34 ¿uc./mmole. Dibutyltin bis(2-ethylhexanoate-l-14C) was 
prepared in essentially cpiantitative conversion from a mixture of 78 mg. of 
2-ethylhexanoic acid (1 me./mmole, Nuclear Chicago Co.) and 5480 mg. of 
the nonradioactive acid, the calculated activity of the product being 28 
uc./mmole.
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Procedures and Radioactive Measurements

The various experimental films were prepared as detailed in Part II I1 of 
this series, each having 3.34 mmole of stabilizer per 100 g. of resin. The 
films were than subjected to the same standard procedures of heat treat
ment, dissolution and precipitation, and radioactive assay as also described 
therein.

RESULTS AND DISCUSSION

Unlike the experiments in Parts III and IV of this series, in which the 
different stabilizers had equal radioactivities per millimole, the stabilizers 
employed in the present experiments have unequal radioactivities. Thus, 
in the experiments in which the stabilizers’ butyl groups were tagged with 
14C, all had identical radioactivities per millimole (ca. 11 ¡xc./mmole) 
because they were prepared from the same batch of dibutyl-l-14C-tin 
dichloride. Similarly, the 113Sn-tagged stabilizers had equal radioactivities 
because they were prepared from the same batch of dibutyltin-113Sn dichlo
ride (although here we have no specific measure of the degree of that radio
activity). In the present experiments involving the Y-tagged stabilizers, 
such uniformity no longer obtains and, as a consequence, an additional 
element of uncertainty is introduced into the interpretation of our findings. 
Although we have data which permit us to calculate the activities of our 
different Y-tagged stabilizers, those data involve a number of uncertainties. 
Hence we offer the following values in full realization of their possible error: 
dibutyltin bis(monomethyl-14C maleate), 32 ^c./mmole; dibutyltin p- 
mercaptopropanoate-3-14C, 11 gc./mmole; dibutyltin bis(oxooctyl thio- 
glycolate-l-14C), 34 ^c./mmole; dibutyltin bis(2-ethylhexanoate-l-14C), 
28 juc./mmole.

Figure 1 summarizes our data on the retention of radioactivity by Geon 
101-EP poly (vinyl chloride) resin stabilized with the above Y-tagged 
organotin compounds, the radioactive assays having been made after the 
milled resin’s heat treatment and a sequence of two dissolution and pre
cipitation cycles. The data present a number of surprises; however, 
before we proceed with their analyses, it is advantageous to examine our 
findings regarding the effect of repeated dissolution and precipitation on the 
retention of radioactivity in these same resin-stabilizer systems. Figure 2 
shows that none of the four resin-stabilizer systems gives evidence of a con
tinued loss of radioactivity when the precipitated resins are subjected to 
further dissolution-precipitation cycles. True, each shows a considerable 
amount of irregular fluctuation from assay to assay, but these are of a nature 
and magnitude as to be accounted for by experimental inaccuracies. From 
these data we conclude that the observed retention of radioactivity by the 
resin is due to the incorporation of the respective Y  groups (or a portion 
thereof) into the polymer’s molecular structure.

Perhaps the greatest surprise disclosed by Figure 1 is the relatively small 
amount of radioactivity retained by the resin stabilized with dibutyltin
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Fig. 1. Effect of heat treatment on the retention of radioactivity by polyfvinyl 
chloride) resin after two dissolution precipitation cycles, the resin having been milled 
with: (Q) dibutyltin bis(monomethyl-14C maleate; (R) dibutyltin bis(2-ethylhexanoate- 
14C; (S) dibutyltin d-mercaptopropanoate-3-14C ; (T ) dibutyltin bisfoxooctyl thio- 
glycolate-l-14C). Note that ordinate of curve T  has been diminished by a factor of 
10“ 1.

bis(monomethyl-14C maleate). We find this surprising because in our 
previous studies involving these same stabilizers, but in which the butyl 
groups and then the tin atoms bore the radioactive tags, the amount of 
radioactivity retained by a resin containing the monomethyl maleate sta
bilizer was, on the whole, greater than that for the other resin-stabilizer 
systems. In the original design of the investigation, our first thought was 
to prepare a dibutyltin maleate compound in which the 14C-tag wmuld be 
located in the acyl moiety of the half-ester rather than in the alkyl moiety. 
We were dissuaded from this, however, by the work involved in the syn
thesis of a 14C-tagged maleic acid, and chose instead to tag the alkyl moiety.
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Fig. 2. Effect of repeated dissolution and precipitation on the retention of radio
activity by a resin milled with: (S ) dibutyltin 0-mercaptopropanoate-3-14C; (T ) di- 
butyltin bis(oxooctyl thioglycolate-l-14C); (Q) dibutyltin bis(monomethyl-14C maleate); 
(R ) dibutyltin bis(2-eth3dhexanoate-l-14C).

This choice was made in full awareness of two possible consequences: (1) 
half-esters of maleic acid are prone to undergo thermal cleavage to the 
anhydride and alcohol; (2) in the dissolution-precipitation phase of the 
work one might incur ester exchange with the methanol used for precipita-
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tion. The latter of these two possibilities is discredited by the fact that the 
retention of radioactivity by a dibutyltin bis(monomethyl-14C maleate)- 
stabilized resin remains effectively constant through a sequence of seven 
dissolution-precipitation cycles (Fig. 2). The other possibility (thermal 
cleavage of the half-ester) appears to account most plausibly for our present 
results as shown in the following equations, in which we depict the reaction 
as being promoted by eliminated hydrogen chloride. Here m3 represents 
monomethyl maleate.

The maleic anhydride thus liberated might then undergo a Diels-Alder 
addition with a segment of olefinically degraded polymer chain.

0
c i o V o

hV  1;CH
~HC

\\
HC-

C H '
//

-CH

/ ° xC^O
\

HC
/

'H C
\

HC

c ^ o
i

CH
\
CH-/

=CH

Such a reaction might well serve to “ mend” or “ heal” an injured section of 
the polymer, the structure of the adduct, relative to that of the conjugated 
polyene from which it was derived, being less chromophoric and, at the same 
time, of enhanced stability toward further reaction. Alternatively, a Diels- 
Alder addition might occur between the postulated maleic anhydride-di- 
butyltin chloride monomethyl maleate complex and the polymer:

m3j
m3 Bu2SnCl

BiuSnCl

Y
C - 0  c-°
hV™

+ — HC
'Y
H C '

CH —
0

( ¿ O ^ O

h c - c h

— HC7 / CH' 
hV c h

//
-C H

It should be noted that the first of these two possibilities docs not provide 
(at least specifically) for the retention of radioactivity in either the Y- 
tagged, the tin-tagged, or the butyl-tagged experiments, whereas the second 
does. Before we consider any further possibilities for reaction between 
dibutyltin bis (mono methyl maleate) and the polymer, it is advantageous to 
consider the case of dibutyltin bis(2-ethylhexanoate-l-14C).

The retention of radioactivity for this stabilizer is most plausibly ration
alized in terms of an esterifying displacement of certain of the polymer’s 
halogen atoms by the organotin compound’s carboxylate moiety, a reaction 
which we have shown to occur with the barium, cadmium, and zinc car
boxylate stabilizers.3'4
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This suggests that similar displacements might be possible for the maleate 
stabilizer
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and for the /3-mercaptopropanoate as well.
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These displacements, like those of the barium, cadmium, and zinc car- 
boxylates, would serve to stabilize the resin when the resulting carboxylate 
ester is less prone toward elimination than the halide from which it was 
derived, an aspect of the problem to be discussed more fully below.

Finally, we come to the case of dibutyltin bis(oxooctyl thioglycolate). 
Clearly, for this stabilizer some other mode of reaction must be invoked. 
One which appears quite plausible, is the following wherein a thioether 
group replaces a chlorine atom on the polymer’s backbone.
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This, of course, suggests that a similar reaction might also be possible for 
the /3-mercaptopropanoate and might even lead to crosslinking between 
polymer chains (or cyclization).

The above suggestions as to possible modes of reaction between the poly
mer and the various Y groups require, of course, their further experimental 
verification. In this connection it is pertinent to note that our examination 
of the infrared spectrum of a dibutyltin bis(2-ethylhexanoate)-stabilized 
resin failed to reveal any convincing evidence of a band at 0.75 ^ (the car
bonyl stretching frequency of aliphatic esters). This is somewhat sur
prising in view of the fact that our earlier studies3 with the barium, cad
mium, and zinc carboxvlates showed marked absorption at this region. 
We suggest that this may be due to a lesser degree of esterification in the 
case of the dibutyltin bis(2-etliylhcxanoate) than for the barium, cadmium, 
and zinc 2-ethylhexanoates, and that the amount of esterification which did
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occur was not sufficient to permit spectroscopic detection. If this is cor
rect, one then is obliged to explain why such a surprisingly high degree of 
retained radioactivity was found in our experiments with the dibutyltin 
bis(2-ethylhexanoate-l-14C), as indicated in Figure 1. One possibility 
which we are inclined to favor is that the actual radioactivity of our di
butyltin bis(2-ethylhexanoate-l-14C) was considerably greater than the 28 
gc./mmole which we have assigned to it. If this is true, it would also serve 
to explain the curious fact that our butyl-tagged experiments with that 
same stabilizer showed only relatively weak retention of radioactivity. 
Finally, one wonders why the retention curve for dibutyltin bis(2-ethyl- 
hexanoate-l-14C) does not descend after reaching a maximum, as we found 
both in our butyl-tagged studies and in our infrared and tracer studies with 
the barium cadmium and zinc carboxylates. In the case of the butyl- 
tagged studies we suggest that the descending branch of the curve results 
from the attack of eliminated hydrogen chloride on the coordinatively 
associated polymer-dibutyltin bis(2-ethylhexanoate) complex giving rise to 
dibutyltin dichloride which is readily displaced by the tetrahydrofuran (or 
methanol). That our Y-tagged experiments with dibutyltin bis(2-ethyl- 
hexanoate), or with dibutyltin bis(monomethyl maleate), or dibutyltin 
bis(oxooctyl thioglycolate), show no descending branches may be due to the 
fact that dibutyltin dichloride, unlike either barium, cadmium, or zinc 
dichloride, causes little or 110 deleterious action on poly (vinyl chloride).1 
Of course, the question then arises as to why the /j-mercaptopropanoate 
alone exhibits a definite and sharply descending branch in its retention 
curve. A number of explanations are reasonably plausible; however, the 
one which we prefer is based on the assumption that reaction between the
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polymer and the stabilizer has resulted in at least a number of tin-containing
3-mercaptopropanoic ester groupings which, by the action of eliminated 
hydrogen chloride, first lose their organotin moieties, and then pyrolytically 
eliminate /3-mercaptopropanoic acid.
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I I

.C H 2
CH2

One other aspect of this work warrants some comment. In Part II I1 in 
which we dealt with the butyl-tagged stabilizers, we pointed out the dis
similarity of our findings on thermal stabilization to those of Kenyon5 on 
photostabilization. The present Y-tagged experiments have revealed 
another dissimilarity. Whereas Kenyon found that under the conditions of 
his experiments, dibutyltin diacetate (tagged with 14C in the acetate moiety) 
showed “ no change in the retained /3-activity with time of irradiation” per
mitting him to conclude “ that the acetate groups are not involved in the 
reaction,” we find that without particular stabilizers under conditions of 
thermally accelerated degradation the Y groups do become part of the 
polymer’s molecular structure.

It is now generally accepted that the thermal instability of ordinary 
poly(vinyl chloride) is due primarily to deviations from structural ideality— 
to chain branching, to unsaturated chain endings, and to certain inciden
tally incorporated oxygen functions such as hydroperoxy groups—and that 
these are the sites at which the zipperlike elimination of hydrogen chloride 
is initiated. Baum and Wartman6 have presented evidence which suggests 
that at temperatures up to about 150°C. initiation proceeds principally 
from unsaturated chain endings, but that at 190°C. chlorine atoms bound 
to tertiary carbon atoms also become important initiating sites. Son- 
nerskog,7 on the other hand, maintains that incidentally incorporated hy
droperoxy groups are the prime centers at which degradation is initiated. 
We have suggested that our present findings with organotin stabilizers, as 
well as our earlier findings with the barium, cadmium, and zinc carboxylate 
class of stabilizers, can be rationalized in terms of displacement reactions 
between the stabilizers and the poylmer wherein some of the polymers 
chlorine atoms are replaced by the stabilizer’s Y groups, in the case of the 
organotin compounds, and the carboxylate groups in the case of the metal 
carboxylates. Such reactions would serve to stabilize the polymer when 
the resulting structure is more resistant toward elimination than its prede
cessor. Thus, the replacement of a tertiary chlorine atom by a carboxylate 
group must result in stabilization if, as present evidence indicates,8 the 
activation energy for elimination of hydrogen chloride from a tertiary alkyl 
halide is less than that for the elimination of carboxylic acid from the ester
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analog. Although no activation energy data appear to be available for 
allylic compounds, it is not unlikely that the replacement of an allylic 
chlorine by means of a Y group could also affect a measure of stabilization. 
In this connection, the possibility of an allylic rearrangement attending the 
displacement also arises.
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CH— CH2
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This is particularly attractive since the resulting homo-allylic structure 
would be considerably less prone toward elimination.

There yet remains the possibility that the superior effectivity of certain 
of the organotin compounds as stabilizers derives in part from their ability 
to inactivate deleterious hydroperoxide functions which may have been 
incidentally incorporated into the polymer’s structure. Thus, the superior 
stabilizing action of dibutyltin bis(oxooctyl thioglycolate) might result 
from a reaction in which the oxooctyl thioglycolate groups are oxidized to 
the disulfide compound.
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Such a reaction would not, of course, account for the observed retention of 
the oxohctyl thioglycolate groups by the polymer, although it does suggest 
the possible retention of some dibutyltin groups. Although the assigned 
structure of dibutyltin /3-mercaptopropanoate does not appear to permit a 
directly analogous reaction, other courses of reaction are possible, e.g.,
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The sulfenyl chloride thus generated might further stabilize both itself and 
the polymer by addition to the polymer at a point of unsaturation.

•—(JH —(JI1-^ - C H - C H -
, -----------> ! I+  Cl SCH2CH2CO0H

Cl— SCH;— CH2— CO2H

Finally, there is the possibility that the monomethyl maleate stabilizer 
might also deactivate hydroperoxy groups, perhaps by oxidation to a 
tartaric acid derivative.

I

O— OH

m3 O + 0
I II II

BuîSn— O— C— C H = C H — C—OCHs
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Résumé

Des expériences ont été effectuées avec une série choisie de stabilisateurs marqués 
radioactivement, de formule générale Bu2SnY2, dans lesquels les atomes radioactifs 
( !4C) sont localisés dans les groupements Y et on a montré que, dans les conditions 
normales utilisées pour évaluer et protéger les stabilisateurs thermiques du chlorure 
de poly vinyle, une partie de la radioactivité demeure fermement associée à la résine. Dans 
des conditions déterminées, l’importance de cette association dépend de la nature des 
groupements Y  et de la durée du traitement thermique. On émet l’hypothèse que 
l’action stabilisatrice de ces composés organostanniques provient en partie de réactions 
entre le polymère et le stabilisateur au cours desquelles certains atomes de chlore du 
polymère sont échangés avec des groupements Y  du stabilisateur (ou avec une partie 
de ceux-ci); la structure qui en résulte étant plus résistante à une élimination dégradante. 
On considère également d ’autres possibilités de réactions entre le polymère et le stabil
isateur et on montre comment elles peuvent compléter ultérieurement l’action stabili
satrice des composés organostanniques et rendre compte des observations expérimentales.

Zusammenfassung

Versuche mit einer ausgewählten Gruppe radioaktiv markierter Organozinnstabilisa
toren der allgemeinen Formel Bu2SnY2, in denen sich die radioaktiven Atome ( 14C) in 
den Y-Gruppen befinden, haben gezeigt, dass unter den normalerweise bei der Auslese 
von Polvvinvlchlorid-Hitzestabilisatoren vorliegenden Bedingungen ein Teil dieser

!
~ C ~
/

m3 O O  OH 0  

Bu2Sn— 0 — C— CH— CH— <!— OCH3
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Radioaktivität fest mit dem Harz assoziiert wird. Unter Standardbedingungen hängt 
das Ausmass dieser Assoziation von der Art der Y-Gruppe und der Dauer der Hitze
behandlung ab. Es wird angenommen, dass die stabilisierende Wirkung dieser Organ
ozinnverbindungen zum Teil auf Reaktionen zwischen dem Polymeren und dem Stabili
sator beruht, bei welchen bestimmte Chloratome des Polymeren gegen die Y-Gruppen 
(oder einen Teil derselben) des Stabilisators ausgetauscht werden und dabei eine gegen 
Abspaltung und Abbau beständigere Struktur entsteht. Es werden auch andere Mög
lichkeiten für Reaktionen zwischen Polymeren und Stabilisator in Betracht gezogen. 
Diese können die Stabilisierungswirkung der Organozinnverbindung in einer Weise för
dern, die mit den experimentellen Befunden in Einklang gebracht werden kann.

Received March 15,1963
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Stereochemical Configurations of Polypropenes by 
High Resolution Nuclear Magnetic Resonance

FERDINAND C. STERLING, Research and Development, 
Humble Oil and Refining Company, Baytown, Texas

Synopsis
High resolution hydrogen NM R spectra of amorphous, stereoblock, and isotactic frac

tions of polypropylene show distinct differences. The spectra are complex but those of 
polypropene-2-di and polypropene-2,3,3,3-ch are simple and easily interpreted. The dif
ferences in the spectra of the amorphous, stereoblock and isotactic fractions of the poly
mers is the result of a difference in the chemical shifts of isotactic and syndiotactic type 
methylenes. The ratio of the types of methylenes can be estimated from the spectra of 
polypropene-2,3,3,3-di. In isotactic polymer the concentration of syndiotactic type 
methylenes is below the limit of detection. Assuming that the inversions in stereochemi
cal configuration are randomly distributed along the polymer chain, the average length of 
sterically identical segments in stereoblock polymer is about fifteen monomer units. In 
amorphous polymer the ratio of isotactic to syndiotactic type sequences is approximately 
one. The spectra of the deuterated polymers show no detectable rearrangement of hy
drogen and deuterium atoms in the polymerization.

The stereochemical configurations and conformations of crystalline 
isotactic1 and syndiotactic2 polypropene have been determined by Natta 
using x-ray diffraction. However, x-ray diffraction, as well as infrared3 and 
melting point measurements,4 has given little definitive information con
cerning the structure of the amorphous and stereoblock forms of this 
polymer. High resolution NM R has been demonstrated to be a very 
useful technique for ascertaining the t.acticity of polymers of methyl 
methacrylate,5 trifluorochloroethylene,6 a-methylstyrene,7 and styrene.8 
This paper describes the first application of high resolution NMR to the 
study of the stereochemical structure of a saturated polymer derived from 
an alkene. Although the chemical shift differences observed in the spectra 
of polypropenes are small, useful information concerning the stereochemical 
configuration of the polymers can be obtained.

Experimental
The polypropene used in this study was commercial polymer. Deuter

ated polymers were prepared from Merck propene-2-rfi (isotopic purity >  
96%) and propene-2,3,3,3-d.i (isotopic purity >  98%) by means of a typical 
Ziegler catalyst. The polymers were separated into three fractions by 
successive extraction with diethyl ether and n-heptane by using a procedure

1815
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similar to that described by Natta.9 According to Natta, this treatment 
separates the polymer into three fractions with different stereoisomeric 
composition, namely: (/) an amorphous fraction (the ether-soluble ex
tract) with a structure approximating that of an atactic polymer, (3) a 
stereoblock fraction (insoluble in ether but soluble in n-heptane) consisting 
of molecules with relatively long segments of monomer units having the 
isotactic configuration, and (3) an isotactic fraction (the residue remaining 
after extract with ether and n-heptane) approximating the structure of an 
ideal isotactic polymer. After the extraction steps the polymer fractions 
dried at 100°C. under vacuum to remove the solvent.

Hydrogen NM R spectra were obtained at elevated temperatures with a 
modified (iO cycle Varian HR-60 NMR spectrometer equipped with proton 
control of the magnetic field and with variable temperature facilities. 
p-Dichlorobenzene was used as a solvent for the polypropene samples and 
2-chlorothiophene for the deuterated polymers. Hexamethyldisiloxane 
was added as an internal standard, and the chemical shift of the methyl 
resonance in this compound is defined as 10.0 ppm. Specific operating 
conditions are shown on the spectra. The spectrum of isotactic poly- 
propene-2,3,3,3-d4 was also obtained at 40 Mcycles by using the audio side
band technique to measure peak separations.

Experimental Results and Interpretations o f Spectra

The 60 Mcycles spectra of the isotactic, stereoblock, and amorphous frac
tions of polypropene-2,3,3,3-d4, together with the spectrum of the un
separated polymer, are shown in Figures la, 16, Ir, and Id, respectively. 
The key to the interpretation of these spectra is the spectrum of the isotac
tic fraction, la. Assuming no hydrogen-deuterium exchange in polymeriza
tion, the propene-2,3,3,3-d4 monomer should yield a polymer with hydrogen 
atoms present only in the methylene groups. Spectrum la has the ap
pearance of a typical AB pattern given by two nonequivalent hydrogen 
atoms.10 In isotactic polypropene, the methylene hydrogens are non
equivalent from geometrical considerations. Therefore, the hydrogen NMR 
spectrum of polypropene-2,3,3,3d i would be expected to be a perturbed AB 
pattern, the perturbaton being caused by relatively small hydrogen- 
deuterium couplings.

There are two difficulties with an AB interpretation, however. The 
separation between the two low field peaks and the two high field peaks 
should be exactly equal. However, repetitive measurements gave an 
average separation of 13.5 cycles/sec. for the low field pair and 12.9 cycles/ 
sec. for the high field pair. Statistical analysis of the data leads to the 
conclusion (94% confidence level) that the separations are not equal. 
The relative peak heights also do not agree exactly with the relative in
tensities calculated for an AB pattern with the observed separations. If 
this is an AB pattern the coupling constant, J, is about 13.2 cycles/sec. and 
the chemical shift difference 5 is about 23.2 cycles/sec. or 0.39 ppm. The 
relative intensities of an AB spectrum calculated using these parameters
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are 0.34:1.00:1.00:0.34, whereas the relative peak heights in the experi
mental spectrum are 0.4(5:1.00:1.00:0.46. In order to confirm the AB 
assignment a 40 Mcycles spectrum w as obtained. The 40 Mcycles spectrum 
predicted from the 60 M cycles spectrum lor-/ =  13.2 cycles/sec. and S =  23.2

Fig. 1. NM R spectrum of polypropene-2,3,3,3-d4-

cycles/sec. is compared with the experimental 40 Mcycles spectrum in 
Table I. The good agreement between the predicted and observed spectra 
is compelling evidence for the validity of the AB interpretation. The 
deviation of the 60 Mcycles and the 40 Mcycles spectra from an exact AB 
pattern is probably caused by the hydrogen-deuterium couplings.
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S p ectru m  1 b is very  sim ilar to  l a  excep t th a t  an  ad d itio n a l peak  is p res
en t. T h is peak  is even m ore a p p a re n t in sp ec tra  lc  and  Id. T he q u ad 
ru p le t is again  assigned to  iso tac tic  ty p e  m ethy lenes, i.e., to  m ethy lenes 
in dd and  II sequences, an d  th e  sing let is a t tr ib u te d  to  sy n d io tac tic  ty p e

Fig. 2. NM R spectra of polypropene-2-d.

m ethy lenes, i.e., to  m eth y len es in  dl an d  Id sequences. In  sy n d io tac tic  
po lym er m ethy lene  hydrogens are eq u iv a len t. T herefore, in po lypropene-
2,3,3,3-d, sy n d io tac tic  ty p e  m ethy lenes give a  single b and  b roadened  sligh tly  
by  h y d ro g en -d eu te riu m  couplings.
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T he sp e c tra  of p o ly p ropene-2 -rfi sam ples (Figs. 2a, 2b, 2c, an d  2d) are  
en tire ly  ana logous to  those of th e  co rrespond ing  polypropene-2,3,3,3-ch 
sam ples except th a t  an  ad d itio n a l band  caused  by  the  m e th y l hydrogens 
is p resen t. M e th y l g roups in po lym er segm ents h av ing  d iffe ren t stereo-

chem ical configurations a re  th eo re tica lly  n o n eq u iv a len t, b u t th e y  are n o t 
resolved in these  spectra . T h e  sp e c tra  of po lypropene (Figs. 3a, 36, 3c, 
an d  3d) frac tio n s are m uch  m ore com plex th a n  those  of th e  d eu te ra te d  
po lym ers an d  on ly  a  p a r tia l in te rp re ta t io n  of these  sp e c tra  is given. T he
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TABLE I
Comparison of Predicted and Experimental 40 me. NM R Spectra of Isotactic Polypro-

pene-2,3,3,3-r/i

Predicted, ops Experimental, ops

Separation betw een low field pair of 
bands 13.2 13.7

Separation between central pair of 
bands 7.2 7.2

Separation between high field pair of 
bands 13.2 13.0

Relative Intensities 0 .21 :1 .00 :1 .00:0 .21 0 .25 :1 .00 :1 .00 :0 .25

m ethy lene  an d  m ethy l resonances of th e  am orp h o u s frac tio n s  are v e ry  
sim ilar to  those  of 2 ,4 -d im eth y lp en tan e  (Fig. 4). As in sy n d io tac tic  
po lypropene sequences, th e  m ethy lene  hydrogens in th is  com pound  are 
eq u iv a len t an d  are  coupled to  tw o te r t ia ry  hydrogen  a tom s. T h e  m e th 
ylene resonance b in  F igure  4 is a  tr ip le t w ith  th e  h igh  field m em ber o b 
scured  by  th e  m e th y l doub le t. In  am o rp h o u s po lyp ropene th e  tw o dow n

Fig. 4. NM R spectrum of 2,4-dimethylpentane.
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field m em bers of th e  tr ip le t g iven  b y  sy n d io tac tic  m e th y len es can  also be 
clearly  d iscerned. I n  stereob lock  p o lym er th is  b an d  is considerab ly  less 
in tense . T h u s, th e  re la tiv e  in te n s ity  of th e  b b and  of po lyp ropene m a y  be 
used as a  q u a lita tiv e  m easu re  of th e  ta c tic ity  of th e  po lym er. I n  syndio- 
ta c tic  po lym er th e  re la tiv e  in te n s ity  of th is  b an d  w ould be expected  to  be 
a b o u t tw ice th a t  show n in F ig u re  3c.

Discussion

T h e p reced ing  sp ec tra  an d  in te rp re ta tio n s  lead to  conclusions concern ing  
th e  m echan ism  of po lym eriza tion  a n d  th e  stereochem ical configuration  of 
th e  po lym ers. In  none of th e  sp e c tra  of th e  d e u te ra te d  po lym ers is th e re  
a n y  ev idence of h y d ro g en -d eu te riu m  exchange. T h e  p o lym eriza tion  
th e re fo re  occurs w ith o u t rea rran g e m en t of h y d ro g en -d eu te riu m  atom s.

T h e  m o st im p o r ta n t resu lt of th is  in v e stig a tio n  is th a t  i t  p rov ides a 
m eans fo r e s tim a tin g  th e  ra tio  of iso tac tic  (dd an d  ll) to  sy n d io tac tic  
(dl a n d  Id) sequences in  th e  various frac tio n s of po lyp ropene-2 ,3 ,3 ,3 -d4- 
T h e  ra tio  of th e  a re a  of th e  q u a d ru p le t to  th a t  of th e  sing let is equa l to  th e  
ra tio  of (dd an d  ll) to  (dl an d  Id) sequences. T h is  ra tio , h e re a fte r referred  
to  as i/s, gives in fo rm atio n  concern ing  th e  stereochem ical configuration  
of th e  po lym er. T h u s, fo r a n  ideal iso tac tic  po lym er, i/s = ° ° ; fo r a n  
ideal sy n d io tac tic  po lym er, i/s = 0; an d  fo r an  ideal a ta c tic  po lym er 
i/s = 1 . Of course, th e  i/s ra tio  gives no  in fo rm ation  concern ing  th e  
d is tr ib u tio n  of inversions in  configuration  along  th e  po ly m er chain.

T h e  i/s values de te rm in ed  fo r th e  vario u s frac tions of po lypropene-
2,3,3,3-d4 a re  p resen ted  in  T ab le  I I .  T h e  possib le e rro r of these  m easu re
m e n ts  is large because of ex tensive b an d  overlap . F o r  th e  am orp h o u s 
p o lym er th e  in d ica ted  ra tio  m a y  be in  e rro r  b y  as m u ch  as a  fac to r of tw o 
a n d  fo r  th e  o th e r  tw o frac tio n s b y  as m uch  as a  fac to r  of a b o u t 1.5. I n  th e  
iso tac tic  p o lym er th e re  is no  ev idence fo r a n y  dl an d  Id sequences. A s
sum ing  th a t  th e  inversions in  s te ric  configuration  a re  ran d o m ly  d is trib u te d  
along  th e  po lym er cha in  th e  average len g th  of ste rica lly  id en tica l segm ents 
in  stereob lock  po lym er is a b o u t fifteen  m onom er u n its . I n  am orp h o u s 
po lym er th e re  a p p e a r  to  be a b o u t as m a n y  dl an d  Id sequences as th e re  arc 
dd a n d  ll sequences.

N a t t a  has  de term in ed  a p a ra m e te r  n w hich is re la ted  to  i/s.* n is 
defined as  th e  fra c tio n  of irreg u la ritie s  w ith  respec t to  th e  n u m b e r of

TABLE II
Comparison of Stereochemical Configurations of Polypropene Derived by NM R and by

Melting Point Measurements

Sample i/s by NM R n by NM R
n by

melting point

Isotactic polymer > 20 <0.05 < 0.02
Stereoblock polymer 15 0.07 0.02-0.2
Amorphous polymer 1 — > 0 .25
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m onom eric u n its  in  th e  chain . T h e  value  of n w as de term ined  fo r poly- 
p ropene from  th e  m e ltin g  p o in t of th e  po lym er b y  a n  ex tension  of F lo ry ’s 
copolym er m e ltin g  p o in t depression  th e o ry . 11 A ssum ing th a t  th e  in v e r
sions in  configuration  are random ly  d is trib u te d  along  the  po lym er chain, 
i t  is possible to  co n v e rt i/s to  n. F o r la rger i/s, a s  in  iso tac tic  an d  s te reo 
block po lym er, i/s ~  1/n. In  T ab le  I I  i t  can  be seen th a t  for these  frac
tions th e  ag reem en t betw een  th e  tw o m ethods fo r a sce rta in in g  n is good. 
W hen  i/s is of th e  o rd er of one, as in  th e  am orp h o u s po lym er, th e  conver
sion to  n is m a th em a tica lly  com plicated  an d  h as n o t been m ade. T h e  
i/s ra tio  for th is  frac tio n  is, how ever, co n s is ten t w ith  th e  h ighly  irreg u la r 
s tru c tu re  proposed  by  N a tta .

N a t t a 12 has show n th a t  a s -p ro p e n e - l-d  an d  fro n s-p ro p en e -l-d  y ield  
d ifferen t, i.e. threo an d  erythro, d iiso tac tic  po lym ers. T h e  hydrogen  N M Il 
sp ec tra  of th e  hep tane-inso lub le  p o rtio n s of po ly (cts-p ropeiie-l,2 ,3 ,3 ,8 -d6) 
an d  poly(irans-propene-l,2 ,3 ,3 ,3-d5) w ould th u s  be expected  to  consist 
of a  single bond b and  sligh tly  broadened  by  h y d ro g en -d eu te riu m  coupling. 
T h e  o b se rv a tio n  of such a  sing let w ould  p rov ide g raph ic  confirm ation  of 
X a t t a ’s proposal. T h e  hydrogen  resonance from  one of these  po lym ers 
w ould occur a t  8 . 8  p p m  an d  a t  9.2 p p m  from  th e  o th e r. In  frac tions con
ta in in g  sy n d io tac tic  ty p e  sequences overlap  betw een  i an d  s ty p e  hy d ro 
gens w ould be g rea tly  reduced, an d  m uch  m ore ac cu ra te  i/s ra tio s  could 
p ro b ab ly  be ob ta ined .

T hese resu lts  d em o n s tra te  th e  u til i ty  of high reso lu tion  X A IR  spec
tro sco p y  for a sce rta in in g  th e  stereochem ical configurations of s a tu ra te d  
po lym ers derived  from  alkenes. In  such po lym ers th e  chem ical sh ift 
differences will be sm all, so it will generally  be necessary  to  s tu d y  th e  p a r 
tia lly  d e u te ra te d  po lym ers in o rd er to  sim plify  an d  in te rp re t th e  spectra .

The author wishes to express his appreciation to Mr. N. F. Chamberlain for helpful 
discussions of the spectra, to Messrs. R. K. Saunders and T. J. Denson for obtaining 
the 60 Mcycles spectra, to Dr. Leonard Reeves of the University of British Columbia 
for running the 40 Mcycles spectrum, to Dr. B. H. Johnson and Mr. Cl. C. McCollum 
for preparing the deuterated polymers, and to Dr. L. Westerman and Mr. J. O. Brewer 
for separating the polymer into the various fractions.
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Résumé

Les spectres RMN protonique à haute résolution des fractions amorphes à stéréoblocs 
et isotactiques de polypropylène montrent des différences distinctes. Les spectres sont 
complexes, mais ceux du polypropène-2-di et du polypropène-2,3,3,3-di sont simples et 
facilement interprétables. Les différences spectrales entre les fractions copolymères 
amorphes à stéréoblocs et isotactiques sont le résultat d’une différence dans les déplace
ments chimiques des méthylènes types isotactique et syndiotactique. Le rapport des 
types de méthylènes peut être estimé au départ des spectres du 2,3,3,3-ih-polypropène. 
Dans les polymères isotactiques la concentration en méthylènes du type syndiotactique 
est en dessous de la limite de détectabilité. En admettant que les inversions de la con
figuration stéréochimique sont distribuées statistiquement tout au long de la chaîne poly
mérique, la longueur moyenne des segments stériquement identiques dans le polymère à 
stéréobloc est environ de 15 unités monomériques. Dans le polymère amorphe, le rap
port des séquences du type isotactique et celles du type syndiotactique est approximative
ment unitaire. Les spectres des polymères deutérés n’accusent aucun réarrangement 
entre les atomes d’hydrogène et de deutérium au cours de la polymérisation.

Zusammenfassung

Hochauflösende Wasserstoff-NMR-Spektren von amorphen, Stereoblockund isotakti
schen Polypropylenfraktionen unterscheiden sich deutlich voneinander. Im allgemeinen 
sind die Spektren komplex, diejenigen von Polypropen-2-d, und Polypropen-2,3,3,3,-d4 
jedoch einfach und leicht zu interpretieren. Die Unterschiede zwischen den Spektren 
von amorphen, Stereoblock- und isotaklischen Fraktionen gehen auf eine unterschienliche 
chemische Verschiebung der Methylene in isotaktischen und syndiotaktischen Struk
turen zurück. Aus dem Spektrum von Polypropen-2,3,3,3,-A kann das Verhältnis der 
Meth)dentypen bestimmt werden. Im isotaktischen Polymeren liegt die Konzentration 
von syndiotaktischem Methylen unter der Erfassberkeitsgrenze. Unter der Annahme, 
dass die Umkehrungen der stereochemisehen Konfiguration statistische über die Polymer
kette verteilt sind, bestehen die sterisch identischen Teilstücke in Stereoblockpolymeren 
aus durchschnittlich 15 Monomereinheiten. In amorphen Polymeren ist das Verhältnis 
von isotaktischen zu syndiotaktischen Sequenzen etwa eins. Die Spektren der deuterier- 
ten Polymeren lassen nicht auf eine merkliche Umlagerung von Wasserstoff- und Deu
teriumatomen bei der Polymerisation schliessen.

R eceived  M a rc h  18, 1963
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Metal Chelates of Polyhydrazides

A. H . F R A Z E R  a n d  F . T . W A L L E N B E R G E R , Pioneering Research 
Division, Textile Fibers Department, E. I. du Pont de Nemours & Company, 

Inc., Experimental Station, Wilmington, Delaware

Synopsis

Two all-aromatic polyhydrazides have been investigated with respect to their propen
sity to form metal-chelate bulk polymer, films, and fibers. The aromatic polyhydrazide 
derived from isophthalic acid was found to give chelate bulk polymer with N i+2, C a+2, 
A g+1, H g+2, P b +2, Zn+2, C d+2, and C u+2 which analyze for a 1:1 ratio of hydrazide 
link:metal ion. Films of the polyhydrazide-metal chelate were prepared by soaking 
polyhydrazide films in dimethylformamide solutions of metal salts. Tough fibers of 
the polyhydrazide-metal chelates with such metal ions as Cr+3, C o+2, and A g+1 were 
prepared by passing polyhydrazide fiber through dimethylformamide solutions of these 
metal salts.

INTRODUCTION

T echno log ical d eve lopm en t in  th e  p a s t few y ears  has  resu lted  in  renew ed 
in te re s t in  po lym ers w hich  w ould possess h igh  th e rm a l s ta b ility . C om pre
hensive review s lis t th e  p re p a ra tio n  of o rg an ic 1 an d  of co o rd in a tio n 2 p o ly 
m ers w hich  w ith s ta n d  p ro longed  exposure to  350-400°C . w ith o u t decom 
position . T hese  po lym eric m a te ria ls  could  be fab rica te d  an d  resu ltin g  
films an d  fibers w ere u sua lly  w eak an d  b rittle .

M ore recen tly , how ever, to u g h  an d  h igh  te m p e ra tu re -re s is ta n t film s 
or fibers w ere o b ta in ed  from  po lybenzim idazo les3 b y  Vogel an d  M a rv e l,4-5 
from  po ly -1 ,3,4-oxadiazoles b y  F ra ze r  an d  W allenberger6 an d  from  poly- 
th iosem icarbaz ide  che la tes b y  C am pbell an d  T om ic .7

I t  is know n th a t  d ibenzoy lhyd raz ine  ch e la tes8-9 q u ite  read ily  w ith  a 
v a r ie ty  of m etals. T h is  suggested  th a t  a l ip h a tic 10 an d  a ro m a tic 11 po ly 
h yd raz ides, w hich we h ad  p rep a red  in  h igh  m olecu lar w eigh t b y  a new  sy n 
th e tic  rou te , shou ld  be ex trem ely  effective che la ting  agen ts. I t  w as th e re 
fore of in te re s t to  p rep a re  an d  ch a rac te rize  th is  new  class of o rganom etallic  
po lym ers an d  to  d e term in e  th e ir  u til i ty  as th e rm a lly  s ta b le  fibers an d  
films.

EXPERIMENTAL

P o lym er m e lt te m p e ra tu re s  an d  in h e re n t v iscosities w ere o b ta in ed  b y  
s ta n d a rd  m e th o d s of p o lym er c h a rac te riza tio n  as recom m ended  b y  B eam an  
a n d  C ra m e r 12 an d  b y  S orenson an d  C am p b e ll . 13

1825



1826 A. H. FRAZER A N D  F. T . W ALLENBERG ER

Codes and Abbreviations

T h e p o lyhyd raz ide  d erived  from  isoph tha lic  d ih y d raz id e  an d  isoph tha loy l 
chloride an d  th e  a lte rn a tin g  copo lyhyd razide  derived  from  isoph thalic  d i
hy d raz id e  an d  te re p h th a lo y l chloride have been  coded O -I an d  O -I-O -T , 
respectively . S o lven ts o ften  referred  to  are A /X -d im eth y lac e ta m id e  
(D M A c), A /A '-d im ethy lfo rm am ide (D M F ), an d  d im e th y l sulfoxide (D M - 
SO). T iber p ro p ertie s  are recorded  as T ( ten ac ity , g ./d e n .) , E (%  elonga
tio n ), an d  Mi ( in itia l m odulus, g ./d e n .) .

Preparation o f Polyhydrazides and Fibers

T h e  tw o po ly h y d raz id es used  in  th is  s tu d y , O -I an d  O -I-O -T , w ere con
v en ien tly  p rep a red  b y  low te m p e ra tu re  so lu tion  p o ly m eriza tio n s . 11 O -I- 
O -T  w as sp u n  to  give s tro n g  fibers w ith  h igh  degree of o rien ta tio n  an d  
c ry s ta llin ity . 11

Preparation o f Polyhydrazide Chelate Bulk Polymer

To a so lu tion  con ta in ing  1.0 g. of m e ta l sa lt d issolved in  .50 m l. of d i
m e th y l sulfoxide w as rap id ly  ad d ed  1 0  m l. of a  so lu tion  con tain ing  1 . 0  g. 
O -I. In s tan tan e o u s ly , a h igh ly  sw ollen gel p re c ip ita te d  from  th e  reac
tio n  m ix tu re . T h is  gel w as collected  by  filtra tion , w ashed  rep ea ted ly  w ith  
w ate r, an d  d ried  a t  120°C . a t  25 m m . for 71 hr.

TABLE I
O-I Chelate: Bulk Polymer

Metal Reactant

Metal,

Found

%

Calc.

H, 9 

Found Calc.

Infrared
spectra“ 
x = 0, 
cm.-1“ Color

Ni Ni CL 24.4 26.64 1.63 1.84 1636b Purple'
Ca Ca(OH); 16.7 13.35 1.69 1.34 1635 Grey
Ag AgN 03 54.7 40.10 0.99 1.87 1636 Black
Hg Hg(OAc)a 54.1 55.46 1.10 1.10 1604 Tan'
Pb PbfNOsF 51 .6 56.25 1.05 1.09 1636 Grey'
Zn ZnCb 26.4 28.99 1.13 1.58 1635 White
Cd CdCL 37.6 41.24 1.33 1.47 1629 White
Cu CuCl2 25.4 28.40 1.67 1.S0 1638 Brown

“ All products show absence of NH absorption at 3300 cm. 
b The carbon absorption of O-I is 1646 cm.-1.
c Precipitates from DMSÜ solution best in presence of tertiary amine.

T h e  d ried  p ro d u c t w as ana lyzed  for m e ta l an d  hydrogen , an d  th e  X H  
ab so rp tio n  an d  sh ift in  ca rb o n y l ab so rp tio n  w ere de te rm in ed  b y  exam ina
tio n  of th e  in fra red  ab so rp tio n  in  th e  3300 cm . - 1  an d  1046 cm . - 1  regions, 
respectively .

W ith  m e ta l ions such as N i+ 2, H g +1, an d  P b + 2, 5 ml. of tr ie th y lam in e  
w as ad d ed  to  th e  sa lt so lu tion  to  insu re  com plete p rec ip ita tio n  of th e  m e ta l-
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chela te . W ith  H g + 2, C u + 2, an d  C o+ 2, essen tia lly  q u a n tita tiv e  p re c ip ita 
tio n  of th e  m e ta l-ch e la te  occu rred  irrespec tive  of pH .

T h e  p o ly (h y d ra z id e -ch e la te )  p rep a re d  an d  p e r tin e n t a n a ly tica l d a ta  are 
sum m arized  in  T ab le  I.

Polyhydrazide/HgCb Chelate Film

O -I-O -T , 0.75 g. w as d isso lved  in  3 ml. D M A c a n d  d ilu ted  to  10 m l. To 
th is  so lu tion  w as a d d e d  1.3 g. (0.0048 m ole) m ercuric  chloride w hich  d is
solved. T h e  fa in t yellow  color of th e  so lu tion  d isap p ea red  sim ultaneously . 
O n th e  ad d itio n  of 0.3 m l. of tr ie th y la m in e  th e  so lu tion  v iscosity  increased  
an d  becam e a n  in tense  yellow  color. T h is  so lu tion , a f te r  d ilu tion , y ie lded , 
a n  ev a p o ra tio n  of so lven t, a  tough , colorless film  of th e  ch e la te ; th is  w as 
u sed  in  fu r th e r  eva lua tions.

Polyhydrazide Chelate Fibers

O -I-O -T  y a rn  w as passed  th ro u g h  a  D M F  b a th  co n ta in in g  10%  m e ta l 
sa lt a t  100 ±  5 °C ., w ith  a  4 sec. c o n ta c t tim e  a n d  d ried  in  a  v acu u m  oven  
a t  85°C . I n  som e experim en ts th e  b as ic ity  of th e  b a th  w as v a rie d  b y  th e  
ad d itio n  of a  sm all am o u n t of A ^iV -dim ethylaniline (D M A ).

Since th e  ad d itio n  of AT,iV -dim ethylaniline to  a  A g N 0 3 so lu tio n  in  D M F  
caused  a  v io len t reac tio n  w hich  resu lts  in  th e  depositing  of Ag°, th e  y a rn  
w as passed  th ro u g h  a  D M F /A g N 0 3 b a th  a t  100 ±  5°C . a n d  th e n  th ro u g h  
a  su b seq u en t N ,A t-d im e th y l-an ilin e -D M F  b a th .

RESULTS AND DISCUSSION

Stolle an d  B e n ra th 8 an d  la te r  B e n ra th , G iesler, an d  G a r tn e r 9 s tu d ied  th e  
p re p a ra tio n  of sa lts  of d ibenzoy lhyd raz ine . M o st of these  m e ta l d e r iv a 
tiv e s  w ere p rep a re d  in  basic  so lu tions an d  w ere p resum ed  to  be derived  
from  th e  enol fo rm :

NH—-NH N— N

T h e y  w ere described  as colored com pounds, ana lyzed  co rrec tly  for a  1 :1  
ra tio  of m e ta l to  h y d raz id e  link , a n d  w ere th e rm a lly  s tab le . T w o unu su a l 
ch e la tes8’ 9 w ere deriv ed  from  H g C l2. T h e  firs t d id  n o t co n ta in  chlorine, 
an a ly zed  co rrec tly  for (C ioH nN b^-H g-tC ioH nN aC h), a n d  w as th e  only 
com pound  described  as th e rm a lly  u n stab le . I t  decom posed 9 on  h e a t
ing  in to  n itrogen , Hg°, benzil, an d  d ibenzoy lhyd raz ine . T h e  second 
d e riv a tiv e  of H g C l2, nam ely  H gCKCioHuNiOo), w as its  p recursor.

M a n y  of th e  above ob se rv a tio n s are re le v an t to  th e  p rese n t w ork  on 
po lyhydraz ides. W hile th e  ad so rp tio n  of m e ta l ions m ay  occur b y  chela-
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tio n  or b y  ion  exchange , 2' 7 i t  ap p e a rs  reasonab le to  assum e che la te  fo rm a
tion , in  ag reem en t w ith  m onom eric8' 9 reac tion :

N------NH
\

M+ — C C—

M
II

T h e  possib ility  of a ce rta in  am o u n t of crosslink ing  as has  been o bserved 9 
w ith  th e  m onom eric che la te  (C i-iH nN sC^-Hg^CuH iiNN C h) m ay  occur.

1. Poly(hydrazide-chelates) Bulk Polymer Based on O-I

T h e  p o ly (hyd raz ide-che la tes) p rep a re d  from  O -I (T ab le  I) w ere high 
m elting  solids, w ith  po lym er m elt te m p e ra tu re s  in  excess of 350°C . T hese 
organo-inorgan ic m ateria ls , w ith  th e  excep tion  of th e  Z 1 1 + 2 an d  C d + 2 
chela tes, w ere h igh ly  colored, th e  color being  ch a rac te ris tic  of th e  m e ta l 
ion  used. As w ould  be expected , th ese  che la tes w ere q u ite  in tra c ta b le , d is
solv ing in  co n c en tra ted  H 2SO 4 w ith  deg rad atio n .

B ased  on m e ta l an d  hyd ro g en  analyses, along  w ith  th e  absence of N H  
ab so rp tio n  a n d  th e  sh ift to  sh o rte r  w ave leng th  for th e  ca rbony l ab so rp tio n  
in  th e  in fra red  sp ec tra , i t  w ould  a p p e a r th a t  th e  o p era tio n a l m odels (I and  
I I ) ,  a re  correct. F o r d iv a le n t m e ta l ions, th e  m e ta l an d  hydrogen  values 
a re  in  excellent ag reem en t for one m e ta l ion per hy d raz id e  linkage. T his, 
coupled  w ith  th e  absence of N H  ab so rp tio n  an d  th e  m ore single bond  ch a r
ac te r  of th e  carbonyl, suggests t h a t  fo r these  m e ta l ions th e  s tru c tu re  should  
be as show n in  I I I .

(
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0 — M— O

!—it—c c
\  /

N ---------N
III

I n  th e  case of th e  che la tes from  m o n o v a len t ions, such as A g+ an d  C u +, 
even  th o u g h  th e  hydrogen  ana ly sis  is 90%  or b e t te r  of th e  theo re tica l, th e  
m e ta l ana lysis  co rresponds to  m ore th a n  one m e ta l ion p er h y d raz id e  lin k 
age. T h is  suggests th a t  these  s tru c tu re s  shou ld  be as show n in IV .
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IV

2. Films o f Poly(hydrazide-chelates) Based on O-I and O -I-O -T

F ilm s of th e  p o ly (hyd raz ide-che la tes) w ere m ost conven ien tly  p rep a red  
b y  soaking  film s of th e  p o lyhyd raz ides O -I an d  O -I-O -T  in  m e ta l sa lt 
so lu tions co n ta in in g  C u +1 an d  C o + 2. T h e  che la te  films from  O -I h a d  
p o lym er m e lt te m p e ra tu re  in  excess of 350°C . (O-I contro l, =  3 20 -325°C .), 
w hereas th o se  from  O -I-O -T  h a d  po lym er m e lt te m p e ra tu re s  in  excess of 
400°C . (O -I-O -T  =  400°C .). A ll of these  m e ta l-c h e la te  films from  b o th  
O -I a n d  O -I-O -T  rap id ly  em b rittle d  an d  decom posed on exposure to  te m 
p e ra tu re s  in  excess of 350°C .

T h e  che la te  film s w ere colored, insoluble in  d im e th y l sulfoxide, an d  
soluble in  co n c en tra ted  H 2S 0 4 w ith  deg rad atio n . U nlike th e  b u lk  chela tes, 
th e  films an a ly zed  for less th a n  th e  th e o re tic a l am o u n t of m etal.

T h e  on ly  colorless, tr a n s p a re n t film  p rep a re d  in  th is  w ork  w as derived  
from  O -I-O -T  an d  H gC l2 a n d  w as o b ta in ed  from  a  W ,A -d im ethy lace tam ide  
so lu tion . U n d er vacuum , th e  film  rem ain ed  colorless an d  tra n s p a re n t 
even  a f te r  exposure fo r 60 hr. a t  80°C . T h e  sam e film  d iscolored in  a ir  
a f te r  1 /2  h r. exposure to  250°C . A n o th er sam ple of th is  colorless H g C l2 
che la te  film  on  exposure to  a n  u ltra v io le t lig h t tu rn e d  d a rk  gray , p resu m 
ab ly  b y  release of H g°, an d  becam e v ery  b r ittle  a f te r  150 h r. of exposure. 
B o th  ty p e s  of d eg ra d a tio n  are  rem in iscen t of th e  decom position  of B en- 
r a th ’s u n u su a l H g  sa lt th a t  y ie lded  H g°, N 2, benzil, an d  d ibenzoy lhy - 
d razine.

A n o th er ty p e  of che la tion  w as observed  from  O -I-O -T  films ca s t from  
D M F  o r D M A e on  a lu m in u m  or b rass  p la tes . T hese film s w hich  a d 
hered  tenac iously , w ere s tab le  to  boiling  w ate r. T h e  film  o n  b ra ss  a d 
h ered  fo r 4 h r . ; th e  film  on a lum inum , for 3 -4  days. D isco lo ra tion  of th e  
O -I-O -T , w hich  occurred  sim u ltaneously , w as ta k e n  as a n  in d ic a tio n  of 
m e ta l ion  chela tion .

3. Fabrication o f  Chelate Fibers

O -I-O -T  fibers w ere ch e la ted  w ith  ions such  as cobalt, chrom ium , silver, 
tin , an d  copper. F o r A g +1 in  D M F , a  straw -co lo red  0 - I - 0 - T /A g N 0 3 
fiber w as o b ta in ed  (T ab le  I I I ,  S am ple 5). W h en  th is  fiber w as ru n  th ro u g h  
a  su b se q u en t W ,A F-dim ethylaniline (D M A ) b a th , th e  te r t ia r y  am ine re 
duced  A g +1 on O -I-O -T  to  give A g ° /0 - I - 0 - T  fibers w hich  h a d  a  silvery  
g rey  o r b lack  ap p earan ce , depend ing  u p o n  such  cond itions as te m p era tu re , 
exposure tim e, an d  co n c en tra tio n  of s a lt so lu tions (T ab le  I I ,  sam ples 6 -8 ).
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TABLE III
High Tenacity Chelate Fibers

CoCl2 Bath
O-I-O-T Fiber 

T/E/M,
Chelate Fiber 

T/E/M,
X-ray

crystallinity
Color of 

fiber

DMF
DM F +  DM A

5.2/24/80
5.2 /24/80

2.3 /15/55
3.4 /27/59 Figure 1

Green
Olive

F o r C o + 2 in  D M F , w hen  am orp h o u s O -I-O -T  fiber w as used, th e re  w as 
no change in  fiber p ro p ertie s  (T/E/Mt = 1 .0 /9 6 /3 9  0 .8 /1 0 0 /3 9 ) in
chela tion . W h en  o rien ted , am o rp h o u s O -I-O -T  fiber (T/E/Mt =  3 .2 /2 7 / 
61) w as used, th e  resu ltin g  fiber p ropertie s, a f te r  che la tion , w ere n early  
id en tica l w ith  th o se  u n o rien ted  O -I-O -T  fib er13 ( T/E/Mt = 1 .8 /1 1 8 /4 1 ). 
E n tire ly  d iffe ren t resu lts  w ere observed  w hen  cry sta llin e  an d  o rien ted  O -I- 
O -T  fib er13 w as che la ted  (T ab le  I I I ) .  T h e  ch e la ted  y arn , in  th is  in stance , 
lo st i ts  orig inal c ry s ta llin ity  an d  o rien ta tio n , b u t  had  fiber p ro p ertie s  com 
p arab le  to  those  of o rien ted  O -I-O -T  fiber (T/E/Mt =  3 .2 /2 7 /6 1 ).

Fig. 1. X-raj' diffraction patterns of Q-I-O-T/Chelate fibers: (a) O-I-O-T/Co fiber; (b)
O-I-O-T/Ag fiber.

F igu re  1 show s th e  x -ray  d iffraction  p a t te rn s  of tw o chela te  fibers. T h e  
O -I-O -T /C o  fiber (T ab le  I I I )  w as o b ta in ed  from  o rien ted  an d  cry sta lline  
O -I-O -T  fiber, an d  th e  O -I-O -T /A g  fiber (T ab le  I I )  w as o b ta in ed  from  
o rien ted  b u t  n o t cry sta lline  y a rn . In  b o th  cases, th e  x -ray  p a tte rn s  of th e  
che la te  fibers are ch a rac te ris tic  on ly  of th e  c ry s ta llin ity  of th e  ad d itiv e  
w hile th e  fiber itself is essen tia lly  am orphous.

T h e  fibers w ere generally  found  to  ana lyze for a b o u t 10%  of th e  th e o 
re tica l am o u n t of m e ta l chela te . T h is  in  co n ju n ctio n  w ith  bu lk  che la te  
stud ies  (T ab le  I I )  ind ica tes th a t  successful ch e la tin g  occurs read ily  a t  th e  
fiber surface b u t  com plete p e n e tra tio n  of th e  m e ta l ion to  th e  core of th e  
fiber is p rev en ted .

T hese  che la te  fibers h av e  h ig h e r po lym er m e lt te m p e ra tu re s  th a n  th e  
co rresponding  O -I-O -T  fibers b u t  show  no m ark ed  im p ro v em en t in  th e rm a l
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s ta b ili ty . All th e  m e ta l che la te  fibers, irrespective  of th e  n a tu re  of th e  
m e ta l ion used, decom posed rap id ly  (< 1  h r.) a t  te m p e ra tu re s  in  excess of 
3öO°C.

This work was carried out, in part, under AF 33(616)-8253, Project, No. 7340 by the 
Directorate of Materials and Processes, ASD, Air Force Systems Command, Wright- 
Patterson Air Force Base, Ohio.

The authors wish to express their appreciation to Messrs. S. H. Catts, W. F. Holley, 
and A. J. Prucino for their excellent technical assistance.
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Résumé

Deux polyhvdrazides polyaromatiques ont été étudiés en ce qui concerne leur aptitude 
à former des chélates polymériques métalliques en émulsion, des films et des fibres. On 
a trouvé que le polyhydrazide aromatique dérivé de l’acide isophtalique donne un 
chélate polymérique avec N i+2, Ca+2, A g+1, H g+2, P b+2, Zn+2, C d+2, et C u+2 
dont l’analyse révèle un rapport 1:1 entre un lien hydrazide et l’ ion métallique. Des 
films du chélate métallique du polyhydrazide ont été préparés en plongeant des films de 
polyhydrazide dans des solutions de diméthylformamide des sels métalliques. Ainsi 
des fibres de chélates polyhydrazide-métal avec des ions tels que C r+a, C o+2, et Ag + 1 
ont été préparés en passant la fibre de polyhydrazide à travers des solutions de diméthyl
formamide de ces sels métalliques.

Zusammenfassung

Zwei vollaromatische Polyhydrazide wurden hinsichtlich ihrer Fähigkeit zur Bildung 
von Metallchelat-Polymerenmassen, filmen und -fasern untersucht. Das von Iso
phthalsäure abgeleitete aromatische Polyhydrazid liefert mit N i+2, C a+2, A g+1, H g+2, 
P b+2, Zn+2, C d+2 und C u+2 Chelat-Polymermassen deren Analyse ein Verhältnis 
Hydrazidbindung: Metallion von 1:1 ergibt. Polyhydrazid-Metallchelat-Filme wurden 
durch Tränkung von Polyhydrazidfilmen mit Dimethylformamidlösungen von Metall
salzen hergestellt. Zähe Fasern aus Polvhydrazid-Metallehelaten mit Metallionen 
wie Cr+3, C o +2 und A g+1 wurden durch eine Passage von Polyhydrazidfasern durch 
Dimethylformamidlösungen dieser Metallsalze hergestellt.

R ece ived  M a rc h  11, 1963
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Polyesters and Polyurethanes of 
Dihydroxvmethylxylitol and Glucitol*

W IL L IA M  E . D IC K , JR ., an d  R O Y  L. W H IS T L E R , Department of 
Biochemistry, Purdue University, Lafayette, Indiana

Synopsis

Several linear polyesters and polyurethanes containing 2,3,4-tri-O-methylxylitol, or 
2,3,4,6-tetra-O-methyl-D-glucitol, were prepared. Solution polymerization of either of 
the methylated derivatives with methylenebis(4-phenyl isocyanate) affords polyure
thanes having molecular weights of about 30,000. Thermal polymerization of either 
methylated derivative with terephthaloyl chloride or mixtures of terephthaloyl chloride 
and sebacoyl chloride yields polyesters in the 4000-7000 molecular weight range. Films 
from these polyesters are brittle, with tensile strengths up to 32 kg. /m m .2

INTRODUCTION

S yn thesis  of co ndensa tion  po lym ers from  ca rb o h y d ra te s  is of con tinu ing  
in d u s tria l in te rest.

H aw o rth , H e a th , an d  W igg ins1 rep o rted  th e  po lycondensa tion  of 1,6- 
d iam in o -l,6 -d ideoxy -2 ,4 :3 ,o -d i-0 -m ethy lene-D -m ann ito l w ith  ad ipic, se- 
bacic, an d  2 ,4 :3,5-di-O -m ethylene-D -glucaric acids. In  a la te r  com m unica
tion , W igg ins2 rep o rted  th e  condensa tion  of l,2 :5 ,6 -d ia n h y d ro -3 ,4 -0 -  
isopropylidene-D -m annito l w ith  l,6 -d iam in o -l,6 -d id eo x y -d i-0 -m e th y len e- 
D -m annitol, an d  w ith  p h th a lic  acid. M e h ltre tte r  an d  M ellies3 polym erized  
2 ,4 :3 ,5-d i-O -m ethylene-n-gluconic acid  in  p y rid in e  con ta in ing  benzoyl 
chloride. A  po lyam ide w as p rep a red  b y  W olfrom , T oy , an d  C h a n e y ,4 
u sing  2 ,3 ,4 ,5 -te tra -O -ace ty l-g a lac ta ro y l d ich loride an d  e thy lened iam ine . 
O verend, Shafizadeh, an d  S tac ey 6 o b ta in ed  low  m olecu lar w eigh t po lym ers 
b y  th e  th e rm a l condensa tion  of m e th y l 2 -deoxy-^-n-galactofuranoside. 
G lycans from  th e  ac tio n  of acid ic c a ta ly s ts  on D-glucose an d  d e riv a tiv e s  is 
w ell docum en ted . K e n t6 th e rm a lly  polym erized  D-glucose, using  th io n y l 
ch loride as a  c a ta ly s t. G lycans co n ta in in g  D-glucose, D -galactose, or 
D -m altose w ere sim ilarly  o b ta in ed  by  R ic k e tts  an d  R ow e,7 using  hyd ro g en  
chloride. O ’C olla an d  Lee8 used ca tio n  exchange resins to  po lym erize 
D-glucose, an d  w ith  M c G ra th 9 po lym erized  l,2 ,3 ,4-tetra-0-acety l-/3 -D - 
g lucopyranose, u sing  zinc chloride. T h e rm a l co ndensa tion  of D-glucose, 
using  p h ospho rous acid, w as d em o n s tra te d  by  M ora  an d  W o o d ,10 an d  w ith  
M c F a rla n d 11 th e y  o u tlin ed  p rocedures for th e rm a l co n d en sa tio n  of o th e r

* Journal Paper No. 2084 of the Purdue University Agricultural Experiment Station.
1833
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aldoses. S chram m , G rô tsch , an d  P o llm a n n 12 claim ed th e  p re p a ra tio n  of 
regular, sy n th e tic  po lysaccharides from  D-glucose, in  th e  presence of po ly- 
phosphoric  acid ester. A lin ear po lym er h as been  ach ieved  also b y  M icheel 
an d  B ô c k m a n n 13 from  2,3 ,6-tri-O -m ethyl-D -g lucopyranose an d  a n  acid 
ca ta ly s t, using  p rocedures sim ila r to  th o se  developed  ea rlie r w ith  G resse r.14 
D u ra n d , D ull, a n d  T ip so n 15 ob ta in ed  low m olecu lar g lucans using m etabo ric  
acid  an d  a-D -glucopyranose. A  novel po ly este r sy n th esis  invo lv ing  ring  
scission of cyclic ace ta ls  w as rep o rted  b y  B onner, B ourne, an d  S av ille ,16 
w ho used trifluo roace tic  an h y d rid e  to  open  th e  1,3 an d  5,6 rings of 1 ,3 :2 ,4  : -
5 ,6-tri-O -m ethylene-D -glucito l, an d  induced  po lyesterifica tion  w ith  ad ip ic 
acid . Sucrose p o ly carb o n a te s  w ere p rep a red  an d  in v estig a ted  by  T h eo 
b a ld .17 R ecen tly , M icheel an d  H a lle rm a n 18 p rep a red  g lycans from  th e
1- fluoro derivatives of D-glucose, D-arabinose, and D-xylose. Bird and co
workers19 obtained fiber-forming nylons when sebacoyl chloride was reacted 
with l,6-diamino-l,6-dideoxy-2,4:3,5-di-0-methylene-D-mannitol, and 1,6- 
diamino-1,6-dideoxy-D-mannitol, respectively.

EXPERIMENTAL

Materials

T h e  m eth o d  of H ib b e r t an d  co-w orkers20 w as used to  p rep are  2,3,4,6- 
te tra-O -m ethy l-n -g lucose , an d  2,3,4-tri-O-methyl-D-xylose, w hich spon
tan eo u sly  cry sta llized  a f te r  d is tilla tio n  u n d e r reduced  pressure.

T hese d eriv a tiv es  w ere h y d ro g en a ted  b y  a  m odification  of th e  m e th o d  of 
F reu n d en b e rg  a n d  S h eeh a n .21 T e m p e ra tu re  an d  p ressu re  w ere m a in ta in ed  
a t  145 °C. a n d  2600 psi (final) for 12 hr. in  th e  presence of 1 g. of R a n ey  
n ickel fo r each  1 g. of su g a r d eriv a tiv e .

O n d is tilla tio n , th e  D-glucitol d e riv a tiv e  show ed b .p . 130 -1 4 0 °C. a t  0.01 
m m ., an d  th e  xy lito l d e riv a tiv e  show ed a b .p . 1 4 0 -145°C. a t  0.005 m m . 
pressure.

T e rep h th a lo y l ch loride w as p rep a red  by  refluxing 100 g. of te rep h th a lic  
ac id  w ith  500 m l. of th io n y l chloride an d  2 m l. of py rid ine , fo r 12 hr. T h e  
p ro d u c t w as freed of th io n y l chloride by  p lacing  i t  u n d e r reduced  p ressu re 
an d  su b se q u en t c ry s ta lliza tio n  from  d ry  hexane.

Sebacoyl ch loride w as p rep a red  b y  refluxing sebacic acid  w ith  th io n y l 
ch loride an d  p y rid in e  for 6 hr. an d  w as purified  by  rap id  d is tilla tio n  u n d e r 
reduced  pressure.

Polyurethane Preparation

Follow ing a  p rocedure  m odified from  th a t  of L y m a n ,22 p o ly u re th an es 
w ere m ade b y  reac tio n  of each  g lyc ito l w ith  m ethy leneb is (4 -phenyl iso
cy a n a te ). T hus, 0.02 m ole of th e  p a r tic u la r  g lyc ito l w as s tirred  w ith  0.02 
m ole of m ethy leneb is  (4 -phenyl isocyana te) in  16 m l. of 4 -m eth y lp en tan o n e-
2- d im e th y l sulfoxide m ix tu re  (1 :1  v /v )  a t  115°C . for 2 hr.

T h e  resu ltin g  po ly  [2,3,4 -tri-0 -m e th y lx y lito l m eth y len eb is  (4-phenyl 
c a rb am a te )] , or p o ly [2,3,4,6-tetra-O -m ethyl-D -g lucito l m e th y le n eb is(4-
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pheny l c a rb a m a te )]  w as p re c ip ita te d  in  w ate r, using  a W aring  B lendor, an d  
d ried  u n d e r reduced  pressu re  a t  70 °C. On so lu tion  in te tra h y d ro fu ra n  an d  
d ia lysis in  cellophane, 90%  of each  po lym er w as n ondialyzable .

Polyester Preparation

T h e  m e lt poly  es terifica tion  p rocedures of F lo ry  an d  L e u tn e r23 w ere 
a d a p te d  for use w ith  th e  m e th y la te d  g lycito ls. R eac tio n s w ere conducted  
in a  20-m l. ro u n d -b o tto m ed  flask equ ipped  w ith  a  close-fitting , four-b lade 
glass s tirre r. S ide a rm s p e rm itte d  n itrogen  to  be passed th ro u g h  th e  reac
tio n  m ass.

T h e  flask w as charged  w ith  0.02 m ole of g lycito l deriv a tiv e , an d  0.02 
m ole of te re p h th a lo y l chloride. A  d ry  n itro g en  s trea m  w as ad m itte d , an d  
th e  s tirre r  s ta r te d . A fter 1 h r., a n  oil b a th  a t  7 5 °C. w as raised  to  a  p o in t 
w here th e  oil level w as above th e  liqu id  level in  th e  flask, an d  th e  te m p e ra 
tu re  increased  to  150 °C. ov er a  period  of 3 hr. an d  m a in ta in ed  a t  th is  
te m p e ra tu re  for a n  ad d itio n a l 3 hr.

T h e  po lym er w as cooled to  25 °C. u n d e r a  s trea m  of n itrogen  an d  dissolved 
in  100 m l. of acetone co n ta in in g  1 m l. of py rid in e  an d  1 m l. of w ater. T h is  
so lu tion  w as co n c en tra ted  u n d e r reduced  p ressu re, 100 m l. of 99 .5%  e th an o l 
w as added , an d  distilled . T h e n  100 m l. of d ie th y l e th e r  w as ad d ed  and  
a f te r  12 hr. rem oved by  d ec an ta tio n . T h e  rem ain ing  po lym er w as dried  
u n d e r reduced  pressu re  a t  4 0°C ., y ie ld ing  p o ly (2 ,3 ,4 -tri-0 -m eth y lx y lito l 
te re p h th a la te ) , o r po ly (2 ,3 ,4 ,6 -te tra -0 -m ethy l-D -g luc ito l te re p h th a la te ) , in  
overa ll y ie ld s of 50 -6 0 % . On so lu tion  in  acetone an d  d ia lysis  th ro u g h  
cellophane, 90%  of each  po lym er w as nond ia lyzab le .

P o ly esters  con ta in ing  b o th  te re p h th a la te  an d  sebacate  w ere also p re 
pared , using  th e  above procedure . Six m ixed po lyeste rs w ere p repared , 
fo u r co n ta in in g  th e  xy lito l d e riv a tiv e  an d  tw o con ta in ing  th e  g luc ito l d e riv a 
tiv e . In  p re p a ra tio n  of p o ly (2 ,3 ,4 -tri-0 -m eth y lx y lito l te re p h th a la te  
cosebacate)s, th e  te re p h th a la te : sebaca te  m ole ra tio s  w ere 90 :10 , 8 8 :1 2 , 
85 :15 , an d  50 :50 , respectively , w hile in th e  corresponding  p o ly (2 ,3,4,6- 
te tra-O -m ethyl-D -g lucito l te re p h th a la te  cosebacate)s th e  ra tio s  w ere 8 5 :15 , 
an d  80 :20 .

Molecular Weights

M olecu lar w eigh ts of th e  p o ly u re th an es  w ere de term in ed  in  a  m odified24 
Z im m -M yerson  o sm om eter equ ipped  w ith  A m erican  V iscose gel cellophane 
m em branes, V ,W -d im ethy lfo rm am ide being  used as a  so lvent.

T h e  endg roup  assay  m eth o d  of Ogg an d  co -w orkers25 w as used  for m olecu
la r  w eigh t d e te rm in a tio n s  of th e  po lyesters.

Viscosities

V iscosity  m easu rem en ts  w ere m ade in a n  U bbelohde v iscom eter, N,N- 
d im e th y lfo rm am id e  serv ing  as  th e  p o ly u re th an e  so lven t, an d  1 ,1 ,2 ,2 -te tra- 
ch lo roe thane  for th e  po lyesters.
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TABLE I
Polymers From Xylitol

Copolymer
Copolymer 
mole ratio

Intrinsic
viscosity

Molecular
weight

Methylenebis( 4-phenyl 
isocyanate ) 0.323 30,200

Terephthalic 0.152 6,100
Terephthalio-sebaoic 90:10 0.233 10,500
Terephthalie-sebacic 88:12 0.195 4,600
Terephthalie-sebacic 85:15 0.300 5,000

TABLE II
Polymers From Glucitol

Copolymer Intrinsic Molecular
Copolymer mole ratio viscosity weight

Methylenebis( 4-phenyl
isocyanate) 0.300 29,700

Terephthalic 0.117 4,600
Terephthalic-sebacic 85:15 0.175 7,500
Terephthalie-sebacic 80:20 0.123 4,400

DISCUSSION AND RESULTS

S o lu tion  po lym eriza tion  of e ith e r  m e th y la ted  g lycito l w ith  m ethy leneb is- 
(4 -phenyl isocyanate) proceeds sm ooth ly . A lthough  po lym ers from  
e ith e r  2 ,3 ,4 -tri-O -m ethy lxy lito l o r 2 ,3 ,4 ,6-te tra-O -m ethyl-D -g lucito l, had  
m olecu lar w eights of a b o u t 30,000, th e ir  film p ro p ertie s  w ere q u ite  d ifferent. 
P o ly u re th a n e  co n ta in in g  xy lito l y ie lded  c lear films of m o d era te  tensile  
s tren g th , w hile th e  co rresponding  films co n ta in in g  g lucito l, th o u g h  clear, 
w ere b rittle .

M e lt po lym eriza tion  of e ith e r  of th e  m e th y la ted  g lycito ls w ith  te re- 
p h th a lo y l ch loride produced  b r itt le  films, b u t  th e  use of sebacoyl chloride w ith  
te re p h th a lo y l ch loride in th e  po lym eriza tion  p roduced  po lym ers w hich  
were easily  ca s t in to  films exh ib iting  6 -7 %  e longation  a t  b rea k  (T ab le  I I I ) .

TABLE III
Film Tensile Strength of Polymers From Xylitol

Copolymer
Copolymer 
mole ratio

Elongation,
%

Tensile 
strength, 
kg./mm .2

Polyurethane 0.0 115.5
Polyester 88:12 7.5 29.1
Polyester 85:15 6.1 32.3

T e re p h th a la te  an d  sebaca te  w ere em ployed  in  several m o la r ra tio s, from  
9 0 :1 0  to  50 :50 , in  o rd er to  d e term ine  th e  com bination  producing  po lyeste r
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films of g re a te s t s tren g th . W hen  polym erized  w ith  th e  xy lito l d e riv a tiv e , 
po lyeste r films w ere o b ta in ed  a t  ac id  ra tio s  of 90 :10 , 88 :12 , an d  85 :15 , b u t 
a  heav y  liqu id  resu lted  from  th e  5 0 :5 0  m ix tu re  of acy l chlorides. T h o u g h  
in itia lly  flexible, th e  9 0 :1 0  an d  8 8 :1 2  films becam e b r ittle  a f te r  several 
w eeks, w hile th e  8 5 :1 5  rem ained  flexible for several m onths.

T w o po lyeste rs co n ta in in g  th e  g luc ito l d e riv a tiv e  w ere p rep ared , w ith  
co m ponen t acy l ch loride ra tio s  of 8 5 :1 5  a n d  80 :20 . B o th  ra tio s  p roduced  
b r ittle  films.

P o ly es te r m olecu lar w eigh ts w ere in  th e  4000-7000 range, as de te rm in ed  
by  endg roup  assay.

As no ted  in  T ab le  I I I ,  th e  p o ly u re th an e  con ta in ing  xy lito l u n its  h ad  a 
tensile  s tre n g th  ap p ro x im ate ly  fou r tim es  th o se  of th e  polyesters.

The authors wish to express their gratitude for National Science Foundation and 
Regional Research Funds which helped to support this work.
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Résumé

On a préparé plusieurs polyesters et polyuréthanes linéaires, contenant des unités de 
2,3,4-tri-O-méthyl-xylitol, ou de 2,3,4,6-tétra-O-méthyl-n-glucitol. La polymérisation
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en solution de chacun des dérivés méthylés avec l’isocyanate de méthylènebis(4-phényle), 
fournit des polyuréthannes avec un poids moléculaire d’environ 30.000. La polymérisa
tion thermique de chacun des dérivés méthylés avec le chlorure de téréphtaloyle ou avec 
des mélanges du chlorure de téréphtaloyle et du chlorure de sébacoyle, fournit des poly
esters avec un poids moléculaire de 4000 à 7000. Des films de ces polyesters sont fra
giles. Les résistances à la traction ont des valeurs jusqu’à 32 kg/inm 2.

Zusammenfassung

Es wurden einige lineare Polyester und Polyurethane hergestellt, die 2,3,4-Tri-O- 
methyl-xylit oder 2,3,4,6-Tetra-O-methyl-n-sorbit enthielten. Die Lösungspolymerisa
tion eines jeden der beiden methylierten Derivate mit Methylen-bis(4-phenylisocyanat) 
ergibt Polyurethane mit Molekulargewichten von etwa 30000. Thermische Polymerisa
tion eines jeden der methylierten Derivate mit Terephthalojdchlorid oder mit Mischun
gen von Terephthaloyl- und Sebazoylchlorid ergibt Polyester mit Molekulargewichten 
zwischen 4000 und 7000. Filme aus diesen Polyestern sind spröde und haben Zugfestig
keiten bis zu 32 kg/m m2.

R eceived  M arch  13,1963
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Bis(imidazolato)-Metal Polymers*

G. P . B R O W N  a n d  S. A F T E R G U T , Advanced Technology Laboratories, 
General Electric Company, Schenectady, New York

Synopsis

The reaction of imidazole and the sulfates of Cu(II), Zn(II), and Co(II) in aqueous 
NaHC03 gave products whose analysis corresponded to two imidazole residues per metal 
atom. The products were insoluble in common organic solvents and had very high 
melting points. Thermogravimetric analyses revealed that the Co- and Zn-containing 
materials had unusually high thermal stability, as no loss in weight could be detected 
below 500-575°C. when heated in nitrogen. The properties led to their formulation as 
metal coordinate polymers. The electrical resistivity of the products was in excess of 
1016 ohm-cm. at 140°C.

INTRODUCTION

O ne of th e  s tru c tu ra l fea tu re s  fre q u en tly  p resen t in  sem iconducting- 
o rganic su b stan ces is a  m u ltitu d e  of co n ju g a ted  double bonds. As th e  
len g th  of th e  co n ju g a ted  sy stem  increases, th e re  is a tre n d  to w ard  low er 
resis tiv ities an d  energy  gaps. I t  w as, therefo re, p roposed  to  a t te m p t th e  
syn thesis  of po lym ers of th e  ty p e  show n in  I  w ith  th e  ex p ec ta tio n  th a t ,  
ow ing to  th e  ex tensive con jugation , such po lym ers shou ld  d isp lay  sem i
co n d u c tiv ity .

i= \
, . - N v N \

n ^ nT
M l'

C oord in a tio n  com pounds of im idazole an d  benzim idazole an d  th e ir  
d e riv a tiv es  w ith  m e ta l ions in  so lu tion  h av e  been  w idely  in v e s tig a te d ,1-4 
b u t lit tle  w ork  has been rep o rted  on solid com plexes o th e r  th a n  sa lts .5-8 
In  a few instances, specu la tion  w as ad v an ced  as to  th e  possible po lym eric 
n a tu re  of these  m a te ria ls9 b u t  rec en tly  reference has been m ade to  x -ra y  
cry sta llog raph ic  ev idence w hich ind ica tes th a t  b isim idazo latozinc is 
p o lym eric .10

T h e  p resen t w ork  rep o rts  on  th e  syn thesis  of po lym ers from  im idazole

* This work was supported by the Aeronautical Systems Division, Air Force Systems 
Command, U. S. Air Force.
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an d  C u (II) , Z n (I I ) , an d  C o (II)  an d  on th e ir  e lec trica l p ro p ertie s  a n d  th e r 
m al s tab ility .

EXPERIMENTAL 

Preparation o f Materials

Poly[bis(imidazolato)-Cu(II)] (I, M  =  Cu). T o a  h o t so lu tion  (h ea ted  
over th e  s team  b a th )  of 13.6 g. (0.2 m ole) of im idazole an d  66 g. (0.8 m ole) 
of sod ium  b ic a rb o n a te  in 500 m l. of w a te r  w as added  dropw ise w ith  s tirr in g  
a so lu tion  of 25 g. (0.1 m ole) of cupric  su lfa te  p e n ta h y d ra te  in  125 m l. of 
w ate r. T h e  a g ita te d  m ix tu re  w as k ep t 1 h r. o v er th e  s te am  b a th  a n d  th re e  
days a t  room  te m p e ra tu re . T h e  b lue p re c ip ita te  w as collected, w ashed  
w ith  a b o u t 2 1. of w a te r  an d  d ried  a t  110° o v ern ig h t. T h e  p ro d u c t w eighed 
16 g. a n d  h a d  m .p . 278-279°C . (dec.). I t  d id  n o t sub lim e a t  250°C . 
(0.01 m m .) b u t  decom posed to  give a tra c e  of im idazole an d  a n  un iden tified  
com pound  m e ltin g  a t  170-2°.

A n a l . Calcd. for (C3H:lN2 )2Cu: C, 36.5%; H, 3.1%; N, 28.3%; Cu, 32.1%. 
Found: C, 36.7%; H, 2.9%; N, 28.4%; Cu, 32.5%.

A n x -ray  pow der d iffraction  p a t te rn  gave th e  follow ing d values (m ost 
in ten se  lines a re  s ta rre d  (*)): 6.90*, 5.10*, 4.60*, 4.51, 3.80, 3.72, 3.55, 
3.42, 3.15, 3.00, 2.74, 2.63, 2.46, 1.90, 1.82.

Poly[bis(imidazolato)-Zn(II)] (I, M  =  Zn). T h is  p ro d u c t w as sim ilarly  
p rep a red  using  zinc su lfa te  h e p ta h y d ra te . I t  d id  n o t m e lt below  360°C . 
no r d id  it  sub lim e a t  300°C . (0.01 m m .).

A n a l . Calcd. for (C3H3 X 2 )2 Zn: C, 36.12%; H, 3.03%.; X, 28.08%; Zn, 32.77%. 
Found: C ,36.0%; H ,3.0% ; N,28.1%0; Zn, 32.4%.

T h e x -ray  pow der d iffraction  p a t te rn  h ad  th e  follow ing d values, (m ost 
in ten se  lines a re  s ta rre d  (*)): 5.90*, 5.51, 5.45, 4.75, 4.25, 4.12*, 3.70, 
3.50, 3.32, 3.10, 2.98, 2.92, 2.82, 2.73, 2.67, 2.53, 2.47, 2.42, 2.36, 2.28, 2.25, 
2.18, 2.15, 2.12, 2.05, 2.00, 1.94, 1.91, 1.86, 1.83, 1.75, 1.72, 1.68, 1.65, 1.60, 
1.56, 1.45.

Poly[bis(imidazolato)-Co(II)] (I, M  =  Co). T h is  w as p rep a red  from  
0.15 m ole of im idazole, 0.4 m ole of sod ium  b ic a rb o n a te  an d  0.05 m ole of 
coba ltous su lfa te  h e p ta h y d ra te . I t  d id  n o t m e lt below  360°C .

A n a l . Calcd. for (C3H 3N2 ),Co: C, 37.32%; H, 3.13%; N, 29.01%; Co, 30.52%. 
Found: C, 37.5%; H, 3.0%.; N, 29.9%; ash, 41.7, 40.7%. Assuming that the ash is 
C0 3 O4 , the per cent Co is 30.6 and 29.9% for the two determinations.

T h e  x -ray  pow der d iffraction  p a t te rn  gave th e  follow ing d values (m ost 
in tense  line s ta rre d  (*)): 5.85*, 5.55, 5.08, 4.75, 4.50, 4.10, 3.70, 3.50, 3.35, 
3.10, 2.92, 2.82, 2.75, 2.66, 2.49, 2.19, 2.06, 1.92, 1.84.

Electrical Measurements

R esistance m e asu rem en ts  (d.c.) w ere m ade w ith  a Iveith ley  M odel 200B 
e lec tro m ete r w ith  accom pany ing  pow er supp ly  an d  sh u n t. T h e  o u tp u ts  of
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th e  e lec tro m ete r an d  th e  the rm ocoup le  w ere fed in to  a n  X -Y  reco rder to  
p lo t th e  changes in  resis tance w ith  te m p era tu re . T h e  te s t specim ens 
consisted  of d isks h av in g  a  d ia m e te r  of 1 in. an d  a  th ickness of 0 .03-0 .07  in. 
T h e y  w ere p rep a red  b y  com pac tion  of th e  po lycrysta lline  m a te ria ls  in  a 
scrupu lously  cleaned m old  a t  a  p ressu re  of a b o u t 44,500 psi a t  room  te m 
p e ra tu re . T h e  resis tance of th e  d isk  specim ens w as m easu red  in  a  sam ple 
ho lder consisting  of tw o  L -shaped  pieces of glass tu b in g , each  te rm in a tin g  
in  a  spherical socket jo in t a t  one end . T h e  sam ple d isk  w as clam ped  in  a  
v e rtica l p osition  betw een  th e  tw o  jo in ts  an d  th e  glass tu b e s  w ere filled w ith  
m ercu ry . A  therm ocoup le  w ell w as loca ted  n ea r one of th e  socket jo in ts . 
T h e  w hole assem bly  w as enclosed in  a  glass vessel w hich h a d  p rovisions for 
in se rtin g  leads an d  for m a in ta in in g  a n  in e rt  a tm osphere . I n  th is  se tup , 
on ly  th e  edge of th e  d isk  w as exposed to  th e  a m b ien t w hich  w as n itrogen . 
A  g u ard  ring  a rran g e m en t w as used to  e lim in a te  surface conduction .

RESULTS AND DISCUSSION

T h e  rea c tio n  of tw o  m oles of im idazole w ith  one m ole of copper a n d  zinc 
su lfa te  in  aqueous sod ium  b ic a rb o n a te  gave p ro d u c ts  w hose ana ly sis  cor
responded  to  tw o  im idazoly l g roups p e r  m e ta l a to m . R e ac tio n  u n d e r 
sim ilar sto ich iom etric  cond itions w ith  coba lt su lfa te  d id  n o t fu rn ish  an  
analogous p ro d u c t. T h e  desired  p ro d u c t w as o b ta in ed  b y  th e  reac tio n  
of a  50 m ole-%  excess of im idazole w ith  C 0 SO 4. T h e  p ro d u c ts  w ere c ry s ta l
line pow ders, ex trem ely  insoluble in  w a te r  an d  in  com m on organic so lven ts 
w hich p rec luded  th e  cryoscopic d e te rm in a tio n  of th e ir  m olecu lar w eights. 
X -ra y  pow der d iffraction  sp e c tra  confirm ed th e ir  c ry sta llin ity .

T h e  com plexes h a d  v e ry  h igh  m e ltin g  po in ts . T h u s, th e  copper com plex 
m elted  a t  279°C. a n d  th e  co b a lt a n d  zinc com plexes d id  n o t m elt below 
360°C . N one of th e  m a te ria ls  could  be sub lim ed  in  h igh  vacuum . T h er- 
m ograv im etric  ana lyses (Fig. 1) revea led  th a t  th e  co b a lt an d  zinc com plexes 
h ad  u n u su a lly  h igh  th e rm a l s ta b ili ty , as no loss of w eigh t could  be d e tec ted  
below a b o u t 500-575 °C. w hen  h ea te d  in  a n  a tm o sp h e re  of n itrogen . On 
th e  o th e r  h an d , th e  copper com plex u n d e rw en t a  stepw ise d eg ra d a tio n  
s ta r t in g  a t  250°C. T h e  th e rm a l b eh av io r as well as th e  in so lu b ility  of 
th e  th re e  p ro d u c ts  a re  n o t co n sis ten t w ith  th e ir  fo rm u la tio n  as sandw ich  
com pounds or sim ple cova len t com pounds.

T h e  in fra red  sp e c tra  of th e  Z n  an d  Co com plexes w ere v ir tu a lly  iden tical, 
a n d  w ere on ly  sligh tly  d iffe ren t from  th a t  of th e  C u com plex. T h e  spec
tru m  of th e  Z n  com plex, show n in  F ig u re  2, lacks th e  ch a rac te ris tic  a b 
so rp tio n s of im idazole in  th e  3 -4  ¡i region a t tr ib u ta b le  to  associa ted  N - H  
(hydrogen  bond ing ), confirm ing th e  rep lacem en t of th e  im ino hydrogen . 
H ow ever, th e  p ea k  a t  3.25 n a t tr ib u ta b le  to  C — FI s tre tch in g  is s till p resen t. 
F o r com parison , th e  sp e c tru m  of th e  sod ium  sa lt of im idazole (Fig. 3) 
was also d e term ined . I t  is a lm o st en tire ly  d iffe ren t from  those  of im idazole 
an d  th e  m e ta l com plexes. I t  shou ld  be n o te d  th a t  th e  vestiges of asso
cia ted  N — H  ab so rp tio n  p rese n t in  th e  3 -4  n region of th e  sod ium  sa lt a re
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Fig. 3. Infrared spectrum of sodium salt of imidazole; KBr disk.

pro b ab ly  due to  free im idazole arising  as a  consequence of its  ex trem e h y 
d ro ly tic  in s tab ility . F u rth e rm o re , th e  ab so rp tio n s a t  6.9 an d  11.4 ^ in  
th e  sod ium  sa lt a re  enhanced  b y  th e  presence of sod ium  hyd rox ide  w hich  
w as u sed  in  sligh t excess in  i ts  p rep a ra tio n . T h e  differences in  th e  sp ec tra  
betw een  th e  sod ium  sa lt an d  th e  m e ta l com plexes suggest th a t  th e  la t te r  are 
n o t sim ple ionic la ttices . T h e  sp e c tra l ev idence does n o t w a rra n t a  con
clusion concern ing  th e  re la tiv e  co n trib u tio n  of ionic an d  cova len t bonding . 
An assessm en t of th e  v ario u s physica l p roperties, how ever, m ake  i t  a p p a re n t 
th a t  th e  s tru c tu re  of th e  com plexes is polym eric.

T h e  e lec trica l re s is tiv ity  of th e  p ro d u c ts  w as m easu red  on  com pac ted  
po lycrysta lline  specim ens sandw iched  betw een  m ercu ry  e lec trodes in  an  
a tm o sp h e re  of n itrogen . T h e  cobalt-im idazole po lym er h a d  a  re s is tiv ity  of 
1017 ohm -cm . a t  114°C . w hich  decreased  exponen tia lly  w ith  a n  increase in  
te m p e ra tu re  accord ing  to  p =  p0 exp {E / k T } w ith  a n  ac tiv a tio n  energy  E 
of 1.55 e.v . in  th e  range  of 114-149°C . T h e  c o b a lt-  an d  z inc-im idazo le
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polym ers h ad  resis tiv ities of 1015 ohm -cm . a t  150°C . an d  1016 ohm -cm . a t  
140°C ., respectively .

T h e  re s is tiv ity  of these  po lym ers is m a n y  o rders of m ag n itu d e  h igher 
th a n  th a t  of im idazole (1011 ohm -cm . a t  27°C .), m easu red  in  sim ilar 
fash io n .11 T h e  re la tiv e ly  low res is tiv ity  of th e  la t te r  has  been  ascribed  to  
favorab le m olecu lar o rb ita l overlap  p ro v id ed  b y  in te rm o lecu la r h yd rogen  
bonding. A ssum ing th a t  th e  com plexes of im idazole w ith  copper, zinc, 
an d  co b a lt are  polym eric, th e re  m a y  be various reasons for th e ir  h igh  
resistiv ities. One of these  is th a t  conduc tion  in  im idazole is b y  p ro to n  
m ig ra tio n  an d  th a t  due to  th e  absence of p ro tons, th is  m echan ism  is n o t 
ava ilab le  to  th e  com plexes. In  view  of Z im m erm an n ’s find ings12 t h a t  th e  
s tru c tu re  of im idazole is b es t described  b y  hyd rogen -bond ing  in  w hich  th e  
hydrogen  is eq u id is ta n t to  tw o n itro g en  a tom s, th e re  is no need to  p o stu la te  
tran sfe r of charge b y  p ro to n  m ig ra tion . A n o th er possib ility  is th a t  th e  
ac tu a l m an n er of coo rd ina tion  (ap p a re n tly  te tra h e d ra l in  th e  zinc a n d  co
b a lt com plexes) betw een  th e  m e ta l a to m s an d  th e  im idazole residues m ay  
n o t be conducive to  th e  ty p e  of co n ju g atio n  req u ired  for e lec trica l conduc
tiv ity . A  fu rth e r  possib ility  is th a t  hyd rogen  bond ing  is considerab ly  
m ore effective th a n  coo rd ina tion  to  a  m e ta l in  fac ilita tin g  th e  tra n sp o r t 
of charge involved  in  sem iconduction .

The authors gratefully acknowledge the assistance of Mr. J. D. Howard in the syn
thesis phase, Mr. W. T. Doyle in metal analyses and in obtaining infrared spectra, Mr. 
J. A. Hill in obtaining x-ray spectra and Mr. E. J. McGowan in measurement of the 
electrical properties.
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Résumé

Les réactions de l’imidazole et de sulfate, de Cu(II), Zn(II) et de Co(II) dans une 
solution aqueuse de bicarbonate de soude fournissent des produits dont les analyses 
correspondent à deux résidus imidazoliques par atome de métal. Les produits sont 
insolubles dans les solvants organiques usuels et ont de très hauts points de fusion. Par 
analyse thermogravimétrique on a montré que les matériaux contenant du Co et du Zn 
possèdent une stabilité thermique très élevée car on n’a pu détecter aucune perte de poids
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par chauffage de ces substances sous azote en-dessous de 500-575°C. Les propriétés 
observées amènent à formuler ces substances comme des polymères de coordination. 
La résistivité électrique des produits est en excès de 1014 ohm/cm à 140°C.

Zusammenfassung

Die Reaktion von Imidazol mit den Sulfaten von Cu(II), Zn( II) und Co( II) in wässrigem 
NaHCOj ergab Produkte, deren Zusammensetzung zwei Imidazolresten pro Metallatom 
entspricht. Die Produkte waren in den üblichen organischen Lösungsmitteln unlöslich 
und hatten sehr hohe Schmelzpunkte. Thermogravimetrisehe Analysen zeigten eine 
ungewöhnlich hohe thermische Stabilität der Co- und Zn-hältigen Produkte, da beim 
Ehritzen in Stickstoff bis 500-575° kein Gewichtsverlust festgestellt werden konnte. 
Diese Eigenschaften sprechen für ein Vorliegen von Metallkoordinationspolymeren. Der 
spezifische elektrische Widerstand der Produkte war bei 140° grösser als 1015 fl cm.

R eceived M a rc h  14, 1963
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Clay-Catalyzed Reactions of Olefins. 
II. Catalyst Acidity and Mechanism*

JA M E S  A. B IT T L E S , A. K . G H A U D H U R I,f an d  S ID N E Y  W . 
B E N S O N , X D e p a r tm e n t  o f  C h e m is tr y , U n iv e r s i ty  o f  S o u th e r n  C a l i fo r n ia ,  L o s

A n g e le s ,  C a l i fo r n ia

Synopsis

Evidence is presented for the heterogeneity of olefin reactions on acid clay surfaces 
and for the inherent acidity of the catalyst. Catalyst activity was shown to be due to 
an active proton probably associated with tetrahedral aluminum. Deactivation of 
catalyst was observed with proton accepting contaminants such as water, amines, and 
basic olefins. Surface acidities and total exchangeable hydrogen in the catalyst were 
determined by gas phase absorption and by deuterium analysis, respectively. The 
measurements were correlated with previous acidity measurements, styrene polymeriza
tion rates, and polymerization mechanism. Polymerization rates were measured by 
time-temperature observations and by analyses of monomer. Exchangeable hydrogen 
was determined by deuterium exchange and density measurements. Exchange was 90% 
complete before polymerization began. The equilibration of a classical carbonium ion 
from styrene by a sorption-desorption process was definitely indicated and we propose 
that these ions are the active intermediates in the initiation, propagation, transfer, and 
solvent termination processes.

INTRODUCTION

N a tu ra lly  occurring  clays h av e  been  know n  for a  long tim e to  “ c a ta ly ze” 
a  large n u m b er of chem ical reactions. T hese are c rack ing  reac tions of 
h y d ro c a rb o n s ,1'2 h y d ra tio n  of o lefins,12 po lym eriza tion  of o lefins,1-3 ion 
exchange, an d  fo rm a tio n  of acid  aqueous suspensions. J u r in a k  an d  
V o lm an4 h av e  recen tly  rep o rted  th a t  th e  olefins isobu tene an d  chloro- 
e thy lene  are irreversib ly  abso rbed  b y  kaolin . T hese p h en o m en a are 
co llectively  evidence of th e  acid ic n a tu re  of clay  cata lysis.

T h e  surface ac id ity  of clay  crack ing  ca ta ly s ts  h as  been  m easu red  b y  
several liqu id  phase m e th o d s5-7 an d  b y  am ine ab so rp tio n  from  th e  gas 
p h ase .8-10 T h e  surface acid ities h av e  been  found  to  be m ild ly  d e p e n d en t 
u p o n  d eso rp tion  te m p era tu re , b as ic ity  of adso rbed  agen t, an d  surface a re a  
of so lid .10 G as phase ac id ity  m easu rem en ts  ce rta in ly  a p p e a r to  be dif-

* Tliis work has been supported by grants from the Goodyear Tire and Rubber Com
pany, Akron, Ohio.

| Present address: Indian Association for the Advancement of Science, Calcutta, 
India.

% Present address: Standford Research Institute, Menlo Park, California.
1847
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fu sion -con tro lled .10 A n accu m u la tio n  of d a ta  on  ac id ities of clays in d ica ted  
acid site co n cen tra tio n s of a frac tio n  of a m illim ole p er g ram  of solid.

T h e  m easu rem en ts  of ac id ity  rep o rted  here w ere in general ag reem en t 
w ith  prev ious findings, an d  th e  resu lts  w ere em ployed  to  explain  th e  
ac id ity  of th e  c a ta ly s t, th e  n a tu re  of th e  reactions involved  w ith  olefins, an d  
to  propose a m echanism .

I t  becam e ev id en t th a t  in th e  reac tions w ith  olefins, so rp tio n -d eso rp tio n  
phenom ena w ere involved  as has  been  in d ica ted  b y  V o lm an .4 F u rth e r  it 
w as ev id en t th a t  th e  reac tio n  w as heterogeneous. H eterogeneous po ly 
m eriza tion  of olefins w ith  clays has  been o b serv ed ,3' 11 an d  we have re
p o rted  th e  po lym eriza tion  of s ty ren e  w ith  acid  c lay s12 an d  will rep o rt 
condensa tion  of o th e r  olefins.

EXPERIMENTAL

T h e acid clay p o lym eriza tion  of s ty ren e  has been s tu d ied  in  th is  la b 
o ra to ry  a n d  th e  po lym er ch a rac te ris tic s , endg roup  analyses, an d  po lym er 
m olecu lar w eights h av e  been  re p o r te d .12

Acid Clay Catalyst

T h e c a ta ly s t used w as F iltro l C o rp o ra tio n  G rade 13 SV7494 (N eu tro l 
40) fluid c a ta ly tic  c rack ing  c a ta ly s t. T h is  m a te ria l w as p rep a re d  com 
m erc ia lly  from  n a tu ra l clays in  w hich th e  ac tiv e  m inera l is m ontm orillon ite  
(a s ilica -a lu m in a). I t  is processed, w ashed  w ith  acid, an d  calcined a t  
a b o u t 450°C.

Activation and Handling o f Acid Clay Catalyst

T h e  c a ta ly s t as processed is in ac tiv e  in  m ost c rack ing  an d  po lym eriza tion  
reactions w ith o u t s tro n g  h e a tin g  (hea ting  w hich  rem oves physically  a d 
so rbed  w ate r).

T h e  c a ta ly s t em ployed  in  th is  s tu d y  w as a c tiv a te d  by  h ea tin g  in  a  glass 
am pu le  in vacuo a t  10-5 m m . H g  p ressu re an d  a t  280°C . T h e  deta iled  
p rocedu re  is described  in  th e  p reced ing  p a p e r .12 C a ta ly s t w as em ployed 
im m ed ia te ly  a f te r  a c tiv a tio n  for co n sis ten t resu lts  a n d  s to red  u n d er a n 
h y d rous conditions. M a x im u m  a c tiv ity  a f te r  long sto rage w as o b ta in ed  
b y  reh ea tin g  in vacuo a t  280°C.

Analysis o f Catalyst

A fluid crack ing  c a ta ly s t is of th e  ap p ro x im ate  com position  (S i0 2)j- 
(A120 3),„11,13-15 in  w hich  A120 3 is ap p ro x im ate ly  16%  b y  w eight, silica 71%  
b y  w eight. A ty p ic a l p ro d u c t ana lysis of F iltro l C o rp o ra tio n  crack ing  
c a ta ly s t w as as follows S i0 2, 7 1 .2 % ; A120 3, 16 .5% ; M gO , 4 .3 % ; S 0 3, 
4 .6 % ; F e « 0 3, 1 .4% ; CaO, 1 .6% ; K 20 ,  0 .4 % ; T i0 2, 0 .4% . T h e  an a ly tica l 
d a ta  w ere o b ta in ed  from  th e  m a n u fa c tu re r  (F iltro l C orporation , Los 
Angeles, C alif.). T hese analyses w ere rep re se n ta tiv e  of vo la tiles-free 
solids, th e  v o la tiles being rem oved  b y  ca lc in a tio n  a t  900°C . T here
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w as a p p a re n tly  no h yd rogen  in th e  m a teria l, a t  least w ith in  th e  lim its of 
th e  a n a ly tica l m easu rem en ts  (i.e. 0 .1% ).

C a ta ly s t a f te r  calcin ing w as hygroscopic an d  abso rbed  ap p ro x im ate ly  
20%  of m o is tu re  b y  w eigh t on a d ry  basis. O ur w eighing experim en ts have 
agreed  well w ith  th is  figure. T h is  abso rbed  or uncom bined  w ate r w as 
rem oved  b y  th e  ac tiv a tio n  process.

Extractable Sulfate

E x tra c ta b le  su lfa te  in  th e  c a ta ly s t w as de term in ed  b y  w ashing  th e  clay 
w ith  w a te r  u n til  no p rec ip ita te  w as ob ta in ed , an d  th e n  p rec ip ita tin g  an d  
w eighing b a riu m  su lfa te . In  th is  m a n n er th e re  w as o b ta in ed  a n  average 
of 5 .57%  of sulfuric acid (5.47 an d  5 .68% ). T h is  w as e q u iv a le n t to
1.14 X  10 ~ 3 equiv . of acid  p er g ram  of c a ta ly s t o r to  4 .54%  S 0 3. In  view  
of th e  u n ce rta in  source an d  exac t n a tu re  of such a  clay  th e  ag reem en t is 
good.

T h is  c a ta ly s t rem ained  ac tiv e  a f te r  w ash ing  free of su lfa te  ion, in d ica tin g  
th a t  a c tiv i ty  (ac id ity ) w as in h e re n t a n d  w as n o t due to  d eso rp tio n  of acid  
in to  th e  liqu id  phase or to  reac tio n  w ith  adso rbed  su lfuric acid. Since 
c a ta ly s t a c id ity  w as of th e  o rd er of 0.27 m eq u iv ./g ., su lfa te  w as a p p a re n tly  
absorbed  as S 0 4= in  com bination  w ith  a n o th e r  positive ion.

Catalyst Activity

C a ta ly s t o b ta in ed  b y  w ashing  free of su lfa te  ion an d  before a c tiv a tio n  
failed  to  in itia te  po lym eriza tion  or condensa tion . T h is  c a ta ly s t w as 
a c tiv a te d  b y  w a te r  rem oval in vacuo a t  280°C. an d  w as d ea c tiv a te d  by  
ab so rp tio n  of basic im p u ritie s  such as w ater.

S u lfa te-free c a ta ly s t, w eighing 8.0458 g., w as a c tiv a te d  b y  h ea tin g  
in vacuo a t  280°C . A c tiv a te d  c a ta ly s t (6.1126 g.) w as em ployed  in  th e  
follow ing experim en t. A  0 .5M so lu tion  of m onom er in  benzene w as 
p rep a red  from  17.4 m l. (15.7 g.) of fresh ly  double d istilled  s ty ren e  an d
282.6 ml. of sod ium -dried  benzene. T h e  po lym eriza tion  w as ru n  ad ia- 
b a tica lly  com m encing a t  a m b ien t te m p era tu re . T h e  m easu red  t im e -  
te m p e ra tu re  d a ta  are show n in  T ab le  I.

TABLE I
Polymerization Rate of Sulfate-Free Catalyst (0.5M in Benzene)

Time, min. Temp., °C.

0 25
1 40
2 43
3 44
4 42
8 42

16 41
32 39
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T h e m ax im um  te m p e ra tu re  rise d u ring  po lym eriza tion  w as 17°C. in  th e  
first 3 m in. w hich is th e  expected  reac tio n  tim e for 100%  conversion. 
T h e  ca lcu la ted  T m„  w as 17.8°C . ca lcu la ted  from  th e  eq u a tio n :

A Tmax =  mAH/VadsCv

w here AH is th e  m o la r h e a t of po lym eriza tion , da is th e  d en s ity  of th e  
so lu tion , Cv is th e  specific h ea t, F s is th e  vo lum e of th e  so lu tion  in  cubic 
cen tim eters , a n d  m is th e  n u m b er of m oles of m onom er. A com parison  
w ith  a  po lym eriza tion  using  unw ashed  c a ta ly s t w as m ade. A t im e -  
te m p era tu re  m easu rem en t of such a ru n  is show n in T ab le  I I .  T h e  w eigh t 
of c a ta ly s t em ployed  w as 6.1930 g., an d  th e  benzene so lu tion  w as 0 .5 /lf 
in  sty rene .

TABLE II
Polymerization Rate of Sulfate-Containing Catalyst (0.5.17 in Styrene)

Time, min. Temp., °C.

0 25
0.5 35

1 41
2 42
3 41
4 40
8 37

16 34
32 30

T h e ra te  of te m p e ra tu re  rise w as th a t  of su lfa te-free  c a ta ly s t an d  w as 
th a t  expected  of a  0 .5M so lu tion  (300 cc.) u n d e r a d iab a tic  conditions. 
P o lym er y ie ld  from  sulfate-free c a ta ly s t w as 30%  an d  th e  m olecular 
w eight w as 1065. P o lym er y ield  from  unw ashed  c a ta ly s t w as 40%  an d  
m olecular w eigh t w as ap p ro x im ate ly  1200. I n  b o th  cases m onom er 
conversion w as 100% , an d  th e  b u lk  of th is  w as in  th e  form  of low m olecu lar 
w eight m ateria l. N o effort w as m ade to  o b ta in  m ax im um  yields of po ly 
m er.

Inherent Activity o f Sulfate-Free Catalyst

T h e  su lfate-free c a ta ly s t em ployed  in  th e  prev ious experim en t w as re 
covered, an d  ac tiv a te d  b y  degassing in  th e  u sua l m anner. T h e  follow ing 
experim en t w as ru n  w ith  5.73 g. of ca ta ly s t. A  0.1/1/ so lu tion  of s ty ren e  
in  300 cc. of benzene w as p rep a red  an d  th e  po ly m eriza tio n  ru n  ad iab a tica lly . 
A tim e - te m p e ra tu re  observ a tio n  w as m ade, an d  m onom er conversion w as 
determ ined . T hese resu lts  are show n in  T ab le  I I I .

M onom er ana lyses w ere perfo rm ed  b y  ti t ra t io n  of a liq u o ts  w ith  solu tions 
of b rom ine in  acetic  acid.

T h e  in h e re n t a n d  rep ea ted  acidic a c tiv ity  of th e  clay  c a ta ly s t w as 
in d ica ted  b y  these  an d  th e  prev ious results.
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TABLE III
Sulfate-Free Reactivated Catalyst (0.1711 Styrene in Benzene)

Time, min. Temp., °C. Monomer conversion, %

0 28 0
1 28
2.33 28 15.3
4.0 29
7.0 29

11.0 30
16.0 31
32.0

1440 97.1

Organic Solvent Washing o f Catalyst

A c tiv a te d  an d  degassed c a ta ly s t (10.09 g.) w as ex tra c te d  w ith  50 cc. of 
benzene (n o t d ried) a t  am b ien t te m p era tu re . T h e  benzene e x tra c t w as 
found  to  co n ta in  no su lfa te  an d  th e  so lven t e x tra c t w as inac tive  in  po ly 
m erization . T h e  rem ain ing  solid c a ta ly s t upon  ac tiv a tio n  w as ac tiv e  in 
po lym eriza tion .

P ep p er an d  H a y e s16 have rep o rted  s ty ren e  p o lym eriza tion  b y  su lfuric  
acid in  1 ,2-d ichloroethane. T h ey  fu r th e r  show  th a t  su lfuric  acid  is 
d is tr ib u te d  be tw een  aqueous acid  phase  an d  organic so lv e n t.17 Ion ized  
su lfuric  acid is no d o u b t responsib le for th e  observa tions, b u t  th e  above 
experim en ts show  th a t  th e  acid  clay  sy stem  is n o t of th is  ty p e . O n th e  
co n tra ry , these  resu lts  in d ica te  surface po lym eriza tion  a n d  show  t h a t  
po lym eriza tion  does n o t occur hom ogeneously  b y  so lu tion  eq u ilib ra tio n  of 
su lfuric acid  from  th e  c a ta ly s t itself. F u r th e r  i t  ap p ears  th a t  a n y  “ fre e ” 
su lfuric acid  should  be in  th e  so lven t phase.

Catalyst Activity at — 70° C.

A ctiv a te d  clay  c a ta ly s t w eighing 8.15 g. w as em ployed  in  th e  p o lym eri
za tio n  of a 0 .73M  so lu tion  of s ty ren e  in  to luene. T h e  reac tio n  m ix tu re  
w as cooled in  solid C 0 2-a c e to n e  an d  ru n  a t  — 70°C . M o nom er con
versions v ersus tim e is show n in T ab le  IV .

TABLE IV
Catalyst Activity at — 70°C.

Time, min. Monomer concn., M

0 0.73
190 0.63
485 0.62

1335 0.59

C a ta ly s t a c tiv i ty  w as observab le  a t  — 70°C ., th o u g h  m uch  slower, an d  
po lym er w as of m olecu lar w eigh t 1200 (average). T h e  com m on observa tion
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in cationic homogeneous solution reactions is a small temperature coefficient 
for the rate* or a complete stoppage of reaction18 due to freezing out 
of the catalyst complex. The slow but observable rate indicates hetero
geneity. (The most convincing demonstration of the heterogeneity of 
the process comes from our dilatometer measurements where we found 
that when stirring stopped, the catalyst settled to the bottom of the tube 
and reaction quickly stopped. Upon restoring the suspension of the 
catalyst, polymerization resumed.)

Inactivation o f Catalyst (Poisoning)

Inactivation of catalyst was observed experimentally by qualitative 
measurements of polymerization rates in the presence of basic substances. 
Polymer was isolated and characterized.

Water. Activated catalyst (4.13 g.) was employed in the polymeriza
tion of a 0.5M solution of styrene in 1,2-dichloroethane. Water was 
present in the solvent to the extent of an estimated 0.1%. The poly
merization was conducted iso thermally at 0°C. and monomer conversions 
determined. Polymer isolated from this experiment was of molecular 
weight 1400. The rate data are shown in Table V.

TABLE V
Rate of Water-Inhibited Polymerization

Time, min. Monomer cone., M

0 0.5
5 —

10 0.49
20 0.48
30 0.47
42 —
90 0.45

2400 0.22

These results show a halflife of polymerization slightly less than 40 hr. 
for this quantity of catalyst. An uninhibited polymerization under 
identical conditions with this quantity of catalyst has a halflife of 1.5 
hr.19 Polymer molecular weight in both cases was 1400.

Further depressions in rate were observed by addition of moisture and 
complete inhibition occurred by catalyst containing 20% of water before 
activation. Polymerizations were also quenched at definite time intervals 
by addition of water.

Dimethylamine. The deactivation effect of dimethylamine was shown 
by measuring crude polymerization rates after exposure to the base. Acid 
silica-alumina cracking catalyst was partially neutralized with varying 
quantities of the base. Samples (2 g.) of degassed catalyst were exposed to 
predetermined quantities of dimethylamine from a gas buret. Then

* The activation energy of polymerization will be discussed in a future communication.
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0.15 g. of activated neutralized catalyst was used to polymerize 10 ml. of 
0.82M  styrene in benzene. The reaction was quenched after 400 sec. and 
yields of polymer determined. The results of six neutralizations are shown 
in Table VI.

TABLE VI
Inhibition by Dimethjdamine*

(CH3)»NH, Wt. of polymer,
mmole/g. catalyst g./g. monomer Monomer conversion, %

0.27 0 0
0.22 0 0
0.18 0 0
0.16 0 0
0.13 0.080 8
0.02 0.060 6

a We are indebted to Dr. S. Kessar for these measurements.

Active catalyst neutralized with dimethylamine failed to initiate poly
merization and catalyst 50% neutralized (0.13 mmole) gave only low 
yields of polymer. Apparently less than 10% neutralization of acid sites 
(0.02 mmole) was sufficient to prevent normal polymerization. In a 400 sec. 
reaction time at ambient temperature the polymerization would be expected 
to be 90% complete. The halffife of a lit/ solution of styrene in benzene at 
ambient temperature is approximately 120 sec.24

a-Methylstyrene. Inhibition by a-methylstyrene was estimated by 
employing a dilatometric method which will be described later. Dry and 
distilled a-methylstyrene (6.5 mg.) was added to 10 cc. of 0.11V styrene in 
toluene, and this solution polymerized with the use of 0.275 g. of catalyst. 
The time to 50% monomer conversion was about 250 min. compared to 
the normal halflife of 10 min.

Catalyst Acidity Measurement

The acidities of Filtrol cracking catalyst are reported in the literature to 
be 0.1-0.15 mequiv. acid/g. catalyst.21 Acidity values were obtained in 
this laboratory by exposure to dimethylamine. A sample of catalyst was 
degassed at 150°C. and then exposed to dimethylamine vapor at a pressure

TABLE VII
Catalyst Acidity Measurement

Run No. Wt. of samples, g. Wt. of amine, g. Acidity, mequiv./g.

1 2.0005 0.0255 0.27
2 2.1001 0.0253 0.265
3 2.3022 0.0271 0.26
4 4.2051 0.0529 0.28

Avg. 0.27
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of 600 mm. for 5 hr. The sample was again degassed in vacuo at 150°C. 
for 24 hr. The data obtained in these experiments are shown in Table
VII.

The acidity of fresh Davidson DA-1 fluid cracking catalyst (similar to 
Filtrol cracking catalyst) has been measured by Richardson and Benson10 
using trimethylamine and pyridine in the gas phase. The acidities were 
0.14-0.18 mequiv./g. when pyridine was employed and final degassing 
was done at 300°C. and acidities were 0.23-0.33 mequiv./g. with tri
methylamine when degassing was done at 300 and 200°C., respectively. 
The acidity of the catalyst was dependent upon the temperature of de
gassing. The value of 0.33 mequiv./g. checks with our value of 0-27 
mequiv./g. obtained by degassing at 150°C.

The acidity of catalyst measured by titration with alkali hydroxide 
was 1.02 mequiv./g. The higher value was due to the greater basicity of 
hydroxide ion and the leveling effect of water. Since strong acid sites are 
required for reaction with olefins such as styrene the effective acidity of the 
catalyst in these reactions is probably about 0.15 mequiv./g. rather than 
the higher value obtained with OH- .

Deuterium Exchange with Catalyst

Exactly 33.3 g. of Filtrol cracking catalyst containing adsorbed water 
was activated on the vacuum line at 280°C., and 50 cc. of heavy water 
assaying 99.5% D20  was added to the catalyst. The catalyst mixture was 
then stirred for 68 hr. at ambient temperatures. The sample was filtered 
and activated by heating, and employed in the polymerization of styrene. 
After being employed in a polymerization experiment the sample was 
recovered and treated with 50 cc. of 99.5% D20. Exactly 20.36 g. of 
catalyst was exchanged in this manner The sample was again activated 
by heating and treated with 10 cc. of boiled distilled water at ambient 
temperature for 16 hr. The exchanged water was collected in vacuo 
and analyzed* for heavy water content by the falling drop method.22

Deuterium Exchange with Monomer

The deuterated catalyst (33.3 g.) was activated by heating. The 
catalyst now weighed 26.64 g. This was employed in the polymerization 
of 11.6 cc. (10.4 g.) of styrene in 990 cc. of 1,2-dichloroethane at 0°C. The 
polymerization was run for 600 sec. which was estimated from rate measure
ments to be the halflife of the polymerization. The run was stopped by 
the addition of 1 cc. of water. Unconverted monomer was recovered by 
fractionation in vacuo at 26 mm. Hg. There was recovered 6.78 g. of 
styrene which was a conversion of 34.8%. Approximately 3 g. of polymer 
was isolated from the precipitation placing the overall recovery at 94%. 
Monomer was analyzed for deuterium content.

* We are indebted to Mr. J. C. Mayfield for some of these experiments.
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Deuterium Analysis

The deuterium content of the clay catalyst was determined in the 
following manner. Deuterated clay was treated with 10 cc. of water as 
described and the water collected. The sample (1.0250 g.) was assayed 
for D20  content by the falling drop method for a determination of density. 
It was the method originally employed by Barbour and Hamilton and 
described by Kirshbaum.22 A mixture of bromobenzene and kerosene 
was used in the drop tube in a thermostat at 30.25°C. The difference 
between reciprocal drop times of the sample and boiled distilled water 
were compared with a calibration curve. The calibration curve was 
determined from samples of known D20  content. The size of the drops 
was controlled by a microburet (~0.02 cc.) and readings were taken on 
drops of uniform cross section. The times could be controlled within 
limits by adjusting the ratio of bromobenzene-kerosene. The drop times 
of boiled distilled water were determined frequently since (1 / t )  — (1/ 
¿H,o) was plotted against D20  content and 1 /¿Hl0 was the critical variable. 
The method worked well when drop sizes were controlled uniformly and 
drop times were of the order of 150-250 sec.

The sample from deuterated catalyst was 4.56 rnole-% D20. Since 
0.553 mole of water (9.956 g.) and 16.3 g. of catalyst on a dry basis were 
used, there was 3.09 mequiv. of exchangeable H + per gram of catalyst.

The deuterium content of monomer obtained by exchange with deuter
ated catalyst was determined by analysis of the combustion products of 
the styrene sample. A sample of deutero styrene was burned in a micro 
combustion train* and the water collected in a series of Dry Ice-acetone 
traps. The water was distilled six times in vacuo until carbon dioxide 
was completely removed. Styrene which had not been deuterated was 
subjected to the same procedure and the water purity determined by a 
drop time measurement. The experiment showed the sample to be free of 
carbon dioxide and the purification process workable.

Analysis of the water from combustion of deutero-styrene showed 9.2 
rnole-% of the theoretical value of 100% according to the equation:

C8H7D +  0 2 ->  8C02 +  7/ 2h 2o  +  y 2D2o

If only a single hydrogen of styrene were replaced by deuterium, 12.5 
rnole-% of deuterium would have resulted.

A deuterium content of 9.2 rnole-% of 6.78 g. of styrene indicates 0.048 
equiv. of deuterium from 26.7 g. of catalyst (dry basis) or 1.8 mequiv./g. 
of a possible 3.09 mequiv./g. of total exchangeable D ; i.e. 58.2% of D + 
exchanged by actual analysis. The deuterium content of the polymer 
(3 g.) was neglected since the molecular weight was 1300 (0.002 mole) and 
infrared spectra showed only low intensity absorption of C-D. This 
introduces an error of 4%  in the calculation.

* Combustion analysis was done by J. C. Mayfield on National Science Foundation 
Summer Institute Program.
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Infrared Spectra o f Polymer

An infrared spectrum of polymer prepared from deutero catalyst was 
taken on a solid film of polymer on a Perkin-Elmer Infra-Cord spectropho
tometer. The spectra showed prominent but low intensity absorption 
maxima at 2230 cm.-1, showing definitely that deuterium was present in 
the polymer. The C-D band should occur at 2180 cm.-1,23 but the 50 
cm.-1 shift is attributable to instrument error. Another polymer sample 
from deutero catalyst showed absorption at 2180 cm.-1.

DISCUSSION

The reaction of olefins with acid clays was found to be a heterogeneous 
sorption-desorption process and to involve olefin polymerization. Surface 
absorption occurred at an acid site with classical carbonium ion formation 
and subsequent polymerization.

The reaction of olefins with acid clays was ionic, rapid, and rates of 
polymerization were influenced by the solvent as was also the molecular 
weight. It can be shown that solvents of higher dielectric constant 
produce faster rates and higher molecular weights. Polarization of the 
reactive species occurs more readily in the polar media.

The activity of clay was found to be indigenous and not due to adsorbed 
sulfuric acid nor to homogeneous catalysis by sulfuric acid in the liquid 
phase.* This was shown by the experiments with solvent- and water- 
extracted catalyst and by the experiments with repeated acidic activity of 
catalyst in polymerization. The polymerization rates, monomer conver
sions, and molecular weights were independent of sulfuric acid content, and 
independent of the system employed in the extraction process, e.g., water, 
benzene, or styrene.

The sorption-desorption nature of the reaction was reasonably certain, 
particularly in view of the fact of deuterium exchange; however, hetero
geneity and reaction at an acid site was more speculative. The hetero
geneity of the polymerization (this applies to other reactions of olefins 
with acid catalysts) was indicated by the fact that polymerization ceased 
when catalyst was allowed to settle, by the fact that catalyst activity was 
independent of sulfuric acid content and by the fact that catalyst acidity 
was not due to some readily extractable acid.

Inhibition of polymerization was observed with water, dimethylamine, 
and «-methylstyrene and in trace amounts. Relative inhibition effect 
was in the order dimethylamine >  water >  «-methylstyrene. This effect 
was due to poisoning of the catalyst by competition for a proton, and was 
indicated by slower rates of reaction or complete stoppage of reaction. 
The quantity of inhibitor was sufficient to neutralize only a part of the 
acid sites of the catalyst showing a strong dependence on acid site concen
tration. (Catalyst poison might be a better term to use than inhibitor,

* Sulfuric acid in organic solvents has been used to study the polymerization of 
styrene and a-methylstyrene.
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since inhibition implies reaction by chain stoppers and this is definitely 
not the case with these basic substances.) The dimethylamine data 
show that complete inhibition occurred when the catalyst was 59% neutral
ized, indicating that something less than 41% of the acid sites or approx
imately 0.11 mmole/g. was available and necessary to produce an observable 
rate. The remainder of the acid sites are probably of insufficient activity 
to combine directly with monomer. Other data certainly indicate that the 
rate is dependent on acid site concentration and catalyst quantity; how
ever, apparently nonlinearly.

Exchangeable Hydrogen and Acidity

Our experimental work with clay catalysts show acid-base reactions, 
exchange of hydrogen for deuterium and hydrogen exchange with olefins. 
Total exchangeable hydrogen was present to the extent of 20 times the 
strong acid site concentration or about 3.1 mmoles/g. Only the strongly 
acid sites (~0.15 mmole/g.) take part directly in polymerization and/or 
condensation. Internal exchange within the catalyst structure between 
H+ and D+ can account for the large difference in acidic H+ and total 
exchangeable H.

Deuterated catalyst exchanged 58.2% of the total deuterium with 
styrene monomer by actual analysis, or 1.8 mmole/g. of catalyst. If the 
assumption is made that polymer also contains deuterostyrene in the ratio 
9.2/12.5 then 2.75 mmole of D+ exchanges per gram of catalyst. (This 
appears to be reasonable in view of the presence of C-D stretching bands in 
the infrared spectra of the polymer.) The monomer exchange ratio is 
73.5%, and the catalyst exchange ratio is 89.5%. The equilibrium constant 
for the reaction

D— CaT +  H—StY. H— CaT +  D—StY.

is then approximately 23 and this favors formation D-styrene.
The presence of low intensity carbon-deuterium stretching vibrations 

may be interpreted as indicating almost complete exchange of a single 
hydrogen in monomer; therefore, equilibration must be complete before 
polymerization commences. Participation of the deutero species in the 
polymerization is certain and if the exchange is complete prior to poly
merization, homopolymerization of deutero species is indicated. Other 
possibilities for participation are in the initiation step which most certainly 
occurs or as a comonomer with H-styrene.

The following reversible reactions probably occur with styrene :

H + [AlSi04] “ (H jO k +  C6H6C H = C H 2 C6H6CH[AlSiG4] -(H 20)* (1)

CH,

H + [AlSi04] “ (H 2OL +  (x +  >A)D»0 ^  D + [AlSi04] - (D ,0 k  +  ( x  +  V,)H«0 (2) 

D + [AlSiOd -(DjO)x +  CcHhCH— CH2 . ■ C6H6CH[AlSitfi] " (D ,0 )-  (8)

GH2D
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D+[AlSi04]-(D 20)x +  (x +  1)C6H6CH=CH2
H+[AlSi04]-(H 20)I +  (x +  1)C6H6CH=CHD

C6H6CH[AlSi04]-(D 20)J,^ iH +[AlSi04]-(D 20)x +  C6H6CH=CHD

CH2D

C6HeCH[AlSi04] "(D20)2 +  C6H6CH=CH2^

c h 2d

C6H6CH[AlSi04] -(D sO),

c h 2d

+  C6H6CH=CHD

(4)

(5)

(6)

Silica-Alumina Catalyst Structure and Acidity

Silica-alumina catalysts are strong acids comparable with strong 
mineral acids. The evidence for their acidity is well documented. Our 
work with Filtrol clays has shown this acidic behavior in the polymerization 
of styrene and reactions with other olefins, in deuterium exchange, and in 
the absorption of amines from the gas phase.

Clay catalysts are inactive in polymerization and condensation reactions 
unless exchangeable metal ions are replaced by H+ or D+. Our work has 
also shown this; and conversely, that catalyst activity is destroyed by 
proton replacement with alkali or alkaline earth metals.

In general acid hydrogen is thought of as being associated with aluminum. 
This conclusion is based on the stoichiometry of clays and the fact that 
catalyst acidity increases with content of alumina.6 Benson and Richard
son10 show an acid content of 0.14 mequiv./g. of catalyst and the data 
reported herein show an effective acid content of about 0.15 mequiv./g. 
Assuming an acidity value of 0.15 mequiv./g. and a single proton per 
aluminum atom, the A120 3 content should be 19.3%; this is compared to 
the analytical value of 16.5%. The discrepancy could be due to a slightly 
high acidity measurement caused by incomplete desorption of base or to a 
small number of weakly acid sites associated with silicon.

Several views to account for the acidity and catalytic activity have been 
proposed, but it is generally conceded that a four coordinated aluminum ion 
is involved.4-6’13 Milliken, Mills, and Oblad13 support the formation of a 
Br0nsted acid by coordination of a Lewis acid aluminum ion with a molecule 
of water in the manner of aluminum chloride. Polymerization by a Lewis 
acid site or 3-coordinated aluminum without water of coordination is 
unlikely because of the general facts of cationic polymerization.18’24 
(Boron trifluoride, which is a much stronger electrophilic agent, requires 
coordinated water for polymerization of isobutene.) Structures (I-IV) 
are possible sources of an acidic hydrogen in silica-alumina catalysts.

H +

/
o  o
I + 3 |+4

— O— Al— 0 — Si— O—
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p  H H

I + 4
— O— Al— O— Si— O

II

Brpnsted acid from 
Lewis acid

|+3 |+4

-  O Al O—Si— O
I 1

O O
\  \  ■

Acidity of aluminum 
hydroxide

III

Acidity of silicic acid

IV

Structure (I) has been postulated by several workers25 and is considered 
to be most likely by Pauling from a consideration of the crystallite structure 
of clays;26 Oblad et al. discuss idealized silica alumina acids in olefin 
polymerization to liquid polymers.16

Tetrahedral aluminum joined with tetrahedral silicon in an infinite net
work is probably the active center and hydrogen may be attached directly 
to oxygen-aluminum or loosely associated with the negative center. Many 
types of structures are possible, but the essential proposition is that 
aluminum replaces silicon in the (Si02) n crystal, leaving a net deficiency 
of positive charge in the vicinity of the aluminum atom. This deficiency 
is in many types of clays made up by association with a singly charged 
alkali metal ion or two charges may be neutralized by association with a 
doubly charged alkaline earth ion. Many clays have structures26 in which 
the positive ions are replaceable by protons, deuterons, and heavy metal 
ions. This simple ionic crystal structure and mechanism is believed to 
account for the acidity rather than coordination complex formation.

Tamele has reported6 that freshly precipitated alumina and freshly 
precipitated silica are very weak acids with ionization constants of 1(M1S 
and have little cracking activity. The aluminum hydroxide structure
(III) and silicic acid structure (IV) are not responsible for polymerization 
as experiments in this laboratory have shown. This argument holds even 
though fresh aluminum oxide is reported to have an acidity of 0.12 
mmole/g.27

In contrast to the weak acidities of the two individual oxides, a definite 
strong acidity develops when the alumina-silica are simultaneously

/
0  0
! I

— O— Al— O— Si— O “ H +
1 I
O 0
\  \
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precipitated.6 Maximum acidity and cracking activity develop at about 
30% AI2O3 which is less than 1:1 alumina-silica (42.7% A120 3). Cracking 
activity does not develop in freshly precipitated silica-aluminas until the 
polids have been calcined and adsorbed water removed. This fact corre
sponds with our observations on polymerization and condensation activity. 
An excessively high calcining temperature, however, destroys cracking 
activity resulting in an inactive clay. This fact has not been checked 
in polymerization work, but it would appear to favor formation of an unco
ordinated Lewis acid site, particularly if water were excluded in a subsequent 
experiment. What is more likely is that the overheating rearranges tetra
hedral aluminum to octahedral aluminum with six coordinations. This 
would result in an inactive structure.

Absorption, Initiation, and Condensation Intermediates

The existence of classical carbonium ions has been postulated for a 
number of years28 and phenylcarbonium ions are discussed by Hammett.29 
The existence of the triphenyl and diphenylmethyl species was dem
onstrated by cryoscopic methods initially30'31 and more recently by ultra
violet-visible spectroscopy.32-34 Evans has discussed carbonium ion 
formation from aryl olefins in concentrated sulfuric acid and from 1,1- 
diphenylethylene in benzene containing boron trifluoride (not dried). 
Absorption peaks occurred consistently at 430 n̂ u which were attributed to 
diphenylethylcarbonium ion. The formation of a classical carbonium ion 
from phenyl olefins by proton addition is well documented in homogeneous 
solution chemistry.

The presence of a stable carbonium ion on a solid acid surface was 
recently indicated by the work of Leftin,35 who measured the absorption 
spectra of 1,1-diphenylethylene on silica-alumina catalyst. The absorp
tion spectra were consistent with other workers’ results and show catalyst 
acidity and carbonium ion formation.

The conventional interpretation of a cationic polymerization was not 
applicable since clay reactions occur heterogeneously and cationic reactions 
occur homogeneously in solution. Initiation of styrene polymerization 
with clays takes place by proton addition to monomer; chain propagation, 
transfer, and termination occur through several modes of attack involving 
carbonium ion. Termination of polymer chains may occur by monomer 
transfer, internal cyclization (which also involves monomer), and attack on 
solvent. Polymerization rates, temperature dependence, and molecular 
weights support this mechanism. The results of a study of the kinetics of 
this system will be reported shortly.

The deuterium exchange measurement with monomer indicates ready 
formation of a carbonium ion species. Polymer structure and termination 
products suggest that only aliphatic hydrogen is being replaced* but do not 
eliminate possibilities such as aromatic H. It further suggests the for-

* The infrared spectra of polymer and endgroup structure show a distinct lack of 
phenyl-substituted products.
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mation of a p-methylphenvlcarbonium ion on the catalyst surface such 
as the following species:

Other evidence indicating a preferred local attack on aliphatic carbon by 
both acid catalyst and carbonium ion has been obtained.

The absorption of styrene and other olefins on acid clay surfaces gives 
deeply colored complexes from gas phase, liquid phase, and solution. 
Absorption spectra of these complexes have not been measured, but the 
rapid rate of polymerization, the internal cyclization, the condensation 
with solvent and the solvent effect are characteristic of carbonium ion 
reactions.

The authors wish to acknowledge the advice and assistance of Professor C. S. Cope
land in the procurement of critcal equipment and in the design and interpretation of 
certain experiments.
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Résumé

On présente la preuve de l’hétérogénéité de réaction d’oléfines sur des surfaces argileuses 
acides et de l’acidité inhérente du catalyseur. On montre que l ’activité catalytique est 
due à un proton actif probablement associé avec l'aluminium tétraédrique. On observe 
la désactivation du catalyseur par des contaminants accepteurs de proton tels que l’eau, 
les amines et les oléfines basiques. On a déterminé les acidités des surfaces et l’hydrazine 
échangeable total dans le catalyseur par absorption en phase gazeuse et par analyse de 
deutérium respectivement. Les mesures sont en accord avec les mesures d’acidité 
préalables, les vitesses de polymérisation du styrène, et le mécanisme de polymérisation. 
On a mesuré les vitesses de polymérisation par observation temps-température et par 
analyse de monomères. On a déterminé l'hydrogène échangeable par échange de deu
térium et des mesures de sensité. L ’échange est complet à 9097 avant le début de la 
polymérisation.

Zusammenfassung

Die Heterogenität von Olefinreaktionen an sauren Tonerdeoberflächen und die saure 
Natur des Katalysators wird nachgewiesen. Die Aktivität des Katalysators geht auf 
ein wahrscheinlich mit tetraedrischem Aluminium verknüpftes aktives Proton zurück. 
Verunreingungen mit Protonenacceptorcharakter wie Wasser, Amine und basische 
Olefine desaktivieren den Katalysator. Overflächenacidität und gesamter austausch
barer Wasserstoff im Katalysator wurden durch Gasphasenabsorption bzw. Deuterium 
analyse bestimmt. Die Messungen wurden zu früheren Aciditätsmessungen, und zu 
Geschwindigkeit und Mechanismus der Styrolpolymerisation in Beziehung gebracht. 
Die Polymerisationsgeschwindigkeit wurde durch Zeit-Temperatur-Messungen und 
durch Bestimmung des noch vorhandenen Monomeren ermittelt. Austauschbarer 
Wasserstoff wurde durch Deuterium-austausch und Dichtemessungen bestimmt. 90% 
des Austausches trat vor Beginn der Polymerisation ein.

Received March 15, 1963
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Emulsion Copolymerization of Some Halogenated 
Olefins. I. Vinyl Chloride in Ternary 

Copolymerizations

DEAN E. LEY* and W. FRANK FOWLER, JR., Research Laboratories, 
Eastman Kodak Company, Rochester, New York

Synopsis

In the emulsion polymerization of vinyl chloride with various monomers, the rate 
and completeness of polymerization of this monomer depended upon the copolymerizing 
monomer. Vinyl chloride homopolymerized rapidly at first but did not go to completion; 
addition of a small percentage of acrylic acid reduced the initial rate of polymerization of 
vinyl chloride but complete conversion occurred. Copolymerization of vinyl chloride 
with alkyl acrylates having various side-chain lengths proceeded at different rates, 
depending inversely on the alkyl acrylate side-chain length. Effects on rate and com
pleteness of polymerization of vinyl chloride with various alk3’l acrylates and meth
acrylates (alkyl chain = 1-8 carbon atoms) and of the addition thereto of small per
centages of acrylic acid are also described. In the ternarj' systems, an ideal acrylate 
ester side-chain length of 4 carbon atoms was apparent in the presence of which most 
rapid and possibly most homogeneous copolymerization occurred. The phenomenon 
is discussed with respect to currently accepted emulsion polymerization theory.

INTRODUCTION

It is widely accepted that the copolymerization of vinyl chloride with the 
lower alkyl esters of acrylic and methacrylic acids leads ordinarily to poly
mers which are heterogeneous.1 Indeed, the tendency of a lower acrylate 
or methacrylate ester to polymerize with itself in the presence of vinyl 
chloride is so pronounced, that reasonably homogeneous copolymers can 
only be obtained by special procedures. For example, even in the prepara
tion of copolymers of ethyl acrylate and vinyl chloride in which the ratio 
of acrylate to halide is to be low in the final product, recourse to stepwise 
addition of the acrylate to the polymerization mixture over the course of 
the polymerization is taken. In this manner, more homogeneous polymers 
are obtained.

The most intensive study of vinyl chloride copolymerization with the 
alkyl acrylates and methacrylates has been in copolymers with methyl 
acrylate, ethyl acrylate, and methyl methacrylate, respectively—work 
which has been reviewed by Riddle.1 We have found that the rate of 
disappearance of vinyl chloride (as shown by pressure measurements) in

* Present address! B. F. Goodrich Co., Brecksville, Ohio.
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emulsion copolymerizations with various acrylates and methacrylates de
pends not only on the monomer ratio of the initial charge, hut also upon 
the length of the alkyl ester side chain. This paper, furthermore, describes 
the effect on copolymerization characteristics of such binary systems of the 
addition thereto of small percentages of a hydrophilic, highly reactive third 
monomer, acrylic acid. As will be seen, the relatively simple technique 
employed in this work may readily be employed to yield data of both 
practical and theoretical interest when one of the monomers in the system 
is a very volatile one.

EXPERIMENTAL

Since vinyl chloride possesses such a high vapor pressure (b.p. = 
— 13.9°C.) and it homopolymerizes and copolymerizes only under rather 
carefully regulated conditions, a special technique was required. Actual 
polymerizations were conducted in Duraglas bottles by tumbling them at 
15 rpm in an air-filled chamber which was maintained at 36.5°C. A redox 
catalyst system (ammonium persulfate-sodium bisulfite) was employed. 
All polymerizations were conducted in an inert atmosphere (nitrogen). 
The hydrogen ion concentration initially prevailing had to be high for 
polymerizations to proceed at reasonable rates. The surfactant solution 
selected was Triton 770 concentrated initially containing 30% sodium 
alkyl aryl polyethoxy sulfate, 23% isopropanol, and the balance water. 
It was found necessary to remove a portion of the isopropanol from the 
solution by evaporation in a rotating flask at room temperature using a 
water aspirator until the surfactant concentration was raised to 40%; 
otherwise latex coagulation occurred.

A. Homopolymerization o f Vinyl Chloride

The following reagents were added to a Duraglas pressure vessel (380 
ml. total volume): 80 ml. of distilled water (pH = 2.7, with acetic acid); 
1 ml. of evacuated Triton 770.

Reaction vessel and contents were cooled to — 20°C.; the following rea-

Fig. 1. Pressure-time curves for vinyl chloride homopolymerization and for vinyl 
chloride polymerized in presence of 4 wt.-%  acrylic acid.



H ALO G EN A TED  O L E F IN  C O P O LY M E R IZA TIO N 1865

gents were then added: 20.0 g. of vinyl chloride (Matheson Co.); 0.082 
g. of ammonium persulfate (Baker and Adamson); 0.027 g. of sodium 
bisulfite (Eastman P760). The free space in the reaction vessel was swept 
with nitrogen and then the vessel was sealed with a cap containing a 
puncturable, self-sealing gasket and placed on a tumbler rotating at 15 
rpm in an air bath maintained at 36.5°C. In 2.75 hr., the gauge pressure 
(transmitted from the reaction vessel to the gauge through a hypodermic 
needle2) rose to a value in excess of 100 psi. In 2 hr. more, it had dropped 
to 30.0 psi, and in a total reaction time of 24 hr., the pressure had declined 
to 16.5 psi, as shown in Figure 1. The polyvinyl chloride had precipitated 
during the reaction period and the reaction did not go to completion.

B. Copolymerization o f Vinyl Chloride with Various Acrylates

The following chemicals were added to a glass pressure reaction vessel 
(380 ml. total volume): 160.0 ml. of distilled water (pH =  2.7); 2.0 ml. of 
evacuated Triton 770; 20.0 g. of n-butyl acrylate (Rohm and Haas). The 
reaction vessel and contents were cooled to — 20°C. and the following

Fig. 2. Pressure-time curves for n-butyl acrylate-vinyl chloride copolymerizations. 
Ratios shown are ester:halide by weight.

Fig. 3. Pressure-time curves for ra-alkyl acrylate-vinyl chloride copolymerizations using 
acrylate esters of v a ry in g  side-chain lengths. All are 1:1 by weight.
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reagents added: 20.0 g. of vinyl chloride; 0.164 g. of ammonium persul
fate; 0.053 g. of sodium bisulfite.

The reaction was then run as in the homopolymerization of vinyl chloride 
described above. Copolymerization of this 50:50 weight mixture was 
complete in 5.50 hr., as many be seen in Figure 2 and from the fact that 
the yield of subsequently coagulated, washed, and dried polymer was 
practically quantitative. Monomer ratios of 70:30 and 30:70 by weight 
of these two monomers were also copolymerized with pressure records, as 
shown in Figure 2; yields of isolated polymers were quantitative in these 
cases also. With a monomer ratio of 50 wt.-% acrylate ester and 50 wt.-% 
vinyl chloride, ethyl acrylate, n-hexyl acrylate, and n-octyl acrylate were 
substituted for the n-butyl ester. Pressure data for these runs are shown 
in Figure 3. In all these cases, hydrosols of reasonable stability were 
obtained, although the yield of n-octyl acrylate-vinyl chloride polymer was 
not quantitative.

C. Copolymerization o f Vinyl Chloride with Acrylic Acid

The following reagents were added to the usual reaction vessel: 80 ml. 
of distilled water (pH = 2.7 with acetic acid); 1.0 ml. of evacuated Triton 
770; 0.8 g. of acrylic acid (Rohm and Haas). The reaction vessel and 
contents were cooled as just described and the following were added:
19.2 g. of vinyl chloride; 0.082 g. of ammonium persulfate; 0.027 g. of 
sodium bisulfite. Polymerization was conducted as just stated, the pres
sure record being shown in Figure 1. Yield of isolated polymer in this 
instance was quantitative.

D. Ternary Compositions

By using the general method outlined, a wide variety of esters was 
copolymerized with vinyl chloride and acrylic acid. Each ester, except the 
n-octyl acrylate, W'as copolymerized with halide and acid in three different 
weight ratios; as shown in Table I.

TABLE I

Ester, wt.-% Vinyl chloride, wt..-% Acrylic acid, wt.-%

67.2 28. S 4.0
48.0 48.0 4.0
28.8 67.2 4.0

A record of pressure change was kept of each reaction mixture, including 
the “ residual”  gauge pressure at the end of 24 hr. of reaction time. The 
esters included the following: methyl acrylate, ethyl acrylate, n-propyl 
acrylate, n-butyl acrylate, n-amyl acrylate, n-hexyl acrylate, 2-ethylhexyl 
acrylate, n-octyl acrylate, 2-methoxyethyl acrylate, 2-butoxyethyl acrylate, 
ethyl methacrylate, n-butyl methacrylate, and n-hexyl methacrylate.
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Fig. 4. Pressure-time curves for ethyl acrylate-vinyl chloride-acrylic acid copoly
merizations. Ratios shown are ester:halide by weight, polymerized in presence of 
4 wt.-% acrylic acid.

Fig. 5. Pressure-time curves for n-butyl acrylate-vinyl chloride-acrylic acid copoly
merizations. Ratios shown are ester:halide by weight, polymerized in presence of 
4 wt,.-% acrylic acid.

Fig. 6. Pressure-time curves for n-hexyl acrylate-vinyl chloride-acrylic acid co- 
polymerizations. Ratios shown are ester:halide by weight, polymerized in presence of 
4 wt.-% acrylic acid.
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Fig. 7. Pressure-time curves for n-octyl acrylate-vinyl chloride-acrylic acid co
polymerizations. Ratios shown are ester:halide by weight, polymerized in presence of 
4 wt.-% acrylic acid.

The data for the ethyl acrylate, «--butyl acrylate, «-hexyl acrylate, and 
«-octyl acrylate copolymerizations, respectively, may be found in Figures
4-7. Residual pressures in the bottles at the end of 24 hr. may be found 
in Table II. Only the n-butyl acrylate-vinyl chloride-acrylic acid co
polymerizations yielded polymeric products in nearly quantitative amounts.

TABLE II
Unpolymerized Vinyl Chloride Pressure after 24 Hr. in Ternary Copolymerizations

Acrylate ester

Residual pressure (gauge) after 24 hr. at 
various ester/halide/acid monomer ratios, psi

67.2/28.8/4 48/48/4 28.8/67.2/4

Ethyl 7.0 5.0 8.0
«-Butyl 0.0 0.0 0.0
n-Hexyl 11.5 7.0 3.5
n-Octyl — 37.5 24.0

The pressure-time curves for the ethyl methacrylate, «-butyl meth
acrylate, and «-hexyl methacrylate ternary copolymerizations, respec
tively, show exactly the same trends as are apparent in acrylate ester series 
of Figures 4-7. Further, residual gauge pressures at the end of 24 hr. 
show exactly the same trend as that shown by the acrylate ester series in 
Table II.

RESULTS

The data for the gauge pressure versus reaction time curve for the homo
polymerization and copolymerization of vinyl chloride, presented here, 
provide a relatively simple means of studying the effects of various mono
mers upon the rates of copolymerization of vinyl chloride with them. Un
der the conditions selected for this study it may be seen that vinyl chloride 
polymerized alone in aqueous emulsion does so with an initial surge, 
followed by a slower rate toward completion (Fig. 1).

The effects produced by the addition of alkyl esters of acrylic acid to the 
vinyl chloride on polymerization ratio may be seen in Figures 2 and 3.
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While the presence of ethyl and n-butyl acrylates, respectively, resulted in 
a rapid decrease in pressure of the vinyl chloride, as has been observed 
by others,3’4 a longer induction period was observed with the n-hexyl 
acrylate-vinyl chloride system. With the n-octyl acrylate-vinyl chloride 
system, a still longer induction period was noted and the subsequent de
crease in pressure was very slow.

Acrylic acid in small percentage considerably tempers the initial surge 
observed with vinyl chloride homopolymerizations and increases the rate 
of disappearance of vinyl chloride in the later stages of reaction, as shown 
in Figure 1.

The pressure data obtained for the several acrylate ester-vinyl chloride- 
acrylic acid copolymerizations (see Figs. 4-7) indicate a number of signifi
cant facts. (1) With ethyl acrylate, there was an extremely rapid 
polymerization reaction at the start which quickly subsided to leave a 
residuum of pressure which, even in 24 hr. (see Table II), was still appreci
able. (2) With n-butyl acrylate, the initial exothermic surge was not 
as great and residual pressure after this surge disappeared more promptly, 
so that, in 24 hr., gauge pressures were all zero. (3) With n-hexyl acry
late, the initial rises in pressures and the subsequent declines were both 
more gradual than with the n-butyl ester-containing monomer mixtures, 
so that, after 24 hr., gauge pressures were still appreciable. (4) With 
n-octyl acrylate, both the initial rises and the subsequent declines in pres
sure were still more gradual than in the presence of n-hexyl acrylate, so 
that, after 24 hr., gauge pressures in the presence of the n-octyl acrylate 
were higher than those in the presence of the n-hexyl ester.

DISCUSSION

In interpreting the data presented above, it should be borne in mind that 
the selection of a simple pressure measurement made upon a reaction mix
ture rotating in an air bath precludes possibility of obtaining exact kinetic 
data. As reaction temperatures vary over the course of polymerizations 
done in this simple system, monomer concentrations, solubilities and reac
tivities likewise vary. However, general shapes of pressure curves, pres
ence or absence of final pressures, and relative magnitude of residual pres
sures (when found) offer a simple semiquantitative way of classifying rela
tive reactivities of monomer combinations herein discussed. Qualitative 
substantiation of conclusions drawn must take cognizance also of whether 
or not yield of polymer w as quantitative.

Under the particular set of reaction conditions selected for these series 
of experiments, the emulsion homopolymerization of vinyl chloride was 
found to be, though initially rapid, incomplete in 24 hr. (Fig. 1).

The addition of various proportions of n-butyl acrylate to the vinyl 
chloride markedly enhanced the rate of vinyl chloride polymerization, as 
shown in Figure 2. This is also true of other lower alkyl acrylate esters, 
as illustrated by the pressure curve for a typical ethyl acrylate-vinyl
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chloride polymerization, as may be seen in Figure 3. Since with longer, 
side-chain alkyl acrylates, such as the n-hexyl and n-octyl acrylates, re
spectively, longer induction periods were noted, plus a very slow subsequent 
decrease in pressure in the presence of the n-octyl acrylate, there appears 
to be an ideal acrylate ester side-chain length for complete polymerization 
of the vinyl chloride. These results indicate further that the alkyl acrylate 
esters of short, side-chain length initiate free radicals, involving monomer, 
partly polymerized monomer, or both, more readily than vinyl chloride 
can generate either. Once a growing chain has been initiated in such a 
system via a free radical, vinyl chloride monomer appears to add to it with 
speed.

The addition of a small percentage of acrylic acid to the vinyl halide- 
containing system somewhat decreased the initial rate of polymerization 
of the latter, while finally resulting in a larger overall conversion (see the 
Experimental section and Fig. 1). These observations led to the examina
tion of ternary monomer systems containing acrylate ester, vinyl chloride, 
together with a relatively small percentage of acrylic acid. It wras hoped 
that the inclusion of the acrylic acid wrould so alter the rates of copolymer
ization that an even sharper delineation could be made with respect to the 
effect of the acrylate ester. Thus, an “ ideal” alkyl ester side-chain length 
might be more easily discerned. Such proved to be the case.

In the polymerization of the various ternary monomer combinations, 
involving vinyl chloride, an alkyl acrylate, and a small percentage of acrylic 
acid, a systematic change in the shape of the pressure-time curves may be 
observed (Figs. 1-7), depending once again upon the length of the acrylate 
ester side chain. These data show- that for these monomer combinations 
an ideal acrylate ester side-chain length exists to ensure complete poly
merization of the vinyl chloride and that this is 4 carbon atoms. This is 
true over a rather wide range of acrylate ester:vinyl halide monomer 
ratios.

When the number of carbon atoms in the alkyl group of the acrylate was 
less than 4, a small amount of vinyl chloride remained unpolymerized even 
after 24 hr. (Table II). This rvas true even though the initial increase in 
pressure, owing to the heat of polymerization (or copolymerization) of the 
acrylate, was large and the decline in pressure from the peak attained was, 
at first, quite rapid. It is suggested that this observation is due to the 
extremely rapid rate of homopolymerization of the ester (when Mi =  
vinyl chloride and = methyl acrylate, then at 50°C., n  =  0.083 and 
r2 =  9.05), combined with its high rate of diffusion from monomer droplet 
to soap micelle because of greater solubility in water than the vinyl chlo
ride. The net result of these two effects, both operating to favor rapid 
polymerization of the acrylate ester when the alkyl group attached to the 
latter is small, is to produce the curves obtained in Figure 4.

When the number of carbon atoms in the alkyl group of the acrylate 
ester was 4, the rate of diffusion of acrylate ester from droplet to micelle 
and the inherent reactivity of this particular monomer are such as to result
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in virtually complete polymerization of the vinyl chloride and the ester in 
about 8 hr. (Fig. 5). It should be noted that the order of monomer reac
tivities rises in the same order whether these be calculated on a molar or 
weight basis.

When the number of carbon atoms in the alkyl group of the acrylate was 
greater than 4, rate of diffusion of ester and reactivity of the ester are both 
sufficiently low so as to preclude rapid disappearance of vinyl chloride. 
Such is, indeed, observed to be the case for both n-liexyl acrylate copoly
merization (Fig. 6) and n-octyl acrylate (Fig. 7), respectively.

The same relationships just observed apply, in similar fashion, to a 
parallel study made upon the attempted copolymerization of various lower 
alkyl methacrylate esters with vinyl chloride in the presence of a small 
percentage of acrylic acid.

Two effects, solubility in water and inherent reactivity of the various 
esters in copolymerization, operating together, could account for the 
observed results. In Table III are presented data showing the solubilities 
in water of the monomers involved.

TABLE III
Monomer Solubility in Water

Monomer Solubility, g./l.

Vinyl chloride 0.9 (20°C.)“
Ethyl acrylate 15.1 (25°C.)
«-Butyl acrylate 1.34 (20-25°C.)
«.-Hexyl acrylate 0.18 (20-25°C.)
« - ( )ctyl acrylate 0.0(33(20-2,3 °C.)

a Data of Schildknecht.6

Tkachenko and associates7 have studied the mass copolymerization of 
vinyl chloride with methyl, butyl, and octyl acrylates in glass ampules 
under nitrogen at 45°C. using a,a'-azobisisobutyronitrile as initiator to 
ascertain effects of higher acrylate esters on the elastic properties of the 
copolymers. Rates of copolymerization and molecular weights are raised 
by higher proportions of acrylates. The rate constants of copolymeriza
tion, a = K aa/Kbb and /3 = K Bb/Kba, where A is the molar proportion 
of vinyl chloride and B that of the acrylates, were: for methyl acrylate, 
a =  0.06 and ¡3 =  4.0; for butyl acrylate, a = 0.07 and /3 =  4.4; and for 
octyl acrylate, a =  0.12 and /3 =  4.8. From these data it appears that if 
the presence of water (as in the emulsion polymerizations) were not in
fluencing copolymerization rates profoundly, the pressure-time curves of 
the figures shown herein would not vary as widely as observed.

Thus, n-butyl acrylate shows approximately the same tendency toward 
alteration in copolymerizing with vinyl chloride as does methyl acrylate. 
It is, therefore, concluded that solubility of acrylate ester in water is the 
predominant factor causing the observed results with a qualifying limita
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tion imposed by the fact that the reactivity ratios cited are for mass and 
not emulsion polymerizations of these monomers.

The authors wish to thank Dr. C. W. Zuehlke and Mrs. E. M. Gordon, of these 
Laboratories, for determining the solubilities of the various alkyl acrylates listed in 
Table III.
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Résumé

Dans la polymérisation du chlorure de vinyle avec différents monomères, la vitesse et 
le rendement final de la polymérisation de ce monomère dépendent du monomère 
copolymérisant. Le chlorure de vinyle homopolymérise d’abord rapidement mais il 
ne va pas jusqu’au bout, l’addition d un petit pourcentage d’acide acrylique réduit la 
vitesse initiale de polymérisation du chlorure de vinyle, par contre il y a conversion 
complète. La copolymérisation du chlorure de vinyle avec des acrylates d ’alcoyle, ayant 
des longueurs de chaînes latérales différentes, procède à des vitesses différentes dépendant 
de la longueur de chaîne latérale de l’acrylate d ’alcoyle. Les effets sur la vitesse et le 
rendement final de la polymérisation du chlorure de vinyle avec des acrylates et métha
crylates d’alcoyle différents (chaîne alcoyle de 1 à 8 atomes de carbone) et de l’addition à 
cela de faibles pourcentages d’acide acrylique sont aussi décrits. Dans les systèmes 
ternaires, il semble qu’un ester acrylique de longueur de chaîne de quatre atomes de 
carbone est idéal, et assure une copolymérisation à la fuis plus rapide et plus homogène. 
Le phénomène est discuté en regard de la théorie.

Zusammenfassung

Bei der Emulsionspolymerisation von Vinylchlorid unter Zusatz verschiedener Mono
merer hängen Geschwindigkeit und Vollständigkeit der Polymerisation von Vinylchlorid 
von copolymerisierenden Monomeren ab. Vinylchlorid homopolymerisiert anfangs 
rasch, doch wird keine vollständige Umsetzung erreicht. Durch Zusatz von wenigen 
Prozenten Acrylsäure wird zwar die Anfangsgeschwindigkeit der Yinylchloridpolymerisa- 
tion erniedrigt, es tritt aber vollständiger Umsatz ein. Die Copolymerisation von Vinyl 
chlorid mit Alkylacrylaten verschiedener Seitenkettenlänge verlief mit unterschiedlicher 
Geschwindigkeit; diese ist der Länge der Alkylacrylat-Seitenkette ungekehrt propor
tional. Ausserdem werden die Einflüsse von verschiedenen Alkylacrylaten und -meth- 
acrylaten (Alkylketten mit 1 bis 8 C-Atomen) und von Zusätzen kleiner Mengen Acryl
säure zu diesen Gemischen auf Geschwindigkeit und Vollständigkeit der Polymerisation 
von Vinylchlorid beschrieben. Bei den ternären Systemen erwies sich eine Acrylester- 
Seitenkettenlänge von 4 C-Atomen als ideal, da bei ihrem Vorliegen die schnellste und 
möglicherweise die am meisten homogene Copolymerisation auftrat. Die Erscheinung 
wird auf der Grundlage der konventionellen Theorie der Emulsionspolymerisation dis
kutiert.
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Solubility of Nonpolar Gases in Polymers: 
Some New Considerations

T. K. IvWEI and W. M. ARNHEIM, Central Research Laboratories, 
Interchemical Corporation, Clifton, New Jersey

Synopsis

A model is proposed for the solution of gases in polymers. Gas molecules are assumed 
to reside in the “ free”  volume without net disruption of polymer-polymer contacts. A 
number of conclusions result from this model, which are in excellent agreement with 
experimental results.

I. INTRODUCTION

In a recent study of the solubility of gases in polyethylene1 it was shown 
that the heat of solution Alii could be expressed as:

A Hi = HP -  Hv (1)

In eq. (1) — Hv is the niolal heat of condensation of the gas at its normal 
boiling point, Tl; and Hp is a constant for a given polymer. The heat of 
solution, MR, is calculated from the solubility by eq. (2):

S =  No exp{ — AHi/RT} (2)

where N/22400 is the solubility, usually expressed in moles of gas per 
milliliter of polymer at 25°C. and 1 atm. pressure. Nonpolar gases (He, 
N2, CO, Oa, A, CH4, COs, CoH6, SF6, C3H6, C3H8, and C3H4) were used in 
the above investigation.1 The heats of solution of a limited number of 
gases in rubbers also appear to obey eq. (1) approximately.2

If we now consider a gas at pressure P  and temperature T in equilibrium 
with a solution in which its concentration is S, thermodynamically we 
obtain3

MR = —H" +  M V "  -  f ‘ (Cp -  C/)dT  (3)
J n,

where AH f" is the partial molar heat of mixing at the boiling point, Cv is 
the partial molar heat capacity of the gas in solution at 25°C. and C/  is the 
corresponding heat capacity of the gas. The last term in eq. (3) is often 
small with respect to the others and may be neglected. Comparison of eq. 
(1) with eq. (3) then identifies II„ with Ilf". The heat of mixing, which 
originates from the replacement of contacts between like species with

1873
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contacts between unlike species, may be represented by the following 
stoichiometric equation according to the quasichemical method :

m i ]  +  V 2 [2,2] = [1,2] (4)

these symbols ([1,1], [2,2], [1,2]) representing contacts broken and con
tacts formed.4 For spherical, nonpolar molecules, the pair contact energy 
between unlike species, Wn, may be approximated by:

T-F122 = Wn X W 22 (5)

or

W » = '/»{Wn +  W 22) (5a)

If the gas-polymer interaction obeys eq. (5), Af?im has a characteristic 
value for a given gas-polymer pair and is not a constant. If Wn is best 
expressed by the arithmetic mean of W n and 11%, A/?i'n is zero. The 
experimental Hv value of about 2 kcal./mole for high density polyethylene 
is, therefore, not easily understood.

II. A SIMPLE MODEL 

Heat o f Solution

We would like to propose the following model for the solution of nonpolar 
gases in polymers. In the theory of liquids, the concept of “ free volume” 
has proved to be of great utility, especially in the understanding of trans
port phenomena.5 For example, molecular transport may be considered 
to occur by the movement of molecules into “ voids,”  not as a result of an 
activation in the ordinary sense, but rather as a result of the redistribution 
of free volume within the liquid.6 If it is now assumed that the dissolved 
gas molecules reside in the “ free” volume of the polymer so that the solution 
process is not accompanied by a net breakage of polymer-polymer contacts, 
the energy change for the formation of gas-polymer pair contact is simply :

A IF =  Wn -  '/»Wn (6)

By introducing the arithmetic mean approximation for Wn, eq. (6) be
comes :

AW  =  '/»{Wn +  W J  -  '/»Wn =  '/»Wn (7)

We now arrive at a formula where the heat of mixing of the dissolved gas 
molecule with the polymer is dependent on the nature of the polymer alone, 
in agreement with the experimental observation.

The concept described above is not entirely new and has been proposed 
by Lundberg and co-workers from a consideration of the positive tempera
ture coefficients of gas solubilities5 in polyethylene. The free volume of a 
polymer, although ill-deiined, has been estimated by various authors to be 
in the range of 2.5 to about 15% of the actual volume of the amorphous
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polymer at the glass transition temperature (T„) of the polymer.6 At 
temperatures above Ta, the fraction of free volume in the polymer, {V fv), is 
presumably much larger. The solubility S of many common nonpolar 
gases in polymers is usually in the range of 5 X 10-7-3 X 10~4 mole/ml. 
polymer. The available free space in the polymer is probably 101 to 103 
tunes greater than the volume of the dissolved gas molecules. The above 
model is therefore physically possible.

Entropy o f Mixing

The entropy of random mixing of ih gas molecules with a polymer con
taining n2 molecules per milliliter can be calculated most conveniently by 
the free volume method.7

Sb nji In 1 fv Tl\V y

-  rhV  Jt _
T  uli In

V  fp til 1 y

-  v7v -
(8)

where V„ is the geometrically excluded volume associated with each dis
solved gas molecule and Vfg is the free volume per gas molecule in the 
gaseous state (1 atm., 25°C.) and is approximately equal to 2240077 
Nav273. In the limiting case where thVe < <  V fv, may be approximated
as:

-S'11 = >hk In (VfJtuVfy) (9)

Ai1* = dSR/dnl =  k In ( Vfp/tii Vn) — k = k In Vfp — k In S —
k In (77273) -  k (9a)

If the entropy of mixing is represented by Sili, we obtain, at solution 
equilibrium:

A H , =  T S in

and

- R T  In 8  =  -  AHi +  RT In Vfp -  RT In (7’/273) -  RT

= - H v +  II" +  RT In Vfp -  RT In (77273) -  ItT (10)

III. DISCUSSION

Several interesting consequences may be drawn from eq. (10).
(7) The dependence of In S on the property of the gas is solely due to 

the —IT term. No other parameter relating to the property of the gas 
appears in eq. (10). The well known correlation between In S and 7\, or 
Leonard-Jones constant, strongly supports our conclusion.1'8 (In a pre
vious study based on Flory-IIuggins’ lattice model,1 the equation contains 
the partial molar volume of the gas and the gas-polymer interaction pa
rameter.)

(2) The dependence of In S on the properties of the polymer is due to 
VfP and IIP, the latter term being related to the internal pressure of the 
polymer.
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(3) Equation (10) can be rewritten as:

S =  (273/el) [Vfv  exp [ - H J R T ]  ] [exp {H v/RT} \ = LW  (11)

where W  ( =  exp {H"/RT}) is a characteristic parameter of the gas and 
L is a characteristic parameter of the polymer. The ratio of the solubilities 
of two gases i and j  in polymer m is simply,

S tJ S ]m -  Wi/W, (12)

and is dependent only in the nature of the two gases. Similarly the ratio 
of the solubilities of gas i in two polymers m and n is,

L m/ L n

and is dependent only on the nature of the two polymers.
In a previous paper,9 it has been shown that the ratio of the diffusion co

efficients D of any gas pair in the series A, Ne, 1%, Ch, CO, COs, and pos
sibly several other gases through a given polymer seems to lie within a very 
limited range. The quantity Dim/Djm is approximately constant, regard
less of m, with an uncertainty factor probably less than 50%. The ratio 
Dim/Din for any of these gases through two polymers m and n is primary a 
function of m and n, regardless of i, with an uncertainty factory probably 
less than 100%. We can now derive two interesting relationships for the 
permeability constant P, which is the product of D and S:

P in

Pm

Dim %'rr 
D jin Sjm

=  F (i ,j ) (14)

and

Pirn

P in

Dim

Dm Si]
=  F (m , n) (15)

Experimental permeability data in support of these deductions have been 
reported in the literature.*■10

%) According to eq. (10), a proportionality constant of unity between 
— RT In S and AH1 would be expected. A plot of solubility data for eleven 
gases in high density polyethylene1 gives eq. (16) with a correlation coef
ficient of 0.986,

— R T  In S =  0.76 AfR  +  2.35 (16)

and

RT In No = 0.24 AHi +  2.35 (16a)

The solubility data for ten other rubbers2 indicate proportionality con
stants between —RT In S and AIR in the range of 0.58 and 0.78, the major
ity being around 0.70. The correlation coefficients of these plots range 
from 0.933 to 0.977, the majority being greater than 0.96. It appears pos
sible that the experimentally determined proportionality between —RT In
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S and A/?i is significantly less than unity. It may be recalled that it is cus
tomary to equate the entropy of random mixing >SR to the total entropy of 
mixing which is actually the sum of *SR and the excess function aSe . 3 The 
excess function SK is usually neglected in the formulation of the theory of 
polymer solution. The experimentally observed proportionality constant 
—  R T  In S and A H lt however, may be construed as evidence suggesting the 
importance of the <SE contribution to the solubility data. If the SE con
tribution is added to eq. (1 0 ) a comparison of the amended equation with 
eq. (16) tends to suggest a linear dependence of 5iE on Hh which is itself 
an excess function in Prigogine’s terminology . 3 The theoretical implica
tion of these tentative deductions is admittedly not completely clear at 
present, but an example of the interrelation between the excess functions 
can be found in the theory of conformal solutions. 4

(5) In a previous paper9' 12 on the diffusion of gases through polymers, a 
general correlation between log D 0 and A E D was discussed:

A E d/ T  =  6.75 log D 0 +  23.80 (17)

where D 0 and A E D are defined by eq. (18),

D  =  D 0 exp { —A E d/RT] (18)

Combination of eqs. (16a) and (17) results in a linear dependence of log 
DoSo on — (AE d +  Affj), the former term being identical to log P 0 and the 
latter, to — AE v. The quantities log P a and — A E V are defined by:

P  =  Poexp A - { E V/ R T ]  (19)

The linear dependence of log P 0 on —AE v was first discovered experimen
tally by D oty . 13

Finally it may be remarked that our model is a general one and is ap
plicable to the solution of nonpolar, spherical gases in liquids in general. 
The usefulness of eq. (10) is reflected in the excellent correlation between log 
S and Lennard-Jones constant for the solution of gases in liquids like ben
zene and heptane . 1' 11 Our model is not expected to be applicable to the 
solution of organic vapors in polymers where extensive swelling results.
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Résumé

On propose un modèle pour la dissolution des gaz dans des polymères. Les molécules 
de gaz sont situées dans le volume “ libre”  sans rupture nette des contacts polymère- 
polymère. Aux dépens de ce modèle, on peut formuler plusieurs conclusions qui sont 
en excellent accord avec les résultats expérimentaux.

Zusammenfassung

Es wird ein Modell für den Lösungszustand von Gasen in Polymeren vorgeschlagen. 
Dabei wird angenommen, dass sich die Gasmoleküle im “ freien”  Volumen aufhalten, 
ohne dass eine wesentliche Trennung von Polymer-Polymer-Kontakten auftritt. Eine 
Anzahl der aus diesem Modell gezogenen Folgerungen steht in ausgezeichneter Überein
stimmung mit experimentellen Befunden.
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Potentiometrie Behavior of Polymethacrylic Acid
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Rijksuniversiteit te Leiden, Leiden, Netherlands

Synopsis
The potentiomet-ric behavior of polymethacrylic acid is discussed in terms of a con

formational transition. A thermodynamic treatment of this transition is presented. 
The titration curve of polymethacrylic acid is analyzed in a detailed wav and quantitative 
information regarding the transition is obtained.

1. INTRODUCTION

It appears from published experimental evidence that the properties of 
polymethacrylic acid (PMA) in aqueous solution are somewhat peculiar.

From their viscosimetric investigations on PMA, Katchalsky and Eisen- 
berg1 concluded that the undissociated acid must be a highly coiled mole
cule, impermeable to the flow of the solvent. On ionization of the car
boxylic acid groups the molecule unfolds, to assume highly extended con
formations at large degrees of dissociation.

Arnold and Overbeek2 and Katchalsky3 observed the peculiar shape of 
the plots of the viscosity and the apparent pK  [ =  pH +  log (1 — a)/a, 
where a is the degree of dissociation] versus a. Similarly, this was found 
by Arnold4 in his plots of pK  versus a /3. He observed, however, that 
the peculiarity is absent in the plots for polyacrylic acid (PAA) which was 
confirmed by the present authors.6 The sigmoid shape of the viscosity 
curve was also observed by Gregor, Gold, and Frederick.6

From the work of Arnold and Overbeek it may be seen that the specific 
viscosity of ICG2 eq./l. PMA in the presence of 10_ W  KC1 increases mod
erately during the first 10% of dissociation, then increases greatly and levels 
off at about 30% dissociation. The apparent p /i, as derived from po- 
tentiometric titrations, exhibits a dependence on a that may be correlated 
with the observed viscosity changes. In the first region, of slow viscosity 
increase, the apparent pK  is seen to increase greatly. The region of large 
viscosity increase coincides with a nearly constant pK. In the last region, 
both viscosity and pK  increase moderately.

Katchalsky3 and Arnold4 relate these phenomena, qualitatively, to con
formational changes of the polymer chain as a result of the repulsion of the 
identical charges that are fixed to the chain.

These conclusions are confirmed by the results of the investigation of the 
diffusion properties of PMA by Ivedem and Katchalsky.7 During the

1879
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first part of the titration of PM A, the electrostatic repulsion exerted on the 
chain segments of the molecule are counteracted by contractive forces, 
resulting on the one hand from the conformational free enthalpy of the 
chain and on the other hand from the intramolecular attractive forces 
(e.g., hydrogen bonds and van der Waals interactions). Consequently, 
the dimensions of the molecule will change slowly and the charge density 
in the polymeric regions (and as a consequence p/A) increases steeply. 
When a certain expansion of the coil is achieved by the repulsive forces, 
the short-range interactions between elements situated far apart along the 
chain cease to influence the coil dimensions. As a result, a remarkable 
expansion of the polymer chain will occur during the second part of the 
titration. As in this region, an increase of the charge is immediately fol
lowed by an expansion of the polymer coil, no appreciable change in the 
charge densit.y and in the electrostatic potential will occur.

When large expansions are reached—which for a noncharged polymer 
would correspond to highly improbable conformations—the influence of the 
conformational free enthalpy will level off the further increase of the di
mensions with increasing charge and the electrostatic potential will start 
to rise again.

It is interesting to note that for PAA the intramolecular interaction does 
not seem to play a similar important role in potentiometric and viscosity 
behavior. This indicates that in the region where PMA changes from a 
dense coil to an expanded molecule the van der Waals forces due to the 
methyl groups are important. This region may be interpreted as an inter
val where a conformational transition between two different molecular forms 
of PMA occurs.

In the following sections of this paper this transition will be discussed 
from a theoretical point of view and from a detailed analysis of titration 
curves some quantitative information related to this transition will be 
obtained.

2. THEORETICAL

Zimm and Rice8 have already given a statistical mechanical treatment 
for a related problem starting from a detailed model which, however, is not 
applicable in general. Here a more general thermodynamic treatment is 
used to derive some results also found by these authors.

We will consider only dilute aqueous solutions of PMA, leaving inter- 
molecular interactions out of account. The transition will be described as 
occurring between two forms, a and b, in which the system (the PMA 
molecule) or a portion of it may exist. At low a values the a form, PMAa, 
dominates and, after passing the transition region, at higher values of a, 
the b form, PM A h, will occur predominantly. At all a values thermody
namic equilibrium, as specified below, is supposed to exist between the two 
forms.

It should be noted that, on a molecular scale, both a and b may dispose 
of a large number of conformations. The experimental evidence by no
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means allows the conclusion that a and b should be distinguished as ordered 
and random conformations. Intramolecular interaction has to be admitted 
for both forms, leaving the magnitudes of the contributions of the different 
types of interactions unspecified. In fact, the system has to be described 
as being composed of two thermodynamically distinguishable forms of 
PMA without any exact picture of the physical details underlying the 
difference between a and b. The only statement that may be safely made, 
concerning the distinguishing characteristics of a and b, is that a is a more 
densely coiled form than b. Consequently, short-range forces between 
elements situated far apart along the chain will be more important in form 
a than in form b. Still, it might be useful to obtain information about the 
transition free enthalpy per monomeric unit. As this free enthalpy dif
ference depends on the degree of ionization of the polymer molecule, the 
only quantity reflecting the difference between a and b in a straightfor
ward way, will be the transition free enthalpy at a =  0.

The thermodynamic properties of the polyacid will be formally ex
pressed as a function of the equivalent quantities for the monomeric units. 
Units bearing dissociated or undissociated acid groups, will be designated 
by A -  and HA respectively.*

These monomeric units may take part in different simultaneous equilibria 
(as, for example, hydrogen bonding). These equilibria will be accounted 
for by assigning different thermodynamic potentials ua and mha5 to the

* We will represent the polyeleetrolyte in solution as a collection of monomeric units 
with a limited individual mobility. These monomeric units may have different proper
ties and will be characterized by their chemical potential ¡i which may be expressed in 
two different ways:

n  =  wt +  RT  In ak = ii°k +  RT In f kck

V-*. =  mP +  RT  In ak' = a*/ +  RT  In /Pet'

In the first equation the standard state is chosen with respect to a solution containing 
only monomers, ek expressing the overall concentration of the monomeric units in the 
total solution. The activity coefficient fk then takes into account all possible inter
actions, including intramolecular binding along the polymeric chain, etc. In the second 
equation, the standard state is chosen with respect to the solution inside the polymeric 
region so that nh°' already contains the intramolecular binding. (As the standard state 
may be chosen arbitrarily another choice may be useful, as will be shown later.) The 
concentration cp  expresses only the concentration of the monomeric units inside this 
polymeric region, which is proportional to the degree of polymerization Z  and inversely 
proportional to the volume Vv occupied by this region.

We thus have
eP =  raP/Fp =  ck{V /V v){nK'/nk)

where nP is the number of monomeric units of type k inside a polymeric region, nk the 
total number of these monomers in the solution. Thus we may also write

iik =  iik°' +  RT  In fk” +  RT  In ck

fk" = fk\V/VPXnk'/nk)

Note that nh Ink is a constant for a given polymer concentration, whereas V/Vv may 
change if Vp is dependent upon the physical conditions of the solution.
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units bearing dissociated or undissociated acid groups engaged in erjuilibria 
of type i  or j .

The question, whether the a ^  b equilibrium may be introduced as 
just one of all the simultaneous equilibria in which the monomeric groups 
engage, needs some consideration. The a —*■ b transition is expected to 
have a cooperative character, as a transition to conformations consistent 
with a less dense coil can only affect a given monomeric unit if a number 
of its neighbors participate.

It will be assumed that the smallest unit capable of the a -*■  b transition 
consists of q monomeric units. Part of these units may bear dissociated 
carboxylic acid groups and the rest bears undissociated acid groups. The 
introduction of the equilibrium conditions for the transition of the q units, 
together with the condition of the dissociation equilibrium, results in the 
equality of the thermodynamic potentials of the monomeric groups of 
the same sort (A -  or HA) in the states a and b. Consider the q units of 
a. Of these r  will be in the A -  form. At equilibrium we must have that

Mha'  =  MHa"  =  M HAa 
i    j !    a

MA- -  MA- -  MA- 
a a iMHA — Ma-  +  Mh+

where ¿¿h +  ¡s the thermodynamic potential of the hydrogen ions. Anal
ogous expressions hold for the units of conformation b, of which s will be 
in the A -  form. Therefore if one represents the transition by the formal 
equation

a ^ b + ( s - r ) H  + 

then the equilibrium condition will be given by

( q  —  r) M H A *  +  ? > A - a =  (q —  s) / ¿ H A b +  S M A - '1 +  (s ~  »") M I-I+ ( 1 )

On the other hand, the condition of dissociation equilibrium necessitates 
that

a a b b /q \Mha — Ma-  — MHA ~  Ma-  — MH+ (¿)

Combining eqs. (1) and (2) yields

/*HAa =  MHAb =  Mu A
a b

ma-  — ma-  — MA~

Thus, at least formally the a ^  b equilibrium may be described in the same 
way as the other equilibria in which the monomeric units engage.

After equilibrium has been established all ,uA- 1 are equal and the same 
holds for all ¿¿h a  . Furthermore the dissociation equilibrium demands the 
equality of ^haj and (/uA- ‘ +  mh+), irrespective if the value of i and,/.

Now, at constant pressure and temperature, a change in the free en
thalpy per polyacid molecule may be written:

d G  =  X I ma- ’ dnA-  +  X mjt.a r^n r \ . \ (3 )
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After establishment of thermodynamic equilibrium between all i:

Ma =  ma-  (4)

Also

S  = dnA-  (5)
i

Together with the analogous relation for the HA groups these expressions 
may be substituted in eq. (3) :

dG =  fiA-  dnA-  +  fi ha dnH a (6)

As nA-  +  nHA = Z, where Z is the total number of monomeric units in 
the polymer chain, and because of the dissociation equilibrium, dG be
comes :

dG =  — gH+ dnA-  (7)

G may also be written as the sum of the free enthalpy contributed by the 
a form and the b form and as a consequence:

dG =  dGa +  dGh (8)

At a =  0 and at a = ax, the polyacid is assumed to be completely in state 
a and state b respectively. Thus dG may be integrated between a =  0 and 
a =  aT, giving Cfb — (r0a, which is the free enthalpy difference between 
PMAb at a degree of dissociation ax, and PMAa at a =  0. From eq. (7) it 
may be seen that the mentioned free enthalpy difference might actually be 
evaluated by integration of a titration curve. A quantity which is more 
directly related to the difference between a and b because of the elimination 
of charge effects, is Gob — Gea. This quantity may also be obtained.

Extrapolation from the titration curve of PMAb to values of a below ax 
produces estimated values of pH for PMAh in this region. These pH 
values will be called pHb. They refer to a virtual solution in which only 
PMAb would exist at all values of a. Then Gah — (?na may be obtained from 
eq. (7) by the following integration:

f t  (pH -  PHb) da = (G0h -  G t) (9)

Here a =  nA-/Z. As will be seen later, it is useful to transform eq. (9) 
into a relation which is a function of the respective p/A’s

S t  (PK  -  PK h) da = (G t -  G t) (10)

Thus it is seen that the transition free enthalpy at a =  0 may be deter
mined experimentally if p/vb is known in the region of a values below a =  
ax This was also established by Zimm and Rice8 for helix-random coil 
transitions It is seen from the present derivation that eq. (10) has a 
general validity for any transition equilibrium.
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Regarding the extrapolation procedure to obtain pHb values the follow
ing observations may be made.

It has been observed experimentally (for example, Katchalsky and Spit- 
nik, 9 Strobel and Gable, 10 Fischer and Kunin,11) that the titration be
havior of many polyelectrolytes over a large range of a values conforms to 
the extended Henderson-Hasselbach equation:

pH = pK a -  n log (1 -  a)/a (11)

Here pK a and n are constants at constant polymer and neutral salt con
centrations. The nature of pK a may be seen by introducing the apparent 
pK , as defined previously, into eq (9 ) :

pK  =  pR'a — (■n -  1) log ( 1  -  a)/a (1 2 )

Integration of both sides of eq. (10) with respect to a between the bound
aries ai, and 1 — ai, shows pK a to be equal to the average of the apparent 
pK  in a range symmetrical around a =  0.5.

Thus, eq. (10) gives the dependence of pK  on a with pK a =  $ K a -  o-s- 
as a point of reference. The large dependence of pK  on a is generally at
tributed to the increase of the electrostatic free enthalpy of the ionized 
polymer duirng the titration. It should be emphasized that the extended 
Henderson-Hasselbach equation gives an experimentally well tested rela
tion between the degree of dissociation of the polyacid and the pH of the 
solution. Although (ra-1) log (1 -a)/a  may be considered to be the term 
depending on the activity coefficients of the dissociated and undissociated 
carboxylic acid groups (pH is here supposed to equal the negative loga
rithm of the activity of the hydrogen ions) this is of no consequence for the 
way this equation is used here. Still it should be noted that both param
eters pK a and n depend strongly on the physical properties of the poly
electrolyte and its environment.

Therefore it should be expected that two regions in which an extended 
Henderson-Hasselbach equation is valid will be observed if PMA exists 
for an appreciable range of a values predominantly as PMA“ before a 
transition to PMAb occurs. By extrapolation of these plots into the tran
sition region it would then be possible to obtain, for example, pHb values 
which may be transformed into pA!b values needed to evaluate eq. (1 0 ).

If pK  — pK h is integrated between av, at which values PMA still exists 
as PMAa, and ax as defined previously, the result will evidently be (Gh — 
Oa)/2.3 ZkT  at av. This free enthalpy difference, of course, contains a 
term related to the different intramolecular electrostatic interaction in a and 
b. If this term is eliminated by extrapolating (Gh — (7a)/2.3 ZkT  to in
finite ionic strength, the result will be (Gb — (7a) „ i a!//2.3 ZkT. Now, G may 
be divided in different portions:

( ? = ( ? *  +  Gmix +  Ge i +  Ga

where Gmix is the ideal entropy of mixing for the monomeric units, (7ei refers 
to the electrostatic interactions, while G0 contains the conformational en
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tropy of the chain. G* summarizes all other contributions to the free en
thalpy of the polyelectrolyte molecule. Thus defining G in terms of the 
chemical potentials of monomeric units, it follows that

(Gh -  Ga%, au =  Zav(lxA- * ,h -  MA- V )  + Z ( 1 -  a„ ) (»HA*,b ~  MhaV )  -

T (A S c) ^ ay (13)

when ix* corresponds to G*.
At a =  0 we have

(?0b — G0& =  Z  GuHA*>b -  MHA*’a) -  T (AS0)a = o (14)

Now, it is reasonable to assume that the conformational entropy dif
ference between a and b at av and at infinite ionic strength, where electro
static repulsion between the fixed charges is assumed to be negligible, will 
be of the same order of magnitude as at a =  0. Thus using the approxima
tion ( iS t) mi0, =  (ASc)a = o, it is possible to calculate pK 0a — pK 0h, the 
ratio of the dissociation constants of both forms expressed in terms of the 
standard chemical potential ix*. Tf ¡x* is used as the standard chemical 
potential, K 0 should not depend on the charge and the conformational en
tropy of the chain. As K 0 is the limiting value of the apparent pK  for a =  
0  it may be used as a characterizing constant for the polyacid.

3. EXPERIMENTAL 

A. Materials

Polymethacrylic acid was prepared by polymerization of methacrylic acid 
with hydrogen peroxide as initiator. The methacrylic acid was distilled 
under reduced pressure immediately before the polymerization. The 
fraction used in the polymerization, distilled at 72°C. and about 20 mm. 
Hg (Merck Index: 81°C., 30 mm. Hg; 63°C., 12 mm. Hg). The poly
merization was carried out in a 2 0 %  aqueous solution of the monomer under 
nitrogen atmosphere. It was started by introducing 5.4 g. of a 30% H20 2 

solution into the reaction vessel which contained 180 g. methacrylic acid 
and 900 ml. distilled water. During the polymerization the temperature 
was kept between 80 and 90°C. After 5 hr. the gelled polymer system 
was allowed to cool. Next, the polymer was dissolved in distilled methyl 
alcohol and precipitated with ethyl ether. After drying, powdering, and 
drying under reduced pressure, 178 g. PMA was obtained.

From a 2% PMA solution in methyl alcohol, the polymer was fraction
ated with ethyl ether. 1 To ensure a good separation each polymer fraction 
that was precipitated was dissolved again by lowering the temperature and 
then reprecipitated by slowly increasing the temperature (1°C. in about 
15 min.). The fractions were separated, dried, powdered, and dried again 
under reduced pressure.

During preparation and fractionation of the polymer, contact of PMA 
solutions with metallic objects (stirrers, etc.) was avoided.
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The molecular weights of the fractions were estimated viscometrically 
by the method used by Arnold and Overbeek. 2 The extreme molecular 
weights determined were 1.7 X 106 and 0.84 X 106. All experiments were 
conducted with a PMA fraction of estimated molecular weight 8.7 X 
10 5.

All PMA solutions used were prepared with conductance water having a 
specific resistance exceding 106 ohm.cm. The conductance water was 
prepared with a mixed bed ion exchange column. The specific resistance 
of the water was checked with a Philiscope (Philips PR 9500) resistance 
bridge.

The PMA solutions were always prepared by dilution from a more con
centrated stock which was stored frozen in a polyethylene flask. The con
centrations of the polymer solutions used were always determined by 
potentiometric titration.

Sodium hydroxide solutions of 0.1 equiv./l. were obtained with the help 
of Fixanal ampullae. The usual precautions were taken to avoid con
tamination by carbonate.

B. Potentiometric Titrations

All potentiometric titrations were conducted with a Radiometer auto
matic titration apparatus (TTT 1 Titrator in conjunction with a SBR 2 
Titrigraph and a SBU 1 syringe buret). The change in the potential dif
ference between the electrodes due to each successive addition of reagent is 
compensated automatically by a variable potentiometer. The electrodes 
used were a G 202 A glass electrode and a K 4312 calomel electrode (both 
by Radiometer).

The titrations were performed in a titration vessel in which the tempera
ture was kept at 20 ±  0.1 °C. All titrations were performed in a nitrogen 
atmosphere. A difference of 0.03 pH between duplicate titrations was ad
mitted. Titrations were always performed with 0.1 A  sodium hydroxide.

4. DISCUSSION OF EXPERIMENTAL RESULTS

The titration curves in Figure 1 relate to titrations of PMA with NaOH 
at several NaN03 concentrations. The transition region may be observed 
very clearly in curve 1 between a' « 0 . 1  and a' ~  0.3 (where a' represents 
the degree of neutralization, while a is used to express the degree of ioniza
tion). This curve corresponds to the lowest salt concentration. When 
this concentration increases, the transition seems to be spread over a larger 
titration interval. This is in accordance with the assumption that the 
transition is brought about by the repulsion between the fixed charges 
along the polymer chain. The sodium nitrate is expected to have a screen
ing effect on this interaction.

The reversibility of the phenomenon was checked by back-titration with 
acid. Also, the shape of the curve did not change appreciably in the inves
tigated region of PMA concentrations (1.73 X 10 3-1.02 X 10- 2  equiv./l.).
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Fig. 1. T itratio n  curves of P M A  (4.81 X  10 3 equ iv./l.) a t several ionic strengths: ( I)
3.33 X  1 0 - W  N a N O j; ( 3 )  0.013/ N a N 0 3; ( 3 )  0 .13/ N a N 0 3; ( 4 )  13/ N a N 0 3.

In Figure 2 some titration curves are presented as Henderson-Hassel- 
bach plots. Clearly, for each titration two regions conform to the extended 
Henderson-Hasselbach equation. Extrapolation from each linear part of a 
Henderson-Hasselbach plot allows a calculation of pK  values for PMAa and 
PMAb in the transition region. A result of this procedure, may be seen in 
Figure 3.

To calculate the transition free enthalpy at a =  0, it is necessary to ob
tain the value of the surface between the experimental pK  versus a curve 
and the extrapolated one for PMAb. However, as pK  values at a =  0 
may not be calculated safely, an extrapolation from the last points of these 
curves that may be obtained must be made to a =  0. This is the reason 
why eq. (1 0 ) is used instead of eq. (9) for the determination of G0h — Go* 
as the extrapolation of pH to a =  0 is more difficult. For the experi
mental curve, pA 0 =  pK  (a =  0 ) is estimated by the extrapolation 
method that was proposed by Arnold, 4 who observed that pK  versus 
olx/z plots for PMA are linear (except in the transition region) down 
to low a values. It should be mentioned, however, that graphs with 
a 112 and aVi as variables are also linear. If these are used for an estima
tion of pA« the difference between the values obtained is about one pK  
unit for PMA in the absence of neutral salt. For our purpose, however,
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Fig. 2. H enderson-H asselbach plots for P M A  (4.81 X  10 ~ 3 equ iv./l.)  a t different 
ionic strengths: (O) 3.33 X  1Q -3M  N a N 0 3; (□ )  O.OlAf N a N 0 3; (A) 0.121/ N a N 0 3

this does not matter. In fact it is not very important to locate the exact 
position of pA'o in order to evaluate the surface enclosed between the curves 
because at the last points that may be obtained the two curves run very 
close. For the same reason, although it would be reasonable to estimate 
p#ob some tenth's of p K  units lower, pK 0 for PMAb is as a first approxima
tion assumed to have the same value as pK 0 for PMAa.

In Table I some values for ( l/ZkT)(G0h — G0a) at 20°C. which were 
estimated by the foregoing procedure are presented. It is seen that no 
significant dependence on ionic strength is found, as is to be expected for 
this process at zero charge density. With regard to the accuracy of the

T A U L E  I

P M A  X  1 0 +3, cquiv./l. N aN ()s, M ( l / Z k : T ) ( G 0b -  G„»)

4 .8 1 0.003 0 . 2 0

4 .8 1 0 . 0 1 0 . 2 0

4.81 0. 1 0 .18
1 0 . 2 1 0.003 0.24
1 0 . 2 1 0 . 0 1 0 . 2 2
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extrapolation method used, it would be hazardous to conclude the existence 
of a concentration dependence. In view of the intermolecular interactions 
which were neglected and which may play a role here, such an effect would 
not, however, be surprising.

The numerical values of the transition free enthalpies in Table I relate 
to the monomeric units of the polymer chain. If these units could take 
part in the a ^  b equilibrium independently of each other, the values in 
Table I would predict a smooth transition from a =  0 upward. Thus these 
values indicate that the transition is of a cooperative nature, as was ex
pected.

Fig. 3. A pparent pK  as a function of a  for P M A  (4.81 X  10 - 3  equiv./.l.) in the presence 
of 3.33 X  10 ~ 3M  N a N 0 3 solution: (□ ) calculated from  experim ental titration  curve (Fig. 
1); (A ) points for P M A “ as extrapolated from  H enderson-H asselbach p lot (Fig . 2); (O) 
points for P M A “ as extrapolated from  H enderson-H assslbach plot (Fig. 2).

Now, the values of G0h — Goa, which may be calculated if Z  is known, 
are estimations of the free enthalpy that has to be added to a molecule 
PMAa to transform it to a PMAb molecule at a =  0. This value may be 
used to test a molecular model from which G0h — G,;L can be calculated. 
As too little is known yet about the exact nature of the interactions in
volved, it is not felt to be profitable to perform such calculations here.

As values for pK a and pAb in the transition region may be obtained from 
plots like Figure 3, it is possible to analyze the titration curves as a func
tion of the concentrations of forms a and b in their dissociated and undis
sociated states.

Assuming the existence of a mixture of acids in the transition region
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Fig. 4. Degrees of dissociation of P M A “ 7  and P M A 1 0 as a function of the overall d e
gree of dissociation a  a t P M A  = 4.81 X 10 - 3  equ iv./l.; N aN O j = 3.33 X 10~3il7: ( • )  
7 ; (»)«•

Fig. 5. A nalysis of the titration  curve of P M A  (4.81 X  10 3 equiv./l.) in the pres
ence of 3.33 X 1 0 - W  N a N 0 3: ( 0 ) ( 1  -  7 ) c “/ct ; (A) y c * / c , ;  (□ ) (1 -  7 ) «,/c,; ( • )  
S c b / c t .

with apparent dissociation constants 7va and K h, concentrations ca and cb, 
and degrees of dissociation 7  and 5, the following relations evidently hold:

7  =  7v V  (H + +  K a) (15)

a n d

5 = K h/ H+ +  K h

If ct is the total acid concentration, ca may be calculated as shown below: 

aCt =  7Ca +  5cb = 7ca +  S(ct -  c j  (16)

consequently :

Ca =- l ( a  -  5 ) / ( y  -  6 )]c t

Finally, cb is obtained from ct =  ca +  cb.
(17)
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If 7  and 5 are calculated from the p/v values as given in Figure 3, both 
7  and <5 are nearly constant in the transition region, as may be seen in 
Figure 4. Thus at a certain value for 7 , PMAa becomes unstable and 
transforms to PMAb. This is also illustrated in Figure 5, in which the 
dissociated and undissociated fractions of a and b are given. Here it is 
seen that, after a relatively small concentration of dissociated PMAa 
is reached, a rapid overall conversion is started, in accordance with a 
cooperative character of the transition.

By integrating pK  — pA)b between ay and ax, the difference between the 
pK 0 values for both forms may be calculated as shown previously. This 
calculation was performed for 4.81 X 10- 3  equiv./l. PMA. As only the 
three ionic strengths given in Table I were used, the calculated pAT0 dif
ference is to be regarded as a rough estimate. Thus, with due reservations 
concerning the extrapolation and the approximation mentioned, a value 
of 0.3 for pAoa — pA'0b was obtained. This may be regarded as a sur
prisingly reasonable value in view of the difference in apparent pK  be
tween both forms in the transition region.

To conclude it is noted, that the peculiar titration curve of PMA may 
be described as resulting from a transition of the PMA molecules between 
two states, without arriving at any obvious inconsistencies.
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Résumé

Le com portem ent potentiom étrique de l ’acide polym éthacrylique est discuté en term es 
de transition conform ationnelle. On présente un traitem ent therm odynam ique de cette 
transition. L a  courbe de titration  de l ’acide polym éthacrylique est analysée de façon 
détaillée et des inform ations qu an titatives sont obtenues quant à la transition.

Zusammenfassung

D as potentio metrische Verhalten  von P o ly  met hacrylsäure wird auf der Grundlage 
einer K onform ationsum w andlung diskutiert. E s wird eine therm odynam ische B ehand
lung dieser U m wandlung gegeben. Eine eingehende A nalyse der T itrationskurve von 
Polym ethacrylsäure liefert q u an titative  Inform ationen über die Um wandlung.
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Reactivities of Esters of Methacrylic Acid.
Part I. Relative Reactivities of Esters toward the 

Benzoyloxy Radical

J. C. BEVINGTON and B. W. MALPASS, Department of Chemistry, 
The University, Birmingham, England

Synopsis

T racer methods have been used to  com pare the reactivities of m ethyl, e thyl, phenyl, 
benzyl, and cyclohexyl m ethacrylates tow ard the benzoyloxy radical at 60°C. C ertain  
of the characteristics of the polym erizations of these monomers are recorded.

This paper is the first of a series concerned with the reactivities of esters 
of methacrylic acid toward reagents of various types. An account is 
given here of studies of the reactivities of the ethyl, phenyl, benzyl, and 
cyclohexyl esters toward the benzoyloxy radical at 60°C. The work 
involved the use of tracer techniques and the general procedure has 
been described already in connection with similar studies involving styrene1 
and methyl methacrylate.2

Two types of 14C-benzoyl peroxide were used to initiate the polymeriza
tions of the monomers. Comparisons of the specific activities of the perox
ides and the recovered polymers led to determination of the relative num
bers of benzoyloxy and phenyl endgroups in the polymers. This informa
tion was then used to determine the ratio fc1/fc2, where ki and fc2 are the 
velocity constants for the competing reactions.

C 6H 5C O O  - >  C 6H 5- +  C 0 2 (1 )

C 6H 5C O O  +  C H 2= C ( C H 3)(C O O R ) — > C 6H 5C O O C H 2C (C H j)(C O O R ) (2)

The value of k, cannot be affected appreciably by the nature of the mono
mer, and so the values of fc2 for the various monomers can be compared. 
Derivation of the expression for kj/k2 requires that every phenyl radical 
formed in eq. (1) is subsequently incorporated in polymer. This assump
tion has been tested and found to be valid for each of the systems considered 
here.

For each monomer, there were two sets of polymerizations with various 
concentrations of monomer in benzene and benzoyl peroxide at 1 g.,/1. In 
one set, the peroxide was labeled in its benzene rings with carbon-14, and, 
in the other, the peroxide was labeled at its carboxylic carbon atoms; 
the two types of labeled peroxide are referred to as R-peroxide and C-perox-

1893
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ide, respectively. The experiments with R-peroxide lead to the total rate 
Ri at which initiator fragments, both benzoyloxv and phenyl, enter poly
mer; this quantity is given by the expression

Ri =  nSprRp/7 Sir (3)

where R  ̂is the rate of polymerization, n is the number of carbon atoms in the 
molecule of the monomer, and Sir and Spr are specific activities of the R- 
peroxide and the derived polymer, respectively (in units such as micro- 
curies per gram of carbon). In the expression quoted previously,1'2 the 
denominator was written as 6$ir; in calculations, however, the specific 
activity of the peroxide was taken as 7 (observed value)/6 so that the two 
expressions are identical.

If all the phenyl radicals produced in reaction (1) later enter polymer, the 
value of Ri is unaffected by the existence of a competition between reactions 
(1) and (2); for a given concentration of peroxide, the value of Rt should 
therefore be constant over a range of concentrations of monomer and should 
vary only slightly from one monomer to another.

If C-peroxide is used as initiator, it is possible to calculate the rate 
(.R ic) at which benzoyloxy radicals enter polymer by means of the equation

Rtc =  nSpcRp/7 Sic (I)

where Sic and Spc are specific activities, in the units specified above, of the 
C-peroxide and the derived polymer.

For a pair of polymerizations performed with the same concentration 
of a monomer, the one with R-peroxide and the other with the same 
concentration of C-peroxide

(No. of benzoyloxy endgroups in polymer)
(No. of benzoyloxy endgroups) +  (No. of phenyl endgroups)

It has been shown1 that
l/.r =  1 +  Aq/A'o [M ] (6)

where [M ] is the concentration of monomer during the polymerization. 
Values of k,/kv2 can be calculated by using the equation

kt/kp- =  n ,S„[M ]yi4S lrR , (7)
Derivation of this equation is based on a simple kinetic scheme in which 
termination is supposed to occur only by the interaction of pairs of polymer 
radicals, and in which the rate of termination is expressed as 2 k, [active 
centers]5.

Experimental

Polymerizations were performed in the complete absence of air in sealed 
dilatometers of about 7 cc. capacity; reactions were allowed to proceed to
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about 5% conversion. Polymers of ethyl methacrylate were recovered by 
precipitation in hexane; polymers of the other esters of methacrylic acid 
were precipitated in methanol. Polymers were purified by reprecipitation 
and dried in vacuum. Labeled materials were assayed by gas counting.

Two methods were used to determine the factors for converting rates of 
contraction into rates of polymerization. The first method depended 
upon gravimetric determination of the polymers formed in certain poly
merizations; the second method involved measurements of the densities of 
the monomers and the polymers in benzene solution at 60 °C. For each 
monomer, there were not less than 10 determinations of the conversion 
factor; there was good agreement between the results obtained by both 
methods.

Benzene was dried over sodium and fractionated. Ethyl methacrylate 
(Messrs. L. Light and Co. Ltd.) was washed several times with aqueous 
caustic soda and then repeatedly with water. Phenyl methacrylate was 
prepared by reacting methacrylyl chloride with phenol. Benzyl and 
cyclohexyl methacrylates were prepared by ester exchanges involving 
methyl methacrylate, the appropriate alcohol, and sulfuric acid as catalyst; 
hydroquinone was added to inhibit polymerization. Monomers were dried 
and then fractionated under nitrogen at reduced pressure; they were re
distilled in high vacuum immediately before being charged into dilatometers.

Samples of benzoyl peroxide were prepared from suitably labeled samples 
of 14C-benzoic acid. The specific activities of both the R-peroxide and 
C-peroxide were close to 14 ¡xg./g. of peroxide. There were no detectable 
differences between the rates of polymerizations initiated by the two types 
of peroxide, for the same concentrations of reactants.

Results

Table I shows the densities of the monomers and their polymers and also 
conversion factors for the polymerizations.

T A B L E  I

Properties of M onom ers and Polym ers

E ster of m ethacrylic acid

E th yl P h enyl B en zyl C yclohexyl

D en sity  of monom er in benzene 
at 60°C., g./ce. 0.86S 1 .020 1.000 0.925

D en sity  of p oR m er in benzene 
at 60°C., g./cc. 1.12 0 1.2 10 1 .1 7 3 1.0 92

C on traction  for 100%  polym er
ization  at 60°C. (from  densi
ties), % 22.50 15 .70 14 .74 15.30

C on traction  for 100%  polym eri
zation  a t 60°C. (gravim etri- 
cally), % 22.55 15.44 14.68 15 .5 0
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Fig. 1. V ariation in the proportions of benzoyloxy and phenyl endgroups in polym ers 
w ith the concentration of monomer during polym erization of e th yl m ethacrylate a t  60°C. 
w ith  benzoyl peroxide as in itiator.

F ig. 2. V ariation  in the proportions of benzoyloxy and phenyl endgroups in polym ers 
w ith  the concentration of monomer during polym erization of phenyl m ethacrylate a t 
60°C . w ith benzoyl peroxide as initiator.

T A B L E  II

K in etic  C haracteristics of the Polym erizations for Various Esters of M ethacrylic  Acid

M eth yl E th y l Ph enyl B enzyl C yclohexyl
k  t / k p ~  1

[M ], mole/I./ 
mole/1. sec.

[M],
mole/1.

k  i / k p “ j

mole/1./
see.

[M l,
mole/1.

k , / k „ \

mole/1./
sec.

[M l,
mole/1

k t / k p 2,

mole/I./
sec.

[M],
mole/1.

k , / k p ~,

mole/1./
sec.

1 .5 6 3 3 .6 1.0 0 4 9 .7 0 .76 16 .1 0 .7 1 19 .2 0 .7 1 10 .4
2.83 29.4 1 .2 5 49.3 0.83 1 1 .5 0.83 2 1 .2 0.83 10.8
3 .9 4 32.6 1 .7 2 4 7.0 1.00 1 1 .4 1.00 19 .9 1.00 9.94
8 .9 6 3 3 .5 2 .13 47.4 1 .2 7 9 .8 1 .2 7 15 .0 1 .2 7 9.06

— 2.70 4 5 .5 1 .4 7 9 .5 1 .4 7 19 .3 1 .47 8.66
— 1 .7 2 10 .4 1 .7 2 1 7 .5
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Fig. 3. V ariation  in the proportions of ben zoyloxy and phenyl endgroups in polym ers 
w ith  the concentration of monomer during polym erization of ben zyl m ethacrylate at 
60°C. w ith benzoyl peroxide as initiator.

Fig. 4. V ariation  in the proportions of benzoyloxy and phenyl endgroups in polym ers 
w ith the concentration of monomer during polym erization of cyclohexyl m ethacrylate  at 
60°C . w ith benzoyl peroxide as initiator.

Fig. 5. Variation  in (O) R i  and ( • )  /t,c for polym erization of eth yl m ethacrylate at 60°C. 
w ith benzoyl peroxide at 1 g./l. w ith concentration of monomer.
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The polymerizations at 60 °C. were first order with respect to monomer. 
For the polymers prepared with the two types of labeled benzoyl peroxide 
(at 1 g./l.) and with the monomers at various concentrations in benzene, 
values of x were calculated by eq. (5). The results are shown in Figures

F ig. 6. V ariation  in (O) R i  and ( • )  R i C for polym erization of phenyl m ethacrylate at 60 °C. 
w ith benzoyl peroxide a t 1 g./l. with concentration of monomer.

Fig. 7. V ariation  in (O) R i  and ( • )  R , c for polym erization of benzyl m ethacrylate at 
60°C. with ben zoyl peroxide at 1 g./l. with concentration of monomer.

Fig. 8. V ariation  in (O) R i  and ( •)/ ? ;„  for polym erization of cyclohexyl m ethacrylate a t 
60°C. with benzoyl peroxide at 1 g./l. w ith concentration of monomer.

1-4. The values of fci/fc2 for ethyl, phenyl, benzyl, and cyclohexyl meth
acrylates are, respectively, 2.93,1.72, 2.70, and 1.95 mole/1.; the correspond
ing quantity for methyl methacrylate2 is 3.30 mole/1.

From eqs. (3) and (4), values of R t and R tc were calculated for the various 
polymerizations; they are shown in Figures 5-8.
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From the results of experiments involving R-peroxide, values of k t/ k v -  

were calculated by eq. (7) and are shown in Table II. This Table includes 
also results obtained for methyl methacrylate.2

Discussion

It has been shown3 that the comparatively small structural difference 
between n-propyl and '¿-butyl methacrylates causes an appreciable differ
ence between the kinetic characteristics of the polymerizations of the two 
monomers. There are significant differences also between the values of 
k'i/kp2 for the polymerizations of the esters studied in this work. The 
values of k t/ k P 2 show little systematic variation with the concentration of 
monomer; in this respect, the polymerizations differ markedly from those 
of certain other monomers, e.g., vinyl acetate, methyl acrylate, and 
styrene. It is likely, therefore, that termination during the polymerizations 
of these esters of methacrylic acid is almost exclusively by interaction of 
pairs of polymer radicals, as assumed in the kinetic analysis.

Figures 5-8 show clearly that R, does not depend upon the concentration 
of monomer or upon its nature. The value of R tc falls as the concentration 
of monomer is reduced; this is accounted for by the shift in the balance in 
the competition between reactions (1) and (2) as the concentration of 
monomer is changed.

The values of ki/k2 at 60°C. are significantly different for the five esters 
of methacrylic acid. The relative values of k 2 for the methyl, ethyl, phenyl, 
benzyl, and cyclohexyl esters are, respectively, 1.00, 1.14, 1.94, 1.22, and 
1.74. The reactivities of these monomers toward the benzoyloxy radical 
are all considerably less than that of styrene,1 for which the relative value 
of hi is 8.25 on this scale. The relative reactivities of the monomers 
toward certain other reference radicals, deduced from studies of copoly
merization, will be reported in a later paper; this will contain also a com
parison of the results obtained for the various reference radicals.

B . W . M . thanks the l  n iversitv  of B irm ingham  for the award of the A. E . H ills 
M em orial Scholarship.
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Résumé

On a utilisé la  méthode des traceurs pour com parer les réactivités des m éthacrylates 
de m éthyle, d’éthyle, de phényle, de benzyle, e t de cyclohexyle vis-à-vis du radical ben
zoyloxy à 60°C. On a retenu certaines caractéristiques de polym érisation de ces mono

mères.
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Zusammenfassung

U nter Verw endung von Traeerm ethoden wurden die R eak tiv itäten  von M ethyl-, 
Ä th yl-, Phenyl-, B en zyl- und C yclohexylm eth acrylaten  gegen das B enzoyloxyradikal 
bei 60°C. verglichen. B estim m te C harakteristika der Polym erisation dieser M onom eren 
werden angegeben.
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Proton Resonance Spectra and Tacticities 
of Soane Poly (inethyl Vinyl Ethers)*

S. BROWNSTEIN and D. M. WILES, Division of Applied Chemistry, 
National Research Council, Ottawa, Canada

Synopsis

M eth yl v in yl ether has been polym erized b y  B F 3 etherate cata lyst under a v arie ty  of 
conditions to  obtain  polym ers of different m olecular weights and tacticities. Som e prop
erties of these polym ers have been com pared w ith  those of a sam ple prepared w ith a spe
cial stereoregulating cata ly st a t the H ercules Pow der C om pany. T h e proton m agnetic 
resonance spectra of poly(m eth yl v in yl ether) in several solvents have been investigated 
and it has been possible to  assign the absorptions b y  the met.hoxyl protons to  particular 
steric configurations of the polym er chain. These d ata  have been used to  com pare the 
tacticities of the different polym er samples and to  establish th at good steric control in the 
propagation reaction is possible w ith  a  soluble B F 3 etherate catalyst.

Introduction

Some years ago Schildknecht and co-workers1,2 described the prepara
tion of two types of poly (methyl vinyl ether) having differences in solu
bility, stability, and crystallinity. The crystalline type was obtained by 
boron trifluoride etherate catalysis at low temperature in a mixed hydro
carbon-chloroform solvent, a so-called activated polymerization. The 
other type, a noncrystalline, tacky product, resulted from bulk polymeri
zations with various Friedel-Crafts catalysts. More recent work3 in
dicates that the crystalline polymer can be obtained in a homogeneous 
medium and that a habgenated alkane solvent is not necessary.

The formation of crystalline poly (methyl vinyl ether) has also been 
reported by Breslow et al.,4 who used “ highly stereospecific catalysts, 
including special Ziegler-types,”  with which a low polymerization tempera
ture is not required. These special catalysts produce high molecular 
weight polymers which are more highly crystalline and less soluble than 
those described originally by Schildknecht. The reasonable assump
tion has been made, on the basis of x-ray diffraction patterns, that the 
crystalline methyl vinyl ether polymers, prepared both with Friedel- 
Crafts catalysts8 and with the special catalysts,4 are isotactic.

The differences in solubility between samples of poly (methyl vinyl 
ether) are often regarded as a criterion for differences in stereoregularity,

* Issued as N .R .C . N o. 7602.
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and there is some justification in this if the molecular weights are compar
able. On the other hand the crystallinity of a polymer and its degree of 
stereoregularity may not be directly related. For example, there need 
be no connection in the case of isotactic poly (methyl methacrylate); the 
length of stereoregular sequences is important in determining whether 
this polymer can be crystallized by ordinary means.

The proton magnetic resonance spectrum of a polymer dissolved in a 
suitable solvent provides, in certain instances, an unambiguous indication 
of the steric structure of the molecules. Bovey and Tiers5 first showed 
how the numbers of isotactic, syndiotactic, and heterotactic sequences in 
poly (methyl methacrylate) samples could be evaluated, and the method is 
now routinely applicable for this polymer. More recently, corresponding 
methods have been applied to determining the tacticities of poly-«-meth
ylstyrenes6 and polystyrenes.7 Clearly it would be useful to be able to 
assess in a similar manner the tacticities of other polymers with a view to 
describing the stereoregulating powers of polymerization reactions as well 
as for the characterization of the polymers themselves.

In this paper the proton magnetic resonance spectrum of poly(methyl 
vinyl ether) is considered. It is shown that the tacticity of this polymer can 
be evaluated from such measurements and that the method can be used 
to compare the steric arrangements of samples having widely different 
molecular weights and solubilities.

Experimental

The methyl vinyl ether used in this work (The Matheson Co. Inc.) was 
distilled once, but no additional effort was made to remove water or to 
exclude it from the polymerization apparatus. The nitromethane for 
the proton resonance measurements and the viscosity determinations was 
fractionally distilled, and other organic liquids, reagent grade whenever 
possible, were used without further purification. The boron trifluoride 
etherate catalyst was made in a conventional way by mixing BF:i and 
(C2H6)20  vapor in a stream of dry, purified nitrogen; any HE that might 
have formed and excess reagent were pumped off under vacuum.

The monomer was polymerized by the BF3 etherate under a variety of 
conditions, modifications of the methods described by Schildknecht- 
being used. Polymerizations were terminated by adding a small amount 
of methanol to the reaction mixture at the polymerization temperature. 
Catalyst residues were removed by treatment of the polymers with water, 
and measurements of the polymer properties were made within a few days 
so that the addition of a stabilizing agent was not required.

No attempt was made to explore fully the stereoregulating potentiali
ties of the BF3 etherate catalyst system but rather it was intended that 
polymers which might be expected to have different tacticities should be 
produced. The polymerization conditions used to obtain the samples 
(see Table I) are as follows.

Sample 1. The catalyst in dilute toluene solution at —78°C. was added
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dropwise over a period of 1 hr. to a toluene solution of monomer at — 78 °C. 
The monomer:catalyst ratio was 45, and the product was recovered 
by precipitation in heptane.

Sample 3. This sample was prepared in toluene-chloroform solvent 
(50/50, v /v ) at —78°C., with a monomer:catalyst ratio of 50, by mixing 
the reagents under more concentrated conditions than was the case for 
sample 1.

Sample 5. Undiluted catalyst was added dropwise to a solution of 
monomer in toluene-hexane (40/60, v /v ) at —78°C., the monomer:cata
lyst ratio being 4000. The product was recovered by evaporation of the 
polymerization mixture and was then separated in cold water into insoluble 
and soluble parts. The latter has been designated sample 5S.

Sample 6. This sample was the result of a bulk polymerization at —40° 
Ch, with a monomer: catalyst ratio of approximately 25, which yielded the 
expected balsamlike product.

Sample 8. This was made at —78°C. in toluene-hexane solvent (50/50, 
v /v ) under very dilute conditions with a monomer: catalyst ratio of 370. 
The polymer was insoluble in the mixed diluent and was recovered by 
precipitation in heptane, the heptane-soluble material being discarded at 
this stage.

Sample HW was supplied by Dr. D. S. Breslow of the Central Research 
Division, Hercules Powder Company. The preparation and some prop
erties of this polymer have been described previously.4 It had a crystal
linity (measured by infrared) of 26% as received and this value could be 
raised by extraction with hot methanol.3 In this paper the portion of 
HW soluble in hot methanol has been designated sample HS, and the 
insoluble residue sample HI.

Viscosity measurements were made at 30 °C. on samples 81, HW, HS, 
and HI in nitromethane solution and on sample 6 in benzene and nitro- 
methane solutions with a Cannon-Ubbelohde dilution viscometer. The 
weight-average molecular weight of sample 6 was calculated from its 
intrinsic viscosity in benzene solution by the equation, fo] =  7.6 X ICR4 
M 0-60, derived by Manson and Arquette.9 From this value an estimate 
was made of the molecular weights of the other polymers from their in
trinsic viscosities in nitromethane, compared to that for polymer 6 in the 
same solvent.

The proton resonance spectra were obtained at 56.4 Mcycles/sec. and 
temperatures around 113°C. in a manner previously described.6 Since 
a variety of solvents and temperatures was used, only relative positions 
of the methoxyl peaks are presented.

Results and Discussion

In Figure 1 are shown the proton resonance spectra of the methoxyl 
protons of some poly (methyl vinyl ethers) in nitromethane solution. The 
peaks arising from syndiotactic, heterotactic, and isotactic species are 
clearly distinguishable in samples 6, IiW, and HS, but only a single peak
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Fig. 1. Proton resonance spectra of th e m ethoxyl region of some poly (m ethyl v inyl
ethers).

is observed for sample 81. For a purely syndiotactic species the CH2 
group in the polymer chain would be expected to yield a triplet. Each 
of these lines would be further split into four in the isotactic species.10 
Sample 81 gave a complex, incompletely resolved multiplet for the CH2 
group, strongly suggesting that this polymer is primarily isotactic.

The x-ray diffraction diagram of sample 81 consisted of many relatively 
sharp lines, indicative of a highly ordered polymer. Analysis of the pat
tern showed lattice spacings which correspond to those reported by Oka- 
mura et al.3 for poly (methyl vinyl ether), and are consistent with those 
published by Natta and co-workers11 for isotactic poly(isobutyl vinyl 
ether). As might be expected, the diffraction pattern for sample HS was 
typical of a much less ordered polymer; some of the lines in the pattern 
for 81 were faint but discernible in the HS diagram. Thus the implica
tions of the x-ray data are confirmed by the proton resonance results.

If it is assumed that the growing polymer chain has a given probability 
a that it will add a monomer unit to give the same configuration as that 
of the last unit, then the fractions P  of the three possible triads are given 
by

P t =  cr3

P„ =  2(<r -  tP)

P, =  (1 — <x)2

where the subscripts i, h, and s refer to isotactic, heterotactic, and syn
diotactic, respectively.6 It is then necessary to assign the methoxyl 
peak at lowest field, in nitromethane solution, to the syndiotactic species. 
The experimental results, along with calculated values based on a single 
a value, are given in Table I. The agreement is reasonable considering 
that the peaks were insufficiently resolved to measure areas, and relative 
peak heights were used. The difference between calculated and observed 
values for P h and P s is always in the direction which would be expected if 
the shoulder, which is the syndiotactic peak, were actually less than 
measured. Partial overlap of the peaks will cause such an error. It there-
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T A B L E  I

Properties of Some Poly(m ethy] V in yl Ethers)

Sam ple N ature P i

M easured

P a P . <7

C alculated 

P a P s

l v  U°c. 
in

nitro-
m eth-

ane,
dl./g.

M olec
ular

w eight
X

1 0 - 4 »

1 S lightly  ta c k y  and 
rubbery, form  sta
ble

0 .5 4 b 0 .34 0 .12 0 .74 0.40 0.06 —

3 T a ck y , translucent, 
not form  stable

0 .4 1 0 .37 0.22 0.64 0.46 0 .13 —

5S T a c k y , sem iliquid 0 .4 3 b 0 .35 0.22 0.66 0.44 0 .13 — —
6 T a ck y , v ery  viscous 

liquid
0.44 0.38 0 .18 0.66 0.44 0 .12 0 .14 4 0.84

81 W hite, crystalline 
solid

1 ‘ ' 1 0.085 0.63

H W R u bb ery solid 0.66 0 .25 0.09 0 .8 1 0.30 0 04 3 .9 5 23
H I R u bb ery solid — — — — — — 3 .3 7 20
HS R ubbery, noncrystal

line
0 .4 7 0 .35 0 .18 0.68 0.42 0 .1 1 2 .5 1 15

“ A n estim ate based on the value found for sam ple 6 in benzene solution where M sooc. 
=  0.172 and hence M W  =  0.84 X  10-4.

b D eterm ined in carbon tetrachloride solution; the others were measured in nitrom eth- 
ane solution.

fore seems likely that the peak assignments are correct and that a single a 
can be used to describe the polymerization.

Changing the solvent has been observed to alter the peak separations 
in poly-(a-methylstyrene),6 polystyrene,7 poly(methyl methacrylate),12 
and polyisoprene.18 In Figure 2 the effect of various solvents on the meth- 
oxyl resonance of poly (methyl vinyl ether) is shown. Only in an appropri
ate solvent is it possible to distinguish the three peaks. Unfortunately 
peak separations are so small that a significantly higher magnetic field 
would be required to study this phenomenon.

Fig. 2. Solvent effects on the methoxyl resonance.
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Table I shows the large differences in the form and in the molecular 
weight of the polymers that were studied. They range from the balsam
like product, presumed to be amorphous, to the higher molecular weight, 
crystalline Hercules sample resulting from a highly stereospecific catalyst. 
Treatment of the latter polymer with hot methanol resulted in some deg
radation as well as in a separation on the basis of differences in stereoreg
ularity, and hence in solubility. The degradation of the Hercules sample 
was apparent in the lowering of molecular weight and in the very broad 
proton resonance spectrum of the insoluble residue, HI. The original 
polymer, by comparison, gave moderately sharp lines. In the less highly 
regular samples degradation with time in the resonance cavity at 113°C. 
was visually obvious, by the appearance of a yellow to brown color, and in 
the proton resonance spectra by the disappearance of the syndiotactic 
methoxyl peak and a slight broadening of the remaining peaks. These 
results suggest that the polymer chain is more susceptible to degradation 
at a syndiotactic unit.

The solubilities in nitromethane (or other common solvents) of the 
polymer described above decreases in the order of increasing isotacticity 
which, as it happens, is not related to any particular trend in molecular 
weight. Evidently stereoregularity is far more important in determining 
solubility than is a nearby fortyfold difference in molecular weight. It is 
interesting that sample 81, which has the lowest molecular weight exhibits 
the highest isotacticity even though it was prepared with a soluble Friedel- 
Crafts catalyst.

T h e authors are grateful to D r. D . S. Breslow  of the H ercules Pow der C om p an y for the 
gift of a p o lyfm eth yl v in y l ether) sample, to  D r. L. D . C a lv e rt for measuring the x-ray 
diagram s, and to M r. P. E . B lack  for technical assistance.

References

1. Schildknecht, C . E., S. T . Gross, and A. O. Zoss, I n d .  E n g .  C hem ., 41, 1998 
(1949).

2. Schildknecht, C. E ., A. O. Zoss, and F. Grosser, I n d .  E n g .  C h e m . ,  4 1, 2891 (1949).
3. O kam ura, S., T . H igashim ura, and H. Y am am oto, J . P o l y m e r  S ei., 33, 510

(1958) .
4. Vandenberg, E . J., It. F. H eck, and D . S. Breslow, J . P o l y m e r  S ei., 4 1, 519

(1959) .
5. B ovey , F. A ., and G. Y . D . Tiers, J .  P o l y m e r  S e t . ,  44, 173 (1960).
6. Brow nstein, S., S. B y  water, and D . J. W orsfold, M a k r o m o l .  C h e m . ,  48, 127 

(1961).
7. Brow nstein, S., S. B yw ater, and D . J. W orsfold, J .  P h y s .  C h e m . ,  66, 2067 (1962).
8. Breslow, D . S., Hercules Pow der Companj'-, p rivate  com m unication.
9. M anson, J. A., and G. J. Arquette, M a k r o m o l .  C h e m . ,  37, 187 (1960).

10. T incher, W . C ., Am erican Chem ical S ociety  Polym er Sym posium , A tlan tic  C ity , 
Septem ber, 1962.

11. N a tta , G ., I. Bassi, and P. Corradini, M a k r o m o l .  C h e m . ,  18/19, 455 (1956).
12. Brow nstein, S., and D . M . W iles, unpublished results.
13. Chen, H. Y ., A n a l .  C h e m . ,  34, 1793 (1962).



P O L Y (M E T H Y L  VIN Y'L E T H E R S) 1907

Résumé

On a polym érisé l ’éther m éthyl v inylique au m oyen du catalyseur B F 3-éther dans 
differentes conditions afin d ’obtenir des polym ères de poids moléculaires et de tacticités 
différentes. On com pare quelques propriétés de ces polym ères avec celles d ’un échantillon 
préparé avec un catalyseur spécial stéréorégulier de la Hercules Powder Com pany. On a 
étudié le spectre de résonance m agnétique du proton du poly(m éth yl v in yl éther) dans 
plusieurs solvants et on a attribué les absorptions des protons m éthoxyliques aux con
figurations stériques particulières de la chaîne polym érique. On a em ployé ces résultats 
pour com parer les tacticités des différentes échantillons de polym ères et pour établir 
qu ’un bon contrôle stérique dans la  réaction de propagation est possible avec un c a ta ly 
seur soluble BFj- éther.

Zusammenfassung

M eth ylv in yläth er wurde m it B F 3-Ä therat als K a ta ly sa to r unter verschiedenen 
Bedingungen zu Polym eren m it unterschiedlichem  M olekulargew icht und T a k tiz itä t 
polym erisiert. Gewisse Eigenschaften dieser Polym eren wurden m it denjenigen einer 
Probe verglichen, die bei der H ercules Pow der C om pany mit einem speziellen stereoregu
lierenden K a ta ly sa to r hergestellt wurde. D ie magnetischen Protonenresonanzspektren 
von  P o ly(m ethylvinyläth er) in verschiedenen Lösungsm itteln  wurden untersucht und 
es gelang, die Absorption durch die M ethoxyl-Protonen besonderen sterischen K onfigura
tionen der Polym erkette  zuzu< adnen. D iese D aten  wurden zum  Vergleich der T a k tiz itä t 
der verschiedenen Polym erproben herangezogen. D abei wurde gefunden, dass m it 
einem löslichen B F j-Ä therat als K a ta ly sa to r gute sterische K ontrolle der W achstum s
reaktion möglich ist.

Received March 20, 1963
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Viscoelastic Behavior of Plasticized Polyvinyl 
Chloride at Large Deformations. III.

The Effect of Filler*

RAFFAELE SABIAf and F. R. EIRICH, Department of Chemistry, 
Polytechnic Institute of Brooklyn, Brooklyn, New York

Synopsis
T h e behavior of filled and plasticized sam ples is sim ilar in m any w ays (such as creep, 

critical strain for th e onset of a perm anent deform ation, etc.) to  plasticized p olyv in yl 
chloride. T h e  presence of sm all am ounts of C a C 0 3 as filler was found to  result in im 
proved m echanical response, while high am ounts produced stiffening effects of the nature 
of an inert filler. A t  larger deform ations, the p olym er ceases to  w et the filler and the 
volum e of the filled resin increases w ith strain b y  crazing, th e more so the more highly 
filled. F iller w etting b y  the resin is influenced b y  plasticizer content. In  stress relax
ation, the dew etting tim e, v ery  short for the highly filled samples, increases appreciably 
w ith  decreasing filler content while depending at the same tim e on plasticizer content. 
B ecause of this, equilibrium  and delayed m oduli increase w ith filler content at low strain 
and decrease variously at higher strain.

INTRODUCTION

Conventionally, plasticizers are used to lower the glass transition tem
perature of organic rubbers. Fillers, on the other hand, are employed1 to 
raise the modulus, tear strength, and abrasive strength. A theory capable 
to account for all aspects of filler action is not yet available.2'3 A partially 
satisfactory account of the increase in modulus has been secured through 
the adaptation of the theory of flow of disperse systems, especially one 
consisting of rigid spherical inclusions, to an elastic medium4

M  =  M 0 (1 + 2 . 5  4> +  14.1 t f )  (1)

where <j> is the volume fraction of filler and M 0 is the modulus at zero 
concentration.

The stress relaxation of reinforced rubber consists6 of (a) orientation of 
chain units (10~3-10~6 sec.), (b) regrouping and slippage of segments (min
utes), (c) regrouping of crosslinks and chain scission (months), and (d) 
separation of filler particles from rubber chains. At 100% deformation

* This w ork comprises a portion of a thesis presented b y  R affaele Sabia in partial 
fulfillm ent of th e requirem ents for th e degree of D octor of Philosophy a t the G raduate 
School of the Polytech n ic Institu te  of B rooklyn.

t  Present address: B ell Telephone Laboratories, M urray H ill, N ew  Jersey.
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and zero time the modulus increases with chalk content A'; the modulus 
after 1500 min. of relaxation depends irregularly on A"; the modulus ob
tained by extrapolation of the linear part of the relaxation curve (ranges 
from 100 to 1500 hr.) back to zero time is independent of A'. The “ relaxation 
time”  for mechanism d, which might better be called a separation time, is 
about as large as the relaxation time of b but shorter than that of c. Hence 
chalk is termed an inert filler. In the case of active fillers (channel black), 
all three moduli increase with filler content, and the separation time for 
mechanism d is of the same order as the relaxation time for c and much 
greater than for b.

Turning to filler adherence, at small strains the resin wets the filler and 
reinforces the system. As the strain increases, adhesives bonds begin to 
break (dewetting) and vacuoles form around the filler particles. After all 
the adhesive bonds are broken, the vacuoles enlarge and the resin stretches 
further.

Smith6 has studied the dewetting of glass beads in the system polyvinyl 
chloride-dioctyl sebacate (PVC-DOS). If an elastic parallelopiped is 
deformed at constant volume V,

where the subscripts correspond to the dimensions of length, width, and 
thickness, respectively; X is the ratio of the strained to the unstrained 
dimension. Since in tension X2 =  X3

which represents Poisson’s ratio in terms of the Hencky strain and is 
applicable to large deformations. It becomes the conventional Poisson 
ratio for small values of X. Any change in slope from one-half is taken 
as an increase in volume and a new constant slope is taken to indicate com
pletion of the dewetting process. Smith reports that the critical strain 
for the start of the dewetting process increases with temperatures. The 
ratio of log X2 log Xj, after dewetting is completed, is independent of tem
perature. This latter behavior is explained by postulating that, after 
dewetting is completed, further stretching enlarges only the size of the 
vacuoles around the filler particles. As the filler content increases, the 
critical strain for dewetting decreases.

Sample preparation of unfilled plasticized PVC wras discussed in detail in 
a previous paper.7 The formulations used are listed in Table I. The lot 
of Bakelite QYSQ resin is the same as the one used before. The plasti
cizers are tricresyl phosphate (TCP) and dioctyl adipate (DOA). Calcium 
carbonate is the filler. Unfilled samples used for comparison were made up 
of the same composition. Thus, TCP-20 corresponds to compositions 
A-C with 20 parts of plasticizer used for every 100 of resin and the same

(2)

log X2/log Xi = — V: (3)

EXPERIMENTAL
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applies to TCP-40, TCP-60, DOA-20, and DOA-40. In the text, any 
references to the series A -0  are accompanied by the filler content such as 
A-10, B-20, and C-40.

RESULTS 

A. Stress Relaxation

All experimental work was done at 50°C. employing the TCP samples. 
The data were analyzed in exactly the same manner as those for the un
filled samples discussed in our previous paper.7 In review, the relaxation 
of PVC was represented by a model consisting of three Maxwell elements 
and one spring.

0(f) =  Ge +  Gie- t/T' +  G2e“ i/T! +  G,e~t/T3 (3)

where G, and r, represent the shear modulus and relaxation time, respec
tively, and t is the time. After 90 min., the third element has relaxed only a 
small percentage and was assumed not to have deformed at all. The stress 
values of (Se +  N3), the elastic stress Si and S2, the delayed stresses, are 
reported in Table II. The relaxation time t2 (independent of strain) is also 
reported, n, in case of unfilled samples,7 appeared independent of the 
variables listed and averaged about 110 sec.; the data on filled samples in
dicated the same relaxation time.

The values of (No +  S3), S2, and Ni were plotted versus the strain accord
ing to the theory of rubber elasticity. It is to be expected that, as long as 
the stress is proportional to the strain, no dewetting occurs while any curva
ture toward a lower modulus indicates dewetting.

Analyzing all of the (Se +  S2) curves, we found that in the range of the 
deformations employed, and within our experimental times, A-10 is the 
only formulation which shows no dewetting; the corresponding formula
tions (10% filler) at higher plasticizer content, D-10 and M-10, show de
wetting at the higher strains. When dewetting occurs, in analogy to the 
work of Bartenev and Vishnitskaya6 discussed in the introduction, we see 
that the separation times for dewetting are equal to, or less, than r2 but 
much smaller than r3.

Looking at the S2 plots we see that the separation times for dewetting 
of the B-20 formulation is of the same order as r2 and greater than n. From 
the Si plots the separation time for dewetting of the D-10 and E-20, M-10, 
and N-20 compositions is seen to be of the same order as n.

The samples C-40, F-40, and 0-40 with the highest filler content are of 
great interest. In these cases, the data show that the separation time for 
dewetting is shorter than n, i.e., for all practical purposes, instantaneous. 
This is most revealing in view of the fact that the same samples show an
S-shaped behavior in the strain-log time creep curves, to be discussed 
below.
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B. Creep

Reviewing briefly, plasticized polyvinyl chloride has been found to 
undergo a permanent deformation when strained over 100%.8 At com
parable strains, it was also found that the internal energy, as reflected in the 
stress-strain curves, begins to rise. Plasticizer efficiency has been eval
uated in several respects, namely rubberlike behavior, recovery, glass

Fig. 1. Creep and set under constant load of E-20, 50°C.

Fig. 2. Set vs. strain of E-20, 50°C ., under different loads and different tim es (in m inutes) 
as shown b y  num bers. Sm aller tim es at the sam e strain represent higher loads.

SET 
L/L0)
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Fig. 3. Creep of highly filled samples F-40 under varyin g loads (in gram s per square cen
tim eter) as indicated.

Fig. 4. S tress-strain  a t 400 min., 50°C.
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Fig. o. M odu lus at 400 min. vs. deform ation  o f T C P -p lastic ized  resins, 50 °C .

transition, set, and stress-strain at break. No single plasticizer was out
standing. Of the plasticizers employed, DOA was found to be better than 
TCP with respect to the first four aspects listed above.

Filled samples behave in a similar manner. In view of our results with 
unfilled samples,8 the creep time was limited to 400 min. As in the case of 
unfilled samples, the creep curves of the filled samples, before dewetting 
occurs, were not greatly differentiated (except for some cases to be dis
cussed below) indicating that the relaxation tunes are independent of filler 
content and similar to the ones of the unfilled specimens. A typical plot is 
shown in Figure 1 in which we have also indicated set (permanent defor
mation) as a function of rime.

A plot of set versus final deformation under condition of (a) constant load 
and varying time, and (b) constant time and varying load is shown in Figure 
2 where the time of load removal is indicated to the right of each point. 
The data show that the set increases with the time but at an ever decreasing 
rate. All data fall on the same set curve indicating that the set is a func-
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F ig. 6. M odulus at v ery  sm all strains vs. filler content, 5()°C.

tion of the strain. The set of filled samples approaches zero for strain 
values of 1.0 or less, as in the case of unfilled samples.

The influence of the amount of filler on the extent of set is not very clear. 
For DO A, the set drops for 10% filler and then rises toward that of the un
filled samples. For TCP, the set of the filled samples is larger with little 
dependence on the filler concentration.

Plotting the strain versus log time, our creep curves approximate straight 
lines except for the samples with the highest filler content. For these, 
Figure 3, accelerations of strain rates occurred at times which decreased 
with the stress level. Smith and Landel9 made similar observations but did 
not report maxima of the strain rate (inflection of our curves) possibly be
cause they encountered early breaks. The sharp increase in the strain rate 
was visually accompanied by a whitening of the samples which in turn signi
fied the beginning of set. Similar results are obtained for compositions 
C-40, F-40, 1-40, L-40, and 0-40. In as much as whitening, rise of strain 
rate and set are increasing functions of the plasticizer percentage at con-
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TCP DOA TCP
Oa-IO □ D-10 V o -io e j - i o A M-10
C»B-PO a E-20 IfH-20 ©K-20 A N-20
• c-4 o ■ P-40 ▼ l-40 ®L-40 A 0-40
___I___ II I _ I I ___ II I II I

STRAIN AFTER 400 MINUTES CREEP

F ig. 7. P er cent creep recovery a fter 10 min., 50 °C.

stant filler content, it follows that the filler is not only wetted by the poly
mer but also by the plasticizer. The fewer the bonds between polymer 
and filler, the earlier will dewetting be completed.

Figure 4 shows the strain-stress curves at 400 min. for some filled samples 
and an unfilled one for comparison. The addition of filler gives initially 
an increase in modulus for the lower strains but the curves cross at high 
strains due to the onset of dewetting.

An interesting light on the mechanism of deformation is cast by plotting 
the data according to the theory of rubber elasticity. For some filled 
samples, the data at 400 min. are shown in Figure 5. The initial moduli 
increase with filler content. At small strain, the moduli of the least filled 
samples remain constant while those of the others drop rapidly.

In Figure 6, we see the moduli at a strain of 0.15 plotted against filler 
content. This lowest measured strain was employed rather than values 
at zero strain in order to avoid uncertainties of extrapolation. The shape 
obtained is that attributed to inert fillers.1 The drop of moduli for the 
highly filled samples as the strain increases, as seen from Figure 6, is taken 
as a sign of dewetting.

In Figure 7, we have plotted the remaining strain (following 400 min. of 
creep) after 10 min. of strain recovery against the final strain before un
loading. It is seen that the filled resins containing 20 parts of TCP show 
the slowest recovery, while DOA is much better in this respect. DOA with 
20 parts of filler actually shows an improvement over the unfilled case re
ported previously. In this instance, as with unfilled samples, there is hardly 
any difference between compositions containing 40 and 60 parts of plas
ticizer.
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We have held TCP-20, A-10, B-20, and C-40 also under constant load 
while slowly increasing the temperature from 20°C. Plotting the cathe- 
tometer reading versus the temperature, the resulting strain remained con
stant at first and then started to increase at an ever increasing rate. The 
temperature at which this occurred was 37°C. for all samples; i.e., the glass 
temperature was independent of filler content.

C. Volume Changes

At room temperature, DOA-20 with 20 and 40%  filler, respectively, shat
tered as the samples were deformed even by small amounts, DOA with 10% 
filler underwent considerable deformation before breaking and generally 
behaved like an unfilled sample, even up to the critical strain where the in
crease in volume begins. On the other hand, the TCP samples showed de- 
wetting even at 10%, filler, as shown in Figure 8. As found by Smith,6 the 
critical strain for dewetting goes up with temperature. Similar agreement

Fig. 8. Variation with thickness and length during extension.
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Fig. 9. V ariation  of In A / ln  Xi for several filled system s after dewetting.

is obtained if the ratios log X2/log  Xx from the slopes after dewetting are 
plotted versus the volume fraction (Fig. 9), showing increasing volume ex
pansion.

DISCUSSION

In stress relaxation, the first effect of the filler to be noted is the expected 
stiffening of the modulus with plasticizer content. Next, also the delayed 
modulus is increased as long as dewetting does not occur. We have shown 
that the separation time for dewetting at a critical strain in highly filled 
samples is very short. This result may be better understood in the light of 
creep curves of highly filled samples, below, which showed an increase in 
strain rate at the onset of dewetting (Fig. 3).

The relaxation data in Table II can be plotted as stress-strain curves to 
show the process of dewetting as a function of filler and plasticizer content. 
Apart from the expected intensification of dewetting with filler concentra
tion, it is of interest that dewetting increases also with plasticizer concentra
tion. In other words, the plasticizer reduces the resin-filler adherence. 
It should be noted that the crossover of the relaxation curves at high de
formation, when the apparent moduli of samples which dewet fall below 
those where little or no dewetting occurs, finds its counterpart in creep 
tests.

In creep, the curves of the 10% filled samples are similar in all aspects to 
those of the unfilled ones. In the cases of more highly filled samples, 
anomalous behavior was obtained in the form of S-shaped curves (elongation 
versus log time). The linear viscoelastic behavior, as represented by the
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stress independence of the 400 min. modulus of Figure 5, is limited to a very 
small strain and is followed by more complex behavior due to dewetting, as 
mentioned already above in the case of stress relaxation.

The stiffening effect shown in Figure 6 is that of an inactive filler,1 and 
the curves even stay below the values given by eq. (1). In Figure 4, the 
moduli of filled samples as a function of the strain are seen at large de
formations to drop below those of the unfilled samples, decreasing with in
creasing filler content, again in agreement with the relaxation behavior. 
Oddly, after the completion of the dewetting, the “ rubber-elastic”  be
havior, i.e., independence of modulus on strain (Fig. 5), is unproved and the 
modulus constancy better than in the case of the unfilled samples.8

The volume measurements of unfilled samples at room temperature8 had 
shown pronounced increases in volume in the cases of the less plasticized 
samples and we attributed this to plasticizer-polymer demixing on account 
of the whitening of the samples which may be taken as a phase separation 
phenomenon. This becomes less and less pronounced when the samples 
are repeatedly annealed before stressing. Eventually, the volume increase 
all but disappears. Therefore, we attribute these phenomenon to an ini
tially incomplete plasticizer-polymer dispersion which, in the process of 
sample stretching, allows local swelling pressures to vary with respect to 
areas of different degrees of orientation, densities, and local deficiencies of 
plasticizer and thus to enhance polymer crazing. It fits into this picture 
that at 50 °C. the phenomenon was not observed except immediately before 
break of the samples at very high elongation, while at 75 °C. the whitening 
was not observed at all. The phenomenon disappears also at high plas
ticizer contents.

In the case of filled resins, the critical strain for initiation of dewetting 
is found to increase with temperature, to decrease with filler content, and 
to be dependent on the nature and concentration of the plasticizer. We 
have plotted, in Figure 9, the slope of the lines, such as in Figure 8, after 
dewetting, i.e., extent of volume change with degree of extension, versus 
filler content. Assuming that in the case of complete wetting the de
wetting behavior should be given by the solid line, it is seen that most cases 
fall below the line, the more so as the resins become stiffer either due to less 
plasticization or to a higher degree of vulcanization. We conclude that the 
values of these deviations occur because the resins are too stiff to wet the 
filler completely even in the unstressed case, i.e., vacuoles exist in the ab
sence of any strain history. On deforming even a small amount, these 
vacuoles begin to increase in size and are accompanied by actual dewet
ting.

As dewetting occurs, the strain rates at constant load increase and go 
through a maximum in the case of highly filled samples (Fig. 3). Anneal
ing did not immediately restore the polymer-filler bonds, since repeat runs 
exhibited dewetting sooner. On the other hand, the degree of dewetting as 
reflected by an increase in the compliance is again dependent on the amount 
of plasticizer and, in addition, seem to be independent of plasticizer type.
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It is generally reported in the literature that the deformation at break 
decreases with filler content. We found this to be true for 20 and 40%  of 
filler, but for the samples containing 10% filler the deformation at break is 
equal to, if not greater than, that of the unfilled specimen. Furthermore, 
formulation A-10 did not break during deformation at room temperature, 
while TCP-20 and formulations B-20 and C-40, all with the same plasti
cizer-resin ratio, shatter. This is surprising. One would expect the mod
ulus and the internal viscosity to increase smoothly with filler content and 
the composite to become more brittle. The 10% filled resin does not fulfill 
this expectation. Similarly, the modulus-filler curve does not rise im
mediately with concentration (Fig. 6). Corresponding observations of an 
actual dip of modulus with small amounts of filler have been reported in the 
literature.10 Data by Ghersa11 show that presence of filler can counteract 
the modulus rise by low plasticizer additions. We interpret this as plasti
cizer adsorption.

In addition to modulus changes, we find that low filler content leads to 
effects opposite those at high content even at high plasticizer percentages 
and also with respect to deformation, and thus exhibits a general plasticiz
ing action. To understand this, one has to remember that in plasticized, 
filled systems the resin, as well as the plasticizer, tends to wet the filler. 
Plasticizer-filler bonds are not expected to break on deformation. This 
may be deduced also from the creep curves of the highly filled samples. 
The nature and concentration of the plasticizer therefore will affect the 
nature and extent of resin-filler wetting including the critical strain for 
initiation of resin-filler dewetting.

It may be assumed that plasticizers act in two ways, at first assisting 
resin recrystallization, raising the modulus beyond the dilution effect, and 
later lowering the modulus by dilution. Fillers act in three ways: by re
placing low modulus with high modulus domains, by deranging the resin 
microstructure and thus counteracting the first effect, and by hindering 
segment rotation raising the modulus again. With increasing filler, these 
effects will become important in the mentioned order. In the simultaneous 
presence of filler and plasticizer, and in view of the adsorption triangle just 
mentioned, one should expect that the two plasticizer and the three filler 
effects will counteract each other in all phases, and this is indicated by the 
data just described as well as by the apparent independence of the glass 
transition temperature on filler content mentioned earlier.

CONCLUSION

The presence of filler does not change the nature of the mechanical be
havior of plasticized PVC basically but adds two interesting features. 
Small amounts of filler (10% by volume) act almost like additional plas
ticizer in that the moduli are lowered and the extensions at break are in
creased which is opposite to the effect of higher amounts of filler. This 
phenomenon may be attributed best to competition between plasticizer and
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filler effects on the resin, and to adsorptive competition between resin and 
plasticizer for the filler.

At higher filler concentrations, the stiffening effects outweigh all others. 
Further volume increases are found at all but small deformations. These 
increases must be attributed partly to filler-resin dewetting and the con
comitant formation of vacuoles, but also to crazing in the resin itself start
ing from plasticizer or resin density inhomogeneities which persist on ac
count of the difficulty to achieve perfect equilibrium blending. For the 
one filler studied here ( C aC 03), its presence in more than about 10% con
centration reduces the range of response to mechanical straining as a homo
geneous material and leads to rapid modulus, volume, and elongation 
changes at critical stresses. This might be avoided for fillers which exhibit 
stronger bonds to the resin.

W e wish to  express our gratitude to  Congoleum  N aim  C o. for financial support and 
for the preparation of samples.
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Résumé

Le com portem ent d ’échantillons contenant des charges est trouvé sem blable en m aints 
aspects (tels que le fiuage, le  tension critique pour l ’apparition d ’une déform ation per
m anente) au chlorure de p olyv in yle  plastifié. On a  trouvé que la  présence de faibles 
quantités de C a C 0 3 comm e charge am enait une réponse mécanique améliorée tandis que 
de grandes quantités produisent des effets de rigidité dus à la nature d ’une charge inerte. 
Lors de déform ations plus grandes, le polym ère cesse de m ouiller la  charge et le volum e 
de la  résine chargée augm ente avec la  tension lors de la  rupture, d ’autan t plus que la 
charge qu ’elle porte sera plus im portante. L a  trem pe des charges par le résine est influ
encée par le contenu en plastifiant. Lorsque la tension dim inue, le tem ps de détrem page, 
très court pour des échantillons hautem ent cargés, augm ente de m anière appréciable avec 
la  décroissance du contenu en charge car il dépend en même tem ps du contenu en plasti
fiant. D e ce fait, le  module à  l ’équilibre et le m odule retardé augm entent avec le con
tenu en charge à faible tension et décroissent à des tensions plus fortes.
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Zusammenfassung

D as Verhalten von Füllstoffe enthaltenden Proben ähnelt in vielen Beziehungen (wie 
Kriechen, kritische D ehnung für das Einsetzen einer perm anenten D eform ation usw.) 
weichgem achtem  Polyvinylchlorid . D ie Anwesenheit kleiner M engen C a C 0 3 als F üll
stoff führt zu verbessertem  mechanischen Verhalten, während grosse M engen ähnlich 
einem inerten Füllstoff zu grösserer Starrheit führt. B ei grösseren D eform ationen benetzt 
das Polym ere den Füllstoff nicht mehr und das Volum en des Füllstoff enthaltenden 
H arzes nim m t beim  D ehnen auf G rund von  Rissbildung zu, u.zw . um  so mehr, je  mehr 
Füllstoff es enthält. D er W eichm achergehalt beeinflusst die B enetzung des Füllstoffes 
durch das Harz. B ei der Spannungsrelaxation nim m t der Zeitbedarf zum Aufhören der 
Benetzung, der für Proben hoher Füllstoffgehaltes sehr klein ist, m it abnehmendem F ü ll
stoffgehalt m erklich zu, während er gleichzeitig vom  W eichm achergehalt abhängt. 
D aher steigen Gleichgew ichts- und Nicht-Gleichgew ic.hts-M oduln bei geringer D ehnung 
m it dem Füllstoffgehalt an und sinken bei stärkerer D ehnung in verschiedener W eise ab.

Received March 21, 1963
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Polymer Formation through Diazonium Coupling*

A. RAVVE and C. FITKO, Metal R & D Laboratories, Continental Can 
Company, Chicago, Illinois

Synopsis

Polym ers were prepared through coupling of bisdiazonium  salts to polyphenols. 
T hree different polyphenols were em ployed for this condensation w ith  four arom atic 
diamines. Products were obtained w ith m olecular weights ranging from below 2,000 to 
over 20,000. In three of the four condensations carried out, no loss of nitrogen was de
tected through the coupling reactions, bu t some nitrogen appeared to have been lost in 
the fourth case. A ll polym ers obtained were dark in color. T h e polym ers possessing 
p-hydroxy azo groups in their m akeup occluded w ater which was held strongly.

INTRODUCTION

Polymers with azo groups are not new. The preparation of aliphatic 
polyazo compounds was reported by Hill in the formation of polyazines, 
polyhydrazonitriles, and polyazonitriles.1 This was accomplished through 
the reaction of diketones with hydrazones to form polymeric azones, then 
further with H CN and oxidation to obtain polymeric azonitriles:
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Berlin and co-workers2 attempted the synthesis of polyaryls through the 
decomposition of bisdiazo salts by univalent copper. Elemental analysis 
of their products disclosed nitrogen, indicating that the hydrocarbon 
radicals tended to combine with diazo radicals with resultant partial inclu
sion of azo groups.

Work presented here describes, what appears to be the first attempt at 
polymer formation through use of diazonium coupling. Bisdiazonium salts 
were coupled to polyphenols:

* Presented in part a t the 142nd N ational M eeting of the A m erican Chem ical So
ciety, A tlan tic  C ity , N . J., Septem ber 1962.
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C U N n T c p  + HO

n o OH
— N = N ■ N=N-

R '

RESULTS AND DISCUSSION

It has been established that the diazonium coupling reaction with 
phenols involves an attack by the electrophilic substituting agent, ArN2+, 
upon the phenoxide ion.4’6 This bimolecular reaction is one of condensa
tion between the undissociated, polarized diazo group and the aromatic 
body in an activated state in which a hydrogen atom has acquired an in
duced positive charge.6-8 Furthermore, the diazo group usually attached 
itself in the -para position, though small amounts of ortho compounds are 
also known to form .10 If, however, the para position is occupied, then the 
ortho position becomes the preferred point of attack, p ll of the reaction 
medium is the single most important factor affecting the reaction. Cou
pling will occur most readily and completely in essentially neutral solutions. 
The diazonium ion becomes, however, quite unstable at neutrality. Such 
instability can be expected to have a chain terminating effect in a polymer 
growth. The nature of the phenolic material itself might also influence 
the extent of the chain growth. Three different polyphenols were used in 
this work to carry out condensations with four different amines. These 
condensations can be summarized as follows: (1) bisdiazonium salt of p- 
aminodiphenyl sulfone was coupled to a phenol-formaldehyde novolac, 
yielding polymer I ; (2) bisdiazonium salt of p-aminodiphenylmethane was 
coupled to a phenol-formaldehyde novolac, yielding polymer II; (3) 
bisdiazonium salt of 1,2-di-p-aminophenylethane was coupled to 2,2'-di-p- 
hydroxyphenylpropane, yielding polymers III, IV, V, and V I; (4) bis
diazonium salt of p,p'-diaminobiphenyl was coupled to 3,3'-dihydroxybi- 
phenyl, yielding polymers VII, V III, and IX .

In the phenol-formaldehyde novolac, which is known to be a mixture of 
position isomers in polymer homologs, the unreacted phenol, probably 
present, could cause chain termination if it couples in one position only. 
This difficulty was not expected with the other phenols which were pure 
compounds. The para position in 2,2'-di-p-hydroxy phenyl propane is 
blocked, so we can expect ortho coupling only. In the 3,3'-dihydroxybi- 
phenyl, on the other hand, both para and ortho positions are available, but, 
whereby the para position is preferred, steric hindrance could force greater 
ortho substitutions than should otherwise be expected.

The properties of the resulting polymers are summarized in Table I.
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The products from the condensations were dark, ranging from red to brown 
to black. Their dilute solutions were orange.

Polymer I by combustion analysis was found to have a nitrogen:sulfur 
ratio of 1.18. This suggests that the structure might be :

where x  is an average of 5, assuming that the chain termination occurred 
through the hydrolysis of the diazonium salt. For the structure presented, 
the molecular weight should be approximately 2000, nitrogen 5.47% calcu
lated and sulfur 4.69% calculated. This fits closely to the found quantities.

The infrared spectrum of this polymer is shown in Figure 1. The typical 
associated OH absorption at 2.89 /x is strong, indicating large proportions 
of the para isomer. The fact that the peak is broad, however, extending 
to 4.2 /x, can suggest the presence of the orf/io-substituted phenols as well. 
The bonds most associated with the azo and hydrazone groups in the 
neighborhood of 7 m are in the region of ring and aromatic C-H vibrations.12 
Thus, it is difficult to decide which band in this spectra should be attributed 
to the azo vibration. The characteristic sulfone absorption12 at 8.62-8.93 
¡i is present, as should be expected.

Polymer II was not soluble in common solvents and, therefore, molecular 
weight was not determined. This poor solubility, on the other hand leads 
us to suspect that the molecular weight may be high. The infrared spec
trum of this material is presented in Figure 2. Here the weak and broad 
absorption at 3-4.2 /x suggests a large predominance of the ortho isomer. 
The other bands can be assigned mainly to the high aromatic character of 
this molecule.

Polymers III, IV, V, and VI should be similar, the differences being mainly 
in molecular weights. The similarity in their structures can be readily 
observed from the infrared spectra shown in Figure 3. Combustion 
analysis, does indicate, however, that some differences do exist. Thus, 
polymer III might be only
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and would be a dimer with perhaps some unreacted phenol present as an 
impurity, which would manifest itself in a low nitrogen. For the above 
structure carbon is 76.99%, hydrogen 6.19%, and nitrogen 6.19%.

Polymer IV appears to be a mixture of a trimer and a tetramer. Such 
a mixture would place it within the range of molecular weight found 
experimentally. The low carbon content, however, found by combustion 
analysis leaves us uncertain. Polymers V and VI we believe to have the 
following structure:

Here x can be 2 for polymer V and over 24 for Polymer VI. The above 
structure would have the values for carbon 75.88% calculated, hydrogen 
5.77% calculated, and nitrogen 10.42% calculated. These values fit 
closely to the determined ones as shown in Table I. With x equal to 2 for 
polymer V, the calculated molecular weight is 1613. The determined 
molecular weight, however, was 1890, which indicates the presence of 
some higher molecular weight fractions. Infrared spectra can only be 
expected to show weak and broad absorptions in the 2.98 n region, due to 
the association of the phenolic OH Group with the azo structure. The 
other peaks of Figure 3 again confirm the aromatic character of the mole
cule.

Polymers VII, VIII, and IX  were separated on the basis of their solubility. 
Here, as in the case of Polymers III, IV, V, and VI, we expected the differ
ences to be present mainly in molecular weights. Infrared spectra and 
combustion analysis tend to support this expectation.

The combustion analysis, of the three polymers, however, shows all of 
them to be lower in carbon and nitrogen and higher in oxygen and hydrogen 
than would be expected from a product of such a condensation. In fact, 
the structure which fits closer to these analyses would be one showing some 
azo groups associated with water, one out of every three or four links. 
This water would have to be held so tightly that repeated drying in vacuo 
would not remove it. The drying conditions were 8 hr. at 56°C. over 
anhydrous silica gel at 1 mm. Hg.

Brode and co-workers noticed that p-hydroxyphenyl azo compounds 
did associate strongly with water, to a point that a corresponding shift of
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the azo peak could be shown in the ultraviolet.13 They did not indicate, 
however, that the water was difficult to remove by drying in vacuo.

Karl Fischer determinations for presence of water were then conducted 
on these polymers. It was determined that the polymers possessed, on the

WAVELENGTH (MILLIMICRONS) 

Fig. 5. U ltraviolet spectrum  of polym er I.

average, 2.35% water. One molecule of water for every four azo links 
would amount to 2.24% water. The structure could then perhaps lie 
represented as follows :
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with x  equal to 6 for polymer V II and 23 for polymer VIII.
Another factor, which should not be overlooked in these reactions, is the 

possibility of the loss of nitrogen through decomposition of the diazonium 
salt and the resultant free radical recombination of two aryl groups. The 
lower nitrogen found in these polymers would indicate that some of this 
indeed may have happened.

Thus, if we assume the loss of 12-14% nitrogen per mole of polymer in 
addition to the presence of water, then carbon becomes 73.29% calculated, 
hydrogen 4.41% calculated, and nitrogen 11.44% calculated for polymer 
VII and carbon 73.12% calculated, hydrogen 4.37% calculated, and nitro
gen 11.90% calculated for polymer VIII. These quantities are close to 
those found experimentally.

Because these polymers are also polyphenols, another means of analysis 
would be the determination of their hydroxyl group content through 
acetylation. This was carried out on polymers VII, VIII, and IX . The 
values obtained fit the above shown structure if water is present and 
would be low for a dry material. Hydroxyl value determination conducted 
on a model compound, o-hydroxy, p-methylazobenzene was also low, 8.02% 
calculated, 7.80% found. Infrared absorption of polymers VII, VIII, and 
IX  shown in Figure 4 indicate great similarities in structure. There appear 
to be no contradictions in these spectra to the molecules shown.

As already mentioned, the infrared spectrum is not a satisfactory means 
for establishing the presence of azo groups. The azo bond, however, does 
show up well in the ultraviolet region.14'15 Thus, the ultraviolet spectrum 
of polymer I, presented in Figure 5 shows an azo peak between 375 and 
385 m/n The azo absorption of polymers III, IV, V, and VI appears at 
330-360 mu, as seen in Figure 6. The shift in azo absorption of polymer 
I could perhaps be attributed to the influence of the sulfone groups. Poly
mers VII, VIII, and IX  also show the azo peak shifted (Fig. 7) to almost 
390 m/i. The highly conjugated nature of the polymers might contribute 
to this shift, though azo absorption of p-hydroxyazobeuzene was also re
ported in this region by Brode and co-workers.13
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Fig. 6. U ltraviolet spectra u f: ( •••)  polym er I II ;  (--) polym er IV ; (------ ) polym er V;
(---- ) polym er V I.

EXPERIMENTAL 

Preparation of Novolac

The novolac was synthesized from reagent grade phenol (1 mole), form
aldehyde solution, 37% (0.65 moles), and 0.4%  hydrochloric acid (spe
cific gravity 1.18) as catalyst. The components were reacted initially at 
45°C. to remove the exotherm and then at 95°C. for 3 hr. The resin was
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SPh
Sco¡2;
S

Fig. 7. U ltraviolet spectra of: (------ ) polym er V I II  in dioxane; ( - - - )  polym er V I I  in
dioxane.

washed repeatedly with hot water to remove the acid catalyst and the 
unreacted components. The finished resin was vacuum-dried.

The average molecule weight of the finished resin was found to be 400, 
indicating a high ratio of tetramers in this product (found: C 78.33%, H 
5.73%).

Diazotization Reaction and Coupling
All diazotization and coupling reactions3 were conducted in three-necked 

flasks equipped with mechanical stirrers and dropping funnels. During 
the reaction, the flasks were immersed to their necks in a constant temper
ature bath maintained at — 4°C.

Condensation 1: Diazonium Salt of p./Z-Diaminodiphenyl Sulfone and 
Coupling to Novolac. Diaminodiphenyl sulfone (24.8 g.) was converted to 
the dihydrochloride salt. The salt was diazotized and then coupled to 92 
g. of the sodium salt of the novolac3 at —4°C. The reaction mixture was 
allowed to stand overnight and then gradually warmed to room tempera-
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ture. The precipitate which formed was filtered off and discarded as un
reacted novolac. When the filtrate was acidified with acetic acid, 59 g. 
of a dark red material precipitated (polymer I).

Polymer I was purified by dissolving it in amyl alcohol, filtering, and 
subsequently precipitating the polymer in the filtrate with petroleum ether. 
The procedure was repeated again with the use of hot acetone instead of 
amyl alcohol.

Condensation 2: Bisdiazonium Salt of Diaminodiphenylmethane and 
Coupling to Novolac. One mole of p,p'-diaminodiphcnylmethane (196 g.) 
was diazotized and then coupled to 0.75 mole of sodium salt of the novolac. 
Some gas evolved during the reaction. After the reaction, the dark brown 
solid (polymer II) was filtered off and dispersed in glacial acetic acid for 24 
hr. hollowing the acid treatment, it was collected on a Buchner funnel, 
washed repeatedly with water, and dried. The yield was 288.8 g. (found: 
C 74.22%, H 5.22%, N 8.23%).

Condensation 3: Diazonium Salt of 1,2-Di-p-aminophenylethane and 
Coupling to 2,2'-Di-p-hydroxyphenylpropane. 1,2-Di-p-aminophenyleth- 
ane (0.2 mole) was diazotized, and the diazonium salt was coupled to 0.2 
mole of the sodium salt of 2,2'~di-p-hydroxyphenylpropane. A very dark 
red, solid precipitate separated from the mixture. It was washed thor
oughly with dilute acetic acid, then with water and finally dried.

The polymer was separated into four fractions by means of solvent solu
bilities. The polymer was extracted with room temperature butanol. 
Petroleum ether was added to the butanol and the very small amount of 
precipitate, was filtered off. The filtrate was evaporated to dryness to 
yield polymer III. It was then dissolved in toluene and the solution was 
filtered. Polymer III was precipitated from the filtrate with petroleum 
ether.

The residue from the cold butanol extraction was then extracted with 
hot butanol. Polymer IV precipitated out on cooling this extract.

The residue from the successive cold and hot butanol extractions was 
extracted with toluene. Polymer V precipitated when petroleum ether 
was added to this extract. It was then dissolved in methyl ethyl ketone, 
filtered, and the filtrate was evaporated to dryness.

The remaining residue from the three previous extractions was dis
persed in dimethylformamide and filtered. Polymer VI was precipitated by 
adding water to the dimethylformamide solution. Polymer VI was fur
ther purified by titurating with hot acetone.

The separation of products from condensation 3 can be summarized in 
scheme 1.

Condensation 4: Bisdiazonium Salt of p,p'-Diaminobiphenyl and
Coupling to 3,3'-Dihydroxybiphenyl. p,p'-Diaminobiphenyl (20.6 g.) was
diazotized and then coupled to 15 g. of 3,3'-dihydroxybiphenyl as the so
dium salt. A dark brown precipitate started to form almost immediately. 
The product was filtered and washed with dilute acetic acid and then with 
water. The product was separated according to scheme 2.
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Producta from  Coupling 3

Soluble in cold 
butanol

B utanol-
insoluble

Add petroleum Soluble in hot
ether butanol, Toluene- Toluene-precipitated 

on cooling soluble soluble

F iltrate  Precipitate

Evaporated to 
dryness, 
dissolve 
in toluene, 
precipitate 
with petroleum 
ether

Polym er IV

Polym er I II
Nitrogen-containing 

nonpolym eric 
compound A

Precipitate
with petroleum 
ether Dissolve 

in DMF

i
Solution 

in DMF, 
precipitate 

with water
l

Polym er V I D M F -insoluble 
inorganic 
W hite salt

M E K -
soluble

Evaporated 
to dryness

Polym er V

M E K -
soluble

R ed solid 
(appears to  be 

identical to 
polym er V I)

Scheme J.

Products from  Coupling 4

Solvent
evaporated

Extracted with dioxane

D ioxane-soluble 1  Dioxane-insoluble

Isopropyl alcohol 
added

Precipitate Polym er I X

Polym er V I I  Polym er V III

Scheme 2.

The products from coupling 4 were placed into a large Soxhlet extractor and 
extracted with dioxane. A dark, almost black solution of dioxane formed 
leaving a black residue ( polymer I X ) . The dioxane solution was added to 
five times its volume of isopropyl alcohol to yield a black precipitate 
(polymer V III). The alcohol-dioxane solution was allowed to evaporate 
to dryness, leaving a black precipitate (polymer VII).
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Molecular Weight Determinations
The molecular weights of these polymers were determined in dioxane 

solution in a thermoelectric osmometer (Mechrolab Model 301-A).
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Résumé
On prépare des polym ères par couplage de sels de diazonium  et de polyphenols. On 

emploie trois différents polyphenols pour cette condensation avec quatre diamines aro
matiques. On obtient des produits de poids m oléculaires de l ’ordre de moins de 2.000 
à plus de 20.000. D ans trois des quatre condensations effectuées, on ne détecte pas de 
perte d ’N 2 par réaction de couplage, mais dans le quatrièm e cas, on détecte une faible 
perte d ’N 2. T ous les polym ères obtenus sont de couler foncée. Les polym ères possé
dant dés groupes p-hydroxy-azo lors de leur form ation, occluent de l ’eau qui y  est a t
tachée fortem ent.

Zusammenfassung
D urch K upplung der Bis-diazonium salze von  vier arom atischen D iam inen m it drei 

verschiedenen Polyphenolen wurden Polym ere hergestellt, deren M olekulargew icht in 
einem Bereich von weniger als 2000 bis über 20000 lag. B ei dreien der vier Kondensa
tionen war während der K upplungsreaktion  kein Stickstoffverlust festzustellen, während 
im vierten  Falle anscheinend etwas Stickstoff abgespalten wurde. Alle Polym eren 
waren dunkel gefärbt. D iejenigen Polym eren, die p-H ydroxyazogruppen enthalten, 
okklddieren W asser und halten es sehr fest gebunden.
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w-Cyanothiaalkyl Polyacrylates: A New Class
of Synthetic Rubbers

JULIAN N E H. PRAG ER, R IC H A R D  M . M cC U R D Y , and 
GEORGE B. R A TH M A N N , Central Research Laboratories, 

Minnesota Mining and Manufacturing Company, St. Paul, Minnesota

Synopsis
T h e synthesis and polym erization of a  series of w -cyanothiaalkyl acrylates, C H 2=  

C H C 0 2(C H 2)mS(C H 2)„C N , are described. T h e length of the side chain and the posi
tion of the sulfur atom  are varied. M ierogelation is found to occur during polym eriza
tion, as indicated b y  viscosity and m olecular w eight measurements (for 5-cyano-3- 
th iap en tyl p olyacrylate  at 90%  conversion: [77] , 0.37 in acetone; M v , 600 million). 
Possible mechanisms of gelation are considered. Glass transition tem peratures and 
solvent swellings are reported as follows: 4-cyano-3-thiabutyl p olyacrylate, T a — 24°C ., 
14 %  volum e swell in benzene; 5-cyano-3-thiapentyl p olyacrylate, — 50°C ., 20 % ; 6-cy- 
ano-3-thiahexyl p olyacrylate, — 58°C ., 38 % ; 6-c_yano-4-thiahexyl p olyacrylate, — 58*0., 
4 2 % ; 8-cyano-7-thiaoctyl polyacrylate, — 59°C ., 120% . T h e relation betw een these 
properties and the structure of the polym ers is discussed. T h e swelling of 5-cyano-3- 
th iapen tyl p olyacrylate  in eighteen other fluids is given; an estim ate (between 10 and 
12.5) is made of the sqlubility param eter of this polym er. B u lk  properties are reported 
for the vulcanizate of 5-cyano-3-thiapentyl polyacrylate.

INTRODUCTION

It is widely recognized that the affinity of hydrocarbon polymers for sol
vents of a similar nature is reduced by the incorporation of polar groups 
into the polymer structure. Such groups also increase interactions be
tween polymer chains, however, and give rise to systems which exhibit a 
sluggish response to an applied stress. Thus, the very polar groups which 
enhance solvent resistance tend to reduce elasticity, particularly at low 
temperatures.

There has long been interest in obtaining solvent-resistant rubbers with a 
broad useful temperature range. In consequence, numerous studies have 
been made of elastomers containing various polar groups in order to ob
serve the effect of different types of substituents on the properties of the 
polymer. Perhaps the best known systems of this type are the copolymers 
of butadiene and acrylonitrile.1 Butadiene has also been copolymerized 
with acrylic acid2 and, in addition, many polyacrylates have been pre
pared containing polar substituents in their alcohol side chains, including 
the chloro3,4, bromq,4 fluoro,6 cyano,4 nitro,4'6 nitrato,7 and alkoxy groups,8 
as well as combinations thereof.9'10

1 9 4 1
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In this investigation we have examined the effect of the incorporation in 
an elastomer of both the cyano and the thio ether groups. The cyano 
group was included for its high dipole moment (the dipole moments11 of 
aliphatic nitriles are in the range 3.5-4.0D) and relatively compact size, 
the thio ether linkage for its low energy of rotation and not insignificant 
polar character (aliphatic sulfides have moments11 in the range 1.55-1.GOD). 
A study of the thiaalkyl polyacrylates is reported in another paper.12 Of 
course, a great variety of elastomeric structures could be proposed which 
would include these two groups, structures of both the condensation and 
addition polymer types. We chose to incorporate both groups into a single 
vinyl monomer and selected for the polymerizing unit the acrylic ester 
structure.

This paper describes the preparation and polymerization of several acrylic 
esters and discusses the properties of the resulting co-cyano thiaalkyl poly
acrylates.

- f C H 2— C H - fs

¿ 0 .2(C H ,)„S (C H 2)„C N

in which the position of the sulfur atom and the length of the side chain 
have been varied. In all cases the nitrile group has been placed in the ter
minal position to permit its maximum exposure with consequent enhance
ment of solvent resistance. Branched structures have not been investi
gated extensively, because it has been shown for numerous polymer sys
tems, including the unsubstituted polyacrylates13 and the polyvinyl ethers,14 
that branching in the side chain decreases flexibility.

EXPERIMENTAL METHODS 
A. Monomer Preparation

The preparation of a series of acrylic esters of the general formula, 
CH2 =  CHC02(CH2)mS(CH2)reCN, was carried out. The following mem
bers were synthesized: m = ' 2, n =  1 (4-cyano-3-thiabutyl acrylate); 
m =  2, n =  2 (5-cyano-3-thiapentyl acrylate); m =  2, n =  3 (6-cyano-3- 
thiahexyl acrylate); m =  3, n =  2 (6-cyano-4-thiahexyl acrylate); m =  6, 
n =  1 (8-cyano-7-thiaoctyl acrylate). These esters have not been re
ported previously, nor have the alcohols from which they were prepared, 
with the exception of 5-cyano-3-thiapentanol-l, which was synthesized by 
Gribbins and co-workers15 by the cyanoethylation of 2-mercapto-1-ethanol. 
This procedure was used by us, with the modifications of Hurd and 
Gershbein,16 for the alcohols in which n is equal to 2 (method A ) :

H O (C H 2)otSH  +  C H ,= C H C N  —  H O (C H 2)„,S(CH 2)2C N

The other alcohols were obtained by reacting the sodium mercaptide of a 
mercaptoalcohol with the appropriate chloronitrile (method B ) :

H O (C H 2)„S N a  +  C 1(CH 2)„C N  —  H O (C H 2)mS (C H 2)„C N
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The acrylates were prepared by treating the alcohol with acrylyl chloride 
(method C) or by ester interchange with ethyl acrylate (method D ) :

cin—CHcoci
H O (C IL ),„S (C T L )„C N ------------------> C H o= C H C O o(C H 2)„,S(CH 2)„C N

o r
C112= C I IC  O 2 E t,

Direct esterification with acrylic acid was found to produce only negligible 
quantities of the desired esters.

Starting Materials

3-Mercapto-l -propanol. This material was synthesized from 3-bromo- 
1-propanol by the method of Clinton and co-workers.17

6-Mercapto-l-hexanol. A mixture of 1.2 moles of 6-chloro-l-hexanol 
(prepared in 46%  yield from 1,6-hexanediol and hydrochloric, acid by the 
method of Campbell and Sommers18), 1.3 moles of thiourea, and 800 cc. of 
95%  ethanol was refluxed for 24 hr. After the addition of 200 cc. of water, 
the solution was distilled until 800 cc. of liquid was collected. In an 
atmosphere of nitrogen, 600 g. of 10% sodium hydroxide solution was 
added, and the mixture was refluxed for 2 hr. The aqueous layer was 
acidified with dilute sulfuric acid ; the oily layer was taken up in benzene, 
water-washed, dried, and distilled. A  74%  yield of colorless, somewhat 
viscous 6-mercapto-l-hexanol, b.p. 78-80°C ./0.5 nun., 1.4845, was 
obtained.

A n a l  C alcd . for C 6H 14OS: S, 23.9% . F ound: S, 23.6% .

w-Cyanothiaalkanols

The physical properties and method of preparation of these alcohols are 
listed in Table I. They are colorless, somewhat viscous liquids with a pro
nounced mercaptanlike odor.

Method A. Acrylonitrile was added to the appropriate mereaptoalcohol 
in the manner described by Gershbein and Hurd16 for 5-cyano-3-thia- 
pentanol-1.

Method B. The sodium mercaptide of the appropriate mereaptoalcohol 
was prepared by adding cautiously 1 mole of sodium metal and then 1 mole 
of mereaptoalcohol to 400 cc. of absolute ethanol. To this solution at 
10-T5°C. was added dropwise 1 mole of the appropriate chloronitrile. 
After the addition was complete, the mixture was heated at reflux until 
neutral; it was then filtered, and the product was separated by distillation 
under vacuum.

oi-Cyanothiaalkfjl A crylates

The physical properties and method of preparation: of the acrylates are 
shown in Table II. They are colorless, mobile liquids with a slight odor.

Method C. To a stirred solution at 10-15°C. of 1 mole of co-cyano- 
thiaalkanol and 1.10 moles of triethylamine (dried over potassium hy
droxide, refluxed with a-naphthyl isocyanate, distilled, and stored over
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sodium) in 200 cc. of dry benzene was added dropwise 1.05 moles of freshly 
distilled acrylyl chloride. The mixture was allowed to stand for 2 hr., 
filtered, washed with dilute acid and limited amounts of water, and dried. 
The acrylates were purified by distillation under vacuum from copper 
powder or by percolation through activated alumina.

Method D. A  mixture of 3.5 moles of u-cyanothiaalkanol, 10.5 moles 
of ethyl acrylate, 0.035 moles of tetraisopropyl titanate (E. I. du Pont de 
Nemours and Company) and 10 g. of copper powder was heated to boiling 
and the azeotrope of ethyl acrylate was removed slowly by distillation 
through a 30-cm. Vigreux column. The remaining ethyl acrylate was 
taken off under vacuum, and the residue was diluted with benzene, washed 
with saturated sodium sulfate solution, dried, and purified as in method C.

B. Polymerization

The co-cyanothiaalkyl acrylates can be polymerized in solution or in emul
sion. Screening polymerizations were carried out on a 1-g. scale in sealed, 
evacuated ampules, while large laboratory runs were made in bottles or 
flasks. Solvents used in solution polymerization included acetone and di- 
oxane; azobisisobutyronitrile was used as initiator. A variety of emul
sion systems was evaluated; in general, “ activated”  recipes1911 were found 
to produce the best latexes. The polymers reported in this paper were 
prepared by recipe I l ia  in Table III ; it has since been found that recipe 
I l lb  produces a latex of superior shear stability.

T A B L E  III

Parts (by weight)

I l i a .  Standard polym erization recipe

M onom er 100
W ater 180
D odecylam ine hydrochloride 5
Cum ene hydroperoxide (72 .5% ) 0 .5
T  riethy lenetetram ine 0 .5

I l lb .  Im proved polym erization recipe

M onom er 100
W ater ISO
Em col K-8300“ 5
Potassium  persulfate 0 .5
Sodium bisulfite 0 .3

“ Com plex aliphatic sulfonate (W itco Chem ical Co., Inc., N ew  Y ork, N . Y .).

In general, the polymerizations were carried out at 25°C. Reaction was 
essentially complete in 3 hr. The raw polymers were isolated by coagula
tion of the latex in methanol and were then water-washed and dried under 
vacuum at 50 °C.
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C. Vulcanization
For evaluation of bulk properties, the raw polymers were subjected to a 

peroxide cure. The recipe given in Table IV  was found to be satisfactory.

T A B L E  IV  
Vulcanization Recipe

Parts (b y  weight)

Polym er 100
H A F  B lack “ 35
M agnesium  oxide 10
D i-C u p  40C» 3

Press cure 30 min. at.
310°F.

a Philblack O (Phillips Chem ical Co., Akron, Ohio).
b 40 %  dicum yl peroxide supported on precipitated calcium  carbonate (H ercules 

Powder Co., W ilm ington, D elaw are).

PROPERTIES OF POLYMERS 
A. Viscosity and Molecular Weight

co-Cyanothiaalkyl acrylates have a tendency to crosslink during solution 
polymerization and to form microgel in emulsion systems. The term 
microgel will be used to describe highly crosslinked latex particles which 
are dispersible because of their microscopic dimensions.1911 In general, 
crosslinking during polymerization takes place only with difunctional 
monomers, e.g., with butadiene or divinylbenzene. It has been studied 
extensively in connection with butadiene-styrene copolymerization; an 
analytical survey of this subject has been published.20 Under certain con
ditions network formation may also occur through chain transfer of grow
ing radicals with polymer formed previously; such a phenomenon has 
been proposed to explain the formation of crosslinked polymer in the poly
merization of methyl acrylate.21

It is known that microgel formation is greatest at high conversions. Fur
thermore, the greater the extent of crosslinking at a given molecular 
weight, the more compact is the molecule and hence the lower the dilute 
solution viscosity of the species. Repeatedly we have found that in the 
emulsion polymerization of an w-cyanothiaalkyl acrylate the dilute solu
tion viscosity decreases as the conversion increases. Light-scattering 
molecular weight measurements made on samples of 5-cyano-3-thiapentyI 
polyacrylate with a Debye-type light-scattering instrument22 provide fur
ther confirmation of the occurrence of crosslinking during polymerization. 
Thus, a sample withdrawn at 70% conversion, which had an intrinsic vis
cosity of 0.42 in acetone, was found to have a light-scattering molecular 
weight of 500 million. A sample which was polymerized to 90%  conversion
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had an intrinsic viscosity of 0.37 in acetone and a molecular weight of 600 
million.

The mechanism of gelation during polymerization of these w-cyanothia- 
alkyl acrylates is not known, although we believe that crosslinking occurs 
because of chain transfer of growing radicals with polymer already formed. 
However, the possibility cannot be completely eliminated that crosslink- 
ing takes place because of copolymerization of trace quantities of a difunc
tional impurity. In view of the fact that the viscosity of polymer speci
mens prepared from very pure monomer was only slightly increased over 
that obtained from monomer of lesser purity, it is difficult to believe that an 
impurity is responsible for the extensive microgelation observed.

B. Low Temperature Properties

The glass transition temperature Tg of the raw polymers was measured 
with a modified Abbé refractometer by the method of Wiley and Brauer.23 
The data are listed in Table V. A plot of glass temperature against the 
number of methylene groups in the alcohol side chain is shown in Figure 1. 
As the length of the side chain increases, the glass temperature decreases, 
apparently leveling off at about five methylene groups. Transition tem
peratures have been reported for a few of the unsubstituted n-alkyl poly
acrylates; it is apparent from the results of Wiley and Brauer24 that in this 
series also, the glass transition temperature reaches a minimum at some 
temperature below the value found for the w-butyl member, — 70 °C.

T A B L E  V
Glass Transition Tem peratures and Swelling Volum es of w -Cyanothiaalkyl

Polyaery  lates

A crylate  side chain T „  °C .

Swelling volum e in 
benzene (cured, 
filled polym er),

%

4-C yano-3-th iabutyl - 2 4 14
5-Cyano-3-thiapentyl - 5 0 20
6-Cyano-3-thiahexyl - 5 8 38
6-Cyano-4-thiahexyl - 5 8 42
8-Cyano-7-thiaoctyl - 5 9 120

C. Swelling

The swelling in benzene of the cured, filled polymers was investigated; 
the data obtained for the various members of the series are given in Table 
V Figure 2 shows a plot of swelling volume in benzene against the number 
of methylene groups in the side chain. If the regular solution theory of 
Hildebrand25 is applied, it may be said that the cohesive energy density 
(C.E.D.) of the polymer decreases as the polar centers in the side chains 
become diluted with hydrocarbon units. Thus, as can be seen from Figure
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Fig. 1. Glass transition tem perature as a function of the num ber of m ethylene groups in 
the side chain of w -cyanothiaalkyl polyacrylates.

N u m b er , of Meth y len e  Groups in Side Chain

Fig. 2. Swelling volum e in benzene as a function of the num ber of m ethylene groups in 
the side chain of w-cyanothiaalkyl polyaerylates; cured b y  standard recipe (T able  IV ).

2, the lower members of the series have little affinity for benzene, while the 
higher members are swollen to an increasing degree by this solvent.

An estimate of the solubility parameter 6 [5 =  (C .E .D .)1' 2] of one mem
ber of the series, viz., 5-cyano-3-thiapentyl polyacrylate, has been made by 
measuring its swelling in a variety of fluids. For this study, we did not use 
standard vulcanizates; instead a very lightly crosslinked, unfilled sample 
was used, permitting greater accuracy in measuring swelling, particularly 
in poor solvents. The swelling data are given in Table VI, along with the 
5 values of the solvents, and are shown graphically in Figure 3. From the 
graph one can estimate a 5 value between 10 and 12.5 for this polymer.
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T A B L E  V I
Swelling of 5-C yano-3-thiapentyl P o lyacrylate  in Various Liquids (unfilled, cured w ith

1.5 parts D i-C u p  40C)

No. Solvent

Hildebrand
solubility
param eter

Swelling, 
volum e, %

1 E th y l ether 7 .4 0
2 M eth yl isobutyl ketone 7 .9 20
3 Carbon tetrachloride 8 .6 0
4 Toluene 8 .9 13
5 E th y l acetate S .95 36
0 Benzene 9 .1 5 31
7 M eth yl e th yl ketone 9 .3 53
8 Chlorobenzene 9 .5 21
9 Acetone 9.9 665

10 Carbon disulfide 10 10
11 Nitrobenzene 10 676
12 D ioxane 10 138
13 Pyridine 10 .7 1070
14 D im eth yl sulfoxide 1 1 .7 1800
15 Acetonitrile 1 1 .9 710
16 P rop yl alcohol 1 1 .9 2
17 N itrom ethane 12 .6 1100
18 D im eth yl form am ide 14.0 2400
19 M eth yl alcohol 14 .4 10

Thus, the polymer is soluble in dioxane, acetone, pyridine, and acetonitrile 
but insoluble in solvents of low 5 value. As might be expected for a highly 
polar system, the solubility characteristics are not adequately described in 
terms of simplified regular solution theory (compare swelling values for

T A B L E  V I I
Properties of 5-Cyano-3-thiupentyl P o lyacrylate  Vulcanizate

Tensile strength, psi 1200-1500
U ltim ate elongation, % 200-300
S et a t break, % 3-6
M odulus a t 100%  elongation, psi 300-600
Hardness, Shore A z 40-70
Resilience, % 5
Com pression set B

(70 hr. a t 212 °F .), % 60
Tem pered 24 hours at 250°F., % 50

Useful tem perature range, °F. 0-250
Ozone resistance Excellent
D ielectric constant (2 3 °C .)a

100 cycles/sec. 26.9
100 kcycles/sec. 1 7 .1

D issipation factor (2 3 °C .)a
100 cycles/sec. 0.46
100 kcycles/sec. 0.054

“ M easured on unvulcanized gum  stock.
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Fig. 3. Swelling volum e of 5-eyano-3-thiapentyl p olyacrylate  vs. solubility param eter of
solvent.

acetonitrile and propyl alcohol), which is based on a molecular model of ad
ditive, spherically symmetrical force fields. Although refinements of theory 
to take into account dipolar contributions to the C.E.D. may be possible, 
it is unlikely that such an approach would offer significant improvement 
unless some estimate could be made of molecular asymmetry.

D. Mechanical and Electrical Properties
The data obtained for 5-cyano-3-thiapentyl polyacrylate compounded 

according to the recipe given in Table IV are given in Table VII.
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Résumé

On décrit la synthèse et la polym érisation d ’une série d ’acrylates w -cyanothiaalkyles, 
C H 2 = C H C 0 2 (C H 2),„S(CH 2)„C N  La longueur de la chaîne latérale et la position de 
l ’atom e de soufre ont varié. On trouve qu ’il y  a form ation de microgels au cours de la 
polym érisation, ainsi que le m ontrent les mesures de viscosité et de poids moléculaire 
(pour le 5-cyano-3-thiapentyl-polyaerylate à 90 %  de conversion: ( y )  = 0.37 dans l ’acé
tone; M u , =  600 millions). On considère des mécanismes possibles de form ation de gels. 
Les tem pératures de transition vitreuse et les gonflements dans le solvant s’élèvent à:
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p olyacrylate  de 4-cyano-3-thiabutyle, T „  — 24°C ; 14 %  comme gonflem ent (de volum e) 
dans le benzène; p olyacrylate  de 5-cyano-3-thiapentyle, — 50°C, 20 % ; p olyacrylate  de 
6-cyano-3-thiahexyle, — 58°C , 38 % ; p olyacry late  de 6-cyano-4-thiahexyle, — 58°C , 
4 2 % ; p olyacrylate  de 8-cyano-7-thiaoctyle, — 59°C , 120% . On discute la relation 
entre ces propriétés et la  structure des polym ères. On donne le gonflem ent du p oly
acrylate  de 5-cyano-3-thiapentyle dans 18 autres liquides; on fa it une estim ation du 
param ètre de solubilité de ce polym ère (entre 10 e t 12.5). On donne les propriétés de 
masse pour la vulcanisation du p olyacrylate  de 5-cyano-3-thiapentyle.

Zusammenfassung
E s werden Synthese und Polym erisation einer Reihe von  w -C yan -T hiaalkylacrylaten  

C H 2 = C H C 0 2(CH2)mS(CH2),iC N  beschrieben. Länge der Seitenkette und Lage des 
Schwefelatom s wurden variiert. W ie aus Viskositäts- und M olekulargew ichtsm essungen 
hervorgeht (für 5-C yan-3-th iapen tylpolyacrylat bei 90%  U m satz fand m an: [i;] =  
0,37 in A ceton ; M w =  600 M illionen), findet während der Polym erisation M ikrogel
bildung statt. M ögliche M echanism en für die G elbildung werden in Erw ägung gezogen. 
E s werden folgende G lasum w andlungs-tem peraturen und Lösungsm ittelquellungen 
angegeben: 4-C yan -3-th iabu tylpolyacrylat: 7’„ — 24°C , 14 %  Volum squellung in
B enzol; 5-C yan-3-th iapen tylpolyacrylat: — 50 °C , 20 % ; 6-Cyan-3-thiahexylpoly- 
acrylat: — 58°C , 38 % ; 6-Cyan-4-thiahexylpolyacrylat: — 58°C , 4 2 % ; 8-Cyan-7-
th iao ctylp olyacrylat: — 59°C , 120% . D ie  Beziehung zwischen diesen Eigenschaften 
und der S tru ktu r des Polym eren wird diskutiert. Ferner wird die Quellung von  5-C yan- 
3-th iapentylpolyacrylat in achtzehn weiteren Flüssigkeiten angegeben und die Löslich
keitsparam eter dieses Polym eren bestim m t (zwischen 10 und 12,5). F ür das Vul- 
kanisat von  5-C yan-3-thiapen tylpolyacrylat werden Eigenschaften der festen Substanz 
beschrieben.
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Fine Texture in Necking Portions of 
Cold-Drawn Polyethylene

NOBUTAMI KASAI, Department of Applied Chemistry, Faculty of Engi
neering, Osaka University, Higashinoda, Miyakojima-ku, Osaka, Japan, and 
MASAO KAKUDO, Institute for Protein Research, Osaka University, 

Joancho, Kita-ku, Osaka, Japan

Synopsis
Continuous structure change in the necking p a rt of the cold-drawn polyethylene has 

been exam ined b y  the wide- sm all-angle x-ray diffractions. A  specially designed m icro
beam  x-ray cam era which perm its both wide- and sm all-angle diagrams to be obtained 
a t the same position a t the same tim e was used. W ith  increasing draw ratio, along the 
center axis of the specimen, first the crystallites are aligned w ith the a  axes perpendicular 
to the draw  direction ; this is followed by a  gradual orientation of the c axis to the draw 
direction. On the other hand, an isotropic ring-shaped sm all-angle halo continuously 
changes to an elliptical halo with its minor axis on the meridian. A fter this stage, a 
meridional scattering in layer streaks appears superposed on the flat elliptical halo, then 
the elliptical halo disappears and the layer streaks on the meridian remain, and finally 
the quadrant meridional scattering appears as diffuse layer streaks w ith in tensity  m axim a 
on both sides of the meridian. On the stream  line, nearly the same variations of the 
wide- and sm all-angle diagram s as those on the center axis are observed; however, the 
meridian of each diagram  is not parallel to the draw  direction but coincides w ith  the 
tangent of the stream  line a t each irradiated position. T he stream  line was conven
tionally defined so as to divide the y  coordinates from  the center axis to the surface a t 
every  point on the line into the sam e ratio. One characteristic diagram  along the stream  
line is a sm all-angle oblique tw o-point pattern, appearing as off-meridian layer streaks. 
From  each wide-angle diagram , the average orientation angle betw een the c axis and the 
meridian, degree of crystallite  parallelity, and the apparent crystallite  size were esti
m ated. T h e  B ragg distance, iden tity  period along the meridian, and the azim uthal 
angle on the film betw een the meridian and the direction from  center to the diffraction 
peak were determ ined b y  the sm all-angle scattering. In  considering these results, a 
series of plausible models for continuous structure change in necking is presented.

I. INTRODUCTION

It is well known that cold drawing is one of the most important opera
tions in synthetic fiber production, and during drawing, necking down defor
mation of fiber occurs under comparatively low temperature.

In structural studies on drawn polyethylene, some models1” 3 have been 
presented to explain the x-ray small angle diagrams. Fischer and Schmidt4 
examined the variations in the long period of the drawn polyethylene. 
Very recently, Hosemanir'' reviewed the structure studies of polyethylene, 
and he presented a model based on his paracrystal theory.

1955
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In a study of the mechanism of cold drawing, Fankuchen and Mark6 
first showed changes of the crystallite orientations in the necking part of 
nylon filament by an x-ray microtechnique. Aggarwal and his co-workers7 
also investigated the changes in orientation during stretching and relaxa
tion of polyethylene films.

In the present study, the continuous structure change in the necking 
portions of the cold drawn polyethylene has been more precisely examined 
by the wide- and small-angle x-ray diffractions by using a specially designed 
micro-beam camera which permits both wide- and small-angle x-ray dia
grams to be obtained at the same position at the same time.

II. EXPERIMENTAL 

A. Polyethylene Sample

I.C.I. Alkathene 511D polyethylene with a density of 0.928 g./cc. was 
used. An extruded rod sample about 3 mm. in diameter with no preferred 
orientation of crystallite was heated at 100°C. for 3 hrs. in order to re
duce strain in the original sample before cold drawing, and cooled at a 
cooling rate of 10°C./hr.

The sample rod was drawn at 10°C. Then a thin plate specimen, about 
0.3 mm. in thickness, which includes both a diameter and the center axis of 
the rod, was cut out at the necking part of the drawn sample as sketched 
in Figure 1.

In order to ascertain with accuracy the location of the irradiated posi
tions of the x-ray beam on the specimen, the cross point as the origin of 
coordinates of the positions was marked with a sharp knife edge on the

Fig. 1. D iagram  of specimen preparation.
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center axis in the undrawn part as shown in Figure 2. Thus, the irradi
ated positions of the specimen were easily defined in terms of the x  and 
y coordinates (in millimeters), which could be accurately measured under 
microscope.

Fig. 2. Specimen. R ig h t half is shown. A  large circle represents the origin of the 
coordinates which define the irradiated position of x-ray. Sm all circles indicate the ir
radiated positions.

The partial draw ratio of the specimen around the necking part con
tinuously increases with increase of the x  coordinates along each stream 
line thus defined, and the draw ratio at the fully drawn part of the specimen 
is about 750%.
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The x-ray diffraction diagrams were first made on the positions along 
the center axis of the specimen, and then measurements were repeated in 
the same way along the outer stream lines. In this study, the stream line 
was so defined as to divide the y coordinates from the center axis to the 
surface at every point on the line into the same ratio. In Figure 2, four 
stream lines are shown in the right half of the specimen.

B. X-Ray Measurements

X-ray diffraction diagrams were made with nickel-filtered CuKa radi
ation.

Small angle Wide angle
s ca tte r in g  d i f f r a c t io n  Third p inhole

Beam stop Specimen
P late  fi lm  fo r  P late  fi lm  fo r
small angle wide angle

Small angle 
pattern

Wide angle 
pattern

(b )

X -ray

F irs t  p inhole

Specimen

X-ray

Fig. 3. Schem atic illustration of the specially designed m icrobeam  x-ray cam era: (a) 
cam era geom etry; (6) diffraction diagram s and specimen.

For taking x-ray diagrams, a specially designed small-angle camera, sche
matically shown in Figure 3a, was used in this experiment. Two pin-hole 
collimators, 150 y  in diameter, 20 cm. apart, were aligned on an optical 
bench. The specimen was directly attached to the back side of the third 
pin-hole. Films were set for both the wide- and small-angle x-ray diffrac
tions on the same part of the specimen at the same time, and the specimen- 
film distances were 1.5 and 13 cm. for the wide-and small-angle diagrams, 
respectively. The small-angle diffraction passes through a small window 
at the center of the film placed for the wide-angle diffraction. The arrange
ment is schematically illustrated in Figure 3b.
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III. RESULTS
Some of the characteristic diagrams are selected from many diffraction 

diagrams taken at various points on the center axis, along the intermediate

U )  0 0

Fig. 4. Some characteristic wide- and sm all-angle x-ray diffraction photographs, 
(a)—(/) W ide-angle patterns taken a t the positions in Fig. 2: ( a )  (1.66, 0), ( b )  (2.19, 0), 
(c) (2.27, 0), ( d )  (2.47, 0), (e) (2.61, 0), and (/) (2.85, 0). ( g ) - ( k )  Sm all-angle patterns
taken a t the positions: ( g ) (1.66, 0), (h ) (2.19, 0), (i ) (2.27, 0), ( j )  (2.35, 0.90), and ( k )  

(2.85, 0).
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stream lines, and also along the surface of tire specimen, and they are re
produced in Figure 4.

For convenience, variations in the x-ray diagrams are separately de
scribed in the three regions, the A, B, and C regions (see Fig. 2).

Wide-Angle Diffraction

A Region. No change on wide-angle diffraction diagrams was observed 
all over this region. The diagrams all consist of well defined rings of uni
form intensity.

B Region. Crystallite orientation occurred in this region. The (200) 
reflection appeared as a well defined single arc on the equator. On the 
other hand, the (110) reflection was split into two arcs on both sides of the 
equator. The (020) and (310) reflections were also split in the same way. 
In Figures 46-4e, the progressive concentration of the (200) reflection at 
the equator was observed. Each splitting angle between a pair of arcs 
on both sides of the equator for the (110), (020), (310), and other reflections 
decreased gradually with increase of the draw ratio.

On the stream lines, similar changes as along the center axis were ob
served; however, beside the center axis, the meridian of each x-ray dia
gram was not parallel to the draw direction of the specimen, but coincided 
with the tangent of the stream line at each irradiated position.

C Region. Through this fully drawn region, all the (hkO) reflections 
were very well concentrated on the equator (Fig. 4/). The (110) and (200) 
reflections were accompanied by diffuse scattering. In addition, some 
of the so-called amorphous halo was also concentrated at the equator.

The average orientation angle <p between the c axis of the crystallite and 
the stream line running through each irradiated position was calculated 
from the angular position of the (110) reflection by use of Polanyi’s equa
tion.8 The degree of the crystallite parallelity x (in per cent) was con
ventionally determined from the angular half width  ̂of diffraction arc in 
the fiber pattern by the relation :9

x = [(180° -  m)/180°] X 100

The apparent crystallite size L  was estimated by using Warren’s approxi
mation for Scherrer’s formula10 from the line broadening of the wide- 
angle diagram. As the line broadening due to crystallite lattice distor
tion and other imperfections could not be separated from that due to crys
tallite size, these contributions on the broadening were not taken into 
account in the estimation. The results of these determinations are sum
marized in Tables I and II.

Small-Angle Scattering
A Region. An isotropic ring-shaped halo (Fig. 5a) was observed through 

this region.
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Fig. 6. Characteristic figures of the sm all-angle x-ray  patterns along the stream  lines.

B Region. The small-angle scattering diagrams in this region show 
interesting variations along each stream line. These are shown sche
matically in Figure 5.

Along the center axis of the specimen, with increase of the draw ratio, 
an elliptical halo with its minor axis on the meridian (Fig. 5b) first appeared 
in this region. After this stage, a diffuse meridional scattering in layer 
like streaks appeared superposed on the flat elliptical halo (Fig. 5c). Then 
the elliptical halo disappeared, and the diffuse layer streaks on the meridian 
(Fig. ad) remained at the lower part of this region.
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Along the intermediate stream lines, rather similar changes (Fig. 5a '-c') 
and 5a " - c " )  were observed, however, the meridians of these x-ray dia
grams were parallel to the tangents of the stream lines at the position where 
the diagrams were taken. One characteristic diagram obtained along 
the stream line shows asymmetrical off-meridian streaks as seen in Figure 
5d', which corresponds to Figure 5d on the center axis. This is a new kind 
of small-angle scattering diagram.15 A detailed discussion of this will be 
given later.

C Region. Through this region, the quadrant meridional scattering 
appeared as diffuse layer streaks with intensity maxima on both sides of the 
meridian (Figs, be and 5>/).

The values of D, J, and 5 determined from the small-angle scattering dia
grams are also listed in Tables I and II, where D is the Bragg distance, J 
is the identity period along the meridian (so-called long period), and ô 
is the azimuthal angle on the film between the meridian and direction from 
center to the diffraction peak.

IV. DISCUSSION

For convenience, structure changes in the specimen are also discussed 
separately into the A, B, and C regions.

A Region

Both the wide-angle diffraction and the small-angle scattering of this 
region show ring-shaped diagrams without any anisotropy. This means 
that no preferred orientation of the crystallites exists in this region, and 
that at the same time distribution of density inhomogeneities in the speci
men is isotropic. The crystallite size estimated from the (200) diffrac
tion width is about 200-240 A., and this is comparable to that obtained

F ig. 6. R adial in tensity  distribution curve of the ring-shaped sm all-angle halo.
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Fig. 7. M odels for the fine texture in the A  region: (a) nearly parallel stacking of 
lam ellar crystallites w ith mean repeat distance D \  (a ' )  random assem bly of the par
tia lly  parallel lam ellar stackings (each block represents a lam ellar crystallite); (a") spher- 
ulitic assem bly of the lam ellar crystallites due to K elle r ’s schem e; (6) fringed micelle type 
crystallites; (&') random assem bly of the fringed micelle.

from the single crystal aggregate.17 Thus, estimated crystallite size may 
he interpreted as concerning the extent of lattice perfection in the para- 
crystalline state. The radial intensity distribution curve of the small- 
angle scattering is shown in Figure 6. The value of Bragg distance D 
corresponding to the maximum of the curve was found to be 130 A. This 
value is nearly half the crystallite size, and also is comparable to the thick
ness of lamellar single crystals obtained from xylene solution.

T A B L E  III
R esults of the W ide- and Sm all-Angle D iffractions in the A  Region

C rysta llite  orientation Random
C rysta llite  size L % o , A . r-^240
D istribution  of density 

inhomogeneities
Isotropic

D , A. — 130

The results summarized in Table III lead to the schematic pictures of 
the fine texture in this region of the specimen as shown in Figure 7. Figure 
7a indicates a stacking of lamellar crystallites. Every crystallite is about 
100 A. or more in thickness; they are stacked up approximately parallel 
to each other, their repeat distances being about 130 A. The texture of 
this region is composed of disordered assembly of these stacked lamellar 
crystallites (Figs. 7a' and la " ) .  It is still not certain whether the fine tex
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ture of crystalline polymer can be always described as lamellar packing 
composed of leaflet crystallites with folded molecules as shown in Figures 
7a' and la " ,  even in this sample crystallized from molten state. So, there 
may also exist ordered or disordered entanglements of molecules (Fig. lb ') 
in some parts of the texture.

B Region

1. Upper Part

The wide-angle x-ray diagram shows the crystallite orientation. The 
orientation of the c axis is still imperfect, while the a axis of the crystallite 
is almost perpendicular to the stream line. It seems that the orientation 
occurs rather on the a plane at first, and then the c axis is oriented gradually 
to the draw direction. The apparent crystallite size on the center axis in 
this part remains almost unchanged with increasing draw ratio. On the 
other hand, a striking fact was found on the stream lines other than the 
center axis: crystallites increased in size with increasing draw ratio and 
the increase of the size was considerably greater on the outer stream line 
(Fig. 8). This slight increase of crystallite size is interpreted as that some 
strain initially existing in the (110) and (200) planes of lamellar crystallites

Fig. 8. Variations in crystallite size along the center axis and the stream  lines of the
specimen.
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(b) ( b1)

(a ")

(b")

Fig. 9. A  schem atic view  of crystallite  assem bly: ( a )  statistically  isotropic distribu
tion of crystallites represented b y  circles (before stretching), (a ')  spherically sym m etri
cal density distribution of crystallites corresponding to (a), where the first m axim um  of 
the distribution due to the nearest neighbors is on a sphere surface; ( a " )  sm all-angle 
x-ray pattern  expected from  the (a ')  system ; (6) statistically  cylindrical sym m etric as
sem bly of crystallites (after stretching) (M ean interparticle distance elongated in the 
stretching direction); (b ') radial density distribution shows first m axim um  on an ellip
soidal surface; (6") sm all-angle x-ray pattern  expected from  the (6 ') system .

is released by slight drawing, and consequently the effective coherent re
gion of lattice diffraction may be extended by the structure deformation.

In this part, the ring-shaped small-angle halo becomes elliptical in shape, 
with its minor axis parallel to the meridian. The major axis is equal in 
length to the diameter of the ring-shaped halo appearing in the A region. 
From the maximum points of the radial intensity distribution curves on 
the meridian and equator, the Bragg distances I)m and D eQ were found to 
be 170 and 130 A., respectively. With increase of the draw ratio, the in
tensity of the elliptical halo gradually concentrates on the off-meridian 
part of the halo. A similar change has already been observed by the 
present authors on stretched polyvinyl alcohol (PVA) film.11

The elliptical halo of the small-angle scattering was first observed on the 
cold-working of age-hardened Al-Ag alloy by Jan.12 On the cold-worked 
single crystal of the Al-Ag alloy, Sato and Kelly13 also observed the ellipti
cal halo, and explained it as due to deformation in the Guinier-Preston 
zone. The oval small-angle halo was also found on the stretched poly
ethylene by Hendus14 and on the stretched PVA film by the present au
thors.11 In the stretched PVA film, the present authors obtained the 
elliptical halo at a draw ratio of 20 and 50%, and they suggested that the 
elliptical halo might indicate a change in the density distributions of crys
tallites dispersion in the specimen, as shown in Figure 9.

Figure 7 a' shows a random assembly of stacked lamellar crystallites. 
In Figure 10ai and 10a2 are represented one of these stacking groups in
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(C!)  i c £ )

Fig. 10. D em onstration of the structure change in the necking part, based on the 
lam ellar crystallite model. D raw  direction is vertical. E ach  block represents a lam ellar 
crystallite w ith folded chain molecules. I t  is generally considered th at there m ay exist 
some am ount of fringed m icelle typ e  crystallites also in the undrawn region. On the 
other hand, in the fu lly  drawn region, m ost of the crystallites are unfolded in the fringed 
m icelle typ e, ( g o )  and ( < ¡ 2 )  represent the lam ellar stacking blocks, in which the surfaces 
are perpendicular and parallel to the draw  direction respectively. In the A  region, these 
stacking blocks are distributed in all directions, so the average lam ellar spacings derived 
from  sm all-angle scattering is equal in all directions as shown b y  (0 3 ). In  the B  region, 
crystallite deform ation and cleaving a t the ( 1 0 0 ) plane m ay occur b y  drawing, as shown

(c a p t io n  c o n t in u e d  on n ex t page
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which the surfaces are perpendicular and parallel to the draw direction of 
the specimen respectively. In the upper part of the B region, the struc
ture changes such as a\ to 61 and a2 to b2 of Figure 10 may result from draw
ing, at least in a short range. In the change from structures of the type 
shown in Figure 10aj to 106i, deformation and cleavage of the lamellar 
crystallites and widening of the spacing between lamellar crystallites may 
occur at the same time. If the lamellar surface is nearly parallel to the 
draw direction, such a change as that of structure 1 0 a2 to 1 0 b2 may not be 
accompanied by so much widening of the lamellar spacing. Including 
these local structure changes, as a whole, it results that the structure in 
this part deforms in such a way that the azimuthal distribution of lamellar 
spacings (Fig. 1062) gives an elliptical small-angle scattering halo.

On the other hand, the structure change in this part is also explained by 
another picture as the change from the form shown in Figure 11a to that 
shown in Figure 115. By cold drawing, spherically symmetrical distri
bution of the nearest neighbor distance of crystallites in the draw direc
tion may be elongated to change into an oblong elliptical distribution.

Hendus14 observed the appearance of the flat elliptical small-angle halo 
with polyethylene specimens when the specimen was stretched about 2 0 -  
50%. On the PVA film, 11 the oval halo was found at the same magnitude 
of stretching as with the stretched polyethylene. From these results it 
may be considered that the partial draw ratio in this part increased about 
20-50% or more.

2 . Middle Part

Diffraction diagrams showed better orientation than those in the upper 
part. The small-angle pattern was observed as a superposition of the flat 
elliptical halo found in the upper part and the diffuse layer streaks on the 
meridian in the lower part.

These observations lead to a conclusion that the texture in this part takes 
a mixed and intermediate structure of the upper and lower part.

3. Lower Part

a. On the Center Axis. Orientation of the crystallite along the center 
axis is better than that in the upper two parts and is progressively improved 
with increase of the draw ratio. Almost all the c axis is parallel in the 
azimuthal angle. Crystallite size estimated from the (200) reflection is 
nearly halved from the original size. This suggests that cleavage of crys
tallites occurred in this part.
b y  (bi). U nfolding of the molecules in the lam ellar crystallite m ay also begin. On the 
other hand, the average spacings in (b2) remains alm ost unchanged, though in this di
rection the unfolding m ay more easily occur. A s a result, in the upper p art of the B  re
gion, the average spacings of every direction should be expected as shown in (b3). In  the 
lower p art of the B  region, more m arked deform ation, cleaving, and unfolding occur, as 
shown in (bi'), (bi"), and ( 6 , and there m ay exist some regularity of arrangem ent of 
crystallites in short-range as in ( b i " ) .  (ci) and (c2) show the short-range regularity in the 
fringed micelle assem bly in the C  region.



1 9 7 0 N. KASAI AND M. KAKUDO

Fig. 11. D em onstrations of the structure change in the necking part, based on the 
fringed m icelle model. T h e fringed micelle typ e  crystallites m ay also exist in the un
drawn region. T h e right half row of the figure represents the corresponding model for the 
scattering system  of x-ray sm all-angle scattering, (oi) shows a random  assem bly of crys
tallites (A  region). T h e nearest neighbor distance is elongated in the draw  direction 
(upper p art of B  region), (ai), ( a t ) ,  and (i>i), (62) are sim ilar to  F ig. 9. In  the lower part 
of this region { W )  is ordinary long period regularity  along the center axis. T w o-di
mensional regularity also m ay occur in short-range like (6 1 ” ) along the stream  line on the 
right side of the necking shoulder. (b2') and ( b 2" )  show corresponding model of scatter
ing system , (ci) and (c3) show tw o-dim ensional regularity in short-range a t the fully  
draw n region C.
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S

X

F ig. 12. Oblique long-period x-ray pattern: ( a )  schem atic representation of the pattern 
a t the position of (2.35, O.'JO) in Fig. 2 (fiber axis vertical); (6) contour map of tw o-di
mensional in tensity  distribution on the film (Contours in arbitrary scale); ( c )  is Fourier 
transform  of (6).

The small-angle pattern contains a rather diffuse meridional layer streak 
with the Bragg distance of the order of 120 A. and is very weak in its in
tensity. This kind of small-angle scattering has been interpreted first 
as a regular arrangement of crystalline and amorphous regions along the 
microfibril axis (Fig. llho).1’2 Guilder and Belbeoch3 determined a den
sity distribution function by means of a Fourier transform of this kind of 
pattern. According to the paracrystal theory, Hosemann6 proposed a 
model, and gave its optical transform quite similar to the pattern.

In this experiment, it is concluded that most of the lamellar crystallites 
in this part may be divided by drawing, as stated before, and progressive 
unfolding of the folded molecules in the lamellar crystallite may also occur. 
Accompanying these changes there may also be formation of some amount 
of microvoids along the extended microfibrils in the structure. The di
vided crystallites may take similar arrangement as Hosemann5 proposed. 
At the same time, in some parts having good lateral order between the
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Fig. 13. A  plausible model of the fine texture corresponding to the oblique tw o points 
pattern. (1 )  and (r) are the structures on the le ft and right side of the specimen. Each 
block represents crystallites. S ' was derived from  the azim uthal angle 8 on the film. T he 
vertical lines in these figures represent the tangential direction of the stream  line a t each 
observed position. (L ) and (B ) are respective oblique x-ray patterns corresponding to 
the structure (0  and (r).

adjacent stretched chains, the regularity of the chains extends over neigh
boring chains, and fibrillar crystallites arise. These are shown in Figure
1 1  f>2-

b. On the Outer Stream Line. As seen in Figure 4j , the small-angle 
pattern contains two rather diffuse off-meridian layer streaks perpendicular 
to the fiber axis. This oblique two-point small-angle pattern has somewhat 
different character from the ordinary small-angle scattering pattern of fiber 
as mentioned before, and gives some clue to the fine texture in this part. 
The result of analysis of this pattern is listed in Table IV.

Figure 5d' shows the pattern which was taken at the position of (2.35, 
0.90) in Figure 2, on the right side of the specimen. On the left side, a 
similar but inversely inclined oblique pattern wrns obtained at the position 
of (2.35, —0.90). The relationship between these patterns is shown in 
Figures 5d' and 5d " .

T A B L E  IV
R esults of the W ide- and Sm all-Angle X -R a y  D iffractions on the Position (2.35, 0.90)

of the Specimen

C rystallite  orientation

C rystallite parallelity, %  
C rystallite  size A.

D ,  A.
J ,  A.
5

Inclination of the c  axis from  the tangent 
of the stream  line, 13 .5°; ( a  axis is ver
tical to the tangent)

80%
ca. 70~80
~ 10 0
~ 1 2 5
— 37°.
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(c)
Fig. 14. Schem atic view  on the relationships of the specimen, incident beam  and dif

fraction patterns a t the oblique structure, (a) shows the position of the sm all specimen 
cu t out from the oblique structure part. D irection  ( 1 ) is the incident beam  of the oblique 
pattern  system  (bi) which is sim ilar to F ig. 13. T h e (b2) system  shows the diffraction 
due to the incident beam  (2) in (a) and Fig. 13. (c) is the sm all angle pattern  obtained
b y  the (b2) system . T h e pattern  is reasonably interpreted b y  the structure model and 
incident direction (2) draw n in Fig. 13.

In order to obtain more precise information on the structure corre
sponding to the small-angle patterns like Figure 5d', the scattering inten
sity of the pattern was carefully observed by microphotometer. The con
tour map of two-dimensional intensity distribution on the film is shown 
in Figure 126. Figure 12c is the Fourier transform of Figure 126. A de
tailed report on this Fourier transform will be published later.

As seen in Figure 12c, the transformed map is very simple, and the den
sity inhomogeneity of the scattering matter does not so distinctly show up 
in the contour map. However, some modulation of the contour along the 
meridian indicates the existence of a periodicity of crystallite alignment.

A plausible model of the structure15 derived from the x-ray diffraction in 
this part is illustrated in Figure 13. In Fig. 13 (l) and (r) correspond to 
structures in the left side and right side of the specimen, respectively. 
The diffraction patterns like (L) and (R ) in Figure 13 can be reasonab’y  inter
preted with these structure models.

Since the two diffuse off-meridian streaks of this pattern are not orthog
onal to the draw direction of the specimen, Hosemann6 called this kind
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of pattern a “ non-orthogonal pattern,” and he also explained the oc
currence of this pattern as due to the change in paracrystallinc macrolat
tice cell resulting from the shearing.

If the fine texture in this part of the specimen corresponds to a model 
such as that shown in Figure 13, and if the specimen is irradiated from the 
direction (2) in Figure 14Z>i, it should be expected that a small-angle scat
tering with long spacing about 100 A. will appear exactly on the meridian. 
Actually Figure 14c shows the above-mentioned meridional scattering. 
This pattern was obtained by using a small specimen cut out from the posi
tion predicted in Figure 14/q from the necking part.

C Region

In this region, the wide angle diffraction diagrams indicate the best 
orientation of crystallites. All the (hi-0) reflections are very well concen
trated on the equator, and it is concluded that the alignment of the c axis 
of the crystallites is nearly perfect. It is interesting that some amount 
of amorphous halo was also concentrated on the equator, though most of 
that remained unoriented. The (110) and (200) reflections were accom
panied by diffuse scattering. This diffuse scattering may be caused by the 
paracrystallinc state at the fringed part of the crystallites.

Through this region, the quadrant meridional small-angle pattern is 
obtained as diffused layer streaks with intensity maxima on both sides of 
the meridian. The intensity of the pattern becomes a little stronger with 
increase of x coordinates.

A schematic model11' 16 of the structure in this region is illustrated in 
Figures 10c and 11c. These two figures show the same structures. Such 
a periodic arrangement of crystallites, at least in two-dimensional and in 
short-range order, reasonably explains the appearance of the quadrant 
small-angle pattern. The direction of stacking of crystallites in the illus
tration was assumed from the angle d in the small-angle pattern.

In relation with this study, secondary changes in the structure resulting 
from heat treatment, 7 -ray irradiation, and aging in air were examined by 
the wide- and small-angle x-ray diffraction. Results of these studies will 
be published soon.
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Résumé
On a examiné, au m oyen de la  diffraction à  grand et p etit angle des rayon s-X , la 

p artie rétrécie du polyéthylène étiré à  froid. On a  utilisé une cam éra, à  m icrofaisceau 
de rayon s-X  spécialem ent construite avec laquelle il est possible d ’obtenir à la fois des 
diagram m es à  grand et p etit angle à  la  même position au même m om ent. A vec  une 
augm entation du rapport d ’étirem ent le long de l ’axe central de l ’échantillon, les cris- 
tallites prennent d ’abord k alignem ent des axes a  perpendiculairem ent à la direction 
d ’étirement, suivi par une orientation graduelle de l ’axe x  en direction de l ’étirem ent. 
D ’autre p art un halo à p etit angle en form e d ’anneau isotropique se transform e progres
sivem ent en un halo elliptique dont le  p e tit axe est sur le méridien. A  ce stade apparaît 
une diffusion méridionale, sem blable à des couches de stries, superposée au halo elliptique 
p lat; ensuite le halo elliptique disparaît et les couches striées restent sur le méridien, 
finalem ent la diffusion du quadrant méridional apparaît sous form e de stries en couche 
diffuse avec des intensités m axim a des deux cotés du méridien. Sur la ligne d ’écoule
ment, on observe presque les mêmes variations des diagram m es à  grand et p etit angle 
que celles observées sur l ’axe central, cependant le méridien de chaque axe n ’est pas 
parallèle à  la direction d ’étirem ent mais coincide avec la  tangente à  la  ligne d ’écoulem ent 
en chaque position irradiée. L a  ligne de flux est conventionnellem ent fixée pour diviser 
les coordonnées y  depuis l ’axe central jusqu ’à la surface dans le même rapport pour cha
que point sur la ligne. Un diagram m e caractéristique au long de la ligne de flux est un 
“ modèle oblique à deux points”  à p etit angle, il apparaît sous la form e de couches 
striées en dehors du méridien. A  partir de chaque diagram m e, on a  estimé 1 angle m oyen 
d ’orientation entre l ’axe c et le méridien, le degré de parallélism e des cristallites et les 
dimensions apparentes des cristallites. P a r diffusion à p etit angle on a déterm iné 
la  distance de B ragg, l ’élement, périodique au long du méridien et l ’angle azim uthal 
sur le film entre le méridien et la direction du centre au pic de diffration. Après examen 
de ces résultats, on présente une série de modèles plausibles pour un changem ent continu 
de structure dans la  partie rétrécie.

Zusammenfassung
D ie  kontinuierliche Strukturänderung in der Einschnürungsstelle von k a lt verstreck

tem  P o lyäth ylen  wurde m ittels R öntgenw eit- und -kleinwinkelstreuung unter Ver
wendung einer speziellen M ikrostrahl-R öntgenkam era intersucht, die die gleichzeitige 
A ufnahm e von  W eit- und Kleiw inkeldiagram m en an derselben Stelle gestattet. Längs 
der M ittelachse der Probe richten sich die K rista llite  m it steigendem  Streckungs
verhältnis zuerst m it ihrer a-Achse senkrecht zur Streckrichtung aus, worauf eine schritt
weise Orientierung der e-Achsen in die Streckrichtung folgt. Andererseits geht ein 
isotroper ringförm iger K leinw inkelhalo kontinuierlich in einen elliptischen H alo m it 
der kleinen A chse im  M eridian über. H ierauf überlagern M eridianreflexe in Form  von  
Schichtlinienstreifen den flachen elliptischen H alo, der dann verschwindet. E s bleiben 
die Schichtlinienstreifen am  M eridian zurück und schliesslich treten  die Quadranten- 
M eridianreflexe in Form  diffuser Schichtlinienstreifen m it Intensitätsm axim a beiderseits 
des M eridians auf. A n der Ström ungslinie wurden fast dieselben Veränderungen der 
W eit- und K leinw inkeldiagram m e beobachtet, wie an der M ittelachse, doch w ar der 
M eridian eines jeden dieser D iagram m e n icht der Streckungsrichtung parallel, sondern
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fiel m it der T angente der Ström ungslinie an der jeweils bestrahlten Stelle zusammen. 
D ie Ström ungslinie war wie üblich so definiert, dass sie die ¡/-Koordinate von der M ittel" 
achse bis zur Oberfläche an jedem  P u n k t der Linie im gleichen Verhältnis teilt. Ein 
charakteristisches D iagram m  längs der Ström ungslinie, ein “ schiefes Zw eipunkt” - 
Kleinw inkeldiagram m , trat als off-M eridian-Schichtlinienstreifen auf. A us jedem 
W eitw inkeldiagram m  wurden m ittlerer O rientierungsw inkel zwischen c-Achse und 
M eridian, G rad der K rista llitp aralle lität und scheinbare K ristallitgrösse bestim m t. 
M ittels der K leinw inkelstreuung wurden der B ragg-A bstand, die Identitätsperiode 
längs des M eridians und der vom  M eridian und der Verbindungsline M ittelpunkt-R eflex 
auf dem Film  gebildete A zim utalw inkel bestim m t. A uf der G rundlage dieser E rgeb
nisse wird eine Reihe plausibler M odelle für die kontinuierliche Strukturänderung in der 
Einschnürungsstelle angegeben.

Received March 22, 1963
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Copolymerization of Tetrafluoroethylene with 
Ethylene Induced by Ionizing Radiation*

YONEHO TABATA, HIROSHI SHIBANO, and HIROSHI SOBUE, 
Facility of Engineering, University of Tokyo, Tokyo, Japan

Synopsis

Radiation-induced copolym erization of tetrafluoroethylene with ethylene was carried 
out. I t  was found from  this investigation th at the composition of copolym ers varied 
continuously in a wide range of m olar Concentrations of one component. T h e m elting 
point of the copolym ers obtained varied continuous]}' with the molar concentration of 
one com ponent in monomer m ixture between the melting points of both homopolymers. 
T h e x-ray diffraction m easurements showed th at the copolym er obtained was crys
talline. T h e copolym erization proceeds b y  a radical mechanism. I t  was concluded 
th at both the energy transfer to ethylene from tetrafluoroethylene during irradiation 
and great affinity of hydrogen atom  for fluorine atom  would p lay  an im portant role in 
the copolym erization.

Introduction

Radiation-induced polymerization of tetrafluoroethylene was reported 
in a previous paper.2 There has been no investigation on the copolymer
ization of tetrafluoroethylene by ionizing radiation. In this paper, the 
copolymerization of tetrafluoroethylene with ethylene by ionizing radiation 
is reported.

It was found from this investigation that the copolymerization could 
take place to yield copolymers with a statistical distribution of the mono
mer units.

Experimental

The tetrafluoroethylene used was a Nittb Kagaku product. The melt
ing point was — 145.5°C. Ethylene monomer was purified by treatment 
with 30% aqueous NaOH and 87% aqueous H2S04 and was dried by pas
sage through a trap (methanol-solid C 02) at — 78°C. Tetrafluoroethylene 
was condensed into an ampule containing solid ethylene monomer at liquid 
nitrogen temperature. The ampule containing solid monomers was evacu
ated to 10_2-10-3 mm. Hg. Irradiation was carried out by y-rays from a 
Co44 source at —78°C.

* A  p art of this paper was published p reviou sly .1 M ost of this paper was presented 
a t the Fourth  Radioisotopes Conference in K yo to , O ctober 1961.2
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F ig. 3. T h e relations betw een (9 )  melting point or (O) copolym erization yield and the 
molar concentration of ethylene in monomer m ixture. T h e melting points of p o lyv in yl 
fluoride (©) and polyvinylidene fluoride ( Q ) are also shown for comparison w ith th at of 
copolym ers.

Melting points, infrared spectra, and x-ray diffraction of the copolymers 
were determined.

Results and Discussion

The data on conversion versus irradiation time and data showing the 
effect of conversion on the melting point of the copolymer are given in 
Figure 1. It is obvious from the results that the melting point of the co
polymer (probably depending on the degree of polymerization) does not 
depend on conversion.

The relations between the conversion and the mole fraction of ethylene 
in the monomer mixture are shown in Figure 2. It is apparent from the 
figure that the rate of copolymerization decreased rapidly with the molar 
concentration of ethylene in the monomer mixture. The data showing the 
effect of molar concentration of ethylene in the monomer mixture on the 
melting point of the copolymer is plotted graphically in Figure 3. It is 
evident from the figure that the melting point of the copolymer decreased 
gradually with the molar concentration of ethylene from about 320°C. to 
240 °C.



1980 TABATA, SHIBANO, AND SOBUE

Fig. 4. Infrared spectra of (A )  copolym er (m olar ratio of monomer m ixture: C 2H 4/ 
C 2F 4 =  2.60); (B ) polytetrafluoroethylene and (C ) polyethylene in the region of w ave
length of 2 -16  fi.

T A B L E  I
E ffect of D P P H  on the Copolymerization,

Polym er
ization

M onom ers and added tem perature, D ose rate 
compounds, mmoles °C. X  104, r/hr. Dose, M rad

C 2F 4, 1 5 . 1
C 2H 4, 20.5
D P P H , 0 . 2 '  
C H 2C12, 11 . 7 ,

C 2F 4 15 . lì  
C 2H 4 20.51-
c h 2c i 2 1 1 .7 ]

- 7 8 6 .4 0.96

Conversion, %

0

- 7 8 6 .4 0.96 1 . 36
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It is interesting that the melting points of the copolymers with the same 
fluorine content are appreciably higher than those of polyvinyl fluoride and 
polyvinylidene fluoride, respectively.

These copolymerizations were completely inhibited by several radical 
scavengers. For example, the effects of l,l'-diphenylpicrylhydrazyl 
(DPPH) on the copolymerization are summarized in Table I. The in
frared spectrum of one of the copolymers is shown in Figure 4A.

In order to compare the spectrum with those of both homopolymers, the 
spectra of polyethylene (Fig. 4C) and polytetrafluoroethylene (Fig. 4B)

Fig. 5. Infrared spectra of (A )  polytetrafluoroethylene and (B ) the copolym er (m olar 
ratio of monomer m ixture: C 2H 4/ C 2F 4 =  2.60) in the region of w avelength of 10-25 

M-

are shown in the same figure. The spectra in the KBr prism region are 
shown in Figure 5. It is evident from the figure that the spectrum of the 
copolymer is quite different from those of the two homopolymers, and the 
spectrum is not obtained by superposition of the spectra of the two homo
polymers.

The spectra of polyvinyl fluoride, the copolymer, and polyvinylidene 
fluoride are shown in Figures 6.4, 6B, and 6(7, respectively. It is obvious 
from the figure that the spectra are also quite different from each other, in 
spite of the similar contents of fluorine and hydrogen in the copolymer.

The alternative possibilities of the production of a mixture of homopoly
mer or a block copolymer can be definitely excluded.
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It is well known that the interaction between hydrogen and fluorine 
atoms is very strong. Therefore it is easily understood that the stretch
ing vibration of r(C-F) would be influenced profoundly by a nearest hy
drogen atom in the same polymer.

Fig. 6 . Infrared spectra of ( .1)  p olyvin yl fluoride, (B ) copolym er (m olar ratio C 2H 4/ C 2F 4 

= 1.30 in monomer m ixture), and (C ) polyvinylidene fluoride.

Many characteristic absorption bands were observed in the copolymers.
The influence of the molar ratio (C2H4/C 2F4) in the monomer mixture 

on the infrared spectra are shown in Figure 7. Tentative assignments of 
the absorption bands of the copolymer are shown in Table II. As is 
obvious from the table, almost all the absorption bands increase or de
crease continuously with the molar concentration of one component in the 
monomer mixture. These experimental facts suggest that the copolymer
ization leads to copolymer with a statistical distribution in a wide range of 
molar ratios.
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The determination of fluorine contents in the copolymer are now pro
gressing in our laboratory by an elemental analysis and by measurements 
of nuclear magnetic resonance of proton and fluorine.

The X-ray diffraction curves of polyethylene, a copolymer, and poly-

Fig. 7. Infrared spectra of copolymers having various molar ratios of C2H 4/C 2F4 in 
monomer mixture: (A) 1.08, (B ) L30, (O') 2.(30, and ( D )  4.16.
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tetrafluoroethylene are given in Figures 8/1, 8B , and 8C, respectively. 
The peaks at 26 = 18.4 and 26 =  21.5 were observed in the diffraction in
tensity curve of the copolymer.

TABLE II
Tentative Assignments for Ethylene-Tetrafluoroethylene Copolymer

Wave
length,
cm.-1 Intensity

Component

AssignmentfUTd̂ -

2963 m Ine. Dec. ra(CH2)
2880 w Inc. Dec. M3(CH2)
1474 w Inc. sharp Dec. 5(CH2)

shoulder
1456 s. sharp S(CH2)
1441 m Inc. sharp Dec.

shoulder
1395 w Inc. Dec.
1352 v, w, shoulder Slightly inc. o;(CH2)
1330 s. sharp
1292 v, w, shoulder Slightly inc. w(CH2)
1254 s. sharp
1214 w Inc. sharp Dec.

shoulder
1175 v, s, broad wi(CF2)
1120 V, w Shoulder Slightly inc.

sharp
1045 v, s, broad xs(CF2)
1004 w Dec. shoulder Inc. sharp
9751 
966J m m gradually shift m

950 w w v.v.w.
917 w Inc.
893 m Inc.
775 w Inc. Dec. 7(CH2)— (C2H4),—
726 w Inc. Dec. 7(CH2) - ( C 2H4) , -
690 m, shoulder
674 m Inc.
667 8 Inc.
647 w, shoulder Inc. w(CF2)
628
600 w, broad Inc.
591 w, broad Inc.
571 w Inc. 5(CF2)
531 w, shoulder
520 w, shoulder
508 8 Inc. t(CF2)

The spacing of the strongest diffraction peak (26 = 18.4) of the copoly
mer is an intermediate value between that of ethylene (26 = 21.1) and 
tetrafluoroethylene (26 = 17.3). The spacing of the copolymer varies con
tinuously, depending on the molar ratio in monomer mixture. This seems
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to be the first case in which a vinyl copolymer is crystalline over the entire 
monomer composition range.

Polymerization Mechanism

As reported in previous papers,2’3 the polymerization of tetrafluoro- 
ethylene proceeds by a radical mechanism in the liquid state of the mono
mer at — 78°C., while the polymerization of ethylene proceeds under the

Fig. 8. X-ray diffraction intensity curves of (A) polyethylene A, (B ) copolymer (ethyl
ene was 24 mole-% in monomer mixture) and (C ) polytetrafluoroethylene.

same conditions by a cationic mechanism. Since the copolymerization of 
both monomers was inhibited by radical scavengers, as described above, 
the copolymerization proceeds by a radical mechanism. In this copoly
merization, it seems that the energy transfer to ethylene from tetrafluoro- 
ethylene during irradiation plays an important role. On the other hand, 
the great affinity of hydrogen for fluorine atoms would also play an impor
tant role in the copolymerization. .
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The copolymerization process appears to follow the scheme :
C2H4 — ► C2H /

C2F4 iwv—*■ C2F4*

C2H4 +  C2F4* -*  C2F4 +  C2H4*

The authors wish to express their thanks to Prof. Mora wetz for his helpful discussion.
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Résumé

On a effectué la copolymérisation, induite par radiation, du tétrafluoroéthylène avec 
l’éthylène. A partir de cette étude, on a trouvé que la composition des copolymères varie 
continuellement dans un large domaine de concentrations molaires d’un composant. Le 
point de fusion des copolymères obtenus varie continuellement avec la concentration 
molaire d’un composant dans le mélange des monomères entre les points de fusion des 
deux homopolymères. Les mesures de diffraction aux rayons-X montrent que le copoly
mère obtenu est cristallin. La copolymérisation a lieu par un mécanisme radicalaire. 
On peut conclure que le transfert d’énergie du tétrafluoroéthylène à l’éthylène pendant 
l’irradiation ainsi que la grande affinité de l’atome d’hydrogène pour l’atome de fluor- 
pourrait jouer un rôle important dans la copolymérisation.

Zusammenfassung

Es wurde die Strahlungscopolymerisation von Tetrafluoräthylen und Äthylen unter
sucht. Die Zusammensetzung der Copolymeren ändert sich kontinuierlich über einen 
weiten Bereich der molaren Konzentration der einen Komponente. Der Schmelzpunkt 
der hergestellten Copolymeren variiert kontinuierlich mit der molaren Konzentration 
der einen Komponente im Monomergemisch zwischen den Schmelzpunkten der beiden 
Homopolymeren. Wie Röntgenbeugungsuntersuchungen ergaben, ist das gebildete 
Copolymere kristallin. Die Copolymerisation verläuft über einen radikalischen Mecha
nismus. Man nimmt an, dass sowohl die Energieübertragung von Tetrafluoräthylen auf 
Äthylen als auch die hohe Affinität des Wasserstoffatoms zum Fluoratom bei der Copoly
merisation eine entscheidende Rolle spielen.

Received March 26, 1963
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Elemental Sulfur as a Plasticizer for Polysulfide 
Polymers and Other Polymers

A. V. TOBOLSKY and N. TAKAHASHI, D epartm ent o f  Chem istry, 
P rinceton  University, Princeton , N ew  J ersey

Synopsis

In a recent publication from this laboratory it has been shown that the so-called elastic 
sulfur obtained by quick quenching molten sulfur from a temperature of 250°C. to a 
temperature of about — 10°C. is really a mixture of polymeric sulfur and monomeric Ss 
sulfur, the latter in a metastable condition. The reason why quick quenched sulfur is 
elastic is because of the plasticizing effect of the liquid S8 sulfur on the polymeric sulfur. 
In this publication we show that large concentrations of S8 can exist dissolved in a liquid 
condition in other polymers where it also acts as a plasticizer. In many cases these 
compositions appear completely stable, i.e., there is no tendency for the dissolved sulfur 
to crystallize out. The best example is crosslinked polyethylene tetrasulfide polymers. 
We show that these polymers can retain 40% of dissolved sulfur in the form of liquid Ss 
over indefinitely long periods of time. We prove that the sulfur is in its elemental form 
by quantitative extraction with CS.. The specific volume of the dissolved sulfur shows 
it is in a liquid condition. .The mechanical properties of the sulfur plasticized cross- 
linked polymers are just what would be expected from this type of structure. Pre
liminary information concerning sulfur in other polymers is presented.

INTRODUCTION

In a recent publication from this laboratory1 it has been shown that so- 
called elastic sulfur obtained by quick quenching molten sulfur from a tem
perature of 250°C. to a temperature of about — 10°C. is really a mixture of 
polymeric sulfur and monomeric Ss sulfur, the latter in a metastable liquid 
condition. The reason why this quick quenched sulfur is elastic is because 
of the plasticizing effect of the liquid S8 sulfur on the polymeric sulfur. 
The unplasticized polymeric sulfur has a glass transition temperature of 
about 75°C. and is not rubbery at room temperature.

Quick-quenched elastic sulfur rather rapidly reverts to a nonelastic form 
because the liquid S8 crystallizes out very rapidly at room temperature.

In this paper we show that large concentrations of S8 can exist dissolved 
in a liquid condition in other polymers, where it also acts as a plasticizer. 
In many cases these compositions appear completely stable, i.e., there is no 
tendency for the dissolved sulfur to crystallize out.

The best example is crosslinked polyethylene tetrasulfide polymers. 
We show that these polymers can retain 40% of dissolved sulfur in the form 
of liquid S8 over indefinitely long periods of time. We prove that the sulfur

1987
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is in its elemental S8 form by extracting it quantitatively from the polymers 
by CS2. We show that the specific volume of the dissolved sulfur plotted 
against temperature fits smoothly with the data of specific volume of molten 
sulfur versus temperature. Finally we show that the mechanical proper
ties of the crosslinked polymers containing dissolved sulfur are just what 
would be expected from plasticized, crosslinked, amorphous polymers.

EXPERIMENTAL

Crosslinked polyethylene tetrasulfide polymers were prepared by reacting 
mixtures of ethylene dichloride and 1,2,3-trichloropropane with sodium 
tetrasulfide in a manner that has been described previously.2 For simplic
ity the following notation has been adopted: C0 represents noncrosslinked 
polyethylene tetrasulfide obtained when no trichloropropane was used; 
C10 represents the polymer obtained when 10 rnole-% of trichloropropane 
was used in the above recipe, etc.

These samples were recovered from the polymerization bath in the form 
of crumb or powder. All these polymers, crosslinked or not, could be 
readily compression-molded to transparent sheets at 130-150°C. because 
of the very rapid interchange reaction of the tetrasulfide linkage.

These same polymers could also be mixed with elemental sulfur in the 
following manner. The required quantities of polymer in powder or crumb 
form and highly purified sulfur were mixed, placed in Pyrex glass tubes, 
and thoroughly degassed under high vacuum. The glass tubes were then 
sealed and the mixtures were heated for approximately 1 hr. at 155°C., 
after which the mixtures were homogeneous. The samples were molded 
into sheets on a hydraulic press at approximately 40,000 psi at temperatures 
between 125-155°C. (below the “floor” temperature of sulfur which is 
160°C.) and for the minimum length of time necessary to obtain transparent 
homogeneous samples free from air bubbles and voids (generally less than 
1 min.). After molding, the samples were quick quenched between two 
blocks of Dry Ice and kept in Dry Ice to prevent possible crystallization 
until measurements were started.

The following notation was used as exemplified below. C10 60/S 40 
means a sample made from 60 wt.-% of C10 polymer and 40 wt.-% of sulfur. 
Sometimes for even greater brevity the above composition is denoted as 
C10 60.

Polybutyl acrylate film containing 1 mole-% of glycol dimethacrylate as 
crosslinking agent was prepared by photopolymerization between two glass 
plates in front of an RS sunlamp for 48 hr. with the use of benzoin as a pho
tosensitizer. The films were extracted with CS2 and vacuum-dried for two 
days. Other polymers used in the swelling experiments were provided by 
some industrial firms.

The densities of the samples were determined in distilled water at 23 °C. 
by the displacement method of Wiley,4 and the specific volume-temperature
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curves were determined by the same method with the use of silicone oil 
whose specific volume as a function of temperature was known.

The 10-sec. shear moduli (7(10) were measured over a wide range of tem
perature with a Gehman torsion testing apparatus.6 Stress relaxation 
experiments were carried out with the use of a stress relaxation balance de
scribed previously.6

The swelling experiments were carried out by keeping polymer films in 
liquid sulfur under a C02 atmosphere at 140°C. for 10 hr. and weighing the 
samples.

RESULTS AND DISCUSSION

Evidence for the Existence of Sulfur as a 
Supercooled Liquid in the Mixtures

It is reasonable to assume that the sulfur in the mixtures exists as liquid 
S8 immediately after molding, since the temperature used for molding wTas 
above the melting point of monomeric sulfur but below the “ floor” tem
perature of sulfur. Support for the hypothesis that the sulfur in the quick- 
quenched samples remains in a supercooled liquid state is provided by the 
following facts.

1. All the samples were transparent immediately after molding and 
showed no tendency to grow cloudy or otherwise indicate crystallization of 
the sulfur in the mixtures.

2. As indicated in Table I, all the sulfur in the mixtures was extractable 
by CS2, showing that only monomeric sulfur was present. (However, this 
would not in itself distinguish between rhombic crystalline sulfur and 
supercooled liquid sulfur.)

TABLE I
Extraction of Sulfur by CS2

Composition Heating temp., °C. Extractable, %

C6020/S 80 126 79
155 78
179 80
191 S I

C mi4 0 /S  60 155 60

3. In Figure 1, a plot of specific volumes measured at 23°C. immediately 
after molding against weight fraction of sulfur is given for six systems of 
various crosslink density. It can be seen that for each of the systems the 
experimental data fall on straight lines which extrapolate to the same point: 
0.528 at weight fraction of sulfur = 1. This shows that the relationship:

V = WpVp +  (1 — wp) v. (1)
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Fig. 1. Specific volume vs. weight fraction of sulfur for some poly(ethylene tetrasulfide)— 
sulfur mixtures of varying crosslink density.

Fig. 2. Specific volume vs. temperature curves of some poly( ethylene tetrasulfide)—- 
sulfur mixtures of various crosslink densities and sulfur contents showing the T s of the 
mixtures.
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Fig. 3. Specific volume vs. temperature for supercooled liquid monomeric sulfur ob
tained by extrapolation. The dotted portion of the curve is extrapolated from the data 
of Matson on the density of liquid sulfur above its melting point.

(where v, vp, and vs are the specific volumes of mixture, polymer, and sulfur, 
respectively, and wp is the weight fraction of polymer in the mixture) is 
obeyed by the mixtures; (i.e. the specific volumes are additive) with vs = 
0.528. The value of 0.528 for the specific volume of pure sulfur is quite 
close to the value predicted by extrapolating specific volume data on liquid 
sulfur above its melting point down to 23 °C. and is far different from the 
specific volume of rhombic sulfur at 23°C.

4- The extrapolation technique for obtaining the specific volume of pure 
sulfur in the mixtures described above may be used to obtain the specific 
volume of the sulfur in the mixtures as a function of temperature, and this 
curve is shown in Figure 2 along with that of some mixtures of C5o-S and 
C20-S which were used for the extrapolation. It is seen that in all cases there 
is a point of inflection in the curve corresponding to the glass transition tem
perature of the substance. Such behavior is common to polymers and 
many supercooled organic mixtures but is not manifested by simple 
crystalline substances. Thus we conclude that the sulfur in the mixtures 
exists as a supercooled liquid with a glass transition temperature of approxi
mately — 33°C. (This value is sufficiently different from the value of 
75°C. obtained for the glass transition temperature of pure polymeric 
sulfur1 to confirm the existence of the sulfur in the liquids in a monomeric 
S8 state.) The specific volume-temperature curve for the sulfur in the 
mixtures is replotted in Figure 3 with two additional points at 50 and 70°C. 
obtained by the same extrapolation technique. Matson’s data for the 
specific volume of liquid sulfur are plotted on the same graph, and it is seen 
that the extrapolated data of Matson lie very nearly on the same straight
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line as the part of the curve above the glass transition temperature. This 
tends to further confirm that the sulfur in the mixtures exists in a super
cooled liquid state.

Modulus-Temperature Curves, some Characteristic Parameters, and 
Front Factors of the Mixtures

Some typical plots of log 3(7(10) as a function of temperature for C50-S 
mixtures are shown in Figure 4. Those curves show the various regions of 
viscoelastic behavior characteristic of amorphous polymers.6 The curves 
for mixtures of high sulfur content such as C50 10/S 90 and C6o 2 0 /S 80 
show a sharp increase in modulus at the beginning of the rubbery plateau 
region due to the onset of crystallization of the sulfur.

From the curves, we can obtain characteristic parameters7 which describe 
the viscoelastic properties of the mixtures and with which we can discuss 
the effect of composition and crosslink density on these properties. Values 
for the four characteristic parameters: glassy state modulus ?>Gh rubbery 
modulus 3 G2, inflection temperature T t (defined as the T  where 3(7(10) = 
109) and the negative slope of the curve, s, in the neighborhood of T t are 
given in Table II for the various mixtures. Table II also shows T Q values 
for these polymers obtained by specific volume-temperature measurements.

Fig. 4. Modulus temperature curves for various mixtures of polyethylene tetrasulfide of 
50% crosslink density with sulfur.
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TABLE II
Some Characteristic Parameters of the C;-S  Systems

Sample
3Gi X 101», 
dyne/cm.2 Ti, °C.

d0

s, “C r 1
3(?2 X 107, 
dyne/cm.2

CJOO/S 0 2.5 -2 4 0.16 2.5
90 10 2.0 -2 4 0.14 2.4
80 20 2.3 -2 2 0.13 2.0
70 30 2.5 -2 3 0.16 2.0
60 40 2.9 — 22 0.14 1.5
50 50 2.2 -2 3 0.14 1.4
40 60 3.1 -2 0 0.13 1.4
30 70 2.3 -2 4 0.24 0.24
20 80 — -2 9 0.22 0.087

C,ol00/S 0 2.8 -2 0 0.14 8.5 0.73
80 20 2.8 -2 0 0.15 7.6 0.7S
60 40 3.0 -2 0 0.14 5.4 0.69

C20IOO/S 0 3.0 -1 7 -2 3 0.15 15.1 0.68
90 10 2.5 -1 6 0.15 9.4 0.46
80 20 2.7 -1 6 -2 1 0.15 11.0 0.59
70 30 2.6 -1 6 0.14 10.2 0.60
60 40 3.0 -1 6 -2 4 0.13 9.4 0.63
50 50 2.9 -1 8 0.14 6.8 0.53
40 60 2.5 -1 8 -3 0 0. IS 5.2 0.50
30 70 2.7 -2 0 0.18 2.8 0.35

C5„100/S 0 3.4 10 -1 4 0.07 33 0.65
90 10 3.2 8 0.07 29 0.62
80 20 3.6 6 —15 0.08 22 0.52
70 30 3.5 6 0.08 21 0.54
60 40 3.5 4 -1 7 0.10 17.2 0.51
50 50 3.5 1 0.10 15.0 0.53
40 60 3.3 -  3 -2 3 0.11 12.5 0.54
30 70 — -  6 0.09 8.9 0.49
20 SO — -1 5 0.13 3.5 0.29
10 90 — -2 6 0.21 0.09

C8„100/S 0 3.6 25 0.13 27 0.37
80 20 3.5 20 0.11 23 0.37
60 40 3.5 14 0.10 22 0.44
40 60 3.3 2 0.08 13.4 0.40

C™100/S 0 3.2 42 0.14 38 0.42
90 10 3.5 32 0.11 29 0.34
80 20 3.4 36 0.07 32 0.42
70 30 3.8 33 0.08 29 0.43
60 40 3.5 20 0.08 16.7 0.28
50 50 3.7 13 0.08 14.6 0.29
40 60 3.5 7 0.07 14.6 0.35
30 70 3.6 -  1 0.10 8.6 0.27
20 SO 3.5 -1 4 0.12 1.9 0.09
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3Gi appears to remain almost constant for all compositions of mixtures of 
a given crosslink density but it shows a slight increase with increasing- 
crosslink density. Table II shows the dependence of T t and T „ on weight 
fraction of sulfur. In the mixtures of lower crosslink density (<50%) it 
can be seen that the T g values remain fairly constant from pure polymer up 
to about 60 wt.-% sulfur content. In the mixtures of higher crosslink den
sity (>50%) increasing the sulfur content depresses T t almost linearly at 
first. This behavior is usual in the case of plasticized polymers in which the 
T g of the plasticizer is far below that of the polymer as in these cases ob
tained by specific volume-temperature measurements. It is seen that the 
Tg values of the C2o-S mixtures are considerably lower than their T t values. 
These results may be interpreted by assuming that within the experimental 
range of crosslink density, increasing crosslink density is not very effective 
in preventing the short range segmental motions of the molecules which 
occur at T„ but is quite effective in preventing the longer-range segmental 
motions of the molecules which occur at T ¡.

s varies from 0.07 to 0.24 and is slightly dependent on the crosslink 
density, s remains approximately constant with increasing sulfur con
tent in a mixture of given crosslink density up to very high sulfur contents 
where it increases.

3Cr2 is dependent on both crosslink density and sulfur content, and Table 
II and Figure 4 show that 3G2 decreases witli increasing sulfur content.

From the kinetic theory of rubber elasticity it can be shown that:

G = $ ecR T  (2)

where G is the rubbery shear modulus, $ is the “ front factor” (<i> = 1 for 
an ideal rubber network), c is the theoretical number of moles of network 
chains per cubic centimeter obtained from the relative amount of ethylene 
dichloride and trichloropropane, t is the efficiency of the crosslinking re
action, (e = 1 if the polymerization reaction involving dihalide and tri
halide goes to completing), R  is the gas constant, and T  is the absolute 
temperature.

The values of erf> were calculated from eq. (2) and are presented in Table 
II. All the values are less than unity and remain fairly constant over 
the range of crosslink densities and sulfur content of the mixtures although 
there is a tendency for e<t> to decrease at higher crosslink densities and sulfur 
content. This is probably due to a decrease in e rather than in $ as the 
efficiency of the crosslinking reaction is believed to decrease with increasing 
crosslink densities. Support is lent to the hypothesis that 4> should be in
dependent of sulfur content by the fact that the tetrasulfide linkages in the 
polymer undergo interchange reactions at the temperature of molding and 
the network chains of all the samples should therefore be in an equilibrium 
(unstrained) state regardless of their sulfur contents. Thus, to a first ap
proximation the configurations of the chains of all mixtures of a given cross
link density should be the same. From Table II it is seen that the
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values do indeed remain fairly constant for mixtures of a given crosslink 
density in the range from 0 to 0.6 weight fraction sulfur.

Stability of the Mixtures

The stability of the mixtures was determined over a period of about 
100-150 days by measuring their moduli and densities from time to time by 
the methods previously discussed. In the case of the stable mixtures, 
their appearance did not change nor did their moduli or densities over the

Fig. 5. Modulus temperature curves of the sj ŝtem C2o 80/S 20 measured at various times
over a period of 115 days.

period of observation. Figure 5 shows the modulus temperature curve of a 
stable mixture (C2o 80/S 20) measured at various times over a period of 115 
days and it is clear from the figure that the properties of the mixture re
mained unaltered during this time. In the case of the unstable mixtures, 
they became opaque as the sulfur in the mixtures crystallized and their 
moduli and densities showed corresponding changes.

Figure 6 summarizes these results, illustrating the relationship among the 
stability, the composition and the crosslink density of the polymer compo
nent of the mixtures. From this it can be seen that the limiting quantity of 
sulfur in the mixtures for stability increases with increasing crosslink 
density.
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Stress Relaxation at Higher Temperatures

Stress relaxation studies on several crosslinked polyethylene tetrasulfides 
have been reported in a previous publication from our laboratory.3 In this 
section we shall present the results of stress relaxation experiments on a few 
mixtures such as C5o 60/S 40, C20 70/S 30, and C20 40/S 60, both to deter
mine the flow properties of sulfur containing systems close to the usual ex
trusion temperatures and to compare the behavior of polyethylene tetra- 
sulfide plasticized with elemental sulfur to that of unplasticized polyethyl
ene tetrasulfido.

Fig. 6. R  =  rubbery state at room temperature; T  = transition state at room tempera
ture; G =  glass}' state at room temperature.

In the case of the crosslinked polysulfide rubbers, the mechanism of stress 
decay is a bond interchange reaction.3 We assume that stress decay in the 
mixtures is due to the bond interchange reaction of the tetrasulfide linkage 
in the polymer. Then the stress-relaxation curve can be expressed mathe 
matically in the same way as the stress-relaxation curve for unplasticized 
polyethylene tetrasulfide.3

/(0 =  /(0) exp{ - t / r ch} (3)
7"ch ~  1 /hvx (4)

where/(f) and/(0) are the stress at time t and the initial stress, respectively, 
7”ch is the chemical relaxation time defined as the value of t when/(f)//(0) =
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c
X

Fig. 7. Stress relaxation curves at various temperatures for the system Cm 60/S 40.

1/e, A; is the specific rate constant for the bond interchange reaction, and m  
is the number of tetrasulfide linkages per network chain.

Figure 7 shows the stress relaxation curves of the C50 60/S 40 system at 
several temperatures. The curves are very nearly Maxwellian in shape and 
therefore obey eq. (3) quite closely. Values of r0h were obtained at different 
temperatures from these curves and Figure 7 also shows a plot of log rCh 
versus 1/77 which is seen to give a straight line obeying the Arrhenius rate 
law.

The activation energies obtained from the plot in Figure 7 and similar 
ones for three other systems are given in Table III. The values are slightly 
higher than those obtained for unplasticized polyethylene tetrasulfides 
having the same crosslink densities as these samples. 3

TABLE III
Activation Energies Fact, Chemical Relaxation Times rdi, and Flow Viscosity in Shear 

v of C60 60/S 40, C20 70/S 30, and C20 40/S 60

Fact,
kcal./

Sample mole A , sec. T , °C. Tch, sec. V = G‘2T ch

C50 60/S 40 29.3 2.4 X 1016 150 3.3 X 10“ 1 1.90 X 107
100 1.62 X 10"2 9.4 X 106
210 4.3 X 10"3 2.5 X 106

C20 70/S 30 25.6 2.4 X 1014 150 3.9 X 1 0 '1 1.33 X 107
190 2.8 X n r 2 9.6 X 105
210 8.9 X 10- 3 3.0 X 10 s

C2(J 40/S 60 26.6 4.2 X 1015 150 2.14 X 10-‘ 3.7 X 10»
190 1.41 X 10- 2 2.4 X 105
210 4.17 X KV3 7.2 X 10*
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The flow viscosity in shear y in the region of bond interchange can be ap
proximately estimated from:

V =  G i T ,oh (5)

The calculated values of 17 at elevated temperatures arc collected in Table
III. It is interesting to note that some of the values are almost small 
enough for practical applications, such as injection molding and extrusion.

Plasticizing Action of Sulfur on Other Polymers

This paper has demonstrated that monomeric sulfur exists in the liquid 
state when mixed with polyethylene tetrasulfide and acts as a plasticizer in 
such mixtures. A previous paper from this laboratory has shown that 
liquid monomeric sulfur also acts as a plasticizer for polymeric sulfur. 1 

We are beginning to investigate the plasticizing properties of liquid sulfur 
when mixed with other polymers.

The results of preliminary experiments on the swelling of hydrocarbon 
polymers are given in Table IV. Many of these swollen polymers show

TABLE IV
Swelling of Various Polymers in Liquid Sulfur

Polymer Weight gain at 140°C., 10 hr., %

Polyethylene 9.7
Ethylene-propylene rubber S.l
Polypropylene 7.7
Polyisobutylene 5.S
Butyl rubber 6.6
Poly(butyl acrylate) 5.4

extremely interesting properties which will be reported in future publica
tions from our laboratory. At 140°C. the sulfur in these polymers must be 
dissolved in the polymer in a liquid state. When these polymers are quick- 
quenched to room temperature, the sulfur remains in this dissolved liquid 
state for some time, and then, depending on the polymer, begins to crystal
lize out to different extents and at different rates.

We are pleased to acknowledge the kind assistance of Mr. W. J. MacKnight and we 
are also grateful to the Sulphur Institute for partial support of this work.
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Résumé

Dans une récente publication provenant de ce laboratoire, on a montré que le soufre 
appelé “élastique” obtenu par un rapide refroidissement du soufre fondu d’une tempéra
ture de 250°C à une température d’environ — 10°C est réellement un mélange de soufre 
polymérique et monomérique S8, ce dernier étant dans un état métastable. La raison 
pour laquelle le soufre rapidement refroidi est élastique est que le soufre liquide Ss joue 
le rôle de plastifiant sur le soufre polymérique. Dans cette publication, nous montrons 
que de grandes concentrations de S8 peuvent exister dissous à l’état liquide dans d’autres 
polymères où il joue le rôle de plastifiant. Dans plusieurs cas ces compositions semblent 
complètement stables, par exemple, le soufre dissous m’a pas tendance à cristalliser. 
Le meilleur exemple est fourni par les polysulfures d’éthylène pontés (thiokol). Nous 
montrons que ces polymères peuvent retenir 40% de soufre dissous sous forme de liquide 
S8 pendant des périodes indéfinies de temps. Nous prouvons que le soufre est sous sa 
forme élémentaire par extraction quantitative au CS2. Le volume spécifique du soufre 
dissous montre qu’il est sous forme liquide. Les propriétés mécaniques des polymères 
ramifiés par le soufre comme plastifiant sont exactement celles que l’on peut attendre de 
ce type de structure. On présente des informations préliminaires concernant le soufre 
dans d’autres polymères.

Zusammenfassung

Wie aus einer neueren Arbeit aus diesem Laboratorium hervorgeht, ist der durch 
rasches Abkühlen von geschmolzenem Schwefel von 250°C. auf — 10°C. hergestellte 
sogenannte elastische Schwefel eine Mischung von polymerem Schwefel und monomerem 
Ss-Schwefel, wobei letzterer in einer metastabilen Form vorliegt. Die Elastizität rasch 
abgekühlten Schwefels wird durch die Weichmacherwirkung des flüssigen S8-Schwefels 
auf den polymeren Schwefel hervorgerufen. In der vorliegenden Arbeit wird gezeigt, 
dass S8 auch in anderen Polymeren in hoher Konzentration in flüssiger Form gelöst und 
als Weichmacher wirksam sein kann. Diese Mischungen scheinen häufig vollkommen 
stabil zu sein, d.h. der gelöste Schwefel neigt nicht zur Kristallisation. Das beste Bei
spiel für dieses Verhalten sind vernetzte Polyäthylentetrasulfidpolymere. Diese Poly
meren können 40% gelösten Schwefel in Form von flüssigem S8 über unbegrenzt lange 
Zeit zurückhalten. Durch quantitative Extraktion mit CS2 wurde nachgewiesen, dass 
der Schwefel in elementarer Form vorliegt, u.zw., wie aus dem spezifischen Volumen des 
gelösten Schwefels ersichtlich ist, in flüssiger Form. Die mechanischen Eigenschaften 
der mit Schwefel weichgemachten vernetzten Polymeren stimmen mit den für diesen 
Strukturtyp erwarteten überein. Ausserdem wird eine vorläufige Mitteilung über das 
Verhalten von Schwefel in anderen Polymeren gemacht.

Received March 27, 1903
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Transformation of Mechanical Model Representations 
of Viscoelasticity to Operator Equations

R. A. WESSLING, P olym er Research Laboratory, The D ow  Chem ical Com 
pany, M idland, M ichigan

A general method has been developed with which mechanical model representations 
of viscoelasticity can be transformed into the corresponding operator equation. The 
method is restricted to linear systems but is equally applicable to any type of model 
within these limits.

Mechanical models composed of springs and dashpots are often employed 
to represent viscoelastic behavior in polymers.1 These models are generally 
constructed from series arrays of Voigt elements (a spring and dashpot in 
parallel) or parallel arrays of Maxwell elements (a spring and dashpot in 
series). The former are useful when the stress is a known function of time, 
the latter when strain is a known function of time. It is possible to con
struct more complicated arrays. The various ladder models2 which arise in 
some molecular theories of viscoelasticity fall into this category.

A more general method of describing viscoelastic behavior is the operator 
equation.3 No particular form of stress or strain is favored by this ap
proach ; this makes it more useful in mechanical analysis. Since mechani
cal analysis is one principal aim in the study of material properties it is 
desirable to be able to transform a model into the equivalent operator 
equation.

A method of transformation has been described by Alfrey and Gurnee.3 

This involves the successive addition of one new element to the known 
operator equation for a set of similar elements. It becomes unwieldy, 
however, when applied to models of more than a few elements. A new 
technique is proposed here which is suitable for transforming models with 
airy number of elements even in complicated arrays.

The behavior of a linear viscoelastic body in shear is governed by the 
operator equation

Synopsis

P sn  = 2 Q etj (1)

where

/ ’ =
d “

d t m
+  . . . +  pu (la)

20(11
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ô'1“ 1
Q  =  (U  ^  +  Qn- 1 +  ■ ■ ■ + ' / ! ,d f

(lb)

and Sy = component of the dcviatoric stress tensor, e tj = corresponding 
component of the deviatoric strain tensor.

The coefficients in P  and Q are parameters characterizing the material 
properties. They can be related to the model parameters t] and G.

The springs and dashpots represent stress-strain equations, while the 
mechanical models represent sets of simultaneous differential equations 
obtained by combining these fundamental equations according to the 
structure of the model. A model of N  Voigt elements in scries leads to the 
set

S ij i t ' )  2 G n 6 i j,n ( .0  "f"" n

n =  1,2 . . ., N  (2)

where e ij%n refers to the strain in the nth element of the model. A Maxwell 
model represents a similar set.

+
„(0

Vm Gm
=  2 é(j(t)

m  =  1,2, . . . M (3)

The various ladder models give more complicated sets. However, ladder 
models represent sets of equations wdiich can be written in a form similar to 
one of the above types, i.e., the equations have the forms

/(s i j ,m i ) =

or

* A i l . ri t ' l j ,n) S ij

The sets of simultaneous differential equations can be expressed in opera
tor notation. The operators are linear, nonzero, and commute and can be 
treated as ordinary polynomials in D , the differential operator.4 The 
problem is not to solve the differential equations; it is to manipulate them 
to obtain a single JVth-order differential equation from N  first-order equa
tions. This can be done by suitable operations described in the following 
sections. The system of equations is transformed to a new set whose sum 
is the viscoelastic operator eq. (1). Use is made of the requirement that the 
total stress on a set of parallel elements is the sum of the stresses on the in
dividual elements

.1/

S«(0 = E  Sy,,„(i) (4)
m =  1

and that the total strain on a set of elements in series is the sum of the strains 
in the individual elements
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N
& i j i0  =  @ ij,n (f) (5)

n = 1
In the following sections a method for simple models is shown first and then 
a more general matrix method is developed. Simple transformations are 
carried out to illustrate each case.

1. Voigt Model to Operator Equation

The set of differential equations in operator notation is ( i j subscripts are 
omitted for convenience):

2 Qn en(t) =  s (f)
n = 1,2, . . . , N  (6)

where the operators are defined as

Qn — VnD +  G n (7)
Operating on the nth equation of this set with gives a new set

2 en{t) = Qn 1 s{t)
n  = 1,2, . . . , N (8)

The sum of this set is
N N

2 E  en(t) = 2 e(t) =  £  Qn^  sit) (9)
n =1 n = 1

This equation can be put in standard form* by operating on it with the 
quantity

N
n Qn

n = 1
N

E n  Vn
2L, n =  1n = 1

V n

N
n  Q n

n = 1

1______

N -,
n  Qn

71 = 1
e(t) =

71 = 1
Qn.

N
N TT v,
/ j 71 = 1

N
E

N
H  Tin

71=1n — 1 Vn J n = 1 Vn ~

(10)

( i i )

The operators P  and Q can now be identified by comparing eqs. (1) and (11). 
Each coefficient is evaluated by expanding terms. An example is shown 
below.

* In standard form, the coefficient of the highest derivative in P  is unity.
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Fig. 1. F'our-parameter mechanical models: ( A ) Voigt model; ( B )  Maxwell model; (C)
a ladder model.

Example (See Fig. LI): Two Voigt elements in series; for N  =  2 in 
this case and by using eq. (11), the operator equation is

(vi D +  Gy) (rî D +  Gi)
Vi +  Vi

Expanding, the coefficients are

eif) = D  +  2 l± A ]  s(0
V i  +  V i _

(ri +  (r:
Po =

r2

’ll  +  »72

P i  =  1

go =
G iG2

<?i =

»71 +  »72 

1)lC r2 +  »72G 1 
»71 +  V i

V1 V2

CJ s =  ,»7i +  »72

2. Maxwell Model to Operator Equation

The set of equations in operator notation is

P ms„Xt) =  2 e{t)

m 1,2, . . . , M  (12)

The operator
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operating on the with equation of this set with P m~ l yields a new set
Sm (0 = 2 P m- 1 e{t)

m  = 1,2, . . . , M  (14)
The sum of these equations is

M M
X  Sm(t) =  Sit) = 2 XI Pm ~l ¿{t) (15)vn — 1 m =  1

The viscoelastic operator equation is obtained from eq. (15) by operating
M

with II GmP m

n  GmP m sit) =  2
m  =  l

M

M ^  G nP ™E m = 1
D e'(0 (16)

Again the operators P  and Q can be identified by comparing eqs. (1) and 
(16).

Example (See Fig. 15): Two Maxwell elements in parallel; for M  = 
2 the operator equation is:

( D +  -  
L\ T]

1D +
T 1 /  \ T2 /  J

s(t) = 2 GiD( D +  — ) +  G2D( D +
T  2

1

T l  /  J
e(t)

where rm = the relaxation time. G™

The coefficients are

P0 =  1 / T1T2

Pi =  1/ r i  +  1/72

Th = 1
3o =  0

Si
G i  &

T2 Tl

Ç2 — +  t?2

3. The General Transformation Method

The algebraic method used in sections 1 and 2 owes its success to the fact 
that each equation in a set contains only one element variable, e.g., en(t) in 
the Voigt model. When this is not true as in a ladder model, the algebraic 
method becomes more difficult and matrix formalism can be advantageously 
employed.

The mechanical models under consideration can be represented by either 
of two matrix equations, described by eqs. (17) and (18).



2006 R. À. WESSLING

Type a:
2 [ Q] [E]  =  [s]

where

[E] ei(t)
e2(t)

eN { t )

(17)

and

[s] = S (t)
s(t)

s (t)

[Q] = Qn Qn
Q 2i Q i ï

■ Q nn_

In a series of Voigt elements, the operator matrix [Q] is a diagonal matrix. 
The simplicity of operations in section 1 is thus explained!

Type b :
[.p ] [S] =  2[e] (18)

where
[S] = Sl (t)

Si(t)

è(t)

é(t)
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and

IP] P  11 P 12 
P  21 P  22

. . . .  P M M _

The matrix [P ] is a diagonal matrix in the case of a Maxwell model.
Once the matrix equation is written, the transformation to an operator 

equation can be carried out in a very straightforward manner. This is 
illustrated below for models of type a.

The solution of eq. (17) for [E ] is well known.6

2 { E]
Adj [Q][s]

\Q\
where the adjoint matrix is the transpose of the cofactor matrix

(19)

Adj [Q] = [( —l)r + " M J '
M rn is the minor of |Q obtained by deleting the rth row and the nth 
column.

The set of equations represented by eq. (19) are now in a form which can 
be summed to obtain a single AMi-order operator equation. Note that the 
matrix is

Adj [Q ] [s ] =

£  (—l)r + 1 M ri s(0
r — 1

N
£  ( - 1  )r + 2 M , , S(i)

r =  1

N
£  ( — D r'—'r — 1

+ N M rN s(0

The equations in the new set are therefore

2|Q|e,(0 = £  { - l Y +  n M rns{t)

n  =  1,2, . N (20)

The sum is

2\Q\ £  c„(<) = 2|Q|e(i) = £  £  (-1)''+" M rn s (t) (21)
n = 1 r =  1 n =  1

This can be written in standard form by proper manipulation.
The general method is used in section 4 to transform a four-parameter 

ladder model.
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4. Ladder Model to Operator Equation

One type of ladder model is shown in Figure 10. The set of two simul
taneous differential equations representing this model can be obtained by 
combining the equations of the various elements in a manner consistent 
with the way they are connected. The strains associated with each ele
ment are related to the total strain as

e(t) =  ej(0 +  e3(/) =  e t̂) +  e2(t) +  e4(/)

and the stresses
s(t) = s2(<) +  s3(0

The elemental strains and stresses are identified in the elemental eqs.
(22)-(25) given below:

2 G M 0 = s(t) (22)
2G2e2(t) =  s2(0 (23)
2ri2e,(i) =  S2(f) (24)

2iw»(t) =  s3(0 (25)

Since three elemental strains must be specified but only two stresses, the 
former are eliminated. This can be done only by combining the derivatives,
e. (Therefore this model is of type b.) One way is to add the derivative of 
eq. (23), eq. (24), and the derivative of eq. (22) to obtain an equation in e ( t ) :

D D
~~ + —
Gi s -2 +  s3 = 2 ( pi +  A +  fi) 

' n
= 2 e(t)

The second equation is obtained by adding the derivative of eq. (22) to eq.
(25):

D \

77 +  (
( D  I s
\ Gn 7i :t ,

J S3 = 2 (c, -(- es) 

= 2 é(t)

The matrix operator [P ] can now be constructed

IP] =
D D 1 \ 1)

7 7  + —  +  —
. 0 , Gi 7]-l / G\

1 ) (  D 1 '— ( "I- )
G  i \ 0 1 f)i -}

The solution by the general method is

[S]
2 Adj [P] [e] 

|P|
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where

and

D 2

p| = o S  +  ß < -

Adjl/'] -

D ( —  +  —  +  - ' )
\G l7 l2  G ïty i G i t ] } /

1

172173

' I) 1 '

, Gi vs /)
D

~  Gi
D I< D D

"t" ~\~Gi '\ Gi g2 V2

The sum of the new set is (in standard form)

D 2 +
T i

G ì  Gi

Vs Vs J
D +  ------ J s(t) =

T2 173/

2 G ii)2 +
G j_ G 1 G 2

L i !  173 .
D e (t)

The author gratefully acknowledges the many valuable discussions with Dr. T. 
Alfrey, Jr. during the course of this work.
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Résumé

On a développé une méthode générale qui permet de transformer la représentation 
de la viscoélasticité sous forme de modèle mécanique en son équation correspondante. 
La méthode est limitée aux systèmes linéaires, mais avec cette restriction, elle est 
applicable à n’importe quel genre de modèlel.

Zusammenfassung

Es wurde eine allgemeine Methode zur Transformation von mechanischen Modell
darstellungen der Yiskoelastizität in die entsprechenden Operatorgleichungen entwickelt. 
Die Methode ist zwar auf lineare Systeme beschränkt, lässt sich aber innerhalb dieser 
Grenzen auf jeden Modelltyp in gleicher Weise anwenden.
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BOOK REVIEWS

N. G. G aylo rd , Editor

Orbitals in Atoms and Molecules. C h r . K. J0r g en sen , Academic Press, 
London-New York, 1962. v +  162 pp., $6.00 (35 s.).

C. K. Jorgensen’s “Orbitals in Atoms and Molecules” appears to possess two non
conflicting aims: The first of these is a unified review, predominantly from the author’s 
viewpoint on orbital theory, of the many similarities in the treatment of gaseous atoms, 
spherically symmetric monoatomic ions, ligand field transitions, and electron transfer 
spectra of simpler polyatomic complexes of high (e.g., octahedral) symmetry and energy 
levels of crystals. In the 162 pages of this book, the author covers a great diversity 
of systems, ranging from atoms to crystals. The reader, though, will not find here a 
discussion of the molecular quantum mechanics of hydrocarbons or big organic mole
cules. The second aim of the book appears to be a systematic comparison of the op
posing valence bond and molecular orbital theories of various properties of inorganic 
compounds, particularly electronegativities and bond strengths, the assignment of ab
sorption spectra, and energĵ  levels in crystals. The author brings together a con
siderable amount of evidence from these areas in support of his preference of molecular 
orbital theory to the valence bond approach.

Specifically, the first three chapters, on well-defined electron configurations, de
generate orbitals in high symmefay, and correlation effects deal with the application of 
orbital theory to atoms. The next two chapters are devoted to the application of 
molecular orbital theory to systems with octahedral symmetry and to pointing out the 
difficulties encountered with molecular orbital theory at large internuclear distances. 
Chapter 6 is devoted to a survey of the pros and cons of equivalent orbitals. Then 
follow three survey chapters on electronegativity and chemical bonding, the identifica
tion of absorption spectra, and energy levels in crystals. The next chapter deals with 
electrodynamic (relativistic) effects and is followed by an account of the lanthanides and 
5/ elements. X-ray spectra are discussed in the short concluding chapter.

For the sake of brevity in reviewing these interdisciplinary topics, the explanations 
of the underlying physics are kept very terse. This book is not self-contained in the 
sense that a reader desiring a more fundamental understanding, particularly of certain 
necessary mathematical details underlying the subjects, will have to refer to original 
papers. This book should prove useful to suitably prepared inorganic chemists and 
certain spectroscopists, but will fall short in satisfying the needs of solid-state physicists. 
Some acquaintance with quantum mechanics of atoms and molecules is prerequisite to 
following the author’s discussions.

H . L . Frisch

Bell Telephone Laboratories 
Murray Hill, New Jersey

2 0 1 1
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Crystallography and Crystal Perfection, G. N. R a m a c h a n d r a n , ed., Aca
demic Press, London-New York, 1963, x +  374 pp., 75 s. (SI 2.00).

This volume covers the proceedings of a Symposium held in Madras (India) last year. 
It is composed of 30 papers mostly dedicated to present problems of x-ray diffraction—  
phase angle determination, crystal perfections and disorder, and anomalous dispersion. 
There are also some papers concerned with other techniques (including infrared, Raman, 
neutron, and electron diffraction), theoretical approaches to symmetry, and improve
ment of x-ray diffraction instruments. Only about half of these papers are generaliza
tions or can be extended to other structures than the ones shown. The others are par
ticular cases of limited application.

The interest of the contributions depends directly on the field of research of the reader. 
X-ray crystallographers working on structural problems of single crystals can find many 
of the papers valuable. The general scientist will find them of little application to his 
work.

In the case of polymer research, this difference in value is still greater, in spite 
of the potential usefulness of the solutions to the problems analyzed.

Attempts to attack polymer structures in the light of this volume will need much more 
“bridge” work to join both directions of iesearch and to make them mutually applicable.

It is not the first time, and will not be the last, that Proceedings of Meetings are pre
sented as a book. The clarity and neat presentation is laudable but it is a fact that a 
group of papers cannot form a book in spite of how good each one may be. The presenta
tion of this volume with a different name other than “Proceedings of, etc.” is misleading. 
A reader looking for detailed information on crystal perfection will only find a limited 
aspect of it in the book’s 374 pages. As might be expected from papers in a large sym
posium, unity among them is difficult to achieve. They provide more of a scattered view 
of some new approaches to crystal structure solution and crystal perfection than might be 
expected from the title.

In summary, this is a collection of papers generally concerned with crystal structure 
which may be of interest to the serious crystallographer but which probably will not be 
suitable for nonspecialist scientists.

L. G. Roldan

Central Research Laboratory 
Allied Chemical Corporation 
Morristown, New Jersey

Organic Reactions, Vol. XIII, A. C. Cope, ed., Wiley, New York, 1903. 
382 pp. $12.50.

Volume XIII of Organic Reactions follows the well-known pattern of this renowned 
series which concerns the synthetic applications to organic chemistry. Every chapter 
in this volume has been contributed by a very active worker and authority in the area, 
and generally deals with reactions involving additions to olefins. It should be of general 
interest to polymer chemists.

Professors George Zweifel of the University of California and Henry Brown of Purdue 
University are largely responsible for our present knowledge of the reactions of diborane 
and organoboranes with unsaturated compounds. Their chapter, “Hydration of Olefins, 
Dienes, and Acetylenes via Hydroboration,” includes the very useful synthetic applica
tion of this technique to the preparation of alcohols by oxidation of organoboranes
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They have obviated the hazards of handling diboranes and organoboranes by developing 
procedures which do not necessitate isolation of these intermediates, and thus makes 
the procedure of convenient and general use. Selective and stereospecific addition of 
boranes to unsaturated compounds and subsequent oxidation is shown to generate 
alcohols uniquely. This chapter is a very useful companion to Professor Brown's 
book which deals more generally with the hydroboration reaction.

The impetus that Hine and Doering and Hoffman lent to the chemistry of divalent 
carbon is dealt with in the chapter by Professors William Parham of the University of 
Minnesota and Edward Sehweizer of the University of Delaware on the formation and 
reaction of “Haloeyclopropanes from Halocarbenes.” «-Elimination from a polyhalo- 
carbon in basic media in the presence of olefins yields cyclopropanes, presumably via 
carbene intermediates. Haloeyclopropanes undergo some interesting rearrangements.

Chapters 3 and 4 concern the application for synthetic purposes of free radical addi
tions to the double bond by chain processes. Professors Clieves Walling of Columbia 
University and Earl Huyser of the University of Kansas discuss carbon addends in the 
chapter on “Free Radical Addition to Olefins to Form Carbon-Carbon Bonds.” Except 
with polyhalogenated compounds, the chain transfer reaction competes significantly 
with addition to cause telomer formation to be a serious problem. Nonetheless, this 
method offers a one-step synthesis of compounds generally difficult to obtain by other 
routes.

The last chapter, by Drs. F. Stacey and J. Harris, Jr. of the Central Research Depart
ment of Du Pont Company, is an extensive compilation of hetero-atom addends in the 
“Formation of Carbon-Hetero Atom Bonds by Free Radical Chain Additions to Carbon- 
Carbon Multiple Bonds.” The choice is limitless; it starts from hydrogen bromide and 
encompasses thiols, and other sulfur compounds, silanes, germanes, phosphorus and 
nitrogen compounds— withal quite exotic!

J a y  K . K och i

Department of Chemistry 
Case Institute of Technology 
Cleveland, Ohio

The Chemistry of Wood, B. L. Browning, ed., Interscience, New York, 
1963. x +  689 pp. Illus. $25.00.

Sometime in the hist twenty years or so, it has become accepted in the book writing 
business that technical subjects are becoming too complex for a single author. As in 
research then, the team approach is now in vogue for covering so complex a subject as 
wood chemistry. It does not seem to be true that a narrower subject area would allow 
a return to the one author system since a recent monograph on wood extractives has no 
less than ten contributors. To achieve uniformity of coverage and scholarship under 
this system is a task which would be a major challenge to the most gifted and experienced 
editor. Most scientists who put together one or two books in a lifetime measure up to 
the task by selecting a sufficiently wide subject area whereby the various contributions 
dovetail but seldom overlap to a serious degree.

The present book is of this kind, i.e., a series of twelve related contributions. Each 
one is rather well done in its own right and fulfills the editor’s aim “of providing the 
outstanding features of the chemistry of wood and its components in a critical if not ex
haustive survey.” The only common thread is the title itself for there is little difficulty 
in reading a given chapter separately. Each one is self-contained and needs very little 
reference to the others for comprehension. For the chemist who is seeking a general
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introduction to the complex facets of wood anatomy, information on the extraneous 
components of wood, or ideas on how wood might be used or has been used as a chemical 
raw material there is a most readable presentation.

Chapters on “The Chemistry of Bark” and “The Chemistry of Developing Wood” 
are very worthwhile innovations for a book of this type. In fact, one is disappointed 
not to find more coverage on the biogenesis of wood and wood components in relation to 
morphology and fine structure. The excellent work of Colvin and Hestrin on the de
velopment of cellulose microfibrils is ignored. Some discussion on the evolution of 
trees would also be in order.

Although lacking critical evaluation in places, the presentation on the chemistry 
and physics of cellulose is indeed, as one reviewer has said, the best available single 
chapter survey on the subject. The hemicellulose review, written at a time when 
rapid developments were occurring in this field, nevertheless, is up to date. The rest 
of the book is to be recommended as a convenient first reference for most technical 
libraries on any conceivable chemical or morphological aspect of wood chemistry. 
It should be of particular help in orienting the research chemist who is having to work 
with wood or one of its components for the first time. By reading two or three chapters, 
both the chemical and anatomical aspects are brought into focus. The chapter on “The 
Structure of Wood” provides an excellent orientation in an area where most “cellulose 
and polymer chemists” are deficient. The high quality plates of wood sections are par
ticularly effective in this chapter. Dr. Browning’s greatest service may well be in 
introducing many chemists to the idea of how some polymer molecules grow on trees.

R . H . M archessault

Cellulose Research Institute 
State University College of Forestry 
Syracuse University 
Syracuse, New York

Progress in Physical Organic Chemistry, Vol. 1, S. G. C o h e n , A. Streit - 
wieser, Jr., and R. W. Taft, eds., Interscience, New York, 1903. ix +  
411 pp., $15.00.

Three-quarters of this volume is taken up by two chapters, “Secondary Isotope 
Effects” by E. A. Halevi and “Quantitative Comparison of Weak Organic Bases” by E. 
A. Arnett. The rest comprises shorter discussions of “Ionization Potentials in Organic 
Chemistry” by A. Streitwieser, Jr., “Nucleophilic Aromatic Substitution Reactions” 
by S. D. Ross, and “Ionization and Dissociation Equilibria in Solution in Liquid Sulfur 
Dioxide” by N. A. Lichtin.

It is generally recognized that the increasing volume of the scientific literature has 
increased the importance of review articles, particularly if they are written by prominent 
investigators in a given field. By this token it is to be welcomed that the present series 
is to be added to the various other “Progress” series and the first volume gives all as
surance of its high quality. For research workers in the polymer field some of the 
chapters will be of particular interest. The discussion of ionization potentials gives an 
insight into the relative thermodynamic stability of various carbonium ions, which is of 
fundamental importance in cationic polymerization and copolymerization. Determina
tions of secondary isotope effects have found a wide variety of applications and it is 
somewhat disconcerting to find that nobody seems to have thought of determining the 
copolymerization behavior of vinyl monomers with their deuterated analogs. Arnett’s
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extensive discussion of the measurement of the strength of weak bases is pertinent to 
numerous problems in polymer chemistry. The author is extremely careful in pointing 
out the ambiguity in the concept of a “base strength” which will frequently make the 
order of basicities in a series of compounds dependent on the method employed for their 
characterization. The review contains 68 pages of valuable tabulations of experimental 
data.

H erbert M oraw etz

Polytechnic Institute of Brooklyn 
Brooklyn, New York

Polymer Single Crystals (Polymer Reviews, Vol. 5), P. H. G e il , Interscience, 
New York, 1963. xii +  560 pp., $16.00.

Since the recognition (in 1957) that polymers could be obtained regularly from dilute 
solution in single crystal form, a wealth of information has become available on what 
might be considered as the emergence of a field of “solid state polymer physics.” In
deed, the terms “defect,” “dislocation,” and “slip” are now widely used in discussions of 
the properties of crystalline polymers. It was inevitable, therefore, that someone would 
attempt to assemble the information available in a coherent form. This book, written by 
one of the leading experimentalists in this field, has two main objectives: (I) to review 
critically the present state of the field and (£ )  to stimulate additional research in the 
area of morphology leading, thereby, to the development of the foundations of the solid- 
state physics of polymers. The author has particularly limited himself mainly to a 
presentation and review of the work on single-crystal morphology and structure and of its 
relevance to the polymer structure field as a whole.

Of the two objectives, the latter one should certainly be attained. The reviewer 
found much to speculate about as he studied this volume-indeed, this book may well be 
as important for what the author was unable to say as for the material actually included. 
Even for those familiar with the material covered, this book should serve as a frequent 
reminder of our limited knowledge of the details of the crystalline structure of polymers 
and of the interplay between structure and properties.

The author has not met his first objective as well. However, barring a critical review, 
he has presented us with an acceptable substitute— an attempt (on the whole, quite 
successful) to present an exhaustive compilation of available information, even to the 
extent of persuading many laboratories to allow him to present heretofore unpublished 
results. In this respect, the book is particularly valuable as a collection of electron 
microscopic and diffraction studies from 1957 through the first half of 1963. As relevant, 
the author has included discussion of the results of x-ray diffraction (including small angle 
scattering), of optical microscopy, and of the relationship of properties to morphology in 
order to relate the single crystals obtained from dilute solutions to the crystals in bulk 
samples. The presentation (Chap. VI) of the theoretical aspects of chain-folding was 
found to be particularly interesting and stimulating. Similarly, the discussion on the 
annealing of crystalline polymers (Chap. V) should stimulate much thought and study. 
On the other hand, the section on “As-Polymerized and Amorphous Polymers,” (Chap. 
VIII) might well have been eliminated.

The book has three drawbacks whose relative importance will depend upon the state 
of sophistication of the reader: (1 )  organization, (3 )  coverage, and (3 )  editing. The 
author recognizes (Preface) the mutually incompatible desires of presenting a book which 
is both well-organized a n d  current. One example will suffice to alert the reader: the 
index lists thirteen different sections of the book in which to find information on “small-
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angle x-ray diffraction.” However, the text at any one of these places gives little indica
tion that the discussion is incomplete. Indeed, one has to read all of the sections to 
ascertain the present status of this important technique and, even then, the reader will 
be uncertain of the meaning one may give to the results of small-angle studies.

The unevenness of coverage reflects the author’s own interests. For example, the 
reviewer feels that too much space has been devoted to a discussion (Chap. II) of the 
indices appropriate to various fold domains and surfaces in the absence of an existence 
theorem demonstrating the importance of this information. On the other hand, in the 
section on transitions (Chap. IX), the author has presented the viewpoint essentially of 
only one author, without giving cognizance to the existence of divergent viewpoints.

The third drawback is perhaps the most serious. Errors and inconsistencies are 
frequent, words are misspelled, reference citations are incorrect, mathematical equations 
and symbols are incorrect, etc. Many of these mistakes are simply irritating and will be 
discerned by the astute reader. These include: (1 ) the reference in the legend of Fig.
III-26 to III-21 rather than III-25, (2 )  the fact that Fig. III-24 is printed in reverse, (o’) 
the incorrect placement of arrows in Fig. 11-66, (4) the mislabeling of parts (b ) and (c) 
of Fig. VII-5 and the incorrect reference for it, (5 )  the lack of consistency between the 
crystal structure data for poljdmtene-l given in Chapter I and the data presented in 
Appendix I, and (6 ) the use of the phrase “isotactic polyethylene” on p. 506. Some of the 
errors, though, are quite serious. For example, (I) in the discussion of the possible slip 
systems for polyethylene (pp. 458ff.), the order of importance of the two main slip systems 
has been reversed, (2 )  on p. 463 the slip direction in nylon 66 should be (001) rather 
than (OlO) (3) on p. 400, a proofreading error in the expression for the average fluctua
tion in fold period, and (4) a number of proofreading errors in equations and in symbols 
scattered throughout the text, particularly in the chapter on chain-folding (Chap. VI). 
Indeed, the serious reader would be advised to refer to the original references cited for 
the mathematical details, while following the organization of the subject in the chapter.

The author has undertaken a momentous task in attempting to assemble this compila
tion of the information in this rapidly expanding field. Indeed, the past six months 
have seen the publication of work clarifying (or, in some instances, refuting) some of the 
statements in the book. To a certain extent, the contents of this book would have been 
less subject to the results of further studies had the author been able to supply a critical 
review, particularly if his considered opinion were more in evidence. In lieu of this, the 
book should still serve as an excellent introduction for the novice and as a valuable 
guide to most of the current literature for the initiated. Its price will tend to limit its 
purchase only to those actively working (or intending to work) in the field.

Robert L . M  iller

Chemstrand Research Center, Inc. 
Research Triangle Park 
Durham, North Carolina
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