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Some Remarks oil Amorphous and Atactic 
«-Olefin Polymers and Random 

Ethylene—Propylene Copolymers

G. NATTA, A. VALVASSORI, F. CIAMPELLI, and G. MAZZANTI, 
Institute of Industrial Chemistry, Polytechnic of Milan, Milan, Italy, and 

Milan Research Institute “G. Donegani” of Montecatini S.p.A.,
Milan, Italy

Synopsis
The necessity is pointed out to distinguish between an “amorphous” a-olefin polymer 

and an “atactic” a-olefin polymer. I t  is convenient to limit the term “atactic” only to 
those amorphous linear regularly head-to-tail polymers which possess the same chemical 
regularity as the corresponding tactic polymers, from which they differ only for the 
lack of steric regularity. A clear interpretation is given of the presence of bands at 
1155 and 915 cm.-1 in the IR  spectra of isotactic and atactic polypropylenes. The 
presence of these bands is due to the —CH2—CH— monomeric unit, with a regular head

I
CH3

to-tail arrangement. The absence of these bands in the propylene polymers obtained 
with the aid of cationic-type catalysts depends on the presence of a very small content of 
monomeric units of this type. Finally the conclusion is drawn that the presence of the 
two above-mentioned bands in the IR  spectrum of the ethylene-propylene copolymers 
does not indicate the presence of long propylene sequences of the isotactic type, and 
therefore the existence of a block copolymer, but only the presence of the monomeric 
unit mentioned above.

Tactic polymers of a-olefins were discovered more than ten years ago1 
and their nomenclature was defined in detail shortly thereafter.2 However, 
there is still some confusion when it comes to defining actual polymers in 
terms of their steric structure. One reason for this is probably the fact that 
actual a-olefin polymers can be classified according to the definitions of 
tacticity which were established with reference to ideal macromolecules. 
Furthermore, the degree of tacticity of a-olefin polymers is not determined, 
in general, through actual, direct measurements of the number of steric 
inversions or permanences, but is derived indirectly through the measure 
of certain physical properties,2 such as solubility and crystallinity. This 
indirect method is obviously only approximate and does not allow one to 
establish the actual number of steric. inversions which may occur along the 
polymer chains.

A particular state of confusion seems to exist with regard to “atactic” 
and of “amorphous” a-olefin polymers. An ideal atactic a-olefin polymer

1
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can be defined2 as a macromolecular compound in which monomer units of 
enantiomorphous steric configuration are distributed at random. In 
reality, for an a-olefin polymer to have the properties (solubility in certain 
organic solvents, lack of crystallinity) of an atactic polymer it will not be 
absolutely necessary that such a perfect random distribution exists; as 
shown by one of us2 the presence of tactic blocks (stereoblocks) will not 
alter those properties, provided these blocks are sufficiently short (see also 
recent NMR studies of amorphous polypropylene3).

What we would like to stress particularly here is the need to draw a dis
tinction between an “amorphous” a-olefin polymer in general and an “atac
tic” a-olefin polymer.

An a-olefin polymer can be amorphous (noncrystalline) not only because 
of irregular steric structure but also because of the presence in its macro
molecules of irregularities and inversions in the enchainment of the mono
mer units, and also of monomer units which may be chemically different 
from each other, although derived from a single monomer.

In a-olefin polymers obtained through anionic coordinated polymeriza
tion no such chemical irregularities exist; amorphous a-olefin polymers 
thus obtained are amorphous only because of lack or insufficiency of steric 
regularity. They are linear, regular head-to-tail polymers, which possess 
the same chemical regularity as the cooresponding tactic polymers, from 
which they differ only because of lack of steric regularity. (Steric regular
ity presupposes the existence of chemical regularity in the polymer macro
molecules.) Therefore it is convenient to limit the term “atactic” only to 
such amorphous polymers. Some authors,4’5 however, have not taken this 
into account, and have recently considered as atactic polymers those which 
possess no chemical regularity at all.

This has led to an incorrect interpretation of certain bands of the infra
red spectrum of polypropylene, and consequently to incorrect considera
tions on the structure of ethylene-propylene copolymers obtained through 
anionic coordinated polymerization. These authors,4 6 in fact, have noticed 
that propylene polymers obtained through cationic polymerization do not 
show in the infrared spectrum the bands at 1155 and 975 cm.-1 which are 
always present in the infrared spectra of both crystalline and amorphous 
polypropylenes (ether extract or polymers in the molten state) obtained 
through anionic coordinated polymerization. The bands at 1155 and 975 
cm.“ 1 were attributed to isotactic polypropylene, and it was concluded4'5 
that their presence in an ethylene-propylene copolymer was indicative of 
the presence of iso tactic polypropylene sequences and therefore the exist
ence of a block copolymer instead of a random copolymer. These con
clusions arc completely contrary to what can be derived from other experi
mental data, which we have accurately collected.

Bands at 1155 cm.-1 and in the range 975-930 cm.“ 1 are cited in the 
literature6'7 as characteristic of the group

CH;
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The band at 1155 cm. -1 is in a very constant position, both for 3-methyl 
paraffins and 4-methyl paraffins and other substances containing the 
group

c h 3

r . c i r , c i r  (OIL)« R
These include squalane (2,6,10,15,19,23-hexamethyltetracosane; API 
infrared spectrum no. 2290) and the polymer having the structure of the 
alternating ethylene-propylene copolymer obtainable by hydrogenation of
1,4-polyisoprene (Fig. I ).8 The position of this 1155 cm. - 1 band is inde
pendent of the values of n,i and n2. provided they are both equal to or higher 
than one. On the contrary, the position of the second band shifts in the 
range between 975 and 930 cm.-1, depending on the values of n\ and w2.

In 3-methyl paraffins and in such substances as 2,2,4-trimethylhexane 
and 3,3,5-trimethylpentane this band can be observed at about 965 cm.“ 1, 
for 4-methyl paraffins it is seen at about 955 cm. ; in squalane the band 
is at 930 cm.“ 1, a position near that observed for the polymer, obtained by 
hydrogenation of polyisoprene (Fig. 1), having the structure of an alter
nating ethylene-propylene copolymer.

It is therefore evident that the shift of this band when observed in ethyl
ene-propylene copolymers can give some indication of the distribution of 
propylene sequences in the copolymer. (Some experiments on this relation
ship presently being carried out appear quite promising.)

These bands, however, are not at all related to the isotacticity of poly
propylene. (In fact, they are present also in the infrared spectrum of 
syndiotactic polypropylene.9) The fact that they are not practically 
present in propylene polymers obtained in the presence of cationic-type 
catalysts can be easily explained by the fact that the propylene units of 
these polymers do not have a regular head-to-tail enchainment and that 
such polymers contain many different units that, although derived from 
propylene, do not have the —CH2—CH(CH3)— structure (Table I).

Figure 2 shows the spectrum of a propylene polymer obtained in the 
presence of a catalytic system formed by A1(C2Hb)C12 and TiCfi (Al/Ti 
ratio = 1.5) which, as is well known,10'11 is supposed to act through a 
cationic mechanism, due to the low Al/Ti ratio.

A band at 735 cm.-1 is noted which can be attributed to sequences of the 
—(CH2)3— type, the concentration of which, on the basis of a comparison 
between the intensity of this band and of the band present in the spectrum 
of hydrogenated polyisoprene, can be calculated to be about 30%.

The band at 775 cm. 1 can be ascribed to structures of the 
—CH(CH2CH3)— type. If the intensity of this band is compared with 
that present in the spectrum of polybutene-1, a concentration of about 20% 
can be calculated The bands at 1120 and 750 cm.“ 1 can be attributed to 
structures of the CH2—CH(CH3) —CH(CH3) —CH2— type; by comparing 
the intensity of these bands with those present in the spectrum of an alter
nating ethylene-butene-2 copolymer,12 a concentration of about 20% can
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be calculated. From the bands at 1378 and 1245 cm.“ 1 the presence of 
about 10% of units of the —0(CII3)2— type can be deduced.

These measures, although being only of an approximate character, lead 
lo the conclusion that in the cationic type polymer under examination 
there are comparatively few propylene units of the —CH(CIi3)—CH2— 
type, having a regular head-to-tail enchainment.

By adopting a method of analysis used for ethylene-propylene copoly
mers18 based on the measurement of the band at 1155 cm.-1, the presence 
of only 15% of these units can be deduced. We have obtained similar 
results also on examining a polymer obtained from propylene in the pres
ence of A1C13 as catalyst (see Table I).4-14

The results of the infrared examination of certain propylene polymers 
obtained through cationic polymerization are reported in Table I and com
pared with results for crystalline and amorphous polypropylenes obtained 
through anionic coordinated polymerization.

These considerations with respect to polypropylene can be applied also 
to ethylene-propylene copolymers. The presence of bands at 1155 cm.-1 
and at about 970 cm.*1 does not indicate the presence of long sequences 
of isotactic propylene units, but only of propylene units of the —CH- 
(CH3)—CH2— type regularly enchained with other propylene units or with 
ethylene units.

In the infrared spectra of copolymers obtained through anionic coordi
nated polymerization, bands are present at 1155 cm. 1 and in the range 
970-930 cm.-1 The intensity of these bands decreases with a decrease of 
the propylene content in the copolymer.

In copolymers which we have prepared using the catalytic system VC14 +  
SnPh4 +  AlBr3 according to Phillips and Garrick,16 we have observed that 
these bands (comparatively weak) have an intensity corresponding to low 
propylene contents. But, in ethylene-propylene copolymers obtained with 
the aid of free radical catalysts17 these bands are not observed; this is be
cause the number of —CH(CH3)—CH2— groups in these copolymers is 
very small, much smaller in fact than the number that would result from 
the propylene content in the copolymers.

In ethylene-propylene copolymers obtained with the aid of catalysts 
formed by alkyl aluminum compounds and transition metal salts, the 
bands at 1155 and at about 970 cm.-1 should be considered as characteristic 
of the —CH(CH3)—CH2— propylene units in random or block distribution. 
While variations in the propylene sequence distribution do not influence 
the position of the first band, they influence both position and form of the 
second band (Fig. 3).

As for the possibility of employing the band at 1155 cm.-1 to determine 
the propylene content in an ethylene-propylene copolymer, we have noted13 
a relationship, not very far from linearity, between absorbance of the 
band at 1155 cm. " 1 and contents —CH(CH3)—CH2— propylene units.

The examination of different series of ethylene-propylene copolymers ob
tained by use of different anionic coordinated catalyst systems is now in
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Fig. 3. Infrared spectra of ethylene-propylene copolymers having propylene sequences 
of different lengths. (------) long propylene sequences: (- -) short propylene se
quences.

progress, in order to establish whether and to what extent the absorbance 
of the band at 1155 cm.-1 is influenced by possible variations in the en
chainment and distribution of the various monomer units.

We are also examining the absorbance of the bands used in other infrared 
methods of analysis of ethylene-propylene copolymers.18-21 We have 
noticed that the absorbance of the band at 1155 cm.-1 varies somewhat with 
the copolymerization catalyst used; however, the variations determined so 
far do not appear sufficient to prevent the possibility of using infrared 
methods of analysis based on this band.
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Résumé
Il est nécessaire de faire une distinction entre un polymère alpha-oléfinique “amorphe” 

et un polymère alpha-oléfinique “atactique” . Le terme “ataetique” doit s’appliquer 
uniquement aux polymères amorphes qui possèdent une régularité linéaire tête-à-queue 
et qui ont la même régularité chmique que les polymères tactiques correspondants dont 
ils diffèrent seulement par le manque de régularité stérique. On peut en avoir une inter
prétation claire par la présence de bandes à 1155 et 915 cm.-1 dans le spectre infrarouge 
des polypropylènes isotactique et atactique. La présence de ces bandes est due à 
l’unité monomérique —CH2—CH— qui possède un arrangement régulier tête-à-queue.

CH,
L absence de ces bandes dans les polymères de propylène obtenus au moyen de cataly
seurs de type cationique dépend de la présence d ’une très petite quantité d’unités mono
mériques de ce type. On peut conclure que la présence des deux bandes mentionnées 
ci-dessus dans le spectre infra-rouge des copolymères éthylène-propylène n’indiquent pas 
la présence de longues séquences de propylène du type isotactique, et par conséquent 
l’existence du copolymère à bloc, mais seulement la présence de l ’unité monomérique 
mentionnée ci-dessus.

Zusammenfassung
Die Notwendigkeit, zwischen einem “amorphen” und einem “ataktischen” a-Ole- 

fiiipolvmeren zu unterscheiden, wird betont. Es ist angebracht, den Andruck “atak
tisch” nur auf diejenigen amorphen, linearen, regelmässigen Kopf-Schwanzpolymeren 
zu beschränken, welche dieselbe chemische Regelmässigkeit wie die entsprechenden 
ataktischen Polymeren besitzen, von welchen sie sich nur durch den Mangel an sterischer 
Regelmässigkeit unterscheiden. Eine klare Zuordnung der Anwesenheit von Banden bei 
1155 und 915 cm.-1 im IR-Sprektrum von isotaktischen und ataktischen Polypropvlenen 
wird gegeben. Die Anwesenheit dieser Banden ist durch die —CH»—CH— mono-

CH3
mereinheit mit einer regelmässigen Kopf-Schwanzanordnung bedingt. Das Fehlen 
dieser Banden in Propylenpolymeren, die mit Hilfe kationischer Katalysatoren erhalten 
wurden, wird auf die Gegenwart einer nur sehr geringen Menge von Monomereinheiten 
dieses Typs zurückgeführt. Schliesslich kommt man zu dem Schluss, dass die Anwesen
heit der oben erwähnten Banden im IR-Spektrum von Äthylen-Propylencopolymeren 
nicht für das Vorhandensein langer Propylensequenzen vom isotaktischen Typ und 
daher auch nicht für die Existenz eines Blockcopolymeren spricht, sondern nur für die 
Anwesenheit der oben erwähnten Monomereinheit.

Received August 17, 1964
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Synopsis
The chain conformation and configuration of some polysorbates and poly-/3-styryl- 

acrylates is discussed in this paper. From x-ray fiber spectra of these polymers we ob
tained the identity period of 4.80 ±  0.05 A. The conformation of the main chain is the 
same as that of 1,4 trans polybutadiene and isotactic 1-4 trans polypentadiene. From 
considerations of the mode of packing of the chains and of the encumbrance of the side 
groups in respect to the main chain it was possible to assign an erythro configuration in 
regard to the relative placement of lateral groups. The examined polymers are tri
tactic and have a trans-erylhro-isotactic configuration.

A new series of crystalline polymers has been obtained at the Department 
of Industrial Chemistry of the Polytechnic of Milan by Natta and Farina1 
starting from substituted carboalkoxybutadienes. In particular, crystal
line polymers have been obtained from various alkyl esters of the trans- 
trans isomer of sorbic acid and /3-styrylacrylic acid. The monomer units 
with 1,4 enchainment are of the type —CHR—CH =CH —CHCOOR'—. 
They show three sites of possible stereoisomerism, i.e., the double bond and 
the two tertiary carbon atoms of the chain. In this paper we shall report 
the results of an x-ray analysis of these polymers. Some of the corre
sponding preliminary results have been reported previously.2

X-Ray Data

The powder spectra of five typical polymers recorded with a Geiger 
counter are shown in Figure 1. From the fiber spectra of all polysorbates 
and of the poly(d-styryl n-butylacrylate) we obtained the same value of the 
identity period along the fiber axis, i.e., c = 4.80 ±  0.05 A. The spacings 
of the two most intense equatorial reflections are shown in Table I.

The spacing of the first line varies regularly with an ihcrease in the en
cumbrance of the lateral group; the spacing of the second line is about the 
same for all the polymers studied.

The reconstruction of the reciprocal lattice has been possible for the 
equatorial reflections of poly(n-butyl sorbate); the reciprocal axes, which

11
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2a>

Fig. 1. Powder spectra (CuKa) of the crystalline polymers: («) poly(methyl sorbate); 
(b) poly(ethyl sorbate); (c) poly(n-butyl sorbate); (d)poly(methyI-/3-styrylaerylate); 
(?) poly(re-butyl-/3-styrylacrylate).

are perpendicular to each other are: a* = 1/(11.30 ±  0.10) A.-1; b* = 
1/(9.70 ±  0.10) A.-1. On the first layer line only four reflections are ob
served; therefore no complete reconstruction of the reciprocal lattice has 
teen attempted.

TABLE I

29
(CuKa) d , A.

29
(CuKa) d, A

Foly(methyl sorbate) 10.95 8.07 ± 0.1 0 19.00 4.67 ± 0.05
Foly(ethyl sorbate) 9.90 9.90 ± 0.1 0 19.00 4.67 ± 0.05
Poly (isopropyl sorbate) 8.40 10.52 ± 0.1 0 18.80 4.71 ± 0.05
Foly(re-butyl sorbate) 7 . 7 5 11.40 ± 0.10 18.10 4.92 ± 0.05
Poly(isobutyl sorbate) 7.40 11.94 ± 0.10 19.40 4.57 ± 0.05
Foly(isoamyl sorbate) 6.80 12.99 ± 0.1 0 18.10 4.92 ± 0.05
Poly(methyl-/3 styrylacrylate) 7.60 11.62 ± 0.10 18.30 4.83 ± 0.05
Poly(n-butyl-0 styrylacrylate) 6.25 14.00 ± 0 .1 5 18.10 4.92 ± 0.05

Possible Configurational Models

Each chain should be ordered in respect to the three centers of stereo
isomerism, at least for long sequences of monomeric units. In fact, the 
x-ray crystallinity is high, and the infrared spectrum of the polymer in the 
solid state is very different from the corresponding spectrum of the melt.

Accordingly, at least for long sequences of monomeric units, we shall ex
pect the following regularities: (1 ) the double bond must be always of the 
cis or always of the trans type; (D) the relative configuration of successive 
monomeric units must be either isotactic or syndiotactic ; (3) the relative 
configuration of two adjacent tetrahedral centers of stereoisomerism must 
he either of the threo or of the erythro type.

The possible configurational models are shown in Figure 2.

Chain Conformation

The identity period along the fiber axis is identical to that found for
l,4-Zrans-polybutadiene.s The identity unit contains only one monomer 
unit, as shown by the equatorial dimensions found for poly(n-butyl sor-
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bate) and by the distribution of diffracted intensify on the meridian of the 
successive layer lines.

Accordingly, the chain conformation should be characterized by a succes
sion of internal rotation angles very close to the sequence:.. .trans, on = 
120°, cr2 = 180°, <r3 = —120°, trans... (Fig. 3). The assignment of a trans 
configuration to the double bonds is confirmed by the appearance in the in
frared spectra, of a band at 10.52 p.

TRANS CIS

Fig. 2. Possible configurational models of the examined polymers.

Fig. 3. Chain conformation of the examined polymers. I t ' = Clfi, C dF; It" =
-COOIt.

Moreover, the successive monomeric units must necessarily be of the 
isotactic type. Thus, for the examined polymers, the knowledge of 
the identity period along the fiber axis and very simple considerations on the 
intensity distribution are sufficient to permit the type of tacticity of two of 
the centers of stereoisomerism to be assigned with certainty. The situa
tion is analogous to that of ditactic polymers such as poly-1 ,4-frans-penta- 
diene.4

A qualitative model of the packing of the macromolecules is shown in 
Figure 4 for po!y(n-butyl sorbate). We have assumed a plane group pg, 
owing to the fact that the a* and b* axes are perpendicular to each other.
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Fig. 4. Qualitative packing model of poly(n-butyl sorbate).

R'

Fig. 5. Models of (o) erythro configuration of two tertiary carbon atoms, the lateral 
groups having a trans arrangement; (6) three configuration with a gauche arrangement 
of the lateral groups.



ISOTACTIC SUBSTITUTED POLY-CARBOALKOXYBUTADIENES 15

The plane group pm may be discarded on the basis of elementary consider
ations on the intensity of the reflections.

Since the space group was unknown, this model was regarded as a first 
approximation and therefore was not refined further, though there was 
reasonable agreement between calculated and observed structure factors.

The mode of packing of the chains for the other polymers should be in 
some way similar to that of poly(n-butyl sorbate), with chain packing side 
by side, with parallel orientation of the direction of maximum encumbrance. 
This is in agreement with the main features of the equatorial spectra of all 
the investigated polymers.

As already remarked, the spacing of one of the two strongest equatorial 
reflections varies regularly with an increase of the bulkiness of the side 
groups; accordingly it arises from planes perpendicular to the direction of 
maximum encumbrance. The spacing of the other strong equatorial re
flection is almost invariant in the polymer series studied; thus it should 
arise from planes nearly parallel to the direction of maximum encum
brance.

The fact that the equatorial encumbrance of the chains varies practically 
only in one direction points to a trans arrangement, and hence to an erythro 
placement of the lateral groups (Fig. 5).

Further Considerations on Poly(/3-styryl Acrylates)

Although it was not possible to obt ain oriented fibers of poly (methyl-/? 
styrylacrylate), oriented crystalline fibers were obtained in the case of poly- 
(?i-butyl-/3-styrylacrylate).

The main features of the spectrum are very similar to those of the various 
studied polysorbates. However, for the polysorbates polymers, some 
double could remain about a possible gauche (instead of trans) placement of 
the methyl group with respect to the carboxylic group, but it is impossible 
to build a stereochemically reasonable model of the chain of poly(w-butyl- 
/3-styrylacrylate) with a gauche arrangement of the benzene and carboxylic 
group (Fig. 6).

This fact is strongly indicative of an erythro isotactic configuration of the 
polymer. Simple calculations of the internal conformation energy for a 
threo and an erythro configuration of the side group associated with the 
known conformation of the chain gives rise for poly(n-butyl-/3-styryl- 
acrylate) to a very large internal energy difference.

A trans conformational arrangement (and hence an erythro placement) of 
the side groups is indicated also by the nuclear magnetic resonance spectra, 
which have been recorded for all the studied polymers.6

Conclusions

The examination of the x-ray spectra of some polysorbates and poly (/?- 
styrylacrylates) allows a unequivocal assignment of a ¿raras-isotactic con
figuration to the studied polymers. From considerations on the mode
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Fig. 6. Chain models of poly(n-butyl-/3-styrylacrylate): (a) with a trans arrangement 
of the benzene and carboxylic group (erythro configuration); (b) with a gauche arrange
ment of the benzene andc arboxylic group (threo configuration); in this case the worst 
intramolecular atomic distances are shown.

of packing of the chains and on the encumbrance of the side groups as 
regard to the main chain permits one to assign an erythro configuration 
with respect to the relative placement of lateral groups.

The polymers we have studied are tritactic and have, at least for long se
quences of monomeric units, a trans-erythro-isot&ctic configuration.
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Résumé
Cet article traite de la conformation et de la configuration de quelques polysorbates et 

poly-/3-styrylacrylates. Ces polymères ont ('¡té examinés sous forme de libres aux 
rayons-X; on a trouvé la valeur de 4.80 ±  0.05 A. comme longueur du motif périodique. 
La conformation de la chaîne principale est égale à celle du polybutadiène-l-4-irans et 
du polypentadiène-l-4-iraws isotactique. En considérant la manière d ’empaquettement 
des chaînes et l’encombrement des groupes latéraux par rapport à la chaîne principale,
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il a etc possible de déterminer une configuration éryihro du point de vue de la localisation 
des groupes latéraux. Les polymères étudiés sont pourtant tritactiques et leur configura
tion est trans-érythro-isottictiquB.

Zusammenfassung
In der vorliegenden Arbeit wird die Kettenkonformation und Konfiguration einiger 

Polysorbate und Poly-;3-styrylacrylate diskutiert. Das Röntgenfaserdiagramm dieser 
Polymeren zeigt eine Identitätsperiode von 4,80 ±  0,05 A. Diese Polymeren besitzen 
daher die gleiche Kettenkonformation wie das 1,4-frans-Polybutadien und das isotak
tische 1,4-irans-Polypentadien. Die relative Stellung der seitlichen Gruppen entspricht 
einer Erythrokonfiguration, wie durch einer Untersuchung der Kettenpackung und die 
Hinderung der seitlichen Gruppen in Bezug auf die Hauptkette bewiesen wird. Die 
Polymeren sind tritaktisch und besitzen eine trans-erylhro-isotaktische Konfiguration.
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Synopsis

Polyamides of both cis- and 2rans-l,4-cyclohexanebis(methylamine) with aliphatic 
dicarboxylic acids and copolyamides of 2rans-l,4-cyclohexanebis(methylamine) with 
p-xylene-or, a '-diamine were prepared in order to discover the effect of cycloalkane rings 
on melting point. Analogous polyamides of ¡»-xylene-aja'-diamine were prepared for 
comparison. The polyamides of ¿rans-l,4-cyclohexanebis(methylamine) had higher 
melting points than the analogous polyamides of p-xylene-a, a '-diamine. This result 
is believed to be due to the slightly contracted conformation which fr(ms-l,4-cyclo- 
hexanebis(methylamine) can adopt in the polymer chain. The polyamides of cfs-1,4- 
cyclohexanebis(methylamine) melted lower than those of the trans isomer. The lower 
symmetry of the cfs-diamine accounts for this result. The melting points of the co
polyamides of ¿rans-l,4-cyclohexanebis(methylamine) and p-xylene-«, a '-diamine were 
higher than expected. I t  is suggested that these compositions are examples of partially 
isomorphous copolyamides.

INTRODUCTION

In spite of the considerable amount of literature dealing with the relation
ship of the chemical structure of polyamides to their physical properties, 
relatively little of it deals with the effect of cycloalkane rings on melting 
point. I t  was of interest, therefore, to prepare polyamides from 1,4- 
cyclohexanebis(methylamine) 1 and compare their melting points with those 
of their aromatic analogs prepared from p-xylene-a,a'-diamine.

Aromatic dicarboxylic acids, such as terephthalic acid, produce high- 
melting polyamides2 with aliphatic diamines due to the combined effects 
of the hydrogen bonding of the amide groups and the chain stiffening result
ing from the conjugation of the carbonyl groups with the aromatic ring. 
Polyamides from p-xylene-u, a '-diamine and aliphatic dicarboxylic acids 
have only the rigidity and symmetry of the benzene ring to influence the 
polymer melting point. Consequently, as the reports in the literature3“ 7 
indicate, these polyamides melt much lower. In addition, some interesting 
isomorphous copolyamide systems involving p-xylene-cqa'-diamine have 
been reported.3’4

* Present address: Dow Chemical Co., Sarnia, Ontario, Canada.
t  To whom all inquiries should be sent.
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D I S C U S S IO N

While p-xylene-a,a '-diamine polyamides have been described in the 
past, particularly in the patent literature, no list of the melting points of 
the various reported polyamides is available. The melting points of the 
p-xylene-a,a'-diamine polyamides prepared during the course of this work 
are summarized in Table I. It should be noted that two different melting 
points have been reported for the polysebacamide, one at approximately 
270°C.4 and another at approximately 300°C.7 The authors of the latter 
report also state that the polyadipamide melts at 280°C. Since experience 
indicates that the polyadipamide would melt at a temperature higher than 
the polysebacamide, it is suspected that the 300 °C. melting point is in 
error and that the 270 °C. is the correct one.

The melting points of the polyamides of ircros-l,4-cyclohexanebis- 
(methylamine) and a series of dicarboxylic acids prepared in the 
course of this work are also recorded in Table I.

A graphical presentation of these melting points versus the number of 
carbon atoms in the dicarboxylic acids is given in Figure 1. This shows the 
alternating character of the melting points—first high, then low—as 
the number of carbon atoms in the aliphatic dicarboxylic acid is progres
sively increased by one. This alternating effect is well known,8 and various 
explanations have been suggested.9’10

It is apparent from a comparison of the two polyamide series of Table I 
that the polyamides from trailx-1,4-eye]ohexanebi.s(nlethylainine) melt at a 
somewhat higher temperature than the corresponding polyamides from 
p-xylene-Q,a '-diamine. It must be concluded that the trans-1,4-cyclo
hexylene ring is at least equivalent to the p-phenylene ring insofar as its 
effect on the melting point of the polymer is concerned. Indeed, it even 
appears to be slightly more effective in producing high-melting polyamides. 
This is consistent with similar observations in the case of polyesters pre
pared from h'tms-l,4-cyclohexanedimethaiiol and p-xylene-a,a'-diol.u

TABLE I
Melting Points of Polyamides

Dicarboxylic
acid

trans-1,4-
Cyclohexanebis( methy lamine ) p-Xylene-ff,a '-diamine

M M.p., °C. M M .p, C.

Glutaric 0.29 280-290 __ _
Adipic 0.85 3453 1.02 333a
Pimelic 1.45 290-293 1.00 280-284
Suberic 1.34 308-311 0.93 300-305
Azelaic 1.04 270-275 0.68 259-263
Sebacic 1 .68 295-300 0.82 279-281
Dodecanedioic 1.38 275-278 0.89 268-272
Isophthalic 0.58 305-310 Insol. 270-290

3 Obtained by the extrapolation of the m.p. of a copolyamide series with 1,6-hexane-
diamine.
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Fig. 1. Melting points of polyamides from fra«s-l,4-eyclohexanebis(methylamine) and
p-xylene-a,a '-diamine.

Fisher-Herschfelder-Stuart models of the two polyamide series were 
compared. The models were so arranged that the aliphatic chain of the 
dicarboxylic acid moiety was planar zigzag and coplanar with the amide 
linkage.12

The model of poly(p-phenylenedimethylene adipamide) is shown sche
matically as structure I. An examination of this model revealed that rota-

H H

tion of the benzene ring about the axis joining the two methylene carbon 
atoms to the aromatic ring produces no change in the repeat distance of the 
polyamide. The conformation adopted by the aromatic ring is probably 
determined by the steric interaction of the hydrogen atoms on the benzene 
ring and those on the methylene groups attached to this ring. This interac
tion is at a minimum when the plane of the benzene ring is perpendicular 
to that of the amide group; i.e., in structure I, when the plane of the ben
zene ring is perpendicular to the plane of the paper. Such a conformation 
has been suggested13 on the basis of x-ray diffraction studies.
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The model of poly(£rims-l,4-cyclohexylenedimethylene adipaniide) is 
shown schematically as structure II; the cyclohexane ring is assumed to 
have the chair conformation, and the substituents in the 1 and 4 positions

H H 
\  /

are assumed to be attached by equatorial bonds. In contrast to the ring 
in poly(p-phenylenedimethylene adipaniide), rotation of the irons-1,4- 
cyclohexylene ring about the Ca—CV axis has a pronounced effect on the 
repeat distance. As approximated by measurements on the models, the 
maximum length of the repeat unit is 17.9 cm. when conformation IIIA 
is adopted and the minimum length is 16.8 cm. when conformation IIIB 
is adopted. At its minimum length, the repeat distance is 0.5 cm. shorter 
than the repeat distance of poly(p-phenylenedimethylene adipaniide) 
(17.3 cm.).

The conformation adopted by the cyclohexane ring is determined by the 
steric interaction of the hydrogen atoms on the Ca and ('«> carbon atoms 
with the hydrogen atoms on the ring. This steric interaction is at a 
maximum in conformation IIIA and at a minimum in conformation IIIB.
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Fig. 2. Melting points of eopolyamides of £rares-l,4-cyclohexanebis(methylamine) and
p-xylene-a,a '-diamine.

Fig. 3. Melting points of copolyamides of ¿roms-l,4-cyclohexanebis(methylamine) and 
p-xylene-a,a '-diamine with pimelic acid.

I t is suggested that the higher melting points of the polyamides derived 
from ¿ran s-l,4-cyclohexanebis(methylamine) compared to those of the 
polyamides derived from p-xylene-cqa'-diamine are due to the ability of 
the former moiety to adopt the slightly contracted conformation IIIB. 
As a consequence, a polyamide derived from frans-l,4-cyclohexanebis- 
(methylamine) has a slightly smaller repeat distance than the analogous 
polyamide derived from p-xylene-a, a'-diamine, and the ring system occurs 
more frequently per unit length of polymer chain. Thus, the former 
polyamide is more rigid and symmetrical. These factors, symmetry and 
rigidity, contribute to high melting points.
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Copolyamides of ¿rcms-l,4-cyclohexanebis(methylamine) and p-xylene- 
a, a'-diamine were prepared in an effort to gain information on the simi
larities or differences in the molecular structures of the two. As may be 
seen from Figures 2 and 3, the copolyamides do show the usual V-shaped 
curves when the melting points are plotted as a function of composition. 
However, the maximum depression of the melting point curves is surpris
ingly small.

The copolyamides derived from sebacic acid were studied further. 
Copolyamides were also prepared from mixtures of trans-1,4-cyclohexanebis- 
'methylamine) and 1,6-hexanediamine and from mixtures of p-xylene-a,«'- 
diamine and 1,6-hexanediamine. Data from these copolyamide systems 
are presented graphically in Figure 4; curve ABC represents the melting

Fig. 4. Melting points of copolyamides of sebacic acid: (ABC)  polyamide of trans-1,4- 
3yclohexanebis( methylamine) modified with p-xylene-a, a '-diamine; (AD)  polyamide 
of fra?is-l,4-cyclohexanebis(methylamine) modified with 1,6-hexanediamine; (EDO)  
polyamide of 1,6-hexanediamine modified with p-xylene-a, a '-diamine.

points of the ¿rans-l,4-cyclohexanebis(methylamine)/p-xylene-a',a'-di- 
amine system, curve AD represents the trans-l,4-cyclohexanebis(methyl- 
amine)/!, 6-hexanediamine system, and curve EDC represents the 1,6- 
hexanediamine/p-xylene-a, a '-diamine system.

In a nonisomorphous copolyamide system, the melting point of the major 
component is depressed by an amount proportional to the mole percent of 
the modifier. Furthermore, the nature of the modifier has little effect on 
the extent of this depression.14 On the basis of this it was expected that a 
combination of the melting point-composition curve of the frans-1,4- 
cyclohexanebis(methylamine)/ 1,6-hexanediamine copolyamide system with 
that of the p-xylene-a,a'-diamine/l,6-hexanediamine system would provide 
the complete melting point-composition curve for the trans- 1,4-cyclo- 
hexanebis(methylamine)/ p-xylene-a,a'-diamine copolyamide system.
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Fig. 5. Melting points of copolyamides of p-xylene-a,<*'-diamine and 1,6-hexanediamine
with sebacic acid.

As may be seen from Figure 4, this expectation was not realized. 1,6- 
Hexanediamine effected a greater depression of the melting points of the 
frims-l,4-cyclohexanebis(methylamine) and p-xylene-a, a '-diamine poly
amides than was observed in the sebacic acid/frans-l,4-cyclohexanebis- 
(methylamine)/p-xylene-a, a'-diamine copolyamide system at equivalent 
degrees of modification.

Yu and Evans4 proposed a lattice model for nonisomorphous copoly
amides. The modifying component interrupts the chain structure so that 
the subsequent amide linkage of the polymer chain does not fall upon the 
dipole planes formed by the amide linkages of the assembly of polymer 
chains. This can occur when the repeat unit of the modifying component 
has a different length than that of the major repeat unit. Such a situation 
prevails when 1,6-hexanediamine is used to modify the frans-l ,4-cyclo- 
hexanebis(methylamine) or p-xylene-a, a'-diamine polyamides.

Yu and Evans also described partially isomorphous copolyamides in 
which the initial addition of the modifying component did not im
mediately produce a linear depression of the melting point of the base 
polyamide. A plot of the melting point of the copolyamide against the 
composition showed a curve which increased in slope as the degree of modi
fication increased. The copolyamide system sebacic acid/p-xy 1 eiie-a,a'~ 
diamine/1,6-hexanediamine was cited as one example.

In our work, the 2>xylene-a,a'-diamine/l,6-hexanediamine copoly
amide system did not show this behavior. Instead, the copolyamide 
behavior as a nonisomorphous system and a linear depression of melting 
point with composition was observed. A comparison of our data with that 
of Yu and Evans is shown in Figure 5; the open circles represent the re
ported melting points and the heavy lines represent the melting points 
found in this work. It should be noted that the discrepancy in melting
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Fig 6. Melting points of copolyamides of cis- and ircms-l,4-cyclohexanebis(methyl-
amine) with adipic acid-

points is confined to the homopolymer and to the lower degrees of modifica
tion. At high degrees of modification there is good agreement between the 
two sets of data.

I t is suggested that the copolyamide system sebacic acid/frans-l,4-cyclo- 
hexanebis(methylamine)/p-xylene-a, a'-diamine shows the characteris
tic feature of a partially isomorphous system (Figs. 2 and 4). That 
is, across the entire compositional spectrum, a smaller depression of the 
melting point of the base polyamide is obtained than would be expected 
from the observations of the depression of the melting point by modifica
tion with a nonisomorphous modifier.

The similarity in size and shape of the two diamines, iraras-l,4-cyclo- 
hexanebis(methylamine) and p-xylene-a,a'-diamine, is, doubtlessly, re
sponsible for the partially isomorphous nature of the copolyamide system. 
Due to the slightly contracted conformation which the former diamine 
can adopt, an exact replacement in the polyamide chain of one diamine 
by another cannot occur without some degree of disturbance. However, 
the degree of disturbance is small and, consequently, the melting point 
depression is minimized.

Copolyamides of cis- and ¿rans-l,4-cyclohexanebis(methylamineí) were 
prepared to observe the effect of the cis-trans ratio on the melting points. 
The melting point-composition curve in Figure 6 shows that a definite 
eutectic composition was formed. This would indicate that the repeat 
distances of the two polyamides differ markedly so that copolyamides of 
Lie two stereoisomers are members of a nonisomorphous system.

A series of polyamides was also prepared from m-l,4-cyclohexanebis- 
(methylamine) and various aliphatic dicarboxylic acids. Their composi
tions and melting points are summarized in Table II. As expected from 
t_ie lower symmetry of the m-diamine, the polyamides of the cis isomer
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TABLE TT
Polyamides of c/s-l,4-CycIohexanebis(methylamine)

Dicarboxylie
acid

Polyamide

hi M.p., °C.

Glutaric 0.27 163-167
Adipic 0.88 242-246
Pimelic 1.17 188-191
Suberic 0.97 210-215
Azelaic 0.98 190-195
Sebacic 1.06 205-208
Dodecanedioic 0.87 205-215

melt lower than the corresponding polyamides of the trans isomer. Indeed, 
the melting points observed resemble closely those obtained from the linear 
aliphatic diamines such as 1,6-hexanediamine.

EXPERIMENTAL

Materials

Glutaric, adipic, pimelic, suberic, azelaic, sebacic, and dodecanedioic 
acids and 1,6-hexanediamine were obtained from commercial sources.

p-Xylene-o, a '-diamine and ¿mns-l,4-cyclohexanebis(methylamine) were 
obtained from Eastman Chemical Products, Inc.

A mixture of cis and trans isomers of l,4-cyclohexanebis(methylamine) 
(approximately 60% cis) was also obtained from Eastman Chemical 
Products, Inc. The isomers can be separated by careful fractional vacuum 
distillation through a 4-ft. column packed with Podbielniak Heli-pak. 
¿rams-l,4-Cyclohexanebis(methylamine) showed b.p. 238°C. at 734 mm. 
Hg and 98-99°C. at 5 mm. Hg; m.p. 27°C., b“  1.4890 (super-cooled). 
For cfs-l,4-cyclohexanebis(methylamine) these data were b.p. 243°C. 
at 734 mm. Hg and 79-79.5°C. at 2 mm. Hg; n® 1.4959.

Methods

Inherent Viscosities. Phenol-tetrachloroethane (60/40) solutions at 
25°C. containing the polyamides in 0.25% concentration were used for 
inherent viscosity determinations. The polyamides generally were soluble 
after being heated at 145°C. for 1 hr.

Melting Points. The melting points were determined on a Fisher-Johns 
melting point apparatus. Near the melting point, the sample was re
peatedly pressed with a pencil point and the temperature at which the 
sample flowed freely under this pressure was taken as the melting point. 
Usually, there was a preliminary softening of the polymer sample from 
2 to 5°C. below the melting point but no liquefaction was noted.

It was found advisable to take a preliminary melting point and then 
place a second sample on the melting point apparatus at a temperature
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from 5 to 10°C. below the observed melting point. This procedure 
avoided much of the possibility of thermal degradation or oxidation of 
the sample before it melted.

However, it was also found that the copolyamides of cis- and Irons-1,4- 
cyclohexanebis(methylamine) crystallized slowly. For these polyamides, 
it was expedient to heat-crystallize the sample at 180-190 °C. for a few 
minutes before the melting point was taken.

The polyamides of fratis-l,4-cyclohexanebis(methylamine) or p-xylene- 
a, a '-diamine with adipic acid melted above 325 °C. Consequently, de
compositions occurred so rapidly that accurate melting points could not 
be obtained. The melting points were estimated by extrapolation of the 
melting points of a copolyamide series with 1,6-hexanediamine. The data 
used are tabulated in Table III.

TABLE III
Melting Points of Adipic Acid Copolyamides

1,6-
Hexane- 
diamine, 
mole %

Polyamide with 
inms-l,4-cyclohexanebis- 

(methylamine)
Polyamide with 

p-xylene-a, a '-diamine

[>7] M.p., °C. hi M.p., °C.

10 0.48 332-337 0.97 325-327
20 — — 1.08 322-325
25 1.32 317-320 — —
30 — — 0.81 310-313
33 307-311 — —

40 — — 1.33 305-309
50 1.58 290-293 — —

70 1.29 270-275 — —

Experiments

The polyamides were prepared by well-known methods15 which involved 
the initial preparation of a polyamide salt followed by its conversion to the 
polyamide by dehydration in a phenolic solvent. The preparation of 
the polyamide from irans-l,4-cyclohexanebis(methylamine) and pimelic 
acid is given as a typical procedure.

Preparation of / r  a ks «1,4 - Cyclo h e xy 1 e n e d im e t hy 1 e n e b i s [ammonium pime- 
late]. A solution of 110 g. (0.G88 mole) of pimelic acid in 800 ml. of 2B 
ethyl alcohol was prepared by heating the mixture to approximately 50°C. 
To this solution, a solution of 99.4 g. (0.70 mole) of trans-\ ,4-eyclohex- 
anebis(methylamine) in 50 ml. of 2B ethyl alcohol was added rapidly with 
stirring. An exothermic reaction occurred and the ammonium salt 
precipitated rapidly. The mixture was cooled, filtered, and washed with 
2B ethyl alcohol. After drying, the recovered salt weighed 423 g. (98.5% 
yield).

The salt (150 g.) was dissolved in a heated solution of 150 ml. of water in 
250 ml. of 2B ethyl alcohol. A 2-g. portion of Norite SG II was
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added and the solution was filtered while hot. The filtrate was treated 
with 600 ml. of 2B ethyl alcohol to precipitate the salt. After being cooled, 
filtered, and dried, the salt weighed 121 g. (80.6% recovery).

Preparation of PoIy(irons-l,4-cyclohexyIenedimethylene pimelamide).
A 10-g. portion of irans-l,4-cyclohexylenedimethylenebis [ammonium 
pimelate] was placed in a reaction flask which was shaped like a large 
test tube (approximately 6 in. long and 1 in. in diameter) and was equipped 
with an inlet for nitrogen, a take-off, and a stirrer. To this was added 15 
ml. of distilled m-cresol, and the tube was immersed in a heated Wood’s 
metal bath. The mixture was heated to 200°C. while being stirred in the 
presence of nitrogen. The salt dissolved rapidly and water was evolved. 
Heating at 200°C. was continued for 1 hr. and then the temperature of the 
metal bath was increased at the rate of 25°C. every 15 min. until a tem
perature of 290°C. was reached. During this heating period, m-cresol 
distilled off. At 290°C., the pressure was reduced to less than 1 mm. of 
mercury for a period of 10 min. This vacuum treatment removed the last 
traces of m-cresol. The final molten polymer was cooled in a vacuum 
and isolated by breaking the tube. The inherent viscosity of the polymer 
was 1.45 and the melting point was 290-293 °C.

In the majority of cases the product was a viscous, molten mass. With 
high melting polymers (m.p. >310°C.), the product was obtained as a 
dry powder which formed during the heating period as the cresol distilled 
off. No attempt was made to fuse such polymers at metal bath temperatures 
above315-320°C.

The authors wish to acknowledge their indebtedness to W. B. Arnold, who prepared 
the majority of the polymers needed for this work.
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Résumé
Dans le but d’étudier l’influence de la présence d ’anneaux alicycliques sur le point de 

fusion, on a préparé des polyamides c is  et tr a n s  l,4-cyclohexanebis(méthylamine) avec 
des acides aliphatiques dicarboxyliques. On a également préparé des copolyamides du 
l,4-fraws-cyclohexanebis(méthylamine) avec le œ,a'-diamino p-xylène de même que les 
polyamides du a,a'-diamino p-xylène comme base de comparaison. Les polyamides du 
¿rans-l,4-cyclohexenebis(méthylamine) ont des points de fusion plus élevés que les 
polyamides analogues du a,a:'-diamino p-xylène. On admet que ce résultat est du au 
fait que le t r a n s - l ,4-cyclohexanebis(méthylamine) peut adopter une conformation 
légèrement contractée dans une chaîne polymérique. Les polymères du c is -  1,4-cyclo- 
hexanebisméthylamine fondent plus bas que ceux de l’isomère tra n s . Ceci est du à une 
symmétrie moins élevée de la cfs-diamine. Les points de fusion des copolyamides du 
¿ra?is-l,4-cyclohexanebis(méthylamine) et du a,a'-diamine p-xylène sont plus élevés que 
prévus. On suppose que ces polyamides sont des exemples de système partiellement 
isomorphes.

Zusammenfassung
Polyamide von c is -  und frans-l,4-Zyklohexanbis(methylamin) mit aliphatischen Di- 

earbonsäuren und Copolyamide von irans-l,4-Zyklohexanbis(methylamin) mit p-Xylol- 
ctjtt'-diamhi wurden dargestellt, um den Einfluss von Zykloalkanringen auf den Schmelz
punkt zu untersuchen. Zum Vergleich wurden analoge Polyamide aus p-Xylol-a,«'- 
diamin dargestellt. Die Polyamide von irans-l,4-Zyklohexanbis(methylamin) besassen 
höhere Schmelzpunkte als die analogen Polyamide von p-Xylol-a,o:'-diamin. Es wird 
angenommen, dass dieses Ergebnis auf die schwach kontrahierte Konformation, welche 
traras-l,4-Zyklohexanbis(methylamin) in der Polymerkette annehmen kann, zurückzu
führen ist. Die Polyamide von cis-l,4-Zyklohexanbis(methylamm) besitzen einen 
niedrigeren Schmelzpunkt als die des tr a n s -Isomeren. Die niedrige Symmetrie des c is -  
Diamins ist für dieses Ergebnis verantwortlich. Die Schmelzpunkte der Copolyamide 
von ¿ro.rc.s-l,4-Zyklohexanbis(methy]amin) und p-Xylol-a,a'-diamin waren unerwartet 
noch. Es wird angenommen, dass hier Beispiele für partiell isomorphe Copolyamide 
vorliegen.
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Certain Characteristics of the Polymerization of 
Butadiene-1,3 in Presence of Soluble Cobalt 

Complex Catalyst

A. I. DIACONESCU* and S. S. MEDVEDEV, Institute for Fine Chemical 
Technology, Moscow, U.S.S.R.

Synopsis
Studies were carried out on the kinetics of the process for producing 1,4-ci's-polybuta- 

diene in the presence of the catalytic system formed of monochlordiisobutylaluminum 
and the alcoholic complex of cobalt chloride. The experiments, carried out in homogen- 
neous benzene solution at room temperature, pointed out the predominant role of water; 
when water is absent butadiene forms oligomers. Under the given conditions, the rate of 
polymerization of butadiene increases with the increase in the concentration of cobalt or 
aluminum compound and varies in a strange way when the water concentration changes. 
The dependence of the rate of polymerization on water concentration accounts for the 
difficulties in the reproductibility of experiments. The molecular weights of the polymers 
obtained increase linearly with the increase in water concentration and decrease with the 
decrease in the concentration of aluminum or cobalt compound. No dependence was 
noticed between the microstructure of polymers and the conditions of working.

The soluble (especially in aromatic hydrocarbons) systems consisting 
of a cobalt compound and alkylaluminum halides are known to be quite 
efficient catalysts for the polymerization of butadiene-1 ¿3, particularly in 
the 1,4-cis position.1-4 Despite the importance of the problem it seems 
that, except for a few partial data,2'4-8 no systematic investigations en
abling us to elucidate the kinetics and mechanism of this difficult polymer
ization process have been published.

Our researches demonstrated that the study of the kinetics of butadiene 
polymerization in the presence of a mixture of the alcoholic complex of 
cobalt chloride (CoCl2 ■ zC^HgOH) and monochlorodiisobutylaluminum in 
benzene solution may be carried out only if one takes into account the 
quantity of water, whose presence was also proved by other authors4’9 to 
be necessary in the polymerization system. In the absence of water, al
though the rate of polymerization is not zero (this being probably due to the 
surplus of ethyl alcohol in the system), the butadiene forms low molecular 
weight liquid polymers. I t is also probable that the presence of certain 
impurities in the monomer—for example, butenes—usually associated with

* Present address: Chemical Research Institute, Bucharest, Rumania.
3 1
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commercial butadiene influences the progress of polymerization.2 For this 
reason we preferred to utilize a butadiene purified by the tetrabromobutane 
method and finally by prepolymerization on ethyllithium. The final 
purification of the solvent was carried out by a prolonged treatment with 
liquid Na-K alloy. z'-Bu2A1C1 treated with NaCl at about 150°C. and 
freshly rectified was used. Both the preparation of monomer and the poly
merization experiments were carried out in entirely silvered glass equip
ment under high vacuum. The water was introduced in the benzene. 
The progress of the polymerization was followed dilatometrically. The 
dilatometers were filled as follows: first solvent was added with water, 
then monomer, then the i-Bu2AlCl, and then the cobalt complex. The 
concentration of butadiene was 1.58 moles/1. and the temperature was 
22°C. In absence of cobalt complex, butadiene does not polymerize in 
this mentioned system even after a long time.

Influence of Water

The experiments carried out at constant concentrations of i-Bu2AlCl and 
cobalt complex (17 and 0.038 mmoles/1., respectively) in a range between 
0 and 5.1 mmoles water per liter, showed that the addition of water and its 
increasing concentration led, first, to a rapid increase of the rate of poly
merization up to a well marked maximum; subsequently, there was a de
crease of rate, in some cases to values below the level of those corresponding
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Fig. 1. Dependence of maximum contraction, rate of monomer on water concentration. 
[i'-Bu2A1C1] = 17 mmoles/1.; [CoCi2-zC2H5OH] = 0.038 mmoles/1.
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to a water-free system (Fig. 1). At the same time the viscosity measure
ments showed a direct proportionality between the molecular weights of 
the polymers obtained and the concentration of water in the given interval. 
It is important to mention the high content of 1,4-cf.s structures in polymer 
(above 96%) even at the maximum water concentration of 5.1 mmoles 1. 
(A1/H*0 = 3.3, H20/'Co = 134).

Influence of the Alcoholic Complex of Cobalt Chloride

Taking into account the influence of the presence of water, the influence 
of cobalt complex was studied at f-Bu2AlCl concentration of 17 mmoles/1. 
and- water concentrations of 0.85, 1.67, and 2.5 mmoles/1., which corre
spond to points on the ascending curve, to the maximum, and the de
creasing curve, respectively, in plots of the polymerization rate with in
creasing of the water concentration (Fig. 1). Under these conditions

Fig. 2. Dependence of maximum contraction rate of monomer on Co-complex con
centration: (a) [IUO] = 0.85 mmoles/1.; (b) [H20] ~ 1.67 mmoles/1., (c) [H20] = 
2.5 mmoles/1. [¿-Bu2A1C1] = 17 mmoles/1.

the increase of cobalt complex concentration resulted in a proportional 
increase of the rate of polymerization, but only at low concentrations of the 
Co-complex (Fig. 2). The flat portion of the curves corresponds to high 
values of cobalt complex concentration; the higher the concentration of 
water and therefore the ratio of IUO/Al, the higher is the value of the flat 
portion of the curves (see Fig. 2, curves a and 5).
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In our experiments with water concentrations of 2.5 mmoles/1. (mole 
ratio A1/H20  = 7) the range of variation for the cobalt complex concen
tration did not reach the domain of independence of the rate of polymer
ization (Fig. 2, curve c). The molecular weights of the polymers ob
tained at a water concentration of 1.67 mmoles/1. (A1/H20 = 10) proved to 
be dependent on the cobalt complex concentration throughout the studied 
range, in conformity with the approximate relation

M . =  A c „ [ C o ] - ° - 45 (1 )

where Kc0 is a constant under the given conditions, but is probably variable 
when the H20  and ¿-Bu2A1C1 concentration changes).

Influence of Monochlorodiisobutylaluminum

The influence of monochlorodiisobutylaluminum in the range of concen
tration from 1.45 to 21.7 mmoles/1. at a constant water and cobalt complex 
concentrations (0.85 and 0.038 mmoles/1., respectively) proved to be similar

[i-Bus A ec a '/-

Fig. 3. Dependence of maximum contraction rate of monomer on j-Bu2AIC1 concentra
tion. [CoCb-a^HsOH] = 0.038 mmoles/1.; [H20] = 0.85 mmoles/1.

to the influence of the cobalt complex. The rate of polymerization is 
characterized by a domain of independence for high values of /-Bu2A1C1 
concentration. At lower values the rate v may be expressed as shown in 
eq. (2) (Fig. 3).

v  =  a[A l]‘/! — b (2)



BUTADIENE-1,3 p o l y m e r iz a t io n 35

Throughout the whole studied interval of concentrations the molecular 
weight of the polymers is expressed by the relation

M v = iCA1[Al]-°-67 (3)

where K \  i is a constant, probably under the given conditions only.
The above mentioned data have led to the following important con

clusions.
In absence of water the soluble complex cobalt-aluminum catalyst does 

not bring about the formation of macromolecular products of butadiene. 
The water probably, stabilizes the polymerization active centers, favoring 
the increase of the polymeric chains to high molecular weights (of the order 
of 105). The mechanism of this phenomenon is, now, difficult to imagine. 
At the same time, in the polymerization system continuous degradation 
of the active catalytic centers takes place. This degradation probably 
occurs under the influence of water.

The predominance of one of the two factors (the degradation of the 
active catalytic centers and the stabilization of the polymeric chains) acting 
differently on the rate of the polymerization process determines the charac
ter of the curves (Fig. 1). At the same time it is found that the molec
ular weights of the obtained polymers increase continuously with increasing 
water concentration in the system.
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Résumé
Les auteurs ont étudié la cinétique de préparation du polybutadiène-l,4-cî's en présence 

du système catalytique formé de monochlorodiisobutylaluminium et du complexe 
alcoolique de chlorure de cobalt. Les expériences, conduites en solution benzénique 
homogène, à la température ambiante, mirent en évidence le rôle prépondérant joué par 
l’eau, en l’absence de laquelle le butadiène ne forme que des oligomères. Dans les con
ditions de travail adoptées, la vitesse de polymérisation du butadiène augmente avec 
l’accroissment de la concentration en composé de cobalt ou d ’aluminium et varie de 
manière étrange avec la modification de la teneur en eau du système. La dépendance de 
la vitesse de polymérisation de la concentration en eau explique les difficultés concernant 
la reproductibilité des expériences. Le poids moléculaire des polymères obtenus aug
mente linéairement avec l’accroissement de la concentration en eau et diminue avec la 
diminution de concentration en composé de cobalt ou d’aluminium. On n’a pas observé 
une dépendance notable de la microstructure des polymères en fonction des conditions 
de travail.
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Zusammenfassung
Die Kinetik der 1,4-cis-Polybutadienbildung in Gegenwart eines aus Monochlordi- 

isobutylaluminum und einem Kobaltchlorid-Alkoholkomplex zusammengesetzten 
Katalysators wurde untersucht. Die Versuche wurden in homogener Benzollösung bei 
Zimmertemperatur durchgeführt; dabei wurde die ausschlaggebende Rolle des Wassers, 
in dessen Abwesenheit aus Butadien Oligomere entstehen, hervorgehoben. Unter den 
gewählten Versuchsbedingungen wächst die Polymerisationsgeschwindigkeit des Buta
diens mit der Konzentration der Co- bzw. Al-Verbindung. Die Geschwindigkeit zeigt 
eine ungewöhnliche Abhängigkeit von der Wasserkonzentration. Durch diese Abhängig
keit wird die Schwierigkeit, reproduzierbare Versuchsergebnisse zu erzielen, erklärt. 
Die Molekulargewichte der erhalten Polymeren nehmen mit der Wasserkonzentration 
zu und mit abnehmender Co- bzw. Al-Komplexkonzentration ab. Es wurde keine 
nennenswerte Abhängigkeit der Mikrostruktur der Polymeren von den Versuchsbedin
gungen beobachtet.

Received February 17, 1964
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Influence of the Nature of the Initiator on the 
Bulk Polymerization of Methyl Methacrylate

S. R. RAFIKOV, G. P. GLADISHEV, N. F. KHASANOVA, and N. V. 
CHURBAKOVA, Institute of Chemical Science, Academy of Sciences of the 

Kazakh S.S.R., Alma-Ata, Kazakh S.S.R., U.S.S-.R.

Synopsis

The kinetics of polymerization of MMA activated by ultraviolet irradiation at various 
temperatures and the polymerization of monomer with dieyelohexylperoxycarbonate 
have been studied. The activation energy of the polymerization with percarbonate is 
14.9 kcal./mole, and that of polymerization with photooxidized monomer is 11.2 kcal./ 
mole. The temperature a t which ultraviolet-oxidation of MMA (0-40°C.) is carried 
out has no significant influence on the kinetics of polymerization of activated monomer. 
The gel effect in the case of the dicyclohexylperoxycarbonate-initiated polymerization 
of MMA is somewhat greater than that of monomer activated by photooxidation.

In a recent communication we have reported some results of studies of 
the polymerization of methyl methacrylate (MMA), activated by ionizing 
electrons1 or ultraviolet2 or visible3 light in the presence of oxygen. The 
investigations of the polymerization of monomer activated in this manner 
show that the reaction proceeds at a good rate at low temperatures and 
that the kinetic curve is less steep than that in the polymerization of methyl 
methacrylate with benzoyl peroxide and some other initiators. The gel 
effect in the cases studied by us is insignificant but is quite significant at 
comparatively greater degrees of conversion.

It is known that peroxycarbonates are also capable of initiating poly
merization at low temperatures.4 I t should be expected that the gel effect 
would be slight in the polymerization of MMA in this case as well as, in the 
case of polymerization by ultraviolet-initiated oxidation. This work is 
intended for comparison of the kinetics of the polymerization of MMA 
activated by ultraviolet irradiation at various temperatures in the presence 
of oxygen and the polymerization of monomer in the presence of dicyclo- 
hexylperoxycarbonate.

Monomer, thoroughly freed of stabilizer by vacuum distillation (at 80 
mm.), was used for the experiments. The dieyelohexylperoxycarbonate 
was synthesized in accordance with the method described by Strain et 
al.4

The ultraviolet-initiated oxidation of MMA was carried out at various 
temperatures in a quartz cell.2 The concentration of the peroxides in all
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TABLE I
Oxidation of MMA under Irradiation by Ultraviolet, Rays

Irradiation 
temperature, °C.

Irradiation 
time, min.

Peroxide concentration 
X 10~7, g.-eq./ml.

0 639 70
20 60 64
40 47 65
60 12 63
80 9 58

of the activated samples was maintained at approximately the same level 
by changing the time of oxidation (Table I).

Table I shows that the temperature has a great influence on the accumula
tion of peroxide during the irradiation. Approximate calculations made on 
the basis of reaction rates in the early stages show that the activation energy 
of the process of oxidation is 10 kcal./mole. This value agrees well with 
previous results.2

The analysis of the contents of peroxide was carried out in accordance 
with previously described methods. In all cases control runs were carried 
out, the results of which were considered in the calculations of the con
centration of photoperoxides.

The kinetics of the polymerization of activated monomer has been studied 
by the dilatometric method with the use of mercury dilatometers. The

u . %

Fig. 1. Kinetics of polymerization at various temperatures of methyl methacrylate
ultraviolet-activated at 80°C.: (•)0°C .; (X)20°C.; (O)40°C.; (A)60°C.; (9) 80°C.
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U.%

Fig. 2. Kinetics of polymerization of methyl methacrylate with dicyclohexylper- 
oxycarbonate as initiator: (O) 13.4 X 10~3% initiator, 40°C.; (X ) 13.4 X 10-3% 
initiator, 30°C.; (A) 13.4 X 10_3% initiator, 20°C.; ( • )  6.0 X 10_3% initiator, 40°C.; 
(A) 6.0 X 10~3% initiator, 30°C.; (D)6.0 X 10“3% initiator, 20°C.

dilatometers were placed in a water thermostat, the temperature of which 
was maintained constant to ±0.2°C.

Figures 1 and 2 show the kinetic curves of the polymerization of ultra
violet-activated monomer and polymerization initiated by percarbonate, 
respectively. These plots show that the curves in both cases are identical 
and do not differ in any way from those previously obtained in studies of 
the polymerization of ultraviolet-activated monomer.

Figures 3 and 4 show curves indicating the dependence of the relative 
rate of polymerization upon the reaction time (the results of one set of 
experiments). Figure 3 shows that the gel effect in the polymerization of 
ultraviolet-activated MMA at 60 °C. is somewhat higher then that of the 
samples activated at other temperatures. I t  is probable that such a 
difference is due to the greater concentration of peroxides of MMA in the 
sample irradiated at 60 °C. In samples irradiated at 80 °C. the gel effect 
is less noticeable, probably, because of the accumulation of the products of 
the decomposition of the peroxides capable of terminating the chain. 
In all other cases (taking into consideration possible errors in the experi
ment) the relationship of the maximum rate of polymerization of the stage 
of autoacceleration to the initial rate is the same.

In most of the cases studied (Fig. 4) in the polymerization of MMA 
in the presence of dicyclohexylperoxycarbonate the gel effect is somewhat 
greater, and its value depends upon the concentration of the initiator. 
I t could be assumed that the increase of the gel effect with increasing con
centration of initiator was due to the change in the thermal conditions dur-
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v/v.

Fig. 3. Effect of temperature of activation on the kinetics of polymerization of methyl 
methacrylate a t 20°C.: ( • )  0°C.; (A)  20°C.; (X ) 40°C.; (A) 60°C.; (O) 80°C. Fo, 
initial rate of polymerization; V, rate of polymerization at time l; imai, time, correspond
ing to abrupt slow-down of rate of reaction at conversion 70-80%.

ing the process. However, measurements in which the temperature was 
recorded to ±0.2°C. show that the polymerization in all cases continues 
without heating of the sample, the heat evolved as a result of the reaction 
being completely dissipated in the thermostatically controlled systems. 
It is possible that the relation of the magnitude of the gel effect to the con
centration of percarbonate has to do primarily with the mechanism of the 
process of initiation.

Our data coincide with those obtained by other authors. Burnett and 
Duncan, for example, note that in the bulk photopolymerization of MMA 
the degree of conversion at which the autoacceleration begins, greatly 
depends on the rate of initiation. The larger the rate of polymerization, 
the higher the degree of conversion at which the autoacceleration begins.

Figure 4 shows that there is no direct connection between the gel effect 
data and the temperature (in the range of 20-40 °C.) of polymerization when 
the polymerization of MMA is initiated with dicyclohexylperoxycarbonate. 
The kinetic curves of polymerization at 30°C. have a greater value for 
(F/Fo)max. This phenomenon can be explained if we consider that the
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correlation of the above mentioned values depends, besides the mechanism 
of the initiation process, on the mechanism of the chain termination. The 
latter is related to the viscosity of the medium and the temperature of 
polymerization.

It is our view that the late beginning of the autoaccelerative stage at 
increased concentrations of dicyclohexylperoxycarbonate has to do with 
the termination of the growing chains (in the range of degrees of conversion

Fig. 4. Effect of conditions of reaction of kinetics of polymerization of methyl meth
acrylate with dicyclohexylperoxycarbonate as initiator: (X ) 13.4 X 10-3% initiator, 
40°C.; (A)  13.4 X l()-*% initiator, 30°C.; (A) 13.4 X 10~3% initiator, 20°C.; (□) 
6.0 X 10-3% initiator, 40°C.; ( • )  6.0 X 10“8% initiator, 30°C.; (O) 6.0 X 10~3% 
initiator, 20°C.

of 10-25%) as a result of interaction with primary radicals. This con
clusion is proved by the analysis of the polymerization of MMA initiated 
with dimethylperoxycarbonate which is typical of the lack of dependence 
of the gel effect value on the initiator concentration.

The plot of Vo versus C'1/2 shows that the law of proportionality of the 
initial rate of polymerization Va to the square root of the initiator concentra
tion C'!~ is quite applicable.
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TABLE II
Comparison of the Polymerization of MMA 

in the Presence of Various Initiators

Initiator Mean ( V/VaW

Approxi
mate 

point of 
noticeable 

accelera
tion of 

polymeri
zation, % 

of conver
sion

Overall activa
tion energy 
E, kcal./ 

mole

Activation
energy of 
initiation 
E in, kcal./ 

mole

Benzoyl peroxide 10-16 12 19.3 30
Dicyclohexyl- 

peroxy carbonate 5-8 14 14.9 20.2
Photoperoxides of 

MMA 4.8-4 .7 21 11.2 12.6
Thermoperoxide of 

MMA 10 12 16 22

Table II shows the results of the analysis of MMA polymerization in the 
presence of various initiators.1’2 These data show that the polymerizations 
of monomer activated by photooxidation as well as polymerization with 
percarbonate typically have a smaller gel effect, and the gel effect is ob
served at greater degrees of conversion than is the case of polymerization 
in the presence of benzoyl peroxide and the thermoperoxide of MMA. 
The polymerization of photooxidized monomer typically has the smallest 
gel effect and the smallest value for activation energy of the initiating reac
tion.
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Résumé

On a étudié la cinétique de polymérisation du méthacrylate de méthyle activée par 
irradiation aux rayons ultra-violets à des températures différentes et la cinétique de 
polymérisation de ce monomère avec le peroxydicarbonate de dicyclohexyle. L’énergie 
d’activation du processus de polymérisation par le percarbonate est égal à 14.9/kcal./mole 
et celle de la réaction avec le monomère photooxydé à 11.2/kcal./mole. On a trouvé que 
la  température à laquelle on effectue l’oxydation du méthacrylate de méthyle par les 
rayons ultraviolets n’a pas d ’influence marquée sur les courbes de polymérisation du 
monomère activé. Il est évident que “l’effet de gel” dans le cas de la polymérisation du
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méthacrylate de méthyle par le peroxydicarbonate dicyclohexyle est un peu plus pro
noncée que dans le cas du monomère activé par photooxydation.

Zusammenfassung
Die Kinetik der Polymerisation des durch Ultraviolettbestrahlung aktivierten MMA 

bei verschiedenen Temperaturen und die Polymerisation des Monomeren mit Dizyklo- 
hexylperoxydicarbonat wurden untersucht. Die Aktivierungsenergie für die Poly
merisation mit Percarbonat beträgt 14,9 kcal/Mol und diejenige des Prozesses mit 
photooxydiertem Monomeren ist 11,2 kcal/Mol. Es wurde festgestellt, dass die Tem
peratur der UV-Oxydation von MMA (von 0° bis 40°C.) keinen merklichen Einfluss auf 
die Polymerisationskurve des aktivierten Monomeren hat. Offenbar ist der Gel-Effekt 
im Fall der Polymerisation von MMA mit Dizyklohexylperoxydicarbonat et was grösser 
als beim durch Photooxydation aktivierten Monomeren.

Received March 17, 1964
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Poly-1 ,3 ,4-oxadiazoles.
I. Polyphenylene-1 ,3 ,4-oxadiazoles

YOSHIO IWAKURA, KE1KICHI UNO, and SHIGEYOSHI HARA, 
Department of Synthetic Chemistry, Faculty of Engineering, University of

Tokyo, Tokyo, Japan

Synopsis
Polyphenylene-1,3,4-oxadiazoles have been prepared from benzenedicarboxylic acids 

or their derivatives and hydrazine by solution polycondensation in fuming sulfuric acid 
or polyphosphoric acid. These polymers were characterized by good thermal stability, 
and the molecular weights attained were high enough for the products to exhibit fiber-or- 
film-forming properties. Concentrated sulfuric acid and polyphosphoric acid were the 
only solvents for these polymers.

INTRODUCTION

In recent years, many investigations have been carried out concerning 
thermally stable polymers with an aromatic repeating unit. We have 
already reported on the preparation of polyphenylenebenzimidazoles by 
solution polycondensation between 3,3'-diaminobenzidine tetrahydrochlo- 
ride and benzenedicarboxylic acid or its derivatives in polyphosphoric acid 
(PPA).1 The present paper describes a novel preparative method for 
polyphenylene-1,3,4-oxadiazoles.

Aromatic poly-1,3,4-oxadiazoles have previously been prepared by con
densation between bistetrazoles and dicarboxylic acid chlorides2 and by 
dehydration of polyhydrazides.3 These polymers showed remarkable 
thermal and chemical stability.

2,5-Bis(p-aminophenyl)l,3,4-oxadiazole has been prepared by treating 
p-aminobenzoie acid with hydrazine sulfate in fuming sulfuric acid or 
polyphosphoric acid,4 eq. (1)

We have prepared polyphenylene-1,3,4-oxadiazoles of high molecular 
weight from benzenedicarboxylic acids or their simple derivatives and
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hydrazine sulfate using fuming sulfuric acid or polyphosphoric acid which 
acted as solvent as well as condensing agent, eq. (2):

where X is —COOH, UOXH», or —CN.

RESULTS AND DISCUSSION

Tables I and II show the results of polycondensation. It can be seen 
from these data that fuming sulfuric acid is superior to polyphosphoric acid 
as the reaction medium. It was unnecessary to make hydrazine sulfate 
and dicarboxylic acid components equimolar in this reaction. So far as 
hydrazine was charged excessively, this reaction proceeded smoothly. In 
the cases of diamides or dinitriles the use of excess hydrazine was necessary 
to obtain polymers of high molecular weight. It was observed apparently 
that terephthalic acid and its derivatives reacted with hydrazine much 
faster than corresponding isophthalic acid derivatives.

The polymers were obtained in nearly quantitative yield in all cases. 
Poly-p-phenylene-l,3,4-oxadiazoles obtained here were yellowish brown, 
whereas poly-m-phenylene-l,3,4-oxadiazoles were almost colorless, but 
PIII-2, PIII-3, PIV-2, and PIV-4 were slightly reddish. I t seems that the 
development of red color is due to the presence of small amount of impuri
ties which comes from oxidation of hydrazine derivatives during the reac
tion. Poly-p-phenylene-l,3,4-oxadiazoles were tough and stiff resin, and 
could be fabricated to a film or fiber from the solution of concentrated 
sulfuric acid. On the other hand, poly-m-phenylene-l,3,4-oxadiazoles 
were brittle.

Infrared Spectra and Elemental Analyses

Evidence for the oxadiazole structure of the polymers prepared here was 
obtained from studies with model compounds and comparative infrared 
spectra. We prepared four such model compounds (M-l, M-2, M-3, and 
M-4), and compared their infrared spectra with those of the polymers. 
The infrared spectra are shown in Figure 1.

2,5 -D ip h en y l-1,3,4-oxadiazole (M~l)

N, N '—Dibenzoylhydrazine (M-2)
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All the infrared spectra of the polymers prepared agreed with that of 2,5- 
diphenyl-l,3,4-oxadiazole. Moreover, it was observed that the infrared 
spectra of poly-m-phenylene-l,3,4-oxadiazole synthesized here gave good 
agreement with that of poly-m-phenylene-l,3,4-oxadiazole described by H. 
Frazer.3 No absorption band characteristic of sulfonic acid was observed 
in the infrared spectra of the polymers prepared in fuming sulfuric acid.

Nitrogen contents of the polymers ranged from 18.81% to 19.57% ex
cepting low molecular weight polymers such as PII-3 and PIV-4. Nitrogen 
content calculated for polyphenyleneoxadiazole is 19.44%.

These observations prove our polymers to be the expected polyphen
ylene- 1,3,4-oxadiazoles.

Solubility

Polyphenylene-1,3,4-oxadiazoles were soluble only in concentrated sul
furic acid and polyphosphoric acid, producing stable solution. They were 
insoluble in any organic solvent, but swelled to some extent in such organic 
acids as formic acid, acetic acid, dichloroacetic acid, phenol, and w-cresol. 
This insolubility in organic solvents makes the fabrication of polyphenylene-
1.3.4- oxadiazoles difficult.

Ultraviolet Absorption Spectra

The ultraviolet spectral data of polyphenylene-1,3,4-oxadiazoles and a 
model compound in concentrated sulfuric acid are shown in Table III. 
Compared with the spectrum of 2,5-diphenyl-l,3,4-oxadiazole, a remarkable 
bathochromie shift was observed in the spectrum of poly-p-phenylene-1,3,4- 
oxadiazole, whereas no shift was observed in that of poly-m-phenylene-
1.3.4- oxadiazole.

Crystallinity

The x-ray diffraction diagrams of polyphenylene-1,3,4-oxadiazoles shown 
in Figure 2 were obtained by the powder method with the use of nickel- 
filtered CuKa radiation.

The diagrams indicate that both poly-p-phenylene-l,3,4-oxadiazole and 
poly-m-phenylene-l,3,4-oxadiazole are crystalline, but the former has a 
higher degree of crystallinity because of its more symmetrical polymer 
structure.
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Thermal Stability

Polyphenylene-l,3,4-oxadiazoles showed no melting point. The thermal 
stability of the polyphenylene-1,3,4-oxadiazoles was determined by the 
thermogravimetric analysis; the curves are shown in Figure 3. Only 
minor weight loss was observed below 450°C. in air, and an abrupt weight

WAVE NUMBERS

Pig. 1. Infrared spectra of the polymer and model compounds.

loss occurred above 450°C. in both poly-p-pheuylene-1,3,1-oxadiazoie and 
poly-m-phenylene-l,3,4-oxadiazole. When a film of poly-p-phenylene-
1,3,4-oxadiazole was heated at 450°C. for 2 hr. in air, it turned black and 
brittle, but the infrared spectrum remained almost unchanged.
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TABLE III
Ultraviolet Spectral Data in Concentrated Sulfuric Acid

^maxj IÏ1/4 El%.

O û O 301
247

1080
580

(M-l)

367 1240
r \ J i  >1 w  N— N 352

270 (shoulder)
1370

(PI-1)

\ i n  in
301 1370

i N— N ! 228 750

(PII-2)

Fig. 2. X-ray diffraction pattern of polyphenylene-1,3,4-oxadiazoles with Ni-filtered
Culit* radiation.

EXPERIMENTAL

Monomers

Hydrazine sulfate, isophthalic acid derivatives, and terephthalic acid 
derivatives were obtained as commercial reagents or prepared by usual 
methods.

Model Compounds

2,5-Diphenyl-l,3,4-oxadiazole. The procedure was that of the litera
ture.4 The compound was recrystallized from ethanol ; m.p. 137.5-138°C. 
(lit.6 m.p. 138°C.).

A n a l . Calcd. for C14H10ON2: N, 12.56%. Found: N, 12.52%.
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Fig. 3. Thermogravimetric analysis curves for polyphenylene-1,3,4-oxadiazoles in air.

N,N'-Dibenzoylhydrazine. This was prepared from benzoylhydrazine 
and benzoyl chloride, and was recrystallized from ethanol; m.p. 233-234°C. 
(lit.6 m.p. 237-239°C.).

3.5- Diphenyl-4-amino-l,2,4-triazole. This compound was prepared by 
condensation of benzoylhydrazine or A^A'-dibenzoylhydrazine in the pres
ence of excessive hydrazine.7 I t was recrystallized from ethanol; m.p.
265.5-266.5°C. (lit.7 m.p. 263°C.).

Anal. Calcd. for ChH 12N4: N, 23.72%. Found: N, 23.73%.

3.5- Diphenyl-l,2,4-triazole. This triazole was prepared by the reaction 
between 2,5-diphenyl-l,3,4-oxadiazole and formamide in an autoclave.8 
I t was recrystallized from 70% ethanol; m.p. 193.5-194°C. (lit.9 m.p. 
1S2°C.).

Solution Polycondensation

Typical preparations of polyphenylene-1,3,4-oxadiazoles by solution poly
condensation are mentioned below.

Preparation of Poly-p-phenylene-l,3,4-oxadiazole in Fuming Sulfuric 
Acid (PI-1). In a 100-ml. three-necked flask equipped with a sealed 
stirrer, air-condenser protected by a calcium chloride drying tube, and 
stopper was placed 125 g. of 30% S03 fuming sulfuric acid. Under a me
chanical stirring, 3.5 g. of hydrazine sulfate was added gradually and into 
the resulting homogeneous solution was dissolved 8.3 g. of terephthalic acid. 
The mixture was heated at 85°C. for 3 hr. and then at 120°C. for 
1 hr. I t gradually became viscous as the polycondensation reaction pro
ceeded. The polymer was isolated by pouring the cooled mixture into ice 
water, dipped in running water for three days to remove sulfuric acid, and 
dried in a vacuum oven heated at 70-80°C.
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The polymer was obtained in a quantitative yield as a yellowish brown 
resin. The intrinsic viscosity of 3.7 dl./g. was calculated from viscosities 
measured in 95% sulfuric acid at 30°C.

Anal. Calcd. for C8H 4ON2: C, 66.66%; H, 2.80%; N, 19.44%. Found: C, 64.88%; 
H, 2.80%; N, 19.57%.

Preparation of Poly-p-phenylene-l,3,4-oxadiazoIe in Polyphosphoric 
Acid (PIII-1). In a 50-ml. three-necked flask equipped with a sealed 
stirrer, nitrogen inlet, and calcium chloride drying tube, was placed 50 g. 
of 116% polyphosphoric acid. In the acid was dissolved 3.1 g. of hydrazine 
sulfate and 3.3 g. of terephthalic acid at 140°C. under a thin stream of ni
trogen. Heating was continued at 140°C. for 5 hr., and then at 180°C. for 
V2 hr. The reaction mixture gradually became viscous and finally was en
forced to discontinue stirring. The polymer was isolated by pouring the 
high viscous solution into water, washed with water by decantation and 
dipped in diluted Na2C03 solution overnight. It was washed again thor
oughly with water and dried in a vacuum oven heated at 70-80°C.

The polymer was obtained as a yellowish brown resin, in 2.8 g. yield. A 0.2
g./100 ml. solution of this polymer in 95% sulfuric acid at 30°C. showed 
Vsp/c of 1.8 dl./g.

Samples for Elemental Analysis and Thermal Stability Measurement

Samples were purified by extraction in boiling water for 5 hr. and dried 
in a vacuum oven at 80°C. overnight, then dried further at 222°C. for 
30 min.

We are indebted to Dr. M. Nakajima, Toho Rayon Co., for helpful suggestions and to 
Dr. J. Kumanotani, University of Tokyo, for thermogravimetric analyses.
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Résumé
Le poly-1,3,4-oxadiazole a été préparé à partir des acides phényldicarboxyliques 

ou de leurs dérivés, et de l’hydrazine, par polycondensation en solution dans 
l'acide sulfurique fumant ou l’acide phosphorique. Ces polymères sont caractérisés 
par une bonne stabilité thermique, et les poids moléculaires atteints sont suffisamment 
élevés pour que ces polymères puissent former des fibres ou des films. L’acide sulfurique 
concentré et l ’acide phosphorique sont les seuls solvants de ces polymères.
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Zusammenfassung
Poly-l,3,4-oxadiazol wurde aus Benzoldicarbonsäuren oder ihren Derivaten 

und Hydrazin durch Lösungspolykondensation in rauchender Schwefelsäure oder 
Polyphosphorsäure dargestellt. Diese Polymeren waren durch gute thermische 
Stabilität ausgezeichnet, und die erreichten Molekulargewichte waren hoch 
genug, um faser- oder filmbildende Eigenschaften aufscheinen zu lassen. Konzentrierte 
Schwefelsäure und Polyphosphorsäure waren die einzigen Lösungsmittel für diese Poly
meren.
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Kinetics of the 7 -Radiation-Induced Low Temperature 
Polymerization of Methyl Methacrylate

N. THORNTON LIPSCOMB and EDWIN C. WEBER, Department of 
Chemistry, College of Arts and Sciences, University of Louisville, 

Louisville, Kentucky

Synopsis
Studies have been made of the rates of 7 -radiation-initiated polymerization of methyl 

methacrylate in bulk between the temperatures of —19 and — 49°C. and a t radiation 
intensities from 3.77 X 106 to 1.35 X IO6 rad/hr. The activation energy over this tem
perature range was found to be 3.85 kcal./mole at 3.77 X 105 rad/hr. The rate of the re
action was found to be proportional to the intensity to the 0.33 power a t both —19 °C. 
and —49°C. Molecular weight information showed that transfer to monomer was un
important in the polymerization. Nuclear magnetic resonance studies showed that the 
amount of syndiotacticity in the polymer increases with decreasing temperature.

Introduction

Previous investigations of the kinetics of the 7 -radiation-induced poly
merization of pure methyl methacrylate have been made at temperatures of 
— 18°C. to 70°C.1_4 and radiation intensities up to 18,190 rad/min. 
Ballantine et al.2 have reported an activation energy of 4.25 kcal./mole for 
this temperature range. Other workers have reported values of 4.0 kcal./ 
mole5 and 4.9 kcal./mole6 using photochemical initiation.

The work reported here deals with the irradiation of liquid methyl meth
acrylate in the temperature range of —19 to —49°C. which has not been 
covered by previous investigations. Three different average intensities of 
7 -radiation were used: 3.77 X 106 rad/hr., 2.04 X 10s rad/hr., and 1.35 
X 106 rad/hr.

The series of reactions generally considered to cover the main routes 
available for liquid-phase, homogeneous, free-radical polymerization3’7'8 
applied to this reaction are shown in Table I. It is to be cautioned that no 
particular identity is assigned to the radicals, and that all the reactions will 
not necessarily be important in this specific instance. The conversion of 
monomer to polymer was held low so that the concentration of monomer 
was essentially static and may be incorporated into the constant.

Experimental
The irradiation facility used in these experiments is similar to that de

scribed previously,9 and the ferrous ion dosimetry technique was described
55
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TABLE I
Primary Reactions of Methyl Methacrylate Polymerization

Reaction Equation Rate expression

Primary M y —> R* i/|R- ' fill = hiT
initiation

Chain R- +  M — RM • -d [R -] /d t = kA R-][M]
initiation

Propagation
Transfer

RM- +  M —■ RM • n+i 
RM„- +  M -> RMH +  M- 
RM ,- -  P —* RMH +  P-

-d [M }/d t = fc[RM-][M]

Termination RM , • +  RM „ ■ -► RM„MmR -d[R M -]/d<  = fo,[RM-]2
RM ,- +  RM „- -*■ RM„H +  

RM „_!_CH=CH2
—d[RM-]/(ft = fc'[RM +

RM ,- +  R- RM„R -d [R M -]/d i = fe"[RM-l

bv Weiss.10’11 The methyl methacrylate was obtained from Matheson, 
Coleman and Bell Company.

After drying, the monomer was distilled under nitrogen. Only the center 
cut was retained. The sample was degassed four times in a scrupulously 
cleaned glass cell, then distilled into a second cell without the application of 
heat. The first and second cells were connected in an evacuated isolated 
system and the first cell was allowed to warm to room temperature while 
the second was immersed in acetone-Dry Ice. The degassing procedure 
was repeated twice more and the cell sealed under vacuum by collapsing 
the cell walls with a torch. The cooling jacket, which contained the 
sample cell in the radiation chamber, was stainless steel and allowed cool 
methanol to be circulated in direct contact with the sample vial. The 
methanol was pumped through cooling coils immersed in a temperature 
controlled methanol bath whose temperature was regulated by a thermo
statically controlled pump which circulated methanol from another bath 
maintained at — 78°C. by Dry Ice. This system allowed accurately con
trolled temperature between +10 and —50 ±  0.5°C.

TABLE II
Average Rates of Polymerization of Liquid Methyl Methacrylate at Different Tempera

tures and Intensities

Temperature,
°C.

Average 
intensity, 
rad/hr.

Rate,
% /hr.

Rate,
mole/l./hr.

-1 9 377,000 3.05 0.309
-2 9 377,000 2.25 0.226
-3 9 377,000 1.60 0 153
-4 9 377,000 1.10 0.109
-1 9 204,000 2.50 0.253
-4 9 204,000 0.89 0.638
- 1 9 135,000 2.13 0.216
-4 9 135,000 0.69 0.0680
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The amount of polymer produced by irradiation was determined by 
precipitation in methanol and weighing.12’13 Table II is a tabulation of the 
average rates of polymerization as a function of temperature and radiation 
intensity. Each value in this table was the result of a least-squares analy
sis of from three to eight individual runs of different duration. All of these 
plots passed through the origin and no induction period was observed.

Nuclear magnetic resonance spectra were obtained by using a Varian 
Associates V-4302 dual purpose 60 Meycle/sec. instrument in connection 
with a heated probe. A 15% (w/v) solution of polymer in spectro grade 
chloroform was used and peak areas were approximated by triangulation. 
Final peak area reported is the average of several spectra.

Activation Energies

The activation energy for the series of polymerizations at 3.77 X 106 
rad/hr. was found from an Arrhenius plot from rates of polymerization at 
four different temperatures (Fig. 1). This value was calculated to be
3.85 kcal./mole. The activation energies for the runs carried out at 
intensities of 2.04 X 105 and 1.35 X 106 rad/hr. were calculated less pre
cisely from data for only two different temperatures, and were found to be
3.86 and 4.25 kcal./mole, respectively. The latter value probably reflects 
experimental scatter rather than a variation of activation energy with 
intensity.

Fig. 1. Rate of polymerization as a function of temperature at 3.77 X 105 rad/hr. 

Intensity Dependence

The general equation for the overall rate of polymerization is

Rate = /.;/“[>! f
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In the case of a bulk polymerization at low yield, the monomer concentra
tion remains essentially constant to give:

Rate = r r

Thus, the slope of a plot of the logarithm of the rate versus the logarithm 
of intensity will yield a directly. The data at —19 and — 49°C. yielded 
straight lines, both having a slope of 0.33.

The classic mechanism of a free-radical polymerization calls for an inten
sity dependence of 0.5, and this value has been reported for methyl meth
acrylate at lower intensities. Chapiro and Magat have shown, however, 
that the intensity dependence is equal to 0.5 only up to an intensity of 
about 0.42 X 104 rad/hr. At this point a starts to diminish toward zero, 
presumably because a significant amount of termination occurs by recom
bination of primary radicals. The intensity dependence of 0.33 found here 
supports the findings of Chapiro and Magat.

Molecular Weight

Examination of the molecular weight information listed in Table III 
shows that molecular weight increases with increasing temperature and

TABLE III
Molecular Weights of Polymers Obtained from Irradiation of 

Liquid Methyl Methacrylate

Average
intensity,
rad/hr.

Temperature,
°C.

Molecular
weight

377,000 -4 9 2.0 X 106
135,000 - 4 9 2.4 X 105
377,000 - 1 9 3.4 X 106
204,000 - 1 9 5.0 X 105

decreasing radiation intensity. An increase in molecular weight with 
increasing temperature indicates that the polymerization is not governed 
by a transfer reaction and the degree of polymerization adheres to the 
following expression:14

DP = Ke~Ba/RT

The rate of propagation increases with temperature, leading to a greater 
degree of polymerization. The temperature effect on the termination step 
is small.

At higher intensity the rate of propagation remains the same but the 
increase in initiation provides a larger concentration of radicals which 
increase the probability of bimolecular termination. This, of course, 
causes a decrease in molecular weights. The general range of molecular 
weights reported here are in good agreement with the values reported 
earlier2 at a slightly higher temperature.
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NMR Spectra

Bovey and Tiers16 have previously obtained NMR, spectra of poly(methyl 
methacrylate) and have assigned r values for the a-methyl peaks corre
sponding to different configurations. The peak at 8.78 was attributed by 
them to the isotactic configuration in which the a-methyl groups are 
flanked on both sides by units of the same configuration (i.e., ddd or III). 
The peak at 9.09r was attributed to the syndiotactic configuration of the 
forms did or ld,l. The a-methyl groups of the heterotactic configuration, 
Idd, dll, ddl, or lid, were assigned the peak at 8.95r. The NMR data for 
polymers prepared in this work are shown in Table IV.

TABLE IV
Chemical Shift t of the a-Methyl Peaks as a Function of Configuration and Irradiation 

Temperature for Polymers Produced in the Liquid State

Configuration

t , p.p.m.
Literature

values“— 19°C. — 29°C. -39° —49°C.

Isotactic 8.77 8.79 8.77 8.77 8.78
Heterotactic 8.94 8.96 8.97 8.92 8.95
Syndiotactic 9.07 9.11 9.08 9.12 9.09

“ D ata of Bovey and Tiers.15

Relative fraction of syndiotactic configuration as a function of irradia
tion temperature is shown in Table V. This relative fraction of the contri
bution of the syndiotactic configuration was calculated based on the total 
area of syndiotactic and heterotactic peaks. The isotactic peak was not 
used in this calculation because the area was essentially the same in all 
spectra and would not affect any trends. In addition, this peak was very 
small.

TABLE V
Relative Fraction of Syndiotactic Configuration as a Function of Irradiation

Temperature

Temperature, Fraction
°C. syndiotactic

- 1 9 0.77
- 2 9 0.82
- 3 9 0.85
- 4 9 0.88

The relative amounts of syndiotacticity increases as the temperature of 
irradiation decreases. This same trend is noted by Bovey16 for chemically 
initiated polymerization of methyl methacrylate. This is probably due to 
the fact that formation of the syndiotactic configuration requires 0.75
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kcal./mole less energy than the formation of the heterotactic form. This is 
attributed to steric hindrance.

The isotactic contribution is understandably small and it has been shown 
that isotactic placements are stcrically almost impossible unless the polymer 
chain is in a helical configuration and the reacting monomer approaches 
from the direction corresponding to a continuation of the helix.

The authors wish to express their appreciation to Dr. Richard H. Wiley for his advice 
and assistance and to Dr. Thomas H. Crawford and Mr. Samuel W. Thomas who pro
vided the NMR spectra and aided in their interpretation.

This research was supported in part by the Atomic Energy Commission under Contract 
No. AT-(4(M)-2055 between the Atomic Energy Commission and the University of 
Louisville.
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Résumé
On a étudié la vitesse de la polymerisation en bloc du méthacrylate de méthyle, initiée 

par radiation-gamma entre —19° et — 49 °C et à des intensités de radiation allant de 
3.77 105 rad/h jusqu’à 1.35 105 rad/h. L’énergie d’activation dans ce domaine de tem
pératures était de 3.85 kcal/mole à 3.77 105 rad/h. La vitesse de la réaction était propor
tion nelle à l’intensité àl’exposant 0.33 aussi bien à —19° qu’à —49°C. Les mesures du 
poids moléculaire montrent que le transfert sur monomère est sans importance dans 
cette polymérisation. Des études de résonance magnétique nucléaire montrent que la 
syndiotacticité du polymère augmente avec une diminution de la température.
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Zusammenfassung
Eine Untersuchung der Geschwindigkeit der durch Gammastrahlung initiierten Poly

merisation von Methylmethacrylat in Substanz im Temperaturbereich von —19 bis 
—49°C und bei Strahlungsintensitäten von 3,77.105 rad/h  bis 1,35. 105 rad /h  wurd
durchgeführt. Die Aktivierungsenergie ergab sich in diesem Temperaturbereich zu 3,85 
kcal/Mol bei 3,77äl05 rad/h. Die Reaktionsgeschwindigkeit war der Intensität zur 
0,33-Potenz sowohl bei —19°C als auch bei —49° proportional. Die Molekulargewichte 
zeigten, dass die Übertragung zum Monomeren bei der Polymerisation keine Bedeutung 
hatte. Kernmagnetische Resonanz Untersuchungen zeigten, dass der Anteil an Syndio- 
taktizität im Polymeren mit fallender Temperatur zunimmt.
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Study of Phenolic Resins by PMR Spectroscopy 
with Arsenic Trichloride as a Solvent

HERMAN A. SZYMANSKI and ALBERT BLUEMLE, Canisius College,
Buffalo, New York

Synopsis
The PM R spectra of several phenolic resins and model compounds related to these 

resins are reported. Arsenic trichloride as a PM R solvent for the resins is suggested. 
The PM R spectra of a resin which is linked in the ortho position only is compared to that 
of a resin where both ortho and para linkages occur. I t  is shown that the completely 
orifio-linked resin gives a phenolic OH signal which does not shift when HC1 gas is added, 
while it does shift if the resin has both ortho and para linkages. This observation is ex
plained by assigning a strong intramolecular hydrogen bond to the orf/io-linked resin. 
The behavior of the phenolic OH signal when HC1 is added can therefore be used to dis
tinguish between ortho and ortho,para-linked resins. A semiquantitative approach to 
obtaining average molecular weights is also presented. By integrating the PM R signals 
of various structural units of the resin it is possible to estimate the relative number and 
therefore the total number of units of this type in a molecule. The total number is a meas
ure of the molecular weight. Spectral assignments are given for the various types of 
structural units present in the resins.

Introduction

Nuclear magnetic resonance spectroscopy has been used extensively 
in the study of the chemical shift parameters for numerous substituted 
phenols.1 Both intramolecular and intermolecular bonding effects of the 
phenol OH proton have been investigated over a wide concentration and 
temperature range. However, the study of phenolic resins has thus far 
not been reported. The apparent lack of activity in this area appears 
to be due to the need of a suitable nonprotonated solvent. The conven
tional NMR solvents such as CCL, CS2, HCCL, or DCC13 do not solubilize 
these materials. When the commonly known phenolic solvents, such as the 
low boiling alcohols and ketones are used, the spectrogram reveals only 
the solvent, the phenolic resonance peaks are not readily detectable. 
Szymanski2 has previously utilized arsenic trichloride, a highly polar sol
vent, for both infrared and NMR studies. In this present work it was 
found that arsenic trichloride will dissolve both a heat-stable phenolic 
resin (novolac) and a heat-reactive resin (alkyl-substituted phenol). 
Other solvents, such as phosphorus trichloride or the completely halogenated 
acetone compounds, were found not to be adequate. Arsenic trichlo
ride appears to be unique in its ability to be able to solubilize and disas

63
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sociate these hydrogen-bonded resins. It was found that arsenic trichlo
ride has no noticeable degrading effect on the resins or model compounds. 
This was verified by running an infrared spectra of the resins in arsenic 
trichloride and comparing them to the spectra in inert solvents.

The heat- and acid-sensitive resins (resoles) cannot be studied in arsenic 
trichloride because of the liberation of hydrogen chloride from the solvent 
which in turn causes almost immediate resinification.

The commonly referred to “two-step” resins (novolac +  curing agent) 
were studied to a limited extent. The spectra of the two-step resins are 
obtainable even though the curing agent, generally hexamethylenetetra
mine, forms complexes with the arsenic trichloride. The resites (thermoset 
resins) are not extractable in arsenic trichloride. Phenolic-impregnated 
glass and paper laminates were exposed to arsenic trichloride at reflux 
conditions for several days after which a spectrum was run on the extrac
tion solvent. Apparently the phenolic laminates have excellent chemical 
resistance to the halide as none of the resin was leeched out.

We shall also discuss the use of NMR to study protonated modifiers 
as well as phenolic resins. The protonated modifiers could include alkyl- 
or aryl-substituted phenols or aldehydes, besides the conventionally used 
formaldehyde, and such additives as drying oil, etc. We further will 
assign the chemical shifts of nonequivalent nuclei in both the novolac and 
heat-reactive resins. The assignments of the novolac are based on the 
three isomers of dihydroxydiphenylmethanes, whereas the heat-reactive 
resin assignments are governed by model compounds of alkyl-substituted 
phenol dimers and alcohols. A series of orf/io-linked compounds and novo- 
lacs were also evaluated. An explanation of the low field chemical shift of 
the OH proton in the orl/io-linked materials will be explained in terms of 
intramolecular hydrogen bonding. A semiquantative approach to average 
molecular weight determinations by NMR will also be briefly discussed.

Experimental
The nuclear magnetic resonance spectrometer employed was the high 

resolution Varian Associates A-60 spectrometer operating at 60 Mcycles/ 
sec. The sample tubes were those supplied by the Varian Associates. 
The spectra were recorded at about 35°C. (magnet gap temperature).

The arsenic trichloride used was a reagent grade product from Baker 
and Adamson Company. The use of redistilled or relatively dry solvent 
caused no change in resonance peaks other than the exchangeable OH 
proton. The resins themselves were mostly run at 10% concentration 
(by weight of the solvent). This low concentration was employed to 
reduce line broadening due to lack of molecular freedom. The model 
compounds were run at 10 and 30% concentrations (by weight of the 
solvent). Tetramethylsilane was used as the internal standard.

The resins evaluated were obtained thru the courtesy of Durez Plastics 
Division, Hooker Chemical Corporation and the model compounds were 
made available by the Central Research Laboratory of the Hooker Corpora
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tion. The model compounds’ purity was verified by gas chromatography 
in some instances. The purity was >99.0% in the cases checked.

Results and Discussion

The building blocks for the heat stable novolac resins, are the p,p'- 
isomer, o,p'-isomer, and the o,o'-isomer of dihydroxydiphenylmethane. 
The typical novolac resins indicate that generally the commercially avail
able products have an average molecular weight of about 500-600 with 
fractions ranging between a little over 200 to nearly 1300.3 The ratio of 
the respective isomers and chain lengths is somewhat controllable by 
catalysts and manufacturing conditions. These manufacturing proce
dures are a well known art and will not be discussed here. Table I shows 
the chemical shifts for the respective isomers as well as those for various 
novolac resins. From a phenolic novolac (No. 6) one can expect three 
resonance signals, the CH2, ring, and OH protons. The —-CH2— linkages 
of dihydroxydiphenylmethanes resolve into a broad singlet at approximately 
3.81 ppm. The chemical shift is so slight that the individual isomers are 
not resolved from each other. As would be predicted, the —CH2—

8 0  7.0 6.0 5.0 4.0 3 0 ¿0  1.0 o m v iia )

Fig. 1. PM R spectra of a number of model compounds and the orfAo-linked resin 
formed from them, (a) p-p' isomer of dihydroxydiphenyl methane; (b) o-o' isomer of 
dihydroxydiphenyl methane; (c) o-o' isomer of dihydroxydiphenyl methane; (d) o-o' 
isomer of dihydroxydiphenyl methane; (e) phenol trimer (ori/io-linked); novolac 
(ori/so-linked); (g) novolac.
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protons of the '-isomer of dihydroxydiplienylmethane (No. 1) are at 
higher field because they are in less of a paramagnetic environment. The 
spectrum is presented in Figure 1. The dihydroxydiphenyl-methanes may 
exist in different rotational configurations. The configuration will be 
dependent upon the degree of hydrogen bonding between the phenolic 
hydroxyl groups and also on steric factors.4 If the two hydroxyl groups of 
an o,o-isomer are oriented so that there is intramolecular hydrogen bonding 
between them, the compound is referred to as being in the cis form. Our 
data (Table I) confirm the fact that the nonsterically hindered resins and 
model compounds are orf/io-linked since the OH proton is shifted to lower 
field. Further, it is found that it is exceedingly more difficult to chemically 
shift these hydroxyl protons as the chain length increases.

In the case of the random novolac (greater steric hindrance and less 
hydrogen bonding) we were able to produce a chemical shift of the hy
droxy proton to higher field strength by adding a minute amount of hy
drogen chloride gas, while in the case of oriented orf/io-linked compounds, 
the dimer and trimer hydroxy protons are very difficult to shift. For the 
oriented novolac resin (ori/io-linked) we were unable to shift the hydroxy 
proton signal. The hydroxy proton remains superimposed beneath the 
ring proton signals.

I t has been found“ that the first hydroxy of a 2,2'-dihydroxydiphenyl- 
methane is hyperacid but that the second hydroxyl group shows little 
acidity. The model of this can be represented by structure I :

0—H........ 0~H+

CH2

I

The acidity of the trimer, with the methylene in the ortho position, shows 
only one acidic proton. The remaining two are intramolecular hydrogen- 
bonded. In the case of the ori/io-linked resin which has an average molecular 
weight of about 500-000, the spatial model would constitute about five 
phenolic nuclei. Four hydroxyl protons would be involved in intra
molecular hydrogen bonding, while the remaining proton would be acidic 
in nature. This model would explain the PAIR spectra we observe. We 
rule out a cyclic methylene derivative6 of the five phenolic nuclei because 
of the reaction conditions.

Since the spectrum of a random novolac resolves into three resonant 
peaks and the ori/io-linked novolac has two peaks, it is possible to distin
guish between the two types of materials. Further, it appears that we have 
general method of determining the difference between an ordered and 
disordered resin by merely examining the position of the OH proton signal.

Resin novolac samples containing alkyl phenols as modifiers were also 
examined. These modifiers were chemically a part of the novolac. The 
alkyl protons were detectable provided the alkyl phenol’s concentration
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was above 10% of the total weight of the resili. Since the samples were 
run at 10% by weight of the solvent and the instrument is not sensitive 
below 1% levels, any small amount of modifier would not be detected. In 
particular, novolac resins modified with p-tert-butyl phenol and o-cresol 
show broad singlet peaks at 1.3 ppm and 2.14 ppm, respectively (Fig. 2). 
Since the nine protons in the tertiary butyl groups are equivalent, no spin- 
spin coupling would be expected, and the resonant signal should be a 
singlet. The three protons of the methyl groups also exhibit equivalence.

For the case in which the protonated modifier is unknown, there are 
published data concerning chemical shift and spin coupling.7

The heat-reactive resins, unlike the novolacs, contain several other 
functional groups. The ratio of the methylene protons (—CH2—), ether 
protons (—CH2OCH2—), and methylol protons (—CH2OH) are very de
pendent on variables such as catalyst, time, and ratio of reactants. By 
integrating the I’MH signals of the spectra of these compounds it is pos
sible to calculate the relative numbers of these structural groups in the 
resin.

It is known that hydrogen-bonded OH protons can show large chemical 
shifts.8 Proton resonance studies of ortho-9 and para-substituted10 phenols 
are in agreement with our present findings. Dissociation of the hydrogen 
bonds causes a shift of the signal to higher fields. In their studies the 
shift was brought about by dilution effects. We have examined the shift 
of the hydroxy proton by dilution in arsenic trichloride and by using dry 
hydrogen chloride. Solvent effects of phenols have also been reported.11 
It has been shown that phenol in acetone has a low field signal which shift

Fig. 2. PM R spectra of a number of model compounds and the p-tert-butyl phenol 
resin formed from them. Run 2 contained a small amount of HC1 gas; Run 3 contained 
an appreciable amount of HC1 gas. (a) p-i-butyl phenol dimer; (6) p-i-butyl phenol 
trim er; (c) p-/,-butyl phenol dimer dialcohol; (d) p-t-butyl phenol heat reactive resin.
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only when the molar concentration of the phenol falls below 60%. At 
this point further dilution with acetone causes a small shift to higher 
field. This chemical shift phenomena can be explained in terms of inter- 
molecular bonding of the carbonyl of acetone with the phenol OH. This 
bonding is greater than the association of the phenol molecules themselves 
until the concentration is lowered to approximately 60 mole-%.

The first model compound, and simplest product obtainable other than 
alkyl phenol itself, is the ortho dimer of p-tert-butyl phenol (Table II and 
Fig. 2). The terf-butyl protons, being equivalent, produce a sharp singlet 
at 1.28 ppm. T he—CH2— protons resonate at 3.92 ppm. T he—CH2— 
chemical shift is in good agreement with the methylene protons in the 
ori/io-linked novolac (3.92 ppm.).

The p-tert-butyl trimer has the OH proton signal shifted to the lower 
field, as would be expected. I t is much more difficult to produce the 
chemical shift in the trimer than in the dimer. In the p-feri-butyl phenol 
dimer dialcohol, the formation of cis-trans dimers (II) can occur along with 
intramolecular bonding of hydroxyl groups themselves as shown in structure
III.

This type of cis-trans isomerism was originally interpreted on the basis 
of 2,6-substituted halogenated phenols. Equilibrium constants Ki = 
trans/cis were calculated.12 In the resin the hydrogen bonding effects 
result in a very broad signal at about 4.9 ppm. The methylene protons in 
the methylol groups show as a sharp singlet at 4.7 ppm. The ring protons 
are representative of an A2B2 spectra.

The resinous product which contains all of the functional groups of the 
formerly mentioned materials also contains ether linkages. The four 
protons (—CH2—O—CH2—) are located at about 5.0 ppm. In Figure 2, 
the addition of hydrogen chloride to the heat-reactive resin causes a low 
field chemical shift of the hydroxyl protons. The addition of hydrogen 
chloride results in a halomethylation of the phenol. The methylol OH 
groups are displaced in the electrophilic reaction. Since the methylol 
content of this feri-butyl derivative is about 10- 11% of the total weight
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of the resin, the average molecular weight would be in the range 550-600. 
The resin 'would consist essentially of trimers and tetrainers. Knowing 
the niethylol content, one could set up a quantitative ratio for the number 
of methylene protons versus niethylol protons, or the ratio could also be 
extended to include the ether protons. Information of this nature can be 
of considerable value, for the performance of resin is very much dependent 
on the ratio and type of linkage obtained.

Semiquantitative investigation was conducted on the random novolac 
(Fig. 1). By the vapor pressure osmometer method (by use of a membrane 
osmometer designed by Mechrolab, Inc.), the molecular weight of the 
novolac resin averaged 518 (±5%). By comparing the relative intensities 
of ring protons versus the methylene protons, the molecular weight can be 
estimated if the following assumptions are made: (1) a novolac resin con
stitutes a structure with only three groups of nonequivalent nuclei; (2) 
any moisture present in the sample will be in proton exchange with the 
hydroxyl proton and will not interfere with calculations.

TABLE III

Chain
length

Calcu
lated 

mol. wt.

Ratio
(—CH2—) to 

ring

Ratios

11% cone, 
in AsCL

4.85% cone, 
in AsCL

2.83% cone, 
in AsCL

Dimer 200 1.0-4.0
Trimer 306 1.0-2.75
Tetramer 412 1.0-2.33
Pentamer 518 1.0-2.12 1.0-2.30 1.0-2.16 1.0-2.11

±  0.05“ ±  0 .03a ±  0.03“
Hexamer 624 1.0-2.00
Heptamer 730 1.0-1.92

a Standard deviation.

For the calculations, the resin signal was integrated a minimum of five 
times. Each step in the integral is a quantitative measurement of the 
number of protons beneath the area of the resonant signal. The five 
integrated heights are then averaged. If the resin constituted a dimer, the 
ratio of —CH2— protons to ring protons would be 1:4. As the chain 
length is increased the ratio of —CH2— protons to ring protons changes 
nonlinearly. In Table III are listed the ratios for various chain lengths.

At the lower concentrations, the molecular weight obtained is in good 
agreement with the osmotic method.

The studies of these resinous products by PMR shows that a wealth 
of information is obtainable. The data reported in this paper by no means 
has exploited the fullest potential of the instrument for many types of 
analyses. The use of arsenic trichloride as a solvent is especially promising 
and is being further investigated. A SbCls-AsCF mixed solvent is also 
being examined and will be reported in a later publication.
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Résumé
On rapporte les spectres RMP de différentes résines phénoliques ainsi que de leurs 

composés modèles. On suggère l’emploi du trichlorure d’arsénique en tant que solvant 
RMP pour ces résines. Les spectres RMP d’une résine qui est liée seulement en position 
ortho sont comparés à ceux d’une résine où des liaisons ortho et para existent toutes deux. 
On montre que les résines liées en ortho donnent un signal phéenolique OH qui ne se 
déplace pas lorsquon ajoute HCl gazeux alors qu’ils glissent lorsque la résine a à la fois 
des liens ortho et para. Cette observation s’explique en admettant un puissant lien hy
drogène intramoléculaire dans la résine liée en ortho. Le comportement du signal OH 
phénolique lorsqu’on ajoute de l’HCl permet de ce fait de distinguer entre résines liées 
en ortho et en ortho-para. On expose également une méthode semi-quantitative per
m ettant de mesurer le poids moléculaire moyen. En intégrant les signaux RMP de 
diverses unités structurelles de la résine, on peut estimer le nombre relatif et de ce fait le 
nombre total d’unités de ce type dans la molécule. Le nombre total est une mesure du 
poids moléculaire. On donne les assignements spectraux des différents types d’unités 
structurelles présentes dans les résines.

Zusammenfassung
Die PMR-Spektreri einiger Phenolharze und dazu in Beziehung stehender Modell

verbindungen werden mitgeteilt. Arsentrichlorid wird als PMR-Lösungsmittel für die 
Harz vorgeschlagen. Das PMR-Spektrum eines nur in oriAo-Rtellung verknüpften 
Harzes wird mit demjenigen eines Harzes mit ortho- und para-Biudungen verglichen. 
Das vollständig orf/io-verkiuipfte Harz liefert ein Phenol-OH-Signal, das durch Zusatz 
von HCl-Gas nicht verschoben ward, während bei Anwesenheit von ortho- und para- 
Bindungen im Harz ein Verschiebung auftritt. Diese Beobachtung wird durch Annahme 
einer starken intramolekularen Wasserstoffbindung im orWro-verknüften Harz erklärt. 
Das Verhalten des Phenol-OH-Signals bei Zusatz von HCl kann daher zur Unterschei
dung zwischen ortho- und para-verknüpf ten Harzen herangezogen werden. Weiters 
wird eine halbquantitative Methode zur Ermittlung der Molekulargewichte angegeben. 
Durch Integration der PMR-Signale verschiedener Struktureinheiten des Harzes ist 
eine Bestimmung der relativen Anzahl und damit der Gesamtzahl der Einheiten dieses 
Typs in einem Molekül möglich. Die Gesamtzahl ist ein Mass für das Molekulargewicht. 
Eine spektrale Zuordnung der verschiedenen in den Harzen vorhandenen Strukturein
heiten wird durchgeführt.

Received April 22,1964
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Radical Displacement in Allyl Ester Polymerization.
I. Allyl Acetate; Evidence from Gas-Phase Kinetics

D. G. L. JAMES and G. E. TROUGHTON, Department of Chemistry, 
University of British Columbia, Vancouver, British. Columbia, Canada

Synopsis
Photolysia of diethyl ketone in the presence of allyl acetate in the range 35-175°C. 

leads to the addition and dismutation reactions:
kl

CHSCH) +  CH2= C H C H 2OCOCH3 CH3CH2CH2CHCH2OCOCH3

&8
CH3CH2CH2CHCH2OCOCH3 — C5H 10 +  C0 2 +  CHs

The proposed reaction scheme is supported by the values: if(C 0 2 )/[Æ(C5Hio) +  AfCJHs) 
= 1.02 ±  0.03, and ff(C5H 1())/[A(CH 4 ) +  fi(C 3H8)] =  1.01 ±  0.03, and allows the eval
uation of fa and fc8:

h / h 'D  = 10C 7.2 =*=0.4) exp { _ 7_7 ±  0.6}10C R T  (cm.ymol. sec

fa h 'C /k is  =  10<14-5*°-5> exp {-15 .8  ±  l.OÎlOVfiT (mol./cm . 3 sec. ) 1 / 2

where h  refers to: 2 CH3CH: -+ C4H 10 and fe,a to: CH3CIR +  -CsHuOCOCHs 
CiHipOCOCHs. These results are discussed in relation to the radical displacement mech
anism of effective chain transfer in the polymerization of allylic monomers.

Our knowledge of the nature of the chain transfer process in the radical 
polymerization of allyl esters has been reviewed recently by Gaylord, 
Katz, and Mark.1 In particular, the term “chain transfer” has been shown 
to cover a variety of reactions, which may be classed as “effective” if the 
rate constant (krl) for reinitiation by the radical formed in the transfer 
process is of a magnitude comparable with that of the rate constant (kp) 
for propagation, or as “degradative” if kTi is markedly less than kv. Gay
lord2 has reported the percentage of the total chain transfer which is effec
tive at 80°C. for simple allyl esters:

acetate (24%) < propionate (43%) < trimethyl acetate (54%)

Effective chain transfer is clearly an important process in allyl ester 
polymerization at this temperature.

The accepted explanation for degradative transfer rests upon the low 
reactivity of an allylic radical formed in the process:

M; +  CH2= C H C H 2OCOR -*■ M,H +  [CH2—CH—CHOCOR] •
75
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Gaylord and Eirich3 have proposed that effective transfer among ally I 
esters may take the course:

M; +  CH2=C H C H 2OCOR -> M,CH:.CH =CH 2 +  UCOR

while Gaylord and Kujawa have interpreted the polymerization of 3-buten- 
2-yl propionate in this way.4 Gaylord, Katz, and Mark1 have reinvesti
gated this system and presented the first direct evidence for the radical 
displacement mechanism of effective chain transfer. They showed that 
carbon dioxide and ethane were evolved during the polymerization and 
that the quantities of each were consistent with their reaction scheme. 
We have found independent support for the radical displacement reaction 
in a study of free radical addition to allyl acetate in the gas phase.

Experimental

We are applying the methods of gas phase kinetics to a general study of 
the reactivity of unsaturated compounds as monomers in radical poly
merization.5-7 The photolysis of diethyl ketone generates the ethyl radical 
in the presence of the monomer vapor, and the rate constants of the 
consequent metathetical and addition reactions are measured over a range 
of temperature. The ethyl radical is chosen as the archetypal radical of 
all vinyl polymerization, but represents most closely the polyethylene 
radical. In this way the chain transfer and propagation reactions are 
simulated in a system for which polar effects are minimal, and the reac
tivity of a series of monomers can be related to a single standard attacking 
radical. It is as though ethylene had been used as a standard comonomer 
in kinetic studies of monomer reactivity in copolymerization, and the inter
pretation of the results had been freed from the effects of interactions be
tween long molecules in the liquid phase. The validity of this method has 
been demonstrated in the case of allyl alcohol, where the results obtained 
accord with the behavior of this monomer in polymerization.8 The ex
perimental technique resembles that of an earlier study,8 with certain 
improvements in the analysis of the products by gas chromatography.

Results

The ethyl radical is generated by the photolysis of diethyl ketone;
it then reacts further according to the scheme:

CHaCHaCOCHsCH, +  hv — 2CHjCHj +  CO (1)
2 C H 3 C H 2  —  C d h n  (2 )

2CHaCHj — CaH, +  C,H4 (3)
CHjCHj +  CH3CH,,COCH,CH;, — CH3CH3 +  C2H4COCH,CH3 (4)

CH3CH2 +  C2H4COCHsCH3 — C4H„COCHjCH3 (4a)
CHjCHi +  CHa=CHCH2OCOCHa -»  CH;,CH:i +  CHj=C H C H 2OCOCH; (5 ) 

CH3CH2 +  CH2=CHCH,OCOCHi — CH2=O H C H 2OCOC3H, (5a )

CHaCHj +  CHa=CH CH2OCOCH3 — CH3CH3 +  CH2=CHCHOCOCHs (fi) 
CHaCH; +  CH.,=CHCHOCOCH3 CH.=CHCH(CH 2CH;,)OCOCH8 (( ¡a)
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CHaCHi +  CHi==CHCHjOCOGHa —  CH 3CH 2 (TLCH CH 2 OCOCH 3 (7) 

CHaCHj +  CH 3 CH 2 CHsCHCH.OCOOH3-*

CH 3CH 2 CH 2CH(CH 2 CH 3 )CH2OCOCH 3 (7a) 

CHaCHaCHaCHCHaOCOCHa —  CH 3CHaCHaCH=CHa +  C 0 2 +  CH; (8 )

The methyl radical formed in reaction (8) participates significantly in 
certain reactions analogous to those above, including:

CHS +  CHaCHa CaHs (2m)
CH 3 +  CH 2 CH 3 — CH 4 +  C-.H, (3m)

and the methyl analogues of reactions (4), (5), (6), (7), and (8), e.g.,
CH 3 +  CHa=OHCHaOCOCH, —  CH 3CH 2 CHCH.OCOCH 3  (7m)

CH 3CH 2CHCH 2 OCOCH 3 — CH 3 CH 2 C H = C H 2 +  COa +  CHS (8m)

This reaction scheme is supported by the values:
ft(C 02)/[/i(C6HM) +  #(C 4H8)] = 1.02 ±  0.03

and
B ( C 5H1 0 )/[i?(CH4) +  j?(CaHa)] = 1.01 ±  0.03

where R(X) signifies the rate of formation of product X. Analysis of the 
results allows the evaluation of the rate constants:

hj/ki'B  =  10 (-7.2=to.i) exp{—7.7 ±  0.GJ 103/U T  (cm.5/mol. sec.)1/ 2

and
k ,k t '/ ‘/ k u  = 10(H-r)*o.5) exp 1-15.8 ±  1.0)103/ l t T  (mol./cm.5 sec.)'/2

limits of error are given at the 5% probability level in all cases.
A parallel study with CH2=C H CH 2OCOCD3 has confirmed these re

sults. Figure 1 gives the Arrhenius plot for the decomposition of the allyl 
acetate adduct radical; open circles indicate results for the undeuterated 
acetate, and filled circles arc used for the deuterated acetate.

Fig. 1. Dismutation of the allyl acetate adduct radical: (O) CH2 = CHCH2OCOCH3 
adduct; ( • )  CH2 =  CHCH2OCOCD3 adduct.
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Discussion

The energy of activation for the dismutation of the ally] acetate adduct 
radical is 16 ±  1 kcal./mole, and most probably measures the strength of 
the weak carbon-oxygen bond which must break to release the acetyloxy 
radical. This dismutation is detectable at 35°C., and at 110°C. the rate 
has increased sufficiently to allow precise measurement. The correspond
ing allyl alcohol radical adduct was found to be much more stable, and its 
dismutation was rarely detected below 145°C.S The greater instability 
of the allyl acetate adduct reflects the greater degree of stabilization pos
sessed by the displaced acetyloxy radical, which would serve to lower the 
energy of activation for the process of dismutation.

Before we can apply the results of this study to the interpretation of 
the phenomena of allylic polymerization we have to decide to what extent 
the characteristic reactions of polymerization are represented in the gas- 
phase mechanism. Now in radical polymerization the process of chain 
transfer to monomer competes with the propagation process for the same 
reactant species, but fails to reproduce the chain center by simple addition. 
Turning to the gas-phase mechanism given above, and recalling that the 
ethyl radical simulates the polymer radical chain center, then it follows 
that the propagation process is represented by reaction (7), and effective 
transfer by the sequence of (7) followed by (8). Certainly the methyl 
radical formed in reaction (8) is as reactive as any other species present, 
so that this transfer may well be called effective. Degradative transfer is 
clearly represented by reaction (6), which forms an unreactive allylic 
radical. We may now discuss to what extent the results of gas-phase studies 
of allyl acetate and allyl alcohol parallel the behavior of these monomers 
in radical polymerization.

Allyl acetate and allyl alcohol are equally reactive toward the addition 
of the ethyl radical, as is clear on comparing the rate constant for allyl 
alcohol :8

fok1/* = 10( —7.2±0.2) exp j -7 .7  ±  0.3)107R T  (cm.»/mol sec.)1/ 2

with the almost identical value given above for allyl acetate. We may 
expect similar values for kp for these monomers.

In contrast, allyl acetate and allyl alcohol differ strikingly in their 
response to the transfer reactions [represented by eqs. (5) and (6) ]. Meta
thesis is rapid for allyl alcohol, with (fc6 +  fc6)/fc7 = 0.55 at 60°C.; if this 
ratio gives a measure of kf/kp, the ratio of degradative transfer to propaga
tion, then even telonrerization would be very slow, as is indeed found. 
However for allyl acetate the sum of the rates of reactions (5) and (6) was 
too small to be detected, which means that (k-a +  ke)/k7 <  0.1, in harmony 
with the degree of polymerization of 13 observed for allyl acetate. It 
appears that the superior polymerizability of allyl acetate is due not to a 
more reactive double bond but rather to less reactive hydrogen atoms. This 
anomaly of an apparent difference in reactivity of the allylic hydrogen 
atoms of allyl acetate and allyl alcohol is remarkable; however the recent
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work of Shannon and Harrison9 indicates that much of the abstraction 
from allyl alcohol may occur at the hydroxylic hydrogen atom. The 
general problem of the abstraction of hydrogen from allylic compounds is 
being studied by the authors with the aid of deuterium tracer techniques.

We wish to thank the National Research Council of Canada for financial support of this 
work, and Canadian Industries Limited for a scholarship to one of us (G. E. T.).
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Résumé

La photolyse de la diéthylcétone en présence d’acétate d’allyle, dans le domaine de 
température compris entre 35° et 175°C., conduit aux réactions d’addition et de dismuta
tion:

CHjCIL +  CH ,=CH CH 2OCOCH3 ^  CH3CH2CH»CHCH2OCOCH3 

CH3CH2CH2CHCH2OCOCH2 i  C5H,„ +  C 02 +  CHj

Les valeurs trouvées pour /f(CO2)/[if(C 5H10) •+- Æ(C4HS)] =  1.02 ±  0.03 et pour
7f[C6Hio)/[/t(CH4) + /f(C3H8)] = 1.01 ±  0.03 supportent le schéma de réaction proposé 
et permettent d’évaluer &7 et ks:

h /k * h  = 10(- 7-2±»-4) exp ( -7 .7  ±  0.6)103/A7' (cnR/mol. sec.)'/2

h k ï ^ / h a  -- 10(l4-5±0-5) exp ( -1 5 .8  ±  1.0)103/R T  (mol./cm.» sec.)1'2

où ki caractérise la réaction 2CH3CH2 -*■ C4H i0 et ¿7a: CIRC H; +  C5Hi0OCOCH3 
— C7Hi5OCOCH3. On discute ces résultats en les comparant au mécanisme de déplace
ment d’un radical lors du transfert de chaîne effectif en polymérisation allylique.

Zusammenfassung

Photolyse von Diäthylketon in Gegenwart von Allylacetat führt im Bereich von 35- 
175° zu folgender Additions- und Dismutierungsreaktion:

O H jC H j +  C IL — CHCILOCOCIL -> CH3CH2CH.CHCH4OCOCH3

CHjCHsCH.CIICHiOOOCHj G5H „ +  CO» +  CH-

Das vorgeschlagene Reaktionsschema wird durch folgende Werte gestützt: R(CO»)/ 
[Ä(CSH,0) +  ä (C4H8)] = 1,02 ±  0,03 und Ä(C6H10)/A(CH4) +  Ä(C3H8) = 1,01 ±  0,03 
und erlaubt die Ermittlung von i 7 und ky.
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h/k* 'h  = 10(- 7’2*»' l) exp ( -7 ,7  ±  0,6) IW /R T  (cm.4»/mul. sek)1/j

kshUt/k u  = I0(l4'6 *»•*) exp ( —15.8 ±  l,0)103/ß 7 ' (mol./cm.3 sek)I/2

wo fe sich auf '2CH,OHi — C4H,0 und kr, auf CH:tCH.; +  C5H10OCOCH3 — 
C,H,5OCOCH3 bezieht. Die Ergebnisse werden in Zusararnengaug mit dem Itadikal- 
verschiebungsmechanismus der effektiven Kettenübertragung bei der Polymerisation 
von Allylmonomeren diskutiert.
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Single Crystals Of Poly(ethylene Terephthalate)

YUMIKO YAMASHITA, School of Engineering, Okayama University, 
Tsushima, Okayama, Japan

Synopsis
Single crystals of poly (ethylene terephthalate) were prepared by evaporating the 

solvent slowly from dilute solution at crystallization temperature. The single crystals 
are parallelograms in shape and thicken by spiral growths with screw dislocations at their 
center. In the electron microscope they are seen to consist of platelets about 100 A. in 
thickness. Low-angle x-ray measurements on tire film obtained by filtering the crystal 
suspension reveal a long spacing in good agreement with that calculated from shadow 
lengths. Electron and x-ray diffraction patterns show that the chain molecules are in
clined at about 25-35° to the normal to the basal plane of the single crystals and sharply 
folded within the lamellae. Various morphological features and arrangement of the unit 
cell in the single crystal platelets are described and discussed.

INTRODUCTION

In 1957 Till,1 Keller,2 and Fischer3 discovered independently that single 
crystals of polyethylene in the form of rhombic platelets were obtained by 
crystallization from dilute solutions. Since that time, the growth of single 
crystals from solutions and also from melts has been reported for a number 
of crystalline polymers. Polyethylene terephthalate) (PETP), however, 
has not been crystallized in the form of single crystals. We attempted 
to prepare single crystals of PETP from dilute solutions and succeeded by 
using suitable crystallization conditions.

The melting and glass transition temperature of PETP are quite high 
in comparison with other polyesters. PETP is of especial interest, since 
it is commercially available and can be easily quenched to a glasslike state. 
Spherulites of this polymer can be grown by annealing the glassy material 
at a temperature between the glass transition temperature and the melting 
point. No electron microscope studies of the morphology of these spheru
lites have been reported. The solid structure of PETP, however, has been 
studied in detail by means of x-ray,4 infrared,6 and other techniques.6 
Bunn et al.7 determined the crystal structure of PETP and suggested that 
the high melting point of PETP was not due to the strong force between 
the molecular chain with polar groups but due to the high rigidity of the
aromatic ring with its attached —COO...  groups. According to their
x - r a y  a n a ly s is ,  t h e  u n i t  c e l l  w h ic h  c o n t a in s  O n e  c h e m ic a l  u n i t  — C O C 6H 4 -  
C 0 - 0 ( C H 2) 2 0 — , is  t r i c l i n i c  w i t h  a =  4.56 A., b =  5.94 A., c =  10.75 A., 
a = 98.5°, /3 = 118°, a n d  y = 112°.
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In the investigations of single crystals of PETP we are interested in the 
following points: (a) whether the chain with high rigidity may be folded 
regularly; (b) whether single crystals with less symmetrical structure 
(triclinic crystal structure) may have any distinguishable features from 
those with more symmetrical structure. The present paper shows the 
results of our study on PETP single crystals by electron microscopy, 
electron diffraction, and low- and wide-angle x-ray diffraction.

EXPERIMENTAL AND RESULTS 

Materials and Experimental Techniques

The material used in this study was unfractionated PETP with an aver
age degree of polymerization of about 100. In order to find good solvents, 
we carried out a series of preliminary experiments. The polymer was 
dissolved in various hot solvents at concentrations ranging from 0.01 to
0.1% and was precipitated by cooling slowly. The cooling rate was 0.5°C./ 
hr. in the vicinity of the cloud point temperature of each solution. From 
a series of such experiments it was found that the best solvents were nitro
benzene, diphenyl ether and a diphenyl ether-phenol mixture. Under 
these crystallizations the polymer does not precipitate in the form of 
single crystals but in the form of .sphenilit.es at high concentrations or 
aggregations with the lamellar structure at lower concentrations. It was 
found, however, that single crystals are obtained by evaporating the sol
vent slowly from dilute solution at the crystallization temperature. There
fore the PETP crystals used in electron microscopic investigation were 
prepared, for instance, by placing drops of the hot solution in nitrobenzene 
at concentrations of about 0.01% on carbon-coated grids and evaporat
ing the solvent in an air bath at 120°C. The specimens were shadowed 
with Ge and examined by direct transmission in a JEM 6A electron micro
scope. Selected area diffraction experiments were carried out with the 
same instrument. Calibration of the diffraction spots was made with the 
aid of a thin evaporated layer of aluminum on the same specimen. The 
film obtained by filtering the crystal suspension was used for the x-ray 
diffraction investigation. Wide-angle x-ray diffraction patterns were 
obtained in a flat film camera with the use of nickel-filtered CuKa radiation. 
Low-angle x-ray diffraction patterns were also obtained in with a Geigerflex 
(Rigaku Denki) instrument.

Morphology

It was found that the crystal habit is very strongly dependent upon the 
crystallization conditions, particularly upon the nature of solvents and the 
crystallization temperature. The electron micrograph in Figure 1 is 
representative of the spherulites obtained from dilute solution in diphenyl 
ether. This sheaflike structure is similar to that of nylon 6108 and seems 
to be an incipient spherulite. The fibrillar units are flat ribbons, about
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Fig. 1. Spheralites of PETP crystallized from dilute solution in diphenyl ether. 
The flat ribbons, about 100 A. thick, apparently are not single crystals, but may be some 
sort of helical aggregates of crystals.

Fig. 2. Aggregates of single crystal lamellae associated with the central portion. Single 
crystals may be parallelogram-shaped lamellae with the acute angle about 65°.

300 A. in width and 100 A. in thickness. The electron micrographs in 
Figures 2-6 show the lamellar crystals of PETP. These crystals do not 
always have a regular shape as in the case of many other polymers. Under 
optimal conditions of crystallization temperature and concentration, single 
crystals may be parallelogram-shaped lamellae, as shown in Figure 2. 
The acute angle of the parallelogram is about 65°. Crystals are often 
observed in the shape of spindlelike parallelograms with a smaller acute 
angle or slender plates as shown in Figures 3 and 4. Lath-shaped lamellae, 
as shown in Figure 5, are twinned crystals which are similar to those ob-
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Fig. 3. Spiral growth on a PETP crystal. The crystal shape is spindlelike
parallelograms.

Fig. 4. Aggregates of slender-shaped crystals of PETP.

served in polyethylene. An increase in the concentration of the polymer 
solution favors the growth of dendritic crystals or aggregated slender 
crystals. Although the crystal shown in Figure 6 has a lozenge shape as 
a whole, it seems to be a well developed dendrite. Figure 3 indicates that 
thickening takes place by spiral growth similar to that reported for other 
polymers. The thickness of these lamellae, estimated from the length 
of the shadow, is about 100 A. Another morphological feature of the 
crystals is the marked striations running parallel to the longer side of 
the elongated parallelograms. These striations are quite similar to those 
in single crystals of cellulose triacetate.9
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Fig. 5. Twinned crystals similar to those observed in polyethylene.

Fig. 0. Dendritic crystals of PETP. Although the crystal is lozenge-shaped as a whole, 
it seems to be a well developed dendrite.

Electron Diffraction and X-Ray Diffraction

Electron diffraction patterns are obtained only at very low beam cur
rents. The diffraction power of the crystals is destroyed in a few seconds 
at normal beam intensities. A selected area electron diffraction pattern 
from a single crystal of PETP is shown in Figure 7. The spacings of the 
six observed reflections in Figure 7 correspond to those of the reflections 
from the (010), (020), (Î01), (111), (121), and (131) planes. The spacings 
and the intensities of such reflections agree with those of the x-ray reflec
tions of PETP fibers. These planes are all represented by (hkl) with 
h = l = 0, 1, k = 0, 1, 2, 3. From these results, it is concluded that the
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Fig. 7. Selected area electron diffraction pattern from a single crystal of PETP.

[101 ] direction of the unit cell corresponds to the direction of the normal 
to the basal plane of the single crystals10 (the direction of the electron beam); 
that is, the chain molecules are not oriented perpendicular to the basal 
plane of the single crystals but inclined in the (010) plane of the single 
crystals. From exact calculations, this inclination was found to be about 
25°. The correlation of the electron micrograph and the selected area 
electron diffraction pattern shows that the longer side of the parallelogram 
corresponds to the (010) plane and the shorter side to the (100) as shown 
schematically in Figure 8. The diffraction pattern from the (010) twinned 
crystal, as in Figure 9, is also obtained from the lath-shaped lamellae as

Fig. 8. Keflections and reciprocal lattice of a*b* planes. Dots show observed reflections; 
dotted lines show external form of a single crystal.
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Fig. 9. Selected area electron diffraction pattern from the (010) twinned crystal. 
This pattern is also obtained from the lath-shaped lamellae as well as the more irregular 
lamellae.

well as the more irregular lamellae and the spindle-shaped lamellae. In 
these cases the longer direction of the lamella lies in the (010) plane. The 
diffraction pattern of the other twin type has not been obtained yet, but 
from the morphological observations, it is supposed that the (100) twinned 
crystal may also exist.

In order to obtain additional evidence on the orientation of the chain 
molecules in the single crystal platelets, a study of wide-angle x-ray dif
fraction was carried out. In this experiment the film obtained by filter
ing the crystal suspension carefully was used. The lamellar crystals in

Fig. 10. (a) X-ray diffraction pattern of the film of precipitated lamellar crystals; 
x-ray parallel to the film surface. (b) Scale drawing of Fig. 10a. The points in the upper 
right-hand quadrant represent the calculated positions when the ab plane of the unit 
cell lies on the basal plane of single crystals which are parallel to the film surface.
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Fig. 11. Thickness of single crystals of PETP vs. crystallization temperature and 
annealing temperature: (0 ,9) annealed in air; (A) crystallized from diphenyl ether; 
( X ) crystallized from dimethyl phthalate.

this film lie with their basal planes parallel to the film surface. When 
the x-ray beam was oriented perpendicular to the film surface, the dif
fraction pattern showed continuous Debye-Scherrer rings. With the 
beam parallel to the film surface, which was oriented along the equator, 
the pattern showed preferential orientation as shown in Figure 10a and 
defined in the scale drawing of Figure 106. All reflections of (hkO) planes 
do not always have their maximum on the equator. From these results, 
we shall conclude that the chain axis should be inclined normal direction 
cf the basal plane of lamellar crystals. This inclination was calculated 
to be about 35°, and the ab plane of the unit cell lies on the basal plane of 
the single crystals that is parallel to the film surface. This value of inclina
tion does not differ so far from the value of 25° estimated from the selected 
area electron diffraction study of the single crystal, and this mil be 
ciscussed later.

The low-angle x-ray diffraction patterns were obtained on the same speci
men with the beam parallel to the film surface. The long spacing calculated
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by assuming the Bragg equation is 10fi A. for the sample prepared from the 
crystal suspension crystallized isothermally at 180°C. This value agrees 
with the thickness estimated from electron micrographs. The variation 
of the long spacing with the crystallization temperature or annealing tem
perature was also investigated. These results are shown in Figure 11. 
It was found that the lamella thickness depends not only on the crystal
lization temperature but also on the solvents. The thickness increases 
rapidly as the cloud point of each solvent is approached. Hirai et al.11 re
ported that the thickness of lamellar crystals obtained from solution can 
be represented by the empirical equation

L = Lo +  A/(Tdoud -  T) (1)

where L is the thickness of the lamellar crystals, T is crystallization tem
perature, L0 and A are calculated by using the data in Figure 11 ; these 
values are shown in Table I. The physical meaning of the constants 
L0 and A has been previously discussed.11

TABLE I
Values of the Constants in Equation (1)

Lo, A. Tctoudi °C. A, A.-deg.

Air 60 280 1650
Diphenyl ether 90 210 500
Dimethyl phthalate 60 140 190

Single Crystals of the Poly (ethylene Terephthalate) Oligomer

It was impressive that the characteristic habit of polyethylene single 
crystals was the same lozenge shape as that of n-paraffin crystals as seen

Fig. 12. Single crystals of polyethylene terephthalate) oligomer.
similar to that of PETP single crystals.
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when single crystals of polyethylene were crystallized from dilute solution 
in xylene the first time. To examine the similarity of this oligomer analogy 
for PETP single crystals, poly (ethylene terephthalate) oligomer was 
crystallized from dilute solution in nitrobenzene. Regular, parallelogram
shaped single crystals were obtained, as shown in Figure 12. The crystals 
have spiral growth with screw dislocations at their center and twin growth 
with the common (010) plane. The selected area electron diffraction pattern 
of a single crystal of polyethylene terephthalate) oligomer was almost the 
same as that of PETP. Since the elementary triclinic unit cells of oligomer 
and polymer are identical, it seemed that the chain direction was also in
clined at 25°. However from the degree of polymerization it is concluded 
that there is no folding within them.

DISCUSSION

In the preceding sections electron microscope, electron diffraction and 
x-ray diffraction investigations have shown that PETP is crystallized by 
evaporating the solvents from dilute solution as parallelogram-shaped 
lamellae in which the molecular axis orients with an inclination of about 
25-35° to the normal direction of basal plane. In view of the lamellar 
thickness and the average degree of polymerization, a given rigid molecule 
must necessarily be folded in the platelet repeatedly. The concept of 
chain folding can be applied to single crystals of PETP as well as to those 
of polymers with more symmetrical structure. A study of a Stuart atomic 
model indicates the possibility of folding within the (010) and (100) planes. 
It is interesting to consider how the unit cells are arranged in the single 
crystal platelets. Based on the results of the electron diffraction pattern, 
a possible mode of the unit cell packing can be visualized as shown sche
matically in Figure 13. As mentioned earlier, the long and short bounding 
faces correspond to the (010) and (100) planes, respectively. As these

(b)

Fig. 13. Schematic representation of unit cell packing in a single crystal of PETP 
based on: (a) electron diffraction pattern; (b) x-ray diffraction pattern. Heavy lines 
represent lamellar surface; dotted lines show unit cell.
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planes are both the growing faces, it is presumed that the chain molecules 
will fold along them. However, since the characteristic behaviors and the 
loop length of the folding in the (010) and (100) planes are considerably 
different, we shall presume that either of the two planes is a fold plane. 
The fracture of the PETP single crystals by means of ultrasonic vibrations 
is under investigation. Another puzzling problem of this packing is the 
departure of the (001) plane from the basal plane of the single crystal 
platelets. For this problem, we suppose that the observed reflections 
become possible by the molecular reorientation on drying. The striations 
running parallel to the (010) plane in the parallelogram-shaped lamellae 
seems to be the evidence of such reorientation. The reason for the re
orientation is not understood at present. These striations are not a feature 
related to the chain folding since they are also observed in single crystals 
of the oligomer where no folding is presumed to exist. X-ray diffraction 
investigation on aggregates of the single crystals indicates that the (001) 
plane lies in the basal plane of the lamellae.10 This packing is more reason
able for the single crystal platelets with the triclinic crystal structure.

Such phenomena seems to be true not only for the single crystals 
of PETP but also for any other polymers; it may be considered to be a 
general rule that in any single crystals of high polymers whose a  or ¡3 of 
the unit cell is not 90°, the molecular chain axis is not normal but inclined 
to the basal plane (fold plane) by the angle between the c-axis and the ab 
plane. Experiments on this concept are now going on in our laboratory 
on single crystals of nylon 6, nylon 66, and poly (ethylene oxide).

The author would like to thank Prof. N. Hirai of the Faculty of Science, Okayama Uni
versity, for his earnest guidance and many interesting and constructive suggestions 
throughout the investigation. The author also wishes to thank Mr. S. Fujita and Mr. K. 
Yamamoto for significant contributions to this investigation.
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Résumé
On a préparé des monocristaux de téréphtalate de polyéthylène en évaporant lentement 

le solvant d’une solution diluée, à la température de cristallisation. Les monocristaux se 
présentent sous la forme de parallélogrammes et s’épaississent par croissance en spirale 
avec dislocation de la vis vers le centre. Au microscope électronique, on peut voir qu’ils
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sont constitués de feuillets d'une épaisseur de 100 A. Des mesures aux rayons-X aux 
petits angles, effectuées sur le film obtenu par filtration de la suspension de cristaux, 
révélent, un long intervalle en bon accord avec ce (pi on calcule à partir des longueurs des
taches. Les diagrammes de difraction des électrons et. des rayons-X montrent (pie les 
chaînes moléculaires sont inclinées à environ 25°-35° par rapport à la normale au plan 
de base des monocristaux et qu’elles sont pliées étroitement, entre les feuillets. Les dif
férentes caractéristiques morphologiques et les dispositions des mailles dans les feuillets 
de monocristaux sont décrites et discutées.

Zusammenfassung
Polyäthylenterephthalat-Einkristalle wurden durch langsame Verdampfung des 

Lösungsmittels aus verdünnter Lösung bei der Kristallisationstemperatur dargestellt. 
Einkristalle haben die Gestalt eines Parallelogramms, und die Dickenzunahme erfolgt 
durch Spiralwachstum mit Schraubenversetzung im Zentrum. Im Elektronenmikroskop 
zeigen sie einen Aufbau aus 100 A. dicken Plättchen. Röntgenkleinwinkel-Messungen 
an dem durch Filtration der Kristallsuspension erhaltenen Film lassen eine Langperiode 
erkennen, die gut mit der aus Schattenlängen berechneten übereinstimmt. Elektronen- 
und Röntgenbeugungsdiagramme zeigen, dass die Kettenmoleküle um 25-35° gegen die 
Normale auf die Basisebene der Einkristalle geneigt und innerhalb der Lamellen scharf 
gefaltet sind. Verschiedene morphologische Züge und die Anordnung der Elementar
zelle in den Einkristallplättchen werden beschrieben und diskutiert.

Received April 22,1964
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Synthesis of Trichain and Tetrachain Radial 
Polybutadienes

It. P. ZELINSKI and C. F. WOFFORD, Research and Development 
Department, Phillips Petroleum Company, Bartlesville, Oklahoma

Synopsis
Tri- and tetrachain radial polybutadienea have been synthesized by coupling very di

lute solutions of linear polybutadienyllithium with stoichiometric amounts of methyl- 
trichlorosilane or silicon tetrachloride. These polymers have three or four long chains 
( 100-2000 carbon atoms) attached to a single atom.

I. INTRODUCTION

The effects of branching on visco-mechanical properties of polymers 
have not been widely recognized. Quantitative correlations have been 
illusive because the degree of branching could not be accurately predicted 
from the preparative methods or deduced from polymer analysis. De
velopment of anionic polymerization has opened a route to the synthesis 
of long-chain, branched polymers of controlled structure and molecular 
weight. Branched polystyrenes from alkylation of polyhalides with 
polystyryl anions have already been reported.1'2'3 The present study is 
concerned with the synthesis of tri- and tetrachain radial

Trichain radial Tetrachain radial

polybutadienes, polymers with three or four very long chains attached to 
a single atom.

II. EXPERIMENTAL

A. Reagents

Polymerization grade cyclohexane was dried by countercurrent scrubbing 
with nitrogen. Dry butadiene was obtained by flashing a special purity 
grade, scrubbing the gas with anhydrous ethylene glycol containing its 
sodium salt, and condensing it over Drierite. n-Butyllithium, purchased 
from Lithium Corporation of America as a concentrated heptane solution, 
was diluted to about 0.371/ with dry cyclohexane and standardized with 
hydrochloric acid. Trimethylchlorosilane, dimethyldichlorosilane, methyl-
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trichlorosilane, and silicon tetrachloride were pure grade materials ob
tained from Anderson Chemical Company and distilled under nitrogen. 
Center cuts were diluted with dry solvent and standardized by titration 
with alkali.

B. Polymerization
Polymerizations were conducted with 50 g. of butadiene in 500 ml. 

(390 g.) of cyclohexane in 26-oz. beverage bottles sealed with toluene- 
extracted, rubber gaskets under perforated metal caps. The bottles were 
charged with 200 ml. of dry solvent which was then purged with pre
purified nitrogen admitted through a gas dispersion tube. They were 
capped, rinsed with 0.8 mmole of butyllithium added by syringe, and 
finally drained under nitrogen through a hypodermic needle.

Each polymerization series was charged from a single lot of reagents 
introduced into tared bottles by nitrogen pressure through hypodermic 
needles. The actual amounts of solvent and monomer were determined 
by weighing. Butyllithium was then added from a pressurized buret 
accurate to 0.01 ml., followed by prepurified nitrogen to raise the pressure 
to 25 psi. The bottle caps were further protected by inverted serum caps 
to keep them dry during later sampling, and then the bottles were tumbled 
m a water bath at 50°C.

The amount of impurity present in each lot of bottles, solvent, and 
monomer was estimated by determining the minimum amount (scavenger 
level) of butyllithium required to yield conversions of at least 90%. For 
this purpose, in consecutive bottles the amount of butyllithium was 
increased by small increments (0.025-0.05 mmole). One such increment 
was sufficient to raise conversion from 0-10% up to 90%. The scaven
ger level accounted for 0.15-0.35 mmoles of butyllithium (0.3-0.7mmole/100 
g. monomer). The polybutadienes obtained at the scavenger level were 
gel-free and had inherent viscosities of 5.0 or more.

Linear polybutadienes of lower viscosity were similarly prepared by 
initiation with amounts of butyllithium adjusted to compensate for the 
quantity of organolithium destroyed by impurities [eq. (1)]. Kinetic 
molecular weights4 were predicted and preselected from eq. (2) which 
holds when all the effective butyllithium participates in initiation (Mk > 
20,000).5

RLi (effective) = RLi(charged) — RLi(destroyed) (1)

Mk = Weight of butadiene/moles BuLi(effective) (2)
Careful attention to detail resulted in excellent precision. Intrinsic 

viscosities ([77] < 1.5) of linear polybutadienes from a series of identically 
charged bottles were the same within experimental error. From series to 
series the deviation, after adjustment for differences in scavenger level, 
was usually only a little more.

Conversions were determined by evaporation and vacuum drying (at 
60°C.) of known weights of the reaction solutions transferred by hypo-
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dermic needle and syringe directly into tared pans containing some iso
propyl alcohol and an antioxidant, 2,2'-methylenebis(4-methyl-6-terf- 
butylphenol). This sample of the parent polybutadiene was used for 
intrinsic viscosity determination. Polybutadienes with molecular weights 
of 50,000 or less were washed in solution with very dilute hydrochloric 
acid and then with water. They were recovered by evaporation and 
vacuum drying at 60 °C.

C. Reaction with Silicon Compounds
Within 7 hr. after initiation, weighed aliquots of the parent polybuta- 

dienyllithium solution were removed from each bottle of a series charged 
alike. Appropriate quantities of a silicon compound were added to the 
residues via hypodermic needle from an accurate buret. The quantities 
were so adjusted that in consecutive bottles the mole ratio of polymer- 
lithium to silicon compound increased in small increments from less than, 
to greater than, the theoretical optimum. The bottles were then tumbled 
at 50°C., conveniently overnight although 3 hr. was adequate. At the end

TABLE I
Typical Results for Reaction of Polybutadienyllithium with Silicon Chlorides

Silicon
chloride

BuLi
(effective), 

mmoles/50 g. 
butadiene

Mole ratio, 
PLi/silicon

M
Product

ML-4
MooneyParent Product

(CH3)3SiCl — 0.5 1.3511 1.39“ —
(CH3)2SiCL 0 .25h 1.2 56

1.5 85
1.8 1 .97b 2 .99b 103
2.0 67
2.5 61

CH3SiCl3 0.75 1.9 1.58 11
2.4 1.69 42
2.6 1.68 40
2.8 0.99 1.71 51
3,0 1.00 1.68 44
3.2 1.00 1.63 40
3.5 1.55 31
4.2 1.52 25
4.4 1.45 19
9.7 0.99 1.17 4

SiCL 1.1 3.0 1.41 40
3.5 1.51 50
4.0 1.51 51
4.3 0.84 1.61 52
4.8 0.82 1.57 50
5.0 1.57 47
6.1 1.49 30

a Inherent viscosity.
b Silicon halide was introduced at 86% conversion. Viscosity-average molecular

weights from eq. (4) were 175,006 for the parent and 331,000 for the product.
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of this time an excess of butyllithium was added to destroy residual silicon- 
chlorine bonds followed shortly by isopropyl alcohol. The coupled 
polymers were recovered by coagulation or, if molecular weight was low, 
by washing with acid and water. All were vacuum-dried at 60°C. Typical 
results are listed in Table I.

D. Analyses

Inherent and intrinsic viscosities were measured in toluene at 25°C. 
and Mooney viscosities (AIL-4) at 100°C. Fractionations were conducted 
by incremental addition of methanol to a 1% solution of polymer 
in toluene.6 One fraction a day was collected. The per cent of trans 
and vinyl unsaturations were measured by infrared analysis according to 
a modification of a published method.7

E. Molecular Weights

Weight-average molecular weight Mw was measured by light scattering.3 
The polymerization procedure for estimating kinetic molecular weight 
[Mk) has already been described [eqs. (1) and (2)].

MOLECULAR WEIGHT (THOUSANDS) FROM LIGHT SCATTERING

Pig. 1. Weight-average molecular weights Mw of linear, unfractionaled polybutadienes.

A relationship of intrinsic viscosity to M k [eq. (3)] was computed from 
40 experimental points. Equation (4) shows a similar relationship derived 
from Mw (Fig. 1). Both apply to linear, unfractionated polybutadiene 
obtained by the described polymerization technique.
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b] = 7.76 X 1 0 ( 3 )  

h i = 2.17 X 1 0 - ( 4 )

III. RESULTS AND DISCUSSION

Preparation of polybutadiene with controlled, long-chain branching is 
basically a problem of organic synthesis with very dilute solutions (10~2 to 
10 3 M)  of very large alkenyllithiums (100-2000 carbon atoms). The 
first step is the preparation of the starting material, polybutadienyl- 
lithium, which is characterized through its hydrolysis product, poly
butadiene. The second is a coupling reaction which must occur in high 
yield to synthesize directly as pure a product as possible.

Polymerization of butadiene in hydrocarbon solution by n-butyllithium 
forms essentially linear polybutadienyllithium with lithium on the allylic 
carbon at one end of the molecule. The reaction:

BuLi +  bCH2= C H —C H =C H 2 — Bu—(CH2—C H =C H —CH2)„—Li (5)

is quantitative and proceeds by consecutive stepwise addition, 92% of 
which is 1,4. For the purpose intended the presence of pendant vinyl 
groups (from 1,2 addition) on about every fourteenth carbon atom did 
not detract from the essential linearity of this alkenyllithium.

Chemical and kinetic evidence confirm this synthesis of polybutadienyl
lithium as a species with one lithium per molecule. Polymerization with 
a known amount of n-butyllithium and subsequent hydrolysis yields 
polybutadiene with a kinetic molecular weight4 (Mk) which is predictable 
and in reasonable agreement with measured values. In the present work, 
reaction with a stoichiometric amount of dimethyldichlorosilane produced 
dipolybutadienyldimethylsilane in virtually quantitative yield [eq. (6)],

CH3

2PLi +  (CH3)2SiCk -Si—]
I

c h 3

(6)

since the molecular weight of the product was almost double (190%) 
that of the starting polybutadienyllithium (Table I). Comparable results 
have been reported for coupling with bis(chloromethyl) ether.9 Finally, 
the complete absence of gel (crosslinked product) from reaction with silicon 
tetrachloride argues against the presence of species with more than one 
lithium per molecule.

Kinetic evidence6 is in agreement with these conclusions. Initiation is 
rapid, but not instantaneous. All the n-butyllithium is consumed if tire 
quantity used is less than 5 X 10~3 moles/100 g. butadiene. Propagation 
is faster than initiation and occurs by consecutive stepwise addition without 
termination or transfer. Consequently, molecular weight distribution is 
quite limited. However, the experimental technique does not result in a 
monodisperse product (Mw/M n = 1.0) in which all molecules are the same 
length. Reaction with impurities converts a small fraction of polybuta-
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1 2 3 4 5 6 7 8 9  10°
MOLE RATIO OF PLi TO METHYLTRICHLOROSILANE

Fig. 2. Effect of varying methyltrichlorosilane with constant polybutadienyllithium
{Mk = 67,000).

dienyllithium to inert polybutadiene. The finite rate of initiation in
herently results in a deviation from uniform size which is proportionately 
greater as molecular weight decreases. This is witnessed in the differences 
between the kinetic molecular weight Mk from catalyst charge [eqs. (1) 
and (2)], which should approximate number-average values (Mn), and the 
observed weight-average values (Mw) from light scattering. Equations 
(3) and (4) are convenient relations of intrinsic viscosity of unfractionated 
linear polybutadienes to the two kinds of molecular weights.

The conclusion that polybutadienyllithium is essentially linear, except 
for pendant vinyl groups, is based primarily on the rheological behavior 
of its hydrolysis product, polybutadiene, in comparison to the long-chain, 
branched polymers synthesized here.10

Reaction of polybutadienyllithium (PLi) with silicon halides should be 
analogous to those of simple compounds such as %-butyllithium. The 
only known reaction of alkyllithium with silicon halides is that of coupling.11 
In the present work with polyunsaturated chains, the possibility of cationic 
crosslinking was examined, but no indication of this was found. All 
reaction solutions and products were free of gel or fractions of unusually 
high molecular weight. Crosslinking during drying of recovered polymer 
can occur if polybutadienylchlorosilanes are present, but this was pre
vented by first converting them to polybutadienylbutylsilanes through 
treatment with excess w-butyllithium. The comparatively minute and 
stable butylmethylsilane moiety so formed is an integral part of the 
polymer and the site of the long-chain branching. This moiety itself 
docs not alter polymer properties.
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Tlie principle difficulty in this synthesis of branched polymers is that 
of combining stoichiometric proportions of 10 2 to 10-4 moles of reactants 
so that the final product is substantially pure. Addition of different 
amounts of silicon halide to fixed amounts of polybutadienyllithium is a 
practical and effective solution. Polymer with the greatest molecular 
weight is obtained at actual stoichiometry and is readily identified by the 
fact that its solution or bulk viscosity is maximum (Table I and Fig. 2).

(7)

In practice such peak polymers are most readily detected by bulk viscosity, 
since viscous flow is profoundly altered by long-chain branching.

A number of trichain and tetrachain branched polybutadienes of different 
chain lengths were synthesized from polybutadienyllithium, methyltri- 
chlorosilanc and silicon tetrachloride (Figs. 3-5). In each case, the peak

MOLE RATIO, PU/CH3 S iC f3

Fig. 3. Effect M l intrinsic viscosity of varying the mole ratio of methyltrichlorosilane 
and polylmtadienylhthiuni with molecular weights of: ( A )  110,000; (O) 67,000; 
(I !) 48,000; ( V H  1,000; (• )  32,000.
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MOLE RATIO, P L i/C H 3 S IC f3

Fig. 4. Effect on ML-4 Mooney viscosity of varying the mole ratio of methyltric.hloro- 
silane and polybutadienyllithium with molecular weights M k of: (A) 110,000; (O) 
67,000; (0)48,000; (V) 41,000; ( • )  32,000.

2 3 4 5 6 7 8
MOLE RATIO, PLi /  Si C f 4

60 ¡2

50

40 vI

30

20

Fig. 5. Effect of varying silicon tetrachloride with constant polybutadienyllithium
(Mk = 45,000).

polymer was obtained near the calculated stoichiometric ratio. Fractiona
tion established a high degree of homogeneity (Fig. 6). The principle 
impurity was of low molecular weight and probably represents linear poly
butadiene which resulted from destruction of polybutadienyllithium by 
impurities during its preparation and upon addition of the silicon halide. 
Gel and fractions of unusually high molecular weight were notably absent. 
Indeed, recombination of the major portions of each fractionation resulted 
in only a modest increase in intrinsic viscosity and little change in molecular 
weight (Table 11).
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Three kinds of evidence confirm the successful synthesis of trichain and 
tetrachain radial polybutadienes. The actual optimum stoichiometry of 
coupling is close to the theoretical value. Rheological properties12 of the 
products are strikingly different from those of linear polymers. And, 
finally, molecular weights calculated in several different ways are consistent 
and in good agreement with measured values.

Weight-average molecular weights Mw of the branched polymers were 
obtained by light scattering. They are in good agreement with the 
results (Mk') calculated for stoichiometric coupling of linear polybuta- 
dienyllithium for which kinetic molecular weights4 M k were estimated

0 10 20 30 40 50 60 70 80 90 100
ACCUMULATIVE WEIGHT PER CENT

Fig. 6. Fractionation of (------) trichain and (- -) tetrachain radial polybutadienes
with parent molecular weights M k of : (A) 110,000; (V) 67,000; (0)45,000; (□) 41,000; 
( • )  32,000.

from butyllithium charges. The agreement is excellent when intrinsic 
viscosities are used to calculate viscosity-average molecular weights of 
the linear parent (Mvlc) and the branched polymers (Mvlc'). The latter 
relation is readily obtained from the equation for linear, unfractionated 
polybutadiene after transformation into suitable expressions for branched 
polymers. This is done through the relation13

IvW iv ]« = g h

where g is obtained from

g  = (3/p) -  (2/p 2)

in which p is the number of branches.
Viscosity-average molecular weights (Mm') for the branched polymers 

can also be calculated from intrinsic viscosity by similar transformations 
of eq. (4). They are consistent with the other values because coupling 
inherently decreases the differences between Mk and Mw. Application
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of these relations to polymers dissolved in good solvents appears to be 
justified by work reported for randomly branched polybutadienes.J4

The authors are indebted to Dr. R. Q. Gregg for the molecular weight measurements 
and to M. G. Rarker for the polymer fractionations.
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Resume
On a synthétisé des polybutadienes ramifiés à trois et quatre chaînes latérales en 

couplant des solutions très diluées de polybutadiényllithium linéaire avec des quantités 
stoechiométriques de méthyltrichlorosilane ou de tétrachlorure de silicium. Ces 
polymères possèdent trois ou quatre longues chaînes ( 100 à 2000 atomes de carbone) 
fixées sur un seul atome.

Zusammenfassung
Radiale Tri- und Tetrakettenpolybutadiene wurden durch Kupplung sehr verdünnter 

Lösungen von linearem Polybutadienyllithium mit stöchiometrischen Mengen von Meth- 
yltrichlorsilan oder Siliziumtetrachlorid synthetisiert. Diese Polymere besitzen drei 
oder vier lange Ketten (100-2000 Kohlenstoff-atome), die an einem Atom befestigt sind.
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Rheological Properties of Multichain Polybutadienes

GERARD KRAUS and J. T. GRUVER, Research and Development 
Department, Phillips Petroleum Company, Bartlesville, Oklahoma

Synopsis
The introduction of one or two long chain branches into a polybutadiene molecule to 

form trichain or tetrachain molecules, respectively, leads to profound changes in rheolog
ical behavior. At low molecular weights the Newtonian (zero shear) viscosity is de
creased relative to a linear polymer of the same molecular weight. At molecular weights 
exceeding 60,000 (trichain) or 100,000 (tetrachain), the Newtonian viscosity rises rapidly 
above the corresponding value for a linear polybutadiene. However, non-Newtonian 
behavior of the branched polymers becomes more pronounced the higher the molecular 
weight, so that at moderate to high shear rates the viscosity of the branched polymers 
is uniformly lower than that of linear polymers of identical molecular weight.

I. INTRODUCTION

The flow properties of polybutadienes obtained by n-butyllithium 
initiation have been the subject of an earlier report.1 Relative to most 
polymer systems described in the literature, these elastomers were shown 
to exhibit Newtonian flow to a surprisingly high degree. This apparently 
unusual behavior was ascribed to the extreme narrowness of the molecular 
weight distribution and freedom from long chain branching in these 
polymers. In the present work we have examined the effect of long-chain 
branching on the rheological properties of polybutadiene.

It is possible to prepare branched polymers of controlled structure by 
terminating n-butyllithium-initiated polymer with a polyfunctional 
reagent, e.g., methyltrichlorosilane. The result is a multichain “star
shaped” polymer. Some measurements of the bulk viscosity of multichain 
polymers have already been reported in the literature. Schaefgen and 
Flory2 worked with multichain poly-e-caprolactams and observed little 
effect of branching on the bulk viscosity except for octachain polymers. 
In the latter case the branched polymers had lower viscosity than linear 
polymers of the same molecular weight. Chaiiesby3 reported on poly- 
dimethylsiloxanes branched by irradiation and also observed a lowering of 
the bulk viscosity for branched polymer. Recently Fox and Allen4 have 
described results of studies made with multichain polystyrenes. In their 
paper they indicate that multi chain molecules with 3, 4, and 8 branches 
have progressively lower bulk viscosities than the corresponding linear 
polymer, and the viscosities obey the well-known 3.4 power law in weight- 
average molecular weight.

105



106 G. KRAUS AND J. T. GRUVER

Theoretical treatments by F. Bueclie5 and Ham6 have also predicted 
a lowering of the Newtonian viscosity due to branching. On the other 
hand, a recent study by Berry7 on branched poly(vinyl acetates) has 
shown that sufficiently long branches can lead to increases in the melt 
viscosity.

It will be shown that the effect of long-chain branching on the rheo
logical properties of polybutadiene appears to depend primarily on the 
relation of the branch length to the entanglement spacing molecular 
weight. Thus, we shall demonstrate that at low molecular weights the 
viscosity of a multichain polybutadiene is less than that of a linear poly
butadiene of equal molecular weight, in agreement with the work quoted 
above. On the other hand as the molecular weight increases to the point 
where each branch contains several entanglements, the reverse becomes 
true. Along with this effect the flow becomes strongly non-Newtonian.

II. EXPERIMENTAL

A. Polymers
The multichain polybutadienes used in these experiments were pre

pared by R. P. Zelinski and C. F. Wofford. Their synthesis is described 
in detail in the accompanying paper.8

B. Viscosity Measurements
Three methods were used in the determination of viscosity. For liquid 

polymers (<2,000 poise) an Ostwald-Cannon-Fenske viscometer was 
used. All other polymers were investigated with a capillary extrusion 
rheometer and several rubbers in excess of 100,000 molecular weight by the 
tensile creep technique. The capillary extrusion rheometry is described 
in more detail in an earlier paper.1 To obtain the lowest shear rates 
reported here capillaries with L /R  ratios of 100 were used; most of the data 
at higher shear rates were obtained with L/R  ~  18.

The creep measurements were carried out as follows. The polymers 
were dissolved in benzene and cast on pools of mercury. The resulting 
films were approximately 0.5 mm. thick. Creep samples (0.317 cm. in 
width) were died out from these films. Gage marks were placed on the 
samples after which they were clamped in a holder and placed in glass 
tubes sealed in a thermostated water bath. The small weights attached 
to the other end of the sample rested on pistonlike supports. The support 
was pulled out rapidly to start the test. The creep was followed with a 
cathetometer reading to 0.005 cm. Elongations were kept below 10% 
to avoid serious complications due to change in cross section.

Methods of calculation have been described previously.1 All capillary 
extrusion measurements were corrected for entrance effect and maximum 
shear rate at the wall as described by Philippoff and Gaskins.9 Vis
cosities from creep data were calculated by the permanent set method:10

v = t/S[J(t) -  J'(oo)] = Slot/3AZ ( 1)
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where «/(f) is the tensile compliance at time t, the recovered elastic
compliance, S  the tensile stress, k  the original length of the specimen, 
and Al the permanent set.

III. CHARACTERIZATION OF MULTICHAIN POLYBUTADIENES

A potential difficulty in the synthesis of multichain polymers by the 
present method is the possibility of halogen-metal interchange. This 
would lead to molecules of differing functionality.11 As Zelinski and 
Wofford8 point out, this complication did not occur here. Their results 
also show the yield of multichain polymer at optimum stoichiometry to 
be in the vicinity of 90%. Accordingly, no attempt was made to isolate 
the multichain polymer in pure form for the rheological measurements.

POLYBUTADIENYL LITHIUM /CH3 Si Cl 3

Fig. 1. Determination of optimum coupling ratio for polymer D.

It was felt that, with an unsaturated polymer, the possibility of degrada
tion during fractionation might lead to more serious complications than 
a relatively small amount of the uncoupled species.

To establish the optimum coupling ratio the bulk viscosity itself was 
used as the criterion. Figure 1 shows a typical set of plots of bulk vis
cosity at several rates of shear versus coupling stoichiometry for a trichain 
polymer. In this and all other sample series investigated the maximum 
in viscosity occurred between 2.7 and 3.3 coupling ratio for trichain
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polymers, i.e., near the theoretical value of 3.0. For tetrachain polymers 
the maximum occurred between 3.8 and 4.2. Ultracentrifuge sedimenta
tion velocity experiments on the peak viscosity members of each series 
showed the presence of a single boundary, thus failing to detect or resolve 
the presence of uncoupled or dichain polymers. Fractionation of some of 
the polymers in a Baker-Williams column18 led to recovery of about 90% 
of the total weight of the sample as the appropriate multichain species.8 
These considerations suggest that halogen-metal exchange did not seriously 
interfere with the preparation of multichain polymer in high yield. Fur
ther confirmation for this is shown in Table I listing molecular weight data 
prior to and after coupling.

The weight-average molecular weight prior to coupling was found from 
the intrinsic viscosity in toluene (25°C.) by using a correlation with light" 
scattering molecular weights:*

[i»] = 2.17 X 10 - W M°-76 (2)
The number-average molecular weight was found by calculation from the 
initiator level after correction for n-butyllithium destroyed by impurities 
and unreacted initiator remaining after the polymerization is complete. 
The correction was determined separately for each experiment. For the 
coupled polymer several molecular weight estimates are given. The 
sedimentation velocity molecular weight was calculated from the sedi
mentation coefficient in «-heptane by using a correlation developed for 
linear polymer:

« = 4.53 X 10" 15 Mw°-m  (3)

i.e., any possible effects of long-chain branching on the sedimentation 
coefficient were neglected, a procedure which may not be entirely justified. 
The viscometric value was obtained by correcting the intrinsic viscosity 
by the Zinun and Kilb14 relation:

fo]»/fo]« = gm  (4)

where [77 ]* and h ] ; are the intrinsic viscosities of the branched and un
branched molecules, respectively, and

g = (3/p) -  (2/p2) (5)

For trichain polymers, p = 3 and g = 7/ 9; similarly, for tetrachain poly
mers g = 6/ 8. Equation (2) was then applied to the corrected intrinsic 
viscosity. It should be noted that eq. (4) applies theoretically only to 
a theta solvent. However, it has been shown that its validity is not 
seriously impaired even in good solvents.12,16 Four of the trichain and 
all of the tetrachain polymers were checked by light scattering. Finally, 
the calculated Mw in Table I were obtained from the molecular weight

* Reference 1 lists an equation with slightly different parameters. The present for
mula represents a revision resulting from additional determinations.
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data on the uncoupled rubbers, taking into account the sharpening of the 
molecular weight distribution due to random coupling (see Appendix). 
The generally good agreement between the various estimates is further 
evidence for the high content of multichain molecules in the coupled 
polymers.

IV. RESULTS OF RHEOLOGICAL MEASUREMENTS

Table II lists the capillary extrusion rheometer data obtained. A sum
mary of all Newtonian viscosities is shown in Table III.

Figure 2 shows a typical tensile creep curve. The dashed line connects 
the final experimental point on the creep curve with the measured re
coverable compliance plotted at ¿ = 0 ; the slope of this line is therefore 
equal to (1/3tj). For all trichain polymers of Mw < 180,000 the behavior 
was as shown in Figure 2; i.e., steady state was either attained or ap
proached quite closely in the duration of the experiment. Above this 
molecular weight, the creep tended to become increasingly nonlinear, 
giving rise to smaller viscosities as the tensile stress was increased. In 
other words, these creep viscosities appear to be non-Newtonian. A 
summary of the creep data is shown in Table IV. For the highest molec
ular weight trichain polymer, A, recovery was in excess of 95%, leading 
to very high and poorly defined viscosity values. The extreme non
linearity in the creep compliance of this polymer is illustrated in Figure 3. 
It almost appears as if the polymer were crosslinked, but this is not the 
case, the rubber being completely soluble in benzene. This behavior

Fig. 2. Typical creep curve for trichain polybutadiene at 25 ° C . (polymer R, tensile
stress “  17,200 dynes/cm.11).



TABLE II. Capillary Viscometer Data

Polymer
Temp.,

°K.
/  X 10 “6, 

dynes /cm .2
S,

sec.-1

A 379 0.44 0.021
0.57 0.051
0.66 0.15
0.84 0.21
1.12» 0.48
1.28 0.64
1.51 1.01
1.63 1.15
1.80 1.56
1.92 1.77
2.17 2.56
2.22 2.56
2.36 3.13
2.54 3.68

B 379 0.0198 0.0011
0.039 0.0021
0.062 0.0039
0.112 0.0086
0.17 0.0162
0.225 0.025
0.28 0.042
0.34 0.066
0.39 0.098
0.50 0.37
0.67 0.71
0.87 1.72
0.99 2.46
1.17“ 3.84
1.29 4.60
1.48 7.43
1.68 9.55
1.82 12.8
1.96 14.6
2.20 19.7
2.29 23.0
2.43 27.5

C 299 0.34 0.054
0.65 0.187
0.99» 0.54
1.18 0.89
1.33 1.17
1.52 1.71
1.67 2.10
1.86 2.83
2.01 2.87
2.20 4.32
2.34 5.05
2.53 6.53
2.69 7.99
2.91 9.64

C 379 0.017 0.014
1) 041 0.033
0.63 0.051
0.130 0.096
0.170 0.167

(icontinued)



TABLE II (c o n t i n u e d )

Polymer

C

I)

D

Temp.,
°K.

379

299

379

299

/  X 10-6, s,
dynes/cm.2 see.-1

0.22 0.25
0.28 0.36
0.33 0.53
0.34 0.62
0.40 0.76
0.50 1.37
0.72 3.00
0.88 5.13
1.01 6.86
1.19» 10.3
1.33 13.8
1 .GO 22.6
1.71 25.2
1.92 35.2
2.07 40.9
2.22 51.7
2.36 59.8
0.33 0.13
0.53 0.32
0.65 0.52
0.82 0.83
1.00» 1.50
1.17 2.23
1.33 3.21
1.52 4.58
1.65 5.56
1.83 7.53
2.01 10.1
2.19 13.1
2.36 16.1
2.50 19.1
2.68 23.2
2.87 29.9
0.17 0.90
0.36 2.45
0.52 4.24
0.68 7.59
0.87 10.8
1.02 17.1
1.25 27.7
1.39 40.9
1.58» 56.9
1.73 72.4
1.91 95.5
2.08 119
0.085 1.28
0.194 3.05
0.36 6.29
0.54 10.7
0.72 15.6
1.07 27.6
1.23 38.6
1.42 44.6
1.60 57.7
1.75 72.2



TABLE II (c o n t in u e d )

Polymer
Temp.,

°K.
/  X 10“», 
dynes/cm.2

8,
sec._1

E 379 0.088 23.8
0.18 32.1
0.27 64.0
0.34 91.2
0.52 143
0.63 159
0.70 200
0.88 287

II 379 0.01,5.5 0.0022
0.032 0.0028
0.045 0.0054
0.088 0.0083
0.134 0.0152
0.181 0.024
0.214 0.037
0.30 0.071
0.33 0.105
0.52 0.34
0.70 1.01
0.83 1.81
0.90 2.46
1.08 4.23
1.42“ 9.45
1.76 17.9
2.07 28.6
2.45 44.8
2.74 61.0
3.13 89.7

J 379 0.0111 0.225
0.0223 0.45
0.0317 0.61
0.0449 0.88
0.090 1.74
0.096 1.86
0.13 2.64
0.214 4.41
0.215 3.84
0.31 7.03
0.39 7.79
0.57 15.3
0.77 26.4
0.94 55.0
1.12 59.8
1.48 114
1.86“ 187
2.20 283

K 379 0.106 122
0.215 286
0.42 542
0.57 737
0.81 1140
0.96 1440
1.18 1920
1.58 3010
2.00 4560

* First appearance of extrudate roughness.



114 G. KRAUS AND J. T. GRUVER

TABLE III
Newtonian Viscosities

Temp., Viscosity,
Polymer V My,/1000» °K. poise

A 3 303 379 _b
B 3 180 379 1.84 X 107
C 3 144 379 1.24 X 106
D 3 109 379 2.2 X 10s

299 2.7 X 106
E 3 58 379 4.7 X 103

299 6.4 X 104
F 3 20.6 379 59.3
G 3 10.1 379 5.5

299 61.2
H 4 182 379 1.1 X 107
J 4 105 379 5.0 X 104
K 4 45 379 7.0 X 102
L 4 27.6 379 95.0
M 4 12.9 379 5.9

" Intrinsic viscosity.
b Non-Newtonian over entire range of shear rates investigated.

TABLE IV
Viscosities from Tensile Creep (25°C.)

Tensile
stress, Viscosity,

Polymer MwR dynes/cm.2 Mpoise

A 303,000 13,000 330,000 (?)
211,000 29,000 (?)

B 180,000 17,000 540
32,000 620
71,000 340

211,000 416
C 144,000 5,500 30.4

8,400 31.0
13,000 31.0
52,000 28.4

D 109,000 2,400 7.8
6,000 5.9
6,500 6.3

1 Intrinsic viscosity.

appears to be characteristic of high molecular weight branched polymers. 
Further evidence of this will be given in a subsequent report.

Figure 4 is a composite plot of the data on trichain polymers (Table II) 
with the rheological curve,s at 299°K. shifted to 379°K. by use of appro
priate shift factors. The values of these shift factors are given in Table V. 
This compares to a mean shift factor of about 11 for linear polybutadienes 
between these temperatures.1 Evidently the introduction of long chain
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Fig. 3. Creep of trichain polybutadiene A at 26°C. at various stresses: (V) 5.5 X 
106 dynes/cm.2; (A) 4.7 X 105 dynes/cm.2; (□) 4.0 X 106 dynes/cm.2; (O) 2.0 X 
106 dynes/cm.2; ( • ;  1.6 X 105 dynes/cm.2.

TABLE Y

Polymer Af»a ab

C 144,000 11.5
D 109,000 12.5
E 58,000 13.5
G 10,100 11.1

Mean 12.15

a Intrinsic viscosity. 
b a  =  27299/̂ 7379

branching has little, if any, effect on the activation energy for flow. Figure 
5 is a similar plot of the data on tetrachain polybutadienes (at 379°K.).

Finally, in Figure 6 the zero shear Newtonian viscosities are plotted 
against Mw and compared to the corresponding curve for the linear 
polymers.1

V. DISCUSSION

Figure 6 shows clearly that, whereas the linear polymers follow the 
usual behavior, i.e., a 3.4th power dependence with Mw above a certain 
critical molecular weight, the multichain polybutadienes do Mot. It has 
been reported that with multichain poly-e-caprolactams2 and multichain 
polystyrenes,4 the melt viscosity of a branched polymer is decreased 
relative to a linear polymer of the same Mw. In the present work this is 
found only when Mw <  60,000 for the trichain polymers or Mw < 100,000 
for the tetrachain species.
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Fig. 4. Rheological curves for trichain polybutadienes: (O) 379°K.; ( • )  299°K.
(shifted to 379°K.).

Above these molecular weights the slope of the curves increases rapidly, 
with the viscosity of the multichain molecules eventually becoming 
several orders of magnitude greater than that of the linear polymers. 
We propose the following explanation for this behavior. At low molecular 
weights, when the branches of the multichain polymers are not much longer 
than the entanglement spacing molecular weight M e (about '5,600 for n- 
butyl-lithium-initiated polybutadiene),* flow occurs with little coupling 
between molecules. The principal factor governing viscosity is then the

* In this paper as well as in the previous one,1 we have followed Markovitz, Fox, and 
Ferry16 in identifying the break in the viscosity-molecular weight curve directly with the 
molecular weight between entanglements.
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Fig. 5. Rheological curves for tetrachain polybutadienes (379°K.).

size of the polymer coil, which is smaller for the branched molecules. 
Ultimately, however, entanglements of branches belonging to different 
molecules appear to lead to extensive coupling as the branch length is 
increased. Such entanglement coupling occurs also in purely linear 
polymers, but in the branched polymer the branch point assumes the role 
of a permanent constraint, incapable of slippage during flow under low 
shear stresses. This constraint eventually outweighs the coil dimension 
effect and the viscosity becomes larger than that of the linear polymer. 
The crossover point appears to be related to Me. In the present system 
it occurs when the branch length is roughly 3M e for trichain and 4Iff, for 
the tetrachain polymer, If the same were true in polystyrene, where
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LOG Mw

Fig. 6. Dependence of Newtonian viscosity on molecular weight: (O) linear; (□}
trichain; (A) tetrachain.

Me =  38,000, the crossover would occur above 350,000 molecular weight, 
which is outside the range studied by Fox and Allen.4

It is of interest to note that below 50,000 molecular weight our data are 
in reasonably good agreement with the theory of Bueche.5 This is ap
parent from a comparison of the ratios with giA (Table VI).

TABLE VI

V g g ZA Wm

1 or 2 1.000 1.00 1.00
3 0.778 0.43 0.46
4 0.625 0.20 0.22

That the behavior of the high molecular weight branched polybuta
dienes—though at variance with the Bueche and Ham theories—is real 
and is not caused by structural imperfections can be established from the 
following. Dilution with linear polymer due to incomplete coupling may 
alter somewhat the quantitative relationships at zero shear but cannot 
produce an increase in viscosity as is apparent from Figure 1, nor can it 
produce a crossover in the viscosity-molecular weight relation. Likewise, 
several facts may be quoted against the possibility of uncontrolled cross- 
linking.
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(a) All polymers, linear or branched, were gel-free and filtered freely 
through the Millipore filters used to clarify the solutions for light scattering 
measurements.

(b) None gave unreasonably high molecular weights by light scattering.
(c) When viscosity measurements were taken at ascending and de

scending shear rates in the capillary rheometer, the results were found to 
coincide. Crosslinking in the rheometer invariably results in a discrepancy 
in ascending and descending sets of data.

(d) Measurements taken at room temperature (Table III), in which 
the polymer was never heated were entirely consistent with the data 
taken at 379 °K.

Fig. 7. Viscosity vs. molecular weight at shear rate 20 sec. k (O) linear; (□) tri
chain; (A) tetrachain.

Comparison of the entire flow curves for linear and multichain poly
butadienes reveals that the branched polymers deviate far more from 
Newtonian behavior than do the linear polymers. Figure 7 shows ?? 
versus ;17„. at s = 20 sec."1, the data for linear polymers being taken from 
the previous paper.1 At this shear rate the curves for the multichain 
polymers lie entirely below that representing the linear polymers. It 
has been proposed by Porter and Johnson17 that the importance of polymer 
entanglements becomes less with increasing shear and that the limiting 
high shear viscosities should increase with molecular weight in a manner 
similar to unentangled molecules. In the limit of high shear rate both 
the linear and multichain polymers would then exhibit viscosities roughly 
proportional to the first power of molecular weight with the branched 
polymers lying below the linear ones. The behavior observed at i  = 20
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sec.” 1 might be expected of a stage intermediate in the approach to the 
high shear viscosity regime.

Comparison of the zero-shear viscosities from capillary extrusion data 
and creep—after the appropriate temperature shift—reveals a discrepancy 
of the order of a factor of 2 in the direction of higher viscosity from the 
creep data. This is generally not observed in linear polybutadienes.1 
We ascribe this behavior to a small increase in molecular weight due to 
cross-linking in the preparation of the creep samples. According to 
Figure 6, the slope of the logarithmic viscosity-molecular weight relation
ship for trichain polymers above Mw = 100,000 is of the order of 9. An 
8% increase in molecular weight would suffice to produce the effect 
observed.

We, finally, wish to comment further on the unusual behavior of polymer
A. Its extremely high viscosity and nonlinear creep are not unlike the 
behavior of high molecular weight polysiloxanes reported by Plazek, 
Dannhauser, and Ferry.18 These results indicate that in polymers of 
high molecular weight, coil-coil interactions are much greater than those 
normally seen in polymers of moderate molecular weights where the classical 
tj-M 3-4 relationship applies and that this behavior may be accentuated 
by branching.

APPENDIX

Narrowing of Molecular Weight Distribution Due to Coupling

Let f n(M) be the number distribution function of molecular weights.
The number-average, and weight-average molecular weights will be

M n
u ;

f n(M)MdM ]/[/; U M )dM (fi)

and

Mw = I I (7)

Making use of the definition of the variance of the distribution, <rn\  it is 
easily shown that

o-B2 = M n(Mw — 17,,) (8)

regardless of the particular form of
If the molecules are coupled i  at a time, the variance of the numbers 

distribution of the coupled polymer will be

an2 = xan2

and the mean
(9)
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Since eq. (8) also holds in the primed (coupled) distribution

xMn(Mw -  M n) = -  I » '), (11)
from which

M J  = Mw +  (x -  1 )Mn (12)
and

Mw'/M n' = M j M n + (x -  1) /x (13)
The authors are indebted to Drs. R. P. Zelinski and C. F. Wofford for the preparation 

of the polymers and to Dr. R. Q. Gregg for the molecular weight measurements.
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Résumé
L’introduction d’une ou deux carnifications à longue chaîne dans une molécule de 

polybutadiene, pour former des molécules à trois ou quatre chaînes respectivement, 
provoque des changements importants dans le comportement rhéologique. Pour des 
faibles poids moléculaires, la viscosité Newtonienne (cisaillement zéro) est diminuée 
comparativement aux polymeres linéaires de même poids moléculaire. Pour des poids 
moléculaires, supérieurs a 60.000 (trois chaînes) la viscosité Newtonienne augmente 
rapidement pour dépasser la valeur correspondante d ’un polybutadiene linéaire. Néan
moins, plus le poids moléculaire augmente, plus le comportement non-Newtonien des 
polymères ramifiés devient prononcé, de sorte que, pour des vitesses de cisaillement 
modérées et élevées, la viscosité des polymères ramifiés est uniformément plus faible 
que celle des polymeres linéaires d’un poids moléculaire identique.

Zusammenfassung
Die Einführung einer oder zweier langer Kettenverzweigungen in ein Polybutadien

molekül unter Bildung drei- bzw. vierkettiger Moleküle führt zu tiefgreifenden Änder
ungen im rjeologischen Verhalten. Bei niedrigen Moleukulargewichten wurde die New-
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tonsche (Scherung Null) Viskosität relativ zu einem linearen Polymeren vom gleichen 
Molekulargewicht herabgesetzt. Bei Molekulargewichten oberhalb 60.000 (dreikettig) 
oder 100.000 (vierkettig) steigt die Newtonsche Viskosität rasch über den entsprechenden 
Wert für ein lineares Polybutadien an. Hingegen tritt das nicht-Newtonsche Verhalten 
der verzweigten Polymeren bei hohem Molekulargewicht stark hervor, sodass bei massi
gen bis hohen Schergeschwindigkeiten die Viskosität des verzweigten Polymeren ein
heitlich niedriger als diejenige linearer Polymerer mit identischen Molekulargewichten 
ist.

Received January 7, 1964 
Revised March 27, 1964
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Stereospecific Polymerization of 2-Substituted
1,3-Butadienes. II. Stereospecific Polymers 

of 2-n-Propyl-l,3-Butadiene

W. MARCONI, A. MAZZE1, S. CUCINELLA, M. CESARI, and E. 
PAULUZZI, SNAM-Laboratori Riuniti Studi e Ricerche, San Donato,

Milano, Italy

Synopsis
The stereospecific polymerization of 2-n-propjd-l,3-butadiene with aluminum alkyls 

or aluminum hydride and different transition metal salts was investigated. The 
behavior of this monomer with respect to the various catalysts employed is similar 
to that of isoprene. With the AlEta-TiCL and AlHCLTCsFL^O-TiCL systems, 
rubbery polymers are obtained whose infrared spectra are consistent with the 1,4-eis 
structure. With the AlEts-Tiff-CsLLOh catalyst, a low molecular weight polymer 
with a prevailing 3,4 structure is obtained. The AlEt3-VCl3 system gives a crystalline 
product melting a t 42°C. The identity period has been determined, and two possible 
chain conformations are proposed.

INTRODUCTION

Stereospecific polymerization of 2-ferf-butyl-l, 3-butadiene and its 
crystalline 1,4-cfs polymers have been previously reported.1

In the field of polymerization of 2-alkyl-substituted diolefins with 
stereospecific catalysts, we have extended our research to the polymers of
2-n-propyl-l ,3-butadiene.

I t is well known that it is possible to obtain a polymer of butadiene and 
isoprene with a predominantly 1,4-cfs,2' 4 1,4-frans,5 and 1,26-7 (or 3,4) 
structure by using stereospecific catalysts prepared from aluminum alkyls 
or aluminum hydrides and different transition metal salts.

Similar behavior, with respect to the various catalysts employed, is 
shown by 2-n-propylbutadiene. I t is thus possible to obtain elastic, 
rubbery polymers with a prevailing 1,4-cfs structure, amorphous low 
molecular weight polymers with a 3,4 configuration, and 1,4-Irans crystal
line polymers.

EXPERIMENTAL

Materials
The monomer was prepared by catalytic éthynylation in liquid ammonia 

of n-propyl methyl ketone, followed by selective hydrogenation on Pd/
123
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CaC03 and dehydration over alumina. The product was distilled through 
a fractionating column and the portion boiling at 91 to 94 °C. collected. 
The monomer was 99.5% pure according to chromatographic analysis and 
was distilled on Na-K alloy at reduced pressure just before use.

TiCl4 was a commercial product used without further purification. 
A1(C2H5)3 was produced by Ethyl Co. (purity about 97%). Aluminum 
chlorohydride was prepared according to the literature.8 Reagent-grade 
benzene and n-heptane were used as solvents; they were purified and dis
tilled over sodium in a nitrogen atmosphere before use.

Polymerization

The polymerizations were carried out in screw-cap bottles as previously 
described.1 The catalyst was prepared in the presence of monomer with 
addition of reagents in the order: solvent, transition metal compound, 
monomer, and aluminum compound. The polymer was precipitated with 
methanol-HCl in the presence of an antioxidant and purified by dissolving 
in benzene and precipitating with methanol.

Polymer Characterization

X-ray diffraction patterns were obtained with a Philips diffractometer 
equipped with proportional counter.

Infrared spectra of the polymer as carbon disulfide solutions or films 
obtained by slow evaporation of the solvent were obtained with a Perkin- 
Elmer 21 spectrometer.

The intrinsic viscosity [??] was determined in toluene at 30 °C. in a 
Ubbelhode suspended-level viscometer.

RESULTS AND DISCUSSION

Some results of our polymerization tests are reported in Table I.
By means of the catalytic system Al(C2H6)3-TiCl4 or 

AlHCl2-0 (C2H6)2-TiCl4 (runs 1 and 2) it is possible to obtain an elastic 
amorphous polymer whose infrared spectrum, shown in Figure 1A , is very 
similar to that of a 1,4-cfs-polyisoprene.

As in the cfs-polyisoprene, a very strong band at 11.9 n, due to the C—H 
out-of-plane vibration,9 is present. The relative intensity of the CH2 
and CH3 deformation bands at about 7 n is in the ratio expected for a higher 
content of CH2 with respect to CH3.

The 8.83 band, which we shall discuss later, is attributed to a 1,4- 
cis configuration. The presence of the vinylidene C—H deformation band 
at 11.23 ii and of the C =C  stretching band at 6.08 n (the latter partially 
overlapped by the C=C stretching band of 6.02 n due to the internal 
double bond) are evidence of a certain amount of 3,4 configuration.

Further evidences of the 3,4 configuration content are given by the com
parison with the spectrum in Figure IB  of the poly-2-n-propylbutadiene 
obtained with the Al(C2H5)3-T i(0 -i-C3H7)4 catalyst system (runs 5 and 6).
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Fig. 1. Infrared spectra of poly-2-n-propyl-l,3-butadienes: (A) 1,4-cfs; (B) 3,4;
(C) 1,4-trams.

It should be pointed out that this catalyst system yields polyisoprene 
essentially in the 3,4 configuration.10

In the spectrum of Figure IB, the 3,4 configuration is identified beyond 
any doubt from the 6.08 and 11.23 y bands and from the C—H stretching 
band at 3.25 y. The assignment of the 11.45 y  band is not equally certain. 
Saunders and Smith11 assigned the 11.49 y  band in polyisoprene to a CH3 
wagging, while Binder9 has classified it as a crystallinity band. On the 
other hand, if these bands are generated by the same motion, we exclude 
the crystalline origin of these bands because our polymer is a high viscosity 
liquid.

Polymerization of 2-n-propyl-butadiene with Al(C2H6)-VCl3 yielded a 
solid, crystalline polymer which is very difficult to purify (runs 3 and 4). 
The infrared spectrum of this polymer is shown in Figure 1C. The 8.73 
y band is attributed to a 1,4-trans configuration. We find this reasonable 
if we consider that in polyisoprene the analytical band for the 1,4-trans 
appears at 8.68 y  while for the 1,4-cfs the same band is seen at 8.85 y.

Further a band at 8.78 y  has been found in l,4-cfs-poly-2-terf-butyl- 
butadiene.1 On this basis we attribute primarily a 1,4-trans configuration 
to the polymer prepared with A1(C2H6)3-VC13, as a source of the band at 
8.73 y. On the other hand, the 1,4-cfs configuration can lie assumed for
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Fig. 2. X-ray diffractometer pattern of the 1,4-inwls form of the poly-2-ji-propyl- 1,3-
butadiene.

the polymer prepared with A Hits- -TiC'h or AlHCk-O^Hs^-TiCh, on the 
basis of the band at higher wavelength (8.83 ¡i).

The assignment of the 8.68 and 8.85 g bands in polyisoprene is doubtful. 
Saunders and Smith11 attributed the 8.85 a band to a CH2 wagging, Suther
land and Jones12 to a CH3 in plane deformation. Binder9 confirmed that 
the 8.68 and 8.85 y, bands are due to a C—CH3 vibration of the 
C(CH3)=C H  group.

The absence of a methyl group directly bonded to an unsaturated carbon 
in both poly-2-n-propylbutadiene and poly-2-ferf-butylbutadiene led us to 
think that these bands, if their origin is the same, cannot be related to a 
CH3 vibration.

Examination of the trans polymer by an x-ray diffraction technique shows 
that it is partially crystalline. Its diffractometer pattern, shown in Figure 
2, presents three sharp reflections. The melting point is about 42 °C. 
The fiber spectrum gives an identity period along the fiber axis of 9.2 ±
0.1 A. The equatorial layer may be interpreted on the basis of a rectangular 
net with the following axis: a' = 10.95 A. and b' = 6.65 A. By assuming 
four monomeric units per unit cell, a density of d0 = 0.95 is calculated, in 
good agreement with the observed density do = 0.92.

The experimental value of the identity period is consistent with a chain 
built up by a succession of two monomeric units, both characterized by 
a trans configuration of the double bond. In fact, all models of 1,4-cis 
polymers of 1,3-butadiene theoretically predicted and experimentally 
found, have values of the identity period ranging from 8.1 (as the poly-1,4- 
m-isoprene13'14 to 8.6 A. (as the poly-1,4-cfs-butadiene15) ; the only 
way of lengthening such a period would be improbable alterations of bond 
length and bond rotational angles.

On the contrary, for the trans configuration, two chain models are pro
posed by Bunn for a  and y  gutta-percha14 with a period very close to that
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found for the poly-n-propylbutadiene. These models may be defined by 
internal rotational angles of the single bonds as shown in Table II.

TABLE II

Cl 02 n3 (Ti O f,

Model I 120° 240° 180° 240° 120°
Model II 120°

oO OO00 240° 240°

The <r angles are referred to the single bonds as shown in Figure 3: for 
instance, cr2 is the angle between the planes P (2,3,4) and P (3,4,5). The 
identity period is for both models 9.2-9.4 A., depending on the angles near 
the double bond (120°-125°).

Fig. 3. Segment of a chain of the 1,4-irans-polybutadiene stretched in a plane. In
ternal rotational angles of the single bonds, o-j, are indicated for two consecutive mono
meric units.

In Figure 4 the two possible models of chain for the poly-2-n-propyl- 
butadiene are presented; the side groups being placed in accord with the 
principle of the maximum displacement of the single bonds. The di-

Fig. 4. Chain models for the 1,4-irans poly-ra-propyl-1,3-butadiene in agreement with 
experimental identity period: (top) model I; (bottom) model II.
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mensions of the section of the unit cell indicates that model II is the more 
probable.

References
1. Marconi, W., A. Mazzei, S. Cucinella and M. Cesari, J. Polymer Sei., A3, 123 

(1965).
2. Saltman, W. M., W. E. Gibbs, and J. Lal, J. Am. Chem. Soc., 80, 5615 (1958).
3. Marconi, W., A. Mazzei, S. Cucinella, and M. De Maldé, Makromol. Chem., 71, 

118 (1964); ibid., 71, 134 (1964).
4. Phillips Petroleum Co., Belgian Pat. 551,851 (Oct. 17, 1956).
5. Natta, G., L. Porri, P. Corradini, and D. Morero, Chim. Ind. (Milan), 40, 362

(1958) .
6. Natta, G., L. Porri, G. Zanini, and A. Palvarini, Chim. Ind. (Milan), 41, 1163

(1959) .
7. Mazzei, A., S. Cucinella, W. Marconi, and M. De Maldé, Chim. Ind. (Milan), 

45,528(1963).
8. Wiberg, E., et al., Rev. Acad. Cienc. Exact. Fis. Quim. Nat. Zaragoza, 9, 91 (1954).
9. Binder, J. L., J. Polymer Sei., Al, 37 (1963).

10. Montecatini, Belgian Pat. 549,554 (July 14, 1956).
11. Saunders, R. A., and D. C. Smith, J. Appl. Phys., 20, 953 (1949).
12. Sutherland, G. B. B. M., and A. V. Jones, Discussions Faraday Soc., 9, 281 (1950).
13. Nyburg, S. C., Acta Cryst., 7, 385 (1964).
14. Bunn, C. W., Proc. Roy. Soc. (London), A180, 40 (1942).
15. Natta, G., and P. Corradini, Nuovo Cimento Suppl., 15, 111 (1960).

Résumé
On a étudié la polymérisation stéréospécifique du 2-n-propyle-l,3-butadiène avec des 

alcoyles aluminium ou l’hydrure d ’aluminium et différents sels de métaux de transition. 
Le comportement de ce monomère avec les différents catalyseurs employés est semblable 
à celui de l’isoprène. Les systèmes AlEtä-TiCL et A1HCL • ̂ H shO -T iC L  donnent des 
polymères caoutchouteux, dont les spectres infra-rouges révelènt une structure 1,4-cis. 
Au moyen du catalyseur AlEt3-Ti(iC 3H70)4 on obtient un polymère de bas poids molé
culaire possédant une structure prédominante 3,4. Le système AlEt3-VC )3 donne un 
polymère cristallin qui fond à 42°C. La période d’identité est déterminée et deux con
formations possibles de chaîne sont proposées.

Zusammenfassung
Die stereospezifische Polymerisation von 2-n-Propyl-l,3-butadien mit Alumiuium- 

alkylen oder Aluminiumhydrid in verschiedenen Übergangsmetallsalzen wurde un
tersucht. Das Verhalten dieses Monomeren ähnelt in bezug auf die verschiedenen 
verwendeten Katalysatoren demjenigen von Isopren. Mit AlEL-TiCh und AlHCL- 
(CsHshO-TiCL-Systemen werden kautschukartige Polymere erhalten, deren Infrarot
spektren der 1,4-cîs-Struktur entsprechen. Mit dem AlEt3-Ti( ¿C3H7O4)-Katalysat< 1 r 
wird ein niedrigmolekulares Polymeres mit vorwiegender 3,4-Struktur erhaten. Das 
AlEts-VCL-System liefert ein kristallines, bei 42 °C. schmelzendes Produkt. Die 
Identitätsperiode wurde bestimmt, und zwei mögliche Kettenkonformationen werden 
vorgeschlagen.
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Phase Equilibria of Polymer-Solvent Systems at High 
Pressures Near Their Critical Loci.

II. Polyethylene-Ethylene

PAUL EHRLICH,* Plastics Division Research Laboratory, 
Monsanto Company, Springfield, Massachusetts

Synopsis

The system polyethylene-ethylene exhibits the same type of phase behavior as that 
described earlier for polyethylene-n-alkane systems well above the boiling points, or 
above the critical points of the solvents. In this case, the solvent is always above its 
critical temperature in the region investigated, and one has here another case of infinite 
polymer-gas miscibility. The critical locus was determined, from its intersection with the 
crystallization surface a t about 115 to 200°C., and the three-dimensional phase model 
in (P, T, composition) space is visualized.

Introduction

A new type of polymer-solvent equilibrium occurring in the neighbor
hood of the critical temperature of the solvent and at high pressures was 
described recently, and was illustrated with data for polyethylene with 
w-alkane solvents of low molecular weights.1 At sufficiently high pressures, 
polymer and solvent showed infinite mutual solubility, even in cases where 
the solvent was above its critical temperature, and hence a gas. The 
binary systems therefore exhibited critical points, lying on a fluid-liquid 
critical locus which encompassed a wide temperature range at a pressure 
which, in general, varied only slowly. This pressure was termed an upper 
critical solution pressure (UCSP) and represents what has sometimes 
been called a plait point.2

Polyethylene-ethylene is a system of the same type. It deserves special 
consideration because of its commercial importance and because it permits 
extension of the earlier results from paraffinic to olefinic solvents. Here 
the solvent (ethylene) is above its critical temperature in the entire region 
of appreciable or infinite mutual solubility. It is therefore legitimate to 
refer to a gas-liquid critical locus and to infinite miscibility of polymer 
and gas.8 Although one is dealing here entirely with vapor-liquid 
equilibria, the terms “solvent” and “solute” will be retained for ethylene

* Present address: Central Research Department, Monsanto Company, St. Louis, 
Missouri.
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and polyethylene, respectively, to emphasize the analogy with the systems 
studied earlier1 and with polymer solutions of the familiar type.

Experimental Method

The equipment and method of experimentation were as described 
earlier.1 The work was performed with Fractions 1 and 5 of a high pressure 
(non-linear) polyethylene also described. They were obtained in the same 
rough solvent-nonsolvent fractionation. Hence crosslinked, or highly 
branched, material was eliminated from consideration at the start. Frac
tion 1, which was allowed to represent the behavior of a high molecular 
weight Fraction, was the less soluble portion obtained by a refractionation 
of Fraction 2, used in the earlier study.1 The intrinsic viscosities of 
Fractions 1 and 21 were within experimental error, and their phase behavior 
with ethylene was only marginally different. The whole polymer was a
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high pressure polyethylene of intrinsic viscosity 0.70 (g./lOO cc.)“ ‘ and M„ 
28,000. The linear polyethylene was a high molecular weight fraction of 
Marlex 50, Type 40, (Phillips Petroleum Company), of intrinsic viscosity
2.3 (g./lOO cc.)“ 1 and M„ 100,000.

Results and Discussion

Figure 1 shows an isotherm at 130°C. for the whole polymer, showing 
the upper dew point line and part of the bubble point line with the UCSP 
of 1760 atm. at their intersection. Although data much below the critical

Fig. 2. Critical locus for two polyethylene fractions with ethylene.

polymer concentration (roughly 5 wt.-% polymer) were not taken, the 
upper dew point curve is known to be nearly flat to extremely low polymer 
concentrations in the system polyethylene-w-propane, and this is assumed 
to be true also here. This region is sometimes referred to as one of retro
grade condensation of the first kind.2 Here liquid separates upon reducing 
the pressure. The highest polymer concentration to which the bubble 
point line can be traced by means of the method employed is limited by 
the viscosity of the system. The critical polymer concentration appears 
to be somewhat higher at 200°C., but this shift could not be demonstrated 
to exceed the experimental error.
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Fig. 3. Three-dimensional (P, T, composition) model for polyethylene-ethylene: 
{A) isotherm; (B ) isobar; (C) critical locus; (D) melting point of pure polymer as 
/(P ); (E) melting point as /(diluent); (P) vapor pressure of pure polymer as /(?').

Figure 2 shows the critical locus for Fractions 1 and 5. This is the 
projection of all critical points onto the P, T plane. This locus was 
determined from its intersection with the crystallization surface (at about 
115°C. and 1900 atm. for Fraction 1) to 200°C. The locus therefore does 
not end in a lower critical endpoint,4 and is a straight line with slope 
(idP/dT)c which is negative throughout the entire region, suggesting 
positive heats and entropies of mixing.1 The points for the high molecular 
weight fraction of linear polyethylene lie on the locus for Fraction 1, indicat
ing that the small amount of branching in the high pressure polymer 
(1.7% )1 has no effect on critical liquid-gas mixing. The crystallization 
surface is, however, intersected at a higher temperature, reflecting the 
higher melting point of linear polyethylene. It had been found with 
n-alkane solvents that the highest pressure on the critical locus lies near the 
critical temperature of the solvent, thus giving this locus a negative slope 
beyond this temperature, and the system polyethylene-ethylene evidently 
provides no exception to this rule.*

The approximate magnitude of the UCSP of polyethylene-?i-alkane 
systems has been rationalized by means of modified lattice and regular 
solutions concepts,1 although it was recognized that the use of lattice 
theories is not justified in the region of a fluid-liquid critical locus. Rough 
estimates of the UCSP for polyethylene-ethylene can again be made by

* Gilchrist has recently reported on the solubility of polyethylene in ethylene under 
similar conditions.6 His data on bubble point pressures near the UCSP at 200°C. agree 
closely with the UCSP reported here, and no major discrepancies between any of the 
other data cited in the two studies were apparent.
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means of the Hildebrand-Scatchard solubility parameter considered as a 
free energy. The UCSP at 130°C. then occurs at a solubility parameter 
for ethylene of 6.4 and at a reduced density of 2.3. The former value is 
somewhat higher than, the latter closely similar to, that for ethane.

Figure 3 represents a schematic diagram of the phase model in three- 
dimensional (.P, T, composition) space between the crystallization surface 
and 200°C. for the whole polymer. Several isotherms and the critical 
locus, which is drawn to scale, are shown. The upper dew point curves 
and the bubble point curves at fairly high solvent concentrations have 
already been discussed. These are the only regions for which experi
mental information has been obtained. The lower dew point curves 
must start at the vapor pressure of the polymer and follow closely the 
pressure, and then the composition axis. The bubble point curves, 
which give the solubility of ethylene in the polymer melt, may show a 
point of inflection. This would appear to follow from an analysis of gas 
solubility at high pressures based on regular solution theory6 when com
bined with Flory-Huggins entropies, and from Lundberg’s7 data of the 
solubility of gases in polymer melts at high pressures, both of which suggest 
that at low gas solubility the bubble point line lies below the hypothetical 
straight line connecting the experimental region with the vapor pressure 
of the pure polymer. The isobars at pressures less than the maximum on 
the critical locus are clearly of the same type as those for a crystalline 
polymer in the presence of a poor solvent,8 and show an upper critical 
solution temperature.

It may be in order to re-emphasize the main distinguishing character
istics of a polymer-solvent, liquid-fluid, critical locus. These are its 
extension over a wide temperature range at a pressure much greater than 
the critical pressure of the solvent, and the very small shift in critical 
concentration which remains low over this entire temperature range.

I  would like to acknowledge the contribution of John J. Kurpen who obtained most of 
the experimental data.
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Résumé
Le système polyéthlyène-éthylène présente le même type de comportement de phase 

que celui décrit antérieurement pour les systèmes polyéthyléne-re-alklane au-dessus 
des point d’ébullition ou au-dessus des points critiques des solvants. Dans ce cas-ci, le
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solvant est toujours au-desus de sa température critique dans la région étudiée et on 
est en présence ici d’un autre cas de miscibilité infinie polymère-gaz. Le point critique a 
été déterminé à partir de son intersection avec la surface de cristallisation à des tem
pératures de ll')°C  à 200°C, et on a représenté la modèle de phase dans un système à 
3 dimensions {P, T, composition).

Zusammenfassung
Das System Polyäthylen-Äthylen zeigt den gleichen Typ von Phasenverhalten, wie er 

früher für Polyäthylen-re-Alkansysteme weit oberhalb des Siedepunktes oder oberhalb des 
kritischen Punktes der Lösungsmittel beschreiben wurde. Im vorliegenden Fall befindet 
sich das Lösungsmittel im untersuchten Bereich immer oberhalb seiner kritischen Tem
peratur, und es besteht hier ein weiterer Fall von unbegrenzter Polymer-Gasmischbarkeit. 
Der kritische Ort wurde aus seinem Schnitt mit der Kristallisationsoberfläche bei etwa 
115°C. bis 200°C. bestimmt und das dreidimensionale Phasenmodell im (P, T, Zusammen- 
3etzungs)-Raum dargestellt.

Received March 23, 1964 
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Experiments with a Synthetic Polyampholyte

,T. P. ALLISON* and C. S. MARVEL, Department of Chemistry, 
University of Arizona, Tucson, Arizona

Synopsis
The synthesis of the polyampholyte of regular structure first devised by Marvel and 

DeTommaso has been improved. Viscometric studies have given some evidence of con
tractile properties. Low molecular weight of the polvampholyte has prevented the for
mation of strong fibers.

SYNTHETIC STUDIES

In attempting to repeat the synthesis of the regular polyampholyte of 
structure I which was described by Marvel

+ S —S-fCH rAaCH -CCH ^CH -fCHiO-H -» 

n h 2 c o 2h
I

and DeTommaso,1 some difficulty was encountered in converting the ethyl 
hydrogen 2,5-dialIyladipate to the corresponding urethan ester. Originally 
this was accomplished via the acid chloride, amide, and Hofmann reaction.2 
In the present work the Curtius reaction was used on the acid chloride ester
(II) and the yield of 4-carbethoxy-7-aminocarboethoxydeca-l,9-diene (III) 
was 85% of the theory. This intermediate was converted

N aN s
CH2= C H —CH,—CH—(CH2)2—c h —c h 2—c h = c h 2 ------- >

I I C2H 50H
coci co2c2h5

II

C H ,=C H  -C H 2—CH—(C1T,)2—CH—CIL C H =C IL

nhco2c2h3 c<t a h 6 
III

to 3,6-bis-(3-mercaptopropyl)-piperid-2-one as previously described.1 
Better results were obtained in the purification of the dimercaptan via the 
lead salt when this salt was decomposed with hydrogen sulfide in cold ether 
(0°C.) containing 20% of ethanol.

* National Science Foundation post-doctoral research associate, 1961-63, under 
N.S.F. grant G15828. Present address: General Motors Research Laboratory, Detroit, 
Michigan.
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The polymerization to the polydisulfide was carried out essentially as 
before, except that oxygen was introduced to the reaction flask through a 
sintered glass disk set in the base of a round-bottomed flask, and vigorous 
stirring was maintained during the oxidation step. The polymers wore 
isolated by pouring the oxidation mixture into an cquivolumc mixture of 
methanol and water and then reprecipitating from an equivolume mixture 
of chloroform and acetic acid by pouring into cold methanol in a Waring 
Blendor.

Hydrolyzing the piperidone to give the amino acid salt has been success
ful when carried out with hydrochloric acid dissolved in formic or acetic 
acid. The polyampholyte was recovered from the salt by dissolving the 
salt in water and adjusting the pH to about 3.5 at which point the solution 
became turbid. Adding more alkali resulted in precipitation of a pale 
brown coagulated lump of rubbery polyampholyte. After washing out all 
of the inorganic salts and drying this became a hard brown material. It 
was insoluble in dimethyl sulfoxide, dimethylformamide, dimethylacet- 
amide, acetylacetone, dimethylaminoethanol, benzene, chlorobenzene, 
pyridine, quinoline, methylorthoformate, diglyme, V-methylpyrrolidone, 
1,1,2,2-tetrachloroethane, isopropanol, acetone, phenol, dioxane, tetra- 
hydrofuran, and water. It did dissolve in aqueous alkali or acid except in 
the pH range of 3.5-10.5.

It was also found that dialysis of a dilute water solution of the salt 
would yield a coagulated polyampholyte which could be freeze-dried to 
give good yields of product.

EXPERIMENTAL

4-Carboethoxy-7-aminocarbethoxydeca-l ,9-diene

Ethyl 2,5-diallyladipoyl chloride (100.2 g., 0.39 mole) was dissolved in 
dry acetone (1 liter) and the solution cooled to 0°C. Sodium azide (East
man Organic Chemicals, practical grade) (28.0 g., 0.43 mole) was dissolved 
in hot water (80 ml.) and added immediately to the cold acetone solution. 
After being shaken vigorously for 30 min., the turbid liquid containing 
precipitated sodium chloride was poured into ice cold water (5 liters). The 
azide which separated as an oil rvas extracted with benzene (3 X 200 ml.). 
After drying over anhydrous calcium chloride, it was filtered into a 1-liter, 
round-bottomed flask containing anhydrous ethanol (120 ml.). Very 
gentle heat was applied until the evolution of nitrogen had almost stopped; 
then the mixture was refluxed for 1 hr. The product was recovered by 
fractional distillation under reduced pressure. The yield was 98.4 g. 
(0.33 mole, 85% theoretical), b.p. 129°C./0.4 mm. Hg.

3,6-Bis(3-mercaptopropyl)piperidone

The ethyl ester was converted to the piperidone and this in turn to 3,6- 
bis(3-mercaptopropyl)piperidone diacetate as described before.1 Hydrol



SYNTHETIC POLYAMPHOLYTE EXPERIMENTS 139

ysis of the acetate was carried out as before but the purification through the 
lead salt was improved by adding a small amount of ethanol to the ether 
used to suspend the lead salt.

Polymerizations

Polymerizations were carried out in vigorously stirred suspension at 
60°C. by bubbling in a rapid current of oxygen for 9-19 days. The 
charges, conditions and yields, and viscosities are reported in Table I.

TABLE I
Oxidative Polymerization of 3,6-Bis(3-mercaptopropyl)piperidone

Poly-
mer
no.

Dimer-
captan,

g-

Potas
sium

laurate,
g-

Potassium
hydroxide,

g-

Sele
nium

di
oxide,

mg.
Water,

ml.
Time,
dajrs

Yield,
g-

7 / i n h

(30°C.)a

i 5.0 2.24 4.46 28 100 9 — 0.10
2 10.0 4.5 9.0 40 130 9 2.3 0.25
3 3.2 1.43 2.86 25 40 10 3.4b 0.46
4 8.0 3.6 7.2 25 100 13 5.9 0.88
5 11.9C 9.0 17.4 40 250 18 2.85 0.965

a Determined in a mixture of equal volumes of acetic acid and chloroform as solvent. 
b Contained some selenium dioxide which was removed before viscosity was determined 

on remainder of polymer.
c Monomer purity was not 100%.

Hydrolysis of Piperidone Derivative to Polyampholyte Hydrochloride

No. 3i. Polymer 3 (1.0 g.) was dissolved in equivolume formic acid- 
chloroform (40 ml.). After the apparatus was flushed with nitrogen, con
centrated hydrochloric acid (40 ml.) was added, which resulted in polymer 
precipitation. The mixture was maintained at 85°C. for 45 hr. About 
half the polymer had redissolved by this time to give a yellow solution. 
Formic acid (10 ml.) and hydrochloric acid (15 ml.) were added and the 
mixture maintained at 90°C. for a further 24 hr. The cold, murky solution 
was filtered and the filtrate evaporated to dryness. An aqueous solution 
of the residue was boiled with decolorizing charcoal prior to filtration and 
freeze-drying. Polyanipholyte hydrochloride was recovered as a shiny, 
black-green solid. The yield was 0.73 g. (73% of theory). Inherent 
viscosity was 0.026 (0.0749 g. in 25 ml. of water).*

No. 3ii. Polymer 3 (1.0 g.) was suspended in anhydrous formic acid (30 
ml.). After the flask was flushed with nitrogen, hydrochloric acid (50 ml.) 
was added and the mixture heated at 100°C. for 24 hr. The salt was re
covered in the usual manner. The yield was 0.76 g. (76% of theory). In
herent viscosity was 0.11 (0.0698 g. in 25 ml. water).

* vZoa =  2.303 log (tjh )/c .
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No. 4i. Polymer 4 (1.0 g.) was suspended in a mixture of anhydrous 
formic acid (20 ml.) and concentrated hydrochloric acid (50 ml.). A few 
crystals of an antioxidant (du Pont No. 29) were added. After the 
apparatus was flushed with nitrogen, the mixture was heated at 105°C. 
for 30 hr. The polymer coagulated and assumed a pale brown color. 
As it dissolved the solution became yellow. Formic acid (15 ml.) was 
added after 20 hr. to immerse polymer which had coagulated on the flask 
surface above the liquid level.

The yellow solution was evaporated to dryness in a stream of nitrogen 
and redissolved in distilled water. The brown solution was freeze-dried. 
A pale brown solid was the result.

The yield was 0.05 g. (65% of theory), ,1,(14-20), = 0.13 (9) (0.081 g./25 
ml.).

No. 4iii. Polymer 4(1.0 g.) was suspended in a mixture of anhydrous for
mic acid (20 ml.) and concentrated hydrochloric acid (50 ml.). A few crys
tals of an antioxidant (du Pont No. 29) were added, and the apparatus was 
flushed with nitrogen prior to heating at 105°C. for 30 hr. in a current of 
nitrogen. An addition of formic acid (10 ml.) was made after 20 hr. heat
ing.

On diluting the solution with water, a brown polymer separated. The 
solution was evaporated to dryness. The brown polymer dissolved on 
heating.

The yield was 0.73 g. (73% of theory), ?7i„h(H20) = 0.48 (7) (0.076 g./25 
ml.).

It was noticed, as in previous instances, that a very dilute aqueous solu
tion of polyampholyte hydrochloride exhibited marked turbidity.

No. 4iv. Polymer 4 (1.0 g.) suspended in concentrated formic acid (20 
ml.) and concentrated hydrochloric acid (50 ml.) after flushing with nitro
gen and addition of a trace of antioxidant (du Pont No. 29), the mixture was 
heated at 105°C. for 44 hr. After evaporating to dryness, the residue was 
dissolved in water and the green, fluorescing solution freeze-dried.

The yield was 0.68 g. (68% of theory), i?inhiH20) = 0.16 (1) (0.065 g./25 
ml.).

No. 4v. Polymer 4 (1.0 g.) was dissolved in hot formic acid (25 ml.) in 
the presence of an antioxidant (du Pont No. 29) and in a stream of nitro
gen. Concentrated hydrochloric acid (50 ml.) was then added to the cold 
solution and the mixture heated at 105°C. for 30 hr. The solution was 
evaporated to dryness, the residue dissolved in distilled water and the solu
tion freeze-dried.

The yield was 0.67 g. (67% of theory), i7inh(H2o) = 0.64 (4) (0.071 g./25 
ml.).

Preparation of Free Polyampholyte

A typical isolation of the free amino acid from the hydrochloride is the 
following.
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Polyampholyte hydrochloride 3ii (0.639 g.) was dissolved in distilled 
water and treated with 0.441M potassium hydroxide solution 0.00227 
mole). The mixture was allowed to stand overnight. The mixture 
was freeze-dried and partial powdered and the residue was treated 3 
times with distilled water before a final drying in vacuo. The yield of 
free amino acid was 0.487 g. (88% of theory). In similar experiments
0.417 g. of polyampholyte hydrochloride 4iii gave 0.3 g. of free amino acid.

Copolymerization of 3,6-Bis(3-mercaptopropyl)piperid-2-one 
and n-Hexane 1,6-dithiol

The apparatus for oxidation-emulsion polymerization first described by 
Marvel, Bonsignore, and Banerjee3 was modified for this preparation. A 
slow stream of oxygen was admitted to the polymerization mixture through 
a sintered glass disc set in the base of a 1-liter, round-bottomed flask 
equipped with a condenser, mechanical stirrer, and thermometer. The 
apparatus was heated by immersion in an oil bath.

3,6-Bis(3-mercaptopropyl)piperid-2-one (6.8 g., 0.028 mole) and freshly 
distilled n-hexane-1,6-dithiol (Aldrich Chemical Co.) (5.8 g., 0.039 mole) 
were stirred into a solution of potassium laurate (5.65 g.) and potassium 
hydroxide (11.3 g.) in distilled water (158 ml.). Selenium dioxide (0.1 g.) 
was added as a catalyst. Oxygen was bubbled through the hot (75°C.), 
vigorously stirred mixture at the rate of 80 bubbles/min. The duration of 
the polymerization was 14 days. Dow Corning Antifoam A was added 
periodically. Almost all the polymer had coagulated by this time. After 
precipitation into acidified (HC1), aqueous methanol (50:50) and filtration, 
the polymer was dissolved in chloroform-acetic acid containing an excess 
of the former, and reprecipitated into 80% aqueous methanol using a 
Waring Blendor. The polymer which coagulated into a single lump of 
rubbery solid, was washed with methanol and dried in vacuo.

The yield was 6.1 g. (48% of theory); rjinh = 0.69 (chloroform-acetic 
acid, 50-15 by volume). Anal.: N, found 1.94%; this corresponds to a 
mole fraction of 0.24 for the piperidone unit.

The infrared spectrum of the copolymer showed absorption bands 
characteristic of the piperidone unit.

POLYMER PROPERTIES 

Discussion

This particular polyampholyte was chosen for synthesis since it was 
felt that the principal interaction between the acidic and basic group would 
occur between the pairs in a chain rather than between chains (Fig. 1). 
If the chains are fully extended the maximum contraction that could occur 
with the formation of an induced salt would be approximately 7%.
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Viscometric Studies

The viscosities of the initial polymers were measured in equivolume 
mixtures of glacial acetic acid and chloroform by means of a Cannon- 
Fenske viscometer at 30 °C. The maximum inherent viscosity recorded 
was 0.88. The viscosities of samples of polyampholyte hydrochloride were 
determined in water, formic acid, and methanesulfonic acid. The maxi
mum inherent viscosity here was 0.64, but values varied over a wide range, 
even for compounds prepared from the same sample of the original polymer.

A graph of (vsP/C) against C gives divergent results for the three solvents 
(see Fig. 2). The behavior in methanesulfonic acid is reminiscent of that 
of polyelectrolytes.

Viscosity readings were taken at different pH values. The insolubility 
of polyampholyte in water in the pH range of 3-10.5 curtailed this approach, 
and the measurements did not show significant changes.

Figure 1.
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Fig. 2. Effect of various solvents on the viscosity of polyampholyte hydrochloride: (A) 
methanesulfonic acid; (<$>) water; (O) formic acid.
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Infrared Spectra
*

Infrared spectra were taken in a variety of media, smears in chloroform 
of the initial polymer being quite satisfactory. However, the general in
solubility in organic solvents of the polyampholyte necessitated the em
ployment of potassium bromide in disk form.

The spectra of the compounds investigated show in the main only 
qualitative differences, i.e., depressed amine or carboxyl absorption de
pending upon the nature of the salt. A comparison of the spectra of poly- 
ampholyte and initial polymer shows two distinct compounds. The 
carbonyl absorption at 1670 cm. " 1 in the latter is diminished in intensity 
and shifted to 1640 cm.-1 in the former. Amine absorption at 1400-1500 
cm.-1 for the polylactam was also shifted slightly to a lower frequency in 
the instances of polyampholyte.

Contractile Properties in Linear Polyampholytes

To demonstrate that mechanical energy might be attained by the effect 
of pH on the polymer, it was necessary first to fabricate the polyampholyte 
into a suitable form such as a fiber. The fabrication of satisfactory fibers is 
dependent largely upon the molecular weight of the polymer, and the sam
ples of polyampholyte prepared so far have been quite unsuitable for this 
purpose. Precipitation of an aqueous solution of polyampholyte hydro
chloride into a concentrated solution of sodium acetate seemed to offer a 
possible method of fiber production, but the dry material was extremely 
brittle.

After acid hydrolysis of a sample of the initial polymer, a thin film of 
partially hydrolyzed material remained stretched across the interior of the 
flask. After decanting away the solution containing polyampholyte hydro
chloride washing out the flask with water produced an immediate con
traction in this diaphragm, presumably due to hydrolysis of the amine 
hydrochloride and subsequent interaction of the amine and carboxyl func
tions.

Some fibers of pre-polyampholyte were prepared from a sample of co
polymer of 3,6-bis(3-mercaptopropyl)piperid-2-one and n-hexane-1,6- 
dithiol, rjinh = 0.69. The lactam functions were to be destroyed by cold, 
concentrated hydrochloric acid. Unfortunately, the fibers were too 
fragile for eests.

Since a fiber could not be obtained, it was decided to perform an experi
ment which might magnify this effect. A solution of homopolymer in 
1,1,2,2-tetrachloroethane was allowed to evaporate slowly on a mercury 
surface. This resulted in a rather brittle film. Another rather poor sam
ple of polymer was cast into a plate using heat treatment. Both specimens 
were imbedded in blocks of paraffin wax so that only one surface was ex
posed to acid hydrolysis. These were then immersed in concentrated 
hydrochloric acid at room temperature for 30 days. The by now soft and 
flexible specimens were removed from their wax frames and immersed in
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distilled water. The hydrolyzed surface of each polymer whitened within 
1 min., indicating some change in character, and a concavity formed 
simultaneously due to the attractive forces between the amine and carboxyl 
groups produced by this process. Another sample of polymer confirmed 
this first observation. Reversal of the effect by adding acid or alkali was 
not tried.

This experiment illustrates a combination of intramolecular and inter- 
molecular forces. A total separation of the two effects seems unlikely.
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Résumé
La synthèse du polyampholyte de structure régulière, trouvé pour la première fois 

par Marvel et DeTommaso, a été perfectionnée. Des études viscosimétriques ont mis 
en évidence les propriétés de contraction. Le faible poids moléculaire du polyampholyte 
a empêché la formation de fibres résistantes.

Zusammenfassung
Die zuerst von Marvel und DeTommaso angegebene Synthese eines Polyampholyten 

mit regulärer Struktur wurde verbessert. Viskosimetrische Untersucungen lieferten 
einige Hinweise auf kontraktive Eigenschaften. Das niedrige Molekulargewicht des 
Polyampholyten verhinderte die Bildung fester Fasern.
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Polymerization of ./V-Methyl-ß-Propiolactam with 
Ionic Catalysts

TSUTOMU KAGIYA, HIROSHI KISHIMOTO, SHIZUO NARISAWA, 
and KENICHI FUKUI, Faculty of Engineering, Kyoto University,

Kyoto, Japan

Synopsis

The polymerization of Ar-methyl-/3-propiolactam with various ionic catalysts in bulk 
was carried out at 140-190°C. Organic compounds containing a carboxyl group have a 
high catalytic activity for the polymerization and gave crystalline polymer melting at 
180-225°C. No polymer of iV-methyl-/3-propiolactam was formed at 140°C., but the 
polymerization of A-methylacrylamide took place. The polymer of A-methylacryl- 
amide was amorphous and its infrared spectrum was quite different from that of poly-iV- 
methyl-/3-propiolactam. The infrared spectrum of poly-Ar-methyl-/3-propiolactam 
showed a major absorption peak characteristic of a polyamide structure. On the basis 
of the infrared spectrum of an equimolar mixture of monomer and catalyst heated at 
130°C., a mechanism was proposed.

INTRODUCTION

In recent years, it has been found that the polymer of /3-alaninet_4 
can be obtained either by the hydrogen migration polymerization of 
acrylamide or by the polymerization of 2-azetidinone (/3-propiolactam) 
with various kinds of alkali catalysts.8 Hall6 proposed a mechanism for the 
polymerization of various lactams with alkali catalysts, and suggested that 
the polymerization of 7V-alkyl lactams did not take place by the use of 
alkali catalysts.

In this paper, the polymerization of N-methyl-/3-propiolactam with 
various kinds of cationic and anionic catalysts was studied. The result 
added some new experimental facts to the mechanism for lactam poly
merizations with ionic catalysts and to some physical properties of the poly
mer obtained.

EXPERIMENTAL

The method for preparing N-methyl-jS-propiolactam was essentially the 
same as that described by Holley.7 The monomer (b.p. 68.8-68.9°C./18 
mm. Hg; wfj 1.4529) was obtained according to eq. (1) in very low yield 
(5.43%).

145
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CiHtMgBr
CH3NHCH3CH2C02C2H6 -> c h 3n c h 2c h 2c o 2c 2h .

MgBr
c h 2—c = o

-N—CH3 (1)

As is shown in Figure 1, the infrared spectrum of the monomer displayed 
a major absorption peak at 1732 cm.-1 which is assigned to the carbonyl 
band of lactam.

A 0.5-0.6 g. portion of the monomer and a definite amount of catalyst 
(5 wt.-% based on monomer) were placed into a glass ampule (6 ml.) in 
nitrogen, and the reaction vessel was heated to the reaction temperature. 
After 4-30 hr., the polymer produced was isolated from the mixture, washed 
with acetone and dried in vacuo at 50°C. The viscosity of the polymer 
was determined at 35 °C. in 98% sulfuric acid in an Ostwald viscometer. 
The melting point of polymer was visually determined in the air in an 
electric heater. X-ray diffractions were obtained with a powder camera 
in a Rigakudenki x-ray diffraction apparatus (Model D-3F) by the use of 
standard techniques. The infrared spectra were determined with a Nip
pon Bunko Ltd. (Model DS-301) spectrophotometer on KBr pellets.

Polymerization of N-Methyl-/3-Propiolactam with Various Ionic Catalysts

Table I gives the polymer yield at the temperatures of 190°C. and 140°C. 
in the absence of catalyst, and at 140°C. with various catalysts. The 
polymer yield was very low at 140°C., and but a small amount of polymer 
was obtained even at 190°C. in the absence of catalyst, while a consider
able amount of polymer was formed at 140°C. in the presence of benzoic 
acid, Ar-methyl-/?-alanine, or /3-alanine as catalysts.

These results indicate that organic compounds containing a carboxyl 
group had a catalytic activity for the polymerization of N-methyl-/?-

u

3 6 0 0  2800 1700 1400 U 0 0  9 0 0  700

FREQUENCY (cm')

Fig. 1. Infrared spectrum of A’-methyl-/3-propiolactam.

RESULTS AND DISCUSSION
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Bulk Polymerization of iV-Methyl-/9-Propiolactam with Various Ionic Catalysts

Catalyst“
Temp.,

°C.

Reaction Polymer 
time, yield, 

hr. wt.-%
Intrinsic
viscosity

M.p.,
°C.

None 190 4 30.8 0.055 199-202
None 140 4 0 — —

None 140 30 1.42 — 224.5
HC1 140 16 17.0 0.119 198-202
H20 140 30 1.82 — 223-224
CeHsCOOH 140 5.5 48.0 0.341 207
CsHsCOOH 140 9.0 85.2 0.134 210
H2NCH2CH,COOH 140 13 50.1 0.130 197.5
c h 3n h c h 2c h 2c o o h 140 7 49.7 0.084 203
Be tain 140 30 4.16 — >235
c h 3n i i c h 2c h 2c o o c 2h 5 140 32 1.36 — 221-222
CJLNHCH,; 140 31 1.93 — 225
(C2H6)2NH 140 30 1.80 — 218
C6H.,C00H-( C2H5 )2NHb 140 4 27.9 0.133 234

“ The amount of catalyst employed was 5 wt.-% based on monomer. 
b Equimolar mixture of benzoic acid and diethylamine.

propiolactam. Alanine and N -methyl-/3-alanine having two functional 
groups, that is, amino and carboxyl, also had catalytic activity for the 
polymerization. In order to elucidate the role of carboxyl and amino 
groups in the catalytic action, ethyl /3-methylaminopropionate, diethyl
amine and monomethylaniline were tested, but no polymer was obtained. 
Hence, it is not the amino group but the carboxyl group that is actually 
effective for the polymerization.

Physical Properties of the Polymer

As is shown in Figure 2, the infrared spectrum of poly-IV-methyl-/3- 
propiolactam showed a characteristic absorption peak attributed to the 
tertiary amide group at 1630 cm.-1. The infrared spectra of the two poly-

FREQUENCY(cm )

Fig. 2. Infrared spectrum of poly-iV-methyl-/3-propiolactam obtained with benzoic acid
catalyst.
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Fig. 3. X-ray diagram of poly-A-methyl-/3-propiolactam obtained with benzoic acid
catalyst.

mere which were obtained in the presence of benzoic acid and in the absence 
of catalyst were identical.

The x-ray diagram of poly-2V-methyl-/?-propiolactam obtained with 
benzoic acid catalyst is shown in Figure 3. From this, it is clear that the 
poly-A^-methyl-^-propiolactam formed is crystalline.

This polymer melts at 198-225°C. in air and was soluble in hot water 
and in glacial acetic acid and partially soluble in methanol; the polymer 
obtained in the absence of catalyst was soluble in methanol.

Polymerization of N -Mcthylacrylamide

In order to study the possibility of hydrogen migration polymeriza
tion of jV-methyl-d-propiolactam through A-methylacrylamide structure, 
[eq. (2) ] the polymerization of

CH2— C = 0  
I !

c h 2—n —c h ,
CH2=CH CO N H CH 3 —  (CH,CH)„—

!
CO
I

NHCHr,
( 2 )

IV-methylacrylamide and the comparison of the polymer structure with 
that of the poly-./V-methyl-/3-propiolactam were carried out.

As shown in Table II, IV-methylacrylamide was polymerized at 140°C., 
at which no polymer of IV-methyl-/3-propiolactam was obtained in the 
absence of catalyst. Figure 4 shows the infrared spectrum of poly-A- 
methylacrylamide, which displays the characteristic absorption peaks

TABLE II
Bulk Polymerization of Ar-Methylacrylam ide in the Absence of Catalyst

Temp.,
Reaction

time,
Polymer

yield, Intrinsic M.p.,
°C. hr. wt.-% viscosity °C.

190 4 43.9 0.308 262-270
140 4 11.6 — 286-288
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Fig. 4. Infrared spectrum of poly-.Y-metliylacrylamide.

at 1655 and 1560 cm. " 1 attributable to secondary amide group. This is 
a feature which is quite different front the spectrum of poly-A'-methyl- 
(3-propioIactam indicated in Figure 2.

The x-ray diagram of the polymer of Arinethylacrylamide shows that it 
is amorphous and different in structure from poly-./V'-methyl-/?-propio- 
lactarn. The polymer of A-methylacrylamide was soluble in dimethyl- 
formamide, while the polymer of iV-methyl-/3-propiolactam was insoluble. 
The melting point of the former was higher than that of the latter.

Mechanism of the Polymerization of N  -Methyl-/3-Propiolactam

One of the possible mechanisms of polymerization may be as shown in 
eq. (3).

<11. C O
I — OH OHOONHOH.-

CH—Ñ—CHj

CH3

—(CH,CH,CON)„— ( 3 )

It is clear, however, that this mechanism based on hydrogen migration is 
in conflict with the above experimental results. Another mechanism may 
be proposed, in which the monomer is first hydrolyzed and the resulting 
amino acid condenses in the manner shown in eqs. (4) and (5).

O H ,— C O  TOO
I I --------- > IPX)(10H jOH2NHOtis (4)
OH N Cl!

O OIL
II i

nCHOOCCHsOHsNHCHs) -*■ —(OOH,OH,N)„— +  n H /)  (5)

Since no polymer was obtained when 7V-methyl-/3-alanine was heated at 
190°C. for 4 hr., at which a considerable amount of polymer was obtained 
from !V-methyl-j3-propiolactam, the condensation mechanism is also not 
agreeable.

The infrared spectrum of an equimolar mixture of A-methyl-/3-propio- 
lactam and benzoic acid heated at 130°C. is shown in Figure 5. The 
spectra showed major absorption peaks at 1610 and 1410 cm."1, which are
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Fig. 5. Infrared spectrum of an equimolar mixture of iV-methyl-/3-propiolactam and 
benzoic acid heated at 130°C.

characteristic bands assigned to carboxylate anion. It was found that the 
intensity of these absorption peaks increased rapidly with the time of heat
ing. These results demonstrate that a carboxylate anion has been formed 
as an intermediate. Hydrolysis of /V-alkyl-/3-propiolactams with aqueous 
alkali or acid yields /3-alanine, as has been reported by Holley.7 The 
evidence thus reported supports the suggestion that the IV-methyl-/3- 
propiolactam is hydrolyzed with a trace of water in the presence of carboxylic 
acid catalysts. Since no absorption peak in the range of anhydride band 
was observed, as shown in Figure 5, the structure of the polymer end may 
be carboxylic acid.

According to these results, a mechanism for the polymerization of N- 
methyl-/3-propiolactam may be proposed as shown in eqs. (6)—(9):

Initiation:

R—C—OH CH,—C = 0
|  + 1  I + H 20
O CH2—N—CH3

O
c h 2—c -  o h
i © e 

CH2—NH2 O—O—R

c h 5 cl
(6)

Propagation:
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CIL- C d CH— C = 0
! 1 +  K—C—OH <=> 1 1© ©

CH2—N ü CII— N—Il O—C- R
1 o 1 II

CIL CH; O
CH, CIL -OIL CH3 CH,—CIL

1 .0 © 1® 0
N : +  C N H () C I U «
I II v—N : C------N—H

1 11 !
O—C—R

i1
H O CH3 O

1 il 1 
H O CH3 Ö

(S)

In the propagation reaction, a proton transfer from the growing chain 
end to the monomer takes place, with formation of an ion pair of protonated 
lactam cation and carboxylate anion, accompanied by the attack of the 
nitrogen lone pair of the chain end on the carbonyl carbon of the protonated 
monomer.

The authors wish to thank Mr. T. Sano for many helpful discussions.
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Résumé
On a effectue à 140-190°C la polymérisation en bloc de la A’-méthyl-/3-propiolactame 

avec différents catalyseurs ioniques. Les composés organiques contenant un groupe
ment carboxyle possèdent une activité catalytique élevée pour la polymérisation et 
fournissent un polymère cristallin fondant vers 180-225°C. On n’obtient pas de 
polymère de la A’-méthyl-/3-propiolactame à 140°C., température à laquelle a lieu 
la polymérisation du iY-méthylacrylamide. Le polymère formé a partir de A’-méthyl- 
acrylamide es:, amorphe et son spectre infrarouge est tout à fait différent de celui de la 
poly(A’-méthyl-/3-propic>lactame) qui présente un pic d’absorption principal, carac
téristique d ’une structure polyamide. On propose un mécanisme sur la base des spectres 
infrarouges d ’un mélange équimolaire de monomère et de catalyseurs chauffé a 130°C.

Zusammenfassung
Die Polymerisation von A’-Methyl-/3-propiolactam mit verschiedenen ionischen 

Katalysatoren wurde in Substanz bie 140-190°C ausgeführt. Organische Verbindungen 
mit Carboxylgruppen besitzen eine hohe katalytische Aktivität für die Polymerisation 
und liefert ein kristallines bei 180-225°C. schmelzendes Polymeres. Kein Polymeres von 
A'-Methyl-ß-propiolactan wurde bei 14Ü°C. erhalten, bei welcher Température die
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Polymerisation von Ar-Methylacrylamid stattfand. Das Polymere von A-Methyl- 
aerylamid war amorph und sein Infrarotspektrum war vollständig von dem des Poly- 
(A'-methyl-ß-propiolactan) verschieden. Das Infrarotspektrum von Poly( A'-methyl-ß- 
propiolactan) zeigte ein für eine Polyamidstruktur charakteristisches Hauptmaximum. 
Auf Grundlage des Infrarotspektrums der äquimolaren auf 130°C. erhitzten Mischung 
von Monomerem und Katalysator wurde ein Mechanismus vorgeschlagen.
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Kinetics of Polymerization of Butadiene, Isoprene, 
and Styrene with Alkyllilhiums. Part I.

Rate of Polymerization

HENRY L. HSIEH, Research and Development Department, 
Phillips Petroleum Company, Bartlesville, Oklahoma,

Synopsis
The kinetics were determined for the polymerization of butadiene, isoprene, and styrene 

with n-, sec-, and tert-BuLi in hydrocarbon solvents. Polymerization has the mecha
nism of a homogeneous, “intermittent” stepwise addition reaction with no true termina
tion reaction. In cyclohexane, n-hexane or toluene at 5-50°C. there is no chain trans
fer. When n-BuLi was used, the rate of polymerization was a combined rate of initiation 
and propagation. I t  was proportional to [M]2 and dependent on [n-BuLi] at low initia
tor concentration and almost independent a t high concentration. The limits are estab
lished and discussed. The rate constants calculated for the monomers were in the order 
styrene >  isoprene ;s> butadiene. For the solvents the order was toluene 2> cyclohexane 
>  n-hexane.

I. INTRODUCTION

Although the kinetics of the anionic polymerization of styrene1-8 and 
isoprene4’6-7-10 have been reported, the polymerization of butadiene has 
received very little attention. In this investigation, butadiene was 
extensively studied and direct comparisons were made among these 
monomers.

In the published kinetic studies, rate of polymerization had been most 
thoroughly examined.1’2’4'810 However, there are considerable and 
significant disagreements among the results obtained by different investiga
tors. Part of the difficulty is because rate of polymerization includes 
rates of initiation and propagation.

The total objective of this work is, of course, the elucidation of the 
mechanisms of polymerization initiated with alkyllithium.

II. EXPERIMENTAL

A. Materials

The solvents employed, petroleum-dei’ived toluene and Phillips’ pure 
grade cyclohexane were carefully dried by countercurrent scrubbing with 
prepurified nitrogen followed by passage over activated alumina. Phillips’ 
special purity butadiene was distilled through sodium dissolved in ethylene
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glycol before it was condensed and transferred into bottles containing 
Drierite. Phillips’ polymerization grade isoprene was refluxed over 
sodium wire in a nitrogen atmosphere for about three hours and distilled 
into bottles. Styrene, polymerization grade, was vacuum-distilled. All 
monomers were stored in a deep freeze. The n-BuLi in heptane and 
sec-BuLi and ierf-BuLi in pentane were obtained from Lithium Corpora
tion of America as approximately 2M  solutions.

B. Polymerization Procedure
Polymerizations were conducted in new, 32-oz. bottles which were cleaned 

and air-dried at 60°C. Solvent was first added to each bottle under a 
nitrogen blanket through a specially constructed and calibrated solvent 
charging apparatus. The charging apparatus was directly connected to 
the storage tank which was in turn connected to the solvent-drying appa
ratus. After the solvent was introduced, prepurified nitrogen was dis
persed through a fritted glass tube and purged through the solvent at 
the rate of 3 l./min. for 10 min. in an effort to remove residual amounts of 
moisture and air. The bottles were capped with toluene-extracted, self
sealing rubber gaskets and perforated metal caps having three holes. 
This technique gave very reproducible results. Monomer was added 
directly to the solvent from a calibrated monomer dispenser. The mixture 
was brought to the desired reaction temperature by tumbling the bottles 
in a constant temperature bath. Then the initiator solution was added 
from a calibrated syringe. The bottles were tumbled in the constant 
temperature bath for the necessary time. To prevent any possible leakage 
into the bottle cap in the bath, 25-40 psi of prepurified nitrogen pressure, 
depending on the reaction temperature, was introduced into the bottle 
after all the reagents were added. In addition, a rubber serium cap was 
tightly fitted over the metal cap and neck. For rate studies, the bottle, 
cap and gasket, solvent, monomer, and initiator solution were weighed 
after each step. Polymer solution was transferred to a tared aluminum 
dish containing isopropyl alcohol via a syringe valve and needle. The 
amount was measured by weighing the bottle before and after sampling. 
The sample was evaporated in a hot-air oven and then finally dried in a 
vacuum oven to obtain conversion.

Small amounts of impurities present in the polymerization systems were 
not removed. The amount of alkyllithium destroyed by the impurities 
was called the scavenger level and was predetermined for each monomer- 
solvent combination. The scavenger level varied from 0.2 X 10-3 to 
0.4 X 10-3 mole/1. The alkyllithium concentration reported is the 
effective level, namely the difference between the actually charged level 
and the scavenger level.

III. RESULTS
Butadiene, isoprene, and styrene in cyclohexane were readily polymerized 

with BuLi initiators. For n-BuLi, approximations of the well-known,
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Fig. 1. Polymerization of butadiene (1.4 mole/1.) in cyclohexane at 50°C. with BuL 
(0.32 X 10~3 mole/1.): ( • )  ra-BuLi; (A)  sec-BuLi; (■) ieri-BuLi.

Fig. 2 (left). Polymerization of isoprene (1.1 mole/1.) in cyclohexane at 50°C. with 
BuLi (0.74 X 10-3 mole/1.): ( • )  w-BuLi; (A)  sec-BuLi; (■) ¿eri-BuLi.

Fig. 3 (right). Polymerization of styrene (0.8 mole/1.) in cyclohexane at 50°C. with 
BuLi (0.24 X 10-3 mole/1.): ( • )  ra-BuLi; (A)  sec-BuLi; (■) leri-BuLi.

S-shaped conversion curves were obtained. At very low conversions, 
they do not go through the origin. However, the rate of polymerization 
of any one cf the three monomers was dependent on the type of the BuLi 
used. In the case of butadiene, as shown in Figure 1, the rate of poly
merization was highest with sec-BuLi and lowest with n-BuLi. Qualita
tively, Figure 2 illustrates that this was also true with isoprene. For 
styrene, however, the rate of polymerization was lowest with ferf-BuLi, 
as shown in Figure 3. Furthermore, the rate curves obtained by means 
of sec-BuLi. particularly with butadiene or styrene, were straight lines 
from origin to about 50% conversion.

These rate studies were examined and compared in another manner. 
Figures 4 and 5 are attempts to fit the data to first-order rate plots. As 
can be readily seen for all the three monomers, only those initiated with 
sec-BuLi followed the first-order relationship closely throughout the range.

Rates of polymerization of butadiene, isoprene, and styrene in cyclo
hexane, n-hexane, and toluene were determined from the linear portion
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Fig. 4. Monomer concentration vs. time in cyclohexane at. 50°C.: (A) butadiene 
with n-BuLi; (B) butadiene with lert-ìiu\À; (C) butadiene with .sec-BuLi; {!)) isoprene 
with ra-BuLi; (E ) isoprene with sec-BuLi.

Fig. 5. Monomer concentration vs. time of styrene polymerization in cyclohexane at 
.r)0°C.: ( • )  n-BuLi; (A)  sec-BuLi; (■) ieri-BuLi.

of the S-shaped conversion curves. It is evident from Figures 6-10 that 
at high initiator concentration the rates of polymerization were almost 
constant over a wide range of n-BuLi concentrations. This is in agreement 
with the data of O’Driscoll and Tobolsky1 and Welch2 on styrene and 
Kortkov10 and Spirin4 on isoprene.

The relationship between rate of polymerization and initial monomer 
concentration [M], was also examined. The results arc shown in Figure
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Fig. 6. Rate of polymerization of butadiene (1.7 mole/1.) at 50°C.

Fig. 7. Rate of polymerization of butadiene (1.7 mole/1.) in cyclohexane at 30°C.

11. Hate of polymerization was proportional to the square of the initial 
monomer concentration as reported earlier for styrene1 and isoprene.10

IV. DISCUSSION

In general two basic reaction mechanisms, namely a chain catalytic 
reaction10 or stepwise addition1̂ 3’7’11-13 had been considered for BuLi- 
initiated polymerizations. The S-shaped conversion curves obtained 
from w-BuLi were interpreted by Korotkov10 as evidence for an induction 
period followed by polymerization as a case of chain catalysis. Our 
results obtained with sec-BuLi proved that polymerization of butadiene 
or styrene does not follow the S-shaped curve, although this type of curve 
is obtained with n-BuLi. Indeed, the time delay is due to the slow reaction 
of alkyllithium and monomer. In other words the nature of the lithium 
compound affects kinetics, a fact that has not been recognized. It is
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Fig. 8. Rate of polymerization of isoprene (1.3 mole/1.) at 50°C.

Fig. 9. Rate of polymerization of isoprene (1.3 mole/1.) in cyclohexane at 30°C.

generally accepted that polymerization with alkyllithium is a homo
geneous, stepwise reaction with no true termination reaction. In most 
hydrocarbon solvents at normal temperature, there is no chain transfer. 
In the present work nothing was found to contradict these beliefs.

The rate of polymerization R of butadiene, isoprene, and styrene with 
n-BuLi is dependent on temperature and type of solvent, increasing ap
proximately fourfold per 10 °C. temperature increase. This is true since 
rates of both initiation and propagation increase. Rate of polymerization 
is highest in toluene and lowest in n-hexane. In cyclohexane it is slightly 
higher than in n-hexano. It is interesting to note that regardless of the 
monomer, temperature, or initiator level, conversions shortly after addition 
of initiator are higher in w-hexane than in cyclohexane. The conversion
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Tig. 10. Rate of polymerization of styrene (1.0 mole/1.).

Fig. 11. Rate of polymerization in cyclohexane vs. [M]2.

curves cross over at 8-15% conversion. This suggests that the rate of 
initiation is higher and rate of propagation is lower in ?i-hexane than in 
cyclohexane.

The rate of polymerization is proportional to [hi]2. This is in agree
ment with tue facts that both rates of initiation and propagation are 
proportional to monomer concentration. Chromatographic analyses of 
hydrolyzed mixtures at various conversions showed clearly that both 
initiation and propagation occurred simultaneously during the linear 
portion of the rate curves (Part II ).14 Therefore, there is no doubt that 
rate of polymerization R is a combined study of rate of initiation R( and 
rate of propagation Rp when n-BuLi was used.
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As reported by other workers, rate of polymerization is dependent on 
[«-BuLi] at low concentration and almost independent at high concentra
tion. In fact, in some instances,4 the rate is even reduced when [«-BuLi] 
becomes very high (Figs. 6 and 8).

The association of alkyllithium in hydrocarbon solvent is well known.16" 21 
The association number has been reported as 4 for teri-BuLi,20 an equilib
rium between 4 and 6 for EtLi19 and mostly as 2 for alkyllithium.17 Pre
sumably, it depends to a certain extent on concentration and solvent. It 
is generally assumed that only the unassociated polymer-Li propagates. 
The polymer-Li can associate either with BuLi or polymer-Li to form 
temporary inactive associated aggregates. Unfortunately, the exact 
nature of these associations is not known.

TABLE I
Polymerization Rate Constants 

R = X [M ]2

K,  1./mole/min.

Cj’elohexane,
30°C.

Cyclohexane,
50°C.

Hexane, 
50 °C.

Toluene,
50°C.

Butadiene
Isoprene
Styrene

0.0012“ 
0.0022k 
0..Olili"

" . 'il  14» 
0.01 S9'>

0 .0076a 
0 .0148b

0.0443» 
0 .118d

“ [re-BuLi] >  0.004 mole/1. 
b [ra-BuLi] >  0.001 mole/1.
0 [w-BuLi] >  0.010 mole/1. 
d [n-BuLi] = 0.002-0.04 mole/1. 
0 [re-BuLi] >  0.007 mole/1.

At low «-BuLi concentrations, the rate of polymerization is proportional 
to monomer and initiator concentrations. Although the dependence of 
rate on n-BuLi concentration was clearly demonstrated, because of im
purities, studies could not be conducted at extremely low concentrations 
to establish quantitative relationship.

At high concentrations of «-BuLi, R = A[MJ2. The rate constants 
were calculated as shown in Table I.

The minimum concentration at which the rate is independent of [n- 
BuLi] seems directly related to rate of initiation of the particular system. 
The higher the rate of initiation of a particular system, the higher is the 
minimum. For example, the lower limit is the highest for styrene and 
lowest for isoprene among the three monomers. The lower limit is higher 
in toluene than in cyclohexane or «-hexane.

The author wishes to thank Drs. J. N. Short and R. P. Zelinski for their interest in this 
work and helpful discussions. I am indebted to J. R. Greenlee for assistance in poly
merizations.
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Résumé
On a déterminé les cinétiques de polymérisation du butadiène, de l’isoprène et du 

styrène avec le n , sec- et ieri-BuLi dans des solvants hydrocarbonés. Le mécanisme est 
une réaction homogène d ’addition “intermittent,” par étapes sans réaction de terminai
son véritable. Il n ’y a pas de transfert de chaîne dans le cyclohexane, le n-hexane ou le 
toluène à 5-50°C. Quand on emploie le n-BuLi, la vitesse de polymérisation est 
une combinaison d ’une vitesse d’initiation et de propagation. Elle est proportionnelle 
à (M )2 et dépend e (ra-BuLi) à faible concentration en initiateur; par contre elle en est 
indépendante à concentration élevée. On en définit et discute les limites. L’ordre 
des constantes de vitesses calculées pour les monomeres sont: styrène >  isoprene > >  
butadiène. Pour les solvents l’ordre est : toluène > >  cyclohexane > n-hexane.

Zusammenfassung
Die Kinetik der Polymerisation von Butadien, Isopren und Styrol mit n - , s e k -  und 

ieri-BuLi in Kohlenwasserstodlösung wurde untersucht. Der Polymerisationsmech
anismus entspricht einer homogenen “intermittierenden” schrittweisen Additionsreak
tion ohne wahre Abbruchreaktion. In Zyklohexan, n-Hexan oder Toluol bei 5-50°C. 
tritt keine Kettenübertragung auf. Mit n-BuLi war die Polymerisationsgeschwin digkeit 
eine Kombination von Start und Wachstumgeschwindigkeit. Sie war zu [M]2 propor
tional und von [ra-BuLi] bei niedriger Starterkonzentration abhängig, bei hoher Konzen
tration aber fast unabhängig. Die Grenzen werden bestimmt und diskutiert. Die für 
die Monomeren berechneten Geschwindigkeitskonstanten lagen in der Reihenfolge 
Styrol >  Isopren y> Butadien. Bei den Lösungsmitteln war die Reihenfolge 
Toluol »  Zyklohexan >  «-Hexan.

Reccrral .Jamiary 22, lüö-1 
Rovitsed May 11, 19t) 1
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Kinetics of Polymerization of Butadiene, Isoprene, 
and Styrene with Alkyllithiums.

Part II. Rate of Initiation

HENRY L. HSIEH, Research and Development Department, 
Phillips Petroleum Company, Bartlesville, Oklahoma

Synopsis
By gas chromatographic analysis of the hydrolyzed polymerization solutions, the per 

cent of BuLi unreacted was measured a t various conversions. The effects of BuLi con
centration, the structure of the butyl group, and the solvent type were studied. The 
rates of initiation (R,) for butadiene, isoprene, and styrene were determined. For dienes, 
the order was sec-BuLi >  1-PrLi >  ¿eri-BuLi >  f-BuLi >  n-BuLi. For styrene, it was sec- 
BuLi >  ¿-PrLi >  -¿-BuLi >  ra-BuLi >  feri-BuLi. With n-BuLi, the order was styrene >  
butadiene >  isoprene. For any particular monomer-initiator combination, the order 
was toluene ra-hexane >  cyclohexane. The results obtained here proved that R t = k, 
[RLi] [M] for all three monomers.

I. INTRODUCTION

In anionic polymerization, rate of initiation, in spite of its great impor
tance, has been least studied by other investigators. In fact, only the 
reaction rate of n-BuLi with styrene has been reported. Worsfold and 
Bywater1 studied this photometrically. Because of the high extinction 
coefficient of both styrene and styryl anion, this technique was useful only 
for limited concentration ranges. In the present study, by employing gas 
chromatographic analysis it was possible to follow the initiation reaction 
for wide ranges of concentrations of alkyllithiums with styrene as well as 
diene monomers.

The organic moiety of the alkyllithium initiators has no effect on the 
microstructure2-6 of the polydiene formed. It was extremely interesting 
to study the effect of the organic moiety of the alkyllithium compounds on 
the rate of initiation, a study made possible by the chromatographic tech
nique. This undoubtedly will add knowledge to the nature of initiation 
reactions.

II. EXPERIMENTAL

The solvents used and «-BuLi, sec-BuLi and fcrf-BuLi were discussed in 
Part I .7 Isopropyllithiuin (¿-PrLi) and isobutyllithium (¿-BuLi) in pentane 
were also obtained from Lithium Corporation of America.

163
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Fig. 1. Relationships between BuLi remaining and conversion of polymerization of 
butadiene (1.7 mole/1.) in cyclohexane at 50°C. at various initial n-BuLi concentrations: 
(.4)26 X 10-» mole/1.; (B) 8.7 X 10-3 mole/1.; (C) 2.6 X 10"3 mole/1.; (D) 0.9 X 
10-3 mole/1.

CONVERSION %

Fig. 2. Relationship between BuLi remaining and conversion of polymerization of 
isoprene (1.3 mole/1.) in cyclohexane at 50°C. at various n-BuLi concentrations: (A)  
26 X HR3 mole/1.; (B ) 8.7 X 10~3 mole/1.; (C) 2.6 X ICR3 mole/1.; (D) 0.9 X R)-3 
mole/1.

For rate of initiation studies, 12-oz. bottles were used. At the desired 
time, deionized water was added to terminate polymerization and hydrolyze 
residual active BuLi molecules. The butane content of each bottle was 
then determined by gas chromatography. The solution was finally evap
orated to dryness to obtain conversion. The chromatographic procedure 
for direct analysis is essentially as follows:

A 20-ft. column containing 20 wt.-% 1,2,3-triscyanoethoxypropane on 
Chromosorb was used. The column was operated at 50 °C. and a helium
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Fig. 3. Relationship between BuLi remaining and conversion of polymerization of 
styrene (1.0 mole/1.) in cyclohexane at 50°C. at various re-BuLi concentrations: (A) 
26 X 10“3 mole/1.; (B) 8.7 X 10“3 mole/1.; (C) 2.6 X 10“3 mole/1.; (£>) 0.9 X 10~3 
mole/1.

CONVERSION 7 .

Fig. 4. Effect cf BuLi structure on rate of initiation in cyclohexane: ( • )  «-BuLi; (■)
ieri-BuLi; (A) sec-BuLi.

flow rate of 55 cc. min. The sample was injected via a chilled microliter 
syringe. If 0.5 mmole or less of butane was present, a sample size of 40 #tl. 
was used; for greater concentrations, 20 ¿¿1. was sufficient. Butane could 
be detected in concentrations as low as 0.05 mmole/200 g. of polymer 
solution or approximately 20 ppm of solution. The peak height of the 
butane was measured and compared with a known concentration of n- 
butane in a synthetic blend.

However, it was found that more accurate and reproducible results can 
be obtained by using an internal reference standard. For n-butane analy-
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Fig. 5. Effect of BuLi structure on rate of initiation in cyclohexane: ( • )  n-BuLi; (■)
¿erf-BuLi; (A) sec-BuLi.

Fig. 6. Effect of solvent on rate of initiation at 50°C.: (A) cyclohexane; (■) n-hexane;
( • )  toluene.

sis, isobutane was used as internal standard and vice versa. For propane 
analysis, propylene was used. The technique is described below.

A known amount of the reference gas is injected into the bottle during 
the preparation of the sample. After the hydrolysis, a liquid sample was 
introduced into a 20-ft. hexamethylphosphonamide column operated at 
room temperature and 25 psig helium carrier gas pressure. Corrections 
were made for the difference in thermal conductivity of the gases. The 
amount of the gas analyzed was calculated by the following relationship:

X D = L d/L b A +  G/j [1 — P b/ d^I

where A is the number of millimoles of standard reference material (B) 
added, P B is the vapor pressure of pure B at temperature of the test, P& is
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Fig. 7. Effect of solvent on rate of initiation at 50°C.: (A) cyclohexane; (■) ra-hexane;
( • )  toluene.

the vapor pressure of pure D at temperature of the test, GD is the amount of 
component D in the vapor, L-q is the amount of component D in the liquid, 
and L b is the amount of component B in the liquid.

The term, CrD[l — ( /’b 'Pn) |, is very small compared to XD and, there
fore, it was neglected in actual calculations.

III. RESULTS

By gas chromatographic analysis of the hydrolyzed polymerization 
solutions at different reaction times, the per cent of BuLi unreacted was 
measured at various conversions. The effect of BuLi concentration is 
shown in Figures 1-3, and that of the structure of the butyl group in Figures 
4 and 5. The effect of solvent type is illustrated in Figures 6 and 7.
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Fig. 9. BuLi concentration vs. time for polymerization in cyclohexane at 50°C.: ( • )  
butadiene (1.7 mole/1.); (■) isoprene (1.3 mole/L); (A) styrene (1.0 mole/1.).

The rate of initiation, measured from the initial reaction rate of BuLi
and monomer, was easily calculated from the butane analyses. These 
rates, listed in Tables I  and I I ,  demonstrate the solvent and BuLi structure 
effects for butadiene, isoprene, and styrene.

TABLE I
Effect of Butyllithium Structure on Rate of Initiation in Cyclohexane 

[rc-BuLi], 2.6 X 10“3 mole/1.

R it mole/l./min. X 103
[M], 1 emp.,

Monomer mole/1. °C. n-BuLi sec-BuLi ferf-BuLi i-BuLi

Butadiene 1.7 50 0.08 4.0 0.7 —
30 0.02 0.8 0.13 —

Isoprene 1.3 50 0.05 1.5 0.9 0.12
30 0.01 0.3 0.2 —

Styrene 1.0 50 0.09 5.2 0.04 0.19
30 0.02 1.2 — —

TABLE II
Effect of Solvent on Rate of Initiation at 50°C.

[Ml, [n-BuLi], Ri, mole/l./min. X If)3

Monomer mole/1. mole/1. X 103 Toluene Cyclohexane Hexane

Butadiene 1.7 2.6 2.4 0.08 0.12
8.7 7.1 0.23 0.33

Isoprene 1.3 2.6 1.6 0.05 0.07
8.7 4.4 0.12 0.18

Styrene 1.0 2.6 2.3 0.09 0.13
8.7 7.2 0.24 0.30
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Fig. 10. Rate of initiation in cyclohexane at 50°C. with n-BuLi vs. monomer concentra
tion.

Fig. 11. Rate of initiation vs. [RLi]: (A) styrene (1.0 mole/1.) with I-PrLi at 30°C.; 
(R) styrene (1.0 mole/1.) with ¿-BuLi at 50°C.; (C) butadiene (1.0 mole/1.) with 
i-PrLi at 30°C.; (D) isoprene (1.0 mole/1.) withi-BuLi at 50°C.

The rates of initiation for the three monomers with n-BuLi in cyclohexane 
at 50°C. were examined for a range of w-BuLi concentrations. At least in 
the range of 3 X 10-8 to 4 X 10"W , the initial rate of initiation for styrene 
and dienes was proportional to initial [BuLi] as shown in Figure 8. First- 
order kinetic behavior with respect to [BuLi] at any time is shown in Figure 
9, a semilogarithmic plot of [BuLi] versus time. Since the propagation 
step rapidly consumed the monomer, a first-order plot of this nature holds 
only up to fairly low conversions (below 30%).

The rate of initiation was also first-order in monomer concentration. 
This is illustrated in Figure 10.

Rate of initiation with f-PrLi and f-BuLi was also examined. The first- 
order relationship was again demonstrated (Figure 11).
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IV. DISCUSSION

The curves of conversion versus unreacted BuLi for the three monomers 
at various BuLi concentrations clearly demonstrated that rate of polymer
ization R is indeed a study of combined rates of propagation, and initiation 
(see Part I ).7 It also showed that at higher concentrations, proportionally, 
less BuLi was consumed. At the same concentration the most unreacted 
BuLi was found with styrene or isoprene and least with butadiene. This 
is in agreement with the results that for rate of propagation, the order is 
styrene > isoprene »  butadiene (see Part III);8 for rate of initiation 
the order is styrene > butadiene > isoprene.

One of the interesting findings is the fact that tert-BuLi is a very active 
initiator with dienes but a relatively inactive initiator with styrene. If 
rate of dissociation of the alkyllithium alone controls the rate of initiation, 
then the rates should be about the same for dienes and styrene. From the 
data obtained here, it seems the rate of initiation is determined by the 
reaction between a particular combination of alkyllithium and monomer. 
For diene monomers, the order of decreasing activity is sec-BuLi > i-PrLi > 
feri-BuLi > f-BuLi > n-BuLi. For styrene, the order is the same, except 
that feri-BuLi is the slowest. It may be speculated that this is controlled 
by the anion stability of the initiator as well as steric factors.

The study of solvent effect indicated that rate of initiation is highest in 
toluene and lowest in cyclohexane. From examination of the rate of 
polymerization7 it was predicted that the rate of initiation would be faster 
in n-hexane than in cyclohexane as discussed earlier.

The results obtained here showed that R t = fcJRLi] [M], The first- 
order relationship between rate of initiation and [RLi] does not agree with 
the data reported for styrene by Worsfold and Bywater. The origin of this 
discrepancy is not clear. These authors found the rate to be low order 
(between 1/ 3 and 1/?) from which they assumed that n-BuLi is a hexamer 
in hydrocarbon solvent. The first-order kinetics do not necessarily indicate 
that the initiator molecules are not associated at the concentrations studied. 
They do suggest that the initiation rate is independent of association 
number of a particular alkyllithium.

The rate constant kt for the three monomers in cyclohexane, n-hexane, 
and toluene as well as kt for the three monomers with n-, sec-, i-, and tert- 
BuLi were calculated to demonstrate the relative rates. These constants 
are shown in Table III.

The author wishes to thank Dr. R. C. Farrar for his useful discussions in gas analysis. 
I am indebted to W. J. Hines for the chromatographic analysis.
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Résumé
On a mesuré, a divers taux de conversion, par chromatographie en phase gazeuse, le 

pourcentage de BuLi qui n’a pas régi apres hydrolyse des polymères en solution. On a 
étudié l’influence de la concentration en BuLi, ainsi que l'influence de la structure du 
groupement butyle et le type de solvant. On a déterminé les vitesses d’initiation (/?,) 
pour lés butadiene, l’isoprène et le styrène. Pour les diènes, l’ordre est sec-BuLi > 
¿so-BuLi >  ieri-BuLi >  ¿so-BuLi > ra-BuLi. Pour le styrene il est sec-BuLi >  iso- 
PrLi >  ¿so-BuLi > «-BuLi > ieri-BuLi. Pour le «-BuLi l’ordre est styrene >  butadiene 
>  isoprène. Pour chaque combinaison monomère-initiateur l'ordre est toluene > >  
«-hexane >  cyclohexane. Les résultats obtenus montrent que 7?,- = (RLi)(M) pour 
chacun des trois monomères.

Zusammenfassung
Durch gaschromatographische Analyse der h.ydrolysierten Polymerisationslösungen 

wurde der Prozentgehalt an nicht reagiertem BuLi bei verschiedenem Umsatz gemessen. 
Der Einfluss der BuLi-Konzentration, der Struktur der Butylgruppe und des Lösungs
mitteltyps wurde untersucht. Die Startgeschwindigkeit (Ri) wurde für Butadien, Iso
pren und Styrol bestimmt. Bei den Dienen war die Reihenfolge seft-BuLi >  ¿-PrLi >  
ierf-BuLi >  ¿-BuLi >  «-BuLi. Bei Styrol war sie sefc-BuLi >  ¿-PrLi >  ¿-BuLi >  «-BuLi 
>  ieri-BuLi. Mit n-BuLi war die Reihenfolge Styrol >  Butadien >  Isopren. Für 
jede Monomer-Starterkombination war die Reihenfolge Toluol «-Hexan >  Zyklo- 
hexan. Die hier erhaltenen Ergebnisse zeigen, dass bei allen drei Monomeren /?, = 
[RLi] [M] ist.
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Kinetics of Polymerization of Butadiene, Isoprene, and 
Styrene with Alkyllithiums.

Part III. Rate of Propagation

HENRY L. HSIEH, Research and Development Department, Phillips 
Petroleum Company, Bartlesville, Oklahoma

Synopsis

Initial propagation rates Rp for butadiene, isoprene, and styrene were obtained by us
ing sec-BuLi as the initiator. With this alkyllithium, initiation was so very rapid that 
propagation alone was easily studied. In the case of diene monomers a t [RLi] >  10~2M  
and for styrene, Rp = kp [RLi]'A[M]. Here no unreacted BuLi is present to associate 
with polymer-Li. However, polymer-Li association can occur to temporarily inactivate 
the propagating anion. A mechanism was proposed and the kinetic equations were 
derived. When [RLi] was 10-4 to 10~2M, Rp = icp[RLi] ‘̂ [M] for both dienes, but not for 
styrene. Some propagation rate constants were calculated. The order of rate of prop
agation for three monomers was styrene >  isoprene >  butadiene.

I. INTRODUCTION

Iu the anionic polymerization system, the rate of propagation has re
ceived little attention, mainly due to the difficulty of separately studying 
rate of propagation and rate of initiation. Morton and his co-workers1 
used “seeded” initiators to obtain rate of propagation values. Worsfold 
and Bywater2 also obtained values for the propagation rate of styrene by 
following the reaction photometrically using the known absorption bands 
of styrene and the absorption band of the polystyryl anion. This enabled 
study of the propagation step after measurements indicated that initiation 
was complete. However, this often required the introduction of additional 
styrene. For an extensive comparison of the three common monomers, 
development of a new approach was indicated. In the present work the 
propagation step was kinetically isolated by use of an anionic initiator 
having an extremely rapid rate of initiation.

II. EXPERIMENTAL

The materials used and the polymerization technique were extensively 
discussed in Part I .3 “Seeded” initiator was prepared by adding 3 moles 
butadiene or isoprene in three increments to a 0.3M  sec-BuLi solution at 
70°C.

173
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III. RESULTS

Initial propagation rates for butadiene, isoprene, and styrene were ob
tained by using sec-BuLi as the initiator. With this alkyllithium initiation 
was so very rapid that propagation alone was easily studied. For styrene 
and butadiene, no measurable amount of alkyllithium remained in the 
mixture at conversions more than 1 or 2%, even at a very high (62 X 10~3 
mole/1.) initiator level. For isoprene, the initiation reaction was generally 
completed before 4-10% conversions.4 Therefore, the calculations of rate 
propagation for isoprene were based on approximately 10-30% conversions.

Fig. 1. Rate of propagation of butadiene (1.7 mole/1.) in cyclohexane at 30°C.; 
(A) initiated with sec-BuLi or seeded (sec-BuLi) initiator; (B ) initiated with incom
pletely seeded (n-BuLi) initiator; (C) initiated with n-BuLi (see Part I 3).

feuLi], "Vi X I03

Fig. 2. Rate of propagation of isoprene (1.3 mole/1.) in cyclohexane at 30°C.: (A) 
initiated with sec-BuLi or seeded (sec-BuLi) initiator; (B ) initiated with incompletely 
seeded (n-BuLi) initiator; ((.') initiated with n-BuLi (see Part l 3).
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[B uL iJ, " V t  X I0 3

Fig. 3. Rate of propagation of styrene (1.0 mole/1.) in toluene at5°C .: (A) initiated 
with sec-BuLi; (B) initiated with n-BuLi (see Part I 3).

Fig. 4. Rate of propagation in cyclohexane at 30°C. vs. monomer concentration.

Seeded initiators were also employed to check the results obtained from 
sec-BuLi. At first, n-BuLi was used for the seeded experiments. Ap
proximately 1 mole of butadiene (the monomer with the lowest ratio of 
propagation to initiation rates) was added incrementally to 0.1 mole of 
BuLi in 250 ml. cyclohexane at 70 and 100°C. However, chromatographic 
analysis of the hydrolyzed products proved that about 30% of the n-BuLi 
remained unreacted. The rates obtained at 30 and 50°C. from this 
initiator were, in every case, higher than those from unseeded n-BuLi, but 
lower than rates obtained with unseeded sec-BuLi. Furthermore, the 
analysis showed that during polymerization an initiation reaction from the 
unseeded n-BuLi was occurring. Indeed, the propagation and initiation 
steps were not completely separated. It was concluded that the complete
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Fig. 5. Rate of propagation vs. [RLi]: (A) styrene in cyclohexane at 30°C.; (B) 
isoprene in cyclohexane at 30°C.; (C) styrene in toluene at 5°C.; (D) butadiene in 
cyclohexane at 30°C.; (£ ) isoprene in toluene at 5°C.

Fig. 6. Rate of propagation vs. [RLi]l/a: (A) styrene in cyclohexane at 30°C.; (B) 
isoprene in cyclohexane at 30°C.; (C) styrene in toluene at 5°C.; (D) butadiene in 
cyclohexane a t 30°C.

seeding of ?i-BuLi was rather difficult. However, the preparation of 
seeded initiator from sec-BuLi could be carried out conveniently and with 
certainty. Hydrolysis and chromatographic analysis of the seeded 
initiators proved that all the sec-BuLi had reacted. The polymerization 
results were identical, within experimental error, to those obtained from
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Fig. 7. Rate of propagation vs. [RLi]l/s: (A) isoprene in cyclohexane at 30°C.; (B ) 
butadiene in cyclohexane at 30°C.; (C) isoprene in toluene at 5°C.

sec-BuLi directly. Figures 1-3 show the difference between rate of pol
ymerization obtained from n-BuLi (Part I ) 3 and rate of propagation from 
sec-BuLi and also that rate of propagation was dependent on initiator 
level.

The relationship between initial rate of propagation and initial monomer 
concentration [M] was examined. Figure 4 showed that the rate of propa
gation was directly proportional to monomer concentration. Similar 
conclusions have been reported in the literature.1’2'6

The rate of propagation has been reported as proportional to [RLi]1/2 
for styrene1,2 as well as for diene monomers.1 Another investigator5 
measured only the rate in the later stages of polymerization and showed 
that the propagation step was almost independent of initiator concentra
tion above 0.02 mole/1. of n-BuLi. These results at high initiator levels 
were presumably depressed by the presence of unreacted w-BuLi (the in
completeness of separating initiation from the propagation steps). In 
still another study,6 the overall rate was reported to be proportional to 
[RLi]1,7", with«, values of 6 at 10~2M  and 3 at 10~5Af.

The initial propagation rates and RLi concentrations from our investi
gation are plotted logarithmically in Figure 5. Two distinct slopes were 
observed. One showed the initial rate was proportional to [RLi]^2 for 
styrene at [RLi] >10_4M and for butadiene and isoprene at [RLi] >10~2M. 
The other slope demonstrated that the initial rate was proportional to 
[RLi]1/3 for dienes at [RLi] between 10" 4 and 10“2Af. These two pro
portionalities are also shown in Figures 6 and 7.

I t is interesting to observe that a proportionality of between V6 and Vs 
was obtained for diene monomers when the incompletely seeded n-BuLi 
was used. This, of course, does not represent a true relationship between
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Rv and [RLi], since the initiation reaction was not completely separated 
from propagation reaction.

IV. DISCUSSION

In the case of diene monomers at [RLi] >10~W  and styrene, Rv = 
fcj,[RLi]1/![M]. Here no unreacted BuLi is present to associate with 
polymer-Li. However, polymer-Li association can occur to temporarily 
inactivate the propagating anion. The propagation reaction is

P* +  M ^  P'* (i)
and the association reaction is

kzp* _p p* ------- * p .p
k- 3 (2)

where P* and P'* are unassociated, active polymer-Li, M is monomer, and 
P • P is associated polymers. Here /c2 is the propagation rate constant, and 
k3 and 7<r- 3 are forward and reverse reaction constants for the association 
reaction. Fromeq. (2),

ÍW k -t  = [P-P]/[P*]2 = K3 (3)

[P-P] = K,[P*? (4)

The initial BuLi concentration is n0

n0 = [P*] +  2 [P P ] (5)
and then,

[P*] = n0 -  2 [P ■ P ] (6)
From eqs. (4) and (6)

[P*] = n0 -  2/C3[P*]2 (7)
[P*] = (I /4/C3) [(1 +  8K3no)1/¡ -  1] (8)

The rate of propagation Rp is

-d M /d t = k2 [P*][M] (9)

From eqs. (8) and (9)

Rp = (kì/éKs) [M][(l +  8/v3n0) 1/2 -  1] (10)

This is the general expression for the rate of propagation. However, at 
relatively high initial BuLi concentration (no ), the term 8K sn0 is large, and 
eq. (10) can be expressed as

R„ = (V4K.)[M](8AVi0),/*
= k2/  (2/va) 1/2 [M ]n0,/!

(11)
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At extremely low n0, 8K sn0 is small. One can express the rate equation by 
applying the mathematical approximation o f ( l + A ) m= l  +  mA. There
fore,

RP = (kt/4iv3) [M ] (4Ksn0) = fe.[M]wD (12)

The kinetic equations predict a square root relationship at high RLi 
concentration and first-order at very low RLi concentration. The associa
tion of polymer molecules to form a dimer had been suggested by Morton1 
based on intrinsic viscosity determinations of terminated and unterminated 
polymer solutions. The reason for observed relationship of Rp to [RLi]1/3 
for both dienes at [RLi] between 10-4 and 10"2M is not understood. An 
assumption of formation of trimer, instead of dimer, can be made here. 
However, this is not in agreement with Morton’s work,1 which showed 
that polydienes as well as polystyrene have association numbers of n 2. 
Furthermore, it is difficult to visualize the formation of dimer at higher 
concentration and trimer at lower concentration. Nevertheless, our 
relationship was shown with both dienes with either sec-BuLi or seeded 
initiator, in cyclohexane or toluene and at both 30 and 5°C. Lundborg 
and Sinn6 reported earlier that the overall rate of polymerization is pro
portional to [RLi]1/3 at [RLi] of 10~6AT. The exact meaning of overall 
rate is not clear, but the expression is in agreement with our data. The 
discrepancy between this and Morton’s results requires further investiga
tion.

TABLE I
Rate of Propagation Constants

Monomer

Temp.,
°C.

Butadiene Isoprene
Styrene,

Solvent k p ^ b 'bt\jp b an>p b 'b!\jp

Cyclohexane
Toluene

30
5

0.033 0.020 0.155
0.012

0.096
0.0067

0.494
0.080

a Rp = fcp[RLi] '%M] ; [RLi] >  10~2 mole/1. for dienes and >10 4 mole/1. for styrene. 
b Rp = kp' [RLi] 1/s[M] ; [RLi] >  10“4 mole/1. but <  10~2 mole/1. for dienes.

Some propagation rate constants were calculated as shown in Table I to 
demonstrate the relative rates for different monomers and in different 
solvents.
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Résumé
On a obtenu des vitesses initiales de propagation (Rp) pour le butadiène, l’isoprène et 

le styrène, avec le sec-BuLi comme initiateur. Avec cet alcoyl-lithium l’initiation a 
lieu si rapidement qu'on a étudié uniquement la propagation. Dans le cas des mono
mères diéniques pour (RLi) > 10"2 mol et pour le styrène, Rt, = fc j,[RLi]1 /-2[IVI]. Dan, 
ce cas il n’y a pas de BuLi qui n’a pas réagi, et s’associerait au lithium du polymère. 
Toutefois l’association avec le lithium du polymère peut se faire en désactivant pro
visoirement l’anion propagateur. On propose un mécanisme et on en déduit les équa
tions cinétiques. Quand (RLi) est 10"4 à 10~2 molaire, R v - èp[RLi]I/s[M] pour les 
deux diènes mais pas pour le styrène. On a calculé quelques constantes de vitesse de 
propagation. L'ordre de la vitesse de propagation pour les trois monomères est styrène 
> isoprène >  butadiène.

Zusammenfassung
Anfangswachstumsgeschwindigkeiten (Rp) wurden für Butadien, Isopren und Styros 

mit seA-BuLi als Starter erhalten. Mit diesem Alkyllithium war der Start so schnelll 
dass das Wachstum allein leicht untersucht werden konnte. Im Fall der Diene bei 
[RLi] >  IO"2 Molar und von Styrol, Rv = k,, [RLi]1/,![M]. Hier ist kein unreagiertes 
BuLi vorhanden, das mit Polymer-Li assoziieren könnte. Es kann jedoch Polymer-Li- 
Assoziation auftreten und temporär das wachsende Anion inaktivieren. Ein Mechanis
mus wurde vorgeschlagen und die kinetischen Gleichungen abgelebt. Wenn [RLi] 
zwischen IO-4 und 10"2 Molar liegt, gilt für beide Diene, nicht aber für Styrol R,„ = kp 
[RLi] l/,J[M]. Einige Wachstumsgeschwindigkeitskonstanten wurden berechnet. Die 
Reihenfolge der Wachstumsgeschwindigkeit für die drei Monomeren war Styrol >  
Isopren >  Butadien.
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Microstructures of Polydienes Prepared from 
Alkyllithium
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Synopsis

The stereochemistry of polymerization of isoprene and butadiene by means of alkyl- 
lithium initiators was examined. The stereochemistry of polybutadiene and polyiso- 
prene responded to the same variables in anionic polymerization. Microstructure of 
both polymers is sensitive to initiator level, solvent type, and polymerization tempera
ture, but is independent of monomer concentration, conversion and initiator structure. 
The heat activation energy leading to 1,2 addition is greater than that leading to trans-1,4 
addition (1200 cal./mole). The exact pictorial sequence leading to stereospecific poly
merization of dienes by means of alkyllithium is still not clear. However, it seems to 
involve the orientation of the incoming monomer units by association and passage 
through a transition complex in which all bonds are largely covalent in character and 
within which polymerization occurs.

I. INTRODUCTION

The polymerization of isoprene by means of alkyllithium initiators has 
been studied extensively. Hsieh and Tobolsky reported that high-cfs 
polyisoprene could be prepared with alkyllithium in heptane or benzene.1 
Polymers prepared in ethers showed a change in stereochemistry toward 
increased isopropenyl (3,4 addition product), vinyl (1,2 addition product), 
and trans unsaturations.2 The microstructure was found to be independent 
of the organic moiety of the initiator.3 The effects of the alkyllithium 
structure, solvent type, temperature, initiator level, conversion and com- 
plexing agents on the polymer stereochemistry were further investigated 
by others.4-6

Ziegler reported the polymerization of butadiene with BuLi,7 and an 
Australian patent was granted to Foster in this area.8 However, ex
amination of the stereochemistry of polymerization of butadiene by means 
of alkyllithium received very little attention. Ivuntz and Gerber described 
the effect of polymerization variables on the polymer microstructure.9 
Considerable differences were observed between their work with poly
butadiene and that of others with polyisoprene. This report attempts to 
clarify some of the discrepancies reported in literature and provide new 
information leading to better understanding of the stereochemistry of 
anionic polymerization of dienes.

181
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II. EXPERIMENTAL

A. Materials

The solvents employed, petroleum-derived toluene, reagent grade 
benzene, pure grade w-pentane and n-heptane, and polymerization grade 
cyclohexane were dried by countercurrent scrubbing with prepurified 
nitrogen followed by passage over activated alumina. Phillips’ special 
purity butadiene was distilled through sodium dissolved in ethylene glycol 
before it was condensed and transferred into bottles containing Drierite. 
Phillips’ polymerization grade isoprene was refluxed over sodium wire in a 
nitrogen atmosphere for about 3 hr. and distilled into bottles. Both 
monomers were stored in a deepfreeze. The n-BuLi in heptane and sec- 
BuLi, terf-BuLi and isopropyllithium in pentane were obtained from 
Lithium Corporation of America as approximately 271/ solutions. Allyl- 
lithium in heptane was obtained from Orgmet.

B. Polymerization Procedure

Polymerizations were carried out in new beverage bottles which were 
cleaned and air-dried at 60°C. Solvent was first added to each bottle under 
a nitrogen blanket through a specially constructed and calibrated solvent 
charging apparatus. After the solvent was introduced, prepurified nitrogen 
was dispersed through a fritted glass tube and purged through the solvent 
at the rate of 3 l./min. for 10 min. in an effort to remove residual amounts 
of moisture and air. The bottles were capped with toluene-extracted, 
self-sealing rubber gaskets and perforated metal caps having three holes. 
Monomer was added directly to the solvent from a calibrated monomer 
dispenser. The solution was brought to desired reaction temperature by 
tumbling the bottles in a constant temperature bath. Then the initiator 
solution was added from a calibrated syringe. The bottles were tumbled 
in the constant temperature bath for the necessary time. To prevent any 
possible leakage into the bottle cap in the bath, 25 psi of prepurified nitro
gen pressure was introduced into the bottle after all the reagents were 
added. For high temperature studies, (higher than 70°C.) polymerization 
was carried out in a modified 1-liter Paar reactor. Polymers were re
covered by coagulation with isopropyl alcohol and dried in a vacuum oven.
2,2,-Methylene bis(4-methyl-6-fert-butylphenol) (3 wt.-%) was added as 
anti-oxidant to the polymer solution before coagulation.

C. Analyses

The microstructures of the polymers were determined by infrared 
spectroscopy. Spectra of all samples were obtained with either Perkin- 
Elmer Model 21 or an Infracord Instrument equipped with sodium chloride 
prisms. Samples were examined as 2.5% solutions of polymer in carbon 
disulfide between potassium bromide plates of conventional, sealed ab
sorption cells,
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For polyhutadiene, the procedure developed by Silas, Yates, and Thorn
ton10 was employed. However, cis unsaturation was not actually deter
mined. The estimated values were obtained by assuming the polymer 
had 100% unsaturation. For polyisoprene, cis and isopropenyl un
saturations were measured at 8.86 and 1 1 .2 5 m respectively. Calibration 
was accomplished by using purified, deproteinized natural rubber, assumed 
to have 99% cis unsaturation, and 2-methyl-l-hexene as standards; the 
trans unsaturations were estimated.

Inherent viscosity was determined in toluene at 25 °C. No gel was 
observed in the samples.

III. RESULTS

The microstructure of polybutadiene and polyisoprene was again 
demonstrated to be independent of the organic moiety of the alkyllithium 
initiator. The experimental results are shown in Tables I and II. The 
data also showed the dependence of the polymer microstructure on the 
solvent type, and molecular weight of the polymer and, therefore, the 
initial initiator concentration.

The relationship between the microstructure of the polymer and the 
initial initiator concentration (basically, the molecular weight of the 
polymer at quantitative conversion) was further examined under identical 
and controlled conditions. The results are shown in Tables III and IV. 
Figures 1 and 2 show the general relationship between configurations of 
polybutadiene and polyisoprene prepared with different alkyllithium

TABLE I
Effect of the Structure of Alkyllithium on Microstructure of Polybutadiene Prepared at

50°C.

Solvent

Cyclohexane

Configuration, %
Inherent --------------------------------------

RLi viscosity tr a n s CIS Vinyl

n-BuLi 6.26 36.8 58.0 5.2
ferf-BuLi 6.10 35.8 57.8 6.4
îï-BuLi 2.92 48.9 44.2 6.9
ferf-BuLi 2.55 49.5 43.6 6.9
ierf-BuLi 1.84 48.7 44.7 6.6
Allyl Li 1.70 49.1 44.1 6.8
ra-BuLi 1.30 54.3 38.7 7.0
ferf-BuLi 1.29 52.3 40.7 7.0
- PrLi 1.34 51.7 41.3 7.0
Allyl Li 1.15 52.7 39.9 7.4
i-PrLi 0.83 53.6 39.2 7.2
terf-BuLi 0.65 54.6 38.3 7.1
?t-BuLi 0.54 54.0 38.7 7.3
w-BuLi 0.34 54.9 37.8 7.3
ferf-BuLi 0.34 54.7 38.0 7.3
w-BuLi 1.80 51.1 38.7 10.2
sec-BuLi 1.31 51.1 38.6 10.3

Toluene
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TABLE II
Effect of the Structure of Alkyllithium on Microstructure of Polyisoprene Prepared at

50°C.

Configuration, %

Solvent RLi
Inherent
viscosity CIS tra n s

Isopro-
penyl Vinyl

Cyclohexane re-BuLi 6.06 84.2 10.2 5.6 0
sec-BuLi 6.13 84.2 11.5 4.3 0
n-BuLi 2.96 76.6 16.6 6.8 0
fert-BuLi 2.48 76.6 16.8 6.6 0
n-BuLi 1.54 75.0 17.9 7.1 0
ieri-BuLi 1,42 76.6 15.6 7.8 0
¿-PrLi 0.86 70.4 22.1 7.5 0
¿-PrLi 0.48 68.9 23.3 7.8 0
ra-BuLi 0.37 70.4 21.8 7.8 0
ieri-BuLi 0.31 68.9 23.3 7.8 0

Toluene ra-BuLi 1.17 64.3 26.0 9.7 0
sec-BuLi 1.10 67.4 25.9 9.7 0

TABLE III
Effect of Butyllithium Level on Microstructure of Polybutadiene Prepared in Cyclo

hexane at 50°C.

[ra-BuLi], 
mmoles/100 g. 

monomer
Inherent
viscosity1

Configuration, %

trans cis Vinyl

0.10 7.92 34.1 60.8 5.1
0.15 6.15 39.3 54.3 5.4
0.20 3.95 44.1 50.0 5.9
0.30 2.93 45.5 48.5 6.0
0.40 2.40 48.7 45.1 6.2
0.50 2.16 48.5 45.1 6.4
0.60 2.06 51.5 41.8 6.7
2.7 0.78 53.1 40.3 6.6

39.7 0.19 52.6 40.1 7.3

" 100% conversion.

TABLE IV
Effect of Butyllithium Concentration on Microstructure of Polyisoprene Prepared in

Cyclohexane at 50 °C.

[w-BuLi], 
mmoles/100 g. Inherent Configuration, %

monomer viscosity" CIS trans Isopropenyl Vinyl

<0.1 6.06 84.2 10.1 5.7 0
0.4 2.12 70.0 23.0 7.0 0
1.4 1.00 67.4 25.3 7.3 0
4.4 0.49 67.4 25.1 7.5 0

39.4 0.19 61.3 30.8 7.9 0

" 100% conversion,
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INHERENT VISCOSITY AT 100% CONVERSION

Fig. 1. Microstructure of polybutadiene initiated with alkyllithium in cyclohexane
at 50°C.

INHERENT VISCO SITY AT 100% CONVERSION

Fig. 2. Microstructure of polyisoprene initiated with alkyllithium in cyclohexane
at 50°C.

initiators and the inherent viscosity of the polymers at quantitative 
conversion.

Polymer microstructure as a function of conversion is shown in Figure 3. 
For both polybutadiene and polyisoprene it is independent of conversion 
within experimental error.

The results obtained by using different nonpolar solvents, are shown 
in Table V. Use of aromatic solvents, particularly toluene, increased the



186 H. L. IISIEII

501—  

40 -  

30 
20 
10 
50 
40 

- 3 0 -  

2 2 0 -  

S 10
2 80-U-
§70o

6 0 -

5 0 -

40
30

20
10-
o -̂

POLYBUTADIENE

POLYBUTADIENE

trans

VINYL

tran»

VINYL -o—□

P0LYIS0PRENE

_Q____ Q_

trans

IS0PR0PENYL

10 20 30 40 50 60 70 80 90 100
CONVERSION, %

Fig. 3. Microstructure of polymer vs. conversion.

vinyl unsaturation of the poly butadiene. Similar results were also ob
served for polyisoprene.

Table VI shows the results at constant [M]/[BuLi] and variable solvent 
levels (monomer concentrations). A fourfold increase of solvent level 
did not alter the microstructure of the polybutadiene.

TABLE V
Effect of Nonpolar Solvent on Microstructure of Polybutadiene Prepared at 50°C.

Configuration, %

Solvent viscosity tra n s c is Vinyl

Toluene 1.66 51.5 37.4 11.1
Benzene 1.34 52.9 37.2 9.9
Cyclohexane 1.43 53.8 38.9 7.3
n-Heptane 1.60 54.7 38.3 7.0
ra-Pentane 1.07 53.3 39.4 7.3

TABLE VI
Effect of Solvent Level on Microstructure of Polybut.adiene Prepared at 50°C.

[n-BuLi] = 0.6 mmole/100 g. monomers)

Cyclohexane, 
g./lOO g. 
monomer

Cyclohexane,
Inherent Configuration, %

viscosity tra n s CIS Vinyl

1560 2.22 49.5 44.2 6.3
780 2.12 50.5 43.1 6.4
390 2.46 50.1 43.2 6.7
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TEMPERATURE,*C

Fig. 4. Effect of temperature of polybutadiene prepared in cyclohexane.

The effect of polymerization temperature on microstructure of poly
butadiene in cyclohexane at constant BuLi concentration is shown in 
Figure 4. As in the case of polyisoprene,6 the microstructure of poly
butadiene is dependent on polymerization temperature.

IV. DISCUSSION

Polymerization of isoprene in nonpolar solvent by alkyllithium resulted 
largely in cis unsaturation (70-90%), and polymerization of butadiene 
resulted in a large amount of cis unsaturation (40-60%) and trans un
saturation (35-55%). Nevertheless, in both instances, the cis unsaturation 
decreased and vinyl (or isopropenyl) and especially trans unsaturation in
creased with the increase of initiator level. Steams and Forman6 have 
suggested that the association of initiator, RLi, and polydienyllithium, 
R(M)„Li, interfered with the formation of a cyclic activated complex in 
much the same manner as ethers and the net-result is to lead to trans 
unsaturation and 3,4 addition product. However, it has been shown11 
that for diene monomers, the initiation with sec-BuLi, f-PrLi, and tert- 
BuLi is extremely rapid and that all the initiator, even at very high levels, 
is completely consumed at a very early stage of the polymerization. Yet, 
the polymer microstructure changed with very small changes of the 
initiator level in these systems. Furthermore, by use of these initiators 
which in most instances were completely consumed at less than 5-10% 
conversion, the same microstructure resulted as those in polymers initiated 
with n-BuLi at concentrations which are not completely used up at the end of 
polymerization.11 Furthermore, at n-BuLi levels of 0.1 and 0.4 mmoles/ 
100 g. of butadiene, no unreacted BuLi remained in the system after about 
10% conversion.11 Examination of data in Table III showed the cis
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Fig. 5. Effect of temperature on stereochemistry of polybutadiene.

unsaturation of polybutadiene changed from 61% to 45%. Therefore, 
the suggestion that association of initiator and active polymer chain-end 
interfered with stereospecificity of polymerization is not, consistent with 
experimental facts.

Raman spectroscopy has indicated that isoprene monomer contains 
85% cis isomer at 50°C. and that the calculated energy difference between 
the cis and trans resonance isomers is 900 cal./mole.12 For butadiene, it 
was estimated that the equilibrium mixture contains less than 4% cis 
isomer at room temperature13 and that the energy difference between the 
more stable trans and the cis isomer is about 2000 cal./mole.14 The 
preparation of cfs-polyisoprene, therefore, could be explained as due 
to a cis coordination complex of the monomer in the cis configuration with 
the C-Li bond of the growing polymer.6 By applying the same reasoning, 
one would expect the formation of high-p-ans polybutadiene from alkyl- 
lithium initiation. The inability of this system to prepare high-irans 
polybutadiene indicated that the energetic differences, indeed, do not 
influence the polymer microstructure. Kuntz and Gerber have postulated 
that the steric requirements and energy of both the cis and trans configura
tions of butadiene are not very different. In effect, the polymer Ci-Li 
bond must convert molecules in the trans configuration in solution into 
cis molecules in the coordination complex.9

The effect of polymerization temperature on the stereochemistry can be 
expressed by an Arrhenius-type equation as shown in Figure 5. It is 
calculated that the overall heat activation energy leading to 1,2 addition 
is greater than that leading to trans-1,4 addition (AH, — AH„ = —1200 cal./ 
mole). It is also found that entropy of activation is greater for 1,2 addi
tion than frans-1,4 addition (AS, — ASV = —0.4 e. u.).

The data presented here demonstrated that the stereochemistry of 
polybutadiene and polyisoprene responded to the same variables in anionic 
polymerization. The microstructure of both polymers is sensitive to 
initiator level, solvent type, and polymerization temperature, but is in
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dependent of monomer concentration, conversion, and initiator structure. 
This is contrary to the results reported that the cis unsaturation of poly- 
isoprene decreased as conversion was increased6 and that the microstruc
ture of polybutadiene is independent of temperature and initiator level.9 
The exact pictorial sequence leading to stereospecific polymerization of 
dienes by means of alkyllithium is still not clear. However, it is generally 
agreed5'6’9 that it involves the orientation of the incoming monomer units 
by association and passage through a transition complex in which all bonds 
are largely covalent in character and within which polymerization occurs.

The author wishes to thank Drs. J. N. Short and R. P. Zelinski for their interest in this 
work. I am indebted to M. G. Barker and O. F. McKinney for the infrared analyses.
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Résumé
On a étudié la stéréochimie de la polymérisation de l’isoprène et du butadiene au moyen 

d’aleoyl-lithium comme initiateur. La stéréochimie du polybutadiène et du polyiBo- 
prène répond aux mêmes variables en polymérisation anionique. La microstructure 
des deux polymères est sensible a la quantité d ’initiateur, au type de solvant et à la 
température de polymérisation, mais est indépendante de la concentration en monomère, 
du degré de conversion et de la structure de l’initiateur. L’énergie d’activation con
duisant à l’addtion-1,2 est plus grande que celle conduisant à la frons-addition-1,4 
(1200 cal/mole). L’image exacte des séquences conduisant à la polymérisation stéréo
spécifique des diènes au moyen d’alcoyl-lithium n’est pas encore éclaircie, cependant il 
semble qu’il y ait une orientation des unités de monomères par association et passage au 
travers d ’un complexe transitoire dans lequel tous les liens sont largement covalents et 
par lequel la polymérisation se poursuit.

Zusammenfassung
Die Stereochemie der Polymerisation von Isopren und Butadien bei Alkyllithium- 

Start, wurde untersucht. Die Stereochemie von Polybutadien und Polyisopren hängt 
von den gleichen Variablen bei der anionischen Polymerisation ab. Die Mikrostruktur 
beider Polymerm spricht auf die Startermenge, den Lösungsmitteltyp und die Poly
merisationstemperatur an, ist aber unabhängig von Monomerkonzentration, Umsatz und 
Starterstruktur. Die Aktivierungsenergie für die 1,2-Addition ist grösser als diejenige für 
die Irans-1,4-Addition ( 1200 cal./Mol). Die genaue Folge der Ereignisse, die zur stereo-
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spezifischen Polymerisation von Dienen in Alkyllithium führt, ist noch nicht klar. Es 
scheint jedoch eine Orientierung der herantretenden Monomereinheiten durch Assozia
tion und Bildung eines Ubergangkomplexes stattzufinden, in welchem alle Bindungen 
grösstenteils covalenten Charakter besitzen und innerhalb welchem die Polymerisation 
abläuft.
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Revised May 11, 1964
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Molecular Weight and Molecular Weight Distribution 
of Polymers Prepared from Butyllithiums

HENRY L. HSIEH, Research and Development Department, Phillips Pe
troleum Company, Bartlesville, Oklahoma

Synopsis
The calculated kinetic molecular weight M h was compared with experimentally deter

mined viscosity molecular weight M v of polybutadiene, polyisoprene, and polystyrene 
initiated with ;i-BuLi, sec-BuLi, and tert-BnlA. The discrepancy between M k and M v 
depends on the ratio of rates of initiation R, and propagation R,„ which in turn depends 
on initiator structure and monomer. In the alkyllithium-initiated polymerization sys
tem, Mk based on the [RLi] consumed rather than charged, is almost equal to the actual 
molecular weight. The ratio of R{ and Rp also affects the molecular weight distribution. 
The order of monodispersity for polydienes is sec-BuLi terf-BuLi >  ra-BuLi. For 
styrene, it is sec-BuLi iS> n-BuLi ierf-BuLi. The fractionation data are in perfect 
agreement with the predictions of the kinetic data. The ideal conditions for the prepara
tion of monodispersed polymer by means of anionic polymerization are also discussed.

I. INTRODUCTION

It has been generally accepted1-8 that polymerization of diene and 
styrene monomers with alkyllithium is a stepwise addition reaction with 
no true termination reaction. In most hydrocarbon solvents at normal 
temperatures, there is no chain transfer. In theory, then, the polymer 
thus formed should have a molecular weight equal to 100/[RLi], where 
[RLi] is the number of moles of RLi/100 g. of monomer. The polymer 
should also be monodispersed.

Our kinetic data8 showed that the rate of initiation R t depends on the 
monomer and the structure of alkyllithium. In this investigation, an 
attempt was made to show the close relationships between the ratio of 
rates of initiation and propagation (Rt/R v) and molecular weight of 
polymer as well as molecular weight distribution.

II. EXPERIMENTAL

A. Materials and Polymerization Procedure
The materials used and the polymerization technique are described 

extensively elsewhere.8 Small amounts of impurities present in the 
polymerization systems were not removed. The amount of alkyllithium 
destroyed by the impurities was called the scavenger level and was pre
determined for each monomer-solvent combination. The scavenger level

191
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varied from 0.2 X 10-3 to 0.4 X 10-3 mole/1. The alkyllithium level 
used to calculate the kinetic molecular weight is the effective level, namely 
the difference between the charged and the scavenger levels.

B. Viscosity Measurements

The solution viscosity of the polymers was determined in toluene at 
25°C. in the usual manner. Viscosity molecular weight d/„ was calculated 
from intrinsic viscosity by the relation:

M = kM ?
where, for butadiene,0 /c = 2.17 X 10 4, a = 0.75; for isoprene,10 k = 5.02 X 
10~4, a = 0.07; and for styrene,11 k = 1.7 X 10-4, a = 0.G9.

C. Fractionations

The column method of fractionation of polymers utilizes both a solvent 
gradient and a temperature gradient. Each of these gradients used 
individually would perform a single-phase extraction of the sample, but 
used together they constitute a multiphase extraction.

The column used was a 100 cm. long, 4 cm. diameter glass column fitted 
at the lower end with a Teflon metering valve. The column was enclosed 
in an insulating jacket to maintain a temperature gradient along the 
column varying from 44°C. at the top to 24°C. at the bottom. The 
column was packed with 0.1 nun. glass microbeads which had been acid- 
washed and dried prior to use. The solvent gradient was provided by a 
stainless steel reservoir system containing mixtures of isopropyl alcohol 
and toluene. A nitrogen atmosphere was maintained in the reservoir 
system. The fractions were collected in an automatic fraction collector.

A 1-g. polymer sample was dissolved in a mixture of isopropyl alcohol 
and toluene in which it was barely completely soluble at 65 °C. This 
polymer solution at 65°C. was charged into the column which had been 
preheated to about the same temperature. The column was then allowed to 
cool to room temperature over an 8-hr. period. This allowed the polymer 
to slowly precipitate onto the beads in reverse order of molecular weight 
to that at which it will be removed. The column was then heated to the 
operating temperatures (44-24°C.) and allowed to equilibrate. The 
mixing reservoir which contained the same ratio of isopropyl alcohol and 
toluene as that from which the sample was precipitated was attached to the 
top of the column. A siphon was established between the mixing reservoir 
and the solvent reservoir which contained pure toluene. Both reservoirs 
contained antioxidant.

The Teflon metering valve at the bottom of the column was adjusted 
to a flow rate of about 20 ml./hr. Progress of the fractionation was fol
lowed by determining the solid content of a 5 ml. aliquot of each fraction. 
The fractions were combined in such a manner that the combined fractions 
each contained about 5% of the total polymer.
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III. RESULTS

A. Molecular Weight

The linear relationships between log -q (where q is inherent viscosity) 
and log [BuLi], over a wide range of [BuLi], for three polymers are shown in

Fig. 1. Inherent viscosity and initiator level relationship for polybutadiene: ( • )  n- 
BuLi; (A) sec-BuLi; (□) ieri-BuLi.

TABLE I
Kinetic Molecular Weight M t versus Viscosity-Average Molecular Weight M v for Poly

butadiene, Polyisoprene, and Polystyrene

M , X 10 “3

Poly
butadiene Polyisoprene

M t X 
1()-3

re-, sec-, 
and

ierf-BuLi re-BuLi

sec
ond

ieri-BuLi

Polystyrene

re-BuLi sec-BuLi ieri-BuLi

500 — — — 490 470 580
200 210 220 195 250 196 315
100 110 126 97 140 98 190
50 54 67 49 75 50 125
25 29 — — 44 26 69
20 — 33 19 — — —
10 12 19 10 21 12 41
5 — 11 5 — — —
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Fig. 2. Inherent viscosity and initiator level relationship for polyisoprene: ( • )  n-BuLi
(A) sec-BuLi; (□) ieri-BuLi.

Fig. 3. Inherent viscosity and initiator level relationship for polystyrene: (•)  rc-BuLi;
(A) sec-BuLi; (□) ierf-BuLi.
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figures 1-3. In the case of polybutadiene, only one line can be drawn 
through all the points (up to [BuLi] = 10 mmole/100 g. monomer). Two 
and three lines are drawn for polyisoprene and polystyrene, respectively.

Table I shows the comparison of calculated kinetic molecular weight and 
viscosity molecular weight for three polymers initiated with ra-BuLi, 
sec-BuLi, and ferf-BuLi.

It can be readily seen that for polybutadiene, no appreciable difference 
in molecular weight was observed with three butyllithiums. Only at 
extremely high initiator level (10 mmole/100 g. butadiene or higher), could 
a slight increase in molecular weight be detected with w-BuLi. Further
more, the viscosity molecular weights were in fairly good agreement with 
kinetic molecular weight. For polyisoprene, samples initiated with n- 
BuLi gave consistently higher molecular weight than those initiated with 
sec-BuLi and feri-BuLi. Considerable discrepancy between viscosity 
molecular weight and kinetic molecular weight, particularly in the lower 
range, was observed with n-BuLi. For polystyrene, samples initiated 
with tert-BuLi gave highest molecular weight and sec-BuLi gave the lowest. 
The discrepancy between the kinetic and viscosity molecular weights was 
quite substantial with n-BuLi and even more so with feri-BuLi. In all 
the cases, again, the lower the molecular weight, the greater was the 
discrepancy.

B. Molecular Weight Distribution
Fractionation results are shown in Figures 4-6. A polybutadiene 

prepared in emulsion is included for comparison. In general, two distinct 
characteristics of these alkyllithium-initiated polymers are apparent—the 
extremely narrow molecular weight distribution and the rapid cut-off on 
the high molecular weight end.

IV. DISCUSSION
Kinetic studies8 demonstrated clearly that the effective alkyllithium 

level does not necessarily represent the actual amount of alkyllithium 
reacted. They also showed that at higher concentrations, proportionally, 
less alkyllithium was consumed. At the same n-BuLi concentration the 
most unreacted BuLi was found with styrene or isoprene and least with 
butadiene.

For butadiene and isoprene, initiation with sec-BuLi and ferf-BuLi was 
very rapid and no unreacted BuLi could be detected at the end of poly
merization. With n-BuLi a small amount of unreacted BuLi was found 
at very high initial BuLi concentration (6-7 mmole/100 g. monomer or 
higher) for butadiene. Unreacted ?i-BuLi was found even at concentra
tions of 2-3 mmoles.-100 g. monomer for isoprene. For example, in a 
polymerization containing 10 mmoles ?i-BuLi/100 g. isoprene, only about 
50% of the BuLi was consumed at the end of polymerization.8 Therefore 
the molecular weight is double the value calculated using effective initiator 
level. This is indeed the case (Table I).
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Fig. 4. Fractionation of polybutadiene.

For styrene,8 ferf-BuLi is the slowest initiator and sec-BuLi is the fastest. 
sec-BuLi is the only one of the three that is completely reacted at the end 
of polymerization. With n-BuLi, a trace of the unreacted initiator could 
be found at initial concentration as low as 1 mmole/100 g. styrene. This 
again is in perfect agreement with the data shown in Table I as well as 
Figure 3.

It can be stated that in the alkyllithium-initiated polymerization system, 
Mk based on the [RLi] consumed is almost equal to the actual molecular 
weight. The use of gas chromatography8 to determine the unreacted BuLi 
at the end of polymerization should provide the true initiator level.

In addition to the kinetic molecular weight, the ratio of R t and Rv should 
effect the molecular weight distribution. Present work clearly dem-

TABLE II
Effect, of Alkyllithium Structure on Molecular Weight Distribution

Polymer Order of decrease in monodispersity

Polybutadiene
Polyisoprene
Polystyrene

scr-lluLi =  terl-BuLi > n-BuLi 
sec-Kubi =  ieri-Bubi »  n-BuLi 
sec-BuLi »  ra-BuLi »  Ieri-BuLi
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onstrated this. The fractionation data shown in Figures 4-6 can be 
summarized as shown in Table II.

This is in agreement with the predictions of the kinetic data.8 It is 
concluded that polymer with extremely narrow molecular weight distri
bution can be easily prepared by using alkyllithium initiators and selecting 
a combination of solvent and alkyllithium which gives highest R JR V.
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It should be noted that cyclohexane used in this investigation is one of the 
least desired solvents for preparing monodisperscd polymer. The R JR P 
ratio is much higher in toluene than in cyclohexane.8 The selection of 
cyclohexane here is to dramatize the effect, particularly with experiments 
concerning kinetic molecular weight.

The author wishes to thank Drs. J. N. Short and K. P. Zelinski for their interest in 
this work. I am indebted to W. D. Johnson for the polymer fractionations.
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Résumé
Le poids moléculaire cinétique calculé M k a été comparé avec le poids moléculaire dé

terminé expérimentalement par viscosimétrie M „ du polybutadiène, du polyisoprène et 
du polystyrène, initiés par le n-BuLi, sec-BuLi et feri-BuLi. La différence entre M k 
et M v dépend du rapport des vitesses d’initiation Ri et de propagation Rv, qui eux-mêmes 
dépendent de la structure de l'initiateur et du monomère. Dans le système de poly
mérisation initié par des alcoyllithiens, M *, basé sur [RLi] consommé plutôt qu’engagé, 
est généralement égal au poids moléculaire réel. Le rapport de Ri et Rp affecte aussi la 
distribution du poids moléculaire. L’ordre de la monodispersité pour les polyd.ènes 
est le suivant: sec-BuLi =  feri-BuLi >  n-BuLi. Pour le styrène, il est: sec-BuLi 
ra-BuLi feri-BuLi. Les données de fractionnements sont en parfait accord avec les 
prédictions des données cinétiques. Les conditions idéales pour la préparation de poly
mère monodispersé par polymérisation ionique sont également discutées.

Zusammenfassung
Das berechnete kinetische Molekulargewicht M  k wurde für re-BuLi, sefc-BuLi-und 

teri-BuLi-gestartetes Polybutadien, Polyisopren und Polystyrol mit dem experimentell 
bestimmten Molekulargewicht M v verglichen. Die Diskrepanz zwischen M k, und M v 
hängt vom Verhältnis der Startgeschwindigkeit R, und Wachstumsgeschwindigkeit Rp 
ab, welche ihrerseits von der Starterstruktur und dem Monomeren bestimmt sind. Beim 
Alkyllithium-gestarteten Polymerisationssystem ist das aus dem verbrauchten [RLi] 
und nicht aus dem angewendeten, berechnete, M  k nahezu gleich dem tatsächlichen Mole
kulargewicht. Das Verhältnis von Ri zu R p beeinfluss auch die Molekulargewdchtsver- 
teilung. Die Reihenfolge der Monodispersität für Polydiene ist sefc-BuLi =  feri-BuLi 
>  w-BuLi. Bei Styrol ist sie sefc-BuLi 2> n-BuLi ieri-BuLi. Die Fraktionierungsdaten 
stimmen völlig mit den Folgerungen aus den kinetischen Daten überein. Schliesslich 
werden die idealen Bedingungen für die Darstellung monodisperser Polymerer durch 
anionische Polymerisation diskutiert.
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Studies of the Reduction of Titanates and 
Alkoxy titanium (IV) Chlorides by 

Alkylaluminum Chlorides

PATRICIA H. MOYER, The B. F. Goodrich Research Center, 
Brecksville, Ohio

Synopsis
Replacement of up to two of the chloride ligands on titanium tetrachloride with iso- 

propoxy or butoxy groups results in an increase in the rate of reduction by alkylaluminum 
chlorides. The final product is still a titanium (III) compound. A decrease in rate re
sults from replacement of more than two of the chloride ligands by alkoxy, or of the 
chloride ligands on aluminum by alkoxy. Exchange of alkoxy between titanium and 
aluminum occurs concurrently with reduction. These observations are explained in 
terms of the relative ease of replacement of a ligand on titanium by alkyl and the relative 
stability of the alkyltitanium compounds formed.

INTRODUCTION

Replacement of some of the chloride ligands by alkoxy in the catalyst 
RAlCl2-TiCI4-TiCV caused an increase in the maximum rate of polymeriza
tion of ethylene (Fig. 1). The higher the maximum rate, the more rapidly 
the rate decreased after the maximum. Wesslau1 had indicated that a 
narrowing of the molecular weight distribution resulted from such 
a replacement, and that the effect was produced by replacement of 
chloride on aluminum as well as on titanium. Accordingly, we were 
prompted to examine the reactions between alkylaluminum compounds 
and mixtures of titanium tetrachloride with titanates. The points in
vestigated included the effect on ease of titanium (IV) reduction when 
chloride on titanium or aluminum is replaced by alkoxy, the distribution 
of titanium and aluminum between the precipitated and soluble products 
from the reaction, and the distribution of alkoxy between aluminum 
and titanium.

RESULTS

Mixing solutions of titanium tetrachloride and a titanate in quantities 
stoichiometric for a given mixed titanium(IV) salt probably resulted in 
very rapid formation of that salt. Mixed salts of this type are well known2'3 
and show no particular tendency to disproportionate. A considerable 
amount of heat was evolved during mixing of the solutions. No effort
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Fig. 1. Effect on polymerization of ethylene of replacing titanium tetrachloride with 
tetrabutyl titanate. Catalyst: 3.2 mmole/1. EtAlCl2, 3.2 mmole/1. TiCb, 0.80 mmole. I. 
titanium(IY). Solvent: saturated C9 hydrocarbon mixture (625 ml.). Temperature: 
70°C.

Fig. 2. Effect on amount of T i(III) produced of replacing titanium tetrachloride with 
tetraisopropyl or tetra-n-butyl titanate: (□) TiCh and Ti(0-n-Bu)4 mixed 10-20 min. 
before E t2AlCl added; (O) TiCl4 and Ti(0-f-Pr)4 mixed 10-20 min. before E t2AlCl added; 
(A) TiCl4 and Ti(0-f-Pr)4 mixed 70 min. before EtsAlCl added; ( • )  TiCl4 and Ti- 
(0-f-Pr)4 mixed 23 hr. before E t2AlCl added. [Ti] =  0.1 mg.-atom/g. of reaction mix
ture, [Al]/[Ti] S  1.5, solvent = hydrogenated propylene trimer, temperature approx. 
25°C., time of reduction 33 min.
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Fig. 3. Effect of alkyl group in tetraalkyl titanate on rate of its reduction by diethyl- 
aluminum chloride. [Ti] 0.1 mg.-atom/g. of reaction mixture, [Al]/[Ti] =  1.5, 
solvent = hydrogenated propylene trimer, temperature approx. 25 °C.

was made to isolate the compounds, but in one instance, during preparation 
of a solution intended to contain 0.66 mg.-atom of titanium/g., half of 
which derived from tetraisopropyl titanate, a white crystalline solid de
posited. It and a second crop, together accounting for 80% of the ti
tanium charged, each had the correct analysis for diisopropoxytitanium 
dichloride, reported to be a white solid by Jennings, Wardlaw, and Way.2

Mixing nonstoichiometric quantities probably gave a mixture of the 
two salts whose compositions were closest to that of the overall mixture. 
Henceforth, however, all compositions will be referred to simply as mix
tures.

Treatment of mixtures containing 0-100% titanate with 1.5 molar equiv
alents of diethylaluminum chloride gave the results shown in Figure 2. 
The reactions were conducted at room temperature for 33 min. at a 
titanium concentration of 0.1 mg.-atom/g. of solution. Although pure 
tetraisopropyl and tetrabutyl titanates were reduced much more slowly 
than titanium tetrachloride (see also Fig. 3), mixtures containing up to 
50% of either titanate were reduced more rapidly. In mixtures contain
ing 25-50% titanate, all the titanium was reduced to the (III) state. 
Titrations according to the method of Martin and Stedefeder4 applied to 
mixtures containing 50% tetraisopropyl titanate showed no titanium (II), 
however. Similarly, no titanium(II) had been found upon reduction of 
titanium tetrachloride by alkylaluminum chlorides.6’6 No discernible 
effect resulted from changes in the time elapsed between mixing the ti-



202 P. H. MOYER

TABLE I
Composition of Products from Reaction of Diethylaluminum 

Chloride with Bialkoxytitanium Bichloride“

Run
1

Run
2

Run
3

Run
4

Reaction time, hr. 2 Ht 27# 18 18
Alkoxy 1-PrO n-BuO f-PrO re-BuO
Found in filtrate :

Al, % of total — — 67.1 73.1
Ti, % of total — — 0.00 0.00
Ti, % of total as T i(III) 69.8 90.6 — —
[Cl]/[Al] — — 0.85 0.73

[Cl] /  [Al] expected in filtrate had no
exchange occurred — — 1.67 1.67

OR which exchanged to aluminum, % b — — 61 69
Found in solid:

Al, % of total — — 11.9 3.14
Ti, % of total — —
Ti, % of total as Ti(III) 29.8 8.04 96.6 80.9
[Cl] /  [Ti] — — 2.61 2.71
[Al] /  [Ti] — — 0.19 0.058

Recovery, %
Al — — 95“ 100*
Ti 99.6 98.6 97° .81*
Cl — 100“ —

a [Al]/[Ti] = 1.5; % titanium as titanate = 50-51; [Ti] = 0.1 mg.-atom/g. of re
action mixture; temperature = ~25°C.; solvent, runs 1 and 2 = hydrogenated pro
pylene trimer; solvent, runs 3 and 4 = hexane.

b This figure = {(expected [Cl] / [Al]) — (found [Cl]/[Al])}/{original [0R]/[A1]}, or 
{1.67 -  (found [Cl]/[A1])J/1.33.

0 Including amounts found in each of four washes.
d Including amounts found in first two washes. A third wash was not analyzed.

tanium tetrachloride with titanate and adding the diethylaluminum chlo
ride. The amount of titanium(III) produced declined more steeply for 
tetraisopropyl titanate than for tetrabutyl titanate as the per cent titanate 
rose beyond 50%. This paralleled the slower rate of reduction of tetra
isopropyl titanate.

Titanium(III) remained in solution (or perhaps in colloidal suspension) 
long after reduction of mixtures containing 50% titanate was complete. 
Thus, after 22/ 3 hr. of reaction, the ratio of titanium (III) in the precip
itate to that in the filtrate was 70/30 from the mixture containing tetra
isopropyl and 8/92 from the mixture containing tetrabutyl titanate.*

* The amounts of titanium (III) found in the solid and supernatant liquid from reduc
tion of tetrabutyl titanate added up to 99% of the amount of titanium charged. This 
rules out the possibility that titanium (II) was present in the precipitate, with enough 
dissolved titanium(IV) to make three the average valence state of the titanium. This 
is because the method used to destroy alkyl-metal bonds in this instance, adding ethanol 
at 0°C., would have resulted in oxidation of any titanium (II) in the solid to titanium 
(III). The amounts of titanium (III) then could not total to 100%.
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TABLE II
Dependence of Rate of Reduction on Initial Distribution of Substituents“

Al compd. used

Titanium
as

titanate,
%

Al
Ti

Time of 
reaction, 

min.

T i(III)
formed,

%

Case I
ERA1C1 0 1.48-1.54 33 76-80»
E t2AlCl 25 1.51 33 99
ELAICl 25 1.48 33 99
E t2.02AlClo - 3ä( O-ft-Bu )0.6a 0 1.53 33 92
E t2.02AlCl0.33(O-n-Bu )o-65 0 1.53 33 93

Case II
E ti.5AlCli.5 0 1.15 180 72
Eti.sAlCIi.s 0 1.16 180 71
EL.5AICI1.5 15 1.21 180 57
Eti.ßAlCli.5 15 1.21 180 57
Eti.6AlCl (O-n-Bu)e.i 0 1.17 180 38
EL.sAlCl (O-n-Bu)o.s 0 1.17 180 37

a [Ti] = 0.1 mg.-atom/g. of reaction mixture; temperature = '~25°C. 
b Eight runs.

The filtrates were deeply colored. After 18 hr., virtually all the titanium
(III) had precipitated in both cases, and the filtrates were colorless. Re
duction was accompanied by exchange of alkoxy groups from titanium to 
aluminum. Migration to aluminum was the fate of 61% of the iso- 
propoxy groups from tetraisopropyl titanate and 69% of the butoxy groups 
from tetrabutyl titanate. The findings on distribution of titanium, alu
minum, alkoxy, and chloride are summarized in Table I.

Less titanium(III) was formed in mixtures in which butoxy was bound 
initially to aluminum than in corresponding mixtures in which it was 
bound initially to titanium. This is shown in Table II, which gives the 
amounts of titanium(III) formed in a given time in two sets of experi
ments. Within each set, the compositions of the mixtures were identical 
with respect to numbers of titanium, aluminum, and chloride atoms, and 
ethyl and butoxy groups, and differed only as to the metal atom to which 
the butoxy groups were attached. The results of parallel experiments 
on mixtures containing no alkoxy groups are also shown. In case I, in 
which the R/Al ratio was 2.0 and the Al/Ti ratio 1.5, less titanium
(III) was formed in the all-chloride system than in the mixtures containing 
alkoxy groups. In case II, in which the R/Al ratio was 1.5 and the 
Al/Ti ratio 1.2, more titanium(III) was formed in the all-chloride 
system.

DISCUSSION
The mode of reduction of titanates and mixed titanium salts by alkyl- 

aluminum chlorides is probably similar to that of titanium tetrachloride, 
which is first alkylated.7

(R?A1C1)2 +  2 Tick Vi (RAlCkh +  2 RTiCl3 (1)
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That this is an equilibrium reaction was established for the methyl series.8'9 
As indicated, alkylaluminum chlorides are dimeric.10 The second step 
is the decomposition of the alkyltitanium trichloride to give hydrocarbons 
and titanium trichloride. In aliphatic solvents this proceeds via a path 
in which no free radicals are produced.7'11

2RTiCl3 —*■ 2 TiCfi +  alkane +  alkene (2)

Two factors would combine to make reduction of titanates extremely 
slow. Alkoxy would bear a smaller partial negative charge than chloride 
(as calculated according to the method of Sanderson12) and would therefore 
shift equilibrium (1) to the left. In addition, alkyltitanium trialkylatc 
would be more stable than alkyltitanium trichloride, because a larger 
negative charge would reside on the alkyl. This follows from Herman 
and Nelson’s13 finding that the stability of alkyltitanium compounds in
creases as the electronegativity of the alkyl groups increases. The sta
bility factor is the more important, as indicated by the sharp drop in the 
rate of reduction when the titanate content of a mixture is raised from 50 
to 75%. The lesser but real influence of the first step is manifested in the 
further drop in rate as the titanate content is raised from 75 to 100%. The 
fact that the rate of reduction is lowered more by isopropoxy than by bu- 
toxy substitution shows the part played by steric hindrance.

More study would be required for a complete understanding, par
ticularly of the accelerated reductions. Clearly, however, limited substi
tution of alkoxy on titanium accelerates reduction, while on aluminum it 
retards reduction. Exchange of alkoxys between the two certainly occurs, 
and can have a decisive influence. Thus the results given in Table II 
point to the conclusion that the preferred site for alkoxy attachment is 
titanium in case I, and aluminum in case II. The rate of exchange to
ward the favored site must be of a magnitude comparable to the rate of 
reduction. If it were much faster, the rate of reduction would be the 
same whether alkoxy were bound to aluminum or titanium originally. If 
it were much slower, the rate of reduction would always increase on going 
from a mixture having alkoxy on aluminum initially, to one having no 
alkoxy, and finally to one having alkoxy on titanium initially. Further 
exchange could occur after reduction, however, since the equilibrium dis
tribution could depend on the valence state of titanium as well as on the 
quantities of the various substances present. In cases where prior to re
duction, the preferred site of alkoxy is titanium, the remaining chloride 
ligands would bear a higher partial negative charge12 than the chloride of 
titanium tetrachloride. Equilibrium (1) would shift to the right. This 
would account for at least part of the acceleration which occurs in such 
cases.

The results observed in the polymerization of ethylene can be under
stood in the light of these findings. Substitution of butoxy for chloride 
ligands shifted equilibrium (1) to the right. This increased the rate of 
polymerization by increasing the concentration of alkylated titanium
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species, presumed to constitute the active catalyst.4'11’14“ 16 The in
creased concentration of alkyltitanium compounds also accelerated re
action (2), however, causing the observed drop in rate of polymerization, 
which was the more rapid, the higher the maximum had been.

EXPERIMENTAL

Materials

Hydrogenated propylene trimer and hexane were purified by treatment 
with Linde 5A molecular sieves.

Triethylaluminum and diethylaluminum chloride from Ethyl Corp. were 
used as received. Ethylaluminum sesquichloride was prepared by Dr.
L. C. Kreider of these laboratories, by reaction of aluminum with 
ethyl chloride. Solutions of (CJI5%r>AlCI(0-n-Bu),).5 and (C2H6)2.o2 
A1C10.33 (O-Ti-Bu) o- 65 were prepared from appropriate quantities of di
ethylaluminum chloride solutions in the first instance, and from triethyl
aluminum, diethylaluminum chloride, and n-butanol solutions in the second 
instance. The n-butanol was Eastman Kodak White Label, flash-distilled 
from calcium hydride.

Fisher purified titanium tetrachloride was distilled from copper turnings, 
b.p. 132°C. Tetraisopropyl titanate from du Pont, b.p. 88°C./2 mm., 
and tetrabutyl titanate from Anderson Chemical Company, b.p. 145/ 
147°C./0.36 mm., were distilled.

Reduction Experiments—Measurement of Titanium Valence State

All operations were performed under nitrogen of high purity. The sol
vent, titanium compound(s), and alkylaluminum compound were added to 
the reaction flask by means of syringes, the exact amounts being determined 
by weight. The alkylaluminum compound was added with stirring. After 
the designated reaction time, the reaction flask was plunged into a cold 
bath. For all but two of the reductions of titanium tetrachloride, and for 
four of the reductions of mixtures containing 50% tetraisopropyl titanate, 
the temperature of this bath was — 70°C. At this temperature ethanol re
acts with alkylmet-al bonds but does not oxidize titanium(II) to titanium
(III).4 Hence had any titanium(II) been present it would have been de
tected in the subsequent titration, but in no case was it found. For the 
remaining reductions, the quench bath was held at 0°C. After 5 min., 
ethanol of the same temperature as the bath was added to destroy alkyl- 
metal bonds. Excess 0.1 A ferric chloride in ethanol was then added, and 
the ferrous ion titrated with ceric ammonium sulfate, either potentio- 
metrically or with barium diphenylamine sulfonate as indicator.

To determine the distribution of titanium between the precipitate and 
filtrate, the reduction was conducted in an assembly of the type shown in 
Figure 4. After 23/ 3 hr., the supernatant liquid was filtered into the bot
tom flask. The two parts of the apparatus were then separated under
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nitrogen cover, and the amount of titanium (III) in each was determined 
according to the method outlined above, a — 70°C. quench being used for 
the experiment involving tetraisopropyl titanate and a 0°C. quench for 
that involving tetrabutyl titanate.

The experiments on distribution of alkoxy were conducted in a similar 
manner, with hexane as solvent. After the initial filtration, the solids were 
washed repeatedly with hexane. The filtrate, the washings, and the dried 
solid were than analyzed for aluminum, titanium, and chloride. For com
bined aluminum and titanium, a method developed in these laboratories17

R O T A T E

Fig. 4. Flask for work-up of reduction products.

was used. The metal ions were complexed with an excess of 1,2-cyclo- 
hexanediamine-tetraacetic acid and the excess complexing agent back- 
titrated with zinc with the use of dithizone as an indicator. Whichever 
element was present in lesser amount was then determined colorimetric- 
ally.18 Halogens were determined by stoichiometric titration with silver 
nitrate.

Preparation of Diisopropoxytitanium Dichloride

Hexane (52.6 g.), tetraisopropyl titanate (5.8 g., 0.02 mole), and tita
nium tetrachloride (3.9 g., 0.02 mole) were added in that order to the top 
part of the assembly shown in Figure 4. Heat was evolved, and crystals 
started forming immediately. After the mixture has stood overnight, the 
first crop (1.72 g.) was collected. The filtrate, after several days in the 
freezer, gave a second crop (6.15 g.).

A n a l . Calc, for Ti(()-?-Pr)3CL: Cl, 31.2%; Ti, 21.1%. Found (first crop): Cl, 
29.4%; Ti, 20.4%. Found (second crop): Cl, 29.8%; Ti, 20.3%.

Thanks are due to Dr. Marvin H. Lehr of these laboratories and to Profs. P. D. Bartlet 
and J. C. Bailar for helpful discussions. Elemental analyses were done by members of 
the Analytical Department under the supervision of Dr. W. P. Tyler. The assistance 
of Mrs. Lois Y. Farrand is also appreciated.

This work was sponsored by Goodrich-Gulf Chemicals, Inc.
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Résumé
Le remplacement, au maximum, de deux atomes de chlore dans le tétrachlorure de 

titane par des groupements oxy-isopropyles ou oxy-butyliques provoque une augmenta
tion de la vitesse de réduction par les chlorures d ’alcoyl-aluminium. Le produit final 
reste toujours un composé du titane III. Une diminution de la vitesse est due au rem 
placement de plus de deux atomes de chlore par un oxy-alcoyle, ou de tous les chlores 
fiés à l’aluminium par des groupements oxy-alcoyles. L’échange de l’oxy-aleoyle entre 
le titane et l’aluminium a lieu concomittament à la réduction. Ces observations sont 
expliquées par la facilité relative à remplacer un liant du titane par un groupement 
alcoyle et par la stabilité relative des produits alcoyl-titanes obtenus.

Zusammenfassung
Der Ersatz von bis zu zwei Chloridliganden in Titantetrachlorid durch Isopropoxy 

oder Butoxygruppen führt zu einer Zunahme der Reduktionsgeschwindigkeit durch 
Alkylaluminiumchloride. Das Endprodukt ist immer eine Titan-(III)-Verbindung. 
Eine Herabsetzung der Geschwindigkeit wird durch Ersatz von mehr als zwei der 
Chloridliganden durch Alkoxy oder der Chloridliganden am Aluminium durch Alkoxy 
bewirkt. Austausch von Alkoxy zwischen Titan und Aluminium tr itt  gleichzeitig mit 
der Reduktion auf. Diese Beobachtungen werden anhand der relativen Leichtigkeit 
des Ersatzes eines Liganden an Titan durch Alkyl und der relativen Beständigkeit der 
gebildeten Alkyl-Titanverbindungen erklärt.
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Reactions of Titanium Tetrachloride (Tetraiodide, 
Dichlorodiiodide) with Alkylaluminum Compounds

PATRICIA H. MOYER, The B. F. Goodrich Research Center, 
Brecksville, Ohio

Synopsis
Titanium tetraiodide and titanium dichlorodiiodide are reduced by triisobutylalumi- 

num or diisobutylaluminum iodide to form products analogous to those obtained with 
titanium tetrachloride. In the reaction products, the preferred site for iodide ligands is 
titanium, tha t for chloride ligands, aluminum.

INTRODUCTION

The reactions which occur on admixture of titanium tetrachloride with 
various alkylaluminum compounds have been studied by numerous in
vestigators. Such broad interest was aroused by the fact that these mix
tures form Ziegler catalysts, which can catalyze the polymerization of 
ethylene to linear polyethylene, olefins to stereoregular polyolefins, or 
dienes to polydienes, also of stereoregular structure.1 The corresponding 
reactions of titanium tetraiodide have been little studied. The behavior of 
this substance was of interest to us, since it can replace titanium tetra
chloride, partially or completely, in Ziegler systems for polymerization of 
dienes, giving somewhat modified results.2 Accordingly, a study was 
undertaken of the reactions of alkylaluminum compounds with titanium 
tetraiodide and titanium dichlorodiiodide. The results were compared 
with those for titanium tetrachloride, previously reported or obtained in 
tills work.

RESULTS AND DISCUSSION

Reaction of titanium tetrachloride, dichlorodiiodide, or tetraiodide with 
alkylaluminum compounds leads to the formation of insoluble solids 
containing nearly all the titanium in a reduced form. The reduced species 
obtained at an R3A1/Ti ratio of one is mainly the trihalide in all three 
cases3-6 (Fig. 2, Table I). The overall reaction may be summarized

R,A1 +  TiX4 — R.2A1X +  TiX3 +  [R] (1)

The X/Al ratio found in the filtrates is close to unity5’6 (Fig. 1, runs 14 
and 15 of Table I), and the X/Ti ratio found in the insoluble products is 
close to three3-6 (Fig. 2, Runs 14 and 15 of Table I), as would be expected

209
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Fig. 1. Composition of filtrate and washes from reaction of î-Bu3A1 with Til*: (□) 
[I]/[A1] in filtrate after 2 hr. of reaction; (■) [I]/[A1] in filtrate after 18 hr. of reaction; 
(X ) [I]/[Al] in combined first three washes, where reaction time was 18 hr. [Ti] = 
0.02 mg.-atom/g., room temperature.

[¡-Bu3Al ] / [ T i I 4]

Fig. 2. Composition of solid from reaction of i-Bu3A1 with T il4: (O) [I]/[Ti] in solid 
after 2 hr. of reaction; (□) calcd. [I]/[Ti] in solid (based on composition of filtrate) after 
2 hr. of reaction; ( • )  [I]/[Ti] in solid after 18 hr. of reaction. (■) calcd. [I]/ [Ti] in 
solid (based on composition of filtrate) after 18 hr. of reaction; (A) [Al]/ [Ti] in solid 
(results a t [f-Bu3Al] /  [TilJ =  1.0 were obtained after 2 hr. of reaction, others after 18 
hr.); [Ti] = 0.02 mg.-atom/g., room temperature.

from eq. (1). Valence state determinations verify that the titanium species 
derived from titanium tetrachloride is in the trivalent state,7-9 although 
one author reported half of it to be tetravalent.10 These results indicate 
that titanium (III) is not reduced by dialkylaluminum halide.

As the R3A1/Ti ratio is raised, reaction of all three substances proceeds 
further3-6'8 (Fig. 2, Tables I and II). This is indicated by a progressive 
decrease of the X /Ti ratios in the insoluble products. Unreacted tri- 
isobutylaluminum remains after reaction of titanium tetraiodide, as shown 
by I/Al ratios below one in the filtrates (Fig. 2). In the reaction of 
titanium tetrachloride, the Cl/Ti ratio in the solid drops below two as the 
RsAl/Ti ratio in the reactants is raised above three,4’5'11 but I/T i ratios 
below two are not observed in the reaction of titanium tetraiodide (Fig. 2). 
This difference may not be significant, because reactions of titanium tetra
iodide must be conducted at concentrations lower than those used in the 
reported studies on titanium tetrachloride owing to the insolubility of the 
tetraiodide. When comparable conditions are used, reactions of titanium 
tetrachloride (runs 17 and 18, Table II) and titanium tetraiodide (Figs. 1 
and 2) are more alike, with reduction and/or alkylation of titanium tetra-
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TABLE II
Composition of Products from Reaction of 

Triisobutylaluminum and Titanium Tetrachloride

Conditions“ Products

Initial
[Til,
mg.-

atom /  
6-

Initial
[AI]

Solid

Run
no.

Reaction
time,

hr.

Filtrate m u /iTii [All

Solvent [Til [Cl] /[ Al] Found Calcd. [Ti]

17 2 Benzene 0.021 2.0 0.83 2.4 2.4b 0.13
18 18 Benzene 0.019 2.0 1.03 2.4 2.2“ 0.16
19 18 Benzene 0.10 2.0 1.04 2.3 2.2° 0.16
20 2 Hexane 0.11 2.0 1.00 

1 .00'1
2.2 2.2b 0.15

21 2 Hexane 0.11 2.0 1.01
1.01“

2.1 2.2b 0.19

22 16 Hexane 0.11 2.0

O
 CH 

O
 G 2 .2b 0.22

a Reaction temperature: ~25°C.
b Chloride expected in the solid was calculated by subtracting the amount found in he 

filtrate and washes from the amount charged. The solid in Run 17 was washed four 
times, but the combined washes contained virtually no aluminum, titanium, or chloride.

0 See Table I, note b.
d Combined first three washes. Fourth wash contained <0.03% of the aluminum 

charged.
0 All six washes combined.
1 Both washes combined.

chloride proceeding perhaps slightly further than that of titanium tetra- 
iodide over the longer reaction period of 18 hr. When titanium tetra
chloride and titanium dichlorodiiodide are reacted under comparable 
conditions (compare run 19 of Table II with runs 12 and 13 of Table I), 
they also give similar products, i.e., little unreacted triisobutylaluminum 
in the filtrates (X/Al ratios close to one), and X /Ti ratios slightly 
greater than two in the solids.

It is further observed, as the R3A1/Ti ratio is raised, that the solids re
tain significant quantities of aluminum4'5-11 (Fig. 2, Tables I and II). 
Only Saltman3 has obtained solids virtually devoid of aluminum from 
reaction of titanium tetrachloride at high R3A1/Ti ratios. His solids were 
extensively aged, and were retained by a medium sinter,3 while the solids 
obtained in this work were retained only by a fine sinter; hence differences 
in particle size may account for the disagreement among various reports4-6-11 
on the amount of aluminum in solids prepared under similar conditions.

Runs 20-22 of Table II are included to show that the nature of the prod
ucts from titanium tetrachloride docs not depend on whether the solvent is 
aliphatic or aromatic.

In the products from reaction of titanium dichlorodiiodide (Table I) , the 
filtrates contain chiefly alkylaluminum chlorides, while the solids retain
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most of the iodide originally charged. This suggests that titanium is the 
preferred site of attachment for iodide. Confirming this is the fact that 
when diisobutylaluminum iodide is used (run 16), exchange of iodide from 
aluminum to titanium occurs, giving titanium triiodide as the main tita
nium species in the product. A similar observation was made by Havinga 
and Tan,12 who found that in the reduction of titanium tetrachloride by 
diethylaluminum bromide at Al/Ti ratios from one to six, the amount of 
bromide bound to titanium in the products is greater than that to be ex
pected from a statistical redistribution. The preferred site of attachment 
for the more highly polarizable (larger)ua ligand is thus the larger13'5 
metallic ion.

EXPERIMENTAL

Materials

Benzene and heptane were distilled from the blue sodium-benzophenone 
complex. Hexane was sieved through Linde 4A molecular sieves, and in 
some cases was also distilled from the sodium-benzophenone complex.

Ethyl Corporation triisobutylaluminum was used as received. Diiso
butylaluminum iodide was prepared by Dr. L. C. Ivreider of these labora
tories, by equilibration of triisobutylaluminum with aluminum triiodide.

Fisher purified titanium tetrachloride was distilled from copper turnings, 
b.p. 132°C. Titanium tetraiodide from Matheson, Stauffer, or A. D. 
Mackay was used as received. The halogen/titanium ratio in the solutions 
containing titanium tetraiodide or titanium dichlorodiiodide was checked 
by analysis and found to be 4.0 ± 0 .1  except in the titanium tetraiodide 
solution used in runs 1 and 3, in which it was 4.3 ± 0.1. In these runs, 
allowance was made for the excess iodide in checking halogen material 
balances.

Reduction Experiments

All operations were performed under high-purity nitrogen. Benzene 
was chosen as solvent for most of these experiments as a matter of necessity,

ROTATE

Fig. 3. Flask for work-up of reduction products.
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because of the extremely limited solubility of titanium tetraiodide in ali
phatic solvents. Washings were performed with hexane or heptane, 
however, because benzene tended to peptize the solids, causing them to 
clog the filter. The reactions were conducted in an assembly of the type

TABLE III
Comparison of Calculated and Found Values for Aluminum 

Concentration in the Filtrate

Conditions Results

[Ti],
Reac-

[Al] in filtrate, mg.-atom/g
mg.-

[f-BusAt] Ti atom/g. tion Calcd. Calcd.
Com- (method

A)a
(method

B)bno. [Ti] pound mixture hr. Found

1 4.5 Ti 1, 0.015 18 0.076 0.072 0.072
3 3.7 TiL 0.022 18 0.091 0.084 0.085
6 2.2 TiL 0.019 18 0.036 0.042 —
7 1.6 T il4 0.020 18 0.038 0.038 0.038
8 1.0 TiL 0.019 2 0.021 0.023 —
9 1.0 TiL 0.019 2 0.020 0.021 —

13 2.0 TiChL 0.10 18 0.21 0.20 —

14 0.93 TiCbE 0.093 0.090 0.092 —

15 0.93 TiCbL 0.093 2 % 0.090 0.092 —
16 1.5« TiCLL 0.076 18 0.15 0.125 0.126
17 2.0 TiCh 0.021 2 0.060 0.065 0.067
18 2.0 TiCl, 0.019 18 0.035 0.036 —

19 2.0 TiCh 0.10 18 0.19 0.19 —
20 2.0 TiCh 0.11 2 0.22 0.22 0.22
21 2.0 TiCh 0.11 2 0.29 0.28 0.29
22 2.0 TiCh 0.11 16 0.22 0.21 0.22

a Expected [Al] in the filtrate was calculated by subtracting the amount found in the 
solid from the amount charged, and dividing by the weight of the supernatant liquid. 
The weight of the supernatant liquid was taken as the weight of the total reaction mix
ture after the first filtration minus the weight of the dry solid. This calculation would 
be in error f an appreciable amount of alkylaluminum, adsorbed in the solid at the time 
the filtrate was removed, was subsequently washed out. Agreement between values 
calculated by method A and method B was good, indicating that such error was small.

b Expected [Al] in the filtrate was calculated by subtracting the combined amounts 
found in the solid and washes rrom the amount charged, and dividing by the weight of 
the filtrate.

c Aluminum compound = diisobutylaluminum iodide.

shown in Figure 3. The solvent, titanium compound(s), and alkyl
aluminum compound were added to the flask by means of syringes, the 
exact amounts being determined by weight. The mixture was stirred for
1-2 hr., allowed to settle for the remainder of the specified time of reaction, 
and filtered. The solids in runs 6, 8, 9,13,18, 19, and 22 were then washed 
twice, all others at least three times. After removal of the last wash, the 
solids were either reslurried in benzene or dried under vacuum,
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Analyses

For combined aluminum and titanium, a method developed in these 
laboratories14 was used. The metal ions were complexed with an excess of
1,2-cyclohexanediaminetctraacetic acid and the excess complexing agent 
back-titrated with zinc, dithizone being used as an indicator. Whichever 
element was present in lesser amount was then determined colorimetric- 
ally.16 Halogens were determined by titration with silver nitrate. Agree
ment between calculated and found halogen/Ti ratios in the solids is within 
5% in most cases, 10% at worst (Fig. 1, Tables I and II). As shown in 
Table III, agreement between calculated and found aluminum concentra-^ 
tion in the filtrate is also within 5% in most cases, although the average 
difference is slightly greater for the runs at low concentrations ([Ti] =
0.02 mg.-atom/g. of reaction mixture). Runs 6 and 16 are exceptional, in 
that they showed 15% differences between the calculated and found values. 
In Run 6, the washes were not analyzed, so that the difference conceivably 
could have arisen because an exceptionally large amount of aluminum, 
adsorbed on the solid at the time the filtrate was removed, had later been 
removed in the washes. This is unlikely, however, because in runs 1, 3, 
and 7, the combined washes contained only 0.6, 0.97, and 1.3% of the total 
charged aluminum, respectively. The found I/Al ratio in this run 
(filled square above the line marked “filtrate” in Fig. 1) is therefore be
lieved to be too high. In Run 16, the filtrate, washes, and solid were 
analyzed, and the recoveries of iodide, chloride, titanium, and aluminum 
were 95,104,100, and 115%, respectively. The found aluminum concentra
tion in the filtrate is thus believed to be too high, and therefore the halogen/ 
Al ratio given for the filtrate in Table I is based on the found total halogen, 
and expected total aluminum.

Helpful discussions with Dr Marvin H. Lehr and Dr. Max E. Roha of these labora
tories and with Profs. J. C. Bailar and P. D. Bartlett are gratefully acknowledged. Ele
mental analyses were done by members of the Analytical Department under the direc
tion of Dr. W. P. Tyler. The assistance of Mrs. Lois Y. Farrand is also appreciated.

This work was sponsored by The B. F. Goodrich Company and Goodrich-Gulf Chemi
cals, Inc.
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Résumé
Le tétraiodure de titane et le dichlorodiiodure de titane sont réduits par le triisobutyl 

aluminium ou l’iodure de diisobutyl aluminium, pour obtenir des produits analogues à 
ceux obtenus par le tétrachlorure de titane. Dans les produits de réaction, l ’iode est 
préférentiellement lié au titane et le chlore à l’aluminium.

Zusammenfassung
Titantetrajodid und Titandichlordijodid werden durch Triisobutylaluminium oder 

Diisobutylaluminium Jodid unter Bildung von zu dem mit Titantetrachlorid erhaltenen 
analogen Produkten reduziert. In den Reaktionsprodukten ist der bevorzugte Ort 
für Jodidliganden das Titan, für Chloridliganden das Aluminium.
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Revised April 28, 1964



JOURNAL OF POLYMER SCIENCE: PART A VOL. 3, PP. 217-229 (1965)

Studies of the Polymerization of Butadiene 
by Titanium(IV) Compounds with Alkylaluminums

PATRICIA H. MOYER and MARVIN H. LEHR, The B. F. Goodrich 
Research Center, Brecksville, Ohio

Synopsis
Catalysts for the polymerization of butadiene consisting of an alkylaluminum com

pound with a titanium(IV) compound show variations in reactivity with Al/Ti 
ratio. The ratio at which maximum reactivity is obtained increases as the electro
negativity of the ligands bound to titanium decreases. This is observed on replacement 
of the chloride ligands of titanium tetrachloride by either iodide or isopropoxy ligands. 
Catalysts prepared from titanium dichlorodiiodide or titanium chlorotriiodide behave 
like those from titanium tetraiodide, as would be expected from the previous observa
tion that titanium is the preferred site of attachment for iodide in the reduction products 
of mixed salts. The cis content of the polymers obtained with the iodide-containing 
salts can be 90% or more, but decreases with increasing titanium concentration, whereas 
the structure of polymers obtained with titanium tetrachloride is independent of catalyst 
concentration. Polymerization is not induced by either the soluble alkylaluminum com
pounds or the insoluble reduced titanium iodides which are produced by the reaction of 
triisobutylaluminum with titanium tetraiodide. The insoluble material can be acti
vated by triisobutylaluminum or, less readily, by diisobutylaluminum iodide.

INTRODUCTION

Soon after Ziegler1 announced his discovery of catalysts for the poly
merization of ethylene consisting of an alkyl melai and a titanium com
pound, it was shown that these catalysts also can be used to prepare 1,4- 
polydienes.2 PolyisOprene prepared with titanium tetrachloride as the 
titanium compound is very high in cis content,2 polybutadiene somewhat 
less so (see text),3’4 although a fraction very high in cis can be isolated.3 
To obtain polybutadiene of higher overall cis content, the use of tita
nium tetraiodide,5 mixtures of titanium tetrachloride and titanium tetra
iodide,6~"8 or mixtures of titanium tetrachloride with iodine or an iodide 
compound9' 12 has been suggested. We report here a study of the be
havior of iodide-containing systems in butadiene polymerization.

RESULTS

Figures 1-4 summarize the effects of variations in catalyst ratio and con
centration, and of the iodide content of the titanium salt, on polybutadiene 
yield, structure, and dilute solution viscosity.

217
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Fig. 1. Conversion to polybutadiene as a function of catalyst ratio (cocatalyst 
i-B u 3A1; except for TiCh, polymerization solvent benzene, 4 hr., 30 °C, [monomer] = 
12 wt.-%); ( • )  TiL, [Ti] = 6 mg.-atom/lOO g. monomer; (O) TiL, [Ti] = 10 mg.- 
atom/100 g.; (■) TiCIL, [Ti] =  6 mg.-atom/lOO g.; (□) TiCIL, [Ti] = 10 mg.-atom/ 
100 g.; (A)TiCl2I2, [Ti] = 6 mg.-atom/lOO g.; (A) TiCl2I2, [Ti] = 14.5 mg.-atom/lOO g.; 
(T ) TiCh, [Ti] = 6 mg.-atom/lOO g. (heptane, 2.5 hr., 30°C., [monomer] =  20 wt.-%); 
(XI TiCh, [Ti] = 3 mg.-atom/lOO g. (benzene, 3 hr., 30°C., [monomer] = 12 wt.-%).

Fig. 2. Polymer structure as a function of catalyst ratio (cocatalyst f-Bu3Al ; except 
for TiCh, polymerization solvent benzene, 4 hr., 30°C., [Ti] = 6 mg.-atom/lOO g. mono
mer; [monomer] = 12 w t . -% ) :  (O) TiL; (■) TiClR; (A) TiCl2I2; ( t ) TiCh (heptane, 
2.5-21 hr.; 30°C.; [Ti] =  6 mg.-atom/lOO g., [monomer] = 20 wt.-%); (X) TiCl4 
(benzene, 3 hr., 30°C., [Ti] =  3 mg.-atom/lOO g., [monomer] = 12 wt.-%).
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Fig. 3. Polymer structure as a function of catalyst concentration (cocatalyst ¿-Bu3 Al; 
except for TiCl4, polymerization solvent benzene, 4 hr., 30°C., [monomer] = 1 2  wt.-%): 
( • )  T il4, [Al]/ [Ti] = 10; (O) T il4, [Al]/[Ti] = 3.3; (A) T il4, [Al]/[Ti] = 2.1; (□) 
TiClI3, [Al]/ [Ti] = 1.7; ( X) TiCl2I2, [Al]/[Ti] =  3.1; (A) TiCl2I2, [Al]/[Ti] =  1.3; 
(-L)TiCl4, [Al]/[Ti] = 1.2 (heptane, 2.5-6.5 hr., 30°C., [monomer] =  20 wt.-%).

2.0  -

>(OQ
1.6 -  

1.2 -

0.8 - 
0 . 4  - \ TÌCI2I2

J____ I____ !l_____I_____I_____L
2 4 6 6 10 12 14 16

mg-atom [T i]) /  lOOg. MONOMER

Fig. 4. Dilute solution viscosity (DSV) of polybutadiene as a function of catalyst 
concentration (cocatalyst ¿-BU3AI; benzene, 4 hr., 30°C., [monomer] =  12 wt.-%): 
( • )  T il4, [Al]/[Ti] = 10; (O) T il4, [Al]/[Ti] = 3.3; (A) T il4, [Al]/[Ti] = 2.1; (X ) 
TiCl2I2, [Al]/ [Ti] = 3.1; (A)  TiCl2I2, [Al]/[Ti] = 1.3.



220 P. H. MOYER AND M. II. LEUR

tí

M  -q
H =§ 
m m PS h 
<  °  
H ® 

o3

T?
o3-p>tí

PP

>>
o

Ph

Ph

S8

T3
.2

Ph

b£)
S

5  I H

<DH-J >H,c3 O
' 'o

atí o 
PÍ fl

3 I

î>
(N uî lí N

CM o  O  r-H o o O O
o o o o r-~ Th ^
VII VII

oo co oo 
co o  o  co

r- th Th
V V V

iCO
O

oo t-h cd
CO CM (N

' • 'i iCM CO ’“J 
CM 00

CO CM O  
CO CM H

CM CO 0 0

T5
d

.CO

*■3
©"Ö

o3

CM Ç
©Oh

5  ©  .g ce -a
O °
J. g s
. J ’S.-g oo S °o tí 20  O, 50co ©  £•
•• P-HÏ
1 P H
-g - i ~ otí es ¡-h Íh -*-1 tí (D tí 03 
O « -Js

«
g o -i

43 £  d  C3 © ®
•11 1

S  0M « tí A • O co

S æ'tí tí Æ
d o

.d -fl Ph H
53 - — a d « 
fl d  æ

t u  
© 2 • ̂  Jh 03g « g

g Si
l l

© tí 
i*  .tí
S 'g* gTH ©

^ û) o3 ,S
I  fi O O
r*  S  - P  H3o ¿  « Sæ ¡2; tí Pi

a3
O



T
A

B
L

E
 I

I
P

ol
ym

er
iz

at
io

n 
of

 B
ut

ad
ie

ne
 w

it
h 

S
ol

id
s 

fr
om

 R
ea

ct
io

n 
of

 f
-B

us
A

l 
w

it
h 

T
il

4, 
pl

us
 F

u
rt

h
er

 j
-B

u
3A

1 
an

d
/o

r 
C

or
re

sp
on

di
ng

 F
il

tr
at

e 
as

 C
at

al
y

st
'

P
ol

ym
er

iz
at

io
n 

co
nd

it
io

ns

BUTADIENE POLYMERIZATION BY TITANIUM COMPOUNDS 221

Pi

¡sJSS _g >v°w fac
03

CD G

s  *

<

b£) „
s
- O O G ^7 -*> O C

H  03 -  S

Ê g  o fa 
■g o G

co fa
<! cq

«! 
CO f a  

<! «

1 H

pH

CM
£§ I 00 CO —' 40 I ^  CM CM

.  ,  > 0  i M  N  ^I ^  N C N

O  w  h  ^  m c  N  M M H  N  H

C O O s^iO cûO O C H jO ^20® O O C lO cC i005 lO®| GCC

l> ]> o h- I> l"-

I>. to lQ
O  n  (M ^  r j i  ÎO  CO CO «  ^

rf r- t>, p- rt1 Tfi Th Cl CM

1- Is- J- (M CM Th
i-H O -s. 0 r-. O O O
V V V V V V V VI

CC »O Tf TfH CO co o CM i—i H CM (M

‘ O io 
1C io

Th <M CM
CM CM CM CM CM CM CM CM CM CO CM CO................... • • I | I iCMCMCMCMCMCMCMCMCOh WJh

CM 0 0  IN CO

co I -  I-
CO CO CO

co co co co co co CO IM CO CO CO CO I I  C O  ( O  I I+ + cd en ~r +

CM CO lO O N GO

" fa
g

cfa
<D

r f a

O+3
"fa
03
03

_co

" fa

CD
tj
" fa

G
Gc
so3
CDfai+3
B

G -do  <d

â i i

o  g  I  
o  a  s
1 :0  CD f e  f-i ”  

. .  Q*

X  '5b -
CO

l l g
g J  c
a s «
B  CD < i
3  ^  5
G ^  P?O

fa Xi 
G o

1° *

ao
o  5

1 1

X I  7 =

S c-1
3
C  - C-4-3 G

"fa £ 
d  r  "fa ü 3 d  O G a

CT °
CM ^  w "fa
03 <D4-3 üg fa 

- £  "fa
cg 8 

cd ^  
-fa "fa +=» o3 
G ^
5 OC3 o
£ om n
g 3
S-H<D faCO ^
2 Th

Ph

fa *a> 
G Xi> >

'o G m 
P h fa .2  fn 43

«  2  
U  03 
03 CD

©
G
03 h  "

§ N-  .fe -a

T§ 3 mfa "fa
a» Gf-t fa
| l  

.2 
3  ’Ü

Sfa .2 .2 ^  
G  o3 5 03fa ÏH

4-3
fl Ü 03 
> o?

o  .2 ■

u i

0 3  0 3  :

«  |- g
G

03
"faa>"O
"fa<1 D

S
V

 i
s 

di
lu

te
 s

ol
ut

io
n 

vi
sc

os
it

y.



222 P. H. MOYER AND M. H. LEHR

[  ¡-Bu2 All ]  / [ T i l s ]

Fig. 5. Conversion to polybutadiene in 22 hr. a t 30°C. and cis content as a function 
of catalyst ratio. Solvent benzene, monomer = 12 wt.-%, [Ti] = 13 mg.-atom/lOO g. 
monomer.

Polymerizations in the presence of catalysts containing titanium tetra- 
iodide, titanium chlorotriiodide, or titanium dichlorodiiodide all showed 
a similar dependence of yield on Al/Ti ratio, characterized by maxi
mum yields at Al/Ti ratios ranging from 1.5 to 3.0. Catalysts con
taining titanium tetrachloride exhibit maximum activity at Al/Ti 
ratios of 1.0- 1.2.3

The 1,2-content of all polymers prepared with catalysts containing iodide 
was low and changed very little with ratio. The 1,2-content of the poly
mers prepared with titanium tetrachloride, though low at ratios of two 
and below, rose rapidly as the ratio was increased above two. The 
cis content increased with decreasing titanium concentration or Al/Ti 
ratio when the titanium salt was the tet.raiodide, the chlorotriiodide or the 
dichlorodiiodide. When the titanium salt was the tetrachloride, the cis 
content varied little with titanium concentration and rose with decreasing 
Al/Ti ratio in the range studied.

The dilute solution viscosities decreased with increasing titanium con
centration, Al/Ti ratio, and chloride content of the titanium salt. 
Since in most cases structural changes were occurring as well, the changes in 
dilute solution viscosity cannot be assumed to be directly related to mo
lecular weight changes.

Polymerization of butadiene was not induced by either the soluble 
(chiefly alkylaluminum compounds13) or the insoluble (chiefly reduced and/ 
or alkylated titanium iodides13) products of reaction between triisobutyl- 
aluminum and titanium tetraiodide, as shown in Table I. However, triiso- 
butylaluminum, added independently or as a part of a filtrate, activated the 
insoluble material, regardless of the I/T i ratio in it, over a range of 
Al/Ti ratios from 0.8 to 4 (Table II). Diisobutylaluminum iodide 
was a poorer activator, as shown by the following experiments. Slurries 
containing equimolar quantities of diisobutylaluminum iodide and titanium 
triiodide were prepared by aging triisobutylaluminum and titanium
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(i-PrO) 2 TiClz
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Fig. 6. Conversion to polybutadiene in 21 hr. a t 30°C. ([monomer] = 20 wt.-%): 
(□) (¿-PrO)iTiCl, [Ti] =  19 mg.-atom/lOO g. monomer, cocatalyst i-Bu2A1H, solvent 
heptane; (A) (¿-PrO)2TiCl2, [Ti] = 19 mg.-atom/lOO g., cocatalyst i-Bu2A1H, solvent 
heptane; (A) (¿-PrO)2TiCI2, [Ti] = 10 mg.-atom/lOO g., cocatalyst ¿-BusA!, solvent 
benzene; (0) (i-PrO)TiCl3, [Ti] = 19 mg.-atom/lOO g., cocatalyst ¿-Bu2A1H, solvent 
heptane.

tetraiodide together at a ratio of unity, and butadiene and various amounts 
of diisobutylaluminum iodide then were added. Yields were poor even 
at an f-Bu2AlI/TiI3 ratio of five (Fig. 5). The cis content dropped as the 
Al/Ti ratio was increased, and the polymers were translucent and 
slightly waxy, in contrast to the rubbery materials obtained with triiso- 
butylaluminum.

In these experiments with separated catalysts, the yield dropped when 
the 7-Bu3Al/Ti ratio was raised as high as 4.0 (runs 16 and 17 of Table II). 
The cis content decreased with increasing titanium concentration, I/T i 
ratio in the solid, and Al/Ti ratio.

The experiments shown in Table III indicate that under some conditions 
the relative rates of polymerization and halide exchange between titanium 
and aluminum are such that in mixtures containing equimolar quantities 
of chloride and iodide, it makes no difference which halide is initially bound 
to titanium. Thus at i-Bu3Al/Ti ratios of 4.8 and 2.0, the mixtures 7-Bu3A1- 
f-Bu2AH-TiCIi and t-B u3A1 -i-B u2A 1C1 - TiI4 both behaved like a mixture 
of triisobutylaluminum with titanium tetraiodide. Yields were similar, 
the cis content decreased with increasing catalyst concentration, as with 
titanium tetraiodide catalysts, and the slightly lower cis content presum
ably was due to the presence of the additional diisobutylaluminum halide. 
At an i-BmAl/Ti ratio of 1.0, however, each mixture behaved like the 
corresponding one having no diisobutylaluminum halide present.

Figure 6 shows related experiments in an analogous mixed system. With 
triisobutylaluminum or diisobutylaluminum hydride and isopropoxy- 
titanium trichloride, diisopropoxytitanium dichloride or triisopropoxyti- 
tanium chloride, the Al/Ti ratio at which maximum activity was at
tained increased as the number of chloride ligands on titanium was de
creased.
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DISCUSSION

In all these systems, the components necessary for catalytic activity are
(1) triisobutylaluminum or diisobutylaluminum halide and (2) a reduced 
titanium compound. The need for both is clear from the following. The 
solids formed by reduction of titanium tetrachloride are active catalysts 
only in the presence of an alkylaluminum compound, either adsorbed dur
ing the preparation of the solid or added subsequently.3'14 Similarly, 
we have found that the solids formed from the reduction of titanium tet- 
raiodide are inactive until combined with triisobutylaluminum or diiso
butylaluminum iodide (Tables I and II, Fig. 5).

The participation of a titanium (IV) compound as a cocatalyst is vir
tually ruled out, because it has been shown (1) that titanium tetrachloride 
is rapidly reduced to titanium trichloride by trialkylaluminum,16-18 
and (2) that titanium tetrahalides with two or more iodide ligands afford 
inactive catalyst systems at an Al/Ti ratio of unity (Fig. 1), the ratio 
among those tried at which titanium (IV) compounds would be most 
likely to exist.

Butadiene can be polymerized by diethylaluminum chloride with tita
nium trichloride19 or by diisobutylaluminum iodide with titanium triiodide 
(prepared by reaction of triisobutylaluminum with titanium tetraiodide; 
Fig. 5). These observations establish the cocatalytic activity of both 
trihalides, because the trichloride is not reduced by diethylaluminum 
chloride,19_21and the triiodide is not reduced by diisobutylaluminum iodide.13 
Whether titanium (II) halides can function as cocatalysts is not known, 
because no examples exist in which authentic titanium dichloride or a solid 
known to contain no titanium(III) has shown cocatalytic activity with 
an alkylmetal for polymerization of dienes.

It has been demonstrated that in the Ziegler-type polymerizations of 
ethylene and propylene, propagation occurs by the insertion of monomer 
at a carbon-metal bond.22-24 Several authors3'14’26'27 have extended this 
mechanism to diene polymerizations. The site of insertion is thought to 
be a carbon-aluminum bond by some,14'26'27 a carbon-titanium bond by 
others.3'26 Our results are consistent either with the latter view or with 
the view that both titanium and aluminum are required to form a catalyst 
site. This follows from the findings that behavior typical of catalysts in 
which only iodide ligands are present is obtained with catalysts contain
ing both chloride and iodide (Figs. 1-4, Table III), and that titanium is 
the preferred site for attachment of iodide.13 This preference is so pro
nounced that the product of reduction of titanium dichlorodiiodide by 
diisobutylaluminum iodide at an Al/Ti ratio of 1.5 is 99% titanium 
triiodide.13 The results obtained in polymerizations in which 
FBu.Al i-Bu2AlX-TiX4 mixtures were used as catalysts (Table III) sug
gest that at f-Bu3Al/Ti ratios of 2.0 and 4.8, replacement of chloride on 
titanium by iodide precedes polymerization, while at a ratio of unity in the 
mixtures containing titanium tetrachloride, this replacement is slower than 
reduction and polymerization.
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The observation that a higher Al/Ti ratio is required for maximum 
activity in the iodide-containing catalyst systems than in the triisobutyl- 
aluminum-titanium tetrachloride system can be accounted for in terms of 
equilibria (1) and (2). In the iodide-containing catalyst systems the 
position of equilibrium (1) may be shifted more to the left than the cor
responding equilibrium (2) for the chloride systems.

R,A1(R*A1X) +  Tils(TiClIj) R2A1X(RA1X2) +  RTiIs (1)
R3A1(R2A1C1) +  TiCL ^  RsAlCl(RAlClj) +  RTiCl2 (2)

This would be expected for titanium triiodide, because iodide would 
bear a smaller partial negative charge than chloride,28 and would thus be 
less easily displaced. With titanium chlorodiiodide, the need for a high 
Al/Ti ratio may be accounted for by the statistically smaller chance 
of attack of the single chloride ligand. The hypothesis that the activity 
of these catalysts depends on the position of equilibrium (1) is supported 
by the fact that a higher aluminum/titanium ratio was required with 
the poorer alkylating agent, diisobutylaluminum iodide.

The results obtained with alkoxytitanium (IV) chlorides can be ration
alized similarly. A greater variation in the optimum Al/Ti ratio is 
observed because the difference between the polarities of chloride and 
alkoxy is greater than that between chloride and iodide.28 As the number 
of alkoxy ligands on titanium increases, the position of equilibrium (3)
R3A1 +  t-PrOTiCl2 [(i-PrO)2TiCl, (t-PrO),Ti] ^

R2A1Y +  RTi(0-i-Pr)Cl[RTi(0-i-Pr)2] (3)

shifts to the left; hence an increase is observed in the ratio required for 
maximum activity. It should be noted that while the thermodynamic, 
alkylation hypothesis discussed above is consistent with our observations, 
its validity has not been confirmed.

The decrease in activity which occurs as the amount of trialkylaluminum 
is raised beyond the optimum is probably caused by reduction of the ti
tanium compounds to inactive species and/or displacement of monomer 
from catalyst sites by alkylaluminum.

The polymer structure obtained in these polymerizations depends on 
a complex of interrelated factors. Further work is required before a 
comprehensive interpretation can be offered. For example, it is not 
known whether the trans units that form in the presence of diisobutyl
aluminum iodide are copolymerized with the cis and 1,2 units in the poly
mer, or homopolymerized. Both possibilities merit consideration, be
cause both have been realized by Natta3 using catalysts derived from 
titanium tetrachloride.

EXPERIMENTAL

Materials
Benzene was distilled from the blue sodium-benzophenone complex. 

Phillips “special purity” butadiene was distilled through calcium hydride.
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Ethyl Corporation triisobutylaluminum was used as received. Di- 
isobutylaluminum chloride and diisobutylaluminum iodide were pre
pared by Dr. L. C. Kreider of these laboratories, by equilibration of 
triisobutylaluminum with the appropriate aluminum halide.

Fisher purified titanium tetrachloride was distilled from copper turnings, 
b.p. 132°C. Titanium tetraiodide from Matheson, Stauffer, or A. D. 
Mackay was used as received.

The solutions of titanium tetraiodide and of the mixed iodide-chloride 
salts were analyzed for halide and titanium according to the method 
described previously.13 The halogen/titanium ratios were between 4.0 
and 4.3 in all cases. Allowance was made for any excess halide present, 
assuming that it would be converted to diisobutylaluminum halide, in 
computing z-Bu3Al/Ti ratios. The correction was small, however, and 
omitting it would not have caused much change in the appearance of the 
plots.

Polymerizations

All manipulations were performed under prepurified nitrogen which 
passed through phosphorus pentoxide before use. The polymerizations 
were conducted in tubes sealed with crown caps. The order of addition 
of reagents was benzene, alkylaluminum solution, then titanium tetra- 
halide solution and butadiene or vice versa. Butadiene was added last

TABLE IV
Composition of the Filtrates and Solids Used as Catalysts for the 

Polymerization of Butadiene

Run
no.il [All /(T ilb

Filtrate (f) 
1U/1A1]

Solid (s) 
HI/[Til

Found Calcd.

2 3.6 0.63 — 2.2
3 3.7 0.47 — 2.2
4 2.1 0.77 — 2.4
6 2.2 0.93 2.4 2.3
9 1.0 1.03 3.2 3.1

il Run no. in the previous paper.13 
h Ratio at which catalyst was prepared.

in the experiments shown in Table III. It was added 18 hr. after mix
ing of the triisobutylaluminum and titanium tetraiodide in the runs 
shown in Figure 5, and the ?-Bu2AlI/TiI;i ratio was computed assuming 
that all the triisobutylaluminum was converted to diisobutylaluminum 
iodide during the aging period.

The preparation and analysis of the separated solids was described pre
viously.13 Benzene and whatever filtrate and/or slurry was to be used 
were combined, and then butadiene was added. Where additional alkyl-
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aluminum was used, this followed the butadiene. Table IV gives data 
on the composition of the filtrates and solids.

The tubes were rotated in a 30°C. bath for the designated time, 
quenched with a 20/80 methanol-benzene mixture, and isolated by precipi
tation with methanol. Infrared structural analyses were performed 
according to a method similar to that of Silas, Yates, and Thornton.29 
Dilute solution viscosities were determined in toluene at 0.4 g. /100 ml.

Helpful discussions with Dr. Max E. Roha of these laboratories and with Profs. P. D. 
Bartlett and J. C. Bailar are acknowledged with thanks. Thanks are also due to M. J. 
Ferguson for infrared analyses and to the Analytical Department for dilute solution vis
cosity determinations. The assistance of Mr. Bryan F. Carpenter and Mrs. Lois Y. 
Farrand is also appreciated. This work was sponsored by The B. F. Goodrich Com
pany and Goodrich-Gulf Chemicals, Inc.
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Résumé
Les catalyseurs pour la polymérisation du butadiène, constitués d ’un composé aleoyl- 

aluminium avec un composé du Ti(IV), présentaient des changements de réactivité 
suivant le rapport Al/Ti. Le rapport pour lequel on obtient la plus grande réactivité 
augmente quand l’électronégativité des ligands du titane diminue. On observe cela 
quand on remplace le chlore du tétrachlorure de titanium par l’iode ou le groupe oxyiso- 
propyle. Les catalyseurs préparés à partir du dichlorodiiodure de titane ou du chloro- 
triodure de titane se comportent comme ceux à partir de tétraiodure, comm prévu aux 
dépens des observations antérieures, à savoir que le titane est le site préféré pour la 
fixation de l’iodure dans les produits de réduction des sels mixtes. La teneur en com
posé cis dans les polymères obtenus avec les sels contenant de l’iodure peut atteindre 
90% ou plus, mais diminue lorsque la concentration en titane augmente, tandis que la 
structure des polymères obtenus avec le tétrachlorure de titane est indépendante de la 
concentration en catalyseur. La polymérisation n ’est pas initiée par les composés 
alcoyl-aluminum solubles ou par les iodures de titane réduits insolubles qui sont produits 
dans lar éaction de triisobutylaluminium avec le tétraiodure de titane. Le produit in
soluble peut être activé par le triisobutylaluminium ou, moins rapidement, par l’iodure 
de diisobutylaluminium.

Zusammenfassung
Katalysatoren für die Butadienpolymerisation, die aus einer Alkylaluminiumver

bindung und einer Titan-(IY)-'Verbindung bestehen, zeigen eine Abhängigkeit der 
Reaktivität vom Verhältnis Al/Ti. Das Verhältnis mit der maximalen Reaktivität 
nimmt mit fallender Elektronegativität der an Titan gebundenen Liganden zu. Das 
wird beim Ersatz der Chloridliganden von Titantetrachlorid sowohl durch Jodid als 
auch Isopropoxyliganden beobachtet. Aus Titandichlordiiodid oder Titanchlortrijodid 
dargestellte Katalysatoren verhalten sich wie diejenigen aus Titantetrajodid, was nach 
der früheren Beobachtung, dass Titan der bevorzugte Ort für Jod in den Reduktions
produkten von gemischten Salzen ist, zu erwarten ist. Der cis-Gehalt der mit Jodid 
enthalten den Salzen erhaltenen Polymeren kann 90% oder mehr betragen, nimmt aber 
mit steigender Titankonzentration ab, während die Struktur der mit Titantetrachlorid 
erhaltenen Polymeren von der Katalysatorkonzentration unabhängig ist. Weder durch 
die löslichen Alkylaluminiumverbindungen noch durch die unlöslichen reduzierten 
Titanjodide, die bei der Reaktion von Triisobutylaluminium mit Titantetrajodid entste
hen, wird Polymerisation angeregt. Das unlösliche Material kann durch Triisobutylalu
minium oder, weniger leicht, durch Diisobutylaluminiumjodid aktiviert werden.
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Polymerization of Butadiene by n-Butyllithium- 
Titanium Tetrachloride (Tetraiodide) Catalysts

MARVIN IT. LEHR and PATRICIA H. MOYER, The B. F. Goodrich 
Research, Center, Brecksville, Ohm

Synopsis

The structure of polybutadiene obtained with a n-BuLi- TiX4 (X = Cl, I) catalyst 
depends on the Li/Ti ratio. At L i/T i <  2.5 the result is similar to that with 
(¿-Bu)3Al-TiX4, predominantly, cis-1,4-polybutadiene. On the other hand, in the range 
L i/T i = 3-4, the chloride catalyst produces largely 1,2-polybutadiene, and at Li/T i = 
3 it is unaffected by ether in contrast to other ratios investigated. At Li/T i 5 
in both halide systems, the structure is essentially a mixture of isomers characteristic 
of the «-BuLi catalyst alone.

INTRODUCTION

The catalyst systems prepared from n-BuLi and TiCL show variable 
activity depending on the Li/Ti ratio. This behavior has been ex
plained in terms of complexes between metal alkyl and titanium halide. 
We report here data on butadiene polymerizations which indicate more 
specifically the nature of the complexes.

RESULTS AND EXPERIMENTAL

The results are summarized in Figures 1 and 2 and in Table I. The 
solvent was dried by distilling from Na -benzophenone and stored under 
N2. The n-BuLi was used as received from the Lithium Corp. Concentra
tion was determined by the Gilman method. Fisher’s TiCL was used after 
distilling from Cu turnings. Titanium tetraiodide was used as received 
from Stauffer; the I/T i ratio analyzed 4.3. Phillips special purity buta
diene was distilled through CaH2. Baker analyzed anhydrous ether was 
taken without further drying.

The reagents were charged to heavy-walled tubes equipped with caps 
containing self-sealing rubber gaskets. The rubber w'as previously ex
tracted to remove soluble impurities. The order of charging was; solvent, 
M-BuLi, TiXi, Et20 ; the tubes were then capped and monomer finally 
added. The tubes, syringes, and needles were dried in an oven at 125°C. 
and cooled under prepurified N2, dried with P2O5. All charging operations 
were under N2.

231
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Fig. 1. Yield of polybutadiene as a function of catalyst ratio: (A) 11 mmole TiCU 
/100 g. monomer, polymerization time 21 hr.; ( X ) 11 mmoleTiCh/lOOg., polymerization 
time 2 hr.; ( • )  5.7 mmole TiR/lOO g., polymerization time 4 hr.; (O) 10 mmole TiR/100 
g., polymerization time 4 hr.; (O) 10 mmole TiR/100 g., polymerization time 4 hr. 
Solvent benzene (20 ml.), temperature 30°C., cocatalyst ra-butyllithium.
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Fig. 2. Structure of polybutadiene as a function of catalyst ratio: (O, □) 10 mmole 
TiE/lOO g. monomer; ( • ,  ■) 5.7 mmole TiR/100 g.; (X , *) 11 mmole TiCij/100 g. 
(2 hr.); (A, A) 11 mmole TiCR/100 g. (21 hr.); (V, T )  1.2-1.6 mmole n-C4H aL i/l00 g.
(17 hr., 30°C., 25 ml. benzene). Conditions as in Fig. 1.
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TABLE I
Polymerization of Butadiene with ra-BuLi-TiCl4-Et20  a t 30°C.a

Run [Li]/[Til
Yield,

%

cis
content,

%

trans
content,

%

1, 2
content,

%
1 1.4 1 — — —

2 1.4 0 — — —

3 2.0 10 20 10.5 69.5
4 2.0 8 27 8 64.5
5 3.0 16 15 26.5 58.5
6 3.0 21 10 25 65
7 5.0 88 26 38.5 36
8 5.0 92 25.5 38 36
9 CO 97 26 38 36

10 oo 98 25 38 37

a Conditions: Benzene, 20 ml.; butadiene, 4.5 g.; TiCl4-0.48 mmole as 0.48Ai 
solution; »-BuLi as 0.6ML solution or as 0.50M  solution (runs 9 and 10); E t»0/Li = 
4; time =  21 hr.

The tubes were contained in safety jackets and rotated in a 30°C. bath. 
The reactions were quenched with an alcohol-benzene mixture and the 
polymers recovered by precipitation with excess methanol. Drying was 
under vacuum at 50°C.

Infrared spectra were run on films cast from benzene solutions. The 
calculations were similar to those reported elsewhere.1

DISCUSSION

It has been shown that n-BuLi does not completely reduce TiCL, the 
extent of reduction depending on order of addition of reagents, Li/Ti 
ratio, and concentration.2-5 Maximum reduction occurs at Li/Ti =
1.5-2.0.3,5 At these ratios, where as much as 55% Ti(III) is found, the 
rate of ethylene polymerization also exhibits a maximum.3-6'7 On either 
side the extent of reduction drops rapidly, as does the rate of polymeriza
tion, until at Li/Ti > 4 the titanium is practically all in the (IV) 
state.3-5-6 The Ti(IV) compound evidently is not free TiCL, because in 
titrating n-BuLi with TiCl4, Evans and Owen8 found that the yellow color 
of free TiCL does not appear until Li/Ti ~  1.1. They also observed 
that by adding HC1 to destroy metal alkyl at Li/Ti = 1.2-2.0 the 
color can be generated. In other experiments they showed, as had others 
earlier,8 that free n-BuLi exists only at Li/Ti > 3.4.

To account for the incomplete reduction of titanium tetrahalide and the 
absence of free metal alkyl, several explanations have been suggested, 
either complex formation3’4 according to eq. (1)

TiCh +  nRLi — T iC M R L i). (1)

or alkylation,3’6 for example6

TiCl4 +  nRLi -> R„TiCV„ +  raLiCl ( 2 )
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where alkylation might proceed until all chloride ligands are replaced. 
It is generally agreed3''1'* that reduction to Ti (III) occurs, analogous to 
that effected by R.3A1, and gives TiCl» [eq. 3] as indicated by x-ray an
alysis.4 Further

TiCh +  RLi TiCL +  LiCl +  [IiJ (3)

complexing or alkylation of TiCl3 has been suggested.3’4'8
In our studies of the butadiene polymerization we observed that at 

Li/Ti = 1.0 2.5 the n-BuLi-TiX4 (X = Cl,I) catalyst systems (Figs. 1 
and 2) are strikingly similar to the (i-Bu)3Al-TiX4 (X = Cl,I) catalyst 
systems9 at approximately the same catalyst ratios. For example, in 
both iodide systems, Al-Ti and Li-Ti, high (> 90%) cfs-l,4-polybutadiene is 
formed, while in both chloride systems, the cis content of the polymer 
and the yield reach a maximum at approximately the same catalyst ratio. 
These similarities suggest that the Li-Ti system at Li/Ti = 1.0-2.5 can 
be partly described by reactions four and five which are similar to those ad
vanced

TiCL +  RLi — TiCL - RLi (4a)

TiCL +  RLi —■ RTiCL +  LiCl (4b)

TiCL RLi +  RLi TiCL •( RLi )2 (5a)

RTiCL +  RLi — RaTiCl +  LiCl (5b)

for the Al-Ti system.10-12 The ratio at which a maximum in yield is 
obtained, Li/Ti 2 (Figure 1), is within the range (1.5-2.0) at which 
maximum reduction of TiCL to Ti(III) is found.3'5 The hypothesis that 
at these ratios the main catalyst species is formed according to reaction 4 
accommodates this observation and is supported by previous findings that 
TiCl312’13 or Til39 acts as a cocatalyst with alkylaluminum compounds in 
butadiene polymerizations. As in the Al-Ti systems, the Li-Ti systems 
at Li/Ti > 2 exhibit a rapid decline in yield. Since Ti(III) is still 
present3’6 at Li/Ti = 3, additional complexing or alkylation by metal 
alkyl to remove the active sites which produce predominantly cis polymer 
is indicated [eq. (5) ]. It is apparent (Figure 2) that further reaction with 
metal alkyl leads also to formation of a different catalyst producing 
predominantly 1,2-polybutadiene at Li/Ti = 3-4. Finally, at higher 
ratios, Li/Ti ^  5, we obtained polymer characteristic of that formed by 
n-BuLi alone (Fig. 2) in agreement with other data which show the pres
ence of free n-BuLi under these conditions.3-5'6

Additional insight into the nature of the n-BuLi-TiCL catalyst system 
was obtained by addition of ether at various ratios (Table I). At Li/ 
Ti = 1.4 no polymer forms in the presence of ether, thus indicating that the 
cis catalyst [eq. (4)] is either complexed or destroyed. However, at 
Li/Ti = 2.0, polymer is obtained in the presence of ether, but it is 
predominantly 1,2-polybutadiene. This indicates that here again the 
cis catalyst is either complexed or destroyed, and that an additional cat
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alyst species is present which produces 1,2-polybutadiene. At Li/Ti =
3.0, unlike other ratios studied, the catalyst is insensitive to ether, the 
yield and structure of the polymer being essentially the same in both cases 
(see Figs. 1 and 2 and Table I). The same catalyst is evidently also pres
ent at Li/Ti = 4.0 because yield and structure are similar to those at 
Li/Ti = 3.0. I t is suggested that this catalyst species is TiCl3- (LiR)2, or 
some alkylated equivalent thereof, formed according to reaction (5).

Finally at higher ratios, Li/Ti ^  5, the ether results are the same as 
those without TiCl4 (runs 7-10), thus providing further evidence for the 
existence of free n-BuLi.

In this work we have determined to some degree the operational limits 
of reactions (4) and (5). We find that reaction (4) is important at least 
as low as Li/Ti = 1.0, but no higher than Li/Ti = 2.5, and that reaction
(5) is principally operative at Li/Ti = 2-4. These conclusions are consist
ent with the reduction data which show reaction (3) to be significant over 
the range Li/Ti = 1-4.5
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Résumé

La structure du polybutadiène obtenue avec un catalyseur n-BuLi-TiX4 (X = Cl, I) 
dépend du rapport Li/Ti. Pour un rapport Li/Ti <  2.5 le résultat est semblable à 
celui obtenue avec (¿-BuhAl-TiXi avec prédominance de m-l,4-polybutadiène. D’autre 
part, pour un rapport Li/Ti = 3-4 le catalyseur chloré donne surtout du 1,2-polybuta- 
diène et pour ur_ rapport égal à 3 il n’est pas affecté par l’éther contrairement aux autres 
rapports envisagés. Pour Li/Ti >  5, dans les deux systèmes halogénés, la structure 
consiste essentiallement en un mélange d’isomères, caractéristique du catalyseur n-BuLi 
seul.
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Zusammenfassung
Die Struktur des mit einem n-BuLi-TiX4-(X = CI, J)-Katalysators erhaltenen Poly

butadiens hängt vom Verhältnis Li/Ti ab. Bei Li/Ti <  2,5 entsteht, ähnlich wie mit 
(i-Bu)sAl-TiX4, vorwiegend czs-l,4-Polybutadien. Andrerseits erzeugt der Chlorid
katalysator im Bereich Li/Ti = 3-4 zum Grossteil 1,2-Polybutadien, und bei Li/Ti 
= 3 wird es im Gegensatz zu den anderen untersuchten Verhältnissen durch Äther 
nicht beeinflusst. Bei Li/Ti >  5 ist bei beiden Halidsystemen die Struktur im we
sentlichen eine für den w-BuLi-Katalysator allein charakteristischen Mischung der 
Isomeren.

Received October 15,1963
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Viscosities of Concentrated Polymer Solutions

NORIO NISHIMURA, Faculty of Science, Okayama University, Okayama,
Japan

Synopsis

A general relationship between the viscosity and the concentration of polymer solu
tions has been derived for relatively low concentration regions by means of the method 
which was proposed by Brinkman. The relationship was extended so as to be applic
able for extremely concentrated solutions by allowing for the volume shrinkage of 
polymers. -With increasing concentration, the apparent volume which a polymer in 
solution occupies above some critical volume fraction 4>c, is assumed to be given by 
P = svo<t>~P, where s is the swelling factor at 0 = 1 and /S is a constant which measures 
a reluctance against the intermolecular permeation; v» and 0 are the net volume of the 
polymer molecule and the volume fraction of the polymer, respectively. The depend
ence of 17 on 0 is given by the equation d log 17/^0 = ('/4>y (1 — 0 ), where C and 7 are 
constants to be determined empirically. In order to test the validity of the equation, 
our experimental and some other available data were used. Although neither tem
perature nor molecular weight factor is involved in this equation, it accounts well for 
the dependence of the viscosity on the concentration of polymers over a wide range of 
concentration, and fairly satisfactory agreement was found between theory and ex
periment.

1. INTRODUCTION

Progress in both theoretical and experimental work on the viscosity char
acteristics of extremely dilute polymer solutions has led us naturally to the 
elucidation of problems of the viscosities of concentrated polymer solutions, 
because the flow properties of these concentrated solutions involve many 
important problems. Up to now, some theories concerning the relation
ships between the viscosity of concentrated polymer solutions and the bulk 
viscosity of molten polymers on the one hand, and their molecular weight, 
temperature, and concentration on the other hand, have been proposed. 
In developing these theories, some authors1’ 2 have attributed the enormous 
increase in the viscosity with increasing concentration to the formation 
of intermolecular linkages between polymers, and have adopted a working 
model of entangled polymer molecules, whereas Fujita et al.3 have intro
duced the concept of free volume into the problem, instead of directly con
sidering the interchain entanglement effect. Another way of approaching 
the problem was proposed by Brinkman.4 He derived an equation which 
relates the viscosity of emulsions to their concentration at higher levels of 
concentration, on the basis of a theory for infinite dilution.

237
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An analogous but modified treatment is worked out here in order to inter
pret the dependence of viscosity on concentration over a wide range and re
sults are compared with some of the available data.

2. EXPERIMENTAL

Since we are interested in accelerated bulk polymerizations,6 monomeric 
styrene was chosen as the solvent. The method of purification of com
mercial styrene and benzene has been described elsewhere.6 Polystyrene 
(Dow 666) was not subjected to further purification. In order to avoid 
polymerization, purified hydroquinone was saturated in styrene monomer. 
An appropriate amount of polystyrene was dissolved into the styrene 
monomer. After the viscosity of the solution had been measured, the poly
mer was precipitated in ice-methanol, and the polymer concentration was 
determined by means of the gravimetric method.

In order to make sure that the degree of polymerization does not change 
during the period of the viscosity measurements, the recovered polystyrene 
was again dissolved in benzene and the intrinsic viscosities were determined 
in an Ostwald type viscometer. The number-average degree of polymer
ization was determined by eq. (1) :6

Pn = 1770 [„]!■« (1)

The densities of the polymer solutions of various concentrations at var
ious temperatures were estimated from a diagram showing the relationship 
between weight concentration and density. The densities of the polymer 
and monomer reported by Matheson et al.7 were used.

The viscosity of the polystyrene solutions of the concentrations ranging 
from 0 to 6% was measured by a capillary viscometer of an Ostwald type 
which has a capillary radius of 0.0306 cm. and capillary length 10 cm. The 
Reynolds number was calculated to be 115 at 50°C. for styrene monomer. 
For the calculation of viscosity, the general practice is to determine a rela
tive viscosity with respect to a liquid of known viscosity. Since the exact 
viscosities of water at 30, 40, and 50°C. are known to be 0.797, 0.653, and
0.548 cpoise, respectively, the apparent viscosities of the polymer solutions 
were calculated by using these values and the densities of water and of the 
solutions. The correction term due to kinetic energy loss could be 
neglected.

For more concentrated solutions (6-46 wt.-%), a rotating viscometer 
(Tokyo Keiki Co., BL type) was used. The viscometer is equipped with 
several kinds of rotors which can be used in turn and which can be rotated 
at velocities of 60, 30, 12, and 6 rpm; it is designed for measuring the vis
cosity of a liquid which is of infinite spread. (In this case no correction for 
wall effect is necessary.) However, due to experimental limitations, the 
solution was charged in a cylindrical flask, 500 ml. in volume and 7.5 cm. 
in diameter. The axis of the rotor was set to coincide with the midline of 
the cylinder and the rotor was driven to rotate by a synchronous motor
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with a uniform angular velocity, and the apparent viscosities were read 
off.

For solutions of concentrations ranging from 25 to 50%, the falling ball 
method was applied. Six kinds of steel balls (kindly supplied by the 
Japan Miniature Ball Bearing Co.) having diameters of 0.15 (0.1498),
0.12 (0.1198), 0.10 (0.0997), 0.08 (0.0797), 0.06 (0.0604), and 0.04 (0.0394) 
cm., were used; the values in parentheses here were obtained experimen
tally from the density and the weight of the balls.

About 15 ml. of the polymer solution was charged in a precision test tube 
20 cm. in length and 1.43 cm. in diameter. The ball was made to drop 
along the center line of the tube and after a terminal velocity was attained, 
the falling velocity was measured by following the moving ball with a 
travelling microscope. Stokes’ law applies, strictly speaking, only when a 
liquid is of infinite spread. However, sufficiently accurate viscosity values 
for our present purpose could be obtained by using Faxen’s equation:

v = (gd2/l8v)(Ps — p)[l — 2.104(d/D) +  2.09 (d/D)*] (2)

where g denotes the acceleration of gravity, v the velocity of the falling 
ball, ps and p the densities of the ball and the solution, respectively, and 
d, and D the diameters of the ball and the cylinder in which the solution is 
charged, respectively. The higher correction terms could reasonably be 
overlooked. The Reynolds number for the falling ball method must be 
much smaller than unity. It was found that this condition is satisfied in 
the present experiment.

Fractionations of the polystyrene were made according to the method 
reported in the previous paper,6 and from the integral weight distribution 
curve, the weight-average degree of polymerization was calculated.

3. VISCOSITY OF POLYMER SOLUTIONS AS A FUNCTION OF THE 
VOLUME FRACTION OF POLYMERS

It is well known that the intrinsic viscosity of polymer solutions [??] is 
related to the molecular weight of the polymer M  by the empirical eq. (3):

[ij] = KM a (3)

where K  and a are constants and are nearly independent of temperature. 
Theoretical approaches toward eq. (3) have successfully revealed the hy
drodynamic behavior of polymers in extremely dilute solutions. For a 
polymer solution of extremely low concentration, eq. (3) may be written in 
the form

u = VO (1 +  K'nM a+1) (4)

where y and vo are the viscosity of the solution containing n polymer mole
cules per cubic centimeter and that of the solvent, respectively, and K ' is a 
proportionality constant. For some concentrated solutions, however, eq.
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(4) has been invalidated by experimental results, and many empirical 
equations have been proposed.

In order to treat the viscosity of concentrated solutions, hydrodynamic 
interactions between polymers must be taken into account. But we en
counter some mathematical difficulties if we take these factors into ac
count in a direct way.

Although the assumption made by Brinkman is far from rigorous, just 
because it avoids the direct calculation of the effect of hydrodynamic 
interactions between polymers, it seems practical to apply his method in 
order to understand the essential features of the dependence of viscosity 
on the concentration of polymers.

On the basis of the Einstein equation, he has derived equations which 
relate the viscosity of suspensions to the volume fraction. He suggested 
that his method might be applicable in all cases if an equation for infinite 
dilution were known. A similar procedure, therefore, was carried out here 
as follows. If we add one polymer having net volume v 0* to a solvent of 
volume V ,  then from eq. (4), we get

v  =  V 0[ l  +  K ' M ° + V ( V  +  v 0) ]  (5)

the volume additivity being assumed. According to Brinkman, eq. (5) 
would be valid for the process that one polymer molecule is added to the 
solvent of volume V  containing p  polymer molecules. These polymer 
molecules are assumed to have the same molecular weight. In this case, 
we have only to replace 97 by 97 +  Aj? and 9 7 0 by 9 7 , thus we have

v + AV = v [ l +  K ' M * + l/ ( V  +  %)] (6)

Since the volume fraction of the polymer <f> is given by <f> =  p v a/ V  eq. (6) 
can be expressed in the form of the difference equation, eq. (7):

V + A v  = r,[l +  ( K ' / v 0) M a+1 A(j>/(1 -  0)] (7)

Integrating eq. (7) from t] = rj0 to 17 and <f> = 0 to <j>, one obtains

In 97 = In 9j0 — ( K ' / v 0) M a+ 1\ n  (1 — 4>) (8)

It is to be noted that the procedure just developed involves taking into 
account the interactions between a specified polymer and the remaining 
system composed of solvent and polymers.

In order to interpret the characteristic behavior of viscosity in the region 
of high concentration and molten state, the concept of intermolecular en
tanglements has been introduced.1’2'8 The entanglement would result in 
the connection of polymer molecules in a cluster and hence the same effect 
of increasing molecular weight. Hirai has introduced the entanglement

* v0 is th e  v o lu m e  fo rm a lly  defined  as th e  w e ig h t of a  p o ly m e r  d iv id e d  b y  th e  b u lk  
d e n s ity , a n d  h en ce  i t  m ust, n o t  b e  co n fu sed  w ith  th e  a p p a re n t  en co m p assed  v o lu m e  
o ccu p ied  b y  th e  p o ly m e r in  bu lk .
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effect into the Staudinger-type equation [essentially the same as eq. (4) ] 
and explained the dependence of tj on the concentration and the molecular 
weight of polymers. However, if we started from eq. (8), and allowed for a 
particular effect due to the entanglement, the viscosity of the solution at 
higher levels of concentration would be much greater than that expected 
from eq. (8). As we shall show later, the reverse is true, and the viscosity 
of polymer solutions usually increases far less rapidly than would be ex
pected from eq. (8).

This fact has led us to the following consideration. As we add polymer 
molecules successively to the solution, the sum of the apparent volumes oc
cupied by the polymers would reach the volume of the system V at some 
critical concentration or the volume fraction <f>c. Rough calculation indi
cates us that a solution containing a few per cent vinyl polymer having 103 
monomer units corresponds to this concentration.

The concept that the compression of coiling molecules in good solvents at 
finite concentration occurs has been introduced by Simha et al.9-11 They 
investigated the solution viscosities of flexible polymers in the range of con
centration where the pervaded volumes of the polymer coils begin to over
lap, and evaluated the dependence of the molecular dimensions of the 
coils on concentration in the vicinity of the concentration of incipient 
overlap. In fact, intra- and intermolecular interactions must be taken into 
account for the rigorous calculation of the compression effects. However, 
the effect of the concentration on the encompassed volume could be inter
preted in the following manner: above the critical concentration, two limit
ing cases can be considered.

Case I. If we add more polymers to the solution, the swollen polymers 
are forced to reduce their apparent volume, like sponges crowded in a 
box, by mutual mechanical contact, but they can not come into neighbor
ing molecules. This model is the same as that adopted by Kuhn12 and 
Cerf,13 in that the molecule is completely impermeable but differs in that it 
is not an elastic incompressible sphere. It is easily seen in this case that 
the encompassed volume SI is inversely proportional to the first power of 
<t>, i.c., SI is expressed approximately as

SI ^  Vo/<t>.

Case II. Polymer molecules are permeable to each other and can 
enter into any neighboring coils as if they were not affected by any force 
or limitation. In such a case of perfect permeation, SI must be independ
ent of <t>. Hence we may write 0 = s0«o, where s0 is the swelling factor of 
the polymer in extreme dilution.

The usual case may be between these two limiting cases and SI may be 
written in the form SI

SI =  S l’u<£ 13

( K d O  (9)
1 ^  S ^  So
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where s and ¡3 are constants which should be independent of <f>. Case I 
corresponds to s = 1,(8 = 1 and case II to s = s0 and ¡3 = 0. I t is noted 
that s is the swelling factor at <£ = 1.

Equation (8) has been derived on the tacit assumption that the encom
passed volumes of the coiling polymers have maintained their original 
volumes up to <f>. However, if Si is forced to reduce with increasing concen
tration in accordance with eq. (9), eq. (8) would no longer be valid. 
Although eq. (3) and the following equations do not involve the molecular 
volume explicitly, the theories from which eq. (3) has been derived are 
based on the calculations of the spatial extension of the atomic groups of 
polymers and the hydrodynamic interactions between these groups. 
Kuhn12 pointed out that the molecular volume 12 of a randomly coiled 
molecule should be proportional to the volume of a sphere whose radius is 
equal to the average square end-to-end distance. The latter should be 
proportional to Af3/2 for the ideal case where any kind of interactions do not 
exist and the distributions of the atomic groups are of the Gaussian type. 
In general, however, 12 may or may not be a simple function of M  depending 
on various factors such as solvent-polymer combinations. As an approxi
mation, if 12 is assumed to be proportional to some powers of M  above 
<pc, eq. (7), together with eq. (9), may be written in the differential form:

in which 7  and C are constants to be determined empirically. It is noted 
that eq. (10) should be taken to be a semiempirical expression, since it in
volves theoretically indefinable parameters. If eq. (10) is valid for a suffi
ciently wide range of concentration, it can be integrated to the form:

where *  is the viscosity at <f> = <j>c. The function F(<f>) is expressed ex
plicitly in closed forms when y takes a whole number or a simple fraction; 
for instance,

d\nri/d(j) = Cy[</>7(1 — <f>) ] ( 1 0 )

lnij = In* +  C[F{<t>) -  F(4>c)] ( 11)

F(<t>) = — ln(l — 4>)
when 7 =  0 ( 12)

F(<t>) = \n<t>/(\ — 4>)

when

7 = 1  (13)

F(4) = ln(l +  <VA)/(1 -  <VA)
when

7  =  V i  0 4 )

F{4>) = 1»(1 +  4>'h +  <Fh)'h/{ \ -  <t>'h)

± \ /3  tan- 1 [2(7* +  ^ W - i ]  (l-V
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where the radical ±  \ / 3  is positive for y = 2/3 and negative for 7  = V?,. 
Incidentally, the function F(4>) has the characteristic that for both ex
tremely low and high values of F(<p) increases sharply with increasing </>. 
At a moderate value of 4>, F(<jj) increases almost linearly. In the next sec
tion we shall apply these equations to some of the available data.

4. COMPARISON WITH EXPERIMENTAL RESULTS

a. Polystyrene-Styrene

Viscosity data at various temperatures and concentrations are given in 
Table I. Data for samples 1-7 were obtained by a capillary method. 
Capillary viscometry is applicable only to Newtonian liquids for which 
there is strict proportionality between the shearing stress and the rate of 
shear. However, the shearing stress at the wall of a capillary was calcu
lated to be about 1.7 dyne/cm.2 for our present experimental condition. 
Hence the appax-ent viscosity values were approximated to be those at zero 
shearing stress.

TABLE I
Viscosities of Solution of Polystyrene in Styrene as a Function of Temperature and

Concentration

No.

log )), poises Q,
kcal./
mole PnUi 20°C. 30°C. 40 °C. 50 °C. 60°C.

1 0.0000 -2 .1 7 5 -2 .2 3 1 -2 .2 8 2 2.29
2 0.00474 -2 .0 2 5 -2 .0 8 5 -2 .141 2.63
3 0.00789 -1 .9 3 6 -1 .9 9 6 -2 .0 5 4 2.63
4 0.01315 -1 .7 9 6 -1 .8 6 0 -1 .9 3 2 3.20
5 0.02188 -1 .5 9 5 -1 .6 6 0 -1 .721 2.75
6 0.03638 -1 .3 1 9 -1 .3 8 9 -1 .4 5 2 2.97
7 0.06040 -0 .9 4 3 -1 .0 2 8 -1 .0 9 6 3.09
8 0.06150 -0 .8 3 9 -0 .8 9 6 -0 .9 6 3 -0.863» —0.932b 2.63 1424
9 0.09410 -0 .5 0 0 -0 .561 -0 .6 2 2 -0 .6 6 6 -0 .7 3 5 2.57 1417

10 0.1302 -0 .121 -0 .2 0 4 -0 .2 7 7 -0 .3 4 7 -0 .4 0 6 3.11 1422
11 0.1675 0.292 0.215 0.140 0.076 0.013 3.09 1433
12 0.1809 0.400 0.322 0.253 0.185 0.127 3.09 1410
13 0.2065 0.666 0.580 0.502 0.441 0.375 3.20 1406
14 0.2173 0.771 0.687 0.612 0.415° 0.471 3.20 1406
15 0.3193 1.691 1.597 1.498 1.430 3.68 1461
16 0.3262 1.535 1.420 1.318 1.228 4.94 1410
17 0.4559 2.734 2.561 2.417 2.279 6.96 1410
18 0.2634 1.109 1.008 0.908 0.816 4.44 1429
19 0.3044 1.493 1.371 1.266 1.174 4.85 1442
20 0.4094 2.426 2.266 2.128 2.005 6.68 1452
21 0.4457 2.693 2.520 2.368 2.226 7.05 1424
22 0.5075 3.561 3.318 3.087 2.915 9.43 1442

» At 25°C. 
b At 35°C. 
0 At 70°C.



2 4 4 N. NISHIMURA

A rotating viscometer was used for more concentrated solutions and the 
data for samples 8-17 were thus obtained. The rotation speed was fixed 
at 60, 30, 12, and 6 rpm. The rate of shear at the wall of the rotor cor
respondingly changes from about 14.6 to 1.3 sec.^1 However, no depend
ence of the apparent viscosity on the rate of shear was detected, and so 
average values are tabulated.

Viscosity data for samples 18-22 were obtained by means of the falling 
ball method. Apparent viscosity values calculated directly from the Stokes 
equation have increased systematically with the increase in the diameter of

Fig. 1. Plot of log VI vs. log( 1 — 4>) a t 3()°C. for polysty rene-styrene system, according to 
eq. (8): (O) capillary method; (0) rotating method; ( CD ) falling ball method.

the falling balls. However, the viscosity values, when multiplied by Fax- 
en’s correction term, did not deviate more than 1% from the mean value, 
and thus the mean values are listed.

The number-average degrees of polymerization for the recovered poly
styrene are also listed in Table I together with the heat of activation for 
flow. It may be noted that the degree of polymerization did not change 
during the period of the viscosity measurement.

Equation (8) tells us that a plot of log v against log (1 — <j>) should give 
a straight line up to moderate concentration. As seen in Figure 1, how
ever, the slope decreases rapidly with increasing concentration. The de
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crease in the slope may be attributed to the decrease in the molecular 
volume of the polymer 12.

In order to estimate the approximate values of s0 and 0 at infinite dilu
tion, the net volume v0 must properly be estimated. For a polydisperse 
system, v0 must be replaced by v0, the average volume of a polymer, which 
has the same effect on the volume fraction. The volume fraction for this 
system can be defined as

4> = ZpiVt/V = {p/V){mPn/dv) (16)

where p, denotes the number of polymers of net volume vh p = 2pit m the 
weight of the monomer unit, Pn the number-average degree of polymeriza
tion, and dv the density of the polymer. Hence it may be reasonable to re
place Vo by v0, which can be defined as va = mPn/d„. As seen in Table I, 
the value of Pn is 1400. The average volume, therefore, should be about
2.4 X 10“ 19 cc./molecule. If we replace the polymer coil by a sphere whose 
swelling factor is s0, K'M a+1/vo in eq. (8) may be set equal to 2.5s0. Since 
the tangent of the curve at <f> = 0 in Figure 1 is about 80, s0 =  30, and hence 
12 = 7 X 10~18 cc./molecule. This value of 12 at $ == 0 is approximately 
the same as the volume of the sphere whose radius is equal to the average 
square end-to-end distance, calculation of the latter having been made on 
the assumption that the distribution of the atomic groups is Gaussian. 
The critical concentration expressed in volume fraction, <£c is given by 
4>c =  i>o/12 = 1/so and therefore it may be about 0.03. These calculations, 
however, imply considerable arbitrariness and so, not much can be said about 
the absolute magnitude of 12, s0, and <pc.

The distribution of the molecular weight was incidentally examined by 
fractionation, and the data are listed in Table II.

TABLE II
Fractionation of Polystyrene Dow 666

Fraction no. Weight, g. % DP

Ilnfraetionated 10.000 1426
1 0.893 9.27 3140
2 1.277 13.25 2920
3 0.908 9.42 2100
4 0.964 10.00 1908
") 0.175 1.81 1575
6 1.599 16.59 1295
7 0.383 3.97 1161
3 1.195 12.39 816
D 0.341 3.54 776

10 1.906 19.77 344

As an approximation, the degrees of polymerization were calculated by 
using eq. (1). On the basis of the data in Table II, the integral weight 
distribution curve was drawn and the curve was divided into ten fractions
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Fig. 2. Bulk viscosity of polystyrene in styrene as a function of the volume fraction 
<t>. Symbols as shown in Fig. 1.

Fig. 3. Plots of log [(1 — <l>)d\ogr)/d<j>] against log <f> for polystyrene in styrene at 30 and
60°C. according to eq. (10).

of equal weight having the degree of polymerization Pl for the ?'th fraction. 
By using eqs. (17) and (18)14

10

P w = 0.1 £  Pi (17)
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in
Pn = 10/  L  (UPi) (18)

i  =  I

the weight-average and number-average degrees of polymerization were 
calculated to be Pw = 1 <>00 and Pn — 1000, respectively. The value of 
Pn calculated is too small compared with that of unfractionated polymer. 
This discrepancy is probably due to an experimental error in fractionation 
and the uncertainty in drawing the distribution curve.

P

Fig. 4. Relationship between log i; and F(4>) for polystyrene in styrene according to
eq. (11).

We are now in the stage of examining eqs. (10) and (11). As was stated 
in Section 3, the shrinkage in the hydrodynamic volume of the polymer 
has now been taken into account. The values of log ij at 30° and 60°C. 
are plotted in Figure 2 against the volume fraction of polystyrene. From 
the slope at any <t>, dlog t]/d<S> can be obtained. Figure 3 shows the plots of 
log [(1 — <£)dlog ri/dct>\ versus log </>. It is noted that the slope denoting y 
is virtually constant over the entire range of </> except when <j> is very near 
zero, in which case eq. (10) becomes invalid. The constancy of the value 
7  makes us possible to integrate eq. (10). In order to simplify the calcula
tion, 7  is set equal to 0.5 and as seen in Figure 4, log t? is plotted against 
F(<t>) in accordance with eq. (14). It may be seen that the linearity is 
fairly satisfactory.
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b. Poly(methyl Methacrylate)-Diethyl Phthalate

Bueche18 reported the viscosity data of the system poly (methyl meth- 
acrylate)-diethyl phthalate over a wide range in concentration and temper
ature. The weight fractions of the polymer which he gave in his table

Fig. 5. Plots of log [(1 — 4>)d\dgtt/d4>] vs. log 4> for poly(methyl methacrylate}-diethyl
phthalate: (O) 60°C.; (0) 120°C. Data of Bueohe.16

were converted to the volume fractions using the densities 1.085 (60°C.) 
and 1.030 (120°C.) for diethyl phthalate and 1.175 (60°C.) and 1.159 
(120°C.) for the polymer.

In Figure 5, log [(1 — <f>) dlogq/dcp} is plotted against log </> in accordance 
with eq. (10), the values dlog rj/d<f> being estimated from the curve log ?j 
versus <j>. In spite of the fact that there is some uncertainty in estimating 
the tangents of the log q versus 4> curve and hence these values seem to be 
considerably scattered, it is likely that they can be represented by a straight 
line for each temperature. The values of 7 are 0.32 and 0.46 at 60 and 
120°C., respectively. If log -q is plotted against F(<f>), according to eq. (11), 
one obtains Figure 6, where 7 is set equal to y 3 for 60°C. and ‘/ 2 for 120°C., 
respectively, for simplifying calculation. As seen in Figure 6, the data fall 
on a straight line for each temperature over an entire range of concentration 
except for the highest concentration regions near <f> = 1.

c. Polystyrene-Diethylbenzene

The bulk viscosity of the system polystyrene-diethylbenzene was re
ported by Bueche16 over the concentration range of 8-80 wt.-% and the 
temperature range of 30-130°C. The weight per cent given in his table
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was converted to the volume fraction by using the densities 0.85 (35°C.) 
and 0.82 (70°C.) for diethylbenzene and 1.07 (35°C.) and 1.05 (70°C.) for 
polystyrene. The relationship given by eq. (10) is shown in Figure 7. It 
is noted that there is a considerable deviation from linearity. For both

Fig. 6. Plots of log r) vs. F(cj>) for polv(methyl methacrylate)-diethyl phthalate: 
(O) 60°C.; (9) 120°C. F(tj>) for 60°C. is given by eq. (15) and F(<)>) for 120°C. by eq. 
(14). Data of Bueche.15

0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 7  1 . 0

Fig. 7. Plots of log [(1 — <t>)(l\o%-o/dct>\ VS. log <p for polystyrene-diethylbenzene. Data
of Bueche.16
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lines, the slope and hence the value of y increases steadily and changes its 
sign at about 4> = 0.6. The negative value of y can not be explained simply 
by what we have mentioned.

d. Cellulose Tributyrate 1,2,3-Trichloropropane

Landel et al.17 have reported the viscosity data for fractionated cellulose 
tributyrate in 1,2,3-trichloropropane. Figure 8 represents the relation
ship given by eq. (10) for three different molecular weights. The densities 
of the polymer and the plasticizer were taken to be the same for simplicity 
and the weight fractions given in their table were equated to the corre
sponding volume fractions. It seems that the value of y remains constant 
but C depends on the molecular weight.

- 1.4 - 1.2 - 1.0 - 0.8 - 0.6 - 0 .

l o g

Fig. 8. Plots of log [(1 — 0)cflogj?/rf0] vs. log 0 for cellulose tributyrate in trichloro- 
propane at 25°C.: (O) Mw = 22.2 X 104; (0) M w = 13.4 X 104; ( © ) Mw = 5.5 X 104. 
Data of Landel et al.17

e. Polyisobutylene-Xylene

Viscosities of polyisobutylene in xylene were given by Johnson et al.18 
The weight fractions were converted to the corresponding volume frac
tions and the same plot was made as shown in Figure 9. Although the 
concentration is limited to a rather narrow region, a good straight line with 
a slope of 0.95 was obtained. The other curve in Figure 9 represents the 
relationship between log 7/ and log $/( 1 — <£), y being approximated to 
unity.

5. DISCUSSION

Several examples shown above have been given to test the equations we 
derived. There are some other available data for which eq. (10) and 
hence eq. (11) can be applied well. However, concentrations seemed in 
too narrow ranges to test the validity of eq. (10). Even in the case where 
y shows no constancy, the characteristic dependence of the viscosity of
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l.Og -ft / { 1. — 'P

log

Fig. 9. Dependence of viscosity on the volume fraction for polyisobutylene in xylene 
at.25°C.: (O) plot according to eq. (10); (©) plot according to eq. (11). Data of John
son et al.18

polymer solutions on concentration seems to be well represented, at least 
qualitatively, by the function F(<j>).

In Table III, numerical values for C and y are listed together with 
pertinent data.

As stated in Section 3, the factor s is a measure of the apparent volume 
which one polymer would occupy in an unplasticized state. The lower

TABLE III
Values of the Constants C and y  for Various Polymer Solutions

Polymer'1 Solvent13
M w X 

10- 4
Temp.,

°C. c „  % C y Ref.

PS S 16 30 0 - 5 1 8.5 0.48 This work
PS S 16 60 9 .4 - 51 6.8 0.56 This work
PMMA DP 6.3 60 8.8-100 13 0.32 15
PMMA DP 6.3 120 8.8-100 9.0 0.46 15
PS DB 72 35 8 .9 - 80 7.8 ' 0.65' 16
PS DB 72 70 8 .9 -  80 3.8 ' 1.0' 16
CT TCP 22.2 25 0 .5 - 36 6.8 0.71 17
CT TCP 13.4 25 1 .1 -3 6 5.8 0.74 17
CT TCP 5.5 25 0 .7 - 31 5.0 0.73 17
PIB X 32 25 13 -  40 4.5 0.95 18

» PS, polystyrene; PMMA, poly(methyl methacrylate;; CT, cellulose tributyrate; 
PIB, polyisobu'ylene.

b S, styrene; DP, diethyl phthalate; T)B, diethylbenzene; TCP, trichloropropane; 
X, xylene.

0 Values a t <t> = 0.4.
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limit of the swelling factor is equal to unity and its upper limit may be 50 at 
most for vinyl polymers consisting of 104 monomer units at infinite dilu
tion. Therefore the value of s cannot exceed s0 and it should be in the 
vicinity of unity. As suggested earlier; if swollen polymer coils could be 
replaced by sphere, the constants C and 7  could be set C =  2.5s (1 ^ s ̂  so) 
and 7  =  ¡3 ( 0 ^ /3 ^  1), respectively. It may be seen in Table III, that C 
and 7  are taking permissible numerical values. Also, it seems that C de
creases with decreasing molecular weight and/or with increasing temperatui’e.

It is hard to give 7  a clear physical concept, but it must be some kind of 
measure of the reluctance of a polymer to permeate into neighboring poly
mers. It is known that in the usual case, the apparent viscosity of polymer 
solutions becomes more susceptible to the rate of shear when the temperature 
is lowered, and vice versa.19 This fact suggests that the micro-Brownian 
motions of segments, which depend much on temperature, have a close 
connection with the interactions between molecules and hence to the per
meability or reluctance of polymers.

In deriving expressions for the viscosity of concentrated polymer solu
tions, only the effects of volume fraction have been taken into account 
explicitly and any loose ends have been tucked into the constants C and
7 . Therefore, in these equations, y is not expressed in terms of an explicit 
function of temperature or of the molecular weight of polymers. How these 
factors embody themselves has been left for future investigation. Viscosi
ties in the vicinity of <£c may follow.

The author is indebted to Dr. S. Hasegawa and Dr. N. Hirai for their helpful advice 
and encouragement. Thanks are offered to the Ministry of Education for financial 
support.
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Résumé
On a obtenu une relation générale entre la viscosité et la concentration des solutions 

polymériques pour des régions de concentration assez basses par la méthode proposée 
par Brinkman. On a étendu l’applicabilité de cette relation aux solutions très con
centrées en tenant compte de la diminution de volume des polymères. Lorsquon aug
mentait la concentration, le volume apparent, qu le polymère en solution occupe au- 
dessus d ’une fraction de volume critique 0C, est donné par ü  =  svo0 - '8, où s est le facteur 
de gonflement pour 0 = 1 et 0 est une constante qui mesure une répulsion vis-à-vis de 
la perméation intermoléculaire; v0 et 0 sont le volume absolu de la molécule de polymere 
et la fraction de volume du polymère respectivement. La relation entre 17 et 0 est 
donnée par l’équation d log j;/d0 = C /0 T(I — 0 ), où C et y sont des constantes déter
minées empiriquement. Pour contrôler la validité de cette relation on a employé nos 
valeurs expérimentales et certaines valeurs données par la littérature. Quoique ni la 
température, ni le poids moléculaire n’interviennent dans cette équation, elle tient bien 
compte de la relation entre la viscosité et la concentration des polymeres sur un large 
domaine de concentrations. Les expériences confirment assez bien la théorie proposée.

Z usammenfassung
Eine allgemeine Beziehung zwischen der Viskosität und der Konzentration von 

Polymerlösungen wurde mit der von Brinkman vorgeschlagenen Methode für Bereiche 
verhältnismässig niedriger Konzentration abgeleitet. Durch Berücksichtigung der 
Volumschrumpfung der Polymeren wurde die Beziehung für eine Anwendung auf 
extrem konzentrierte Lösungen erweitert. Es wird angenommen, dass mit steigender 
Konzentration das scheinbare Volumen, welches ein Polymeres in Lösung oberhalb 
eines gewissen kritischen Volumbruches 0C einnimmt, durch £2 = sva</>~̂  gegeben ist, 
wo s der Quellungsfaktor bei 0 = 1 und 0 eine Konstante, welche den Widerstand 
gegen intermolekulare Permeation misst, ist; v« und 0 sind das Nettovolumen der Poly
mermoleküle bzw. der Volumsbruch des Polymeren. Die Abhängigkeit von tj von 0 
:st durch die Gleichung d logtj/d<f> = ( 'l<p ( 1 — 0 ) gegeben, wo C und y  empirisch zu 
oestimmende Konstanten sind. Zur Überprüfung der Gültigkeit der Gleichung wurden 
die eigenen Versuchsergebnisse und einige andere vorhandene Daten benützt. Obwohl 
weder die Temperatur noch ein Molekulargewichtsfaktor in dieser Gleichung auftritt, 
kann sie die Abhängigkeit der Viskosität von der Polymerkonzentration in einem 
weiten Konzentrationsbereich darstellen, und es besteht eine ziemlich befriedigende 
Übereinstimmung von Theorie und Experiment.

Received February 24, 1964 
Revised May 15, 1964
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Electron Spin Resonance Spectra of 
Poly (methyl Methacrylate) Irradiated at 77°K.

YOSHIOKI HAJIMOTO, Matsushita Research Institute Tokyo, Inc., 
Ikuta, Kawasaki-shi, Kanagawa, Japan, NAOYUKI TAMURA,* Japa
nese Association for Radiation Research on Polymers, Komagome-Kamifuji- 
mae, Bunkyo-ku, Tokyo, Japan, and SHIGEHARU OKAMOTO, Faculty 

of Applied Physics, Waseda University, Shinjuku-ku, Tokyo, Japan

Synopsis

I t is shown that there exists a difference in the electron spin resonance spectrum of 
poly(methyl methacrylate) irradiated with electrons and observed at 77°K. and that at 
room temperature. One of the radicals trapped a t 77°K. is probably -COOCH3, which 
gives the spectrum of a single line, and the others giving triplet and quartet are perhaps 
■ CHO and ■ CH3, the splitting of which are 132 gauss and 23 gauss, respectively. With 
the elevation of the annealing temperature the unstable radicals recombine or convert 
to the stable radicals; near room temperature they are completely replaced by the 
stable radical which gives the nine-line spectrum.

INTRODUCTION

Many workers1-3 have obtained the ESR spectrum of irradiated poly- 
(methyl methacrylate) (PMMA). Ovenall3 found that the ESR spectrum 
of PMMA irradiated and observed at 77°K. consists of five lines. When 
the sample is allowed to warm up to 300 °K., a nine-line spectrum is ob
served which is identical with that for a sample irradiated at room temper
ature. However the types and behaviors of free radicals in the lower tem
perature region have not yet been demonstrated.

We undertook the present study to obtain further knowledge of the radi
cals formed in PMMA, especially of their behavior in the lower tempera
ture ranges.

EXPERIMENTAL

Materials

Two kinds of samples were used; a commercial sample (sample A) and 
a laboratory prepared one (sample B). Sample A is in the form of chip 
made by .Mitsubishi Rayon Company Ltd. The sample B was prepared

* Present- address: Takasaki Radiation Chemistry Research Establishment, Japan
Atomic Energy Research Institute, Gunnan-mura, Gunma-ken, Japan.
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'by the following procedures. Methyl methacrylate was polymerized by 
using benzoyl peroxide initiator. The products were dissolved in toluene 
containing hydroquinone inhibitor, and then the polymers were precipi
tated by pouring into methanol. The PMMA was washed with additional 
methanol, and the solvent was decanted. The polymers were dried under 
2 mm. Hg pressure at 80°C. for 24 hr. The sample obtained was a powder.

Method

The samples were degassed and sealed in 4 mm. outer diameter glass 
tubes under high vacuum and then irradiated. Irradiation was carried 
out with electrons from a Van de Graaff accelerator made by Mitsubishi 
Electric Company Ltd. at a dose rate of 5 X 106 rad/min.

ESR measurements were made at a frequency of 9.3 Gcycles/sec. with 
a 3A type spectrometer of Japan Electron Optics Laboratory Company 
Ltd. Field modulation of 80 cycles/sec. was used and the microwave power 
entering the cavity was attenuated to about 0.9 mw. to minimize satura
tion effect.

RESULTS AND DISCUSSION

The spectra obtained from samples A and B irradiated and observed 
at room temperature are shown in Figure 1. The spectral shape of sample

Fig. 1. ESR spectra of PMMA irradiated and observed at room temperature: (a) 
sample B (freed from monomers) irradiated to 0.43 Mrad; (b) sample B irradiated to 27 
Alrad; (c) sample A (commercial PMMA) irradiated to 0.43 Mrad; (d) sample A ir
radiated to 30 Mrad.
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A is almost the same as those obtained by other workers.2-4 The spectral 
shape of sample B, however, is sharper than that of very pure PMMA ob
tained by Unger et al.4 Though the main reason for this difference is 
probably the residue of some extent of monomers in our samples, one of the 
other reasons may be the microwave power used. The spectrum of sample 
B is rather more diffuse than that of sample A. The nine-line spectrum 
has been attributed to the radical

COOCHs

However Unger et al.4 concluded that the spectmm is produced only when 
excess monomer is present.

Samples A and B irradiated and observed at 77 °K. give the spectra shown 
in Figure 2. The spectrum 2a of sample A consists of a diffuse seven-line 
spectrum with the overall splitting of about 120 gauss and interline splitting 
of 21.6 gauss excepting the splitting between the center line and the next 
lines, which apparently resembles the spectrum obtained from irradiated 
MMA monomer.6 With increase of dosage the spectrum increases in in
tensity. The spectral shape, however, does not change much, except that 
the increase of the center line is more obvious than that of the other lines.

The spectra of sample B (Figs. 2b, 2c) are more complicated in shape; 
the intensity of the center line increases and the spectral shape approaches 
that of sample A with the increase of dosage. This result suggests the

Fig. 2. ESR spectra of PMMA irradiated and observed at 77°K. : (a) sample A (com
mercial PMMA) irradiated to 30 Mrad; |# | sample B (freed from monomers) irradiated 
to 30 Mrad ; ( 3 )  sample B irradiated to 3 Mrad.



258 Y. HAJIMOTO, N. TAMURA, AND S. OKAMOTO

Fig. 3. Change and decay of ESR spectrum of PMMA (sample A) irradiated to 100 
Mrad at 77°K. with heat treatment. Sample was heated for 4 min. at eacli tempera- 
lure; ESR was measured at 77 °I(.
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Fig. 4. Change and decay of ESR spectrum of PMMÀ (sample B) irradiated to 5 
JMrad at 77°K. with heal) treatment. Sample was heated for 4 min. at each tempera
ture; ESR was measured at 77°K.
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Fig. 5. Relative intensity of ESR spectrum of PMMA (sample A) irradiated to 100 
Mrad at 77 °K. as a function of annealing temperature. Sample was heated for 4 
min. at each temperature; ESR was measured a t 77°K.

spectral variation with dosage is caused by the increase of included mono
mer. Moreover the outermost peaks and inner four peaks (arrow) of 
the hyperfine structure coincide with those of methanol irradiated and 
measured at 77°K.,9’10 suggesting the existence of the radicals CHO and 
•CH3. Their splittings are 132 gauss and 23 gauss, respectively.

With increasing annealing temperature, these spectra were observed to 
vary both in shape and in intensity. The variations of the spectra are 
shown in Figures 3 and 4; in each case the sample was warmed to each 
temperature for 4 min. and cooled back to 77°K. for measurement. With 
an increase in temperature the sharp line at the center position decays 
first and the nine-line spectrum becomes visible near room temperature, 
which suggests the existence of some other kinds of radicals at 77°K.

Figure 5 shows the variation of the spectral intensity of sample A with 
annealing temperature. The curve can be divided into three parts, 
suggesting that there are more than three kinds of radicals. The spectra 
for the radicals disappearing at these decay regions are shown in Figure 6 ; 
these were obtained by subtracting the spectra observed at the higher tem
perature from those at the lower in each decay region.

The spectrum obtained in the first decay region is shown in Figure 6a, 
which consists of the overlapping curves of a single line and a diffuse 
quartet. The singlet is probably attributable to the radical • COOCH3. 
The outermost peaks of the diffuse quartet are attributed to the -CHO 
radical, but the others are not identified. The existence of a single line 
was found also by Ovenall3 with y-irradiated poly(methacrylie acid), 
where the single line was ascribed to the radical • COOFL

The spectrum obtained in the second decay region is shown in Figure 66, 
which is apparently a double sextet. The third spectrum is shown in 
Figure 6c, which consists of nine lines and is undoubtedly due to the
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Fig. 6. ESR spectra of PMMA (sample A) disappearing between (a) —150 and 
— 100°C.; (fe) — 84 and 0°C.; (c) 40 and 80°C,
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radical —-CHa-—C(CHa)—COOCH:i. Comparing the spectral shape of 
spectrum (*/> with that of (if, it is found that the minimum positions of the 
spectrum Or are exactly in agreement with the maximum positions of spec
trum 0b. This fact suggests that the radical - -CIl-j—C((?H:)) —COUCH* 
was produced in the second decay region, where some of the initial radicals 
decay by recombination or some other mechanism and the others arc 
converted to the propagating radicals when monomers are present in the 
sample. A similar result was obtained with the sample B, but the inten
sity of the ratio of the singlet to the diffuse quartet is larger than that in the 
case of sample A. This result is consistent with the fact that sample B 
contains less monomer than sample A.

The shape of the nine-line spectrum apparently does not change during 
the decay above room temperature, suggesting that the nine-line spectrum 
is produced from only one type of radical. This result agrees with Symons’7 
conclusion, contrary to Piette’s8 postulate. Above the glass transition 
temperature the spectrum completely decays.

Conclusions

The electron spin resonance in poly (methyl methacrylate) irradiated with 
electrons at 77°K. has been studied. With a commercial PMMA sample 
the spectrum observed at 77°K. without intermediate warming consists of 
seven diffuse lines. With the samples freed from monomers the spectra 
have the same overall splitting as for the commercial samples, but are more 
complicated in shape and vary with the irradiation dose. I t was found by 
heat-treating procedures that there are three decay regions of radicals in 
PMMA irradiated at 77°K. Below room temperature the existence of 
three kinds of spectra are found. One radical decaying in the lower tem
perature ranges is probably • COOCH3, and the others are supposed to be 
•CHO, CH3. The stable radical —CH2—C(CH3)—COOCH3 was found 
to be produced partly also by the radical conversion when monomers are 
present in the sample.

We are grateful to Mr. S. Arita for the preparation of samples.

References

1. Ingram, D. J., M. C. R. Symons, and M. G. Townsend, Trans. Faraday Soc., 54, 
409 (1958).

2. Abraham, R. J., H. W. Meville, D. W. Ovenall, and D. H. Whiffen, Trans. Fara
day Soc., 54, 1133 (1958).

3. Ovenall, W., J. Polymer Sci., 41, 199 (1959).
4. Unger, I. S., W. B. Gager, and R. I. Leininger, J. Polymer Sci., 44, 295 (1960).
5. Ohnishi, S., Y. Ikeda, S. Sugimoto, and I. Nitta, J. Polymer Sci., 38, 451 (1959).
6. Marx, R., and M. R. Bensasson, J. Chim. Phys., 57, 673 (1960).
7. Symons, M. C. R., J. Chem. Soc., 1963, 1186.
8. Piette, L. H., N M R  and EPR Spectroscopy, Pergamon Press, Oxford, 1960, p. 218.
9. Sullivan, P. J., and W. S. Koski, J. Am. Chem. Soc., 85, 384 (1962).

10. Adrian, F. J. E. L. Cochean, and V. A. Bowers, J. Chem. Phys., 36, 1166 (1962).



POLY(METHYL METHACRYLATE) 26 3

Résumé
On montre li  différence qui (existe entre les spectres de spin électronique du poly- 

méthacrylate de méthyle irradié par élect rons et observés a 77°K ainsi qu’a température 
ordinaire. Un des radicaux piégés a 77 °K est probablement ■ COOCIL qui apparaît 
spectralement sous forme d'un pie simple, les autres donnant un triplet et un quartet 
sont peut-être • CHO et • CH3, les livages spin-spin étant respectivement de 132 et 23 
gauss. Par élévation de la température ambiante, les radicaux instables se recombinent 
ou se convertissent en radicaux stables et aux approches de la température ordinaire, 
ils sont totalement remplacés par des radicaux stables donnant le spectre a 9 raies.

Zusammenfassung
Es wird gezeigt, dass ein Unterschied zwischen dem Elektronenspinresonanzspektrum 

von bei 77 °K bestrahltem und untersuchtem Polymethylmethaerylat und demjenigen 
bei Raumtemperatur bestellt. Eines der bei 77°K eingeschlossenen Radikale ist 
wahrscheinlich -COOCH3, welches ein einliniges Spektrum liefert, und die anderen, 
die ein Triplett und Quartett besitzen, sind vielleicht CHO und -CH3, deren Aufspal
tung 132 und 23 Gauss beträgt. Bei Erhöhung der Temperungstemperatur rekombini- 
cren die instabilen Radikale oder wandeln sich in stabile Radikale um, und in der Nähe 
der Raumtemperatur werden sie vollständig durch das stabile Radikal mit dem Neun- 
linienspekrum ersetzt.
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Copolymerization of Styrene and p-Divinylbenzene. 
Initial Rates and Gel Points

BAYARD T. STOREY, Rohm d: Haas Company, Research Laboratories, 
Philadelphia, Pennsylvania

Synopsis
Initial rates of polymerization were measured at 70.0 and 89.7°C. for styrene, p- 

divinylbenzene, and mixtures of the two monomers initiated with 1% benzoyl peroxide. 
The rates relative to styrene increased linearly with mole fraction of p-divinylbenzene; 
the latter monomer polymerized faster than styrene by a factor of 2.50 at 70.0 °C. and1 
3.54 at 89.7°C. Times to gelation were also measured for those samples containing p- 
divinylbenzene, and from these times the corresponding fractional conversion at the gel 
point was calculated. The conversion a t the gel point passed through a minimum with 
increasing content of p-divinylbenzene. The gelation behavior is explained by con
current interchain crosslinking to give a network and intrachain crosslinking to give 
microgels which accumulate to give macrogel, the latter process being dominant at all 
but low concentrations of p-divinylbenzene. The higher the content of crosslinker, the 
less swollen the microgels, and the greater the conversion required to give gelation by 
this process. The linear increase in rate with increasing p-divinylbenzene content was 
also explained by intrachain crosslinking: growing polymer radicals which undergo this 
process have a reduced rate of termination. The factor by which the termination rate 
constant is reduced with increasing divinylbenzene content is the same factor as that by 
which the conversion required to give gelation by accumulation of microgels is increased.

INTRODUCTION
The copolymerization of divinylbenzene with styrene was first carried 

out by Staudinger1 in order to demonstrate that crosslinking caused by the 
divinyl monomer would make the polystyrene insoluble in all solvents. 
In recent years, the insoluble gels obtained from copolymerization of these 
two monomers have become important as backbones for synthetic ion ex
change resins. The properties of the finished copolymers have been stud
ied,2 but the copolymerization process itself has been virtually ignored. 
There is a practical reason for this: commercial divinylbenzene is a complex 
mixture containing both meta and para isomers of divinylbenzene as well as 
other related hydrocarbons, and its composition is not a variable easily 
controlled in polymerization studies. This work was undertaken to remedy 
the lack of information on the rates and gel points of polymerizing styrene- 
divinylbenzene mixtures. The problems associated with commercial 
divinylbenzene were avoided by using pure p-divinylbenzene, which can be 
separated from the commercial mixture by a bromination-debromination 
sequence.

265
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The Problem of Gelation
When a monovinyl monomer is copolyniorized with a divinyl monomer, 

I ho reaction mass will usually gel at a conversion characteristic of the mono
mers and the reaction conditions. The transition from fluid to gel is that 
point, at which a gas bubble or glass ball moving gently through the poly
merizing mixture suddenly becomes immobilized. In other words, it is that 
point at which the mixture appears to develop a very small but finite 
yield stress. The actual measurement made is that of time to gelation; 
coupled with the known rate of polymerization, the fraction of monomer 
converted to polymer at the gel point can be calculated.

Gelation is taken to mean the formation of a three-dimensional polymer 
network in the polymerizing mixture, the implication being that such a 
network is required for the development of the observed yield stress. The 
usual method of observing the gel point—subjecting the reaction mass to 
low shear stress by a slowly moving probe—will show a gel point not only 
with a three-dimensional network but also with a polymer of high enough 
molecular weight to immobilize the probe by high viscosity alone. The 
latter “gel point” can be easily avoided by running the polymerization so as 
to give short chain lengths; the transition to gel also becomes much sharper 
under these conditions. (For these reasons, a relatively high initiator 
concentration of 1 wt.-% was used in this study.) There is a third method 
by which gelation may occur: the accumulation of microgels. This form 
of gelation was elegantly demonstrated by Shashoua and Beaman,3 who 
prepared special microgels by emulsion polymerization and with them gelled 
a swelling solvent for the polymers at a definite volume fraction of microgel.

Flory’s equation4 relating the gel point to the amount of crosslinker and 
chain length of the uncrosslinked polymer states tha t:

= (YwX d)~i (1)
where a„ is fractional conversion at the gel point, X D is the fraction of dou
ble bonds belonging to the divinyl monomer in the mixture, and Yw is the 
weight-average degree of polymerization of the “backbone chain.” In 
practice, Yw is taken to be the weight-average degree of polymerization of 
the homopolymer from the mono vinyl monomer polymerized under the 
same conditions. Equation (1) presupposes that the following conditions 
are met: first, the vinyl groups in the system are of equal reactivity; 
second, the pendent vinyl group of a singly reacted divinyl monomer is 
consumed only in interchain polymerization. Walling5 showed that eq.
(1) held for vinyl acetate-divinyl adipate and methyl methacrylate-ethyl
ene dimethacrylate, i.e., systems with vinyl groups of equal reactivity, at. 
low crosslinker levels. At higher crosslinker levels, eq. (1) predicts the gel 
point at conversions that are much too low. The most reasonable explana
tion for the deviation is that crosslinks are wasted by intrachain polymeri
zation.4’6 Considerable evidence for this wastage has been put forward by 
Loshaek and Fox7 and Hwa and Fox8 in the methacrylate-dimethacrylate 
system.



STYRENE AND p-DIVINYLBENZENE COPOLYMERIZATTON 267

Reactivity Ratios for Styrene and p-Divinylbenzene

The styrene p-divinylbenzene system appeared to tie a good candidate 
to study the effect of intraehain polymerization on gelation. The position 
of the two vinyl groups of the crosslinker para to each other prevents the 
formation of small rings by cyclopolymerization; intrachain polymerization 
should occur by a true “back-biting” reaction to give large, strain-free 
rings. If back-biting is prevalent in this system, it should be prevalent in 
most vinyl-divinyl systems. The extent of intrachain reaction can be in
ferred by comparing the observed gel-point with that predicted by the 
Flory equation. For the comparison to be valid, the relative reactivities 
of the vinyl groups of the styrene and p-divinylbenzene must be essentially 
equal to one. The reactivity ratios of styrene and the isomeric divinyl- 
benzenes were determined by Wiley, who used styrene labeled with C14 to 
get the composition of the copolymer formed. He obtained n  = 0.92, r2 =
1.00 for styrene (Mi)-o-divinylbenzene (M2) mixtures,9 which give soluble 
polymer by cyclopolymerization, and r¡ =  0.65, r2 = 0.60 with 772-divinyl- 
benzene10 as M2, the r2 values referring to one of the double bonds of the 
divinylbenzene. A set of values for 1\  and r2 which were constant with 
changing monomer composition were not obtained with p-divinylbenzene; 
the variability was attributed to concurrent polymerization of pendent 
vinyl groups, which would be equivalent to a three-component system.10 
An estimate made from runs of lower divinylbenzene content gave the im
probable values of rx = 0.14 and r2 = 0.5.9 There is no apparent reason 
why a vinyl group para to the reacting vinyl group should have such a 
profound influence on the latter’s reactivity, while the same group ortho to 
the reacting group shows none.

The relative reactivity of one vinyl group of p-divinylbenzene may be es
timated by making use of Walling’s observation that the reactivities of 
substituted styryl radicals towards styrene and of styryl radicals towards 
substituted styrenes follow the Hammett tr p relation.11 The a value for 
the p-vinyl group was found in these laboratories to be —0.05 by com
parison of the pK a of p-vinylbenzoic acid in 50% ethanol, which is 5.80,12 
with that of benzoic acid in the same solvent, which is 5.73.13 Walling 
found p for these radical reactions to be only 0.5;u therefore the relative 
reactivities of the vinyl groups of styrene and p-divinylbenzene can be 
taken as equal to one within experimental error. This result is in accord 
with the values of n  and r2 obtained for o-divinylbenzene, as expected. In 
view of this accord and of the large uncertainty in the values determined 
directly, the n  and r2 values for the st.yrene-p-divinylbenzene system are 
taken as equal to one in this paper.

The correct equation defining instantaneous copolymer composition for 
the vinyl-divinyl case was shown by Wiley10 to be:

m 2/ m  i = 2 M  2(2r2M2 +  ñ í 1) / M 1( r lM 1 +  2 M i )  (2)

where m2 and toj refer to divinyl and monovinyl units in the polymer and
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Mi and M 1 are the molar concentrations of divinyl and monovinyl mono
mer, respectively. For 1\  = r-, = 1, the equation simplifies to

nii/mi = ‘¿M-t/Mi (3)
and the mole fraction of divinyl units in the polymer is just equal to the 
fraction of vinyl groups belonging to the divinyl monomer, or X D.

mi/{mi +  mi) = 2 Mi/(Mi +  2'Ms) = X D (4)
The fraction X D can also be expressed in terms of mole fraction of divinyl 
monomer, n:

X D = 2 n/(n +  1) (5)

EXPERIMENTAL

Materials
Styrene was either Koppers Company or Dow material. It was distilled 

prior to use in a series of runs and stored under prepurified nitrogen in the 
refrigerator. In a few cases, the monomer was redistilled on a spinning- 
band column just before use in a kinetic run; no difference in rate of poly
merization was observed. Analysis of the distilled and redistilled samples 
showed that 0.3% ethylbenzene was present and no other Impurities.

p-Divinylbenzene was isolated from Koppers divinylbenzene concentrate, 
which contained 55-60% divinylbenzene with a ratio of meta to para isomer 
of about 2.5, by bromination to the crystalline tetrabromide.14 A 170-g. 
portion of concentrate was combined with 500 ml. of carbon tetrachloride, 
to which was added 320 g. (110 ml.) of bromine over the course of 1 hr., with 
stirring and cooling to keep the temperature at 20-25 °C. The bromine 
color was discharged immediately at first, then more slowly, until the color 
persisted for about 15 min. Then 10-nil. portions of concentrate were 
added at 15 min. intervals until the bromine color disappeared; two por
tions usually sufficed. Crystals began to form during the late stages of 
bromine addition. The mixture was cooled to 0°C. and stirred for 1 hr.; 
the mass of crystals which had formed was filtered with suction and sucked 
as dry as possible. The yield of crude tetrabromide was 90-125 g. After 
four recrystallizations from benzene, 50-70 g. of product melting at 163°C. 
was obtained; further recrystallization did not raise the melting point, p- 
Divinylbenzene tetrabromide [p-bis(l,2-dibromoethyl)benzene] with a 
melting point of 163°C. was needed to get p-divinylbenzene of the desired 
purity. The debromination was carried out by dissolving 58.2 g. (0.129 
mole) of tetrabromide and 0.5 g. of p-methoxyphenol in 300 ml. of dioxane 
and 26 ml. of water, heating to 85°C., and then adding 18.9 g. (0.29 mole) 
of zinc dust during 15 min. at such a rate as to keep the reaction temper
ature at 95°C. The reaction mixture was held at 95°C. for an additional 
5 min., cooled with an ice bath to 20°C., and then filtered to remove excess 
zinc. A 500-ml. portion of ethylene dichloride was added to the filtrate 
which was then washed with five 250-ml. portions of water to remove zinc 
bromide and dioxane. The organic layer was dried with anhydrous sodium
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sulfate and the bulk of the ethylene dichloride removed under reduced 
pressure with a water pump. Distillation of the residue under vacuum 
through a spinning band column yielded a product with boiling point 40- 
43°C./0.7 nun., melting point 25-26°C. Analysis by vapor-phase chro
matography showed only 0.2- 0.5% p-ethylvinylbenzene, and no other im
purities. Yields were about 60% of theory. The capillary boiling tube 
must be open to the air during the vacuum distillation to allow trace amounts 
of oxygen to enter; otherwise the monomer polymerizes in the still pot.

Benzyl peroxide was rccryslallized from chloroform by precipitation 
with methanol.

Density Determinations

The densities of the monomer mixtures were measured in 5 ml. pyc
nometers; results are shown in Table I. A trace of fert-butylcatechol was 
added to inhibit polymerization.

The density measurements on the monomers were reproducible to 
±0.0003 g./cm .3 The densities of the polymers were also taken in pycnom
eter's, using inhibited styrene or xylene as solvent or swelling liquid. The 
polymers were cured for 16 hr. at 125°C.; samples cured under vacuum had 
the same density as those cured in air. The densities were not reproducible 
with all samples; however, the values were independent of divinylbenzene 
content and all clustered about the value of polystyrene swollen in monomer 
at the same temperature. At 70.1°C., the value was 1.051 g./cm .,3 in agree
ment with Matheson’s result;16 at 89.7°C., it was 1.041 g./cm.3. These 
density values for polymer and monomer were used to compute the volume 
shrinkage in passing from monomer to polymer for the different mixtures. 
The insensitivity of polymer density to divinylbenzene content implies 
that the volume shrinkages resulting from the polymerization of divinyl
benzene and of styrene are about the same, which is reasonable because the 
volume change results from the collapse of separate monomer molecules 
into a polymer chain. The volume shrinkage contributed by a pendent 
vinyl group on the chain should be negligible.

TABLE I
Densities of Mixtures of Styrene and p-Divinylbenzene

Density, g./cm.3

DVB, % 70.1 °C. 89.7 °C.

0 0.8624 0.8455
4 0.8626 0.8456

10 0.8631 0.8471
20 0.8650 0.8493
35 0.8729 0.8560
50 0.8820 0.8606
65 0.8837 0.8656
75 0.8878 0.8695

100 0.8957 0.8763
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Polymerization Rates

Initial rates of polymerization for the styrene-divinylbenzene mixtures 
were determined by measuring the volume shrinkage of the reacting mixture 
as a function of time by means of a recording dilatometer developed in these 
laboratories. A diagram of the dilatometer in the upright position is shown 
in Figure 1. The device works as follows: as the monomer, which is 
trapped in the reaction bulb by the mercury, shrinks in volume during poly
merization, the level of the mercury column in the precision bore tubing 
drops in direct proportion. A metal probe follows the mercury level by 
means of a special motor which drives the probe into the mercury, thereby 
closing the circuit through the platinum wire shown in the figure. Closing 
the circuit causes the motor to reverse, which removes the probe from the 
mercury, thereby opening the circuit. The latter action starts the probe 
anew towards the mercury. This on-off drive keeps the probe just at the 
surface of the mercury. The probe is connected to a linear potentiometer, 
which is in turn connected to a recorder. The recorder trace gives the lin-
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ear travel of the probe as a function of time; since the cross section of the 
precision bore tube is known and constant, the volume shrinkage as a func
tion of time is easily calculated. The volume shrinkage is assumed to be 
linear in conversion, and the rate of conversion can be calculated directly. 
In practice, the polymerization is taken to low enough conversion—6% or 
less— that the recorder trace is a straight line whose slope can be measured 
accurately. In one set of runs, the potentiometer was changed to let the 
trace follow the runs to high conversion.

The dilatometer assembly shown in Figure 1 was prepared as follows. 
The empty dilatometer tube was hung on a balance so that the monomer 
bulb and precision bore section hung downward. The monomer mixture 
was weighted into the bulb through the monomer fill tube whose tip was 
then sealed off. The dilatometer tube, still upside down to keep the mono
mer in the bulb, was attached to a vacuum line by means of the standard 
taper joint. The monomer was alternately frozen and thawed three times 
under vacuum to remove dissolved gases; helium was admitted after each 
thaw to sweep out the released gases. The monomer was frozen for the 
final time, the dilatometer tube put under full vacuum, and mercury al
lowed to flow into the evacuated tube to confine the monomer. The tube 
was then put in the upright position and removed from the vacuum line. 
Excess mercury was removed from the tube with a syringe and a small 
amount placed in the side arm to provide contact between the platinum 
wire embedded in the tube and the wire leading to the drive motor.

The kinetic run was started by immersing the dilatometer tube in a 
constant temperature bath held at ±0.02°C. so that the mercury surface 
was well below the bath surface. The mercury rose in the dilatometer 
barrel until thermal equilibrium had been achieved; the time to equilibrium 
was usually less than 1 min. The probe was set at the mercury surface 
and the run allowed to proceed to the desired conversion.

The use of narrow-bore dilatometer tubes, small dilatometer bulbs, and 
monomer samples about 100 mg. in size ensured that thermal equilibrium 
was reached rapidly and that the heat of polymerization did not change the 
sample temperature. The latter point was checked in some runs by chang
ing the sample size by a factor of two with no effect on the rate.

Gel Point Determinations
The gel point tube is shown in Figure 2. The monomer chamber was 

filled about three-quarters full with monomer. The monomer mixture was 
degassed by three freeze-thaw cycles under vacuum, after which the tube 
was filled with helium. A melting point capillary tube containing isooctane 
colored red was inserted quickly into the tube, as shown, and the tube was 
tightly stoppered. Upon immersion of the gel point tube in the constant 
temperature bath, the red isooctane rose in its capillary until thermal equi
librium had been reached, which usually took less than 1 min. The rate 
measurements had shown that, with the degassed, uninhibited monomer 
mixtures used here, induction periods were negligible; zero time was there-
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Fig. 2. Gel point tube for determining time to gelation.

fore taken at thermal equilibrium. The vibration of the motor stirring the 
constant temperature bath caused the little glass ball to spin in the bottom 
of the gel point tube. The point at which the ball stopped spinning was 
taken as the gel point; the endpoint was usually sharp, except at very low 
levels of divinylbenzcne. The determination of zero time was more difficult 
and one of the main sources of error; the end of the thermal expansion of the 
isooctane was a little hard to judge, and there always remained the possi
bility of a significant induction period caused by an unknown impurity. 
The gel points were calculated from the gel times and initial rates; first- 
order disappearance of monomers was assumed for this region of conversion.

Calculation of Weight-Average Degree of Polymerization, Y w

The value of Yw for uncrosslinked polystyrene in this system was calcu
lated from the number-average degree of polymerization, which in turn 
was calculated from eq. (16):4b

( P J - 1 = Cm +  { ( k t/ k „ 2) R p /  [M]2} +  (Ci[I]/[M]) (6)

In this equation, Cm is the chain transfer constant for monomer, Rp is the 
overall rate of polymerization, [M] is the monomer concentration, Ci is the 
chain transfer constant for the initiator, and [I] is the initiator concen
tration. At 60°C., C m = 0.60 X 10~4 and Ci = 0.055.16 The tempera
ture dependence of these constants is not known; it was estimated as 
follows: The value of CM for styrene is nearly equal to that for ethylben
zene;4“ the two molecules have structures similar enough that one can 
reasonably assume that their chain transfer constants will have the same 
temperature dependence. This assumption gives the estimated values of 
CM: 0.75 X 10~4 at 70.0°C. and 1.16 X 10~4 at 89.7°C. Benzoyl peroxide, 
the initiator, has a transfer constant only six times that of CC14 in the
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styrene system.4' For lack of a better estimate, Cj is assumed to have the 
same temperature dependence in the styrene system as does CCh. This 
assumption yields the estimated values of Ci: 0.069 at 70.0°C. and 0.096 
at 89.7°C. Using the values for the rate of polymerization of styrene with 
1% benzoyl peroxide determined in this study and the estimated values 
listed above one obtains Yn = 400 at 70.0°C. and Y„ = 229 at 89.7°C. 
Polystyrene radicals combine when they react,17 in which case Yw = 1.5 
Yn. Hence at 70.0°C., Yw = 600 and at 89.7°C., Yw = 344. These val
ues correspond to molecular weights of 62,400 at 70.0°C. and 35,800 at 
89.7°C. The viscosity-average molecular of two polystyrene samples 
polymerized with 1% benzoyl peroxide at the two temperatures, and iso
lated by methanol precipitation at 16% conversion, was 70,000 at 70.0°C. 
and 34,600 at 89.7°C. The agreement is satisfactory, considering the 
approximations made in the calculation and the inevitable loss of low mo
lecular weight polymer in the isolation step. The calculated values of Yw 
are used in this paper in calculations with the Floiy gel point equation.

RESULTS

Rates of Polymerization

The overall first-order rate constants for polymerization with 1% ben
zoyl peroxide of styrene-p-divinylbenzene mixtures ranging in composition 
from straight styrene to straight divinylbenzene are reported in Table II. 
These values obtain from the start of polymerization to the gel point and, 
at low crosslinker levels to a little beyond the gel point. The initial rate 
constants relative to that for styrene at the same temperature increase 
linearly with mole fraction of divinylbenzene, as shown in Figure 3. The in
crease for p-divinylbenzene over styrene at both temperatures studied is

TABLE II
Overall First-Order Rate Constants K  for the Polymerization 

of Styrene-p-Divinylbenzene Mixtures Initiated with 1% Benzoyl Peroxidea

p-DVB K, min. 1: X 103

Mole Temp. = 70.1°C., Temp. == 89.7°C.,
w t.-% fraction [Bz-.Ofi = 0.0356/17 [BZ2O2] ‘= 0.034947

0 0 1.34 ± 0.00 6.9 ±  0.3
4 0.032 1.42 ± 0.04 7.8 ±  0.0

10 0.082 1.48 ± 0.02 8.9 ±  0.2
20 0.167 1.62 ± 0.02 9.5 ±  0.4
35 0.301 1.90 ± 0.01 12.5 ±  0.1
50 0.445 2.33 ± 0.04 14.9 ±  0.2
65 0.598 2.69 ± 0.03 16.7 ±  0.3
75 0.706 2.85 ± 0.01 18.7 ±  0.5

900 1.00 3.25 0.07 25.0 ±  0.5

a K  defined by the equation: — d[M]/dt = A'[M), where [M] is the concentration of 
monomer. Values of K  are averages from two or three runs; precision limits are 
standard deviations.
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n= mo l e  f r a c t i o n  p D V B

Fig. 3. Rate relative to styrene of the polymerization of styrene-p-divinylbenzene
mixtures.

great er than the factor of two expected on a statistical basis for the divinyl 
over the monovinyl monomer; at 70.0°C. the factor is 2.50, at 89.7°C. it is
3.54.

The overall constant K  is a composite; in terms of more familiar con
stants,

K = Ckd[l]y/2k r v%  (7)

where [I ] is the initiator concentration, % is the rate constant for decom
position of initiator to free radicals, kv is the rate constant for polymer radi
cal propagation, and k t is the rate constant for polymer radical termination. 
The value of kd for benzoyl peroxide in toluene solution was measured at 
different temperatures by Bawn and Mellish17 using diphenyl picryl hy- 
drazyl to trap the radicals generated; the value of kp/ k tI/2 was obtained at 
different temperatures by Matheson.16 From their results, the value of K  
for styrene is calculated to be 1.35 X 10“ 3 min.“ 1 at 70°C. and 6.6 X 10“ 3 
min.“ 1 at 90°C., in good agreement with the results of this work. The 
calculation assumes that the efficiency of initiation is unity, which was 
found to be the case at 60°C.'°

After the gel point, the polymerization rates increase, the increase being 
greater at the higher divinylbenzene content. The shape of the conversion 
curves obtained from the dilatometric measurement is shown in Figure 4 
for 4, 10, and 20% divinylbenzene at 70.0°C.; a similar set of curves is ob
tained at 89.7°C. The reproducibility of the polymerization curves after 
the gel point was fairly satisfactory up to 20% divinylbenzene; at higher
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Fig. 4. Per rent conversion as a function of time for mixtures of styrene and (a) 20% 
jo-DYB. (!>) 10% p-DYB, and (c) 4% p-DYB; 70.0°C.

crosslinker contents only the initial rates were reproducible. The shape 
of the curves is that to be expected for systems which, as polymerization 
proceeds show progressively reduced termination rates due to reduced rate 
of polymer radical diffusion.18 Gelled systems of this type would be just 
the ones expected to slow down radical termination by trapping polymer 
radicals in the gel.

TABLE III
Conversions at the Gel Point for Polymerizing Mixtures of 

Styrene-p-Divinvlbenzene Initiated with 1% Benzoyl Peroxide

Temp. = 70.1°C., Temp. = 89.7°C.,
[Bz20 2] = 0.03564/ [B z20 2] =  0.0349M

Conver- Conver
sion at sion at

Gel time, gel Gel time, gel
min.a point, %  min.a p int, %

0.5b 0.

Oo

131 2 16. 1 73 ± 3 39.5
1 .0b 0. 008 112 ± 4 14. 1 40. 5 ± 0. 9 24.5
2 .5b 0. 020 57. 4 ± 2. 0 7. 6 17. 1 ± 0. 4 11.3
4 0. 032 54. 5 ± 0. 4 7 4 12. 45 ± 0. 01 9.2

10 0. 082 36. 4 ± 0. 5 5. 2 7. 65 ± 0. 06 6.5
20 0. 167 28. 3 ± 0. 1 4. 5 5. 80 ± 0. 22 5.4
35 0. 301 24. 0 ± 0. 3 4. 5 4. 83 ± 0. 03 5.8
50 0. 445 19..8 ± 0. 0 4. 5 4. 23 ± 0..01 6.1
65 0 .598 19 .4 ± 0 5 5 .1 3 .84 ± 0 .04 6.2
75 0 .706 IS 1 ± 0..4 5..0 O ,.49 ± 0 ,06 6.3

100 1 00 15. 4 ± 0. 6 4. 9 2, 62 ± 0. 16 6.3

b Initial rates for these p-DVB concentrations calculated from straight lines in Figure

a Gel times are averages from two or three runs. Precision limits are standard devia
tions.

p-DVB

Mole
Wt.-% fraction
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Gel Points

Times to gelation and conversions at the gel point are presented in Table 
III for the various styrene-divinylbenzene mixtures. The gel points 
show a minimum around 20% divinylbenzene and actually increase with 
increasing crosslinker content beyond this point. This system, therefore, 
is also one which shows marked deviation from the Flory equation. The 
hypothesis that this deviation is probably due to intrachain crosslinking to 
form microgels is supported by the increasing sharpness of the gel point with 
increasing crosslinker. At high divinylbenzene contents, the mixture re
mains very fluid right up to gelation, at which point it sets up very sud
denly. The same sort of sudden transition to macrogel was observed by 
Shashoua and Beaman3 in their microgel experiments. At lower divinyl- 
benzene contents, the mixture becomes quite viscous, and the transition to 
gel is less sudden. This was particularly true of the runs made with 0.5,
1.0, and 2.5% divinylbenzene, and the gel points determined at these levels 
are less reliable than those obtained at 4% divinylbenzene and higher.

DISCUSSION

The results of the gel point determination on polymerizing mixtures of 
styrene and p-divinylbenzene imply that intrachain crosslinking to produce 
microgels is an important reaction even at low crosslinker levels and is the 
dominant reaction at moderate to high levels. It seems a reasonable hy
pothesis that the increase in initial polymerization rate with increasing di
vinylbenzene content is also a consequence of this same reaction. A reac
tion scheme is proposed below which relates both the gel point and the 
polymerization rate to the same intrachain crosslinking reaction.

Dependence of the Gel Point on p-Divinylbenzene Content
Two mechanisms appear to be operating in this system to produce gela

tion. One is the conventional buildup of a three-dimensional network 
by interchain crosslinking. The other is accumulation of sufficient intra- 
molecularly crosslinked microgels to cause macrogelation. A simple gel 
point equation expressing this idea can be written for vinyl-divinyl mono
mer polymerizations, based on the following postulates, (a) all double 
bonds in the system are of equal reactivity; (b) gelation occurs by both 
interchain crosslinking and by accumulation of microgels, the effects being 
strictly additive; (c) the volume of a microgel decreases as the crosslinker 
content increases by a factor (1 +  e X D) - 1 , where e is a constant.

The first postulate is common to all gel point equations of this type and 
avoids the mathematical difficulties resulting from the introduction of 
monomer reactivity ratios. The postulate appears to be valid for the 
styrene-p-divinylbenzene system. The second postulate is made to 
simplify the mathematics and is admittedly arbitrary. Its physical basis 
derives from the fact that interchain crosslinking and microgel accumula
tion should give quite different gel structures which can exist side by side



without interference. The great difference in viscosity and sedimentation 
behavior in solvents of microgels and linear polymers supports this pic
ture.3 The third postulate states that the volume of a microgel is inversely 
proportional to the number of divinylbenzene units incorporated in the 
basic chain, which in turn is presumed to control the number of intrachain 
links in each microgel. The greater the number of these links, the more 
tightly crosslinked is the microgel, and hence the smaller is its swollen vol
ume.

The contribution to gelation from interchain crosslinkiug is given directly 
by the Flory equation:

a,: = {YwX d)~' (la)

where a, is now the fraction of monomer converted to chains with no in
ternal crosslinks at the gel point. If the volume of a microgel containing 
but one internal crosslink at nearly zero crosslinker concentration is taken 
as Vo, then the average volume V of a microgel with a divinylbenzene con
tent corresponding to X D is:

V = Vo(l +  eXD)-> (8)

The contribution to gelat ion by microgel accumulation, aM, is expressed by:

«m  « m o (l ~ b  t X £>) ( 9 )

where am„ is the fractional conversion at the gel point corresponding to Vo 
if gelation were solely due to accumulation of swollen microgels with volume 
t'o. The sum of «< and am then gives the actual gel point for the system:

at — (VWX D,)-1 +  «„XI +  VKo) (10)
Qualitatively, eq. (10) is of the type which should give the observed gel 
point minimum. A quantitative test of the equat ion will be deferred until 
after discussion of the polymerization rate.

Dependence of Polymerization Rate on Divinylbenzene Content
A relatively simple reaction scheme, applicable at low conversions, may 

be written which makes provision for intramolecular ci'ossslinking if the 
postulates made for the gel point equation are assumed to hold and, in 
addition, if the following postulates are also admitted, (a) The termina
tion rate constant k,0 for the reaction of two microgel radicals is less than 
the termination constant kta for two open chain radicals. Further, the 
rate constant is less because of the smaller effective volume of the two 
microgel radicals, and the second-order rate constant ktg is related to kt0 by 
the relation:

K = K  (1 +  eXD)~* ( 11)

(b) The cross-termination constant k,( for the reaction of an open chain 
radical with a microgel radical is equal to the geometric mean of kta and 
ki„:
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K  = (12)
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(c) The intrachain reaction is proportional to the mole fraction of divinyl- 
benzene units in the chain, is first-order in open chain radicals, and does not 
depend on molecular weight if the chain is indeed of polymeric dimensions.

The justification for the first postulate is that microgcl radicals have a 
muchreduced effective volume which decreases their ratcof reaction with each 
other. The further assumption that this reduction in volume is propor
tional to (1 +  tX D) -1 is the same one made for reduction in microgel volume 
and is admittedly arbitrary. Since two such radicals must react to give the 
termination reaction, the rate constant k tg should be inversely proportional 
to (1 +  tX D) ~2. The second postulate is again arbitrary and is made to 
simplify the mathematics. I t is physically reasonable since the radicals are 
chemically the same, but differ only in their physical shape. The third 
postulate rests on the idea that, once a chain has grown to sufficient length, 
the back-biting reaction depends on the concentration of pendent vinyl 
groups in the vicinity of the growing chain end rather than on the total 
number of such groups along the chain.

In the set of reactions, eqs. (13)-(23), written for a fixed divinylbenzene 
concentration, the symbol p- is used for an open chain polymer radical and 
g- for a microgel radical. The symbols S, D, and I stand for styrene, 
divinylbenzene, and initiator, respectively. It must be emphasized that 
these reactions are meant to describe the polymerization process only at 
low conversion and that the rate expressions derived from them are valid 
only in this region.

kd
I -»  2R- (13)

R- +  S
K

P- (14)

R- +  D
2*0

P- (15)

P- + s
k,p

P- (16)

p • +  D
2 kp

P- (17)

P- -*•
kx'
g- W  = U X D) (18)

g- +  s
kp

g- (19)

g- +  D
2k p

g- (20)

p- +  p-
kto

polymer (21)

P- +  g-
%tc

polymer fctc = ( (22)

g- +  g- polymer kt(j = M l  “1“ d) (23)

The rate equation for the disappearance of styrene and divinylbenzene 
based on the reaction scheme is the following:

rf([S] +  [D]) = k p ( [ S] +  2 [D]) ([p ] +  [g-]) (24)
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If the concentrations of all radicals in the system are assumed as usual to 
be small and invariant with time, the concentration of polymer radicals is 
given by the expression:

lp-] +  [g-] = A(!u[\\/k„)'h (25)
where

, = +  U X n ) / K h\ (
-- " U ; A[i]‘A +

Substituting eqs. (25) and (26) into eq. (24), one obtains the rate equation:

- d m  +  [d  b/dt =  (kd[ i] /k t, y % A m  +  2 m  (27)

Equation (16) can be modified slightly to make it correspond to the usual 
form of the rate equation for polymerization:

-d ([  S] +  [D ])/dt = fc,[I]/*J'/!M ( l  +  n)<[S] +  [D]) (28)
where n is the mole fraction of divinylbenzene in the mixture. The overall 
first-order rate constant K  is then expressed by :

K  = Qkd\l]/ktS f% A{l  +  n) (29)

With no divinylbenzene present, n — 0, X D =0, and A = 1, in which case 
K  is just the overall first-order constant for styrene, Ko. The overall rate 
constant at any divinylbenzene content is then

K /v 0.1(1 - I n)  (30)

and the product A (1 +  n) equal to K/Ko must, according to Figure 3, 
be linear in n with a slope greater than one.

The quantity A, defined by equation (26), is a complex ratio which is a 
function of initiator concentration and of the parameter X D. As written, 
the expression for A is too complicated to be useful in correlating poly
merization rates. However, if intrachain crosslinking dominates in this 
system to the extent implied by the gel point observations, then the ratios 
kx(XD)/k t!11/2 and kz(Xr,)/k,.y- should be significantly greater than 
k g [ I]‘A, even at low divinylbenzene levels. The expression for A then 
simplifies to

a  k t: h/kt; h = (i +  e x D) (3D

by combination with eq. (11). The expression for K/Ko then becomes

K /K 0 .4(1 • «) 1 -  (1 -i 2e)n (32)

by using the relation between X D and the mole fraction n. This relation 
fits the requirements of linearity and slope imposed by Figure 3; from the 
plot, the value of e at 70°C. is 0.25 and that at 89.7°C. is 0.77.

Correlation of Polymerization Rates and Gel Point
The model discussed in the preceding paragraphs for styrene-p-divinyl- 

benzene polymerization yields two equations which share the common
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parameter e. The slope of the lines in Figure 1 allows e to be calculated 
from eq. (32) at the two temperatures studied. The gel point equation eq.
(1) contains another quantity whose value is unknown, but
which should be independent of divinylbenzene content. With values 
for e available, the value of am„ may be calculated from the observed gel 
points at the different divinylbenzene levels by means of the equation

«■* = [a, -  (?WX D)->]/(! +  *XD) (33)

which is just eq. (10) suitably rearranged. Values of arM are shown in 
Table IV; they are independent not only of crosslinker content, but also of 
polymerization temperature. The average value of am, corresponds to a 
volume fraction of polymer of about 0.033. According to the original defi
nition of am, this volume fraction is the minimum required for any as
semblage of microgels to cause gelation, since it is the volume fraction 
occupied by microgels with but one internal crosslink. These hypo
thetical microgels would have a volume swelling ratio of about 30 from dry 
polymer to fully swollen state. The gel point equation for bulk polymeri
zation of styrene-p-divinylbenzene systems can then be written

a, = (YwX D)~l +  0.038 (1 +  eXc) (34)

The equation has the advantage that there is no crosslinking efficiency fac
tor attached to the Flory term, and that it contains only one undefined 
parameter, e, which can be obtained from the rate of polymerization. The 
fact, that the term e does tie together the gel point and polymerization rate 
supports the mechanism of extensive intrachain crosslinking in this system.

T A B L E  IV
V alu es o f a m0 C a lc u la te d  fro m  E q u a t io n  (2 3 )

p -D V B ,
oyZo ■ X n

T em p . =  70.0 
f „  =  600, e =

°C .,
0.25

T em p . =  89.7 
Ÿ w  =  344, e =

° c . ,
0.77

a a (Xmo a o ( Y „ x DV 1 CXmQ

0 .5 0 .0 0 8 0 .1 6 2 “ 0 .2 0 8 - 0 . 0 4 6 1' 0 .3 9 5 0 .3 6 2 0 .0 3 2
1 .0 0 .0 1 6 0 .1 4 1 0 .1 0 4 0 .0 3 7 0 .2 4 5 ' 0 .1 8 2 0 .0 6 3 1'
2 .5 0 .0 3 9 0 .0 7 6 0 .0 4 3 0 .0 3 3 0 .1 1 3 0 .0 7 5 0 .0 3 7
4 .0 0 .0 6 2 0 .0 7 4 0 .0 2 7 0 .0 4 6 0 .0 9 2 0 .0 4 7 0 .0 4 3

10 0 .1 1 5 0 .0 5 2 0 .011 0 .0 3 9 0 .0 6 5 0 .0 1 9 0 .0 4 0
20 0 .2 8 7 0 .0 4 5 0 .0 0 6 0 .0 3 6 0 .0 5 4 0 .0 1 0 0 .0 3 6
35 0 .4 6 1 0 .0 4 5 0 .0 0 4 0 .0 3 7 0 .0 5 8 0 .0 0 6 0 .0 3 9
50 0 .6 1 6 0 .0 4 5 0 .0 0 3 0 .0 3 7 0 .0 6 1 0 .0 0 5 0 .0 3 8
65 0 .7 5 0 0 .0 5 1 0 .0 0 2 0 .0 4 1 0 .0 6 2 0 .0 0 4 0 .0 3 6
75 0 .8 2 8 0 .0 5 0 0 .0 0 2 0 .0 4 0 0 .0 6 3 0 .0 0 4 0 .0 3 6

100 1 .0 0 0 .0 4 9 0 .0 0 2 0 .0 3 9 0 .0 6 3 0 .0 0 3 0 .0 3 4

A vg. 0 .0 3 8 Avg. 0 .0 3 7

a V a lu e  a p p a re n tly  to o  low, p ro b a b ly  becau se  of h ig h  v isc o s ity  p r io r  to  a c tu a l  gel 
p o in t.

b V alue  n o t  u sed  in c o m p u tin g  av erag e .
c V a lu e  a p p a re n tly  to o  high , p o ss ib ly  b ecau se  of im p u r i ty  cau s in g  in d u c tio n  pe rio d .
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The quantity amù in eq. (10) should increase if a diluent is added to the 
system, because a greater conversion of monomer to polymer must take 
place to produce the volume fraction of microgels required for macrogela
tion. It should, in fact, be possible to select a solvent-monomer system 
that will not gel, regardless of the crosslinker content of the monomer com
ponent. Zirnrn19 has demonstrated this by polymerizing a styrene-20% 
divinylbenzene mixture in carbon tetrachloride to high conversion without 
gelation. The soluble polymers isolated from that series of experiments 
behaved like microgels in that they had unusually low viscosity for the- 
molecular weight measured by light scattering. This is further evidence 
for microgel formation in the styrene-divinylbenzene system.

The author gratefully acknowledges the technical assistance of Mr. Edgar Cloeren 
and Mr. Walter Schaffer.
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Résumé
L es v ite sses in itia le s  de  p o ly m é risa tio n  d u  s ty rè n e , d u  p -d iv in y lb e n zè n e  e t  d u  m élan g e  

des d eu x  m onom ères , in itiés  a v ec  le p e ro x y d e  de  ben zo y le  à  1 %  o n t  é té  m esu rées à  7 0 °C  
e t  à  8 9 ,7°C . L es v ite sses  re la tiv e s  d u  s ty rè n e  a u g m e n te n t  lin é a ire m e n t av ec  la  frac tio n  
m o la ire  d u  p -d iv in y lb e n zè n e ; ce d e rn ie r  m o n o m ère  po ly m érise  p lu s  v ite  q u e  le s ty rè n e  
e t  ceci a v ec  u n  fa c te u r  de  2,5 à  7 0 °C  e t  de  3,54  à  8 9 ,7 °C . L es te m p s  de  fo rm a tio n  de 
gels o n t  é té  é g a lem e n t m esu rés  p o u r  ces é c h a n tillo n s  c o n te n a n t d u  p -d iv in y lb en zèn e , e t  
à  p a r t i r  de  ces te m p s  on a  ca lcu lé  la  co n v ersio n  p a r tie lle  c o rre sp o n d a n te  a u  p o in t  de



282 B. T. STOREY

gélification. La conversion au point de gélification passe par un minimum en augmentant 
la teneur en p-divinylbenzène. lie phénomène de gélification est expliqué par le pontage; 
entre les chaînes polymériques pour donner un réseau et par le pontage dans la chaîne 
même pour donner des microgels qui s'accumulent, pour former un macrogel, ce dernier 
phénomène étant dominant pour toutes que les faibles concentrations en p-divinylbenzène. 
Au plus il y a d’agent de ramification au moins les microgels sont gonflés, et au plus une 
plus grande conversion est nécessaire pour former un gel par ce processus. L’augmenta
tion linéaire de la vitesse avec une teneur croissante en p-divinylbenzène est également 
expliquée par pontage dans la chaîne: des radicaux polymériques en croissance, qui 
subissent ce processus, ont une vitesse de terminaison réduite. Le facteur par lequel la 
constante de vitesse de terminaison est réduite avec une augmentation de la teneur en 
divinylbenzène, est identique à celui par lequel la conversion nécessaire pour former un 
gel par accumulation de microgels est augmentée.

Zusammenfa ssung
Die Anfangsgeschwindigkeit der Polymerisation bei 70,0°C und 89,7°C wurde für 

Styrol, p-Divinylbenzol und Mischungen der beiden Monomeren mit Start 1% Benzoyl
peroxyd gemessen. Bezogen auf Styrol nahm die Geschwindigkeit linear mit dem 
Molenbruch an p-Divinylbenzol zu; letzteres Monomeres polymerisierte bei 70,0°C um 
einen Faktor 2,50 rascher als Styrol, bei 80,7°C um einen Faktor 3,54. Für die p- 
Divinylbenzol-enthaltenden Proben wurde auch die Gelbildungsdauer gemessen, und 
aus diesen Zeiten wurde der entsprechende Umsatz beim Gelpunkt berechnet. Der 
Umsatz beim Gelpunkt ging mit zunehmendem Gehalt an p-Divinylbenzol durch ein 
Minimum. Das Gelbildungsverhalten wird durch gleichzeitige Zwischenkettenver
netzung unter Bildung eines Netzwerkes und Intrakettenvernetzung unter Bildung eines 
Mikrogels, das sich zu einem Makrogel akkumuliert, erklärt; letzterer Vorgang ist bei 
allen ausser niedrigen p-Divinylbenzolkonzentrationen vorherrschend. Je höher der 
Gehalt an Vernetzung, umso weniger gequollen sind die Mikrogele und umso grösser 
ist der für eine Gelbildung durch diesen Vorgang erforderliche Umsatz. Auch die lineare 
Geschwindigkeitszunahme mit steigendem p-Divinylbenzolgehalt wurde durch Intra
kettenvernetzung erklärt: Wachsende Polymerradikale, bei denen dieser Vorgang
auf tritt, besitzen eine herabgesetzte Abbruchgeschwindigkeit. Der Faktor, um welchen 
die Abbruchsgeschwindigkeitskonstante mit wachsendem p-Divinylbezolgehalt herab
gesetzt wird, ist der gleiche, um welchen der zur Gelbildung durch Akkumulation von 
Mikrogelen erforderliche Umsatz erhöht wird.
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Kinetics of Polymerization of Styrene Initiated by 
Substituted Peroxides. II. Decomposition 

Kate Constants and Efficiencies*

K. K. O’DRISCOLL and P. J. WHITE, Department of Chemistry, Villanova 
University, Villanova, Pennsylvania

Synopsis

The following bis-substituted benzoyl peroxides were used as initiators for the poly
merization of bulk styrene monomer a t 90°C.: p-methoxy-, p-methyl-, p-chloro-, m- 
bromo-, 3,4-dishloro-, p-cyano-, and p-nitro-; in addition, unsubstituted benzoyl per
oxide was also studied. From the observed rates of polymerization the rate constants 
for the unimolecuiar decomposition and for the radical-induced decomposition of the 
peroxides were obtained, as well as the efficiency of initiation of polymerization. I t  was 
observed that substituents more electron-withdrawing than p-chloro did not change the 
unimolecuiar rate constant. Conversely, substituents less electron-releasing than p- 
chloro bad little effect on the efficiency of initiation. The induced decomposition rate 
constant gave a simple linear Hammett plot with positive slope.

INTRODUCTION

In free radical-initiated vinyl polymerization, radicals produced from 
the homolytic scission of benzoyl peroxide at the peroxide linkage may 
either combine with a monomer molecule, generating a new radical and 
starting a polymer chain, or they may lose carbon dioxide to become 
phenyl radicals. The phenyl radicals may start polymer chains or may 
combine with other radicals to give biphenyl or phenyl benzoate, neither of 
which are capable of initiation at normal conditions. Thus, there may be 
associated with the initiator both a homolytic decomposition rate constant 
kd, and an efficiency, /, which describes the fraction of the radicals which 
are successful in starting chains.

The expression given as eq. (1) may be derived for the rate of polymeriza
tion by use of the steady-state assumptions often used in free-radical proc
esses :

-d[M}/dt = kv(fkd [Cat ]/fci) 1/2 [M ] (1)

where [M] = monomer concentration, [Cat] = initiator concentration, 
kd = initiator dissociation rate constant, lc„ = propagation rate constant,

* Presented in part at the 147th Meeting of the American Chemical Society, Philadel
phia, Pennsylvania, April, 1964.
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k t = termination rate constant, and /  = fraction of radicals produced 
from the initiator which are successful in starting polymer chains.

An examination of this equation shows that a study of kinetics at very 
low conversions ([M] and [Cat] equal to starting concentrations) yields 
fkd as an inseparable product. This of course requires an external knowl
edge of kd such as would be found by thiosulfate titration of undecomposed 
peroxide to allow calculation of efficiency in polymerization.

The only scheme allowing determination of /  and kd from the same poly
merization experiments to date is that of “dead end” polymerization pre
sented by Tobolsky, Rogers, and Brickman.1 They have investigated
2,2,-azobisisobutyronitrile (AIBN) as an initiator by this technique and 
have obtained good agreement with values determined by other methods 
in separate experiments for kd. However, as we pointed out previously,2 
the treatment is inapplicable at the high thermal conversions associated 
with the long times and high temperatures necessary to apply the treat
ment to benzoyl peroxides. At any rate, application of the treatment to 
benzoyl peroxides would be questionable, since first-order initiator de
composition is assumed. Nozaki and Bartlett3 have shown that an 
induced decomposition is a factor in decomposition of benzoyl peroxide 
and that kinetics of the following type are produced:

—d[Cat]/di = /«¿[Cat] +  fc^Cat]“ (2)

where kf is the rate constant for the radical-induced decomposition and n 
varies somewhat with solvent but usually equals 1.5. Styrene was in
cluded among the solvents in their study, but the viscous state of the reac
tion mix made analysis difficult. It is noteworthy that Tobolsky’s work 
was done on AIBN which apparently does not undergo an induced de
composition.

Obviously k,i could be determined from titration experiments without 
interference from induced decomposition if the radicals could be trapped 
as soon as they were formed. Swain, Stockmayer, and Clarke4 and 
Blomquist and Buselli6 have made such studies on several substituted 
benzoyl peroxides. The former employed dioxane 0.2M in 3,4-dichloro- 
styrene and the latter acetophenone as solvents. The results of the two 
studies agreed fairly well and were shown to have some connection with 
Hammett functions. These values, however, could not be used in poly
merization experiments to calculate /  if induced decomposition were taking 
place, since use of kd alone would not completely describe the disappearance 
of initiator.

The study reported here was thus undertaken for two general purposes:
(a) to determine rate constants for both homolytic and induced decomposi
tion and to determine the efficiency of homolytically produced radicals all 
in a polymerizing system, and (6) by varying ring substituents on the 
benzoyl peroxides, to study electronic effects on the above parameters. 
To do this, a new kinetic scheme was evolved and is discussed below.
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In bulk polymerization of styrene by free radical initiation the following 
reactions are assumed to take place at the rates shown in eqs. (3)-(6).

A. Peroxide Decomposition and Initiation:

Cat -+ 2R •

R- +  M -*■ M-

d[M-]/dt = 2//ctf[Cat] (3)

where Cat = peroxide, R • = radicals homolytically produced from the 
peroxide, M = monomer, /  = fraction of total R • ’s which initiate polymer 
chains, and M • = growing polymer chain.

B. Chain Propagation:

M- +  M % M*

-d[M ]/dt = bp[U][M]  (4)

The assumption is made that all growing chains have the same activity 
regardless of length.

C. Termination:

M- +  M- ^ P

where P = dead polymer

—d[M’]/dt = 2/rJM -]2 (5)

D. Induced Decomposition:

M • T  Cat -* P -f- R ■

— d[Cat]/dt = iY[Cat][M-] (6)

This is seen to correspond to a catalyst transfer. I t is assumed that each 
R • produced by chain transfer is successful in starting a new chain. The 
assumption seems reasonable since the R ■ would have to find another R ■ 
or M • to engage in a reaction leading to inefficiency. This seems unlikely 
in comparison to reaction A, where both radicals are in the same cage and 
can react to inert products after one or both lose carbon dioxide. Two 
other reactions—transfer to monomer and chain termination by initiator 
radicals—are possible but are ignored here. The rate constant for transfer 
to the monomer is shown by Baysal and Tobolsky6 to be several orders of 
magnitude less than kv. Bamford, Jenkins, and Johnston7 very elegantly 
show that at low initiator and high monomer concentrations termination 
by primary radicals is negligible.

For the four reactions given, and assuming a steady-state radical con
centration:

2/fcJCat] +  /¡viGat |[M • j = 2fc,lM-p +  A:,[Cat j|.VI- I, 

[M■ ] = (/¿q'Cai l k tr

(7)

(8)
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A differential equation for the disappearance of catalyst may also be 
written:

—d[Cat]/di = fol Cat] +  fo[Cat][M-] (9)
Equation (9) may be integrated after substitution for [M • ] from eq. (8). 

This result combined with eq. (4) readily yields:
m P/im o)(R Pn u ] ) t = eut +  - 1) (kt/ k e) [cat]0iA oo)

where kt =  kJkdl/~/kt.
For several runs in which [Cat ]0I/2 is varied, values for [M ])«.■' 

(!{„ [M])i may be taken at specific times and plotted against [Cat]o1/!. 
A straight line represented by eq. (10) should result, allowing calculation 
of kd and kt from the intercept and slope. The efficiency, /, may then be 
calculated from the value of In (Rv/  [M ]) extrapolated to time zero.

I t will be noted that constant volume is tacitly assumed in the above 
kinetics. This, of course, is not the case. However, since volume change 
is less than 2% in this work it is felt that the effects on concentration are 
negligible.

With the exception of the negligible primary radical termination, the 
processes leading to inefficient use of homolytically produced radicals in
volve loss of carbon dioxide from one or both of the radicals. That is, 
simple recombination of the aroyloxy radicals does not involve loss of ini
tiator; however, production of substituted aryl aroyloates or biaryls docs. 
Assuming that the radicals operate in a cage, of an initiator molecule, the 
reaction may be written as in eq. (11):

[Cat] c a g8 
*4

[R- +  R • ] cage 

I/*! \*V
21- ^  [R- +  B * ] cage +  C 02 

+  M  1 km H e

M- RB (11)

The new rate constants are associated with reactions as follows: kf = 
diffusion of radicals from the cage; ky = loss of carbon dioxide from an 
aroyloxy radical; kc = combination of aroyloxy and aroyl radicals in a 
cage to dead initiator; km = addition of monomer. The possibility of both 
radicals in a single cage losing carbon dioxide before combination or initia
tion is ignored. The quantities in a cage arc treated as single entities 
which undergo first-order reactions.

The balances shown in eqs. (12)—(15) may be drawn on a steady-state 
assumption, where brackets and the subscript c denote a cage condition:

d[R- +  R ■ ]Jd, = k„[Oat]c -  iy[R.- +  R ■],. «= 0 (12)
d[R- +  B-]c/di = fo[R' T  R']c —

kc[R- +  B-]c -  /%[R- +  B ]c = 0 (13)
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d[l-]/dt = 2/c/ [R- +  R -]c +

[R ■ +  B • ]c -  [I ■ ] [M ] = 0 (14)

(15)

Assuming kc to be much larger than ky or kf, and rearranging yields:

If it is assumed that kf is constant for the various substituted radicals, it is 
realized that such a quantity will drop out of Hammett calculations. 
We may therefore write:

log [(k;i) subs./(fcj,) unsubs.] = pa =

I t should be strongly emphasized that the efficiency as defined here is not 
connected ai; all with initiator wastage by chain transfer to catalyst. 
Efficiency deals only with the fate of homolytically produced initiator 
fragments. Another commonly used definition of efficiency is that portion 
of the initiator consumption which successfully starts chains. The latter 
value must of course be equal to or less than that defined in this work.

To allow kinetic measurements over a reasonable time span while using 
low initiator concentrations, 90°C. was chosen as an operating temperature. 
At this level, thermal polymerization of styrene is appreciable (about 
1%/hr.) and should be recognized. Observed data may be corrected for 
thermal initiation by the eq. (18)2’8

where R V}thermal is the rate of polymerization which would be observed 
thermally at the same conditions of temperature and monomer concentra
tion at which Æj,total was measured. It is understood that in the derivation 
leading to eq. (10) RP is equal to Rv,cat.

Dilatometers were constructed with a 15-cm. measuring section of 
3.175 ±  0.005 mm. precision bore tubing. This was topped with a section 
of 10 mm. tubing for filling and sealing. The bulb section on the bottom 
was constructed of 16 mm. tubing in lengths which produced total volumes 
of about 12, 25, and 40 ml. The various sized dilatometers were employed 
to keep the rates of level change in the same range as initiator and initiator 
concentration were changed.

Level readings were made with a cathetometer capable of a vernier read
ing of 0.005 cm. All runs were made at 90°C. in a constant temperature 
bath with an observed variation of about ±0.02-0.03°C.

k j k f  = (1 -  / ) / / (16)

log {[(1 -  M U J m  -  /) //]  u n su b s. } (17)

'P .C at R \  . to ta l  th e rm a l (18)

EXPERIMENTAL
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Styrene was freshly distilled at 10 mm. fig pressure of nitrogen and center 
fraction was taken. Peroxides were weighed and dissolved in styrene and 
the desired amounts added volumetrically to dilatometers. After making 
up to a predetermined volume with freshly distilled styrene the dilatometers 
were degassed five times, sealed under a vacuum, and held in liquid nitrogen 
until use.

At the end of each run, the tube was quenched in ice water and the con
tents sucked into a filtering flask. The tube was washed with three 5-ml. 
aliquots of chloroform, and the washings were added to the flask. This 
material was then slowly added, with vigorous hand stirring, to a twenty to 
thirtyfold excess of methanol. After aging at least overnight, the precipi
tate was filtered in sintered glass filters of medium porosity, dried overnight 
at 70-80°C. and 20-25 in. of vacuum and weighed to constant weight. In 
two runs, the filtrate was also evaporated to dryness under vacuum and 
weighed. The low molecular weight polymers recovered amounted to only 
about 1% of the precipitated polymer and were therefore ignored.

The dilatometrie method employed required knowledge of a shrinkage 
factor, i.e., the fractional volume reduction for complete polymerization. 
This was first calculated from the polymer and monomer density data of 
Patnode and Scheiber9 as a shrinkage of 0.182 ml./ml. of styrene poly
merized. As data accumulated, this was compared to a value of 0.200 
calculated from the observed volume change and weight of precipitate 
polymer. As a check on this latter value, known weights of dry polymer 
and styrene were added to a dilatometer tube and their resultant volume 
measured at 90°C. With a known styrene density at 90°C. (0.8415 
g./ml.) and the assumption of volume additivity, polymer density at 90°C. 
was calculated as 1.0485 g./ml. This compared to values of 1.0293 
g./ml. for Patnode and Scheiber9 and 1.0406 g./ml. for Matheson, Auer, 
Bevilacqua, and Hart10 and produced a shrinkage factor of 0.1974. The

n.lr

Fig. 1. Initial polymerization of styrene at 90°C. with 7.10 X 10~4 mole/1. benzoyl
peroxide.
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agreement with the above average value prompted use of 0.200 for all 
calculations.

Benzoyl peroxide was purchased from Eastman. p-Chlorobenzoyl per
oxide was purchased as a 50% paste in dibutyl phthalate (removed by 
methanol) from Lucidol Division of Wallace and Tiernan. All other 
peroxides were synthesized from the parent acid chloride by the method 
first used by Price and Ivrebs.11 All peroxides were purified by recrystal
lization. Recrystallization solvents were the same as those tabulated by 
Swain et. al.,4 except that toluene was substituted for benzene in those 
cases in which benzene was the sole solvent. 3,4-Dichlorobenzoyl per
oxide was recrystallized from toluene.

For all synthesized peroxides other than p-cyano and p-methyl, pur
chased acid chlorides were available. For these two materials it was 
necessary to synthesize the acid chloride from the acid reaction with thionyl 
chloride. The method is described by Vogel12 and was followed, except 
that additional excess thionyl chloride was used and was stripped off under 
vacuum. p-Cyanobenzoyl chloride distilled at 128°C./7 mm. Fig and 
p-methylbenzoyl chloride at 104°C./9 mm. Hg.

Although yields were not measured, it was qualitatively obvious that 
improved yields of peroxides with electron-withdrawing substituents 
were obtained if reaction time was shortened. Therefore, p-nitro, p- 
cyano-, 3,4-dichloro-, and 3,5-dinitrobenzoyl peroxides were reacted no 
more than 5 minutes. Others were reacted about 30 min.

Decomposition points and elemental analyses for the peroxides demon
strated that all the peroxides were of quite good purity.

RESULTS

It was recognized early in Hie work that meaningful data had to be ob
tained before the diffusion control of the termination reaction caused a

//• O
lo 2o 30

S e c  or?c/-i

Fig. 2. Polymerization of styrene at 90°C. with

VO  S'O  S o  ? o

X / o ' 3

3.26 X 10_1 mole/1. benzoyl peroxide.
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Fig. 3. Diffusion control of termination in polymerization of styrene at 90°C.: (O) 
with 3.26 X 10~4 mole/1. benzoyl peroxide; (A) with 2.61 X 10~4 mole/1. p-methoxy- 
benzoyl peroxide.

TABLE I
Average Values of Decomposition Rate Constants and Efficiencies For Bis-Substituted 

Benzoyl Peroxides at 90°C. in Styrene

Substituent of runs Observed Literature f (l./mol./sec.)l/!

p-Methoxy 5 3.29 ± 0.2 3.92“ 
5 .20b

0.80 <0.2 '

p-Methyl •_>0 1.93 ± 0.1 2.05“ 
1.98b

0.73 <0.2 '

None 0 1.33 ± 0.1 1.41“ 
1.44h

0.72 <0.2 '

p-Chloro .r) 0.94 ± 0.1 1.21“ 
1.28’’

0.77 1.23 =b 0.3

m-Bromo 6 1.00 ± 0. 1 0.81“ 0.47 0.88 ±  0.3
3,4-Dichloro \) 1.11 ± 0.2 — 0.36 1.16 ±  0.5
p-Cvano l 0.97 ± 0. 1 0.68" 

0.81 ’*
0.31 1.25 ±  0.3

p- Nitro 4 0.87 ± 0.3 1 .451’ 0.27 10.9 ± 1 . 0

“ Data of Swain et al.4 
b Data of Blomquist and Buselli.3 
'  Lower limit of measurement.
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change in the termination rate constant kt> since this number is employed 
in the calculation of the efficiency /. Although it is usual to associate such 
effects with high conversions, North13 has shown that diffusion-caused 
changes can be observed from the very beginning in the polymerization of

lO r

Fig. 4. Effect of rate of polymerization styrene at 90°C. on conversion a t which diffu
sion control becomes apparent: (O) benzoyl peroxide; (A) p-rnethoxybenzovl peroxide; 
dotted symbols corrected for monomer concentration.

(V K l
(Rr/ffi'ih
/.20 k

Fig. 5. Plot of eq. (10) for p-ehlorobenzoyl peroxide in styrene at 90°C.

■ o r
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methyl methacrylate. It was shown above that plots of ln(flp/[M]) 
versus time ought to be linear at low time. Using those initiators which 
are later shown to be free from any appreciable induced decomposition, we

Fig. 7. Hammett plot of decomposition rate constants for symmetrically substituted
benzoyl peroxides at 90°C.
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Fig. 8. Hammet t plot of induced decomposition rate constants for symmetrically sub
stituted benzoyl peroxides at 90°C.

can calculate /  and kd from the initial low-conversion straight lines as in 
Figure 1. Any curvature in the plot, such as in Figure 2, is then attrib
uted to changes in k,, and from it we can calculate the value of the ratio 
kp.'h'i ' at various conversions. A plot of this ratio for two typical runs is 
shown in Figure 3. If the conversion where the change in k t becomes 
apparent is plotted versus the concurrent rate of polymerization, Figure 4 
is obtained. All data were obtained in bulk styrene except the lowest 
two points in Figure 4, which were obtained in 50% benzene solution. 
The two points are adjusted accordingly. All data reported below were 
obtained under conditions corresponding to the area below and to the right 
of the line in Figure 4, and are therefore free of any effect of changes in the 
viscosity of the reaction.

For initiators that do show induced decomposition, values of /  and kd 
might be obtained from low conversion portion of plots such as Figure 1
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2 er
Fig. 9. Hammett plot of efficiency data according to eq. (16) for symmetrically sub

stituted benzoyl peroxides at 90°C.

or 2. However, kt can also be obtained if, instead, eq. (10) is plotted at 
specific times for various initiator concentrations as described earlier. 
Plots for two extreme examples are shown in Figures 5 and 6.

A summary of the values of the derived rate constants kd, hi, and /  is 
given in Table I. Hammett plots are shown in Figures 7, 8, and 9 of 
kd, kx (calculated from kt) and the function (1 — /)//.

DISCUSSION OF RESULTS

A. Homolytic Decomposition Rate Constant kd

From the plot of kd versus 2a (Fig. 7), it must be held that the homo
lytic decomposition rate constants do not follow simple Hammett behavior. 
Hammett values are those collected by Jaffe.14 Swain et al.4 hinted at the 
same type of behavior by pointing out that the decomposition could be 
considered as resulting from mutual repulsion of negative charges at the 
0 -0  bond. They suggested that the charges on the peroxide oxygen 
atoms were linear functions of Hammett a constants and that the rate con
stants obeyed the relation:

log kd '= constant +  fi(am — — a2)

Where am is the Hammett constant for a hypothetical substituent which 
would reduce one of these charges to zero.

Swain also points out that if stability of the radicals resulting from 
dissociation could play a part in determining ka, a minimum would be
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Fig. 10. Hammett plot of literature data for ka a t 90°C.: (- -) from Fig. 7 of this work; 
(O) data of Swain et al.;4 (A) data of Blomquist and Buselli.5

Fig. 11. Schematic of free energy dependencies on Hammett <r.

expected in the Hammett plot, since either +  a or — a substituents stabilize 
triphenylmethyl radicals in dissociation from hexaphenylethane,15 as well 
as benzoate radicals from substituted benzoyl peroxides.16 Since Swain 
et al. do not find a minimum in the Hammett plot, they conclude that rad
ical stability is not a critical factor in determining kd. Blomquist and
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Buselli8 did find a minimum in their Hammett plot, but it occurs at about 
2a  = + 0.8 rather than at a = 0.0 as would be expected if radical stability 
were a controlling factor. As a matter of interest, Figure 10 plot s the data 
of both Swain el al.4 and Blomquist and Buselli5 along with the line de
rived for this study in Figure 7. An activation energy of 30 kcal./mole 
was used to extrapolate to 90°C. It is noted from Figure 10 that—con
sidering solvent differences—the data agree fairly well, but interpretation 
is the point of disagreement.

We believe that both electrostatic repulsion at the 0 -0  bond and radical 
stability determine kd. Referring to Figure 11, we show a schematic plot 
of free energy of the reactant as a function of 2a. At some large positive 
value of 2a the charge on the peroxidic oxygen atoms -would probably 
reverse sign with higher values contributing to a higher free energy through 
plus-plus repulsion as Swain suggests.4 If the transition state is assumed 
to be quite similar to the products (radicals), which are stabilized by any 
substituent, we may also plot free energy of the transition state versus 2a 
as shown in Figure 11. The free energy of activation, AFX, is then the 
difference between the two curves. If, as shown, the two curves are ap
proximately parallel in the positive a region studied, AFJ and kd should 
become constant.

B. Induced Decomposition Rate Constant, k t

The values of the rate constant kx for chain transfer to catalyst, derived 
from this study are not sufficient to determine whether or not kx follows a 
simple Hammett function, since kt values could not be determined for 
substituents below p-Cl in a value. However, the data of Nozaki and 
Bartlett3 may be extrapolated to a value of k ,/k i/: = 1.07 X 10“ 2 (1./ 
mole/sec.)'A with their activation energy of 25,230 cal./mole. Also, 
Baysal and Tobolsky6 present a value of kx/k v at 60°C. By use of the 
relation

kt = kx(Jkd/k ty A

and activation energies of 33,300,® 25,230,® 2370,10 and 776010 cal./mole for 
kd, k.u k„ and kp, respectively, an activation energy of 2 kcal./mole is 
calculated for kx/k p. Extrapolating Baysal and Tobolsky’s value to 90°C. 
with this activation energy and multiplying17 by kp/k t'/° = 7.45 X 10~2 
gives kx/k t'/2 = 5 X 10_® (mole/t/sec.)’̂ .

These values are included in Figure 8, where it is seen that a case may be 
made for kx obeying Hammett rules. Certainly, it seems likely that attack 
by a radical should be enhanced by removal of electron density from the 
area linking the two rings. Referring to change in 2a, a reaction parameter 
p of +1.72 is calculated.

C. Initiator Efficiency, f
As derived earlier in the section dealing with theory, there is reason to 

expect that In [(1 — /) //]  might be a function of Hammett a values. In-
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deed, Figure 9 shows that (with the exception of p-chloro) a quite good plot 
is found. Alternately, using reasoning analogous to that in Figure 11, 
a case can be made for a constant value of In [(1 — /) //]  for 2a values less 
than that of p-chloro and a st eeper line for more positive 2a values.

Little is available in the literature to aid a choice there. Bevington and 
Lewis18 and Bevington, Toole, and Trossarelli19 indicate the anisoyloxy 
radical to be more stable toward loss of carbon dioxide than is the ben- 
zoyloxy radical. The work was done by using C14-labeled initiators (either 
in the ring or in the carbonyl carbon) and examining the polymer for radio
activity and molecular weight. Bevington has published a great deal of 
such work, and there are also articles by Dannley and Essig.20 In general, 
the indication of finite chain transfer constants for the various benzoyl 
peroxides throws a question on interpretation of such work. The appear
ance of a benzoyloxy residue in the polymer does not indicate whether it 
was placed there by initiation or transfer. This is especially true of Dann
ley and Essig’s work, in which high concentrations of initiators such as 
p-nitrobenzoyl peroxide were used.

In the work of Bevington and Lewis quoted above, however, it was shown 
that end groups in p-methoxybenzoyl peroxide-initiated polymers contained

0 = C —0 — to a greater degree than those in benzoyl peroxide-initiated 
polymers. Since this result is contrary to that which would be expected 
for chain transfer to catalyst, it seems logical to believe that anisoyl per-

O

Fig. 12. Polymerization of styrene at 90°C. with a mixture of 1.46 X 10~4 mole/1.
p-methoXy-benzoyl peroxide and 1.34 X 1(R3 mole/1. p-nitro-benzoyl peroxide: (----- )
predicted; (O) observed.
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oxide docs have a higher efficiency than benzoyl peroxide. With this small 
outside aid, a single straight line is favored in Figure 9. Again referring 
to a change in 2<r, a p of +9.54 is calculated.

I). Prediction of Polymerization Rates

As a sort of “cumulative” test for the constants derived and the principles 
involved in this work, a FORTRAN program was written for an IBM 1620 
to predict In (Rp/  [M]) as a function of time for a bulk styrene polymeriza
tion involving simultaneous use of two different initiators. Constant vol
ume was assumed. Two runs (essentially duplicates) were made and calcu
lated just as were all other runs. p-Nitro and p-methoxybenzoyl peroxides, 
the most divergent initiators available, were used in a ratio of concentration 
of approximately ten to one. The predicted and actual results of one of 
these runs corrected for thermal rate are shown in Figure 12. Agreement 
is good in slope but varies somewhat in level. The variation shown in 
level is equivalent to that which would be associated with about 10% 
change in the product of fkd, well within the total experimental error of the 
various measurements. Any synergistic decomposition behavior between 
the two peroxides must be small or nonexistent.

Support of this work by the Petroleum Research Fund and of P. J. W. by a Special 
Research Assignment of the Atlantic Refining Company is greatly appreciated.
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Résumé
O n  a  e m p lo y é  les p e ro x y d es  de  ben zo y le  b isu b s titu é s  su iv a n ts , com m e in it ia te u rs  d e  

p o ly m é risa tio n  d u  s ty rè n e  en  b loc  à  9 0 °C , le p -m é th o x y , le  p -m é th y le , le p e ro x y d e  n o n - 
su b s ti tu é , le p -eh lo ro , le  m -b ro m o , le  3 ,4 -d ich lo ro , le  p -c y an o  e t  le  p -n itro . O n  a  o b te n u , 
à  p a r t i r  des v ite sses  d e  p o ly m é risa tio n  observées, les c o n s ta n te s  de  v ite sse  p o u r  la  d é 
co m p o s itio n  u n im o lé eu la ire  e t  les c o n s ta n te s  de  v ite sse  de  d éco m p o sitio n  indu ite : des 
p e ro x y d es  p a r  des ra d ic a u x  a in s i q u e  l ’efficac ité  d ’in it ia t io n  de  la  p o ly m é risa tio n . O n  a 
o b serv é  q u e  des s u b s ti tu a n ts  p lu s  é le c tro -c a p te u rs  q u e  le p -eh lo re  n e  c h a n g e n t p a s  la  
c o n s ta n te  d e  v ite sse  m o n o m o lécu la ire . A u  c o n tra ire , les s u b s ti tu a n ts  m o in s é le c tro 
d o n n e u rs  q u e  le p -eh lo ro  o n t  u n  fa ib le  e ffe t su r  l 'e fficac ité  d ’in it ia t io n . L a  c o n s ta n te  de 
v ite sse  de  d é co m p o sitio n  in d u ite  d o n n e  u n e  re la tio n  d ’H a m m e tt  s im p le  e t  l in é a ire  av ec  
u n e  p e n te  p o sitiv e .

Zusammenfassung
D ie  fo lg en d en  b is -su b s ti tu ie r te n  B e n zo y lp ero x y d e  w u rd e n  a ls  S ta r te r  f ü r  d ie  P o ly 

m e risa tio n  v o n  S ty ro l in  S u b s ta n z  b e i 9 0 °C  b e n ü tz t :  p -M e th o x y -, p -M e th y l- ,  u n su b 
s ti tu ie r te s ,  p -C h lo r-, » i-B ro m -, 3 ,4 -D ich lo r-, p -C y a n -  u n d  p -N itro p e ro x y d . A us d e r 
b e o b a c h te te n  P o ly m erisa tio n sg esch w in d ig k e it w u rd e n  d ie  G e sc h w in d ig k e itsk o n s ta n te n  
fü r  d ie  m o n o m o le k u la re  Z e rse tzu n g  u n d  fü r  d ie  ra d ik a lin d u z ie r te  Z e rse tzu n g  des P e r 
oxy d s sow ie a u c h  d ie  S ta r te ra u s b e u te  fü r  d ie  P o ly m e risa tio n  e rh a lte n . S tä rk e r  e le k 
tro n e n e n tz ie h e n d e  S u b s ti tu e n te n  a ls  p -C h lo r  v e rä n d e r te n  d ie  m o n o m o le k u la re  G esch - 
w in d ig k e itsk o n s ta n te  n ic h t .  U m g e k e h rt  h a t t e n  w en ig er e le k tro n e n -lie fe rn d e  S u b s ti tu e n 
te n  a ls  p -C h lo r  w enig  E in flu ss  a u f  d ie  S ta r te ra u s b e u te .  D ie  G e sc h w in d ig k e itsk o n s tan te  
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t iv e r  N e ig u n g .
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Rheo-optical Properties of Polymers. VII. 
On Time-Dependent Infrared Absorbance in 

Polymer Films

D. G. LeGRAXD, General Electric Research Laboratory, 
Schenectady, New York

Synopsis
A  th e o ry  is d ev e lo p ed  to  show  th e  u se  of in fra re d  sp e c tro sco p y  in  th e  s tu d y  of re sp o n se  

of p o ly m e rs  to  d y n a m ic  m ec h an ic a l s tre ss  o r  s tra in . P re lim in a ry  e x p e r im e n ta l re su lts  
a re  p re sen te d .

Introduction

It is well known that polymer molecules are oriented when deformed by 
uniaxial extension. It has been shown that the stress required to obtain 
this orientation is proportional to the change in the configurational entropy 
of all the molecular chains in the system and that subsequent relaxation of 
the stress at constant length for viscoelastic materials takes place by a 
diffusional relaxation of the configurations of the molecules. Various 
optical techniques have been used to study these relaxation phenomena.1'2 
Most of these techniques are limited to measuring the average motion of 
very large entities, e.g., birefringence of molecular chains. In this note, 
we propose the use of infrared absorbency as a tool capable of measuring 
either the motion of very small parts of the molecular chains, for example, 
the orientational relaxation of —CH2 groups in various polymers or struc
tural isomerization changes, for example, helical to random coil configura
tion in polypropylene. Some of these types of measurements have been 
carried out under static conditions.3’4

The theory proposed combines Mooney’s theory of viscoelasticity with 
the theory pioposed by Marrinan for infrared absorbency of rubberlike 
materials and complements Read’s theory of dynamic birefringence.5-7

Theory : Linear Viscoelastic Polymer

Marrinan has shown that for a single chain, stretched along the external 
coordinate OX' axis, that the absorption parallel to the stretching direction 
is given by
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where K  is a constant for a given vibration, Z is the number of links in a 
chain, a is the length of a link, h is the distance between the ends of a single 
chain, and the link is characterized by an absorption tensor t , whose com
ponents Try are referred to the OXiX2X 3 coordinate system where OX! lies 
along the link direction.

For a system containing N  chains/unit volume stretched along the OX 
axis an amount \x, where \x  is equal to the ratio of the extended length 
divided by the initial length, Marrinan obtains for radiation parallel to 
the extension axis

f  Z 2
fox = KN  ( î T l l  “h 7022 +  7733) +3 10

7722 “P 7733
7T11

(3)
and

Tor = loz = KN — ( irn  +  -ir-2 2 +  7733) o
1
15

7T22 +  7033
7T11 — 2 _ (4)

I11 Mooney’s theory, each polymer chain is arbitrarily divided into v 
submolecules, long enough so that its end-to-end distance obeys Gaussian 
statistics and the motion of the polymer chains is described (with the aid 
of the normal coordinate method of analysis) as a sum of cooperative 
movements at the ends of the submolecule. For a system in which the 
configurations are not at equilibrium, relaxation to the equilibrium state 
will take place at rates dependent upon the mobility and length of the links 
involved. Following Read’s usage of Mooney’s theory of stress relaxation, 
it may be shown that eqs. (3) and (4) change to

Iodi) = KN ( 7 r i l  +  7T 22 +  7T33)

and / oy(1) = Joz(t)

m KN
Z

(ttii

77 22 7733
7711 E (Brn* ~  Byn")

n = 1

+  77-2» +  7733)

7T22
E  CB*2 -  By2)

n — 1

(5)

7711 (6)
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where Bxn and Byn represent the time-dependent deformation along the 
normal coordinates.* From Mooney’s theory it is found that

Bxn2 -  Byn* = [«,* -  (1 /a x)]e~t/T» (7)

where the relaxation time, r„, which characterizes the diffusion rate of the 
nth mode, is equal to ( 4 For  v chains,

E  (B x‘! -  B vn2) = [a,2 -  (1/ax) ] £  e ~ t/r« (8)
n=1 n=l

Thus, eqs. (5) and (6) give then

7ox(0 = KN
Z
~ (xu +  X22 +  X33) o

+  T o 11,1 ~
X22 + X33

E  « ri/T‘
x t  n — l

(9)

and

/ oy(0 = /oz(f)

= FiV ( x n  +  X22 +  X 33)  — —: ( 7T11 —
15 V

X22 +  X33 
2

x E (10)

while for unpolarized radiation, we obtain 

Iun( 0 = Vii^oxCO +  / oy(0 ]

KN
2

'2 1
-  Z (x n  +  X22 +  X33) +  _.3 15

X22 +  X33 
2X  xu —

/  n = 1
"'An (ID

The dichroic ratio is 

D = lay (i) /  7oz(i)

Z(wn T~ X2 2 +  X33) +  ( xn
0

X22 T  X33

°t-x/ n  =  1

¿ ( X U  +  X22 +  X M)  -  l  ( X „  -  " "  t  ™  )  ( « X 2 -  E  6
1 ~ 'A „

^  1 + 5

x u -  - V « x 2 -  1 ) E  ,/r”V OtxJ „ = 12
X ( x n +  X22 +  X33)

(12)

See M o o n e y 5 fo r f u r th e r  de ta ils .
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where higher terms are negligible if a is not too large or n too small.10 
Mooney’s equation for stress relaxation is

a = NJcT E  e~,/r* (13)
\  a j  n = i

where N c is the number of chains per cubic centimeter, k is Boltzmann’s 
constant, T is the absolute temperature, and a the stress. The ratio of eq.
(12) to eq. (13) gives

I) -  1 _  3 M0z 
a 5 pNokT

where z is the number of monomers per segment. If a is the angle which 
each transition moment p makes with each link direction, then the compo
nents of the absorption tensor, n-{t will be given as

7r ii = n p 2COS2a (15)

where n is the number of repeat units/link and

7T2 2  +  7T 33 = ? ip 2s i l l 2a (16)
Therefore cq. (14) may be rewritten as

D — 1 3 M0z I”—---- sin2a 
<7 5 pN0kT  L 2

(17)

For a = 90°,

{D -  l) /a  ^  3Moz/10pN0kT (18)
while for a = 0°,

(D -  1 )/<r ^  UUz/opNJcT (19)

Thus, this ratio is not only time-independent, but provides a technique 
for measuring the size of the relaxing segment.

7 T n  —
7T22 +  7T33

TTll +  1T22 +  fl"33
(14)

Semicrystalline Polymers

For semicrystalline polymers, characteristic bands in the infrared as
sociated with crystalline material are observed. Using polarized or un
polarized radiation, it is possible to detect changes in orientation of these 
crystalline bands, which occur as a result of deformation.8'9 For poly
ethylene, Stein has shown that for uniaxial deformation

df7,(l(..x> = Kc cos2/! (20)
and

d.<-730(°X) =  K c COS2a  (21)
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where K c is a proportionality constant, and a and ¡3 are angles characteriz
ing the angles between the stretching direction and the a and b axis of the 
unit cell, respectively.10 Following the theory proposed by LeGrand11 for 
dynamic birefringence of semicrystalline polymers, i.e.,

cos2« = Qe~t/T‘ (22)

where r0 is the relaxation time for rotation of crystals about the b and c axis 
while

cos2(3 =  Pe t,Tl (23)

and r„ is the relaxation time about the a  and c axis, i.e.,

1 A „  =  (l/n )  +  (1/Tc) (24)

and

1 / tS =  ( l / r a) +  (1/ T c) (25)

Thus,

A C720(o x ) =  K cQe i/Ta (26)

while

A 730(ox) =  K cPe t,Tb (27)

Similarly, for perpendicular radiation,

Acno i .  = (K J 2) sin2« =  (Ar/2) (1 - Qe~t/Ta) (28)

A f730 _L = (KJ2) shffd = (AV2) (1 - Pe~t/T'‘) (29)

The dichroic ratios of these two bands are then

D ±  =  Arm\\/Aciw ±  =  [ Q e - ^ /d  - Qe~t/T-)\ (30)

and

=  Acm\\/Acm±  =  2 [ P - ^ / d  - Pe~l/T»)] (31)
Thus, from such measurements, an independent measurement of the mobil
ity of the crystalline material can be obtained.

Preliminary Experiments

A major difficulty in the use of infrared dichroism is the limited sensitivity 
at low degrees of orientation. Stein has suggested an alternate technique 
for increasing the sensitivity 100-fold for static measurements.13 Our sys
tem is similar to Stein’s wherein the difference between modulated signals is 
measured. The technique is as follows. A double-beam spectrometer is 
used with a vertical polarizer in one beam and a horizontal polarizer is em
ployed in the second beam; the sample is stretched in the two beams by 
using a long enough sample. The difference output of the two beams is 
measured.
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Fig. 2. Strain and infrared absorbance during creep for polyethylene.
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Fig. 3. Stress and infrared absorbance during relaxation for a phenyl methyl silicone
polymer.

The system employed is shown in Figure i . Under static conditions, the 
difference output is nulled by using the normal chopping signal of 18 
cycles/sec., which is standard to most spectrometers. However, under 
dynamic conditions, this chopper is removed and replaced by the straining 
frequency. This technique is currently being put into operation.

In order to show other types of experiments which can be performed, we 
present preliminary data obtained in creep for polyethylene and in relaxa
tion for a phenyl methyl silicone polymer in Figures 2 and 3.
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The data in Figure 2 shows that the mechanism of orientation of the 
crystals occurs by a rotation about the a and 6 axes and the rate of rotations 
are not the same. In fact, rotation about the a axis occurs more rapidly 
than about the b axis, which supports previous data obtained from static 
measurements.14

The data for the phenyl methyl silicone includes data for stress relaxa
tion as well as changes in absorbance. The similarity between infrared and 
stress relaxation data in Figure 3 is encouraging, since it suggests that this 
technique can be used to measure the size of the relaxing segment and as 
predicted from theory.

A more detailed report of this work will be presented later.
The author would like to acknowledge the aid of R. McDonald and R. Chrenko 

in making some of the measurements.
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Résumé
On a développé une théorie qui permet l’utilisation de la spectroscopie infra-rouge pour

l’étude des propriétés mécaniques dynamiques des polymères On présente des résultats 
préliminaires.

Zusammenfassung
Eine Theorie wird entwickelt, die die Brauchbarkeit der Infrarotspektroskopie 

zur Untersuchung des Verhaltens von Polymeren unter dynamisch-mechanischer 
Spannung oder Verformung zeigt. Vorläufige Versuchsergebnisse werden vorgelegt.
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An Infrared Structural Study of Fluorocarbon
Polymers

HORACE F. WHITE,* M. IE. Kellogg Company, .Jersey City, New Jersey

Synopsis
The 3/i infrared spectra of copolymers of ethylene and 1,1-difiuoroethylene with chloro- 

trifluoroethylene have been investigated. By applying “dilute solution” techniques, 
models for head-to-head and head-to-tail polymers have been prepared and spectrally 
characterized. The model spectra have been used to explain the polymerization of 
homopolymers and copolymers of halogenated et.hylenes.

Introduction

The infrared spectra of copolymers of 1,1-difluoroethylene and chloro- 
trifluoroethylene exhibit only two peaks in the carbon-hydrogen stretching 
region over a wide range of copolymer compositions. The spectra of simple 
liquid hydrocarbons and polyethylene, on the other hand, consist of num
erous bands in this region,1’2 consistent with the complex vibrations occur
ring in these systems. The simple spectrum of each of the various copoly
mers investigated is explained as resulting from the two stretching motions3 
of the methylene group of isolated (noninteracting) 1,1-difluoroethylene 
units within the polymer chain, and the purpose of this study is to determine 
the particular orientation, if selective, of pairs of 1,1-difluoroethylene units 
in a copolymer chain of 1,1-difluoroethylene with chlorotrifluoroethylene.

Experimental

Investigations of the carbon-hydrogen fundamental stretching region of 
the various polymeric systems were made on a model 21 Perkin-Elmer 
spectrophotometer fitted with a rock salt prism. The spectra of these 
polymers also were investigated on a Perkin-Elmer model 112 spectropho
tometer fitted with a calcium fluoride prism; no additional bands were 
found under higher resolution, thus confirming the lower resolution work.

The polymers were investigated as transparent films that ranged in 
thickness from 2 to 65 mils (thousandths of an inch). Polymeric films were 
prepared by pressing polymeric powder at 260°C. at a positive press pres
sure of approximately 20,000 psi for 3 min. The press was then released 
and the pressing immersed in water cooled to between 0 15°C. Pressing

* Present address: Research and Development Department, Union Carbide Chemi
cals Company, South Charleston, West Virginia.
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temperature might vary slightly from polymer to polymer, in general 
the films so produced showed no selective rotation to polarized light and 
might be considered of random orientation.

Results and Discussion

Copolymerization of two monomers offers the possibility of producing 
random or block copolymers; when one comonomer is present in consider
ably lower concentrations than the other, however, the resulting copolymer 
will be a random copolymer, if the reacting monomers polymerize at corre-

Fig. 1. Spectrum of 1,1-difluoroethylene in tetrafluoroethylene.
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Fig. 2. Spectrum of 1-chloro-l-fluoroethylene in tetrafluoroethylene.

sponding polymerization rates. Because 1,1-difluoroethylene and chloro- 
trifluoroethy’ene have been found to have similar polymerization rates,4 low 
concentrations of 1,1-difluoroethylene in the monomer mixture most prob
ably will produce random copolymers. Two 1,1-difluoroethylene molecules 
can enter the polymer chain at adjacent positions in any one of three orien
tations, and Table I illustrates the various pair orientations of adjacent
1,1-difluoroethylene groups in the polymer chain. For this particular dis
cussion the number of orientations is effectively reduced by one if the CF2 
group of 1,1-difluoroethylene affects the infrared spectrum of the GIF
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TABLE I
1,1-Difluoroethylene Molecule Pair Orientations"

Orientation Type W'avelength, n

X—CH2—CF>—CH2—CFj—X I 3.32,3.36
X -CH,—CF2-  CF2—C H ,~ X II 3.32,3.36
X—CFr—CHj—CHo—CF2—X III 3.36,3.48

" X is either —CFo— or —CFC1—.

Fig. 3. Spectrum of ,2.3% ethylene in chlorotrifluoroethylene.
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Fig. 4. Spectrum of 4%  1,1-difluoroethylene in chlorotrifiuoroethylene.

group in a fashion analogous to the effect of the chlorotrifiuoroethylene 
groups on the CH2 group frequencies and if the CFC1 and CF2 groups 
produce similar interactions with the CH2 group.

In fact, the 3-/x region of copolymers of 1,1-difluoroethylene and tetra- 
fluoroethylene (Fig. 1) and 1-chloro-l-fluoroethylene and tetrafluoro- 
ethylene (Fig. 2) indicate that to a first approximation the perturbation to 
the —CH2—• group fundamental vibrations by the —CFC1— group is 
equivalent to the perturbation by the —CF2— groups. To a first approxi
mation, then, the spectra at 3/a of orientations I and II above are identical.
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Studies of mixed crystals6’6 have shown that the unperturbed molecular 
vibration frequency is most nearly observed when the molecular con
centration approaches zero. This type of argument is extended to molec-

Fig. 5. Instrumental resultant spectrum of orientations, type I and III.

ular groups of polymeric materials derived from halogenated ethylenes. 
A dilute solution model for the type III orientation was prepared by co
polymerizing ethylene and chlorotrifluoroethylene at very low concentra
tions of ethylene. It was hoped that by keeping the ethylene concentra
tion low only isolated ethylene molecules would result in the polymer, and
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the spectrum of an isolated unit of linear polyethylene would arise yielding 
the typical “in phase” and “out-of-phase” hydrogen vibrations at 3.42 and 
3.50 /i.7 In the polymers produced, bands near these wavelengths were 
found even down to the 0.7 mole-% ethylene composition level. It is felt 
that these materials represent the type I IT orientation in which a single 
—CH2— group has one —CII2— group nearest neighbor. The spectrum 
of the 2.3 mole-% ethylene in chlorotrifluoroethylene is given in Figure 3 
as typical of this structure.

Varying concentration of 1,1-difluoroethylene in chlorotrifluoroethylene 
produced a carbon-hydrogen spectrum differing from that of ethylene in 
chlorotrifluorcethylene but invariant in the composition range 0.5-7.0 
mole-% 1,1-difluoroethylene in chlorotrifluoroethylene. The spectrum of 
the 4 mole-% 1,1-difluoroethylene copolymer is given in Figure 4 as typical 
of the type I orientation which represents a single —CH2— group in the 
polymer chair, with no —CH2— group nearest neighbors. Figure 5 shows 
the instrumental resultant spectrum formed by superimposing two co
polymer films—typical orientations type I and III—at the spectrometer 
slit. Table I also lists the hydrogen-carbon frequencies of the type I and 
III orientations.

From this study and an investigation of the spectra, it can be concluded 
that this polymerization produced material of orientation type I (head-to- 
ta.il) or type II when the following systems are polymerized: 1,1-difluoro
ethylene and 1-chloro-l-fluoroethylene as homopolymers, and copolymers 
of 1,1-difluoroethylene with chlorotrifluoroethylene and 1,1-difluoroethyl
ene with tetrafluoroethylene. Essentially no type III (head-to-head) 
polymerization is found.

The structural data presented could be greatly refined by using modern 
NMR techniques and data analysis similar to those used by Wilson8 on 
poly(vinylidene fluoride).

The author wishes to thank Mr. R. Mantell and Dr. A. N. Bolstad for preparing the 
polymers and Drs. W. 0. Teeters, J. M. MeCrea, H. L. Dinsmore, and V. A. Yarborough 
for their assistance in the publication of this work. In addition he thanks the Minne
sota Mining and Manufacturing Company for their permission to publish this work as 
well as the Union Carbide Chemicals Company for their cooperation in manuscript 
preparation.
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Résumé
On a étudie le« spectres infra-rouges à 3m de copolymères d’éthylène et de 1,1-di- 

fluoroéthylène avec le chlorotrifluoroéthylène. En appliquant les techniques des “solu
tions diluées,” on a préparé les modèles pour des polymères “tête-à-tête” et “tête-à- 
queu,” et on les a caractérisés spectrographiquement. Ces spectres modèles sont em
ployés pour expliquer la polymérisation de homopolymères et de copolymères d’éthylènes 
halogènés.

Zusammenfassung
Die Infrarotspektren von Kopolj-meren von Äthylen und 1,1-Difiuoräthylen mit 

Chlortrifhioräthvlen wurden im Drei-Mikron-Wellenlängenbereich untersucht. Mit 
dem “Verdünnte-Lösung”-Verfahren wurden Modelle für die “Kopf-Kopf”- und “Kopf- 
Schwanz”-Polymeren dargestellt und spektromet.risch charakterisiert. Die Modell
spektren wurden zur Erklärung der Polymerisation von Homopolymeren und Kopoly
meren und Kopolymeren von halogenierten Äthylenen verwendet.

Receivcd November 15, 190.3 
Revised .Tanuary 2, 1964
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Crystal Structure of the 7 -Form of Nylon 6 *

H. ARIMOTO, M. ISHIBASHI, and M. HIRAI, Research Institute, 
Nippon Rayon Company, Lid., Uji, Kyoto, Japan, and Y. CHATANI,f 
Department of Polymer Science, Faculty of Science, Osaka University, 

Nakanoshima, Osaka, Japan

Synopsis
The crystal structure of the 7 -form of nylon 6 (polycaproamide) obtained by the iodine 

treatment of the a-form of nylon 6 has been determined by x-ray diffraction. The unit 
cell contains four repeating units [-(-CFLYaCONH—] and is monoclinic with a = 9.33 
A., b = 16.88 A. (fiber axis), c = 4.78 A., /3 = 121 °. The space group is P2i/a. There 
is considerable deviation from the planar configuration in the amide group of the chain. 
The plane of the CH2 chain zigzag lies nearly parallel to the (007) plane. The crystal is 
composed of the pleated sheets of the parallel chains joined by hydrogen bond between 
the adjacent chains. The chain directions are opposite in alternating sheets. The 
hydrogen-bond length is 2.83 A., a reasonable figure for an NH O chains joined by a 
hydrogen bond between the adjacent chains. The direction of the hydrogen bond 
makes an angle of 12° with the (700) plane, and the C = 0  and NH bonds are nearly 
colinear. The amide groups lie at the same level in the cell.

INTRODUCTION

The crystal structures of nylon 6 (polycaproamide) have been studied by 
several authors.1-6 The usual a-form of nylon 6 is easily converted into a 
new crystal form when treated with an aqueous iodine-potassium iodide 
solution and with an aqueous sodium thiosulfate solution.7-9

Kinoshita9 has shown that ordinary polyamides with odd numbers of 
CH2 groups exhibit a new crystal form which has a somewhat similar con
figuration to the pleated-sheet structure proposed by Corey and Pauling10 
for the structure of polypeptide. This new crystal form of polyamides in
clusive of the iodine-treated nylon 6 was named the 7 -form by Kinoshita.9 
He has determined the crystal structure of nylon 77 (polyheptamethylene 
pimelamide) as an example of the 7 -form11 and he has suggested that the 
crystal repeating unit is twice the monomeric unit and the space group is 
P2i for the 7-form of polyamides from co-amino acids with odd numbers of 
CH2 groups.9

One of the authors12 has previously shown that the amide plane is dis
torted from the plane of the zigzag CH2 chain and on the basis of infrared

* Presented at the 11th Annual Meeting of the Society of Polymer Science, Nagoya, 
Japan, May 1962.

f Present address: Department of Chemistry, Duke University, Durham, North
Carolina.

317



318 H. ARIMOTO, M. ISHIBASHI, M. HIRAI, Y. CHATANI

measurements proposed a model of the 7 -form of nylon 6. The present 
paper concerns the x-ray analysis of the crystal structure of the 7-form of 
nylon 6.

EXPERIMENTAL

Materials

Samples were prepared as follows. A uniaxially oriented specimen was 
prepared from an extruded and quenched nylon 6 bristle (about 3.6 mm. in 
diameter) by drawing to 3.5 times and annealing at 135°C. A 
doubly oriented specimen was obtained from uniaxially oriented specimen 
by rolling at 130°C. and annealing at 135°C., the direction of rolling being 
the same as that of drawing. These specimens were treated with 1.23 N  
iodine-potassium iodide aqueous solution for a week. The absorbed iodine 
was removed by sodium thiosulfate.

X-Ray Measurements

X-ray diffraction patterns of the specimens were obtained with use of 
nickel-filtered CuKa radiation. Flat-plate and cylindrical cameras were 
used. Figures 1 and 2 show x-ray photographs of the untreated (the a.- 
form) and the iodine-treated (the 7 -form) specimens, respectively.

Intensities were estimated visually by using standard intensity scales. 
A Weissenberg camera was used for measuring the reflection intensities of 
planes normal to the fiber axis. The doubly oriented specimen was not 
suitable for intensity measurement but was useful in confirming the unit 
cell. Lorentz and polarization corrections were made. Corrections for 
spot shape were made by measuring areas of the spots.

Fig. 1 (left). X-ray diffraction photograph of the a-form of nylon 6. 
Fig. 2 (right). X-ray diffraction photograph of the 7 -form of nylon 6.
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The identity period was determined from an oscillation photograph taken 
with the fiber axis horizontal.

The lateral dimensions of the unit cell were obtained from photographs 
of the uniaxially oriented and the doubly oriented specimens.

DETERMINATION OF UNIT CELL AND STRUCTURE

The x-ray diffraction pattern of the doubly oriented 7 -form specimen of 
nylon 6 taken with the beam parallel to the direction of drawing and the 
corresponding reciprocal lattice net are illustrated in Figure 3.

The unit cell is monoclinic with four I TCHsd^COXIIJ repeating units. 
The unit cell dimensions are: a = 9.33 A., b = 16.88 A. (fiber axis), c = 
4.78 A., 0 = 121°.

The assumption of four repeating units per unit cell leads to a calculated 
density of 1.17 g./cc., which seems reasonable compared with the measured 
density (by the flotation method) of 1.14 g./cc.

There was no systematic absence on the photographs of the uniaxially or 
the doubly oriented specimen for the (hid) reflections with no zero index. 
The reflections (O/tO) for k odd are absent. The space group may be 
therefore P2,, P21/m , or P2,/a. The presence of the twofold screw axis is 
expected in view of the geometry of the polymer chain. The form of the 
chain having a mirror plane perpendicular to the chain axis should not be 
allowed as a possible configuration, therefore the space group is limited to be 
either P2t or P2I/a. The (Ikl) reflections are apparently recognized, al
though the intensities of the spots for k = 3, 5, 7 are very weak. The 
photograph taken with crystal-monochromatized CuK„ radiation reveals 
that the appearance of the (111) reflection, which is located near the strong
est equatorial spot, is not due to the diffraction of white radiation in the

Fig. 3. Flat-plate x-ray diffraction photograph of the doubly oriented -y-form speci
men of nylon 6 taken with the beam parallel to the direction of drawing and the corre
sponding reciprocal lattice net.
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Fig. 4. Stacking of pleated hydrogen-bonded molecular sheets in (a) model I and 
(6) model II. The filled circles ( • )  denote a forward array of oxygen atoms; the 
parentheses ( ) denotes a backward array of oxygen atoms.

x-ray beams. Moreover, it is observed that the intensity ratio of the 
{111) reflection to the other is constant in every photograph, and that the 
strongest (l °0 | ) reflection in the a-form does not appear anywhere. In 
addition to these results, Ota, Yoshizaki, and Nagai13 have recently shown 
by a tilt method that the {111) reflection is not the equatorial but a layer 
reflection. These results confirm that the (111) reflection really originates 
from the 7 -form of nylon (i. The presence of the (lkl) reflections shows the 
space group to be P2,/a.

The crystal structure which has the space group P2j/a was confirmed by 
the intensity calculation. Based on the space group P2I/a, the structure is 
fully described by a determination of the atomic coordinates of one asym
metric unit, half the chain repeat.

The intensity calculation was made with the use of trial-and-error 
method. First, structure factors of the {hOl) reflections were calculated. 
The identity period 16.88 A. for the 7 -form suggests that the polymer chain 
is distorted from the fully extended zigzag chain for the a-form. From the 
polarized microinfrared measurement on doubly oriented specimens of the 
7 -form of nylon 6, it was found that the plane of the amide group is pref
erentially twisted in a direction roughly perpendicular to the rolled plane, 
but the plane of the CH2 zigzag chain is almost parallel to the rolled plane in 
the 7-form.12 Hence, the calculation was carried out by changing an angle 
between the CH2 zigzag plane and the (100) plane, and an angle of the 
rotation around of the C—C' and C—N single bond in the C—C'OXT I—C 
group. Standard bond angles and bond distances were used. The angles 
which gave the best result were found to be G0° for the angle between the 
CH> zigzag plane and {100) plane, and to be 67° for the angle of rotation 
around of the C—C' and C—N single bond in the C—C'ONH—C group 
from the trans position of the next bond taken as an origin of reference.
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Structure factor calculation was carried out by using the atomic scatter
ing of C, 0, and N for all reflections except for the (OkO) reflections. For 
the (OkO) reflections, the atomic scattering of C, 0, N, and H was used in the 
calculation. The values of the atomic scattering factors are those of Berg- 
huis et al.14 for C, N, and 0, and that of McWeeny16 for H.

Second, the determination of y parameters for each atom was made from 
the (OkO) intensity calculation. When the oxygen atom is located at y = 
— 0.016 (model I) or y = 0.234 (model II), a satisfactory agreement between 
observed and calculated intensities is obtained for the (OkO). Models I 
and II correspond with the structures shown in Figures 4a and 46, respec
tively. On the basis of comparison with observed and calculated intensities 
of the (hkl) reflections, model I was accepted.

Introduction of an asymmetric temperature factor led to a good agree
ment between observed and calculated intensities. The anisotropy of the 
thermal factor used in the final intensity calculations is expressed by

exp — -  {B±[(h2/a 2) +  (£2/c2) +  (2 hl/ac) cos/?] +  B||(/c2/ 62)}

where B L and By are, respectively, the thermal factors in the directions 
perpendicular and parallel to the 6 axis (fiber axis). The appropriate 
thermal factors were found to be B L = 7 A.2 and By = 2 A.2 The atomic

TABLE I 
Atomic Coordinates

Atom X /a Y/b Z/c

Ci +0.290 +0.169 +0.116
c2 +0.390 +0.097 +0.108
N +0.306 +0.022 +0.114
0 +0.236 -0 .0 1 6 -0 .3 9 4
c3 +0.236 -0 .0 2 9 -0 .1 3 8
c4 +0.153 -0 .1 0 3 -0 .105
c5 +0.236 -0 .181 -0 .1 0 9
c6 +0.134 -0 .251 -0 .1 0 5

TABLE II
Interatomic Distances and Bond Angles*

Interatomic
distance,

Atoms A. Angle Magnitude

c,—c2 1.53 ZC,C2N 110°
C2—N 1.50 z c 2n c 3 124°
N—C3 1 34 z n c 3o 119°
C:r o 1 .24 z n c 3c 4 118°
C 3— C4 1 .52 Z C3C4Cr> 115°
c4—cs 1.53 /  C 4C5C6 111°
c6—c6 1.52 ZCsCeC,' 112°
C6-- Cl ' 1.54 ZCcC/CV 115°

a Hydrogen-bonded distance 2.83 A.
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TABLE III
Comparison of Observed and Calculated Intensities (Arbitrary Scale)

hkl /obs. /ca1c. hkl /«ibs. /calc.
OOlj 176 041] f 2
20l 690 690] 227 24l[ 26 26] 0
200 287 240j [24
20T 41 37
002]
402 10 H

2 151 
051 ]

4 4
[ 6

203] 1 251 \ 18 12] 0

403 5 250 J 1 6
202 10 10 2 061 ) i 1
401 2 261 \ 40 38] 0
601 0 260 J 1 37602 0
111 20 25 162] i 0

O il' 69 362 { 10 o | 1
211 120 126] 2 461 [ Ì 7
210 65 261

8
( 1

460 9
112 3 071 ) f -1312 14 23' 1

2
271 f 25 34 28

411 270J l 2211 17
012' 13< 13

0412
021 020 86 87
221 ( 30 35( 1 040 35 33
220 29 060 15 12

080 6 6
13l 8 7 0100 4 3
031 17 0120 4 3
23T } 20 26 o 0140 6 5
230 »
132 3332 2
431 o
231 l 3

coordinates are presented in Table I. Interatomic distances and bond an
gles in the final intensity calculation are given in Table II.

The observed and calculated intensities of the reflections are given in 
Table III. The intensity calculation was performed over a wide range of 
index but only the reflections where an intensity is measured are listed in 
Table III.

The factor
obs. T a l c .

2 Tibs.
for these reflections has the value 0.167. Note that R' is based on the 
whole calculated intensities and not on structure factors.
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DISCUSSION

Holmes, Bunn, and Smith6 have shown that the structure of the a-form 
of nylon 6 is composed of the sheets of fully extended planar chains joined by 
the hydrogen bonds between the antiparallel chains. Figures 5a and 5b 
are given to facilitate the chain directions in the hydrogen-bonded sheets of 
the a-form and of the y-form of nylon 6. As shown in Figure 5b, the y- 
form crystal is composed of sheets of parallel chains joined by hydrogen 
bonds between the adjacent chains. The chain directions are opposite in 
alternating sheets. The reversible a y  transition of nylon 6 suggests that 
the antiparallel chains pass through the cell of the y-form. A doubly 
oriented specimen of the a-form of nylon 6 could be converted into a doubly 
oriented specimen of the y-form by iodine treatment. This result also 
supports the above suggestion.

F ig . 5. T h e  ch a in  d irec tio n s  in  th e  u n i t  cell of (a )  th e  a -fo rm  of n y lo n  b a n d  (6 ) th e  7 -fo rm
of n y lo n  6 .

F ig . 0. A rra n g e m e n t of th e  7 -fo rm  of n y lo n  f> m olecu les in  th e  ^ -p ro jec tio n . T h e  low er 
h a lf  of th e  chains w as o m itte d .
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Fig. 7 (left). Arrangement of the 7 -form of nylon 6 molecules in the a-projection. 
Fig. 8 (right). Arrangement of the 7 -form of nylon 6 molecules in the c-projection.

Figures 0-8 all represent the structure of the 7 -form of nylon 0. The 
plane of the CH2 zigzag chain lies nearly parallel to the (007) plane.

The hydrogen-bond length is 2.83 A., a reasonable figure for an NH. . . .0 
bond. It makes angle of 12° with the (700) plane, and the C = O and N-FI 
bonds are nearly colinear. Adjacent molecules in the direction of the a 
axis are spaced at 4.66 A., which is satisfactory with the Van der Waal’s 
contact radii of chain atoms. The amide groups lie at the same level in the 
cell. Hence, the hydrogen-bonded sheets pack together in such a way that 
charged groups are gathered at the same level.

In the crystal of the a-form the hydrogen-bonded sheets pack together 
with (3/14) b staggered shear to give a uniform distribution of the charged 
group.6 How the dipole-dipole repulsive force is cancelled in the struc
ture of the 7 -form of nylon 6 is an open question. This is also still 
a question in the structure of the 7 -form of nylon 77.11 It is probable 
that the pleated sheet structure makes possible such a packing of sheets.

It is a common feature in the crystals of the 7-form of polyamides that the 
angle of the internal rotation of the amide group is roughly 60° from the 
position of the fully extended planar position and that the pleated sheet 
structure is formed to maintain complete hydrogen bonding between 
adjacent molecules.

The pseudo-hexagonal structures in nylon 6 have been studied by many 
workers. One of these was the mesomorphous structure such as that ob
tained by rapid cooling from a melt or by high-speed melt spinning of nylon
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6 proposed by Sandeman and Keller,16 Tsuruta, Arimoto, and Ishibashi,8 
and Ziabicki.17 This structure is easily converted into the usual a-form by 
annealing. Another structure, the y-form, is stable against annealing and 
can be converted to the usual a-form only by treatments such as melting, 
drawing, or phenol treatment which destroy the hydrogen bonds. Usually 
nylon 6 is obtained in the a-form, but nylon 8 exhibits a crystal structure 
similar to that of the y-form of nylon 6.9 •18 ■19 The y-form of nylon 8 is 
converted into the a-form by drawing.19 These phenomena suggest that 
the choice of the crystal form (the a- or the y-form) in the even polyamides 
depends on the chain repeat length and that the polyamides with the longer 
repeat unit have the greater tendency to assume the y-form. This tend
ency probably relates to the reduction of stress or steric hindrance caused 
by the rotation of the amide group around the C —C O  and C —NH single 
bonds to form a hydrogen bond between the adjacent parallel chains in
stead of the adjacent antiparallel chains. Because every chain has statisti
cally an equal chance to meet a parallel adjacent chain and an antiparallel 
one, if conditions are favorable for the formation of the hydrogen bond 
between the parallel chains, it would be expected that nylon 6 crystallize 
in the y-form.

After completion of the present study, two papers concerning the crystal 
structure of the y-form of nylon 6 obtained by iodine treatment have been 
published. Vogelsong20 has proposed another unit cell with one molecule 
passing through it. However the existence of the (lk l ) spots mentioned 
in the present study leads to a unit cell with two molecules passing through 
it. The reversible a-y  transition of nylon 6 cannot be explained in terms 
of a structure which has the unit cell with only one chain passing through it.

Bradbury and Elliot21 have reported results of infrared measurements of 
the y-form of nylon 6. Their data support strongly the conclusion in the 
present study. They have also proposed in their additional note that the 
structure has a body-centered orthorhombic symmetry and that the packing 
of chain molecules is closely similar to the structure in the present study. 
The unit cell in the present study could almost be translated to their cell. 
However, in the present study it was not found from the x-ray pattern that 
there is so good symmetry as to assume an orthorhombic cell.

The authors wish to express their sincere thanks to Professor S. Murahashi and Pro
fessor S. Seki of Osaka University for their kind encouragement. The authors are also 
indebted to Dr. H. Tadokoro of Osaka University for invaluable advice and criticism.
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Résumé
On a déterminé la structure cristalline de la forme gamma du nylon 6 (polycaproamide) 

obtenue par traitement à l ’iode de la forme alpha du nylon 6 par diffraction aux rayons- 
X. L’unité cellulaire contient quatre unités unités de répitition [-(-CH2-^-5CONH—j 
et est monoclinique avec a = 9.33 A., & = 16.22 A. (axe de la fibre), c = 4.78 A., ß = 121°. 
Le groupe spatial est P 2 i/a .  Il y a une déviation considérable de la configuration 
planaire dans le groupe amide de la chaîne. Le plan de la chaîne CIL en zig-zag se 
trouve presque parallèle au plan (001). Le cristal est composé de plaques de chaînes 
parallèles jointes par des liens hydrogènes entre chaînes adjacentes. Les directions des 
chaînes sont opposées en feuilles alternantes. La longueur du lien hydrogène est 2.83 
A, une valeur raisonable pour une chaîne NH • ■ O joint par des liens hydrogènes entre 
les chaînes adjacentes. La direction des liens hydrogène fait un angle de 12° avec le plan 
(100) et les liens C = 0  et NH sont environ colinéaires. Les groupes amides se trouvent 
au même niveau dans la cellule.

Zusammenfassung
Die Kristallst.ruktur der durch Jodbehandlung der «-Form von Nylon-6 (Polycapro- 

namid) hergestellte y-Form von Nylon-6 wurde mittels Röntgenbeugung untersucht. 
Die Elementarzelle enthält vier wiederkehrende Einheiten [-(-C H s-K C O N H —], ist 
monoklin mit a =  9,33 A., b = 16,88 A. (Faserachse), c = 4,77 A., und ß  =  121° und 
gehört der Raumgruppe P 2 ,/a  an. In der Amidgruppe der Kette treten merkliche 
Abweichungen von der planaren Konfiguration auf. Die Ebene der CH2-Zickzackkett.e 
ist zur (001 )-Ebene und zur Faserachse fast parallel. Der Kristall besteht aus gefalteten 
Schichten, die aus durch Wasserstoffbindungen zwischen benachbarten Ketten verbun
denen parallelen Ketten aufgebaut sind. In aufeinanderfolgenden Schichten liegen die 
Ketten in entgegengesetzter Richtung. Die Länge der Wasserstoffbindung ist 2,83 A. 
Dieser Wert ist für durch Wasserstoffbindungen zwischen benachbarten Ketten verbun
dene N H  • • ■ O-Ketten plausibel. Die Richtung der Wasserstoffbindung schliesst mit 
der (100)-Ebene enein Winkel von 12° ein und die C = 0 — und NH-Bindungen sind fast 
kolinear. Die Amidgruppen liegen in der Zelle auf gleichem Niveau.

Received August 29, 1963
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Investigation of Polyacetaldehyde Structure by High 
Resolution Nuclear Magnetic Resonance*

MURRAY GOODMAN and JOHANNES BRANDRUP, Polymer 
Research Institute, Polytechnic Institute of Brooklyn, Brooklyn, New York, 

and Chemstrand Research Center, Durham, North Carolina

Synopsis
We examined the configurations of cationicallv produced amorphous polyacetaldehyde 

by high resolution NM R spectroscopy at high temperature in such solvents as dimethyl- 
formamide and aniline. Our results show that the polymer backbone is composed of 
heterotactic and isotactic triad sequences, the former predominating over the latter. 
Using a 60 Mcycle instrument with or without spin decoupling, we were unable to 
detect any syndiotactic triad sequences. In addition, the 60 Mcycle NMR spectrum 
of poly-ff-deuteroacetaldehyde shows the presence of only the same two stereochemical 
triads as above. However, examination of polyacetaldehyde with a 100-Mcycle instru
ment indicated that a small shoulder exists on the low field side of the heterotactic peak 
which is probably caused by a small syndiotactic triad content. We used these findings 
to propose a mechanism for the cationic polymerization of acetaldehyde. We suggest 
that acetaldehyde may exist in a dimeric form under polymerization conditions leading 
to a preferred incorporation of mesodimeric units into the propagating chain. Model 
compound studies involving <*,«'-dimethoxyethyl ether are consistent with this postulate.

INTRODUCTION

The structure and polymerization of acetaldehyde has attracted con
siderable interest in recent years since Vogl,8 Natta,4 and Furukawa5 pre
pared crystalline polyacetaldehyde using anionic catalysts at low tem
perature. Amorphous polyacetaldehyde, known since 1936,6 can be pre
pared by use of a large variety of catalysts7 assumed to be mostly cationic.3

According to x-ray determinations,8 the crystalline modification possesses 
an isotactic configuration of its chain substituents. The structure of the 
amorphous polyacetaldehyde has not been determined with certainty. 
Two structural postulates have been advanced. Amorphous polyacet.al- 
dehyde has been considered to be atactic,9 built Tip from random place
ments of syndiotactic, heterotactic, and isotactic units; or, more recently 
a syndiotactic configuration was also suggested.10 Infrared determina
tions5 and x-ray11 diffraction analyses have failed to give a definitive answer

* A preliminary report of this W'ork has appeared.1 Independent of our work, Dr. 
O. Yogi, R. S. Sudol, and E. G. Brame of E. I. du Pont de Nemours & Company carried 
out a stereochemical study on poly acetaldehyde. We wish to acknowledge the many 
rewarding discussions with them on this subject.2
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to this question. We applied high resolution nuclear magnetic resonance 
(AMIl) for the elucidation of the structure of this polymer. This method 
has been favored in recent years for the determination of the configuration 
of polymers12 and has given valuable results unobtainable by methods 
known before for many polymers. As vve stated in a preliminary publica
tion,1 NMR is an appropriate tool for this polymer, because the acetal 
linkages in the main chain prevent spin-spin splitting of the signals gen
erally found in vinyl polymers because of the continuous arrangement of 
hydrogen atoms in their main chain. Application of this new technique 
does, in fact, give valuable information on the structure of amorphous 
polyacetaldehyde.

32»

RESULTS AND DISCUSSION

Simple low molecular weight acetals of acetaldehyde yield a doublet for 
the methyl group and a quadruplet for the single hydrogen attached to the 
carbon atom according to simple splitting rules. A similar spectrum is

TABLE I
NMR Spectra of Amorphous Polyacetaldehyde Prepared with Different Catalysts

Polymeriza
tion

Catalyst

NMR conditions Position of doublets

Solvent
Temp.,

°C.
Hetero- 

tactic/if)
Isotactic

(/)
Intensity 
ratio H / /

TiCl4 Aniline 145 8.61 8.67 2.85
7 -raysa
BF3/molecular

Aniline 150 — — 2.14

sieves Chlorobenzene 130 8.61 8.67 1.75
BFs/Florisil Chlorobenzene 130 — — 2.03

DMF 170 8.71 8.74 2.13
A1CL Chlorobenzene 130 8.59 8.66 2.21
H3P 0 4 Chlorobenzene 130 8.56 8.64 1.90
IlsPOj/Florisil Chlorobenzene 130 — — 1.95

Diphenyloxide 160 8.52 8.60
>? DMF 130 8.66 8.69 1.95
> J Aniline 150 8.58 8.66 2.21
” Aniline*1 149 — — 1.90

h 3p o „/
Aniline0 150 — --* 2.18

Florisil1* Aniline
Average for aro

matic solvents6

Average for ali
phatic solvents6

150 8.59 8.67

8.58 8.66 
AS  = 4.8 cycle/sec.)

8.69 8.72 
(AS  = 1.8 cycle/sec.)

1.01

“ Polymerized at —196° 
b Double resonance experiments.1 
c Deuterated polyacetaldehyde. 
d Polymerized with ether as solvent. 
6 See Brandrup and Goodman.1
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Fig. 1. NMR spectra (60 Mcycle) of polyacetaldehyde prepared under different condi
tions: (A) prepared with 0.1% H3PO4 in ether (30% nionomer) at —80°C.; (B ) pre
pared with 0.5% Zn(C-2H5)2 at —80°C.; (C) Prepared with y-rays at — 196°C.; (D ) 
Prepared with Al/Zn(C2H 5)2 according to Furukawa.16 Spectra taken in aniline at 
150°C.

expected for polyacetaldehyde—a high molecular weight polyacetal. The 
exact placement of the peaks in the magnetic field (their chemical shift) is 
dependent on more than the nearest neighboring protons. Therefore, 
different shifts for different configurational placements are expected. Since 
there are three possibilities for placement of three methyl groups—iso-



330 M .  G O O D M A N  A N D  J .  B R A N D R U P

TABLE II
NMR Spectra of Extracts of Crystalline Polyaoefaldehyde Prepared with Different

Catalysts

Poljunerizatiun
Catalyst

NMR.
vSolvent

conditions 
Temp., °C.

Position 0 

Hetero- 
taetie(-ff)

f Doublets 
Iso

lar tie( 7)
Intensity 
ratio H /I

A l/ZntO Ä h* Aniline 15(1 8.58 8.66 1.30
AlCICCdLh

Methanol extract DMF 151 8.71 8.74 2.23
DMF extract DMF 152 8.69 8.73 1.50

A1(AC4H 3)3
Acetone extract DMF 150 8.66 8.69 2.13
DMF extract DMF 148 8.69 8.73 1.56

Zn( C2H5)2
Acetone extract. 
Residue

Aniline
Aniline

135
150

8.56 8.64
8.68

1.94

a Catalyst prepared according to [limy «su et al.16

tactic, hetorotactic, syndiotactic—three doublets at different positions 
should be observed. NMR spectra (60 Mcycle) for polyacetaldehyde ob
tained under different conditions are shown in Figure 1. At low field, an 
unresolved multiplet for the backbone hydrogen is observed (5.1-5.4 r 
values) which occasionally splits into several peaks, most clearly into a 
quintet, if the measurements were carried out in aliphatic solvents such as 
dimethylformamide or 1,2,3,-trichloropropane,1 The poor resolution of 
this peak can be attributed to the fact that a hydrogen atom attached di
rectly to the backbone of the polymer is stiffer than a pendant side group. 
Therefore, the peak broadens considerable.

More information is obtained from the signal of the methyl group ob
served at higher field (8.5-8.75 t  values). A triplet is obtained instead of 
the doublet observed in simple low molecular weight acetals. The ap
pearance of these peaks and their shift are independent of temperature and 
the kind of aromatic solvent used, as seen in Tables I and II. We reported 
data obtained in aliphatic solvents in our previous communication.1 The 
similarity of all these spectra excludes the possibility that different con
formations of the polymer chains contribute to the spectrum. There
fore, this triplet has its origin clearly in the different configurations of the 
monomer units in the polymer chain.

A triplet can be explained only by the overlapping of two doublets. 
The missing third doublet may mean that two configurations experience 
nearly the same magnetic environment and therefore have shift values 
smaller than the limit of resolution of these spectra. It also may mean 
that one doublet is missing, indicating the absence of one configuration in 
the polymer.

Polymerization of Deuterated Acetaldehyde
We undertook the polymerizations of a-deuterated acetaldehyde to dif

ferentiate between these two alternatives. The substitution of hydrogen
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Fig. 3. NMTl spectrum (60 Mcycle) of o-deuterated polyacetaldehyde in aniline at
150°C.

by deuterium in the «-position removes any spin-spin splitting, and the 
methyl groups should show a singlet instead of the doublet. Three 
stereochemical placements should yield three singlets. Acetaldehyde 
deuterated in the «-position was polymerized at — 80°C. with H3P 0 4 sup
ported on Florisil as catalyst. The polymer obtained remained deuterated 
according to the infrared spectrum (Fig. 2). The C—D stretching band 
is seen at 2120 cm.-1. Therefore no major deuterium exchange occurred 
during the polymerization and isolation of the polymer. The polymer was 
dissolved in aniline and the 60 Mcycle spectrum was obtained at 150°C. 
The spectrum (Fig. 3) shows two singlets of differing intensity which cor
respond in shift value and intensity ratio to the triplet observed in regular 
polymers. Unfortunately, the resolution of these peaks was not as good 
as in the case of regular polyacetaldehyde because of second-order coupling 
between deuterium and hydrogen of the methyl group.

These experiments are in agreement with the result of the double reso
nance experiment described in our prevous report1 and tend to confirm 
the second alternative, that only two of the three configurations exist. 
The exclusion of one configuration in the polymer results in a stereoblock 
structure of the polymer as we previously suggested.1

100 Mcycle NMR Spectra

According to recent experiments, this explanation of the structure of the 
polymer must- be modified. Fortunately, we were able to obtain a 100- 
IVIcycle spectrum of polyacetaldehyde in aniline at 145°C.* (Fig. 4). This 
spectrum resembles closely the spectrum at 60 M cycles except for the low 
field side of the triplet at high field. This side is considerably broader with 
the slight indication of a shoulder. This shoulder may belong to the third 
doublet not observed in the other spectra. Even in this spectrum, the 
configuration giving rise to this doublet experiences apparently nearly the 
same magnetic environment as one of the other doublet placements and 
therefore the shift difference is not sufficiently large to permit complete

* T h e  1 0 0 - M c y c le  s p e c t r u m  w a s  o b t a i n e d  b y  D r .  H o l c o m b ,  V a r i a n  L a b o r a t o r i e s ,
P i t t s b u r g h .  H i s  h e l p  i s  g r a t e f u l l y  a c k n o w le d g e d .
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left arbitrarily increased in size.

Fig. 5. Interpretation of the high field triplet observed for polyacetaldehyde in aniline at 
150°C. (60 Mcycle spectrum).

resolution of this peak. Any quantitative determination of this peak is im
possible at this time.

The triplet observed in a 60 Mcycle spectrum can now be interpreted by 
the arrangement of three doublets shown in Figure 5.

Assignment of the Peaks

The next step in our analysis of the NMR spectra of polyacetaldehyde 
involves the assignment of the three doublets to their corresponding con
figurations. With polyacctaldehyde NMR does not provide an absolute 
determination of the configuration as in the case of poly (methyl meth
acrylate).12 Most probably, the doublet at higher field must derive from 
an isotactic configuration. This is supported by the following considera
tions:

(a) Paraldehyde and metaldehyde show only one quadruplet and one 
doublet whose position is given in Table III. Previous determinations of 
their structure by electron diffraction and x-ray13 have shown that all 
methyl groups are aligned equatorially to the ring. This equatorial posi-
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TABLE III
NMR Spectra of Model Compounds for Polyacetaldehyde

Compound

Center of 
quadruplet 

1
for —C—H 

1

Center of 
doublet for

1
—C—CH3 

1

Coupling 
constant 
J, cycle/ 

sec.

1) imethy lacetal“ 5.59 8.84 4.8
a,a'di-methoxyethyl ether’’ 5.23 8.74 4.8
Paraldehyde“

all-cfs 5.12 (5.08“) 8.75 (8.74°) 4.8
cis-trans-cisc 4.72 8.61 5.0
cis-cis-trans0 4.79 8.76 5.8

Metaldehyded 5. 52 8.75 4.8

“ Measured in chlorobenzene at 130°C.
b Measured in dimethylformamide at 125°C.
c Values were kindly submitted by Dr. J. L. Jungniekel, Shell Development 

Company.15
d Measured in aniline at 150°C.

tion of the methyl groups will place them in isotactic positions after hypo
thetical opening of the ring. The position of the doublets in these ring 
compounds is at somewhat higher field than observed in the polymer.

(b) Recently, a second configuration of paraldehyde has been found14 
which is not contained in commercial paraldehyde. The NMR spectrum 
of this isomer has been obtained16 and the position of its doublets is at lower 
field, as seen in Table III. The configuration of its methyl groups would 
be cis-trans-cis (syndiotactic) and cis-cis-trans (heterotactic).*

(c) In a single experiment, we succeeded in obtaining a spectrum of a 
crystalline polyacetaldehyde (Fig. 1). Polyacetaldehyde prepared with 
diethyl zinc as catalyst at —80°C. could be separated by extraction with 
acetone into an amorphous and a crystalline part. The amorphous poly
mer showed the usual triplet comparable to other polymers (Table II). 
The insoluble crystalline residue was slurried in aniline and heated to 130°C. 
Partial solution resulted, and a poorly resolved spectrum was obtained 
which showed two peaks of nearly equal size whose shift corresponded to 
the high field section of the triplet.

(d) The stereoblock polymer prepared according to the procedure of 
Furukawa16 showed an intensity increase of the right peak (Fig. III). 
This polymer supposedly contains longer blocks of isotactic configurations.

(e) Successive extraction of crystalline polyacetaldehyde with better 
and better solvents yields different fractions with increasing isotactic con
tent. The high field doublet correspondingly increases in intensity, as 
seen in Table II. Once the isotactic placements are assigned, the remain
ing peaks can be treated in a straightforward manner. The heterotactic 
configuration should experience an intermediate magnetic field between 
isotactic and syndiotactic configuration in analogy to other polymers.

* We wish to thank Dr. J. L. Jungniekel of the ¡Shell Development Laboratories, 
Emeryville, California, for calling our attention to these results.
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Therefore, we assign the doublet b in Figure 5 to the heterotactic configura
tion and doublet c to the syndiotactic configuration.

Polymerization Mechanism
Two peculiarities of these spectra have to be mentioned. First of all, 

it is very surprising to find that the isotactic placements are more frequent 
at this low temperature than the syndiotactic placements. Generally, 
uncomplexed polymerization via free growing active ends produces increas
ingly syndiotactic polymers with decreasing tempeiature. Second of all, 
the intensity ratio of these thi'ee doublets does not seem to obey simple 
Bemoullian statistics which are applicable for any free growing chain, free 
radical or cationic, uninfluenced by penultimate unit effects or complexa
tion of the growing end as described by Bovey.12

Deviation from the intensity l'atios derived from these statistics denotes 
that in our case additional influences have to be considered. Exact cal
culations cannot be obtained at this time because of insufficient resolution 
of the third small doublet. Flowever, rough calculations ixxdicate that the 
syndiotactic configuration exists less in these polymers than expected from 
a random statistical treatment.

The preponderance of heterotactic and isotactic placements can best 
be explained by the assumption of stereoblocks composed of two or multi
ples of two monomer units of identical stereochemical configuration 
(DDLLDDDDLL). (In our preliminary report1 we indicated that groups 
of similar configurational units might involve three monomer residues. 
This hypothesis was proposed because of the presence of some paraldehyde. 
We now believe that the dimer propagating unit fits our data much better.)

A structure of this type could be obtained by assunxing an association 
of the monomeric acetaldehyde into dimers prior to polymerization. 
Raxidoixi placements of these dimer units would yield a structure with only 
heterotactic and isotactic configui-ations. Participation of small amounts

Fig. 6. Structure of the associate between two acetaldehyde molécules (similar to
Schneider17).
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of monomeric acetaldehyde in a free growing uncomplexed polymerization 
may yield the small amount of syndiotactic triads observed (see next 
section).

We can support this assumption by the following experimental details.
a. Randomness of Polymerization. Initiation of the polymeriza

tion with different catalysts can demonstrate whether complexation of the 
growing end is involved. Different free radical systems yield the same 
polymer structure under any set of conditions independent of the origin 
of the radical. Similar considerations should apply for a polymerization 
via freely growing cations.

Table I shows some of the results obtained. The ratio H /I  is used be
cause the 60 Mcycle spectrum does not resolve the third doublet.

Within the experimental error, all polymerizations yield the same 
ratio H /I, even with the use of different catalysts. This clearly demon
strates that major portions of the polymer are produced in a polymerization 
via free growing uncomplexed cations.

b. Association of Acetaldehydes. The association of acetaldehyde has 
already been described.17 According to these results no hydrogen bonding 
of the single a-hydrogen is involved, and, therefore, the polar carbonyl 
groups associate alone. A dipole strength of 2.49 Debye units18 seems to 
be a sufficient driving force for this complex formation.

Acetaldehyde apparently primarily dimerizes, as has been calculated 
from the second virial coefficient.19 The structure of these associates 
might be as explained by Schneider and Bernstein17 (Fig. 6). The con
struction of Fisher-Herzfelder models shows that the closest overlap of two 
carbonyl functions places the methyl group as far apart as possible.

The concerted reaction of these dimers with the free growing ultimate 
end will always add two monomeric units of identical stereo configuration.

Inversion of the configuration of the ultimate carbon before addition of 
the dimer will produce syndiotactic units as seen in the scheme of eqs. (1) 
and (2).

I— >DDDD 
DD—[

L-^DDLL 
normal end

I—»DLDD 
DL—J

1—>DLLL 
in v e r te d  en d

( 1)

(2)

Since; the NMR technique yields the configuration of three monomeric 
units (triads), this scheme explains the appearance of predominant hetero
tactic and isotactic placements in the spectrum of polyacetaldehyde.

Model Compound Studies

The feasibility of such dimerization process was also suggested by the 
results obtained with a,« '-dinicthoxy ethyl ether, a dimer model for poly
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acetaldehyde (Table III) The spectrum of this dimer showed only one 
doublet,20 indicating only one configuration. The synthesis of this com
pound goes through many cationic intermediates and should lead to both 
isomeric forms, racemic and meso. The gas chromatographic analysis in 
a temperature programmed capillary column with ca. 60,000 theoretical 
plates likewise indicated the presence of only one configuration. We simi
larly propose that the acetaldehyde has reacted in a dimeric form with 
hydrogen chloride yielding only meso a,a'-dichloroethyl ether (see experi
mental section) which after substitution with sodium methoxide yields 
meso a,a'-dimethoxyethyl ether.

The assumption of the participation of dimeric acetaldehyde in an other
wise free growing polymerization yielding a polymer with predominantly 
heterotactic and isotactic configurations explains many experimental ob
servations.

(1) The similarity of the infrared spectra of amorphous and crystalline 
polyacetaldehyde is surprising, since most other polymers show significant 
differences. As we see now, amorphous and crystalline polyacetaldehyde 
are basically similar. The lack of crystallinity is explained by the much 
shorter sequence length of isotactic placements in the amorphous polymer. 
The average sequence length for two different polymers was calculated 
by adopting the mathematical treatment of Johnson21 (Fig. 7). Less than 
8% of the polymer contains sequences which are longer than 10 units (Fig.
8). Between 10 and 20 monomeric units are assumed to be necessary for 
crystallization.22

(2) The cyclization of acetaldehyde to paraldehyde, the cyclic trimer, 
at room temperature and to metaldehyde, the cyclic tetramer, at low tem
perature is also explained by this scheme. At low temperature, two dimers 
react, yielding the tetramer. At room temperature, sufficient amounts 
of unassociated acetaldehyde exist in order to react with the dimer or other 
unassociated species yielding the trimer.

(8) Finally, it is interesting to note that the polymer prepared in the

F ig . 7. W e ig h t f ra c tio n  of iso ta c tic  seq u en ces w ith  le n g th  m  as a  fu n c tio n  of m : 
(O ) p o ly ace t a ld e h y d e  p re p a re d  w ith  F lo ris il a t  — S0°C.; (A) p o ly a e e ta ld e h y d e  p re 
p a re d  in  e th e r  w ith  H 3P O 4 a t  — S0 °C .
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Fig. 8. Weight fraction of isotactic sequences greater than m: (A) polyacetal
dehyde prepared with Florisil at — 80°C.; (O) polyacetaldehyde prepared in ether with 
H3P 0 4 at —80°C.

solid state at — 196°C. shows a similar structure (Fig. 1). Letort and 
Richard10 polymerized acetaldehyde in the solid state and obtained a rub
bery amorphous polymer similar to the polymer prepared under different 
conditions in the liquid state. They concluded by means of a geometric 
analysis of the polymerization process that the amorphous polymer should 
have a syndiotactic configuration. The fact that even this polymer shows 
a triplet in the 60 Mcycle spectrum completely excludes this possibility.

According to our results, the structure of amorphous polyacetaldehyde is 
best explained by the existence of mainly stereoblocks of configurations 
such as DDLLLLDDLL which are formed according to a mechanism de
scribed above.

EXPERIMENTAL 

Polymerization of Acetaldehyde
Commercial paraldehyde (Metro Industries) was stored over calcium 

hydride and distilled from triisobutyl aluminum shortly before use in 
order to remove any trace of water. Paraldehyde treated accordingly was 
slowly decomposed with anhydrous copper sulfate into acetaldehyde which 
was immediately distilled into a flask containing the catalyst at — 80 °C. 
The acetaldehyde was precooled to at least — 50°C. before contact with the 
catalyst. The catalyst concentration was in the range of 0.1-0.5%. 
Molecular sieves and Florisil earth were dried for 24 hr. at 500°C. before 
use. The polymerization flask was stored for a week at 80°('. At this 
time 40-60% of the acetaldehyde had polymerized. The polymer was dis
solved in acetone or methanol, filtered, precipitated in water, and after 
two reprecipitations dissolved in benzene and freeze-dried at high vacuum. 
Paraldehyde formed during the polymerization as a side product was com
pletely removed in this manner. NMR spectra were taken immediately 
afterwards. Commercially available materials were used as catalysts with
out purification; solvents were purified and dried according to standard 
procedures.
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a-Dcutcrated acetaldehyde was obtained from Merck, Canada, distilled 
through a column filled with molecular sieves, and polymerized with H3P 0 4 
supported on Florisil at — 80°C. The isolation and purification corre
sponded to the treatment given for other polymers above.

Preparation of Model Compounds

Dimethylacetal was prepared according to Croxall.23 Metaldehyde 
was obtained by treating acetaldehyde with a trace of H2S04 at — 40°C. 
The dimer of polyacetaldehyde, «^“ '-methoxyethyl ether was pre
pared by allowing acetaldehyde to react with excess anhydrous hydrogen 
chloride at — 10°C. The resulting a,a'-dichloroethyl ether was treated 
with sodium methoxide according to Laatsch.24 The a,a'-dimethoxyethyl 
ether with a boiling point of 126-127°C. was obtained in 70% yield. The 
structure was confirmed by molecular weight determinations, infrared, and 
NMR measurements.

Nuclear Magnetic Resonance Measurements

Spectra were obtained with a Varian HR 60 NMR spectrometer (unless 
otherwise specified). A 6% solution of the polymers was prepared in 
various solvents and investigated up to 200°C., the upper temperature 
limit of the spectrometer. Serious experimental difficulties arose because of 
the thermal instability of the polymer. A stabilizer composed of Ultramid 
IC (BASF, Ludwigshafen, Germany) and /3-naphthylamine,25 together 
with 2,4-dinitrobenzene, gave a stability sufficient to permit experiments 
to be conducted at temperatures of 150-T80°C. (ca. 30 min.). The shift 
of the peaks is given in r values.26

We wish to thank Drs. H. N. Friedlander and W. C. Tincher for their very helpful 
discussions:.
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Résumé
On a examiné la configuration du polyacétaldéhyde amorphe, obtenu cationiquement, 

au moyen de la spectroscopie RMN à haute résolution et à température élevée dans des 
solvants tels que le diméthylformamide et l’aniline. Nos résultats montrent que le 
squelette polymérique est constitué de triades séquencées hétérotactiques et isotactiques, 
les premières étant prédominantes. En utilisant un appareil travaillant à  60 Mc, avec 
ou sans découplage de spin, nous ne sommes pas à même de détecter des séquences de 
triades syndiotactiques. De plus le spectre RMN à 60 Mc du poly-a-deutéroacétaldé- 
hyde ne montre l’existence que des deux triades stéréochimiques sus-mentionnées. 
Néanmoins, l’examen du polyacétaldéhyde à 100 Mc montre l’existence d’un faible 
épaulement du pic hétérotactique du côté des champs plus bas, qui est probablement dû 
à une faible teneur en triades syndiotactiques. C’est sur la base de ces découvertes que 
nous proposons un mécanisme de polymérisation cationique de l’acétaldéhyde. Nous 
suggérons en effet que l’acétaldéhyde peut exister sous une forme dimérique dans les 
conditions de polymérisation, conduisant à l’incorporation d’unités mésodimériques au 
sein de la chaîne en croissance. L’étude du composé modèle, l’éther a,a'-diméthoxy- 
éthylique s’accorde avec ce postulat.

Zusammenfassung
Die Konfiguration von kationisch erzeugtem amorphem Polyacetaldehyd wurde bei 

hoher Temperatur in Lösungsmitteln wie Dimethylformaid und Anilin mittels Hoch- 
auflösungs-NMR-Spektroskopie untersucht. Die Ergebnisse zeigen, dass die Polymer
hauptkette aus heterotaktischen und isotaktischen Triadensequenzen aufgebaut ist, 
wobei die ersteren überwiegen. Alit einem 60-MHz-Instrument mit oder ohne Spinent
kopplung konnte keine syndiotaktische Triadensequenz gefunden werden. Ausserdem 
zeigt das 60-MHz-NMR-Spektrum von Poly-a-deuteroacetaldehvd nur die Anwesenheit 
der beiden gleichen oben angeführten stereochemischeu Triaden. Die Untersuchung 
von Polyacetaldehyd mit einem 100-MHz-Instrument ergab jedoch, dass an der Seite 
des heterotaktischen Maximums zu niedrigeren Werten hin eine Schulter vorhanden ist, 
welche wahrscheinlich auf einen kleinen Gehalt an syndiotaktischen Triaden zurück
zuführen ist. Diese Befunde wurden zur Aufstellung eines Mechanismus für die kation
ische Polymerisation von Acetaldehyd benützt. Es wird angenommen, dass Acetaldehyd 
unter Polymerisationsbedingunngen in einer dimeren Form vorhanden sein kann, was 
zu einem bevorzugten Einbau von mesodimeren Einheiten in die wachsende Kette führt. 
Ergebnisse von Untersuchungen au «,a'-Dimethoxyathyläther als Modellverbindung 
stimmen mit dieser Annahme überein.

Received February 1, IDOL
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Polyacrylonitrile Prepared in Ethylene Carbonate 
Solution. I. Kinetics at Low Conversion*

L. IT. PEEBLES, Chemstrand Research Center, Inc., Durham, 
North Carolina

Synopsis
The kinetics of acrylonitrile polymerization initiated by azobisisobutyronitrile in ethyl

ene carbonate solution were studied at 50 and 60 °C. Under these conditions simple 
solution polymerization kinetics should apply. The initial rate of polymerization was 
determined by varying the amount of initiator and the monomer concentration. The re
action is found to be first-order in monomer concentration and approximately 0.6-order in 
initiator concentration. The free radical derived from ethylene carbonate (by abstrac
tion of a proton by a growing chain) apparently can only react with a monomer to start 
another polymer chain. I t  does not enter into termination reactions. That is, the sol
vent acts only as a transfer agent and a diluent and does not affect the rate of polymeriza
tion by entering into other reactions. The transfer reactions are relatively unimportant 
(transfer to monomer is negligible; transfer to solvent is small) as indicated by a study of 
the degree of polymerization calculated from the intrinsic viscosity. Thus, quite high 
molecular weight polymer can be obtained. The reaction is first-order to high conversion 
and is independent of the viscosity of the medium.

INTRODUCTION

The polymerization of acrylonitrile has received considerable study 
when the polymerization is conducted under homogeneous or heterogeneous 
conditions. The mechanism of heterogeneous polymerization, where the 
polymer precipitates as it is formed, is quite complex, and so far it has not 
been possible to describe adequately the mechanism of heterogeneous 
polymerization in mathematical terms. The difficulties encountered in the 
description of the mechanism of heterogeneous polymerization of acrylo
nitrile are reviewed elsewhere.1'2 On the other hand, the homogeneous 
polymerization of acrylonitrile in solution should be a far simpler system. 
It should be possible to describe the kinetics and mechanism of solution 
polymerization of acrylonitrile with the same theories that apply to the 
polymerization of other vinyl monomers.

The kinetics of polymerization of acrylonitrile in ethylene carbonate 
were studied by Thomas, Gleason, and Pellon.3 They found that the rate 
of polymerization was 1.5-order in monomer concentration and 0.6-0.7- 
order in initiator concentration. At the same time, polymers of high

* Presented a t the 135th Meeting, American Chemical Society, Boston, Mass., April 
1959.
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intrinsic viscosity were obtained. These observations are not consistent 
with a mechanism of polymerization involving transfer to solvent in reac
tions where either a highly reactive or a sluggish radical is produced. If 
transfer produces a reactive radical, then the order with respect to monomer 
should be 1.0-1.1, while the order with respect to initiator should be 
0.5-0.6.4 If a sluggish radical is produced, both reaction orders should 
tend to increase, and one would expect a polymer with a lower intrinsic 
viscosity.5

Furthermore, the intrinsic viscosity of the polymer prepared in ethylene 
carbonate appears to be higher than that of polymers prepared in other 
solvents3 under comparable conditions. The ability to prepare polymers of 
quite high molecular weight in solution permits the study of the possibility 
of branch formation, especially if these polymers are prepared at high 
conversion. Studies of the polymerization of acrylonitrile in ethylene 
carbonate were therefore undertaken at low (~5-10%) and at high (up to 
75%) conversion. The kinetic results are reported in this paper, the 
influence of conversion upon the molecular weight is considered in the 
second paper of this series,6 and the molecular parameters of the polymers 
so produced are reported in the third paper of this series.7

THEORETICAL

The usual kinetic scheme for vinyl polymerization by free-radical cata
lysts is shown in eqs. (l)-(7).

Initiation :

( 1)

Propagation :

(2)

Termination:

R»' +  B e  -» Polymer ( 3 )

Transfer to monomer:

R 8- -H3& — P s +  lb-

Transfer to solvent:

R8- +  S — P s +  T-

Reinitiation by solvent:
kt

T -  +  M - ► R,;- ( 6 )
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Solvent termination :
k7

T- +  R ,• — Polymer (7)

Here, I2 is the initiator; Rs-, radicals containing s units, which include 
initiator and/or solvent fragments; M, monomer; Ps, polymer containing 
s units; and T-, solvent radicals. The total concentration of radicals is 
[R ■ ] and is the sum of concentrations of all Rs • radicals.

Reaction (3), can be written as termination by coupling or as termination 
by disproportionation, where a proton is transferred from one polymeric 
radical to the other. Termination by disproportionation produces twice 
as many polymer molecules as termination by coupling and hence is 
important when considering the molecular weight of the polymer. The 
constant fc3 is defined by a term 2/c3[R ']2 in the rate equation for the 
variation of [R-] with time.7 Bamford, Barb, Jenkins, and Onyon8 as 
well as Bamford and Tompa9 prefer to define k3 by the term fc3[R- ]2.

The usual assumption of steady state will be made: that the number 
of radicals produced equals the number of radicals destroyed and that 
little or no conversion has occurred. If we further assume that each 
solvent radical reinitiates the chain, then the rate of polymerization is

-  d [M )/dt = h  [M ] ( [R • ] +  fc4 [R ■ ]/h  +  h  [T • \/h) (8)

In order to have high molecular weight polymer, (fc4[R- ]//c2 +  fce[T- ]/fc2) <5C 
[R- ] [c.f. eq. (14)], hence

-d[M ]/dt = fe[M][R-] (9)

The value of [R- ] can be found from the steady-state relation

- d [ R- ]/dt = 2fc3[R- ]2 -  2//c1[I2] (10)

where /  is the efficiency of initiation. Hence

[R-] = (2A[I2]/2fc3)'/! (11)
-d[M ]/dt = [fc2/  (2fc3),/! ] (2/fci [I2 ])1/2 [M ] (12)

The reciprocal degree of polymerization is defined as the rate of termina
tion of all species divided by the rate of propagation

J. = ff/c3[R- ]2 +  fc4[R• ][M] +  h [ R -][S] 
Pn fco[R- ][M]

g(fkM h})'/2 h  h \$1
[M] +  h  h[M]

(13)

(14)

where g is a factor whose value is 2 > g > 1, depending upon the mode of 
termination, i.e., whether by combination of radicals ( g  =  1) or by dis
proportionation (g = 2).
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EXPERIMENTAL

Materials
Eastman White Label azobisisobutyronitrile (AIBN) was used either 

without further purification or was recrystallized at least twice from 
methanol. No difference was noted between these materials. Jefferson 
Chemical Company ethylene carbonate was purified by recrystallizing 
it twice, then distilling at 15 mm. pressure. Monsanto Chemical Com
pany acrylonitrile was freed of inhibitor by washing with 3N  sulfuric acid, 
with 3N  sodium carbonate, and with water, dried with calcium chloride, 
and then distilled twice at atmospheric pressure—the second time imme
diately before use.

Polymerization Procedure
Catalyst was added to constricted test tubes prior to addition of ethylene 

carbonate either by direct weighing or as a solution in acetone, the latter 
removed at room temperature. The ethylene carbonate was partly out- 
gassed by solidifying slowly under vacuum, then admitting monomer 
and air. The mixture was frozen in liquid nitrogen, then alternately 
evacuated and flushed with nitrogen five times, then sealed. The sealed 
tube was stored in liquid nitrogen until needed. Polymerization was 
effected at 50 or 60°C. by shaking the tube until it was thoroughly mixed, 
then allowing the tube to remain completely submerged for the total 
reaction time. Reaction times are corrected for the time to reach thermal 
equilibrium. The reaction was stopped by pouring the mixture into well- 
stirred methanol. The polymer was washed with methanol and dried at 
70°C. overnight. In some cases salt had to be added to the methanol- 
polymer mixture to cause precipitation. The salt was removed by a 
water wash.

In one case, polymerization was effected in a “ball fall” tube, 1 in. in 
diameter and 6 in. long, which contained a steel ball. The ball could be 
raised to the top of the tube and aligned with the axis of the tube by an 
external magnet. The viscosity of the medium was estimated from the 
time t required for the ball of density a and radius r to fall a distance L 
thru the liquid of density p by means of the relation

v = [2(f -  P)gM/QL]F (15)
where g is the acceleration due to gravity and F is a correction due to wall 
and end effects (considered unity in the present case).10

Intrinsic viscosities of the polymers were determined in freshly distilled 
dimethylformamide at 25°C. in Cannon-Fenske viscometers. Solvent 
flow times in excess of 100 sec. were used so kinetic energy corrections were 
not made. For samples with intrinsic viscosities below 3.0 dl./g., eq. 
(16) holds to within 0.05 intrinsic viscosity unit.

f o ]  =  ( v s p / o ) / (  1 +  0.24?;^) (16)
This equation was used to evaluate some of the lower intrinsic viscosities,
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RESULTS AND DISCUSSION

Table I gives the conditions of polymerization, the conversion, and the 
intrinsic viscosity for each sample.

TABLE I
Preparation Conditions for PAN Samples Polymerized in Ethylene Carbonate (EC)

AN,
ml.*

EC,
ml.'

AIBN,
g-

Time of 
run, min.

Conversion,
67 /0

M.
01. /g.

Varying Monomer Concentration at 60°C.
16.14 33.05 0.2146 30 0.1365 2.56
6.96 42.70 0.2146 30 0.1360 1.60
5.41 44.31 0.2146 30 0.1148 1.36
4.43 45.34 0.2146 30 0.1083 1.14

Varying Initiator Concentration at 60°C.

9.72 39.79 0.08584 30 0.0747 2.79
10 40 0.0553 62 0.1364 3.10
10 40 0.2196 30 0.1422 2.13
10 40 0.2146 58 0.2564 2.01
10 40 0.0545 115 0.2401 3.03
10 40 0.00337 118 0.0446 5.53
10 40 0.1348 251 0.2257 4.15

Varying Initiator Concentration at 50°C.

10 40 0.003848 958 0.1848 8.06
10 40 0.003848 464 0.0938 8.20
10 40 0.01539 230 0.1055 6.47
10 40 0.06157 120 0.1204 4.65
10 40 0.1237 90 0.1364 3.81
10 40 0.2570 60 0.1317 3.14
10 40 1.0002 30 0.1360 1.97

Varying Monomer Concentration at 50°C.

16.23 32.97 0.2538 71 0.1641 4.01
16.23 32.97 0.2539 31 0.0690 4.17
7.00 42.54 0.2549 38 0.0748 2.51
7.00 42.54 0.2543 92 0.1814 2.33
5.62 44.15 0.2549 95 0.0897 1.98
5.62 44.15 0.2542 94 0.2149 1.71
4.60 45.17 0.2530 100 0.2148 1.42

a Measured at 25°C.
b Measured at polymerization temperature.

The rate of polymerization is plotted against monomer concentration 
[AN] at 50°C. in Figure 1 at constant initiator concentration. A straight 
line results which passes through the origin. Figure 2 shows a similar 
plot of the same data but against monomer concentration to the 1.5 power, 
as suggested by Thomas et al.3 The 1.5-order kinetics do not fit as well 
as first-order kinetics.
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A plot of log (—(i[M]/cfi) versus log [M] would show that an even 
better straight line would be obtained with an order of monomer con
centration of about 1.1. A 10% increase in the order of monomer con
centration is considered still to be a normal polymerization in the presence

Acrylonitrile, moles/liter

Fig. 1. First order polymerization kinetics of acrylonitrile in ethylene carbonate at 
50°. (AIBN) = 3.1 X 10 “2 moles/liter.

Acrylonitrile (moles/liter) 15

Fig. 2. Three-halves order polymerization kinetics of acrylonitrile in ethylene car
bonate at 50°. (AIBN) = 3.1 X 10~2 moles/liter.
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Fig. 3. Dependence of rate of polymerization upon catalyst concentration. Acrylo
nitrile = 3.0 moles/liter.

Fig. 4. Dependence of molecular weight upon catalyst and monomer. Concentration: 
X constant S/M, +  I constant, circled values at 50°C.
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of a solvent. Figure 3 shows the rate of polymerization versus the initiator 
concentration on logarithmic coordinates. Slopes of the lines are 0.6 
instead of 0.5 as expected. Through the 60°C. data, a line with a slightly 
more positive slope fits the data better, but it is not known at this time 
if the difference in order is significant. Therefore, it is assumed that the 
difference is negligible.

The intrinsic viscosity-molecular weight equation for polyacrylonitrile 
polymerized in ethylene carbonate is given in Part III of this series.7 
The number-average degree of polymerization was calculated from the 
intrinsic viscosity by assuming a 2:1 ratio for the weight-average to 
number-average molecular weight ratio. A straight line results when the 
reciprocal degree of polymerization is plotted against ( [la]/[M])7/2 when 
the solvent concentration is held constant. From this line, the constants 
in eq. (14) can be calculated if ki/k2 is assumed to be zero. These con
stants are listed in Table II. In eq. (14), it is arbitrarily assumed that 
the initiator varies as a 0.5 rather than a 0.6 power, in order that simplified 
kinetics may be used. Thomas, Gleason, and Pellon4 have assumed a
0.5 power, even though their data have more scatter than the present 
data. As a check on the transfer to solvent constant, a series of runs 
wei'e made at varying monomer concentration and constant initiator con
centration. The results are shown in Figure 4. Thomas, Gleason, and 
Pellon4 estimated that the chain transfer to monomer constant is 10-4 
at 50°C.

TABLE II
Kinetic Constants for Polymerization of Acrylonitrile in Ethylene Carbonate

Constant Value Temp., °C.

Energy of 
activation, 
kcal./mole

Transfer to  monomer,
ki/h2 ~ 0 50

60
Transfer to solvent,

fc/fe 0.073 X IO-4 50
0.128 X IO“4 60 0.11

-d[M iM /[A IB N ]»-6[M] 1.92 X 10 “ 50
4.92 X 10“2 60 20.2

Since a relatively simple mechanism of polymerization appears to exist 
in this system, it is of interest to examine the effect of higher conversions 
upon the kinetics. Equation (12) can be integrated to give

- In  (1 -  c) = [h/(2kz) lh] (2fk1[h])'Al

where c is the fractional conversion, (1 — [M]/[M0]), and t is time. Some 
results are presented in Figure 5. Clearly, first-order kinetics are followed 
to rather high conversions (71.5%).
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Fig. S. First-order plot of polymerization, of acrylonitrile to high conversion.

600

500

400

300

200

100

20 40 SD ao
%  conversion

Fig. 0. Viscosity as a function of conversion.
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In general, one expects the viscosity of the polymerization medium to 
influence the termination reaction, via the Tromsdorff or gel effect. In 
fact, Benson and North11 feel that under certain circumstances, the 
termination reaction is controlled even at very low viscosity values around
0.01 poise. To test whether the polymerizations conducted here were 
being influenced by the viscosity of the medium, a polymerization reaction 
was conducted in a ball fall tube10 and the viscosity was measured as a 
function of polymerization time. For eq. (15) to be exact, t must exceed 
20 sec., which was not the case for the present data except for the last 
two points. Nevertheless, the results are plotted in Figure 6 as calculated 
viscosity versus conversion. The dotted line is the estimated path of the 
missing points. Thus, there is no detectable effect of viscosity on the 
rate of polymerization.

This observation permits calculation of the effect of conversion upon the 
molecular weight as is considered in the next paper.6

CONCLUSION

Thus, it is apparent that in ethylene carbonate the polymerization 
follows the kinetics of eq. (12) at 50 and 60°C., with the exception of a 
slightly higher dependence on catalyst concentration. The inconsistencies 
noted in the beginning of this paper concerning the reactivity of the radical 
derived from ethylene carbonate are resolved. The ethylene carbonate 
radical apparently is highly reactive. This fact means that a relatively 
simple mechanism of polymerization can be used to describe the system.

The assistance of A Jr. R. F. Crafts is gratefully acknowledged.
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Résumé
La cinétique de polymérisation de 1’acrylonitrile initée par l’azo-bis-isobutyronitrile en

solution dans le carbonate d’éthylène, a été étudiée à 50 et 6()°C. La cinétique habituelle 
de la polymérisation en solution derrait s’appliquer dans ces conditions. La vitesse in
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itiale de polymérisation est déterminée en faisant varier la quantité d’initiateur et la 
concentration en monomère. La réaction est du premier ordre par rapport à la concen
tration en monomère et approximativement du 0.6-ordre par rapport à la concentra
tion en initiateur. Le radical libre provenant du carbonate d'éthylène (parenlève- 
ment d’un proton par une chaîne en croissance) peut apparemment réagir unique
ment avec un monomère pour initier une autre chaîne de polymère. Il n’entre pas dans 
la réaction de terminaison; c’est-à-dire que le solvant agit uniquement comme agent de 
transfer et comme diluant et n’affecte pas la vitesse de polymérisation en entrant dans 
d’autres réactions. Les réactions de transfert sont relativement peu importantes (le 
transfert sur monomère est négligeable, le transfert sur solvant est petit); cela résulte 
ce l’étude du degré de polymérisation, calculé à partir de la viscosité intrinsèque. Par 
conséquent des polymères de hauts poids moléculaires peuvent être obtenus. La réac
tion est du premier ordre à des taux de conversion élevés et est indépendante de la vis
cosité du milieu.

Zusammenfassung
Die Kinetik der mit Axobisisobutyronitril in Äthylencarbonatlösung gestarteten Acryl- 

nitrilpolymerisation wurde bei 50 und (i()°C. untersucht. Unter diesen Bedingungen 
sollte die einfache Lösungspolymerisationskinetik anwendbar sein. Die Anfangspoly
merisationsgeschwindigkeit wurde bei verschiedenen Starter- und Monomer-kon- 
zentrationen bestimmt. Die Reaktion ist erster Ordnung in bezug auf die Monomer
konzentration und angenähert von der Ordnung 0,6 in bezug auf die Starterkonzentra
tion. Das vom Äthylencarbonat abgeleitete freie Radikal (Wasserstoffentzug durch eine 
wachsende Kette) kann offenbar nur mit Monomeren unter Start einer neuen Polymer
kette reagieren. Es beteiligt sich nicht an der Abbruchreaktionen. Das Lösungsmittel 
wirkt also nur als Überträger und Verdünnungsmittel und hat keinen Einfluss auf die 
Polymerisationsgeschwindigkeit durch etwaige Beteiligung an anderen Reaktionen. Die 
Übertragungsreaktion hat verhältnismässig wenig Bedeutung (Übertragung zum Mono
meren ist vernachlässigbar; Übertragung zum Lösungsmittel ist klein), wie eine Unter
suchung des aus der Viskositätszahl berechneten Polymerisationsgrades zeigt. Es kann 
daher ein ziemlich hohes Molekulargewicht erhalten werden. Die Reaktion ist bis zu 
hohen Umsätzen von erster Ordnung und von der Viskosität des Mediums unabhängig.

Received May 11, 19G4
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Polyacrylonitrile Prepared in Ethylene Carbonate 
Solution. II. Kinetics at High Conversion*

L. H. PEEBLES, Chenistrand Research Center, Inc., Durham, North Carolina

Synopsis
The first paper in this series has shown that when acrylonitrile is polymerized in ethyl

ene carbonate, the transfer-to-monomer reaction is negligible, and the solvent acts only 
as a diluent and as a transfer agent. Furthermore, the rate of polymerization is first- 
order to quite high conversions, even though there is a concomitant high viscosity of the 
polymerization media. These observations permit calculation of the effect of conversion 
on the average molecular weight of the polymer. The constants of this calculation were 
evaluated from low conversion polymerizations and applied to the case of high conversion. 
The measured weight-average molecular weights as a function of conversion agree with 
the calculation and indicate that transfer-to-polymer reactions are probably very small. 
Hence, the extent of branching in polyacrylonitrile prepared in solution is also very small, 
even at high conversions.

INTRODUCTION
The kinetics of polymerization are rarely studied above a few per cent 

conversion because, first, the usual assumption of steady state is no longer 
tenable; second, in undiluted monomer, the rate of polymerization gen
erally accelerates quite rapidly owing to the gel effect or Tromsdorff effect, 
after a few per cent conversion; and third, interaction with the formed 
polymer is usually neglected but can be of importance, i.e., it leads to 
branching reactions. The formation of branches in a polymer is generally 
assumed to be repressed by polymerization of the monomer in a solvent 
at low conversion and temperature. As will be seen in the theoretical 
section, the equations describing the distribution of molecular weights 
become quite complicated even when just the monomer is allowed to vary 
with time without allowing the rate of initiation to vary with time. In 
the work to be described, it will be assumed that a constant rate of initia
tion exists, even though in fact the rate of initiation varies as exp{ — kit] 
where kx is the first-order rate constant for initiator and t is the time. 
I t has already been shown that the rate of polymerization of acrylonitrile 
(AN) in ethylene carbonate (EC) is not viscosity-dependent over the range 
of 0.01-600 poises when the so 1 vent-to-1 no non i er ratio is approximately
4.0. It has also been established that the rate of polymerization depends 
upon the first power of monomer concentration up to rather high conver-

* Presented in part at the 18th Congress of Pure and Applied Chemistry, Montreal, 
Canada, August 1961.
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sion.1 The latter observation shows that the solvent EC enters into the 
rate expression as a diluent only, and does not complicate the mechanism 
of polymerization. Thus, the system AN-EC-AIBN (AIBN is the 
catalyst azobisisobutyronitrile) has the virtues of being a much simpler 
system than usually encountered. Further, very high molecular weight 
polymers can be prepared from which it should be possible to detect 
branch formation if it occurs to an appreciable extent.

MOLECULAR WEIGHT DISTRIBUTIONS AND AVERAGE 
MOLECULAR WEIGHTS AT HIGH CONVERSION

The derivation of the molecular weight distribution is based on the 
assumed kinetic model. These distributions contain various functions 
of the specific rate constants of polymerization, which, if independently 
evaluated, can then be used to predict the distribution of molecular weights, 
or various averages of the molecular weight distribution. For the most 
part, the derivations are adequately described in the literature2'3 and will 
not be repeated here. The kinetic scheme is presented in eqs. (l)-(8), 
where I2 is the initiator, Rs-, denotes radicals containing s units which 
includes initiator and/or solvent fragments; M is monomer; P3 is con
centration of polymer containing s units; T-, is solvent radical; and T2 
is a dimerization product of two T- radicals.

Initiation:
i k\

J L -*■ 2RC •
) ki
(IV + M -» Rs- (1)

Propagation :

Us- + M Ì  IV
(IV F M —► Rs+r (2)

Termination by recombination :

Rs- + Rt- i  P6+t (3)
Termination by disproportionation:

Rs- + Rt- —P> + Pt (3)'
Transfer to monomer:

Rs- + M -Ìp„ + R,- (4)
Transfer to solvent:

Rs- + s i p ,  + T- (5)
Reinitiation by solvent :

T- + M Ì  Rr (6)
Solvent termination:

ki
T- + Rs- — PsH, (7)

Solve]11 diinerizatio]) :
leu

2T- ->T-, (X)
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The preceding paper1 showed that reaction (7) does not occur appreciably 
in the polymerization of AN in EC, because the rate of polymerization is 
dependent upon monomer to the 1.0 power. This reaction therefore 
will be neglected. In neglecting this reaction, we immediately imply 
that the solvent acts as a diluent and transfer agent only and does not 
slow down t,he rate of polymerization by entering into other reactions. 
Reaction (8) will be neglected for the sake of mathematical simplicity 
only. In most kinetic analysis this reaction can be validly neglected 
except at high dilution. It is also known that transfer-to-monomer 
reaction (4) does not occur to an appreciable extent in AN polymeriza
tion, but this reaction will be retained in the general scheme until it is 
necessary to neglect it in order to obtain analytical expressions for the 
distribution functions. Thus, the expressions below are perfectly general, 
providing that reactions (7) and (8) may be neglected.

Distribution Equation for Invariant Monomer Concentration

In this kinetic scheme, we consider only reactions (1), (2), (3), (3)',
(4), (5), and (6). Then if monomer concentration is not allowed to vary, 
the molecular weight distribution is given by1

Pr
AM

MM. (i -  £ )r_1 I m m j  +  *»[s] +
"l‘A

_2 (ka +  k$')_

where

X ( r  -  1 ) (1 -  0 
£

£ =  f e [ M ] / { f a [ M ]  +  fc4 [ M  ] +  M S ]  +  [21 ( h  +  M ) ] v *}

(9)

(10)

and AM is the amount of monomer converted into polymer, and /  is the 
rate of initiation. Now if termination proceeds by disproportionation 
only, k3 = 0 and eq. (9) can be written as

Pr = ,4 1 4  (! -  Ô M M M ] +  MS] +  (2/M)V‘}/C 2 [M J

=  ^  (1 -  £)2£r - I { M ^ 'l ]  +  M M ]  +  M S ]  +  (27 V ) I/!]
/C‘2 [Ai J

= AM (1 -  (11)

for long chains, where the first term in braces is by far the largest one. 
This equation is exactly the same equation which can be derived on a 
statistical basis (see Flory4*) and is known as the “most probable” dis
tribution.

To obtain the weight-average and number-average molecular weights, 
one needs to recall the definitions of these averages

Mn = m rWr/ m r = W02rPT/2 P T

m w = m Tw ry m Tw , = w 0̂ p r/xrP r

(12)

(13)
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where Mn and Mw are the number-average and weight-average molecular 
weights, respectively; and W$ is the molecular weight of the monomer. 
The weight-average and number-average molecular weights are then, for 
invariant monomer concentration:

w M m

A ' i [ M  • +  % [ S ]  +
I

(k3 +  2V)_2(fc3 +  k3')_

W S h \m {h \M ]  +  fcs[B]+[7/2(fc, +  fc3')]‘A(3A-3 +  2/c3') } 
\ H M ]  + h[S] +  [27(fc* +  fc,')]'7’}2

(14)

(15)

Distribution Equation When Monomer Concentration Varies, Transfer to
Monomer Zero

In this case, the expression for PT cannot be found analytically for 
termination both by recombination and by disproportionation if the 
transfer-to-monomer reaction is not zero. However, if = 0, then2

Pr =

where

1 -  a [2/(fc, +  fc,')]'7») j f  j ^ _ Y T
2 fc2 f l \  +  [Mo]/

M \ - r) m(1 -  x) [2/(fc3 +  fc,')]'A j _ l  f  y
[M ]/ J 2 h  l  [M0] V [M0]/

“  [M] i 1 +  IM ]) I  (10)

M = {fcs[S] +  [21 (k z+ k 3’) f V h  (17)
* = feV fo +  *:»') (18)

and the average molecular weights can be obtained by direct summation, 
which for long chains gives2

M  = _____________ Wofc2([M0] -  m i)__________
* In ([M0]/[M]){fc5[S] +  [7/2(fc, +  h ' ) ] ' ^  +  2*7)} 

_ _  \¥nk->( j M c I +  [M]){fcs[S] +  [7/2(fc3 +  fc3') ] "QlA’a +  2*3̂ )} 
” ~  {fc,[S] +  [27(fc, +  fc3')]v7  ’’

(19)

(20)

These equations are the same as eqs. (14) and (15) in the limit [M0] = [M] 
and fc4 = 0.

Thus, from eq. (20), as monomer is consumed, the weight-average 
molecular weight should decrease linearly if the solvent concentration and 
the rate of initiation are held constant. Further, it should be possible to 
compare the kinetic results with those obtained from light-scattering 
measurements on the same polymers.

PREPARATION OF SAMPLES

The polymer samples were prepared as described in Table I of Part Id 
Light-scattering determinations of the weight-average molecular weight
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were determined as described in Part III.5 The results are tabulated 
in Table I.

TABLE I
Effect of Conversion on Molecular Weight of PAN

Conversion, % M. dL/g.‘ M „  X 10

6.90 3.21 4.27
6.90 3.18 —

14.81 3.04 4.17
27.13 2.93 3.96
46.78 2.91 4.00
71.53 2.56 3.05

* Measured in DMF at 25°C.

EVALUATION OF KINETIC CONSTANTS

The intrinsic viscosity-weight-average molecular weight equation for 
ethylene carbonate-polymerized polyacrylonitrile in dimethylformamide 
at 25 °C. is5

h i = 6.98 X 10“4 Afw0-645

Further it is obvious from Figure 1 of Part III5 that conversion has no 
effect upon this equation.

Examination of eqs. (14) and (15) shows that the various kinetic con
stants can be evaluated provided that the mode of termination is either 
known or assumed, and provided that the conversion is kept sufficiently 
low. If termination is solely by disproportionation, h ', M w/M n = 2. 
If termination is solely by recombination, kh and further if the transfer 
terms fc4 [M ] and kb [S ] are then negligible when compared to the initiation 
term Ik s/2, then Mw/M n = 1.5. If, however, the transfer terms fc4[M] 
and fc5[S] predominate, then M w/M n = 2 again. For the intermediate 
case, between the extremes, Mm/M n will be between 1.5 and 2.0, and will 
vary with initial conditions.

In this work, it is first assumed that all termination is either pure dis
proportionation or pure recombination. The number-average molecular 
weight was calculated by assuming first that for recombination Mw/M n =
1.5, calculating the reciprocal number-average degree of polymerization 
l/P„ and plotting l /P n versus [I2]‘A/  [M] to evaluate the kinetic constants, 
eq. (14) with the assumption that fc4 = 0. These constants were then 
inserted in the Mw/M n equation, a new ratio was determined, and new 
values for the kinetic constants evaluated. The results are shown in 
Figure 1, where the lower solid line is calculated for termination by re
combination. The upper solid line is calculated for termination by dis
proportionation. The dashed line of Figure 1 is the second calculation 
for termination by recombination. The data for Figure 1 were obtained 
from Part I.1

From the intercept, /e5[S]/fco[M] = 0.29 X 10~4, the transfer constant
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Fig. 1. Evaluation of constants of Equation 4 for acrylonitrile in ethylene carbonate 
at 50°C. Upper solid line is calculated from termination by disproportionation. The 
lower solid line is calculated from termination by recombination. The dashed line is 
the second calculation for termination by recombination.

to ethylene carbonate is found to be 0.073 X 10-4 at 50°C. The slope for 
disproportionation is = 3.46 X 10^2 (moles/liter)1' 2 and
the slope for recombination is {jk-Jc^'/ki = 2.62 X 10~3 (moles/liter)I/!. 
These values will be used in eq. (20) to evaluate the effect of conversion 
upon molecular weight. The intercepts and slopes are identical to the 
work reported in the first paper of this series,1 even though a standard 
value of 2.0 was taken for Mw/M n.

EFFECT OF CONVERSION ON THE MOLECULAR WEIGHT

It is seen that either of the two sets of kinetic constants must give the 
same dependence on the conversion. The dependence is shown in Figure 
2, where the ordinate is the calculated molecular weight. The abscissa 
is the extent of conversion and the data points are taken from Table I. 
They further are in agreement with the theoretical effect on conversion. 
Also, there is no apparent effect of conversion upon the intrinsic viscosity- 
molecular weight equation as shown in Part III.5 All these facts point 
to the obvious statement that in a well-behaved system such as the one 
examined here the results are well behaved.

Bamford, Jenkins, and Johnson6 and also Bevington and Eaves7 have 
shown that termination is by recombination rather than by disproportiona
tion. This is in agreement with the observation that the transfer-to- 
monomer and the transfer-to-polymer reactions are negligible because 
all three reactions involve proton transfers.

By comparison with the formulas derived earlier, it is possible, however, 
to show that if the transfer-to-monomer and the transfer-to-polymer 
reactions are of equal velocity, then no new molecules would be formed 
during the course of polymerization owing to initiation of the transfer-to-
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Conversion

Fig. 2. Influence of conversion upon molecular weight of polyacrylonitrile. The 
circles are experimental points from Table I. The solid line is that calculated from the 
results of Figure 1.

polymer type reaction. If these two reactions do occur and are small, 
the effect on the conversion, similar to Figure 2, cannot be determined 
experimentally. Furthermore, branching reactions would become ap
preciable only at high conversion.41’ If, however, the transfer reactions 
are appreciable, not only would a different slope be obtained in Figure 2, 
but also transfer reactions would be observable from such plots as the 
reciprocal degree of polymerization versus the square root of catalyst 
concentration divided by monomer. The conclusion is, therefore, that 
unless transfer to polymer is very different from transfer to monomer, 
neither reaction occurs appreciably in the solution polymerization of 
acrylonitrile.

It has been assumed that one reason that stereospecific acrylonitrile 
could not be obtained is that the hydrogen atom a to the nitrile group is 
labile and can form an imide with the nitrile as shown in (21)

Hi
N

1
N N
II %

H C C C H
\  /  ^ II -  \  /

C c C
/  \ /  \ /  \

c h 2 c h 2™ ~vCH2 c h ,.~  •'"'CH, Cl

If this hydrogen is labile, then transfer to polymer should occur but it 
was not evident in this work. Therefore, it must be concluded that the 
above mechanism does not explain why stereospecific polyacrylonitrile 
is difficult to obtain.

CONCLUSION

Reactions which involve a transfer of a proton from acrylonitrile, 
polyacrylonitrile, or the growing free radical to a free radical are at a
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minimum in the solution polymerization of acrylonitrile. If these reactions 
are neglected in the kinetics of the polymerization, then there is a linear 
dependence of the weight-average molecular weight upon the extent of 
conversion. Measurements on samples obtained at different extents of 
conversion confirm this dependence. Hence, there should be very little 
branch formation in polyacrylonitrile prepared in solution at 50°C.

Mr. R. F. Crafts performed the polymerizations and determined the molecular pa
rameters.
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Résumé
Le premier article de cette série montrait que, lors de la polymérisation de l’acryloni- 

trile dans le carbonate d’éthylène, la réaction de transfert sur monomère est négligeable 
et le solvant agit seulement comme diluant et comme agent de transfert. De plus la 
vitesse de polymérisation est du premier ordre jusqu’à des degrés de conversion assez 
élevés même lorsque le milieu de polymérisation devient très visqueux. Ces observations 
permettent le calcul de l’effet du degré de conversion sur le poids moléculaire moyen du 
polymère. Les constantes intervenant dans ce calcul ont été déterminées à partir des 
données pour la polymérisation à basse conversion et appliquées à des taux de conversion 
élevés. Le poids moléculaire moyen calculé en fonction du degré de conversion est en 
accord avec le poids calculé et indique que las réactions de transfert sur polymère sont 
probablement très peu nombreuses. Donc le degré de ramification du polyacrylonitrile 
préparé en solution est également très faible même à dex taus de conversion élevés.

Zusammenfassung
In der ersten Mitteilung dieser Reihe wurde gezeigt, dass bei der Polymerisation von 

Acrylnitril in Äthylencarbonat die Übertragung zum Monomeren vernachlässigbar ist 
und das Lösungsmittel nur als Verdünnungsmittel und Überträger wirkt. Ausserdem 
ist die Polymerisationsgeschwindigkeit bis zu recht hohen Umsätzen von erster Ordnung, 
obwohl das Polymerisationsmedium eine hohe Viskosität entwickelt. Diese Beobach
tungen erlauben eine Berechnung des Einflusses des Umsatzes auf das mittlere Moleku
largewicht des Polymeren. Die Konstanten für diese Berechnung wurden aus Poly
merisationsversuchen bei kleinem Umsatz ermittelt und auf den Fall des hohen Umsatzes 
angewendet. Der als Funktion des Umsatzes gemessene Gewichtsmittelwert des Mole
kulargewichts stimmt mit der Berechnung überein und zeigt, dass wahrscheinlich die 
Übertragung zum Polymeren sehr gering ist. Daher ist das Ausmass der Verzweigung 
bei in Lösung dargestelltem Polyacrylnitril sogar bei hohem Umsatz ebenfalls sehr klein.

Received May 11, 1964
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Polyacrylonitrile Prepared in Ethylene Carbonate 
Solution. III. Molecular Parameters*

L. H. PEEBLES, Chemstrand Research Center, Inc., Durham, North Carolina

i

Synopsis
The intrinsic viscosity-molecular weight equation for polyacrylonitrile polymerized 

in ethylene carbonate by an azo catalyst is [ij] = 6.98 X 10~4 ,M„,0-645=fco-W6 dl./g. a t 25°C. 
in DMF. The flexibility of the chain is found to be between that of poly(vinyl acetate) 
and a polycarbonate. The intrinsic viscosity decreases as the temperature is increased. 
This is shown to be due to two processes which occur simultaneously: A decrease in the 
polymer radius and an increase in the polymer-solvent interaction. The decrease in the 
radius overrides the increased solvent attraction. Comparison of the data with those of 
Fujisaki and Kobayashi suggests that polymers prepared by the aqueous redox and the 
homogeneous azo polymerization processes are different.

INTRODUCTION

Previous work on the determination of the weight-average molecular 
weight of polyacrylonitrile by light-scattering techniques indicated that 
the polymer contained a considerable amount of branching because of the 
presence of microgel.1 The polymers thus examined were prepared by 
heterogeneous polymerization carried to quite high conversions. Recent 
work2 3 has shown that homogeneous polymerization of acrylonitrile in 
ethylene carbonate produces a white polymer with a very low amount of 
fluorescence in contrast to the more highly colored and more fluorescent 
solutions examined earlier. These whiter polymers require fewer correc
tions and introduce less error in the light-scattering determination of the 
molecular parameters.

EXPERIMENTAL

The polymers were prepared as described in Part I.2 Light-scattering 
determinations were made in a Brice-Phoenix light-scattering photometer 
which had been modified according to Dandliker and Kraut4 to permit 
ultracentrifugation of the solutions directly in the light-scattering cells. 
This method effectively eliminates disturbances caused by dust. The 
nosepiece slit system was modified so that the phototube did not see 
beyond the edges of the incident light beam.5 The intensity of fluoresced

* Presented in part a t the 18th Congress of Pure and Applied Chemistry, Montreal, 
Canada, August 1961.
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light was subtracted from the total observed light intensity by the pro
cedure of Brice, Nutting, and Halwer/' The photometer was calibrated 
by 0.5% Cornell Standard polystyrene in toluene with an assumed turbidity 
of 0.00352 o u r 1 for 430 mp light. The value of II was calculated to be
2.00 X 10-®. The Zimm-type diagrams were treated by a least-squares 
procedure to estimate the value for zero concentration at each angle. These 
estimates were then used to estimate the intercept at zero angle, again by a 
least-squares procedure.

Viscosity measurements were performed in Cannon-Fenske viscometers 
at 25°C. in dimethylformamide (DAIF). The solvent flow times were 
greater than 100 sec., so kinetic energy corrections were not applied.

Dimethylformamide (DMF) was purified by distillation at atmospheric 
pressure.

TABLE I
Molecular Parameters of PAN Samples Polymerized in Ethylene Carbonate

Conversion,
dl./g. M „  X 105 R„ A. Ä2 X lO4 %

Polymers polymerized to low conversion at 50°C.
7.51 13.8(14.8) 886 (820) 9.5 (12.3) 10.7
6.80 13.8 878 12.9 10.9
6.14 12.2 812 11.9 11.6
4.20 7.46 618 14.3 12.7
3.21 4.27 436 16.1 6.9
3.04 4.17 430 — 14.8
1.22 1.14 237 21.0 20,4

Polymers polymerized at various conversions at 50°C.
3.21 4.27 436 16.1 6.9
3.04 4.17 430 15.4 14.8
2.93 3.96 404 18.4 27.1
2.91 4.00 437 — 46.8
2.56 3.05 358 14.7 71.5

Polymers polymerized to low conversion at 60°C.
8.31 23.0 1144 11.6 12.2
6.14 16.4 948 13.5 11.6
2.79 4.59 464 18.4 7.5
1.57 1.59 216 19.4 25.8
1.19 0.996 246 17.8 10.6
1.09 0.824 207 15.8 23.2

Polymers prepared at 80°C.; each sample reacted for 1 hr.
5.39 11.6 768 14.8 4.3
5.05 11.3 813 15.1 11.3
2.69 3.96 416 17.6 19.3
2.56 3.06 387 15.8 22.1
1.45 1.48 275 18.4 23.0

Polymer polymerized at 39 °C.
5.32 11.5 797 14.4 10.3
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RESULTS

Table I presents the results of this investigation. The 2-average radius 
of gyration was computed from the formula

Rg2 = 3X2 (slope)/l()»27r2 !intercept) (1)

The second virial coefficient, A2, was evaluated at 90°C.

DISCUSSION

Table I and Figure 1 contain data obtained from polymers prepared 
at 50, 60, and 80°C. in ethylene carbonate. The intrinsic viscosity- 
weight-average molecular weight equation* is

[v] = 6.98 X 10~4 jT̂ .645-0.036 (2)

(in deciliters/gram) at 25°C. in DMF.
Figures 2-4 show (Rz)2, (Rz)3/[y], and A2 plotted against Mw. In all 

cases, after eliminating those values below a molecular weight of 3 X 105,

Mw
Fig. 1. Intrinsic viscosity-weight-average molecular weight data for polyacrylonitrile 

prepared in ethylene carbonate.

each plot is reasonably linear in molecular weight. Further, the slope of 
the (RzY/[y] versus Mw plot (Fig. 3) after correction for polydispersity,7 
predicts a Flory $ parameter of 2.5 X 1021 which is in excellent agreement 
with the general literature. The plot of Rz2 versus Mw (Fig. 2) does not 
intersect the origin because Rz2 is in fact proportional to Mw1+\  where

* Earlier conclusions on this work were reported in reference 8. In the abstract it was 
stated that the polymer prepared at 60°C. followed a different viscosity-molecular weight 
equation from the polymers prepared at 50°C. Examination of the composite data at 
50, 60, and 80°C. shows that the earlier conclusion is incorrect.
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Fig. 2. Dependence of the square radius of gyration upon the molecular weight. Poly
mers were prepared at 39°, 6 ; 50°, O; 60°, • ;  80°, X.

Fig. 3. Dependence of (RJVfo] upon molecular weight. The slope is proportional to 
the Flory constant 4>. Symbols described under Figure 2.

e differs from zero because the measurements were not made in a theta 
solvent. The value of e is 0.15 for the data in Table I.

It would be interesting to compute (Rz2/M w)0 for theta conditions, in 
order to determine the stiffness of the chain. The values of A 2 and Mw 
are too large to permit direct calculation of either |tj]0 or (Rz)e by the 
theories of Krigbaum,9 Orofino and Flory,10 Ivurata and Yamakawa,11 
and by Zimm, Stockmayer, and Fixman.12 Examination of fractions 
would not give any better results because the primary effect is that of 
A 2 and Mw, not of polydispersity.
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Fig. 4. Dependence of the second virial coefficient upon the molecular weight.

With the above comments kept in mind, it is instructive to compare 
the calculated root-mean-square separation of the chain ends (r02)'/2 for 
a series of different polymers at a given and sufficiently low molecular 
weight under theta conditions. Polycarbonate is a fairly “stiff” molecule 
but less so than that of the polysaccharides. Poly(vinyl acetate) is con
sidered a fairly flexible molecule. Since Rz is the radius of gyration, it 
must be converted to r0 by

(r?)‘A = V & IU z  +  !)/(* +  2) (3)

where z is a measure of the breadth of the molecular weight distribution. 
For these polymers, z is approximately unity and therefore (r02) ' ! is just 
2Rz. The theory of Zimin, Stockmayer, and Fixman12 predicts that near 
theta conditions

(r0f A = (r2)V2 -  2.2 X 10-»A *# ,*  (4)

where r is in centimeters and At is in cm.3-mole/g.2. Since Rz has been 
shown to depend on M' u, the effect of e must be eliminated by application 
of eq. (5)

= (F’)[l +  (5e/6) +  (c2/6)] (5)

Examination of Table II shows that the stiffness of PAN lies between that 
of polycarbonate and that of poly (vinyl acetate).*

Essentially the same value (r2)corr is obtained by the application of the 
Stockmayer-Fixman13 relation

[V\/M '/2 = K e +  0.51<T>/TI/Vs
* The author is indebted to Dr. H. A. Ende for pointing out the above approach.
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TABLE II
Values of (r2)‘'/!cotr for il/„ = 106

Polymer Solvent
A2 X 10s, 

cm.3-mole/g.2
( r 2 ) ‘A ,

A.
( r 2 ) ‘A c o m

A.

Polycarbonate11 T etrahydrof u ran 0.84 460 429
Polycarbonate Methylene dichloride 1.16 520 488
Cellulose trinitrateb Ethyl acetate 3.3 — 447

Acetone 2.6 — 3 7 6

Polyacrylonitrile DMF 1.45 413 338
Poly(vinyl acetate)0 Butanone 0.5 245 243

a Data of Schulz and Horbach.17 
b Data of Krigbaum.18 
0 Data of Shultz7 and Howard.19

to the data. Here, K e is the constant in the equation

h i  =  Kf f M '^ a 3

when the expansion coefficient a is unity, and further

K e = <i>(r7/M)V!

In the present case, for <E> = 2.8 X 1021, K e = 3.46 X 10~3, and B =
1.04 X 10~25, all units are expressed in deciliters per gram. The data of 
Fujisaki and Kobayashi14 can be analyzed in a similar manner. The 
results are K 0 = 3.55 X 10“3, B = 4.36 X 10~25.

Both sets of data give the same K 0 value, within experimental error, 
but different B values. This discrepancy is attributed to the fact that 
Fujisaki and Kobayashi found a different [ri)-Mw relation from our relation.

Hunter15 has shown that the intrinsic viscosity of PAN decreases with 
an increase in temperature.

The intrinsic viscosities of two polymers of different molecular weights 
have been measured at 0 and 60°C. (Table III). Both values of K e are 
below the average value given earlier for 25°C. but are consistent within 
themselves; because we are interested in the influence of temperature on 
K 0 and not in the best value of K e, the discrepancy is not important for 
the argument. The value of K e is found to decrease with an increase in 
temperature whereas the expansion coefficient increases as temperature 
increases. Thus, there are two opposing effects: an increase in the 
polymer-solvent interaction, as shown by the increase in a, and a decrease 
in polymer-polymer repulsion, as shown by the decrease in K e , both of 
which occur with an increase in temperature. The increasing flexibility 
of the molecule overrides the expansion coefficient, and hence the intrinsic 
viscosity decreases with increasing temperature. Thus, at room tempera
ture and below, the PAN molecule is fairly stiff, but becomes more flexible 
at higher temperatures.

In another paper16 Fujisaki and Kobayashi present intrinsic viscosities 
of various fractions of PAN measured in different solvents and at various
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TABLE III
Influence of Temperature on Intrinsic Viscosity of PAN in DMF

M,
dl./g. M w X 106

Temp., 
°C.» M e a 3

1.56 0.159 0 1.035 1.48
1.31 0.159 60 0.676 1.90
2.97 0.396 0 1.63 1.80
2.62 0.396 60 1.068 2.46

"K b  = 2.6 X 10-3 at 0°C., K b = 1.7 X 10 3 a t 60°C.

temperatures. Because the molecular weights of the fractious presented 
in their tables were calculated from the expression for the viscosity in 
DMF at 35°C.:

b] = 3.17 X 10-W „0-750

a plot of W]/M'/2 versus M'/! is, of course, curved. If the curvature of 
the data is ignored, their results also show that r02 decreases and a increases 
as the temperature of the solution is increased.

The PAN samples used by Fujisaki and Kobayashi were obtained by 
fractionation of polymers prepared by redox catalysts in aqueous sus
pension. The polymers in the present study were prepared by an azo 
catalyst in ethylene carbonate solution. Fujisaki and Kobayashi have 
suggested that polymers prepared by different procedures may indeed 
follow different intrinsic viscosity-molecular weight equations. The 
samples prepared in ethylene carbonate exhibit a higher molecular weight 
and a higher radius of gyration for a given intrinsic viscosity than the 
aqueous redox samples. An apparent higher molecular weight could 
occur because of differences in calibration. However, instrument con
stants should not influence either the intrinsic viscosity or the radius of 
gyration. Therefore, it appears that a real difference exists between these 
samples. The nature of this difference is difficult to visualize because 
most of the normal causes for this behavior apparently are not important 
in polyacrylonitrile: (1) no direct evidence exists for variations in the 
stereoregularity; (2) the amount of both long and short chain branches 
should be at a minimum because of the kinetics of transfer reactions;
(3) variations in the concentration of head-to-head configurations are 
relatively unimportant in other polymers; (4) possible copolymerization 
with the solvent can be excluded on the basis of the kinetics and the infra
red spectra of the polymer; and (5) any considerable amount of 1,4 poly
merization should be apparent from the infrared spectra and should be 
possible to demonstrate by hydrolysis.

The able assistance of Dr. W. L. Hunter and Mr. R. F. Crafts in obtaining the data 
and Mr. P. R. Saunders and Dr. H. A. Ende for many helpful discussions is gratefully 
acknowledged.
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Résumé
L’équation qui relie la viscosité intrinsèque au poids moléculaire du polyacrylonitrile 

polymérisé dans le carbonate d ’éthylène au moyen d'un catalyseur azo est la suivante: 
(rj) = 6.98 X 10" W k,0-645 * 0-036 dl/g à 25°C dans le DMF. On trouve que la flexibilité 
de la chaîne se situe entre celle de l’acétate de polyvinyle et d’un polycarbonate. La vis
cosité intrinsèque diminue par augmentation de la température. Cela est du à deux 
processus qui ont lieu simultanément: une diminution du rayon du polymère et une 
augmentation de l’interaction polymère-solvant. La diminution du rayon est supérieure 
à l’augmentation d’attraction du solvant. La comparaison des résultats avec ceux de 
Fujisaki et Kobayashi suggère que les polymères préparés par polymérisation redox en 
milieu aqueux et par polymérisation avec un catalyseur azo en milieu homogène sont 
différents.

Zusammenfassung
Die Viskositätszahl-Molekulargewichtbeziehung für in Äthylencarbonat mit einem 

Azostarter hergestelltes Polyacrylnitril lautet [77] 6,98 X 10~4A// II»,«45±(I,UM dl./g. bei 
25 °C. in DMF. Die Biegsamkeit der Kette liegt zwischen der von Polyvinylacetat 
und einem Polycarbonat. Die Yiskositätszahl nimmt mit steigender Temperatur ab. 
Das wird auf zwei gleichzeitig verlaufende Prozesse zurückgeführt. Eine Abnahme des 
Polymerradius und eine Zunahme der Polymer lösungsmittelwechselwirkung. Die 
Abnahme des Radius überweigt die erhöhte Lösungsmittelznziehung. Ein Vergleich 
der Ergebnisse von Fujisaki und Kobayashi zeigt, dass sich die mit einem wässrigen 
Resoxsystem dargestellten Polymeren von den im homogenen Azopolymerisationsprozess 
unterscheiden.

Received May 11, 1964



JOURNAL OF POLYMER SCIENCE: PART A VOL. 3, PP. 369-387 (1965)

An Improved Method of Calculating Copolymerization
Reactivity Ratios*

PAUL W. TIDWELL and GEORGE A. MORTIMER, Monsanto 
Company. Texas City, Texas

Synopsis
A nonlinear least-squares method for solving for r, and r2, the ©¡polymerization re

activity ratios, is explained. This new method is superior to all other methods that 
have been used heretofore in the following ways: (7) a unique pair of values is obtained 
which does not depend on the judgment of the person examining the data; (2) this pair 
of values can be shown mathematically to be the best pair obtainable from the data at 
hand; (3) the errors are quantitatively defined in meaningful terms; and (4) the data 
are checked to see how well they fit the copolymer equation. A basis for selecting ex
perimental conditions which will provide data from which precise values of the reac
tivity ratios can be obtained is explained, and experimental conditions appropriate for 
obtaining these precise values over a wide range of rj, r2 values are presented in tabular 
form.

INTRODUCTION

During the course of copolymerization studies at this laboratory and else
where,1 it became evident that the existing methods for computing the 
copolymerization reactivity ratios were not entirely satisfactory. We were 
cognizant of the existence of four methods for computing these ratios; 
for convenience sake we have denoted these methods as (1) approxima
tion, (2) curve fitting, (3) intersection, and (4) linearization. While each 
of these methods is different, they all share the common failing of relying 
on a subjective weighting of the data in the evaluation of the reactivity 
ratios. As a consequence of a subjective weighting process, different 
observers, in evaluating the same data, may obtain similar but different 
values for the reactivity ratios, even when they use the same method. 
Further, the existing methods provide no means of establishing how well 
these reactivity ratios are determined, i.e., they furnish no quantitative 
error limits for the computed values.

It is the intent of this paper to discuss and illustrate a method for cal
culating the copolymerization reactivity ratios which circumvents the 
difficulties inherent in the other methods. We shall also show that this 
calculation procedure complements the existing and accepted experimental 
procedures.

* Presented in part at the 145th National Meeting of the American Chemical Society,
Division of Polymer Chemistry, New York, September 8-13, 1963.
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EVALUATION OF EXISTING PROCEDURES

In the discussion to follow, we have adopted the following notation (where 
u = 1,2): M u = the mole fraction of monomer u in the reaction system, 
mu = the mole fraction of monomer u in the polymer composed entirely 
of the two monomers, and ru = the monomer reactivity ratio.

It is clear that for an equation involving mu m2, M u M2, and r2 such 
as equation (3) below, permuting the subscripts 1 and 2 yields an equation 
which is equally valid, hence the ensuing discussion will be limited to a 
single case.

The Approximation Method
The approximation method depends on the fact that at low concentra

tions of M2, the composition of the copolymer is almost entirely dependent 
on ri. Under these circumstances,

?’i ~  M2/m2 (1)

While a single experiment will provide an approximate value for rh the 
limitations of this method arc numerous. Extremely sensitive analyti
cal procedures are required to determine the quantity m2 of the copolymer. 
If f„ < 0.1, or ru > 10, the computed ru will be seriously biased. The 
method is also based on the assumption that the system under study obeys 
the usual copolymerization mechanism, and provides no means of independ
ently evaluating the validity of this assumption. The method is valuable, 
however, since it permits the experimenter to quickly obtain approximate 
values for rx and r2 when the Q and e values2 for one or both of the monomers 
are unknown.

The Curve-Fitting Method
This method, discussed in detail elsewhere,3 is based on the copolymer 

composition equation [eq. (2) below]. It is based on the assumption that 
if the experimental conditions are such that the monomer concentrations 
do not change appreciably, and if the polymer is of adequate molecular 
weight, then eq. (2) can adequately be represented by eq. (3).

(LUy/dM* = +  yl/2)]/[il/2(r2M2 +  M x)] (2)

rm / rn , =  ( n M i2 +  M i M d / f a M t *  +  M i M , )  (3)

This method consists of preparing a graph of the observed concentration 
m2 in the copolymer versus M2 and then drawing the curve represented by 
eq. (3) on the graph for selected values of rx and r2. If in the opinion of 
the experimenter this curve does not agree with the experimentally ob
tained points, another pair of values of rx and r2 is selected, and a second 
curve is drawn. This is done repeatedly until the curve appears to pass 
through or “near enough to” a sufficient number of the observed points 
t-iiat the experimenter is satisfied with the fit.

One advantage of this method is that it provides the observer with a
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visual check on the validity of the assumption that the model describes the 
observed physical phenomena, since the data used are generally collected 
over the whole range of monomer compositions. A second advantage is 
that it provides a qualitative measure of the experimental error even in 
the absence of repeated runs if one is willing to assume adequacy of the 
model. Finally in some cases it provides a qualitative measure of how 
well the reactivity ratios are estimated. Unfortunately the method may 
require extensive calculations, and, as noted above, provides only a qualita
tive measure of the precision of the estimates of n  and r2. Further, the 
observer is required subjectively to weight the data, a task not consistently 
done even by the same observer.

The Intersection Method

Equation (3) can be rearranged to yield

j'i =  r 2(m R l/2y m 2A/i2) +  (A/2/M1) [ ( m j n w )  —  1 ] ( 4 )

Treating mxM//mJMr- and (Mi/Mi) [(mi/?n2)-l] as the slope and intercept, 
one can plot for each experiment a different straight line, where rx represents 
the ordinate and r2 represents the abscissa. In the absence of experimental 
error these lines intersect at a point in the rh r2 plane. This method, 
originated by Mayo and Lewis,4 has been fully discussed elsewhere3’6 and 
has the same limitations as the curve fitting method.

The Linearization Method

Fineman and Ross6 rearranged eq. (3) to eq. (5):

T f i(m 2 — m i)/ 4 /2TOi =  ( —m 2M i8/ m iA f22) r i  +  r 2 ( 5 )

Consequently if one graphs Mi(»i2 — m/)/Mimi versus — m2Mi2/miM22, 
the slope of the straight line is n  and the intercept is r2. This method has 
not received as much attention in the literature as the preceding three. 
Briefly, this method has the same advantages and disadvantages as the 
intersection and curve fitting methods.

While it is not the primary purpose of this paper to evaluate the various 
methods of estimating the reactivity ratios, a brief evaluation of the lin
earization method is given in the Appendix.

NONLINEAR LEAST-SQUARES METHOD

The method we describe below is a modification or extension of the curve 
fitting method; it differs from the curve-fitting method in that the values 
of j'i and r2 satisfy the criterion that, for the selected values of these ratios, 
the sum of the squares of the differences between the observed and com
puted polymer compositions is minimized. In this sense, the values ob
tained are unique since, for a given body of data, any person or set of 
persons following the calculation scheme outlined below will arrive at the 
same values of r\ and r2. Further, this method provides a means of evaluat
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ing how well the reactivity ratios have been estimated as well as a means of 
determining if the data are consistent with the assumption that the copoly
merization equation describes the relationship between monomer and 
polymer composition.

Briefly, the method consists of the following: given initial estimates of 
i\ and 7*2, a set of computations is performed which, on repetition, rapidly 
leads to a pair of values of the reactivity ratios which yields the minimum 
value of the sum of the squares of the differences between the observed 
and computed polymer composition.

Using the copolymer composition equation in the form due to Skeist,7 we 
let m2i = the observed mole fraction of M2 in the polymer resulting from the 
ith experimental run, Mit = the initial mole fraction of ilf2 used in the fth 
experiment, 1-M2i = Mu = the initial mole fraction of Mi used in the tth 
experiment, rp = the jth  estimate of ru rp = the jth  estimate of r2, and 
i  = 1,2, 3, . . . ,  n.
Let

(P = G(Mt ; rp r20 = {rPMP +  M2MP)/(rpMP +  2M J h  +  rPMP) (6)

Then let Gp,bGp/b)\, and bGp/br2 be the values of G(M2; rP, rP) and its 
first partial derivatives evaluated at each of the n experimental runs for the 
jth  set of estimates of u and r2. Then approximately

mu = Gp + ZGt’/ f r iW  -  rp) +  bGp/br2(ra° -  rt0 +  c< (7)

where «, is a random variable with properties as discussed below, and r3° and 
?"2° are the expectations of rP and rp, respectively. Then if one computes 
the least-squares estimates of /3i and /32 for the equation

di = via ~ Gp = PibGi/dri +  (S2bGp/br2 +  e,: (8)
the least-squares estimates, bi and b2 of di and provide corrections such 
that rP + 1 = rp +  bi and rP + 1 = rP +  S2 will (or should) when substituted 
for rp and rp in eq. (8) decrease the value of 2 (dj)2.

To this point we have described the well known Gauss-Newton nonlinear 
least-squares procedure. It is customary, on obtaining the estimates

rP + 1 = rp +  h

and

rP + 1 = rp +  b2

to repeat the above calculations until 2 (d4) 2 is reduced to its minimum value, 
thus obtaining on the last iteration the least-squares estimates f\ and f2. 
Unfortunately the rate of convergence of this procedure is often slow, and 
not infrequently it diverges unless the initial estimates are reasonably close 
to the least-squares estimates. A modification of the above procedure due 
to Box8 assures that, under some very liberal assumptions, the method will 
converge.6 Further it has been our observation that the use of this modi
fication in this case greatly accelerates the rate of convergence.
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The modification by Box consists of the following: 
Evaluate

for

and

where h = 1, 2, 3. 
Let

S h = [S(fi,)2U 

rx = n 1 +  [(h -  l)/2 ]bi 

r2 = r-i +  [Qi — l)/2]62

7 = 1 / 2  +  (Sj, -  S t V M S x  -  2 S 2 +  S,)]

Compute <S4 = [2(di)2]4 for n = r /  +  7+  and r2 = r2} +  V$2- Then if 
tS4 < ¿ip repeat the process using in place of r /  and r2’ the new estimates 
i'i + 1 = Vi +  Vb\ and r2 + 1 = r2 +  Vb2. If S4- > Si, then reevaluate 7  
after first halving bj and b2.

Three iterations of the calculations are illustrated in Table I using the 
data of Chapin, Ham, and Fordyce10 for the system, Mi = vinyl chloride 
and M2 = methyl acrylate. A total of five iterations were required to re
duce 2 (dt)2 to its minimum value (eight-decimal place accuracy). These 
results are summarized in Table II, where r /  and r j  for j  = 1 were obtained 
from the paper by Chapin, Ham, and Fordyce.10

It is clear from the data in Tables I and II that after the second iteration 
only minor adjustments are made in the estimates of ij and r2. Our ex
experience has been that if reasonably good initial estimates are used, three 
iterations bring one sufficiently close to the least-squares estimates so that 
additional calculations are seldom justified.

While we have not discussed herein the case where the conversion of 
monomer to polymer is appreciable, if the extent of the conversion is 
sufficient to clearly invalidate the assumption that eq. (3) will adequately 
describe the polymer composition, then, if the final monomer concentra
tions or the conversion is accurately known, the computed polymer com
position for each pair of initial conditions, M i° and M2° (expressed as moles), 
can be obtained from the solution of the following pair of differential 
equations:

— d M \ [  d(f> =  (n)(Wi) +  (M2)

and

— dM2/d(f> = (d/2) 11 +  (r2) (il/2)/(df)) ]

where <j> is a dummy integration variable.
Evaluation of the first partial derivatives for this case can be done by 

numerical methods by utilizing the fact that if M2°, C; n, r2) repre
sents the solution of the above set of equations for a particular pair of values
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TABLE II
Rssulls Obtained on Each Iteration mi Data 

of Chapin, Hum, and Fordyee10

j V rJ Zhh)2

1 0.083 9.0 3.004 3364 X JO-3
2 0.090 0855 10.000 830 3.108 6694 X 10-3
3 0.090 8566 10.065 484 3.107 4103 X 10“3
4 0.090 8495 10.065 542 3.107 4101 X 10-3
5 0.090 8459 10.065 593 3.107 4097 X 10- 3

of the reactivity ratios and conversion, (7; and m(A/x°, M2°, C; t\ +  Arx, r2) 
represents another such solution, then

M 20, C; rx, r2) 
di\

^  M2°, C; rx +  Arx, r2) — M 2°, C; rx, r2)
Arx

if Arx is sufficiently small. The evaluation of the first partial derivatives 
with respect to r2 may be done in a similar fashion. Other methods of ob
taining these derivatives, such as Stirling’s, may be used to obtain more 
precise estimates of their numerical values.

Estimation of the Errors
If it can safely be assumed that the model fits the data and that the 

€i; the random error components inherent in the observed values of the 
m2i are independently and approximately normally distributed with con
stant variance, a2, then the least-squares procedure provides a method for 
establishing approximate joint confidence limits -within which the correct 
values of the reactivity ratios can be asserted to lie with probability 1 -a, 
where a is some number in the interval 0 < a < 1.

We prefer the joint confidence limits over the simple confidence inter
vals, since the simple intervals frequently do not clearly convey the mes
sage of which pairs of values of the parameters are consistent with the data. 
This is clearly illustrated in Figure 1, where the area delimited by the rec
tangle contains the values of rx and r2 that the simple 95% confidence inter
vals imply are consistent -with the data, whereas only those contained within 
the elliptical figure are considered to be consistent with the data at the 
stated probability level.

The approximate 100 (1 — a) per cent joint confidence limits are delim
ited by the set of values r \ and r '2 which satisfy the equation

Sc = lS(di)2]nnn +  2 S2/%(2,A) (9)
where s2 = an estimate of the experimental error variance, a2, having h 
degrees of freedom, Fa(2,h) = the critical value of F taken from the tabled 
F distribution, and

Sc = S(m2i -  G\Miij r\, r '2])2 (10)
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Fig. 1. Confidence limits for the system Mi = vinyl chloride, Mt = methyl acrylate: 
( +  ) least-squares estimate of r,, r2; (------) 95% confidence limits, eq. (9); (---- ) approxi
mate 95% confidence limits, eq. (11). Data of Chapin, Ham, and Fordyce.10

Fig. 2. Confidence limits for the system M , = acrylonitrile, M* = styrene: ( +  )
least-squares estimate of n , r2; (------ ) 95% confidence limits, eq. (9); (---- ) approximate
95% confidence limits, eq. (11). Data of Thompson and Raines.12

In the absence of repeated observations and under the assumption that 
the model adequately represents the data, s2 = 2(d,)2/(n — 2) is a legitimate 
estimate of cr2 and has n — 2 degrees of freedom.11 Under these conditions

F 0,(2 ,h) =  F „ (2 , n - 2 )
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Iti general, the joint confidence limits are elliptical figures such as the 
ones shown in Figures 1, 2, and 3. With functions which are nonlinear 
in the parameters these confidence limits are not necessarily symmetric 
about the least-squares estimates. While these limits can be obtained by 
evaluation of eq. (10), this is clearly laborious. A satisfactory approxi
mation to these confidence limits in this case can be obtained by the pro
cedure outlines below if the data have been obtained under conditions simi
lar to those outlined in the following section on planning of experiments.

TABLE III
Copolymerization Data: This Laboratory

Run no. M. M , m2
Conversion,

CT7/O

1 0.9977 0.0023 0.0133 6.7
2 0.9972 0.0028 0.0134 6.5
3 0.9811 0.0189 0.0831 9.3
4 0.9763 0.0237 0.1110 9.0
5 0.0637 0.9363 0.8890 1.9
6 0.0613 0.9387 0.8945 3.3
7 0.0115 0.9885 0.9762
8 0.0085 0.9915 0.9820

Let In j-i = ti and In r2 = ¿2. Then

G(Mt) n, r2) = H(M2; th k)

= (ehM  22 +  MiM2)/(ellll/22 +  2 M,Mi +  e'1̂ 2)

Next proceed as directed above taking derivatives with respect to U and t2

rather than ?’i and r2. However

d H ( M 2 ; t i , k ) / d t u = rudG(M2; rhr2)/dru (u = 1,2)

consequently the results shown above where the problem was solved in 
terms of d and r2 can be utilized. The approximation of the joint confi
dence limits set out in eq. (9) can therefore be obtained by solving for the 
values of t \  and t'-2 which satisfy eq. (11):

(t\ — ii)2an +  2(i'i — ii)(t'2 — 4)«i2 +  (tr2 ~  4)2«22 = 2s2Fa ,̂h) (11)

where

4  =  lnr„ (u  =  1,2)

an = (4)22(dG,/dr1)2 

«12 = (rir2)2[(dG</dri)(5Gi/5r2)] 

a2 2 = (r2)22(dGj/dr2)2

and f\ and h  are the least-squares estimates of the reactivity ratios.
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Fig. 3. Confidence limits for the data of Table I I I :  ( +  ) least-squares estimate of n,
n; (------) 95% confidence limits, eq. (9); (----- ) approximate 95% confidence limits,
eq .(11)

The adequacy of this approximation of the confidence limits will be de
pendent to some extent on the magnitude of the experimental error and on 
the experimental conditions used to generate the data. If the experimen
tal error is reasonably small and the data are collected under approximately 
the conditions outlined in the section on planning of experiments, then the 
approximation is remarkably good. This is illustrated in Figures 2 and 3.

While using either the formulation of the copolymer equation in terms of 
i’i and r2 or U and f2 will yield the same estimates when neither of the r ’s 
are zero or close to zero, we prefer the latter, since it applies the natural 
constraint that both and r2 must be greater than zero. We have seen 
some data in the literature which, without this constraint, give a negative 
value for one of the reactivity ratios, a state of affairs clearly not consistent 
with nature. There are other reasons for fitting the data in terms of a 
function of the parameters, and for a discussion the reader should see the 
work by Beale.11

A computer program to make these calculations, which we shall submit 
to the IBM users’ organization, SHARE, will be formulated with these 
constraints in the program.

Adequacy of the Model

If experiments have been conducted so that there are p distinct sets of 
experimental conditions, certain of which have been repeated so that in all 
there are n = p +  k observations, then there exists a simple test for the 
adequacy of the model in fitting the data. After the last iteration in the 
least-squares procedure, the quantity S(d4)2 represents the sum of the 
squares of the differences between the observed and predicted mole frac
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tions of the monomer m2 in the polymer. If the model fits, then under the 
above assumptions about the nature of the experimental errors the quantity 
2 (rf;)2 will be distributed approximately as xV w ith n — 2 degrees of free
dom. A second sum of squares Fe can be isolated having k degrees of free
dom which measures the sum of squares of deviations of the observations 
from the p means at the distinct experimental conditions which, under the 
same assumptions, is distributed as x2°"2 with lc degrees of freedom.

By subtraction we may now obtain a sum of squares Sw which, adopting 
the usual linear approximation, is distributed as x2c2 with p — 2 degrees 
of freedom. When the model does not fit, 2 (cb)2 and hence Sw will become 
inflated, but Se will remain unaffected. Consequently an approximate 
test for the adequacy of the model is supplied by the ratio

M 2(^)2 -  Se]/[(p -  2)<Se] = [kSJ{p -  2)S.]

which, when the fit is perfect, is approximately distributed as F withp — 2 
and k degrees of freedom

PLANNING OF EXPERIMENTS

That not all experimental conditions serve equally well in the evaluation 
of the reactivity ratios has been noted by other workers.3 In general, those 
experimental conditions which generate circular joint confidence limits (or 
elliptical confidence limits with the axes of the figure parallel to the co
ordinate axes in an orthogonal ru r2 space) are preferred, since they yield 
the maximum amount of information with regard to the values of r\ and 
r2. The consequence of a poor choice of experimental conditions is illus
trated in Figure 1, while Figure 3 illustrates the results of an excellent choice 
of experimental conditions.

The data which generated P’igure 1 showed considerable scatter, thus 
illustrating the obvious points that no calculation scheme can get good 
answers from bad data and that no amount of good planning can overcome 
the uncertainty generated in the answers by sloppy experimentation. The 
nonlinear least-squares calculation method can do no more than obtain the 
most likely values from the data at hand and report the uncertainty in 
these best or most likely values. Following the guidelines given below 
will insure circular-type confidence limits, but the magnitude of these limits 
depends upon the skill of the experimenter..

Some broad rules for determining the concentrations of Mi and M 2 which 
lead to precise estimates of the reactivity ratios have been set out in the 
literature on polymer chemistry.3 These rules are in general agreement 
with a criterion used by Box and Lucas18 in a discussion of the problem as
sociated with the estimation of the parameters of functions which are non
linear in these parameters. The criterion of Box and Lucas leads to the 
minimization of the area of the approximate joint confidence limits. Their 
method, applied in context, requires the finding of the two concentrations
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Mn and Mu of monomer 2 which, for the best available estimates for r, 
and r2, maximize the modulus of the determinant D, where

D =

dG(Mit; )'i, rt)

bG(M22; O, r2) 
drt

i )G (M 2\ ; J'i , r2) 
dr2

c)G(M22; ?'!, r2) 
dr2

Some care must be exercised in applying this criterion since it is theoreti
cally possible for the modulus of D to have more than a single extreme, and 
hence the application of this method under certain circumstances could 
lead to the selection of a poor set of experimental conditions. However, 
we have not observed more than a single extreme for the copolymer equa
tion. An alternate procedure which accomplishes the same result but 
circumvents this possible difficulty requires determining the coordinates of 
the simplex of maximum volume (area in this case) that can be placed in the 
envelope generated by graphing the values of ri, r2)/dri and
dG(M2; ?’i, r2)/ dr2 evaluated on the domain of /l/2. This procedure will dis
close all the extremes on the domain on which the function is defined. 
Such a graph is shown in Figure 4, using d = 0.0908 and r2 = 10.07, and 
for this particular case the conditions which maximize D are

Mu = 0.0343

and
Mu = 0.2024

To facilitate future experimental work, we have computed conditions 
which maximize I) for selected values of d and r2, and these are given in 
Table IV as mole percentages of Af2. These concentrations have been com
puted with sufficient accuracy so that estimates of M 2i for the reactivity 
ratios not shown in the table can be obtained by interpolation in terms of 
loglAW(l — Mu) 1 and log[r,].

While this does not provide exact values, these estimates are sufficiently 
close to the exact values that the improved estimates of the reactivity ratios 
are well estimated.

Suppose that preliminary experimental work leads to the estimates of ry 
and r2 as follows: ri = 1.5, r2 = 0.30. Then the pair of experimental con
ditions that should be used to obtain more precise estimates of the reactivity 
ratios would be found by reading down the left side of the table to n = 1.5 
and thence across to the column headed by r2 = 0.30, which shows that the 
appropriate mole percentages of Mt are 100 M21 = 40.596 mole-% and 
100Mu = 87.976 mole-%. While Table IV only contains the appropriate 
mole percentages of monomer 2 when ri > r2, the experimental conditions 
when r2 > ri can also be obtained from the table by permuting subscripts. 
Thus if one has preliminary estimates r2 = 0.6 and rj = 0.3, then the ex
perimental conditions required are obtained as follows.
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hr 2
Fig. 4. Simplex of maximum area that can be placed in the envelope generated by the

partial derivatives.

Enter the table for i\ = 0.6 and r2 = 0.3. Then 100 M n = 22.983 
mole-% and 100 Mu = 87.015 mole-%. Hence for r2 = 0.6 and n = 0.3, 
the two values of the mole percentages of monomer 2 are 100 Mn = 100- 
(1 -  Mu) = 77.017 mole-% and 100 Af„ = 100 (1 -  M n) = 12.985 
mole-%.

A somewhat less exact estimate of the appropriate experimental condi
tions can be obtained by use of the following:

Mn — »V(2 +  i\)

and

M22 — 2/(2 + r 2)

Throughout this section, it has been assumed that reasonable estimates of 
j'i and r2 were available to serve as a starting point. Such initial estimates 
can be obtained from the Q and e scheme, or by making some preliminary 
runs. I11 this laboratory, it is a common practice to make four runs in such 
a way as to generate a good Fineman-Ross plot, using the full potential of 
the linearization method. The r values thus obtained are then used to select 
from Table IV the best set of conditions for further work, and two ad-
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ditional runs are made at each of the two best conditions. This is essen
tially the procedure used to obtain the data of Table III.

I t is interesting to note that the experimental conditions required to give 
precise estimates of the reactivity ratios will in all cases result in polymers 
containing close to 30% and 70% m2. Thus, a high degree of accuracy 
may be obtained inasmuch as polymer analyses can be quite accurate at 
these levels.

APPENDIX

Some general comments on the difficulties that exist with the various 
methods of estimating the reactivity ratios are available in the literature.3 5 
To our knowledge, no mathematically rigorous argument has ever been 
presented with respect to any of the methods,* and we are unable to dis
cover any specific discussion of the method of Fineman and Ross.

Although Fineman and Ross suggest that the method of least squares 
can be applied to the problem of estimating the reactivity ratios from 
experimental data, it is clear that this procedure, as they apply it, does not 
yield results which have the properties usually attributed to least-squares 
estimates. Further, it is not possible to compute the precision with which 
the Fineman-Ross “estimates” are determined, since the “dependent vari
able” in their formula [see eq. (5) ] clearly does not have constant var
iance given some reasonable and rational assumptions about the distri
bution of the errors in the observed polymer composition. Finally their 
“independent variable,” which in least squares is customarily assumed to be 
exact, contains a variable which has a stochastic element.

We have used in the past and plan to continue using the Fineman-Ross 
method to obtain initial estimates for the procedure we describe in the main 
body of this report. However we consider it to be too poor a method to use 
in the final evaluation of our hard earned data. We substantiate this as
sertion below.

While the equations and methods described in the polymer literature are 
mathematically correct, their difficulties in giving good estimates of the 
reactivity ratios stem from the fact that they fail to provide for the ran
dom variation that is inherent in all experimentally obtained observations.

As a consequence of this fact, these methods can be shown to yield esti
mates of the reactivity ratios which are less precise than those methods 
which are designed to cope with random errors; this was adequately illus
trated by R. A. Fisher in 1922.14 Fisher’s work leads to the conclusion 
that those methods which fail to provide for random variations in the ob
servations result, in principle, in the throwing away of a significant portion 
of the data. This may not be serious if the number of observations is 
large, however if one has only a few observations, it is difficult to justify 
the “throwing away” of any observations.

*Note added in proof: After this paper was written, this problem was rigorously
treated by Behnken, D. W., .1. P o l y m e r  S c i . ,  A2, 64o (1964).
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Fig. 5. Approximate 95% confidence limits for the Fineman-Ross and the nonlinear 
least-squares estimation procedure: (------) Fineman-Ross; (-----) least, squares.

The method described by Fisher is known as the method of maximum 
likelihood, and the properties of maximum likelihood estimates are dis
cussed in all the standard reference texts on mathematical statistics (see in 
particular, p. 498 et seq. of reference 15). His work also shows that if 
maximum likelihood estimates can be found, they cannot be improved 
upon. Under the assumption that the errors in the observations are nor
mally and independently distributed with constant variance, the nonlinear 
least-squares method we describe above yields maximum likelihood esti
mates of the reactivity ratios. If the assumption of normality is only ap
proximately correct, the least-squares method still gives estimates which 
have been shown to have desirable asymptotic properties.14

To illustrate, we give the following example. Shown in Figure 5 are the 
95% joint confidence limits for the values of jq and r2 for both the nonlinear 
least-squares method and the Fineman-Ross procedure. While it is pos
sible to obtain the confidence limits for the estimates obtained by the non
linear least-squares procedure by the method described in the main body 
of this report, it was necessary to resort to other procedures to obtain these 
confidence limits for the Fineman-Ross method. The results shown in 
Figure 5 for the Fineman-Ross procedure were obtained in the following 
manner.

Computing the values of m2 for r, = 0.2, r2 = 0.5, and d /2 = 0.1, 0.2, 
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9, we added to these nine values of m2 ran
dom normal deviates which had mean values equal to zero and a standard 
error of 0.005. We then computed the estimates of n and r2 using the least- 
squares procedure as described by Fineman and Ross. This we repeated 
500 times, using on each repetition a new set of random normal deviates, 
each set of normal deviates having the same mean value and standard 
error. From the 500 pairs of estimates of the reactivity ratios, we were 
able to graphically obtain the approximate 95% joint confidence limits 
shown in Figure 5.
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Comparison of the approximate 95% joint confidence limits for the two 
methods clearly shows the superiority of the nonlinear least-squares pro
cedure. I t should be noted that these limits were obtained for conditions 
which would be expected to make the Fineman-Ross method look good, i.e., 
the monomer concentrations were chosen to favor the Fineman-Ross pro
cedure.

While we have chosen not to do the necessary work to illustrate the 
following assertion, it can readily be seen that the statements made about 
the Fineman-Ross procedure are also true when applied to the other clas
sical methods of obtaining the reactivity ratios described in the main body 
of this report.
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Résumé
On expose une méthode non-linéaire des moindres carrés pour résoudre les rapports 

de réactivité r, et Tî de la copolymérisation. Cette nouvelle méthode est supérieure 
à toutes les autres méthodes employées jusqu’ici pour les raisons suivantes: ( ! )  on 
obtient une seule paire de valeurs, qui ne dépend pas du jugement de l’expérimentateur, 
(0) on peut démontrer d ’une façon mathématique que cette paire de valeurs est la 
meilleure que l ’on puisse obtenir à partir des résultats, (3) les erreurs sont définies 
quantitativement en termes clairs, { ) )  les résultats sont contrôlés pour voir s’ils corres
pondent bien à l’équation de la copolymérisation. On explique aussi une base de 
sélection des conditions expérimentales qui permet d’obtenir des résultats à partir 
desquels on peut tirer des valeurs précises pour les rapports de réactivité. On donne 
aussi sous forme de tableaux les conditions expérimentales appropriées pour obtenir 
ces valeurs précises pour un large domaine de valeurs de r, et

Zusammenfassung
Eine nichtlineare Methode der kleinsten Quadrate zur Auflösung nach r, und r2, 

den Copolymerisationsreaktivitätsverhältnissen, wird entwickelt. Diese neue Methode 
ist allen anderen bisher benützten Methoden in folgender Weise überlegen: (1) Ein
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einziges Wertepaar wird erhalten, welches nicht vom Gutdünken der die Daten aus
wertenden Person abhängt; (2) es kann mathematische gezeigt werden, dass dieses 
Wertepaar das beste aus den benützten Daten erhältliche Paar ist; ( 3 )  die Fehler 
werden quantitativ in physikalisch sinnvoller Weise definiert; (4) die Daten werden 
in bezug auf ihre Anpassung an die Copolymergleichung überprüft. Eine Grundlage 
zur Auswahl der Versuchsbedingungen, welche Daten, aus denen Werte der Reak
tivitätsverhältnisse erhalten werden können, liefern, wird entwickelt, und geeignete 
Versuchsbedingungen zur Gewinnung dieser genauen Werte in einem weiten Bereich 
von rr  und r2-Werten werden in Tabellenform augegeben.
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Probabilistic Model for the Structure of the 
Microfibril of Cellulose

D. MEJZLER, Institute for Fibres and Forest Products Research, Ministry 
of Commerce and Industry, Jerusalem, Israel

Synopsis
A probabilistic model is presented for the structure of an “ideal” microfibril of cellu

lose and the distribution of weak bonds along this microfibril is calculated. Exact and 
asymptotic formulas are derived for the number and weight distributions and for the 
corresponding averages. The relationship is examined between the model of Kuhn, 
accepted in theory of random degradation of chain polymers, and the probabilistic 
model which describes the structure of the ideal microfibril of cellulose.

Introduction
The purpose of this article is to present a probabilistic model for a certain 

hypothesis concerning the structure of the microfibril of cellulose.1'2 We 
should note, however, that we are concerned with an “ideal” microfibril 
and we do not intend to consider how closely the ideal microfibril approxi
mates the actual one.

According to the hypothesis, the structure of the ideal microfibril re
sembles that of a brick wall. Let us visualize a monomer having the shape 
of a cube with a side length of unity, and let us consider a chain molecule 
having N  links (monomers) as a brick of length N. Let us call a combina
tion of p bricks of this kind, with their square faces touching each other, 
a “row” of length pN (See Fig. 1, where N  = 5, p = 3).

One may regard a microfibril of length pN  as a union of a certain num
ber, m, of such rows (see Fig. 2, where m = 9).

In a real wall the cement is found between any two adjacent bricks which 
belong to the same row as well as between any two adjacent bricks belong
ing to different rows. It is also usually the case that when two bricks 
belonging to different rows touch each other the end of one will coincide 
with the middle of the other. For the structure of the microfibril, however, 
we shall assume that (a) the cement is found only between two adjacent 
bricks which do not belong to the same row, while bricks which belong 
to the same row are not cemented together; (b) the mutual position of 
two bricks which touch each other and belong to different rows is random in 
the following sense: denote by 0,1, ..., N  — 1 the ends—say the left-hand 
ones—of each of the monomers of which the brick A is composed. Then the 
left-hand end of brick 13—which touches A but does not belong to the same

389
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Figure l.

row—may coincide, with equal probability, with any one of the points 
0, 1, ••., N  -  1.

On the two ends of a real wall one may find half bricks. However, in 
view of assumption (6), at the ends of the ideal micro fibril there may 
appear various different parts of the original brick molecule. It is however 
clear that the length of any such part is always measured in terms of an in
tegral number of units and that the sum of lengths of the two parts be
longing to the same row is always equal to N.

Consider now a microfibril formed by a random union of m rows of length 
pN, according to assumptions (a) and (b) (Fig. 2). It should be noted that 
for our purpose the form of the cross section of the microfibril is not impor
tant at all: it could be a rectangle, square or any polygon consisting of the 
unit squares, i.e., of the unit square cross sections of the cube-shaped mono
mers.

Since the bricks within a single row are not cemented to each other 
[assumption (a)], the adjacent square-shaped sides will appear, as it were, 
as “cracks” in the structure. Any cross section of the micro fibril which 
contains at least one crack in its plane will be called a “weak bond,” and our 
purpose is to determine the distribution of weak bonds along the microfibril.

Our problem can be related to various probabilistic schemes. It seems, 
however, most natural to use the language which is customary in the theory 
of random degradation of chain polymers, since our problem, as will be 
seen later, is analogous to that involved in the theory of random degrada
tion. For this reason we shall begin with a short description of one of the 
models of random degradation. We shall then present the probabilistic 
formulation of our model and develop the necessary formulas. Finally,
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we shall investigate the relationship between our formulas and the corre
sponding ones used in the theory of random degradation of chain polymers.

Kuhn’s Model

The simplest mathematical model for the purpose of describing the deg
radation process of chain polymers is that of Kuhn.3 This model deals 
with an initial chain having (N +  1) links and N bonds. The process of 
degradation is regarded as a sequence of random trials each of which breaks 
one of the bonds. It is assumed that the degradation is random, i.e., that 
all bonds still intact at any one stage of the degradation have the same prob
ability of being broken.

After m trials the initial chain will be converted into (m +  1) chain frag
ments. If we measure the length n of every chain by the number of its 
links, then the number distribution of the chains by their length after in 
trials is given by the formula4

P(n,m) = (1)

where P(n,m) denotes the expected value of the relative frequency of the 
chains of length n after to trials. I t is more common to use the weight 
distribution

F(n,m) = n (2)

where F(n,m) denotes the expected value of the weight of all the molecules 
of length n relative to the total weight (N +  1).

The “degree of degradation” is defined by the ratio

a = number of bonds broken/initial number of bonds (3)

Therefore, according to our notation

a = m /N  (4)

The fact, that N  is usually a fairly large number enables us to use simpler 
formulas, which are obtained from eqs. (1) and (2) by passing to the limit 
N —*■ oo and assuming

a = lim (m /N ) (5)
v —- ®

This leads to the formulas

Pin, a) = a (1 -  a)"-1 (6)

F{n, a) = nai{ 1 — a)"”1 (7)

where P(n, a) and F(n, a) are the limiting expressions for P(n, in) and 
F(n, in).
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The number-average n(a) and weight-average nw{a) of the distributions
(6) and (7) are given by eqs. (8) and (9), respectively:

n ( a )  =  1 / a  ( 8)

nw{a) = (2 — a)/ a (9)

The Probabilistic Formulation of Our Model

The arrangement of the weak bonds along the microfibril can be described 
by the distribution of the lengths of the partial microfibrils which are ob
tained when we cut the original microfibril at each weak bond. We can, 
therefore, treat the distribution of the weak bonds as if resulting from the 
degradation of the original microfibril. This distribution is entirely inde
pendent of the number p of bricks in a row, because our ideal microfibril is 
made up of a homogeneous material, i.e., all bricks (molecules) have the 
same length N. It is therefore sufficient to consider the distribution of the 
weak bonds along one brick.

Let us consider a segment [0, N], the projection of the brick as a chain of 
length N  and the points 1, 2, ..., N — 1, as its bonds. Consider now a se
quence of random trials in each of which the probability of a given bond 
being broken is constant and equals 1/N, in contrast to Kuhn's model, 
where this probability is a function of the serial number of the trial. In 
our model we have initially N  — 1 unbroken bonds and one chain. A trial 
may or may not result in one bond being broken; if a bond is broken, the 
number of unbroken bonds decreases by one, while the number of chains 
increases by one. It follows that the sum of the number of unbroken bonds 
and the number of chains must remain constant and equal to N.

It is easily seen that our model reflects the structure of the ideal micro
fibril described in the introduction. Our purpose is to determine the dis
tribution of chains by length and weight after m trials.

It will be noted that our model will still be valid if we consider as weak 
bonds only those cross sections passing through the cracks on the envelope 
of the microfibril, and ignore those including the cracks located in the inte
rior. In this case m will denote the number of rows which participate in the 
envelope of the microfibril (and not the number of all the rows which con
stitute the microfibril).

Expected Value of the Number of Fragments after m  Trials

In our model, unlike in Kuhn's, the number of all the chains after m 
trials is not defined uniquely: it is a random variable which we denote by 
n(m ). As a result of an additional trial, n(m) may either increase by one 
unit or remain unchanged. In other words, the possible values of the ran
dom variable 5, defined by

5 =  +  1) — n { m ) ( 10)
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are 0 and 1. 5 assumes the value 1 if and only if as a result of (m +  l)th
trial one bond out of all bonds still intact after the with trial is broken. 
Just before the (m +  l)th  trial, however, there are N  — n (m ) bonds, there
fore, the probability of a bond being broken on this trial is

[ N  -  M  (???) ] / N

where M ( in )  denotes the expected value of n ij t i ) .  Hence, the expected 
value E(S) of 5 is

E (o )  = 1 -  M { m ) / N  

We obtain from eq. (10) eq. (11):

M(m  +  1) -  (1 -  l/N)M(m) = 1 (11)

This is a linear difference equation of first order. Its general solution is

M(m) = Cft -  l /N )m +  N

where C is a constant independent of m. Taking into account the initial 
conditions M((); = 1, we obtain eq. (12):

M ( in )  =  ( N m +l -  ( N  -  l ) m+ 1) / N m ( 12)

Expected Value of the Number of Fragments of Length n  after m  Trials

Let us denote by <r(?i,m) the random variable, number of chains of length 
n  after m  trials, and by S ( n ,m ) its expected value. As a result of one 
additional trial, there are only four possibilities with respect to a (n,m): 
it may decrease by one unit, it may remain unchanged, it may increase by 
one unit or increase by two units. Therefore, the possible values of the 
random difference

5 = <j (n ,m  +  1) — <r (n ,m ) (13)

are — 1, 0, 1, and 2.
The variable S assumes the value — 1 if and only if one of the bonds of any 

of the a (n ,m ) chains of length n  is broken as a result of the (m +  l)th  trial. 
The number of all bonds of all chains of length n, which exist after the rath 
trial, is

(n  — 1) <r(n,m )

Therefore, the probability of 8 = — 1 is

(n — 1 ) S ( n ,m ) / N

For S to assume the value 2 a chain of length 2n  must be broken at the 
( in  +  l)th  trial. Each such chain contains only one bond, the breaking 
of which will produce two new chains of length n  each. Therefore, the 
probability of S = 2 is S ( 2 n ,m ) / N .

In order to have 5 = 1 it is necessary to break at the (m +  l)th  trial a 
chain of length 1c, where k > n , k  ^  2n . Each of these chains contains two
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bonds, the breaking of which will produce an additional chain of length n. 
Therefore, the probability of 5 = 1 is

(2/AO E  S(k,m)
k

where the sum runs over all natural values of k which satisfy: n +  1 k
^  N ,k  ^  2n.

We thus obtain for the expected value E(d) the equality

¿(5) = ------------------ +  ^  E  +  - b ( 2 n ; n i )

In view of eq. (13) we have

E(&) = S(n,m +  1) — S(n,m) 

hence we obtain the equal ion
AT _  n 1 2 "

+  1) = ------ -------->Sw ,to) +  E  S(fc,»r)
* 1c— H — 1 (U)

Thus a difference equation is again obtained. The initial conditions are

S(k,0) = 0 if 1 ^  k ^  N  -  1; <S(A7,0) = 1 (15)

Using eqs. (14) and (15) we can compute S(k,m) successively for each 
k and m. I t can be shown that S(n,m) is given by the formulas

S{n,m) = [(N — n +  l)m+1 — (N — n — l)m+1 — 2 (N — n)m+1]/Nm
X l ^ n ^ N - l

S{N,m) = l /N m (16)

The formula for S(N, m) is obvious: a chain of length N  will be obtained 
after m trials if and only if in each one of these trials all (N — 1) original 
bonds remain intact. By using the method of complete induction it can 
be shown that eq. (16) holds also for every n, 1 ^  n ^  N  — 1 (see Appendix).

Distribution of the Chains by Length and Weight: Exact and Asymptotic

The expected value of the relative frequency of chains of length n after 
M  trials is defined by the formula

P(n,m) =  S(n,m)/M(m)

(for large values of m)
Hence, by using eqs. (12) and (16) we obtain

P(n,m) (N -  n +  l)”i+1 +  (N -  n -  l)"t+1 - 2 (N -  n)m+1 
N m+l — (N — n)m+1

if 1 ^  n ^  N  -  1

P(N.m) = l / (Nm+1 — (N — l)m+1) 07)
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The expected value of the overall weight of all the molecules of length n 
relative to the total weight N  is defined by

F(n,m) = nS(n,m)/N

In view of eq. (16) we have

F(n,m) = n[(N — n +  l)"i+1 +  (N — n — 1) m+1 — 2(N — n)m+1]/Nm+l

i f l ^ n ^ l V  — 1

F(N,m) = l /N m (18)

The mean value n(m) of the distribution (17) is conveniently computed 
by

n(m) = N/M(m)

Using eq. (12) we obtain

n  ( m )  =  N m + 1 / ( N m + 1  -  ( N  -  l ) m+1) (19)

Somewhat more complicated is the computation of the mean nK(m) of 
the distribution (18), which is defined by

N
nw(m) = XI kF(k,m)

k = i
The final formula, which will not be derived here, is

N
nw(jn) = (2/N n+l) X  km+' -  1 (20)

k = 1
In problems with which our model is intended to deal, the number N  is of 

the order of thousands of units, so that it is justified to use asymptotic dis
tributions. If we pass to the limit in eqs. (17) and (18), when N  -*■ °° and 
assuming that eq. (5) is valid, we obtain for the corresponding limit dis
tributions eqs. (21) and (22):

P(n,a) = e ~ ln- 1)aQ. -  e_a) (21)

Fin,a) = ne~(n~l)ai 1 -  <T“) 2 (22)

where e is the base of the natural logarithms.

The limiting number-average and weight-average can be obtained either 
by passing to the limit in eqs. (19) and (20) or directly from eqs. (21) and 
(22). It can be shown that

n{a) = 1/(1 -  e~a) (23)

n ja )  = 2/(1 -  e -“) -  1 (24)

These formulas are more easily handled, if instead of a we introduce the 
parameter ¡3 defined by

8  =  1 -  e~ a (25)
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We then have

P(n,a) = 0(1 -  /3)"“ 1 (21')

F(n,a) = w/32(l -  /3)n~1 (220

n(a) = 1/(3 (23')

flw(a) = (2 — (i)/8 (2d')

Relationship with Kuhn’s Formulas

If we compare eq. (21') with eq. (6) we see that in both models the chain 
length follows a geometric distribution. The definition of the concept 
“degree of degradation” may be modified to give the same meaning to the 
parameter a, which appears in eq. (6), and to 0, which appears in formula 
(21').

The magnitude a, as defined by eq. (3), is meaningless in our model be
cause the numerator of fraction (3) is not defined uniquely in our model and 
is a random variable. Let us now define a parameter 7 , “degree of degra
dation,” to replace definition (3) as follows: 7  = expected value of the 
number of bonds broken/initial number of bonds. The magnitude 7 is 
meaningful in both models: it is the reciprocal of the number-average 
n (a).

In Kuhn’s model the new definition coincides with the original definition
(3), since from eq. (8) we get 7 = a, whereas in our model, according to eq. 
(23), we have 7 = /3, where 0 is defined by eq. (25). On the other hand, 
with 7 so defined, in both models the chain length distribution assumes the 
same form

P(n,,y) = 7 ( 1  -  7 )” 1

If 7 is sufficiently small, there is no practical difference between eqs. 
(6)-(9) and eqs. (21')-(24'), since

lim (13/a) = 1
a —*■ 0

The analogy between the chain distribution in the degradation of chain 
polymers and distribution of weak bonds in the microfibril suggests that 
the latter problem may be generalized in the same manner as it has been 
done with the theory of random degradation. Thus for instance the model 
of Montroll4'8 does not assume a single chain, but rather a certain dis
tribution {pn\ of chains, where p„ denotes the initial relative frequency of 
chains of length n. A similar generalization of our problem enables us to 
treat a microfibril built of nonhomogeneous material, viz., the case when 
the rows of the microfibril are composed of bricks of different lengths. 
Such treatment may include cases which are closer to the physical reality.
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APPENDIX

We shall now prove that (16) is in fact the formula which solves eq. (14) 
for the initial conditions (15). We may assume that 1 ^ n ^  N  — 1.

If we insert m = 0 in eq. (14), we obtain from (15)

S(n, 1) = 2/N

for all 1 ^ n ^  IV — 1. The same result follows from eq. (16), if we insert 
to = 1.

Let us therefore assume that (16) is true for a certain to and prove that 
it is true for (to +  1). From eqs. (14) and (16) we obtain:

N  —  71 "I-  1
S(n,m +  1) = — ---- [(N -  n +  l)m+l

+  (N -  n -  l)m+1 -  2(N -  n)m+1]
N m+1

X
N - 1

1 +  £  (N — k + l)m+1
. k — n - f - 1

+  £  (N -  k -  l)»+i -  2 V  (N -  k)m+1
k = n +  1 k  =  n  +  l

(26)

If we assume N  — k +  1 = L, we have

1 +  £ i  = 1 +  E  (N -  k +  1)"!+1 = 1 +  E  ¿'"+1 = E  tm+1
k  =  /i +  l  t — 2 t =  1

Similarly we obtain
N — 1 N —n — 2

£ 2  = E  (N -  k -  i)m+! = £  r+»
k  = n Jr l  ¿ =  1

N - 1 N — n — 1
E s = E  (N -  /v)m+1 = E  r+ !

k = n  +  1 t — 1

Hence

1 +  Sj +  S2 -  223 = {N -  n)"1+1 -  (N -  n -  l)"i+1 

Therefore, using eq. (26), we obtain, after elementary transformations, 

S(n,m +  1) = [ ( N - n  +  l)m+2 + ( N - n -  l)n+2 -  2 (N -  n)m+2]/Nn+1

wrhich is identical with eq. (16), if (to +  1) is substituted for to.
The present mathematical treatment has been suggested to me by the chemical re

search conducted by Dr. I. Ohad6 of the Department of Biological Chemistry of Hebrew 
University of Jerusalem.

I wish to express my thanks to Dr. M. Lewin, Director of Research of this Institute, 
for his continuing interest in this work.
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Résumé
On présente ici un modèle probable pour la structure d’une microfibrille de cellulose 

‘idéale’ et on a calculé la distribution des liens faibles le long de cette microfibrille. On a 
obtenu des formules exactes et asymptotiques pour la distribution en nombre et en poids 
ainsi que pour les moyennes correspondantes. On a examiné la relation entre le modèle 
de Kuhn, accepté dans la théorie de la dégradation statistique des chaînes polymériques, 
et le modèle le plus probable qui décrit la structure d’une microfibrille idéale de cellulose.

Zusammenfassung
Ein Wahrscheinlichkeitsmodell für die Struktur einer “idealen” Zellulosemikrofibrille 

wird aufgestellt, und die Verteilung schwacher Bindungen in dieser Mikrofibrille wird 
berechnet. Exakte und asymptotische Beziehungen für die Zahlen- und Gewichts
verteilung und für die entsprechenden Mittelwerte werden abgeleitet. Die Beziehung 
zwischen dem in der Theorie des statistischen Abbaus von Kettenpolymeren angenom
menen Modell von Kuhn und dem Wahrscheinlichkeitsmodell, welches die Struktur der 
idealen Zellulosemikrofibrille beschreibt, wird untersucht.
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On the Ultrastructure of Cellulose Microfibrils

I. OHAD and D. MEJZLER, Department of Biological Chemistry, The 
Hebrew University of Jerusalem, Israel, and the Institute for Fibers and 
Forest Product Research, State of Israel Ministry of Commerce and Industry,

Jerusalem, Israel

Synopsis

Statistical formulae based on generally accepted models for cellulose microfibril 
structure were developed to calculate the mean length of microfibril segments which do 
not contain molecular chain-ends, i.e., “continuous segments.” The calculated length 
of such “continuous segments” for microfibrils of 2-3 mm cross section, containing mole
cules of a degree of polymerization from 2 X 103 to 6 X 103, is in the range of 300-1500 A. 
The relationship between “continuous segments” and crystalline and amorphous regions 
of cellulose microfibrils is discussed.

Introduction

The width of bacterial cellulose microfibrils (elementary fibrils in the 
nomenclature of Frey-Wyssling and Miihlethaler1“3) was considered until 
recently to be about 70-300 A.4 7 Similar dimensions were attributed 
to cellulose microfibrils from animal8 and plant so u r c e s .1'9'1»

Using an unproved method11 for the measurement of the lateral dimen
sions of metal-shadowed bacterial and plant cellulose microfibrils, we were 
able to show that the above figures are an overestimation, the width of the 
microfibril being only about 30-35 A. and its thickness about 16-20 A.12-16 
Similar results were obtained for the width of plant microfibrils2'14'15 and 
bacterial cellulose8’14'16 by use of negative staining technique. Thus, it 
appears to be well established that the cellulose microfibrils from many 
different sources have a rectangular cross section of about 2-3 m/x.

The arrangement of cellulose molecules inside the microfibril was 
largely discussed by many authors.1“3'9'10’18“18 It is now generally accepted 
that cellulose molecular chains are parallel to the long axis of the microfibril. 
Adjacent chains overlap over segments of varying length. The lateral 
order is variable, highly ordered regions being considered as crystalline 
and less ordered regions as amorphous. The length of crystalline regions is 
smaller than the length of a single molecule. Consequently, a molecule can 
traverse regions of alternating crystallinity. The amorphous region is by 
far more sensitive to acid degradation than the crystalline one.16'19-21 
On the basis of x-ray studies,22 differential hydrolysis, and electron micros
copy,9'18“20’23 it was concluded that the length of the crystallites is about
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600 A. (about 120 monomers) or more. Their width (uncorrected for 
metal deposited by shadow casting) was estimated from measurements of 
electron micrographs to be 50-70 A.19'20

However, Morehead19 and Heyn24’25 have found also crystallites 22-42 A. 
wide, a value more compatible with the lateral dimensions of cellulose 
microfibrils as established recently.2,3'12̂ 15 Similar low values were cal
culated from x-ray diffraction patterns.26

It has been assumed that crystalline regions in the microfibril are sur
rounded by or embedded within the amorphous material. Since the 
lateral dimensions of the microfibril are found to contain only about 16-36 
molecules in cross section, lateral alternation of crystalline and amorphous 
material seems unlikely. It appears thus probable that amorphous and 
crystalline regions alternate only along the length of the fiber. It is also 
possible that amorphous regions coincide with microfibril regions containing 
molecular chain-ends.

The aim of this work has been to find out whether the distribution of the 
molecular chain-ends along a microfibril is related to the crystallite length. 
For this purpose the mean length of a microfibril region which does not 
contain chain-ends (which will be referred to as a “continuous segment”) 
has to be calculated. This would be possible with the aid of several 
assumptions concerning the internal arrangement of cellulose molecules, 
their number in cross section, and their length.

Results and Discussion

The number of molecules (m) in the cross section of a microfibril can be 
deduced from its lateral dimensions. In the following calculations we shall 
use data for m based on lateral dimensions as previously accepted (100- 
300 A. range) as well as those established by more appropriate techniques
(16-35 A. range).2'3'14.«

The length of cellulose molecules expressed in number of monomers N, 
was found by many authors to be in the range of 2,500-10,000.6'7'27“30 
The N  values for a given sample show a normal distribution 'which ofteii 
has a very narrow range.28 In the model used below as a basis for our cal
culations we shall assume that N  has a definite constant value.

We further assume that: (1) molecular endpoints are distributed randomly 
along the microfibril; (#) two parallel chains can be displaced longitudinally 
toward each other only by a whole monomer unit length (this assumption 
is based on the general structural feature of the crystallographic unit cell 
of cellulose microfibrils31); (S) there are no gaps between the ends of two 
consecutive chains situated on the same lure along the long axis of the 
microfibril. The above assumptions concern only an “ideal microfibril” 
model. Departures from this model will be considered as well.

Based on this model, Mejzler32 has worked out a formula (1) which 
enables us to calculate the mean length of a continuous segment as defined 
above.



ULTRASTRUCTURE OF CELLULOSE MICROFIBRILS 401

Let N  be the degree of polymerization of the cellulose molecule, m the 
number of molecules in the cross section of a microfibril, P(ii,m), the 
relative frequency of a “continuous segment” of length n, and F(n,m), the 
overall relative weight of the fragments of length n. If N  has a large value 
it is possible to show that the distributions P(n,m) and Fifkjni) may be 
calculated to a close approximation by using the equations:

Pin,in) =  /3 ( 1  — f t ) ™ - 1 (1 )

Fm.in) = riB'H. 1 — d)”-1 (2)
where

M  1  -  e-m/N (3)

The mean value of n for the distribution of P, and nw for the distribution 
of F can be calculated by using eqs. (4) and (5):

n = 1/j3 (4)

nw = (2 -  0)/0 (5)

If m /N  is a small number, then 0 — m/N, and hence n and nw can be 
calculated by more simplified formulae:

n = N/m  (6)

nm = 2 N /m  (7)

The values n and nw for different values of m and N  were calculated by 
means of eqs. (6) and (7) ; the results are given in Table I.

The structure of cellulose microfibrils may differ in many respects from 
the model used as the basis for these calculations and we shall now con
sider to what extent deviations from this model affect the calculated values.

(1) Cellulose samples are polydisperse with regard to the value of N. 
The relationship between n and N  for different values of in can be calculated 
from eq. (4) and is represented in Figure 1. {2) It is not known whether
gaps between the ends of twyo molecules situated on the same long axial

TABLE I
Calculated Values for rë and n„ for Different Values of m  and iVa

m

N = 2500 A = 6000

n n w ft n w

16 157 313 375 749
36 69.9 139 167 333

300 8.8 16.7 20.5 40
1000 3.0 5.0 6.5 20

“ N  = degree of polymerization, m  = number of molecules in cross section of the 
microfibril. The values of m  and N  are taken from the literature,6-813'19'27,28 m  being 
calculated on the basis of lateral dimensions of the microfibril and the cellulose crystal
lographic unit cell.31
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line lead to discontinuities, nor what are the lengths of such discontinuities 
and their distribution. Data obtained so far by means of the negative 
staining technique2’3'14'16 support the view that if such discontinuities 
exist, they are less than about 30 X 30 X 30 A. Considering the rigidity 
and tensile strength properties of cellulose microfibrils3’18 and the small 
number of molecules they contain in cross section, it is conceivable that 
discontinuities are probably few, not extensive, and therefore can be 
neglected in the above calculations.

n

Fig. 1. Relationship between the calculated mean length of a “continuous segment” 
n and the degree of polymerization N  for microfibrils containing different numbers of 
molecules in cross section m.

The data presented in Table II show good correlation between the length 
of a “continuous segment” and the crystallites of cellulose microfibrils 
when the number of molecules in the cross section is small. These results 
are consistent with the hypothesis that crystalline regions and “continuous 
segments” are identical.

It was proposed that the amorphous regions which are easily hydrolized 
by mild acid treatment are distributed randomly along the microfibril 
length.21 This would be readily explainable assuming that the hydrolytic 
cleavage of cellulose microfibrils starts at amorphous regions around 
randomly distributed chain-ends, since in a microfibril of 2-3 m/i cross 
section, nearly all the molecules, and therefore nearly all the chain-ends, are 
on the surface of the microfibril and exposed to hydrolysis.3’13 Thus the 
possible identity between crystallites and “continuous segments” as de-
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TABLE II
Calculated Length of Continuous Segments {n) for Microfibrils of Different Lateral 

Dimensions as Compared with Experimental Data for Crystallite Length

% of 
mole
cules 

on the 
surface

Cross
section,

A2"

of
micro
fibril*1 m"

Refer
ences nb

Crystallite
length0

Refer
ences

5 X 102 75-100 16 13 150-375 100 IS,20,23
110-280 33

1.2 X 103 60 36 3 69-167 150-450 26
60-200 34

10* 25 300 4-8 8-20
9 X 10* 15 1000 1,10 3-6

“ Calculated values from the lateral dimensions of microfibrils as determined from 
electron micrographs and the crystallographic unit cell of cellulose.31

b The lower values of n are calculated for iV = 2500; the higher value for .V = 6000 
(Table I).

0 Length is expressed as degree of polymerization.

TABLE III
Calculated Weight Per Cent p Removed by the Dissolution of a Microfibril 

Segment of Length a for Different Values of m and Ar<*

m N

V

a  =  10 a  =  20 a  =  30 a  =  40 a  =  50 a =  60

16 2500 6.16 11.9 17.4 22.5 — —

6000 2.61 5.2 7.7 10.0 12.4 14.7
36 2500 13.2 24.7 — — —

6000 5.8 11.2 16.4 21.2 — —
300 2500 65.5 — — — — —

6000 37.2 — — — — —
1000 2500 95.2 — — — — —

6000 75.9 — — — —

a a and N  are expressed in monomer units.

scribed above, provides a further basis for the understanding of the initial 
hydrolysis of cellulose microfibrils.

Assuming that the hydrolysis occurs only at amorphous regions around 
molecular chain-ends, it is also possible, by using eq. (8), to calculate the 
weight per cent (p) of cellulose removed after the dissolution of a segment 
of length a ( — monomer units).

p = 1 -  e-anlN[a{em'N +  e~miN) -  (2a -  1)] (8)

Table III shows the results of this calculation.
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a  c s  N ce,

m ■■■ — -----• •— i I • •! ; — • •-------

Fig. 2. Schematic model for the arrangement of cellulose molecules in an ideal cellulose 
microfibril: (cs) “continuous segment” ; (ce) chain-ends; (Ar) length of a molecular 
chain; (m) number of molecules in cross section of a microfibril; (a) length of a segment 
dissolved around molecular chain-ends by initial acid hydrolysis.

The number of continuous segments or points of chain ends along a 
microfibril of length N  equals N /n  and approximates m. The per cent 
length p(l) removed from this microfibril would be calculated from eq. (9).

p(l) = ain/N X 100 (9)

Dissolution of about 10% by weight of the cellulose samples during the 
initial hydrolysis is considered sufficient to remove the amorphous part of 
the microfibrils.21'33 Thus the length a of the segment removed by the 
initial hydrolysis (around the molecular chain ends), as calculated for a 
microfibril containing up to 36 molecules in cross section having a degree 
of polymerization of 2 X 103-6 X 103, is about 10-20 monomer units or 
about 5-28% of the microfibril length. These figures seem reasonable. 
However, similar calculations for microfibrils of 100-300 A. cross section 
(m = 300-1000) yield unlikely results (Table III). This can be explained 
if we assume a different arrangement of molecules in the wide microfibrils 
or what appears to be no less probable, that microfibrils of such lateral 
dimensions are nonexistent. Though it might appear daring on the basis 
of results obtained for cellulose microfibrils of bacterial and some plant 
primary walls to infer that the cross sections of cellulose microfibrils from 
all sources have similar small dimensions, this is nevertheless a possibility 
to be envisaged. The same methods were used in measuring the cellulose 
microfibrils now proved to be about 30 A. wide, as well as microfibrils from 
many other sources, which are still considered to be 100 A. wide. Assum
ing an overestimation of width in the latter case as in the former, it is likely 
that the width of both kinds of microfibrils is identical.

If the distribution of molecular chain-ends is not related to the distribu
tion of amorphous regions and the molecular chain-ends are distributed 
randomly we would expect the crystallites to contain molecular fragments 
equal to or shorter than their observed length. This would result in a 
discrepancy between the mean length of the crystallites as measured from 
electron micrographs and the value of the degree of polymerization obtained 
from viscosity measurements after their dissolution. However, it appears 
that there is a good correlation between data obtained by both methods for 
a given cellulose sample.19'23

The main features of the model describing the molecular arrangement of 
cellulose chains in an ideal microfibril as used throughout this work are 
represented schematically in Figure 2.

The identification of the crystalline regions of cellulose microfibrils with 
“continuous segments” and of the amorphous regions with regions contain-
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iug molecular chain-ends is rather tentative. Determination of crystallite 
length associated with careful measurements of the true lateral dimensions 
of the native cellulose microfibril for samples of different degree of poly
merization is now possible. Correlation between the experimental data 
obtained for crystallite length and the calculated value for “continuous 
segment” would provide further support for their identity.

We wish to thank Dr. G. Avigad, Dr. R. G. Kulka, and Dr. L. Goldstein from the 
Department of Biological Chemistry of the Hebrew University of Jerusalem and Dr.
M. Levin of the Institute for Fibers and Forest Product Research, State of Israel 
Ministry of Commerce and Industry, Jerusalem, for their interest in this work.
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Résumé
Des formules statistiques, basées sur les modèles généralement acceptés concernant 

la structure des microfibrilles de cellulose, ont été développées afin de calculer la longueur 
moyenne des segments microfibrillaires ne contenant pas de bouts de chaînes molécu
laires. La longueur calculée de ces segments pour des microfibrilles d’une section 
transversale de 2 à 3 mu et contenant des chaînons cellulosiques d’un degré de polymér
isation de 2 à 6 X 103, se situe entre 300 et 1500 A. Les relations possibles entre ces 
segments, et les régions cristallines et amorphes des microfibrilles de la cellulose sont 
envisagées.

Zusammenfassung
Es wurden statistische, auf einem allgemein angenommenen Modell für die Struktur 

von Zellulosemikrofibrillen beruhenden Formeln entwickelt, um die Länge von Segmen
ten, die keine Endketten enthalten, zu berechnen. Die ungefähre Länge solcher durch
laufender Ketten von Mikrofibrillen mit etwa 2-3 Durchmesser, welche Moleküle 
vom Polymerisationsgrad 2-6 X 103 enthalten, wurde zu 300 bis 1500 A. berechnet. Die 
Beziehungen zwischen durchlaufenden Segmenten und kristallinen und amorphen 
Bereichen von Zellulosemikrofibrillen werden besprochen.

Received February 19, 1964 
Revised June 8, 1964
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BOOK REVIEWS

N. G. Gaylord, Editor

Determination of Molecular Weights of High Polymers, Cl rien Jên-yüan, 
Israel Program for Scientific Translations, Jerusalem, 1963. 156 pp., 
$7.00.

Practitioners of the molecular characterization of polymers badly need a good up-to- 
date book on this subject. Unfortunately, Determination of Molecular Weights of High 
Polymers is not such a book. I t was written in 1958, in Chinese, translated into Russian 
in 1.962, and thence into English. Thus, it is now over six years old, and describes 
techniques and equipment quite foreign to Western usage.

At first glance, the book creates a favorable impression despite its obvious shortcom
ings. In general, experimental precautions are described rather well, and the Ap
pendices contain some useful tabulations of data. But, when one compares Determina
tion of Molecular Weights of High Polymers with the rest of the polymer literature, he 
realizes that it can scarcely be recommended even at its relatively modest price.

To begin with, this book is almost the same in age, size, and coverage as P. W. Allen’s 
Techniques of Polymer Characterization. Despite being written from the British rather 
than the American standpoint, Allen’s book would without doubt be preferred by most 
users in this country for readability, scope, and attention to familiar detail. Thus, 
Determination of Molecular Weights of High Polymers fails to stand up to direct com
petition.

Both books, of course, suffer today from being badly outdated in a rapidly changing 
field. Their theoretical treatments are in general still sound, but many instruments and 
techniques now widely used are entirely new since 1958, and one must consult the original 
literature or recent review articles for more complete coverage.

The reader experienced in molecular characterization practice will probably want a 
copy of Determination of Molecular Weights of High Polymers to insure completeness of 
his library, and he will find a reasonable degree of utility in the book. I t can not, how
ever, be recommended to the novice, student, or casual reader as a modern or accurate 
representation of this field.

Fred W. Billmeyer, Jr.
Rensselaer Polytechnic Institute 
Troy, New York

Unsaturated Polyesters: Structure and Properties, Herman Y. Boenic. 
American Elsevier, New York, 1964. x +  222 pp., $10.00.

The present work is an attempt at a comprehensive treatment of the relationship be
tween the structural diversity of polyester resins and the properties of their cured prod
ucts. The curing mechanism is discussed in terms of copolymerization principles and 
original contributions are made to the problems of the effect of structure on flame re- 
tardance and on the properties of coating compositions.

The key chapter, Chapter 6, is 80 pages in length and includes discussion of the rela
tionship between backbone structure and almost all properties of interest, with the ex
ception of electrical properties. Chapter 7 covers the effect of the unsaturated mono
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mers on properties of cured products. In this chapter are mentioned no less than 19 
monomers which are of commercial interest. The book is well indexed. I t is a worth
while addition to any chemical library and should be extremely useful to those engaged 
in tailor-making of unsaturated polyester resins.

Gaylord Associates, Inc. 
Newark, New Jersey

David S. Hofferiberg
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NOTES

In s tru m e n t  C onstan t fo r  D ynam ic  Tensile M odulus A ppara tus

In a series of papers we have described an apparatus and a method for the deter
mination of the elastic moduli of thin polymeric films.1-4 A weight is attached to a 
2 X 60-mm. strip of film, the upper end of which is clamped to a phonograph recording 
head, which is used to set the system into either longitudinal or transverse vibration. 
The cross-sectional area of the film is determined in place from the length, the density, 
and the transverse resonant frequency. The modulus is found from the dimensions of 
the specimen and the longitudinal resonant frequency.

During recent work in which the elastic modulus of cellophane was studied using this 
apparatus, it became apparent that the compliance of the recording head used to drive 
the system was influencing the results of the measurements of the stiffer films to a greater 
extent than had been suspected. I t is the purpose of this communication to indicate 
how this effect was observed and how the compliance of the recording head was deter
mined, and to correct modulus values previously reported.

Our most recent work on cellophane included measurements on a series of unsoftened 
films.5 I t  was found that the measured moduli of these films decreased considerably 
with increasing thickness. Furthermore, when the measured modulus was plotted as a 
function of the quantity, modulus/(transverse frequency X length)2, a straight line 
was obtained. A plot of this type would, however, result if the modulus were con
sidered to be a constant, instead of varying with thickness, and if the spring constant of 
the apparatus were low enough to influence the result. Since the same result was 
obtained on a series of measurements made on films of the same gage but with various 
widths, it was concluded that this effect was due to the compliance of the apparatus.

A direct determination of the spring constant of the apparatus was carried out by 
hanging weights directly from the end of the clamp mounted in the recording head 
instead of on the end of a specimen. The resonant frequency of the system was then 
determined using a series of weights. The spring constant of the recording head was 
calculated from these results for a series of weights ranging from 24-108 g. The 
spring constant, k, was found to vary linearly with the reciprocal of the mass, to, ac
cording to eq .( 1)

k X 10- 6dynes/cm. = 16.69 — 15.83/)?j (1)

The value of the spring constant for a given mass may be used to correct the apparent 
modulus values obtained when using that mass to apply tension to the specimen. This 
is done by using eq. (2)

E  = E,„( 1 -  4,r2/ , 2/ * ) “ 1 (2)

where E  is the actual modulus, E m is the measured modulus, f t is the longitudinal fre
quency, and k is the spring constant of the apparatus.

This method has been used to correct the results reported in our comparison of the 
dynamic modulus with the Handle-O-Meter stiffness tester.2,3

With these results, the logarithm of the stiffness-to-modulus ratio was again plotted 
as a function of the thickness of the films. The line thus obtained may be represented 
by eq. (3)

S /E  =  4.45 X 10- 1V -5 = 1-23 X 10-9!2-5 (3)

where 8  is the Handle-O-Meter stiffness in g., tM is the thickness in microns, and t is the
thickness in mils.
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TABLE I
Properties of Films Softened with GlyceroP

Film
Relative 

humidity, %
Machine
direction

E, dynes/em.2, X

Transverse
direction

1010

Geometric
mean

Control A, unsoftened 15 15.6 9.2 12.0
35 14.5 8.0 1 0 .S
81 8.9 4.9 6.6

Control B, unsoftened 15 16.2 10.6 13.1
35 13.5 8.2 10.5
81 7,1 4.1 5.4

Glycerol, 7.3% 15 13.1 8 .S 10.7
35 11.3 6.9 8 . S
81 5.3 3.3 4.2

Glycerol, 13.7%. 15 11.7 7.3 9.3
35 10.1 5.9 7.7
IS 3.6 2.0 2.7

Glycerol, 21.3% 15 10.2 6 .1 7.9
35 8.1 4.6 6 .1
SI 3.2 1.6 2.3

8 For further data on these films consult Table I of ref. (2).

The second form of eq. (3) replaces eq. (2a) of ref. (3) and eq. (6a) of ref. (2). The 
differences between the values obtained with the corrected and uncorrected equations 
range from 10 to 20%. Equation (26) of ref. (3) and eq. (66) of ref. (2) should now 
read for the sample thickness in mils

E  X RU 9 = 0.813 S /t2-*

The results obtained on cellophanes softened with glycerol and water reported in 
ref. (1) have also been corrected. The corrections for these films ranged from 15% for 
the softer films to about 70% for the stiffer ones. These results are shown in Table I. 
When the logarithm of the corrected compliance* defined as 1/E V c, where Ve is the 
volume of film containing Ig. of cellulose, was plotted as a function of the quantity, x 
moles of water +  2x moles of glycerol per 100 g. cellulose, the results are all found to 
fall close to a single line as before. This shows that the principal conclusion of ref. (1) 
still applies; namely, that a mole of glycerol has twice the softening effect of a mole of 
water.

I t should be pointed out that even though this type of correction may be applied to 
compensate for the effect of the compliance of the apparatus, it is recommended that 
future apparatus be constructed using a driving device with a lower compliance in order 
to eliminate or at least to minimize the correction.
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Steady  Flow Viscosity o f A queous H ydroxye thy l Cellulose Solu tions

We have made a limited study of the concentration dependence of the steady flow 
viscosity of aqueous solutions of high viscosity hydroxyethyl cellulose. The polymer 
under consideration is available from the Hercules Powder Co., trade name Natrosol 250, 
viscosity type H, lot number 4429. This polymer at low concentrations yields ex
tremely viscous solutions in water.

The sample was found to contain 2.60 combined ethylene oxide residues per anhydro- 
glucose ring by acetylation analysis1 and to have an ash content of 1.24% by weight. 
Measurements were made on solutions in water and in dilute sodium hydroxide over the 
concentration range of 0.5-3.5 g./lOO ml. of solution. All solutions contained 0.1% 
Dowicide A to protect against the growth of microorganisms.

A horizontal capillary viscometer was used containing a downward right angle bend 
which was inserted into the solution to be measured. The inside diameter of the capil
lary was 0.126 cm., and two marks on the horizontal portion were 17.09 and 19.59 cm. 
from the vertical entrance. Flow times for the solutions between these two markings 
■were determined. Since all flow occurs within the capillary except at the entrance, the 
capillary length-to-diameter ratio is high, and the solutions are very viscous, kinetic 
energy corrections are negligible and were disregarded. The capillary was attached to 
a vacuum system containing a mercury manometer so that flow times at various imposed 
pressure differentials could be determined. The effective capillary length was found to 
be 18.62 cm. by timing several Newtonian fluids of known viscosity a t 25.0°C. a t several 
applied pressure differentials. The relative viscosities of the aqueous Natrosol solutions 
a t different applied pressures were then calculated from their flow times by using the 
equations.

nr8i(25°C.) = flow time(sec-) X AP(cm.Hg)/0.0625

,„i(48°C.) = flow time(sec.) X AP(cm.Hg)/0.0398

The entire capillary portion of the instrument was enclosed in an oven which allowed 
measurements to be made a t various temperatures. Samples were conditioned in the 
oven until temperature equilibrium was reached prior to measurement.

Since aqueous solutions of Natrosol are non-Newtonian and shear thinning, relative 
viscosities a t zero shear (no) were obtained by extrapolating the linear i?rei-1 versus AP 
plots to zero applied pressure.

Log-log plots relating 770 to concentration C a t 25°C. are presented in Figure 1. The 
equations for these relationships are for H20 .

■no = 2.15 X 103C8-55
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Figure 1.

and for 0.905A' NaOH:

Vo = 3.30 X 102C4-72

Ferry and co-workers2-5 have found that for many polymers, above a certain critical 
concentration, the relative viscositjr a t zero shear is proportional to O.6 However, 
Onogi and co-workers,6,7 while observing the Ferry relationship for polystyrene, find a 
C6 relationship for solutions of polyvinyl alcohol (PVA) above the critical concentration. 
This discrepancy may be attributed to stronger intermolecular forces in concentrated 
PVA solutions than in solutions of polystyrene, polyisobutylene, cellulose tributyrate, 
etc. On the other hand, Oyanagi and Matsumoto8 find tha t PVA solutions do follow the 
Ferry law.

Recause of the extremely high viscosities of our hvdroxyethyl cellulose solutions we 
had to confine our study to a limited concentration range. In water, we observe the 
normal linear log-log plot with an exponent of 5.55 which is more in accord with the re
sults of Onogi. In dilute sodium hydroxide, a strong hydrogen bond-breaking solvent, 
the exponent falls to a value of 4.72, which is closer to that of the Ferry relationship. In

TABLE I
Viscosity Data for Natrosol Solutions

System Colico., g./100 ml. Vo

H20, 25°C. 0.5 3.2 X 102
0.7 5.6 X 10*
0.9 1.19 X 103
1.1 4.0 X 103
1.6 2.36 X 104
2.0 9.09 X 104
2.5 2.13 X 105

H20, 4S°C. 1.0 1.46 X 103
2.0 3.01 X 104
3.0 2.86 X 105

0.905 A NaOH, 25°C.3 1.05 4.05 X 102
1.52 2.28 X 103
1.90 6.88 X 103
2.38 1.91 X 101
2.85 3.36 X 104
3.34 8.23 X 104

3 Vrei of 0.905 A NaOH at 25°C. was determined to be 1.19.
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addition, the absolute values of zero shear viscosities in the dilute alkali are only a small 
fraction of those in water a t the same concentration of polymer. These results affirm 
that intermolecular forces are very important, in determining the viscous behavior of 
concentrated solutions of polar polymers.

Onogi7 has shown that the critical concentration is reached much sooner with polar 
than with nonpolar polymers of the same chain length. With PVA having a chain length 
of 4400, the critical concentration is still as high as 7-8 wt.-%. With highly viscous 
Natrosol the Figure 1 discontinuity indicates that the critical concentration in water 
has decreased to approximately 0.8 wt.-%. In dilute alkali, however, over the concen
tration range 1-3.3 g./lOO ml. we observe no break representative of a critical concen
tration effect.

From the data obtained at 4S°C., apparent activation energies for viscous flow varying 
from 3.2 kcal. a t 1 g./lOO ml. up to 8.8 kcal. a t the 3 g./lOO ml. level are obtained in 
accord with generally observed results.

Data illustrating the effect of alkali concentration on the relative viscosity a t zero 
shear for a solution containing 1.45 g. of Natrosol/100 ml. are given in Table II.

TABLE II
Effect, of Alkali Concentration on 77e

XaOH concn., A' 170 X 10 “3

0 17
0.35 3.0
0.69 l.S
I .04 1.4
1.38 1.2
1.72 1.2

Small additions of alkali cause a large decrease in w followed by a smaller change until 
a normality of 1 is reached. Further increases in alkali concentration produce n o  effect 
on jjc-
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