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matrices ,,"ith a variety of structures. Millar et al. 9-12 prepared ex­
panded microreticular, or gel-phase, structures and macroreticular, or
macroporous, structures by varying the proportions of styrene, divinyl­
benzene, and solvent in solutions of monomers prior to polymerization.
Seidl, ~Ialinsky, and Dusek,13-19 Lyustgarten et al.,20 Abrams, 21,22 Bortel,23
and Tevlina and Sadova24 describe the formation of macroreticular poly­
mers by copolymerizations with solvents for the monomers and co­
polymerizations in the presence of nonpolyrnerizing materials.

Since the finit reports describing the effects produced by phase separa­
tion during suspension polymerization l both the mechanism of formation
and the structure of macroretieular resins have been of constant interest.
In previous publieations the nongel pore structure of maeroreticular ion
exehangers4,5 and redox polymers7,25,26 are described. The purpose of
this study is to prO'Vide an experimental basis for the mechanism of forma­
tion of the macroreticular structure during a polymerization involvinl!;
phase separation.

PLAN OF STUDY

The polymcrizalion procedure of ~Ieitzner and Oline27 ,28 was used,
in which only the styrene-divinylbenzene ratio was changed. The
polymerizatioll temperature was kept constant at SO°C. Three levels of
erosslinking were examined, so that at least one level would show significant
changes in properties during the polymerization. Level.s of 3, 10, and 20%
diviuylbenzene \n~l'e used to give structures that \yere lightly and highly
crosslinked.

The experimentill proeedure for following the formation of the macro­
reticular :-;tructure:-; during suspension polymerizations involved the removal
of a series of aliquots from the suspen::>ion mixture as the reaction proceeded.
Each sample "'as immediately quenched in a large excess of methanol
containing hydroquinonc, so as to terminate the polymerization and
precipitate the polymer. Only the insoluble, or crosslinked, copolymers
were examined. The eros::>linked fractions were isolated, washed free of
monomers, extender, and soluble polymers, and dried in vacuo to constant
,,"eight, The physical and chemical properties of the fractions \yere then
examined.

RESULTS AND DISCUSSION

Swelling Ratios

Swelling ratios of crosslinked copolymers are an indirect measure of
crosslinking. As tl~ degree of crosslinking increases, the relative extent
of swelling in a particular "good swelling liquid" decreases. Following
changes in the ::>welling ratio as a function of polymerization time can be
used as a measure of the physical changes taking place in the polymeric
matrices, i.e., the changes in the degree of crosslinking. Figure 1 shows the
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A similar pattern is observed in the polymerization containing 3% di­
vinylbenzene. Here also decreases followed by increases in nongel porosity
are taking place while the surface area of the copolymer beads are con­
tinually increasing. It must be remembered that the isolated polymeric
fractions are not "finished" copolymers such as normally found in the final
product. These copolymers, at the very early stages in the polymerization,
are loose gel structures resembling a large mesh network. Such structures
have significant porosities but very 100y surface areas. As the polymeriza­
tion proceeds, macrogelation takes place, giving finite beads, within \Yhich
the macroreticular structure is forming.

Mode of Pore-Structure Formation

The mode of formation of the macroreticular structure can be now de­
scribed as a three-stage process in \\·hich each droplet of the organic phase
behaves as an individual bulk polymerization that results in a bead of
copolymer. Each droplet is composed of a solution of monomers, the initi­
ator and the extender; it is suspended in an aqueous solution. During
the early stages of the polymerization a polymer is formed that is composed
of straight chains with pendent vinyl groups. Continued polymerization
yields intramolecularly crosslinked microgels and higher molecular weight
linear chains that are soluble in the monomer-extender solvent system.
The reaction temperature, crosslinker concentration, and extender con­
centration determine \yhen the polymer-phase separation occurs. This
separation gives a copolymer-rich phase and an extender phase with a very
low polymer concentration, the monomers being distributed between the
two phases. Since solvated and very lightly crosslinked copolymers can
behave, in some respects, like a liquid, the interfacial tension on the poly­
mer-rich phase gives it the low-energy spherical form, and the polymer
separates as a mass of microspheres. At a certain conversion of monomer
to polymer macrogelation occurs and gives a gel type of bead composed of
an agglomeration of microgels. The first stage in the formation of a macro­
reticular structure is the production and agglomeration of gel microspheres
such that they make a bead of copolymer. As the polymerization and
formation of microspheres continue, the microspheres are bound together
by the polymerization of the monomers solvating the microspherica.1
polymers.

The second stage in pore-structure fonnation is the binding together
of the microspheres while the polymerization continues. It is during this
stage that the macroreticular structure is actually forming. Though the
characteristics of the pore are dependent upon the formation of micro­
spheres in the first stage, the nongel structure is not formed until the second
stage. During the second stage thE)re are compositional changes, in which
the concentration of monomers in the extender are decreasing, the ratio of
crosslinker to monomer is varying according to the reactivity of the growing
radicals to various types of vinyl compound, i.e., styrene or divinylbenzene,
and the extender concentration is increasing.
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by Meitzner and Oline,27,28 Lloyd and AlfreY,30 and Seidl et a1. 31 in a recent
excellent review.

EXPERIMENTAL

The suspension polymerizations were run in a 5-liter, four-necked, round­
bottomed flask fitted with a stirrer, a thermometer connected to a thermo­
regulator, a reflux l:ondenser with a gas inlet at the top joint, and a sample
outlet reaching into the suspension mixture. With the exception of the
extra inlet and outlet tubes the apparatus is of the type used in standard
suspension polymerizations. The gas inlet tube is connected to a nitrogen
source. During the run the reaction flask was vented, at the inlet tube,
to the atmosphere by a line to a three-way stopcock in the nitrogen line.
When a sample is taken during the polymerization cycle, the three-way
stopcock is turned to close the vent to the atmosphere and opened to a
nitrogen tank. The nitrogen pressure forces the suspension up the sample
outlet tube and out into a graduated cylinder. When the desired quantity
of material is collected, the nitrogen pressure is released, and the reaction
flask is vented to the atmosphere again.

A solution of styrene (i:>70.2 g.), technical-grade divinylbenzene (29.8 g.
containing 60.5% divinylbenzene), t-amyl alcohol (520.0 g.), and benzoyl
peroxide (7.0 g.) was combined in the 5-liter flask \"ith a solution of the
ammonium salt of a high molecular weight styrene-maleic anhydride
copolymer (11.3 g.) and Pharmagel (0.4 g.) in 1.8 liters of water. The
mixture \\"as agitated, until the organic components were dispersfd as
fine droplets, and then heated at SO°C.

When the temperature reached tjOoC., an aliquot of the reaction mixture
\\'a::; removed, and sub::;equent aliquots \\'ere removed at set intervals
throughout the polymerization and the steam distillation for removal of
the solvent-nonsolvent mixture. The aliquots were immediately quenched
in 250 ml. of 2B ethanol containing approximately 2% hydroquinone.
After cooling to room temperature the precipitated polymeric material
was filtered, \\"ashed three times \\'ith water, and then washed three times
\\'ith 2B alcohol, once \\'ith benzene, once again with cold 2B alcohol.
This washing procedure removed unreacted monomers, solvents, and non­
crosslinked polymeric materials. The purified, crosslinked polymer frac­
tions were placed in a steam oven to remove organic solvents and then
dried overnight at 110°C.

The author~ wish t.o expres~ their appreciation t.o Bayard T. Storey for his helpful
discussions duriug the course of this work, Raymond Wilkins and Miss Ann Thomas for
the electron micrographs, and Edgar Cloeren and Eric Isacofl' for their technical as­
sistance,





JOURNAL OF POLYMEIl SCm~CE: PArrT A-I YOLo Ii. 270:~-::n13 Il90H)

Polymerization of Ethylene Catalyzed by
Diethylaluminum Chloride and Titanium( JJI)

Acetylacetonate

W. R. WATT, F. H. FRY, and H. POBIXER, American Can Company,
Princeton [.laboratory, Pr£ncelon, New Jersey 0854.0

Synopsis

Catalysts for the polymerization of ethylene were prepared from titanium(m) acetyl­
aeetonate and diethylaluminum ehloride. Titanium(lIl) aeetylacetonate is of interest
hecause it is soluble in hydl"Ocarbon solvents used as polymerization media. As it.s
oxidation product. oxobisacetylacetonat.otitanillm(Iv) is also hydrocarbon-solllble, this
system provides a vehicle for studying the effects of a ehange in valence on eatalyst ae­
tivity without an accompanying change of state, as occurs with titanium halides. Rela­
t.ively high molar ratios (>20: 1) of aluminum alkyl to titanium compound were reqnireJ
to give aetive catalysts. Preeipitates genern.lly formed in the catalyst mixtures, al­
though dilute catalyst solutions in which no precipitate was visible still initiated poly­
merization. Catalyst mixt'lII'es were observed to undergo certain changes on standing.
Light-scattering studies indica.ted an increase in cata.lyst pa.rtieIe size, and a gas identified
a.s ethane was evolved. These changes were lweompanied by a reduction in activity of
the catalyst.. Parallel polymerization tests were run for a comparison of ca.t.alysts pre­
pa.red from titaninm(I1I) aeet.ylacet.ollltte and (',aLa,lyst,s prepared from oxobisaeetylace­
tonatotitanium(Iv). There was essentially nu difference in yield or properties of poly­
mer prepared using the two catalyst. systems. The evidence suggests that both the tri­
valent and tetravalent tita.nillm compounds yield the same eata.lytic intermediate when
reading with diethyla.luminnm chloride.

INTRODUCTION

Despite the large number of publieations on the subjeet of olefin poly­
merization with Ziegler catalysts the only trivalent titanium eompound on
which extensive studies have been reported i" titanium trichloride. This
may be due to the diffieulties eneouDtered in the preparation of trivalent
titanium compounds \Yhieh, in general, are very unstable to moi~ture and
oxygen. We have reeently prepared f.wd studied a trivalent titanium
eompound, titanium(m) aeetylaeetonate, ",hieh gives active ('atalysts for
the polymerization of ethylene.

Titanium(lII) acetylaeetonate [hereinafter referred to as Ti(acac)o]
\ms first synthe~ized by Chakravarti I in 1959. Its use as a coeatalyst in
olefin polymerization has not been reported, although the broad elaimH of
Home patents inelude titanium aeetylaeetonates in general as possible <:om­
ponents of Ziegler catalysts. 2.3
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clear supernatant and polymer prepared with catalyst mixtures from which 
the residue had not been removed. The complete catalyst mixture gave a 
higher yield of polymer than the supernatant, and the polymer had a 
larger heptane-insoluble fraction (see Table II).

TABLE II
Comparison of Soluble and Insoluble Fractions 

of a Mixture of DEAC and Ti(acac)3 :a Polymerization of Ethylene for 4 hr. 
at 40°C. and 40 psig

Catalyst
Polymer,

g-
Iieptane- 
insol., %

M.P., °C.
(DTA)

?7inhj
dl./g.

Complete mixture, 13.1 81.3 127 7.77
DEAC +  Ti'CJbO..), 

Supernatant only 6.8 71.9 126 3.74
Residue only nil — — —

3 5.72 mmoles of DEAC and 0.326 mmoles of TifCsHIOoh stirred in 100 ml. of benzene 
for 1 hr. at room temperature and then centrifuged 10 min. at 2000 rpm.

These differences could have been the result of additional handling of 
the supernatant, to remove the insoluble residue, although similar results 
were obtained in several tests. In none of these tests did the residue 
initiate polymerization.

Effect of Aluminum-to-Titanium Ratio (AI/Ti)
The molar ratio of aluminum alkyl to transition-metal compound in 

Ziegler catalysts is known to have profound effects on both the yield and 
the properties of a polymer. Ziegler claimed that in catalysts containing 
tetravalent, titanium salts 8-12 moles of aluminum alkyl to one of ti­
tanium salt proved advantageous, but in the special case in which the 
transition-metal compound is an acetylacetonate molar ratios of aluminum 
to transition-metal compound of the order of 16-24 were preferable.2 
Others have found that catalysts containing titanium halides show activity 
at molar ratios of aluminum alkyl to titanium halide of about 2:1 or 3 :1.4~7

In the case of DEAC-Ti(acac)3 catalysts the polymerization took place 
only when DEAC was present in large excess. The exact ratio of DEAC 
to Ti(acac)3 required for polymerization varied with the concentration of 
Ti(acac)3; see Figure 1. In general, catalysts containing less than 20 
moles of DEAC per mole of Ti(acac,)3 produced no polymer.

Polymers prepared at high AI/Ti ratios contained large fractions of low 
molecular weight material, as indicated by the percentage solubility in 
heptane.

Because of the tendency of some titanium compounds to dimerize, high 
AI/Ti ratios are needed to disturb the dimerization equilibrium. This 
has been used to explain the high AI/Ti ratios required in catalysts pre­
pared from titanium alkoxides.2 Similar reasoning probably cannot be 
applied to catalysts containing Ti(acac)3, however, because this compound
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Fig. 1. Effect of molar ratio DEAC/Ti(acae)3 on polymer yield: polymerization of 
ethylene at 40°C. and 40 psig in 100 ml. of benzene for 90 min. Millimoles of Ti(acac)3: 
(0 ) 0.306, (•) 0.0765, (X ) 0.0306, (A) 0.0153.

has been shown to be monomeric in solution.8 A possible explanation is 
that, since the chelate is very stable, a large excess of DEAC is needed 
to break loose one /3-diketone or one end of a /3-diketone:

91
/  Et

Ti(C6H702)3 +  EtjAlCl ^  (CstFOikTi Ah'

Effect of Catalyst Age

Experiments in which mixtures of DEAC and Ti(acac)3 were allowed to 
react for various lengths of time before ethylene was introduced showed that 
the catalyst’s age influences its activity (see Table III) . The highest yields 
of polymer were obtained when monomer was introduced immediately 
after mixing of the catalyst. The loss of activity was more rapid at 40°C. 
than at 25°C. (compare Tables III and VII). Danusso and Sianesi noted 
a similar effect of temperature on the rate at which trialkylaluminum- 
TiCl4 catalysts lost activity.6 A loss of activity with age has been observed 
in other related catalyst systems.6'7’9-11 

A possible explanation of the loss of activity of the catalyst on aging is 
that the titanium compound is reduced beyond its valence of maximum 
activity, although there is evidence this does not occur. Ludlum et al.12 
showed that for catalysts that are reduced below the valence of maximum 
activity a plot of catalyst activity versus molar ratio of aluminum to ti-
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TABLE III
Effect of Aging DEAC-Ti(acac)3 Catalyst at 25°C.: 

Polymerization of Ethylene at 25°C. and 40 psig for ISO min. with 
5.82 mmoles of DEAC and 0.0759 mmoles of Ti(acac)3 in 100 ml. of Benzene

Cat­
alyst 

age, hr.
Polymer,

g-
M.P.,“ °C. 

(DTA)
Heptane- 
insol., % dl./g.

Branch­
ing,1’ 

CIE per 
1000 C

0 13 4 122 63.6 5.9 2.8
1 11.7 123 64.1 5.8 <1
3 9.3 124 67.9 7.3 <1
5 8.4 126 68.5 4.5 <1

24 4.9 128 77.1 4.4 <1
46 5.5 130 78.9 4.9 <1.
65 4.0 132 78.2 4.9 <1
96 2.1 128 72.6 5.5 <1

“ Of crude polymer before heptane extraction. 
h Of heptane-insoluble fraction of polymer.

tanium compound goes through a maximum.4 Schnecko et al. have shown 
similar plots. The curves shown in Figure 1 do not pass through a maxi­
mum, indicating that DEAC does not overreduce Ti(acac)3 even at very 
high A l/T i ratios.

Observation of mixtures of DEAC and Ti(acac)3 in benzene with a Bryce- 
Phoenix light-scattering photometer showed an increase in scattering ratio 
with time. Two types of behavior were noted, depending on the con­
centration of Ti(acac)3. Dilute solutions, less than 3 X 10- W  with 
respect to Ti(acac)3, showed a continuous increase in r throughout the 
entire period of observation (200 min.). In the case of more concentrated 
solutions the scattering ratio passed through a maximum (see Table IV 
and Figures 2 and 3).

TABLE IV
Change in Turbidity of DEAC -Ti(acacia Mixtures on Aging at 25°C.

Ti(acac)3, 
moles/l. 

X 10<
Molar ratio 

Al/Ti Condition
Change in r

during aging for 200 min.

2.5 59 soluble1* continuous increase
4.4 118 heterogeneous maximum at 50 min.
4.3 121 heterogeneous maximum at 33 min.
4.9 125 heterogeneous maximum at 20 min.
0.6 236 soluble“ continuous increase

" Transparent to unaided eye.

The observed decrease in scattering ratio of more concentrated solu­
tions after 20-50 min. is believed due to precipitation of suspended 
particles, reducing the number of scattering centers. Solutions in which 
the concentration of Ti(acac)3 was less than 3 X 10_4M remained clear to
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the unaided eye, but visible precipitates formed in more concentrated 
mixtures.

The light-scattering studies indicate an increase in particle size even in 
cases in which no visible precipitate occurs. This may explain the ob­
served loss of catalyst activity in clear solutions as well as in those con­
taining precipitates.

Fig. 2. Absolute turbidity r of catalyst systems in benzene as a function of time: 
0.398 mmoles of DEAC and 0.00676 mmoles of Tifacach in 27 ml. of benzene.

Fig. 3. Absolute turbidity r of catalyst systems in benzene as a function of time: 1.59 
mmoles of DEAC and 0.0124 mmoles of Ti(acac)3 in 31 ml. of benzene.

During aging of the DEAC-Ti(acac)3 catalyst a gas is evolved. This 
gas was identified as ethane from its infrared spectrum. The moles of 
ethane evolved per mole of Ti(acac)3 were found to vary with the Al/Ti 
molar ratio. No ethane evolution was observed for an A l/T i ratio of less 
than 1. When the A l/T i ratio was greater than 1, the amount of ethane 
increased, as the ratio increased, for two different experiments, as shown 
in T able V,
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to oxobisacetylacetonatotitanium(iv). The two solutions were then 
tested for catalytic activity in parallel polymerization tests.

Whether the catalyst was prepared from Ti(acac)3 or its oxidation product 
made no significant difference in either the amount of polymer produced 
or its properties; see Table VII.

CONCLUSIONS
The DEAC-Ti(acac)3 system gives effective catalysts for the low-pres­

sure polymerization of ethylene. The catalytic activity is associated 
with the soluble phase of the reaction mixture.

The time elapsed between mixing of the catalyst and introduction of 
monomer affects both the rate of polymerization and the properties of 
the polymer. A loss of activity of the catalyst with aging is the result 
of changes in the catalyst, giving rise to evolution of ethane and the 
aggregation of catalyst.

The fact that no significant difference in catalytic activity was observed 
between Ti(acac)3 and its oxidation product strongly suggests that reac­
tion with DEAC yields a single catalytic species. This is reasonable in 
view of the high molar ratio of DEAC to titanium compound required to 
form the catalyst.
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Synthesis and Investigation of Properties of 
Repeatedly Grafted Copolymers (Pemosors)

V. V. KORSHAK, K. K. MOZGOVA, and YU. V. EGOROVA, Institute 
of Organo-Element Compounds, Moscow, U.S.S.R.

Synopsis

Repeatedly grafted copolymers (pemosors) were obtained by grafting one and the 
same or different vinyl monomers onto heterochain polymers in a radical reaction. As 
starting polymers films of polyethylene terephthalate and poly-e-caproamide were used. 
Styrene and methyl methacrylate were the grafted vinyl monomers. It has been shown 
that pemosors could be formed in yields of 500-1000% (of the starting sample weight) 
by multiple grafting on vinyl polymer. Pemosors differ in appearance both from the 
starting polymers and the single-graft copolymers. Investigations of pemosor samples 
by electron microscope showed that the morphological structure of the surface was 
appreciably affected, the changes being more significant with increasing content of the 
grafted polymer. X -Ray studies and NM R data on pemosors showed that multiple 
grafting of vinyl monomers does not change the crystal structure of the starting poly­
mers, affecting only the supermolecular structure of the outer layer. Pemosors are 
polymers of a new type, differing in their properties from the starting polymers and the 
single-graft copolymers. The grafting character and penetration depth of the grafted 
monomer depend on the packing compactness of the supermolecular structure of the 
polymeric base as well as on the chemical nature of the starting polymers and monomers. 
Pemosors possess considerable chemical resistance and withstand prolonged boiling in 
40% alkali solution.

Graft copolymers obtained by grafting various monomers on polymers 
activated in different ways have been described by several investigators,1_s 
Attention has been devoted chiefly to studying the process of grafting, the 
mechanism of the reaction, and the structure and properties of the resultant 
products of single-graft copolymers. Only a few records of attempts at 
double grafting are to be found in the literature.6~10 The possibility of 
multiple grafting of various monomers or of one and the same monomer has 
not been demonstrated until now. It might be anticipated that multiple 
graftings of the same or another vinyl monomer would lead to greater 
changes in the properties of the initial materials than single graftings and 
would result in polymers of a new type, with properties differing from both 
the initial polymers and the single-graft copolymers.

This communication gives an outline of results obtained in the course of 
synthesizing and investigating some properties of repeatedly grafted co­
polymers, which are termed “ pemosors.”

Multiple grafting of monomers was carried out by the block method on
2715
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Fig. 1. Swelling of polyethyleneterephthalate and poly-e-caproamide film in methyl 
methacrylate film at 20°C: (I) poly-e-caproamide film with grafted polystyrene (in­
crease in weight: 28% ); (II) polyethyleneterephthalate film with grafted polystyrene- 
(inerease in weight: 30% ); (III) polyethyleneterephthalate film with twice grafted
polystyrene (increase in weight: 30% ; 155%); (IV) poly-e-caproamide film with twice 
grafted polystyrene (increase in weight: 12.7; 10.7%).

poly-e-caproamide and on polyethylene terephthalate.11 The activation 
method was kept unchanged.

It has been found that, of the many monomers, styrene and methyl meth­
acrylate are the most successfully grafted and the yield of the grafted vinyl 
polymer is higher on polyester films than on polyamide films. For example, 
after five graftings of styrene on polyethylene terephthalate, the weight of 
the grafted polystyrene exceeded that of the initial sample by more than 
eleven times. At the same time, under similar conditions, we obtained from 
a polyamide film only a fivefold yield of grafted polystyrene.

The difference in yield apparently may be explained by the differences in 
chemical nature between the polymers and by their dissimilar physical 
structures, which unquestionably affects the capacity for diffusion of the air 
oxygen and the monomers.

The process is also considerably influenced by the difference in stability 
upon thermal treatment between the hydroperoxide groups in these two 
polymers.

The high yield of a repeatedly grafted vinyl polymer is linked with the 
fact, that the initial polymers used were films with an already grafted layer 
of a vinyl polymer, which swelled more readily in vinyl monomers than did 
the ungrafted polymers. Figure 1 shows how the swelling capacity of poly-
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e-caproamide films improves in styrene after polystyrene has already been 
grafted on them. Polyethylene terephthalate films behaved in exactly the 
same way.

The process of multiple grafting of a vinyl monomer occurs in such a way 
that at first the initial rate of absorption of the monomer and that of the 
formation of a vinyl polymer are almost equal, but in the course of the 
reaction the formation of the graft polymer gradually slows down. Multi­
ple grafting of a monomer leads, as primary grafting, to the formation in the 
film of a considerably greater amount of the graft polymer than of homo­
polymer, as may be seen from Figure 2. The substantial predominance of 
the reaction of grafting over homopolymerization may be explained by the 
high viscosity of the reaction system (the gel effect).

T i m e ,  m i n u t e s

Fig. 2. Dependence of the yield of grafted polystyrene (I) and styrene homopolymer 
(II), as percentage of the weight of the monomer absorbed by the film (B/A  -100), on 
the duration of copolymerization at 80 °C.

We have previously ascertained that the active centers formed in poly­
mers upon their being heated in air serve as initiators of the reaction of 
graft copolymerization.12

The course of the process is also appreciably influenced by the reaction of 
chain transfer, first through the initial polymer and then through the 
grafted one.

Some supplementary data obtained by examining samples of graft co­
polymers by the velocity sedimentation method point to the existence of the 
two mechanisms of the reaction of graft copolymerization.13

Poly-e-caproamide films with single-graft polymethyl methacrylate or 
polystyrene were used for the investigation. Simultaneously, a sample of a 
film containing successively grafted polystyrene and polymethyl methacry­
late was also investigated.

To remove the homopolyamide, the samples were boiled for a long time 
in hydrochloric acid, after which the undissolved part, the vinyl polymer or 
the copolymer, was thoroughly washed with water and dried.
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crease, especially if the latter (for instance, the polyamide film) is oriented 
in one direction only.

We studied the change in the surface of the sample by means of an elec­
tron microscope (magnification 2400).14 It has been found that the initial 
films possess a slightly developed relief. Bands and projections are visible 
only in some sections of the samples, and their formation may be due to the 
process of making a film from the polymer.

After the grafting of vinyl monomers the morphological structure of the 
surface of the sample changes substantially, the changes increasing in 
proportion to the amount of the grafted polymer. Figure 3 shows such

y  ( M i n u t e .s f

Fig. 4. Curves of small-angle scattering: (1)  poly-e-caproamide with grafted poly­
styrene (10% ); (g)  poly-e-caproamide with grafted polystyrene (20%).

changes, due to the grafting of styrene on films of poly-e-caproamide. The 
grafted polystyrene primarily becomes arranged in terraces forming pro­
jections with clearly pronounced boundaries.

X-Ray examination of the samples of pemosors has shown that even with 
large yields of grafting, whose weights are several times that of the initial 
sample of film, the crystal structure is preserved, although an amorphous 
halo typical of a vinyl polymer appears in the x-ray pattern.15

The x-ray data were corroborated by the results of investigating the 
samples of grafted films by the nuclear magnetic resonance method. As 
the width of the lines and the second moment of the nuclear magnetic 
resonance remained unchanged with an increase in weight of the vinyl 
polymer over that of the initial sample of 2-300%, it may be assumed that 
the structure of the polymer remains unchanged after grafting.
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After grafting ail examination of the samples by the method of small- 
angle scattering of x-rays permitted the detection of some changes in the 
supermolecular structure of the polymers.16

Figure 4 is a curve of distribution of intensity for samples of poly-e- 
caproamide containing 10 and 20% grafted polystyrene. It may be seen 
that when the yield of grafted polystyrene amounts to 20%, there appears a 
second maximum and a new long period in addition to the basic maximum 
(d =  78 A). This points to certain changes in the supermolecular structure, 
which appear in the outer layer of the polymer under the influence of graft­
ing styrene. The formation of the outer-layer maximum was first observed 
by Sella17 in studying samples of polyethylene to which 180% styrene was 
grafted by the radiation method.

We studied the nature of formation of the structure of pemosors by 
determining the changes in density of the samples. Additional application 
was made of the method of light microscopy, by means of which cross 
sections of the samples were investigated.

The changes in density were measured with a density gradient column at 
25 ± 0.01°C within 0.0005 g/cm3.11 They were determined from the 
difference between the experimental and calculated values of the specific 
volume. The calculated data were obtained by adding the specific volumes

TABLE II
Dependence of Density of Polyethylene Terephthalate and Poly-t-caproamide Samples 

on Amount of Grafted Polystyrene and Polymethvl Methacrylate“

 ̂ Density d Spec. vol. p
Characteristics vinyl --------------------------  --------------------------

of sample1’ lym., % Exptl. Calcd. Exptl. Calcd.

PET biaxiaily oriented, 10.G 1.3440 1.3449 0.7440 0.7435
grafted with PM M 27.2 1.2665 1.2730 0.7895 0.7632

279.0 1.2130 1.2135 0.8244 0.8240
606.0 1.1925 1.1929 0.8385 0.8382

PET biaxiaily oriented, 5 1.3290 1.3347 0.7524 0.7492
grafted with PSt 17.0 1.3005 1.2960 0.7689 0.7716

95.0 1.2355 1.1767 0.8186 0.8498
107.0 1.1845 1.1674 0.8442 0.8566
183 1.1335 1.1316 0.8822 0.8837

1120 1.0580 1.0544 0.9454 0.9484
PET uniaxially oriented, 30.9 1.2895 1.2905 0.7770 0.7749

grafted with PSt 97.08 1.2045 1.2050 0.8802 0,8299
PC grafted with PM M 11.9 1.1200 1.1273 0.8920 0.8868

85.0 1.1430 1.1468 0.8748 0.8719
PC grafted with PSt 11.4 1.1255 1.1175 0.8884 0.8948

200 1.0705 1.0634 0.9341 0.9784
725 1.05 1.0445 0.9505 0.9574

“ Density d of initial polyethylene terephthalate, 1.3545; of polymethylmethacrylate 
homopolymer, 1.1700; of polystyrene homopolymer, 1.0340; of initial poly-e- 
caproamide, 1.1280.

b PET, polyethylene terephthalate; PMM, polymethyl methacrylate, PSt, poly­
styrene; PC, poly-c-eaproamide.
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(a) (b)

(<•) (d)

Fig. 5. Microphotographs of transverse cuts of initial and grafted poly-t-caproamide 
and polyethyleneterephthalate films: (a) initial poly-e-caproamide (magnificationX 
400); (b) poly-e-caproamide with polymethylmethacrylate (30%) (magnificationX 
400); (c) initial polyethyleneterephthalate (magnification X 200); (d) polyethylene­
terephthalate with polystyrene (200%), grafted three times; (magnification X  400).
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T h e  a. m o u n t  o f  h e p t a n e ^  ml.

The amount of heptane, ml

Fig. 6. Curves of turbidimetric titration: (a l) polyethyleneterephthalate with poly­
styrene and polymethylmethacrylate polymers alternately grafted four times (840%); 
(a£) poly-e-caproamide with polystyrene and polymethylmethacrylate polymers alter­
nately grafted four times (540%); (bl ) polyethyleneterephthalate with grafted polymers 
consisting of a polystyrene and polymethylmethacrylate mixture (180%); (b2) poly-e- 
caproamide wil h grafted polymers consisting of a polystyrene and polymethylmeth­
acrylate mixture (30%).

were grafted. The monomers were grafted either as a mixture in one 
procedure (Fig. 6a) or successively, first styrene and then methyl meth­
acrylate (Fig. 66). It is evident that the curves appreciably differ from one 
another. If a mixture of monomers was grafted in one procedure, the curve 
did not exhibit any bends typical of each of the monomers. In the case of 
successive grafting of the same monomers these bends were clearly notice­
able. Hence, by successively grafting different monomers on films it is
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possible to obtain polymers that qualitatively differ from those containing 
the same monomers grafted as a mixture in one procedure.

Multiple grafting of vinyl monomers substantially enhances the resis­
tance of the initial films to the action of aggressive media. For instance, an 
initial polyethylene terephthalate quickly dissolved in concentrated sul­
furic acid, but its dissolution required many days after a considerable 
amount of styrene had been grafted on it.

When a polyester film was boiled with twice-grafted polystyrene (200% 
of the weight of the film) with a 40% solution of KOH for 100 hr, the loss in 
weight amounted to about 8% . An initial film of polyethylene tereph­
thalate became fully dissolved in this solution of alkali in a few hours.

Experimental
To obtained pemosors use was made of the method we described pre­

viously.4
The initial films were thoroughly washed with benzene and dried in vacuo 

at 40-60 °C to a constant weight.
A specimen of the film was weighed on an analytical balance and then 

activated by being heated in air at 110°C for .3 min. For this purpose the 
specimen was placed in a cylindrical glass vessel equipped with a calcium 
chloride tube and heated to the desired temperature by means of a thermostat.

After activation, the monomer was added in an amount to cover the film 
with the liquid. The apparatus was attached to a reflux condenser, and 
nitrogen was induced through an inlet tube at the rate of one or two bubbles 
per second (the nitrogen had been deoxygenated and dried). The appa­
ratus was then placed in the thermostat for the graft copolymerization. 
The duration and temperature of the reaction changed with the experi­
mental conditions (the thermostat temperature was kept within an error of 
i  0.1°C). After the reaction was finished, the specimen of film was taken 
out, washed with solvents that dissolved the homopolymer to remove the 
monomer and homopolymer, and boiled in the same solvents to remove the 
homopolymer completely. The specimen was then dried in vacuo at 40- 
60°C to a constant weight.

The percentage yield of the grafted vinyl polymer then was determined.
The single-graft copolymer so obtained was used for subsequent graftings 

of vinyl monomers by the method described.
The change in the capacity of the film for swelling in monomers was 

studied at 20 and 80°C. In the latter case the determination was made in 
the presence of hydroquinone, which retarded the beginning of polymeriza­
tion of the monomer.

Investigation of the samples of films by the sedimentation method was 
carried out by means of an ultracentrifuge of the T-110 type, MOM Com­
pany, Hungary (40000-50000 revolutions) 20°C. The average experi­
ment lasted 90 min.

The surface of the samples of the films was studied with a UEMV-100 
electron microscope with screen magnification of 24000.
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For a study of crystalline long periods the distribution of intensity along 
the meridian of a small-angle x-ray pattern was investigated. The curve of 
distribution of intensity was obtained in a small-angle camera with a colli­
mator of the Kratky type with a copper source and a nickel filter. The 
linear beam was perpendicular to the axis of the texture. The half-width of 
the beam amounted to about 2' of a degree.

The cross sections of the samples of grafted films were examined in polar­
ized light by means of a M K U -I microscope.

The turbidimetric titration of the samples of polymers was done with a 
modernized photometer.

Conclusions

(1) Multiple-graft copolymers, or pemosors, were obtained by multiple 
grafting of the same or different vinyl monomers on heterochain polymers.

(2) By multiple grafting it is possible to produce pemosors with a high 
yield of a vinyl polymer having 500-1000% the weight of the initial 
sample.

(5) Multiple grafting of vinyl monomers does not bring about any 
changes in the crystalline part of the initial polymers. Changes are re­
corded in the supermolecular structure of the outer layer.

(4) The nature of the grafting and the depth of penetration of the 
grafted monomer depend on the density of packing of the supermolecular 
elements of the polymeric base structure and also on the chemical nature of 
the initial polymers and monomers.

(5) It has been proved that pemosors are polymers of a new type, 
differing in their properties from ordinary polymers and from single-graft 
copolymers.

The authors wish to express their profound gratitude to S. A. Pavlova and G. L. 
Berestneva for carrying out a number of investigations into the properties of pemosors 
and for their help in discussing the results.
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Electron-Transfer Polymers. XXIX. 
Copolymerizability of Vinylkydroquinone Derivatives

KEIKICHI UNO, MUTSUKO OHARA, and HAROLD G. CASSIDY,
Sterling Chemistry Laboratory, Yale University, New Haven, 

Connecticut 06520

Synopsis

Ten vinylhydroquinone and one vinyl resorcinol derivatives are compared, par­
ticularly with respect to N M R spectra and copolymerizability with styrene. They are 
vinylhydroquinone dimethyl ether (I), vinyl-0,0'-bis(l-ethoxyethyl)hydroquinone (II), 
vinylhydroquinone di(2-pentyl)ether (III), 4-vinyl resorcinol bismethoxymethyl ether 
(IV), 2-vinyl-o-methylhydroquinone dimethyl ether (V), 2-vinyl-5-methyl-0,0'-bis(l- 
ethoxyethyl)hydroquinone (VI), 2-vinyl-6-methylhydroquinone dimethyl ether (VII), 
2-vinyl-5-ieri-butylhydroquinone dimethyl ether (VIII), 2-vinyl-o-chlorohydroquinone 
dimethyl ether (IX ), 2-vinyl-3,6-dimethylhydroquinone dimethyl ether (X ), and 2- 
vinyl-3,5,6-trimethylhydroquinone dimethyl ether (X I). All the vinyl protons have 
almost the same coupling constants. Though subtle distinctions are found among all 
the spectra, they can in general be put into two groups on the basis of the chemical shifts. 
Let the hydrogen on carbon-1 of the vinyl group be A, the hydrogen cis to A be B 
the hydrogen trans to A be C, then in the first group, (I) through (IX ), the chemical 
shifts (r) are (A) 3.02 ±  0.08, (C) 4.41 ±  0.05, and (B) 4.87 ±  0.07, and in the second 
group, (X ) and (XI), they are (A) 3.30 ±  0.03, (C) 4.49 ±  0.01, and (B) 4.59 ±  0.03. 
It is supposed that in (X ) and (X I) the vinyl group is out of the plane of the ring, be­
cause of the two ortho substituents, and this conformation is reflected in the NM R data. 
Ultraviolet spectra are consonant with this interpretation, since the Xmax of (X ) and (X I) 
correspond closely with those of nonvinyl reference compounds, while those of (II), (V), 
and (VIII) are shifted to longer wavelengths. When these compounds are copolymer­
ized separately with styrene, the behaviors are classifiable into the following three 
groups, where n  and r2 are monomer reactivity ratios with styrene as the first monomer: 
(i ) ri <  1 and r2 <  1 for compounds (II) and (III) and the reference compound 0 ,0 '-  
dibenzoylvinylhydroquinone, (it) n  <  1 and r2 >  1 for compounds (I), (V), (VII), 
(VIII), (IX), and (in) ri >  1 and r2 = 0 for compounds (X ) and (X I). These behaviors 
are correlated with the effect, of electronegativity of groups on the stability of the radical 
at the growing end of the chain and with the simultaneous effects of steric hindrance.

This paper reports a further step1'2 toward the synthesis of polymers in 
which redox functional groups are spaced out along polymer chains. When 
fully oxidized and fully reduced polyvinylhydroquinone redox polymers are 
mixed in solution, a sequence of changes takes place that reflects the ex­
change of electrons and protons between the functional groups.1'3 These 
changes are indicated by spectral changes of the charge-transfer type that 
serve as internal indicators of the interactions and are a function of the 
intramolecular distance between the redox groups,1'3'4 The observed

2729
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TABLE I
NM lî Data on Vinylhydroquinone Derivatives 

Hb

Hydrogen"
Compound no. and structure IL H« Ile lin IL: IL

I

III

0 —CH:
CH,CH, CH:

2.99 4.83 4.36 3 .Où 3.30 3.40
11,18 2,11 2,18

2.94 4.83 4.34 2.91 3.15
1I,LS 2,11 2,18

2.90 4.80 4.32 2.90
11,18 2,11 2,18

IV

Y

VI

3.05 4,93
11,18 2,11

3.05 4.91 
11,18 2,11

3.00 4.80
11,18 2,11

4.40 3.27
2, 18 1,2.5

4.44 3.23
2, 18

4.43 2.90
2, 18

3.42 2.74 
2 .5 ,8  1,8

—  3.51
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TABLE I continued

Component no. and structure

VII

VIII

IX

0 — CH;

CH=CH,

XI

Hydrogen“

H a  IIb  He IIo He 11,7

2.92 4.69 
11,18 2,11

3.01 4.88
11,18 2,11

3.10 4.82 
11,18 2,11

3.27 4.56 
11, 18 2, 11

3.33 4.62 
11,18 2,11

4.25 3.12
2,18

4.41 3.12
2, IS

4.40 3.08
2, 18

4.48 —
2, 18

4.50 
2, 18

o. 34 —

0 The first figure given is t ; the second two figures are

shifts in absorption maxima and changes in intensity provide a new tool 
with which to examine the behavior of polymer molecules in solution. In 
the course of copolymerizability studies made to obtain monomer reactivity 
ratios certain correlations appeared. These are reported since they deal 
with new compounds and may be of general interest.

RESULTS AND DISCUSSION 

NMR and Ultraviolet Absorption Spectra

Formulas and NMR data for the substances discussed in this report are 
collected in Table I ; ultraviolet absorption data for several compounds and 
two reference compounds are collected in Table II. The compounds in 
Table II fall into two classes: compounds (II), (V), and (VIII) have
absorption maxima above 300 mg; compounds (X) and (XI), close to
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290 m/u. In the first class the vinyl group can lie in the plane of the benzene 
ring, and the resulting conjugation provides the increased delocalization 
path that is reflected in the longer wavelength of maximum absorption; 
see the accompanying scheme. In the second class the bulky R groups

Compounds (I)—(IX ) Compounds (X ) and (X I)
R  =  OCII3 R  =  OCH3
R ' = II R ' =  CH3

In compounds (I)—(IX), where R  =  OCH3 and R ' =  H, the vinyl group may lie in 
the plane of the ring. This is not possible with compounds (X ) and (XI), where R  =  
OCH3 and I{/ =  CH3, for there are bulky groups on both sides of the vinyl position.

ortho to the vinyl (see the scheme) prevent it from lying coplanar with the 
ring, thus preventing the conjugation: the absorption maxima lie in the 
same position as those of the nonvinyl reference compounds hydroquinone 
dimethyl ether and ethylhydroquinone dimethyl ether.

Two classes are reflected also in the NMR data, Table I. It is well 
known that in vinyl compounds the coupling constants of Ivans protons, cis 
protons, and geminal protons are approximately 18, 1 1 , and 2 cps, respec­
tively. On the basis of such a relation all of the signals of vinyl protons of 
compounds (I)-(XI) were assigned as shown in Table I. Here two classi­
fications can be found: for compounds (I)-(IX) r is 3.02 ±  0.08, 4.08
±  0.07, and 4.41 ±  0.05, and for compounds (X) and (XI), with two bulky 
substituents ortho to vinyl, it is 3.30 ±  0.03, 4.59 ±  0.03, and 4.49 ±  0.01.

Signals of phenyl protons also assigned. In aromatic compounds, if two 
protons arc in the position ortho or meta to each other, the coupling con­
stant is of the order of 8-3 cps, but if they are in the para position, it is 
very small. Although these coupling interactions are not always observed, 
by fortunate circumstance they were clearly evident in the spectrum of 
compound (IV), and this permitted assignment of the signals to the phenyl 
protons. If the protons that give signals in the lowest, the middle, and the 
highest magnetic fields are labeled D, E, and E, respectively (Table I), then

TABLE II
Ultraviolet Absorption Data in Methanol

Compound no. m̂ax

II 308y 316
VIII 321
X 289
XI 292
Hydroquinone dimethyl ether 290
Ethylhydroquinone dimethyl ether 292
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the following relations may be deduced. F and D are in the para relation 
to each other, F and E are in the ortho, and D and E are in the meta. 
Therefore, D corresponds to the proton ortho to the vinyl group, E to the 
proton ortho both to F and an oxymethylene, and D to the proton between 
the two oxymethylene groups. The signal of the proton ortho to the vinyl 
is at unusually low magnetic field. This would be explained by the in­
fluence of the local magnetic field of the vinyl, with the consideration that 
the vinyl group is in the same plane as the ring. This behavior is found in 
compounds (I)-(IX).

Copolymerization of Vinylhydroquinone with Styrene

The results of copolymerizing compounds (I)5-(X I) separately with 
styrene and also the reference compound OjO'-dibenzoylvinylhydroquinone6 
are shown in Table III. The values in this table were calculated by the 
Fineman-Ross method.7

Monomer Reactivity
TARLE III

Ratios of Substituted Vinylhydroquinones’t

Compound r i V-2 log l j r x

Group (i):
0 ,0  '-Dibenzoylvinyl-

hydroquinone 0.22 0.43 0.66
II 0.90 0.50 0.05
III 0.96 0.20 0.02

Group (ii):
I 0.77 1.13 0.11
V 0.88 1.30 0.05
VII 0.88 1 .30 0.05
VIII 0.60 1 .20 0.22
IX (0.59 )b (0.22)"

Group (Hi):
X 3.5 0 -0 .54
X I 3.0 0 -0 .49

a Mi, styrene; M 2, vinylhydroquinone; reaction temperature, G0°C, solvent, benzene. 
b Parentheses indicate some uncertainty in the values.

On the basis of their copolymerization behavior with styrene, 0 ,0 '-  
dibenzoylvinylhydroquinone and compounds (I)-(XI) are classifiable as 
three groups, in which and r2 are monomer reactivity ratios of the 
vinylhydroquinones, where styrene is the first monomer, Mj,:

({) The group in which n  <  1 and r2 <  1. O,0'-Dibenzoylvinylhydro- 
quinone, compounds II and III belong in this group.

(ii) The group in which rx <  1 and r2 >  1. This group contains com­
pounds (1), (V), (VII), (VIII), and (IX).

(in) The group in which i\ >  1 and r2 =  0. The compounds (X) and 
(XI) belong in this group. Once again, compounds (X) and (XI) fall into 
a separate category.
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It is common in examining for correlations between structure and rate of
reaction of organic compounds to separate functional group effects into
three types: inductive, resonance, and >;teric effects. 8 Walling et al. 9

in a study of the copolymerization behavior of para-~mb>;tituted styrenes
(~12) with styrene eM1) found a linear relation between log 1/1'1 and Ham­
mett rr values of the substituents (Fig. 1) with a p value of 0.502. The
Hammett equation, source of the rr and p parameters, gives excellent results
with meta- and para-substituted molecule>; but generally fails with ortho­
substituted ones, lOa for steric effects are not taken into account in the
equation.

Suppose that a rr value for ortho-methoxy is taken as - 0.:39 lOb and that
~rr is plotted against log 1/1'\. It is then found that the monomers, except
(VII), arc separated into t,,·o groups: compounds (I), (II), (III), (V),

L-. ,

Fig. 1. Arrangement of data on a Walling-Briggs-Wolfstirn-:\layo plot of rr versus lo~

1/1'1. 9

(VIII), and (IX) form a cluster above the p = 0.502 line, and (X) and (XI)
fall close together well below the line. Compound (VII) presents an in­
teresting problem in interpretation. The methoxy 01'1110 to vinyl is further
hindered by a methyl on the other side. The conjugation of its oxygen with
the ring may well be blocked. It is then not reasonable to give it a rr value
of -0.39, but the (unconjugated substituent) meta value +0.115 becomes
defensible. The point then falls close to the straight line in Figure 1. It.
must be pointed out that in radical polymerization log (ko/kp ) is very
nearly equal to zero. The effect of methoxyl is very nearly the same,
whether ortllo or para to the reactive (Sp2) carbon at the growing end of the
chain; nevertheless the interpretation of the behavior of (VII) does repre­
sent a considerable extrapolation.

Should a dimethoxy vinyl monomer become the terminal unit of a grow­
ing polymer chain, the radical that is present is stabilized by resonulwC'.







ELECTROi\'-TRA SF'ER POLYMERS. XXIX 2737

ether in 100 ml of dry ether was added n-butyllithium in hexane, 68 ml
(0.11 mol), and the reaction mixture was kept standing with stirring at
15°C. After 2 hr 6.5 ml of freshly distilled ethylene oxide was added, and
the reaction mixture was treated as in the case of (III-b). Fractionation
gave a colorless oil; bp 125-135°C at 0.4 mm, 18 g (90%).

ANAL. Calcd. for CIlH I60 3 : C 67.32%, H 8.22%. Found: C 67.30%, H 8.25%.

(VII). Flashing of (Vila), 13 g on potassium hydroxide heated at 260 to
270°C under reduced pressure (0.5 mm) gave the dehydrated product, 8 g.
Redistillation gave a colorless oil; bp 102-103°C at 4 mm, 7 g (59%).

ANAL. Calcd. for CIlH 140,: C 74.13%, H 7.92%. Found: C 74.01%, H 8.06%.

Part of the NMR data is shown in Table 1. In addition to this, signals
were observed at T = 6.26, 6.33 (methoxyl) and T = 7.72 (methyl). No
other signals were observed. This spectrum corresponds to the structure of
2-vinyl-6-methyl-hydroquinone dimethyl ether.

2-Vinyl-5-t-butylhydroquinone Dimethyl Ether (VIII)

(VIII-a). t-Butylhydroquinone dimethyl ether. To a mixture of t­
butylhydroquinone (123 g, 0.74 mol) and dimethyl sulfate (227 g, 1.8 mols)
in 150 ml of methanol was added, dropwise, potassium hydroxide (242 g,
4.3 mols) in 400 ml of water at 20°C. The reaction mixture was allowed to
stand for 4 hr at 40-50°C with stirring. The organic layer was ex­
tracted with ether. After washing of the ethereal solution with water the
solvent was distilled. Fractionation of the residual oil gave a colorless
liquid; bp 96-98°C at 2 mm, 57 g (40%).

The NMR spectrum of the product in carbon tetracWoride gave signals at
T of 8.64 (t-butyl), 6.40 and 6.35 (methoxyl), 3.42 (two aromatic protons),
and 3.20 (one aromatic proton. No other signals were observed. This
spectrum corresponds to the structure of t-butylhydroquinone dimethyl
ether.

(VIII-b). 2-Chloromethyl-5-t-butylhydroquinone dimethyl ether. Hy­
drogen chloride gas was introduced into a mixture of t-butylhydroquinone
dimethyl ether (58 g, 0.03 mol) and 37% formalin (36..5 g, 0.45 mol) in .50
ml of benzene at 20°C. After saturation with hydrogen chloride the reac­
tion mixture was heated at 55-60°C for 3.5 hr with stirring. The ben­
zene layer was separated, washed with aqueous sodium carbonate, and dried
over sodium sulfate. Fractionation gave a colorless oil; bp 112-120°C
at 2 mm, 57 g (78%). The oil solidified. Recrystallization from n-hexane
gave white needles; mp 39--40°C.

The N:.\1R spectrum of the product in carbon tetrachloride showed sig­
nals at T of 8.64 (t-butyl), 6.22 (methoxyl, 5.47 (chloromethyl), and 3.23
and 3.19 (aromatic). No other signals were observed.

(VIII). A mixture of (VIII-b) and an equimolar amount of triphenyl­
phosphine in toluene \\"as heated to reflux. After 4 hr the reaction mixture
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addition to this signals were observed at r =  6.28, 6.22 (methoxyl). This 
spectrum corresponds to 2-vinyl-o-chlorohydroquinone dimethyl ether.

Nuclear Magnetic Resonance Spectra of Vinyl Monomers

NAIR spectra of the monomers were measured on a Varian Associates 
Model A-60 spectrometer. Carbon tetrachloride was used as solvent, and 
the concentration of the solution was approximately 40%. Tetramethyl- 
silane was used as an inner standard.

Ultraviolet Spectra of Vinyl Monomers

Ultraviolet spectra of the monomers were recorded on a Bausch and 
Iaimbe Spectronic 505 spectrometer. A fethanol was used as solvent.

Homopolymerization of Vinyl Monomers (VIII) and (IX)

The homopolymers of the monomers (VIII) and (IX) were obtained by 
heating the monomer in benzene at 60 °C under a nitrogen atmosphere with 
azobisisobutyronitrile as initiator. The homopolymers were purified by 
repeated reprecipitation from benzene as solvent and methanol as non­
solvent. Both of these polymers were soluble in aromatic hydrocarbons, 
acetone, and THF.

A n a l . Calcd. for CuHjoO* (M il) :  C 76.32%, H 9.15%. Found: C 76.15%, H 
8.98%.

A n a l . Calod. for C10IInO2Cl (IX ): C 60.46%, H 5.58%. Found: C 60.92%,, H 
5.56%,.

Copolymerization of Vinyl Monomers with Styrene

The monomers were purified by either vacuum distillation or recrys- 
tallization just before use. Benzene as solvent was purified according to 
the usual method. Commercial «^'-azobisisobutyronitrile was used as 
initiator. The mixtures of the monomers and styrene in different ratios 
(total amount, 3 g) were placed in glass polymerization tubes, and 15 mg of 
the initiator and 5 ml of benzene were added. The tube was sealed under 
nitrogen. The polymerization reaction was carried out at 60 ±  0.01°C in a 
water bath and stopped by pouring the mixture into methanol. The 
polymers were collected by centrifugation. For purification the resulting 
polymers were dissolved in benzene and reprecipitated by methanol. After 
five repetitions of this procedure the polymers were freeze-dried from ben­
zene.

The contents of the vinyl monomer units in the copolymers were cal­
culated from the values of elemental analyses, which were carried out at 
Galbraith Laboratories, Inc.

We wish to acknowledge, with thanks, helpful discussion of this paper by Nobuo 
Nakabayashi and Gerhard Wegner and the support given this work by PFTS Research 
Grant GM 10864, Division of Research Grants, Public Health Service.

An abstract of this paper was presented at the International Symposium on Macro- 
molecular Chemistry, Tokyo, by Uno, September 30, 1966.
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Optically Active Imidazole-Containing Polymers*

C. G. OVERBERGERf and IWHAN CHO,
Department of Chemistry, Institute of Polymer 

Research, Polytechnic Institute of Brooklyn,
Brooklyn, New York 11201

Synopsis

In order to investigate the stereospecificity of enzyme-catalyzed reactions, an optically 
active copolymer of 4(5)-vinylimidazole and 2,5(S)-dimethyl-l-hepten-3-one was synthe­
sized, and its effects on the solvolytic rates, in ethanol-water, of the p-nitrophenyl and 
4-carboxy-2-nitrophenyl esters of 3(A)- and 3(S)-methylpentanoic acid and of the com­
mercially available JV-carbobenzoxy-(A)- and (S)-phenylalanine p-nitrophenyl esters 
were investigated. The optically active comonomer was prepared by thermal decom­
position of solid (+)-l-piperidino-2,5(<S)-dimethylheptan-3-one hydrochloride, which 
was obtained from the reaction of 2(S)-methylbutyllithium with 3-piperidino-2-methyl- 
propionitrile. The 3(A)-methylpentanoic acid was prepared in 92% optical purity from 
n-alloisoleucine via diazotization in concentrated hydrobromic acid and subsequent re­
ductive debromination with zinc amalgam in dilute hydrochloric acid. In the optically 
active copolymer-catalyzed solvolyses of the optically active esters performed at pH 
values of 6-8 no significant differences between the solvolytic rates of (A) and (S ) 
isomers of substrates were observed. Poly-L-histidine was also employed as a catalyst 
for the solvolyses of these substrates. At pH 6.0 in ethanol-water the latter catalyst 
also failed to exhibit specificity towards (A) and (S ) substrates.

INTRODUCTION

Most of the naturally occurring enzymes exhibit a characteristic stereo­
specificity as well as structural specificity in their catalytic actions toward 
their various substrates. The specific activity of an enzyme toward one 
enantiomer of a substrate is often utilized to resolve a racemic mixture.1 
a-Chymotrypsin,2 a hydrolytic enzyme, which has been studied extensively 
and is known to contain imidazole (s) at its active site, is remarkable in its 
ability to discriminate between two enantiomers of certain substrates.3

In recent years many synthetic polymers4 that contain both charged 
groups and catalytically active functions have been investigated to eluci­
date enzyme catalysis. Although these synthetic polymers have simpler 
structural features than those of naturally occurring enzymes, these investi-

* This paper comprises a portion of the dissertation submitted by I. Cho in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy in the Graduate 
School of the Polytechnic Institute of Brooklyn, 1967.

f Present Address: Department of Chemistry, The University of Michigan, Ann 
Arbor, Michigan 48104
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gâtions4 have yielded considerable information on the mechanism of enzyme 
action. Because the homopolymer and copolymers of 4(5)-vinylimidazole
(I) had been utilized successfully to elucidate aspects of esterolytic enzyme 
action,5 the behavior of optically active polymers with pendent imidazole 
groups toward asymmetric substrates was of considerable interest.

We have synthesized an optically active copolymer (¿-II) of (1) and 
investigated its effects on the solvolytic rates of optically active substrates 
in ethanol-water. [¿-II signifies optically active (II), whose asymmetric 
carbon(s) possess an absolute configuration (,¿); “ II” refers to racemic
(II) .] The substrate esters employed for the investigation were the 
neutral enantiomeric substrates p-nitrophenyl-3(jR)- and -3(iS)-methyI- 
pentanoate, (/¿-III) and (¿>-111), respectively, the anionic, enantiomeric 
substrates 4-[3(/f)- and 4-[3(5)-methylpentanoyloxy]-3-nitrobenzoic acid, 
(/¿-IV) and (¿-IV), respectively, and the commercially available N- 
carbobenzoxv-(Æ)- and -(¿)-phenylalanine p-nitrophenyl esters, or (Z?-V) 
and (S-V), respectively.

ch3 CH3

0*c h c h , ch3 *c h c h 2ch3
1

CH, 1 '
CH, 
1 ■

T
CH,I

c = o1
c = o
1

1
011

0
1

1
0 1

o = c
1

O p
NH

NO,
(ft-III) or (S -III)

COOH
(AMY) or (S-IV )

CH— COO— ( Q ) — N02

(/¿-V ) or (S -V )

Poly-L-histidine (¿-VI), a peptide that lias an asymmetric center close to 
the catalytically active imidazole group (the name poly-L-histidine is used 
here as a common name without regard to the configuration of the a carbon 
in histidine), is known to exist in a helical form in water of pH above o.6'7 
It was also of interest to use to investigate the effects of (¿-VI) on the 
solvolytic rates of optically active esters.
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carbanion derived from 2-methylbutyllithium was employed. The latter 
was prepared from 2-methylbutyl bromide in anhydrous ether by utilizing 
a lithium-copper couple according to the procedure of Gilman et al.,80 and 
it was found to be effective when reacted with (VIII).

C NCTLCH
\ = N

(VIII)

ch3
I

+  LiCH*CHCH2CH3

(S -IX )

e t h e r

H20(NH 4C1)

o
c h 3 

NHCH-

CH:l
I

-0 — CH'CH CH2CH3 

0

Jnci

Cle  CH:i CH,
/ — \© I I
(  n h c h 2c h — c — CH*CHCH2CH3

0
( S - X )

S o l i d  1 7 0 -1 8 0 '

ÇH) CH;
I JCH2= C — C— CH * CH CTLCttj 

0

(S -V II)

The commercially available 2(<S)-methylbutyl alcohol was brominated 
with phosphorus tribromide according to Brauns’s procedure31 and sub­
sequently converted to 2 (,S) - nukhv 1 b u ty 11 i th i u m (»S-IX).32’33 The (»S-IX) 
then reacted with (VIII) to give (+)-l-piperidino-2,5(iS)-dimethylheptan- 
3-one hydrochloride (»S-X) in 16% yield (we believe that the salt isolated 
and purified is probably one diasteromer; we do not know the configuration 
of the other asymmetric carbon, C-2), based on the bromide, and in 35%  
yield, based on the nitrile. A disadvantage of this synthesis is that a 1 mol 
excess of the alkyllithium per mole of aminonitrile is required, because the 
alkyllithium forms a 1:1 complex with the amino group before addition to 
the nitrile group.27

Although the amino ketone salts were reported to have melting points,34 
it was found that the /3-amino ketone hydrochloride did not melt but de­
composed, giving an amine hydrochloride and an unsaturated ketone.
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The amino ketone hydrochloride (S-X) decomposed in the solid state at 
170-180oC under reduced pressure, giving piperidine hydrochloride and 
(»S’-V11) in good yield. Crude (»S~V11) containing about 8%  of a single 
impurity, which appeared to be a saturated ketone, was purified by vapor 
phase chromatography (Aerograph Autoprep 700, SE-30 column) at 
155°C

Pure (iS-VII) had a boiling point of 73°C (21 m m),*® =  1.4368, and M  d  

=  +11.21° (methanol). The infrared spectrum exhibited a strong car­
bonyl absorption band at 1675 cm-1 and vinyl absorptions at 1630 and 930 
cm-1. The ultraviolet spectrum showed absorptions at 220 nyu (emax =  
7800) and at 320 nyu (emax «  200) in methanol. The NMR spectrum in 
carbon tetrachloride possessed peaks at 5.86 (1 H, singlet; C-l hydrogen 
trans to carbonyl), 5.64 (1 H, singlet with fine splitting; C-l hydrogen cis 
to carbonyl), 2.5 (2 H, multiplet; C-4 hydrogens), and 1.S0 (3 H, singlet 
with fine splittings; C-2 methyl hydrogens) ppm downfield from tetra- 
methyl silane as internal standard (for the complete spectrum and assign­
ment of the peaks see the thesis of Iwhan Cho). The multiplet centered 
at 2.5 ppm was analyzed on the basis of the three-spin system analyses of 
Fraenkel and Dix35 and Snyder.36

The attempted radical-initiated homopolymerization of (»S-VII) with 
azobisisobutyronitrile (AIBN) failed, indicating that the introduction of a 
methyl group at the 2 position increases the steric hindrance sufficiently 
to prevent this monomer from polymerizing (vide supra). No further 
attempts were made to obtain the homopolymer of (»S-VII) by other means. 
However, it was found that (»S-VII) copolymerizes readily with (I) under 
free-radical (AIBN) polymerization conditions, indicating that the copoly­
merization is not only electronically favorable but. also sterically favorable. 
A copolymerization monomer feed of ratio of (»S-VII) to (I) of 1.0:3.5 yielded 
a copolymer, (»S-II), with a composition of 1.0:0.96. These results indi­
cated that (.S'-11) has a high degree of alternation.

Optically active copolymer (»8-11) was a fluffy, white powder. It was 
soluble in alcohol and insoluble in water and in ether, and it swelled in ace­
tone. The infrared spectrum exhibited carbonyl absorption at 1695 cm-1, 
and the spectrum was similar to a superposition of the infared spectra of 
poly-4(5)-vinylimidazole and the homopolymer of (»S-VII). [A sample of 
homopolymer of (»S-VII) was obtained when the monomer in an NMR tube 
containing carbon tetrachloride and a trace of tetramethylsilane was left 
standing for a few months; the polymer was obtained as a white powder 
when reprecipit.ated from chloroform into methanol; the infrared spectrum 
had a strong carbonyl absorption band at 1700 cm "1.] The copolymer 
(»S-II) had M d =  +8.25 ±  0.04° (methanol) and [+ 26 =  0.14 ±  0.02 dl/g 
(methanol).

Since the copolymer (»S-II) appears capable of forming intramolecular 
hydrogen bonds between imidazole groups and neighboring carbonyl groups, 
an attempt was made to detect any evidence of hydrogen bonding. How­
ever, a close examination of the carbonyl stretching band in the infrared
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inveHtigation the deHired HubstrateH (R-IV) and (S-IV) were prepared by
alkaline rearrangement of 3-methylpentanoic 4-hydroxy-3-nitrubenzoic
anhydride, which was obtained by reacting 3-methylpelltanoyl chloride
with 4-hydruxy-3-nitrobetlzoic acid in dioxane in the preHence of pyri­
dine. The formation of the acid allhydride was conhrmed by isolating and
characterizing it. The choice of lithium hydroxide as the base was
governed by its solubility in dioxane.

CH
3 -6NOz

I 0 pyridine
CH3CH;CH-CHz-cOCI + HOOC OH •.

dioxane

CH
3 -6-N02

I 0 filtration LiOH
CH,CH,--"'CH-CH2-CO-Q-CO OH • -

CH3

CH,CHz--.! dH3-CH2-cooyCOOH

N02

(R-n·) or (S-I ,.)

Catalytic Effects of Optically Active Imidazole-Containing Polymers

All kinetic investigatiOlls of the solvolyses of opticall~' active substrates
catalyzed by opticall~' active copol,vmer (S-II) were performed in buffered
80% ethanol-water mixtures at an ionic strength !J. of 0.02. Although the
solvolytic rates would be greater in solvent mixtures containing a larger
proportion of water, the copolymer precipitated when the solvent mixture
contained more than 25% water.

III Table I are listed tlH' measlII'cd first-order rate constants (kllleas) for

TABLE I
First-Order MeaslIl'ed Rate Constants for the Solvolyses" of Optically Active

Substrates ill the Presellee of Opt ieally Aetive Copolymer (S-ll) in SOl/; Ethanol-Wate'
at 26°C, Ii = 0.02

--------------

Substrates pH
kmc", (X 105 )," min-1

(R) ± (S)

5.9 6.4 7.2
22 23
18 23
92 110 7S

200 180 210

p-NiLrophenyI3-methylpentanoate, (R-
Ill) alld (S-III) SO

4-(3-.\Iethylpen tanoylox~.)-ni trobellwic 6.3
aeid, (R-IY) and (S-I\') 7.3

:\'-Carbobenwx~'-phenylalaninep-nitro- 7.2
phenyl esters, (R-") and (8-'·) S. 0

-------------------

• Catalyst concentration, 2.;) X 1O-41\.f (in imidazole); sub~trate coneentration, 3­
.') X 1O-5M.

b Blank rates were ahout half of the measured rat·es.

the ::-io[voly::>e::> of optically active sub::>trateH in the pre,;encc of (S-II).
Particular attention was given to ::>ubst.rates (R-IV) and (S-IV) becau:,;e

an anionic subHtrate would be attracted to the active site more tightly than
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TABLE II
First-Order 'Ieasured Rate Constants for the Solvolyses" of Optically Active Substrates
in the Presence of Poly-L-hititidine in Buffered Ethanol-Water at pH 6.0, 26°C, p. = 0.1.

Solvents,
% kmcas (X 103), min- 1

Substrate,,; ethanol (R) dl (S)

4-(3-:\Iethylpentanoyloxy )-3-ni trubem:oic
acid 10 0.88 1.1

N-Carbobenzoxyphenylalanine p-nitrophenyl
esters 30b 57 6.8 6.8

• Catalyst concentration, 4.7 X 1O-3M (in imidazole); substrate concentration, 1­
60 X 1O-5M.

b The increase in alcohol content was due to the solubility of substrates.

a neutral substrate because of the ionic interaction between substrate
molecules and imidazolium ions." The choice of substrates (R-V) and
(S-V) was based on the expectation that a substrate with large substituents
attached to the asymmetric center would facilitate the stereoselectivity of
polymer catalyst.

Although there are some differences between the solvolytic rates of two
enantiomeric substrates (Table I), they are well within the range of experi­
mental uncertainty and allow no conclusion to be drawn concerning any
positive catalytic selectivity by polymer (8-II). These results may in­
dicate that the asymmetric center of the polymer was too far from the
catalytically active imidazole groups.

The solvolyses of the optically active substrates were repeated in the
presence of poly-L-histidine (8-VI) under the modified conditions employed
by Katchalski and his co-workers41 in their investigation of hydrolytic
catalysis by (8-VI). Although the chemistry of (8-VI) has not been
thoroughly investigated, the peptide has at least two evident stereochemical
features. First, the asymmetric center is closer to the imidazole group than
is that in copolymer (8-II). Second, (8-VI) can exist in helical form in a
certain pH range. 6•7 In Table II are listed the first-order measured rate
constants for the solvolyses of the optically active substrates and, as may be
seen from the kinetic data, (8-VI) also did not exhibit any significant speci­
ficity toward the enantiomeric substrates employed.

Although it is possible that the structures of the substrates employed
in the present investigation do not favor the observation of any specificity,
it is also conceivable that the polymers employed under the conditions of
this study were not appropriate models and/or that the control of higher­
order structure of a polymer catalyst is necessary to allow any specificity.

EXPERIMENTAL

In the following all melting and boiling points are uncorrected. Ele­
mental analyses were performed by A. Bernhardt, lVIikroanalytisches Lab.
in Max-Planck-Institut fur Kohlenforschung, 433 Millheim, Germany.
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Infrared spectra were determined on a Perkin-Elmer Model 521 or Model 
137 Infracord as neat liquids, Nujol mulls, or potassium bromide pellets. 
Ultraviolet spectra were determined on a Perkin-Elmer Model 202 re­
cording spectrophotometer. N1MR spectra were determined on either a 
Varian A-60 or HR-60 spectrometer with tetramethylsilane as an internal 
standard in solution. Optical rotations were measured on a Rudolph 
Model 80 Polarimeter.

4(5)-Vinylimidazole (I). 4(5)-Vinylimidazole was prepared by the 
procedure of Overberger and Vorchheimer.42 Purification of this monomer 
was best accomplished by sublimation at 60-75°C under vacuum (10 4 
mm). This monomer could be also purified by recrystallizing from water, 
to give colorless cubes; mp 83.5°C.

3-Piperidino-2-methylpropionitrile. This material was prepared in 
80% yield by the method of Pines and Marechal.43

2 (S') -M ethyl butyl Bromide. According to the procedure of Brauns,31 
2(iS)-methylbutyl alcohol (a“  —9.19°, neat, 2 dm, Aldrich Chemical 
Co.) was converted, in 65% yield, to 2(S)-methylbutyl bromide, a“  
+9.50°, neat, 2 dm. The bromide was dried by distilling over calcium 
hydride under reduced pressure, the bath temperature maintained below 
80°C. No change in rotation was observed after the drying process.

( + )-l-Piperidino-2,5(*S)-dimethylheptan-3-one Hydrochloride (»S'-IX). 
A 500 ml, four-necked flask was fitted with a thermometer, a mechanical 
stirrer, and a separatory funnel, and was connected to a distillation unit. 
The entire apparatus was flame-dried and kept under a positive argon 
pressure.

In the flask was placed 2.5 g (0.36 mol) of lithium metal pieces alloyed 
with copper dust by being pounded in a mortar. Anhydrous ether (250 
ml), which had refluxed overnight over lithium aluminum hydride, was 
distilled directly into the flask. Dry 2 (£) -methy Ibuty 1 bromide (19 g, 
0.125 mol) was then added slowly and dropwise with vigorous stirring from 
a separatory funnel to the reaction flask. The bromide was added at such 
a rate that the reaction temperature was maintained at about — 10°C 
with a Dry Ice bath. As the reaction started, the solution became 
slightly cloudy, and bright spots appeared on the surfaces of the lithium 
metal pieces. The addition of bromide required about 2 hr, after which 
stirring was continued for an additional 30 min. The reaction mixture was 
then brought to room temperature and stirred for an additional 30 min; 
this was followed by settling of the unreacted lithium metal pieces to the 
bottom of the flask.

The ether solution of 2 (S) -methy Ibuty Hi thium was taken out through a 
serum cap by a 50 ml hypodermic syringe and injected into a dry ether 
solution (150 ml) of 3-piperidino-2-methylpropionitrile (7.5 g, 0.05 mol) 
with stirring at 0°C under a dry nitrogen atmosphere. About 30 min were 
required to transfer all of the lithium reagent to the nitrile solution. The 
reaction mixture was allowed to stand for 1 hr more with stirring on an ice- 
water bath.
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the tube was sealed and placed in a methanol vapor bath for a 24 hr period. 
During this period the copolymer precipitated.

The precipitated copolymer was separated by filtration and reprecipi­
tated from methanol into acetone and from methanol into anhydrous ether. 
Fluffy, white copolymer was obtained (0.15 g).

The copolymer ($-11) softened at about 200°C and had rotations [«]d 
=  +S.24 ±  0.04°, H i o  =  +9.47 ±  0.04°, and [o jf0 =  +10.11 ±
0.04° (c =  4.85, methanol). The infrared spectrum exhibited a distinc­
tive carbonyl absorption band at 1695 cm ! ; [+ 26 =  0.14 ±  0.02 
(methanol).

Anal. Found (%).: C 65.79, II 8.93, N 12.26. The copolymer composition calcu­
lated from the nitrogen content was 1 part imidazole to 0.958 part ketone.

3($)-MethyIpentanoie Acid ($-XI). The procedure of Gilman and 
Kirby44 was utilized. A Grignard reagent was prepared from 5 g (0.033 
mol) of 2($)-methylbutyl bromide (am =  +9.50°, neat, 2 dm) and 1.0 g 
(0.042 mol) of magnesium turnings in anhydrous ether. After passing of 
dry carbon dioxide through the Grignard reagent the reaction mixture was 
hydrolyzed by dilute sulfuric acid. The ether layer was separated and 
washed with 20% sodium hydroxide solution, which extracted the acid. 
The acid was then regenerated by acidifying the extract with concentrated 
hydrochloric acid. The acid was extracted with ether and dried over an­
hydrous magnesium sulfate. Distillation of the ether solution afforded 
3.0 g (79% yield) of iS-X 1); bp 92°C (12 mm), [a]o =  +8.98 (c =  
7.07, n-hexane), and a® =  +8.58° (neat, 1 dm). This rotation cor­
responds to 97% optical purity on the basis of the data of Lardicci and 
Conti.33

p-Nitrophenyl-2($)-methylpentanoate ($-111). By Spassow’s proce­
dure38 ($-111) was obtained in 80% yield from 3($)-methylpentanoyl 
chloride. Pure ($-111) was a pale liquid, bp 110°C (0.01 mm), n fj =  
1.5161, [a]o =  +7.64° (c =  11.3, «-hexane). The infrared spectrum 
exhibited carbonyl absorption at 1760 cm-1, phenyl absorptions at 1610 
and 1595 c m +  and nitro group absorptions at 1520 and 1270 cm“ 1.

Anal. Calcd. for CmHuNO* .(%); C 60.75, II 6.37, N 5.90. Found ( +  ): C 60.67' 
H 6.29, N 6.10.

L-Alloisoleucine. L-Alloisoleucine was obtained in 70% yield from 
commercially available isoleucine mixture (Mann Research Lab., Inc., 
New York) by Greenstein’s procedure;40 [a]i>5 =  +40.0° (c =  1.70, 
4.52V hydrochloric acid); (lit.,40 + [ « ] §  =  +40.5° (c =  1.0, 5N  hydro­
chloric acid).

Diazotization of L-Alloisoleucine. A solution of 13 g (0.10 mol) of 
L-alloisoleucine, ([a]c =  +40.0°) in 75 ml of 48% hydrobromic acid was 
cooled to 0°C in an ice-water bath. To this solution was added dropwise a 
solution of 13 g (0.19 mol) of sodium nitrite in 20 ml of water, the reaction 
temperature maintained below 10°C. After completion of addition, the 
reaction mixture was allowed to stand with stirring, until the temperature
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of the solution returned to 0°C. The ice-water bath wTas then removed, 
and the mixture was allowed to stand overnight at room temperature. 
The product was extracted with ether and dried over anhydrous magnesium 
sulfate. Distillation of the ether solution gave 8.5 g (50% yield) of 
2($)-bromo-3(/2)-methylpentanoic acid; bp 90°C (0.15 mm). The 
bromo acid exhibited carbonyl absorption at 1710 cm-1 in its infrared 
spectrum and a doublet (J =  S.O cps) centered at 4.10 ppm due to a-proton 
in its NMR spectrum determined in carbon tetrachloride.

3(/2)-Methylpentanoic Acid (72-XI). To a solution of 1.5 g of mercuric 
chloride in 50 ml of water containing several drops of concentrated hydro­
chloric acid was added 15 g (0.23 mol) of zinc dust. When amalgamation 
was complete, the remaining solution was decanted, and the zinc amalgam 
was washed a few times with deionized water.

To the amalgam was added 75 ml of dilute hydrochloric acid (50:50) and 
a solution of 8.5 g (0.055 mol) of 2(fS)-bromo-3(72)-methylpentanoic acid 
in 50 ml of toluene. The reaction mixture was refluxed vigorously over­
night. The toluene layer was then separated and dried over anhydrous 
magnesium sulfate. Distillation of the toluene solution gave, in almost 
quantitative yield, (72-XI), ap =  —7.50° (neat, 1 dm). This rotation 
corresponds to 92% optical purity.33

p-Nitrophenyl 3(72)-Methyipentanoate (72-111). The 3(72)-moth jdpen- 
tanoic acid was converted to (72-III) by the same procedure as that em­
ployed for the preparation of (S'-III). (72-III) obtained showed [a]o
=  —7.11° (c =  5.71, n-hexane).

A n a l . Calcd. for CuHisNO« (% ): C 60.75, II 6.37, N 5.90. Found ( % ) :  C 60.63, H 
6.42, N 6.23.

4-3($)- and 3(/2)-Methylpentanoyloxy)-3-nitrobenzoic Acid, (/¿-IV) 
and (<S-IV). To a solution of 1.5 g (0.0082 mol) of 4-hydroxy-3-nitro- 
benzoic acid and 1.0 g (0.013 mol) of pyridine in 25 ml of dry dioxane 
was added slowly and with stirring 1.5 g (0.1 mol) of 3(72)- or 3(S)-methyl- 
pentanoyl chloride. The temperature of reaction was maintained below 
10°C with an ice-water bath. The reaction mixture was then filtered, to 
remove precipitated pyridine hydrochloride. In order to confirm the 
formation of anhydride, a small amount of filtrate was evaporated on a 
glass plate. The resulting crystals exhibited the typical doublet (1810 
and 1710 cm“ 1) characteristic of an anhydride in its infrared spectrum. 
To the filtrate was added 2.0 g (0.083 mol) of lithium hydroxide, and the 
mixture was heated to reflux for 5 min. After being cooled to room tem­
perature the reaction mixture was diluted with 30 ml of anhydrous ether. 
The ether-dioxane solution was washed with dilute hydrochloric acid until 
the ether layer became acidic. The ether solution gave a crude, solid 
product, which was subsequently recrystallized to give in 20% yield (72-IV) 
or (ri-IV) as colorless plates; mp 98-99°C, [a]ff =  —1.3° (c =  4.4, 
methanol) for (72-IV) and [a]& =  +1 .4° (c =  2.8, methanol) for (<S-IV). 
The infrared spectrum possessed bands at 1780 cm“ 1 due to ester carbonyl 
absorption and at 1340 cm-1 due to nitro group absorption.
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Anal. Calcd. for C,3II15NOc (% ): C 55.51, II 5.3S, N 4.9,S. Found (% ): for (R-IV) 
C 55.41, II 5.33, N 5.12. Found (% ) for (5-1V): C 55.21, H 5.28, N 5.14.

Kinetic Measurements
In the case of the optically active copolymer ($-11) all solvolytic rates 

were measured in S0% (v/v) ethanol-water buffered with 0.0271/ tris- 
(hvdroxymethy 1) amin< »methane (Tris) and hydrochloric acid with sufficient 
potassium chloride to adjust the ionic strength to 0.02. Below pH 6,5 
sodium acetate-acetic acid was used as the buffer.

In the case of (<S-VI), poly-L-histidine (Mann Research Lab., Inc.), cata­
lyst solutions (4.7 X 10 'M in imidazole) were prepared in 10 and 30%  
ethanol-water buffered with 0.171/ Tris and hydrochloric acid and sufficient 
potassium chloride to adjust the ionic strength to 0.1. ($-VI) was at
first dissolved in a solvent mixture of desired ethanol content at pH 2, and 
then the solution was diluted with the solvent, which contained the desired 
amount of alcohol, and was buffered at the desired pH. It was found that 
($-VI) stayed in the solution long enough for the kinetic measurements un­
der the conditions employed.

A substrate solution (10_3il/ to 10~bl/) was prepared by dissolving a 
certain amount of substrate in the appropriate solvent mixture.

For the kinetic measurement 2.S ml of buffered catalyst solution was 
mixed with 0.2 ml of substrate solution in a 3 ml quartz cell. After 
thorough mixing the cell was placed in a Beckman spectrophotometer 
(Model DU) thermostatted at 26°C. Solvolytic rates were followed by 
measuring the absorbance (OD,) of p-nitrophenol as a function of time t. 
Blank rates were measured in exactly the same manner but without the 
polymer catalysts. The infinity values (ODi„f) were obtained by measur­
ing the absorbance after a sufficiently long period of time had elapsed. 
For the slow reactions the kinetic solutions were transferred into sealed 
ampules and placed in a methanol bath (65°C) for an adequate period of 
time (at least five half-lives). The solutions were then transferred into 
the cells, and the absorbances were measured. Extreme care was taken 
to maintain identical conditions for the solvolyses of different substrate 
isomers.

The recorded kinetic data were treated as first-order kinetics by plotting 
ODi„f_ 01),) versus time t on semilog section papers. The measured rate 
constants k iatm were obtained graphically by utilizing the linear portions of 
the plots.

Support, of this work by the Research Laboratory, United States Army, Edge wood 
Arsenal is gratefully acknowledged.
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Hydrazine-Based Polyimides and Model Compounds

R. A. DINE-HART, Materials Department, Royal Aircraft Establishment, 
Farnborough, Hampshire, England

The reaction of hydrazine hydrate with aromatic anhydrides may give either A-amino 
imides or cyclohydrazides. The conditions that favor the formation of JV-aminoimides, 
in which the imide contains respectively a 5- and 6-membered ring, are discussed. 
These compounds may be reacted with aromatic anhydrides to give A'-.Y-linked imides. 
The properties of a number of model compounds and polymers are described, and it is 
shown that those compounds which have alternating 5- and 6-membered imide rings 
give the maximum oxidative stability in air at 400°C.

A previous article1 described the synthesis of A'-.Y-Iinked polyimides and 
model compounds (see Table I) by the reaction of aromatic A-aminoimides 
and aromatic anhydrides of suitable functionality. The preparation and 
properties of these polymers and model compounds are now described in 
greater detail, of particular importance being the factors that determine the 
ease with which the key A-aminoimides may be synthesized.

Either A-aminoimides or cyclohydrazides may be obtained by condensa­
tion of hydrazine hydrate with aromatic anhydrides. The relative stabil­
ity of these two structural isomers is determined by the interplay of ring 
strain and conjugation effects. As shown by Drew and Hatt,2 both (II) 
and (III) may be obtained from phthalic anhydride via the intermediate 
(I), but high temperature or extended reaction time leads to the formation 
of the more stable 6-membered ring cyclohydrazide, i.e.,

Synopsis

INTRODUCTION

DISCUSSION

Synthesis Routes to the A-Aminoimides

■COOH

(I)

(II)

w
(III)
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TABLE I
Model Compounds and Polymers

No. Structure
M.p., Prepara-

°C tion

IV

V

IX

X

XIII

XIV

XII

XVI-A

X Vi-15

n o n e

none

Drew and 
Hatt2

Drew and 
Hatt2

Bistrzycki
and
Pisi4

Bistrzycki
and
Risi4

expt. 4

expt. 5

expt. G

expt. 7

expt. 7

black, 
glassy 
solid by 
melt 
poly- 
meriza- 
tion at 
250- 
400 °C

XVII none
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These compounds will react further to give the simple model compounds 
shown in Table I.

With naphthalene 1,8-dicarboxylic acid dianhydride the conditions under 
which the less stable 7-membercd ring cyclohydrazide (VII) may be pre­
pared are poorly established,3’4 whereas the IV-aminoimide (VIII) has been 
known since 1911.5

(VIII)

Compound (VIII) may further react with phthalic or naphthalic anhydride 
to give the coimide and homoimide model compounds.

(X)
(I) phthalic anhydride homoimide
(II) naphthalic
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Because of their stability it was relatively easy to prepare the mono- and 
difunctional naphthalimide amines and to use them for the synthesis of 
IV-iV-linked imides. It was more difficult to prepare the corresponding 
phthalimide and pyromellitimide compounds. Loncrini et al.6 observed 
that benzoylation of the amino function stabilized the imide isomer against 
rearrangement and in the present work it was verified that acetylation 
produced the same effect. By preparing the intermediate from pyromel- 
litic dianhydride corresponding to (I) at low temperature, by simultaneously 
acetylating and cyclizing, and by subsequent deacetylation of the JV-amino 
group it was possible to isolate the compound (XV) in 50% yield.

Synthesis Routes to the Polyimides

The diamines were of low solubility and reactivity and this affected the 
preparation of the polyimides. The copolvimides were the most easily 
obtained, since Hie stable but unreactive IV-aminonaphthalimides could be

TABLE II
Oxidative Stability at 400°C in Air“

Sample Test conditions
Heating 

period, hr

Avg. rate 
of wt. loss, 

/o ni
Model compound (XIII) Dry air. Moist air, 30 0.60

RH (25°C) 60-70% 50 0.96
Model compound (XIY) Dry air. Moist air, 30 0.37

RH (25°C) 60-70% 50 0.90
Polymer (XII) Dry air. Moist air, 30 0.05

RH (25°C) 60-70% 70 0.25
Polymer (XYI) Dry air. Moist air, 30 0.97

Controls:
RH (25°C) 60-70% 50 1.20

Polyimide powder from Dry air. Moist air, 30 0.37
PMDA and DDM1' RH (25°C) 60-70% 50 1.00

Polyimide powder from Dry air. Moist air, 60 0.35
PMDA and DAPE1' RH (25 °C) 60-70%, 30 1.30

Polymer (XYII) (Moist air,
RH (25 °C) 00-70%

30 2.50

* Determinations of oxidative stability were made by continuous methods on a Stan­
ton Mass-flow Thermobalance and by discontinuous methods with glass crucibles 
enclosed in heated aluminum blocks.

b PMDA, pyromellitic dianhydride; DDM, 4,4'-diaminodiphenylmethane; DAPE, 
4,4 '-diaminodiphenvlether.

condensed at high temperature, in the usual solvents, with the more soluble 
and reactive o-membered-ring anhydrides. The need to use hot solvents 
precluded the isolation of a soluble polyamic acid intermediate and resulted 
in the precipitation of polyimide (XII), which was probably of low molecu­
lar weight (experiment 6).
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CO.
\  '” c -ca/  DMF

(XI)

xco—( f r'r̂-co-
(XII) copolyimide

r

This polymer was intractable and only slightly soluble in concentrated 
sulfuric acid. It was very thermally stable (Table II), but attempts at 
fabrication by high-temperature sintering techniques were not successful. 
The brittleness of the samples may have arisen either from innate structural 
effects or from a low molecular weight of the polymer. The thermal stabil­
ity of the two coimide model compounds (XIII) and (XIV), made by the 
reaction shown below, was only slightly less than that of the polymer 
(experiments 4 and 5).

■(XIV)

These materials did not darken or char during oxidative degradation at 
400°C and, unlike some aromatic polyimides, gave infrared spectra that 
remained sharp and distinctive. This may indicate that these compounds 
oxidize unit by unit rather than by reactions involving rearrangement and 
“ coking” processes.
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With the two possible homopolyimides (XVI) and (XVII) there was some 
doubt about the structure of the products (the structures shown below are 
provisional).

(XVII ) homopolynaphthalimide

The compound (XVI), a polyamic acid of low viscosity, was obtained in a 
reaction of the diamine and dianhydride in solution at room temperature, 
this being chemically cyclized to precipitate the polvimide. The poly­
merization route was chosen to favor formation of the (XVI-A) rather than 
the (XVI-B) structure (sec Table I), but the infrared spectrum, was incon­
clusive (see Table III). In particular, the imide carbonyl doublet7 was 
missing, there being only one strong band at 1750 cm-1; neither were any 
of the remaining bands particularly “ imide-like.”  Hence the possibility of 
rearrangement to structure (XVI-B) cannot be excluded. This polymer 
was also intractable but was less thermally stable than (X II); see Table 
II.

Attempts to prepare the homopolynaphthalimide (XVII) in solution 
failed because of the low reactivity and solubility of the starting material. 
By fusion of the reagents between 250 and 400°C a brittle, black, glassy 
solid of inferior thermal stability was obtained.

Mode of Thermal Degradation

The thermal degradation data in Table II show a significant effect of 
water vapor on what is primarily oxidative degradation. Since completing 
this work it has been found that atmospheric moisture can have a consider­
able effect on the oxidative degradation of many polyimides; these results 
will be presented later.
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TABLE III
Important Infrared Absorption Bands“

A-aminoimides

Bands,b cm-1L

—Nil, stretch C = 0  stretch
—Nil,
band

Imide
low-freq.

band

.V-aminonaphthalimide 3301) W, 3200 W 1700 M, 1660 S 1610? M 775 S
iV,A'-diaminonaphthaldi- 3300 W, 3250 W 1690 M, 1630 S 1550 AI 760 S

imide
AyV'-diaminopyromel- 3300 W, 3250 W 1780 W, 1720 S 1600 W 720 AI

litimide

Bands divided into convenient groupsb

Group I
AT-lV-linked imides (C = 0  str.) Group II Group III Group IV

.Model compound (XIII) 1750S 1310S 1120 M 885 M
1710S 125OS 1080 M 765 AI

1190 M 990 M 755 AI
705 Al

Model compound (XIV) 1760 S 1315 S 1115 AI 900 AI
1730 S 1240 S 845 Al
1700 S 1180-M 780 M

720 M
Polymer (XII) 1750S 1310S 1100 M 840 AI

1730 S 1240S 985 W 810 W
1700 S 1200 M, broad 760 AI

doublet 745 Al
710 M

Polymer (XYI) 1750 S 1360 W 1080 W 835 M
1270 AI 70S AI

“ A consistent band of medium strength at 1580-1590 cm-1 is shown by compounds 
containing the naphthalene nucleus. 

b S, strong; M, medium; W, weak.

The lack of any appreciable change in the polymer and model compound 
residues during the oxidative degradation has already been described. 
Further evidence of the breakdown mechanism was obtained from examina­
tion of the light-colored sublimates formed during degradation in air. 
Infrared examination showed these to be predominantly mixed imides. 
This suggested that degradation occurred mainly at the N— N bond and 
was followed by hydrogen abstraction, giving the simple imides.

EXPERIMENTAL

Preparation of the ,/V-Aminoimides

iV-Aminonaphthaiimide (VIII). Naphthalene-1,8-dicarboxylic acid an­
hydride (2.0 g) was dissolved in pyridine (25 ml) at 80°C, and excess 
hydrazine hydrate (0.7 g) was added slowly. A brilliant amber coloration
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resulted. The temperature was raised to 100 °C for 1 hr. On cooling to 
0°C a mass of prismatic yellow needles was obtained. These were filtered 
off, washed with ether, and dried at S0°C; yield 1.5 g.

The infrared spectrum showed that this product contained complexed 
naphthalic anhydride. It was necessary to recrystallize three times from 
glacial acetic acid before the anhydride content was removed. This 
material gave a sharp melting point of 267-26S°C, whereas the literature 
values are 262-263°C, perhaps because the complex was present in the 
earlier samples. A white, powdery hydrochloride was formed by reaction 
with concentrated hydrochloric acid. Acetylation of the amino function in 
hot acetic anhydride-glacial acetic acid gave water-white platelets of 
melting point 264-267°C (lit. 260-261°C). These derivatives produced 
the changes that would be expected from the infrared spectrum of a primary 
amino compound.

W,iV'-Diaminonaphthalene-l,4,5,8-tetracarboxydi-imide (XI). To naph­
thalene-1,1,5,8-tetracarboxylic acid dianhydride (4.0 g) was added an 
excess of hydrazine hydrate (2.0 g) in acetone (40 ml). There was an 
exothermic reaction accompanied by the formation of a black solid. The 
solution was filtered, and the residue was washed with acetone and air- 
dried. The black coloration was observed to lighten slowly to a medium- 
brown tint. The product was heated at 150°C under vacuum for 2 hr to 
ensure complete cyclization; yield 4.2 g, mp 440-450°C.

Anal. Calcd.: C 56.7, H 2.7, N 18.9, O 21.7. Found: C 56.8, II 2.9, N 13.8, O 
26.3.

The product (1.0 g) was vigorously heated in a test tube to give 0.6 g of an 
orange colored crystalline sublimate (identified as the naphthalenediimide) 
and 0.3 g of carbonaceous residue.

Preparation of ¿V,A '-I)iamino Pyromellitimide (XV). Pyromellitic di- 
anhydride (5.0 g) was partially dissolved in an acetone-acetic anhydride 
mixture (40:10 ml); excess hydrazine hydrate (3.0 g) was dissolved in 
acetone (15 ml) and stirred into this mixture to give complete solution. 
An amber coloration was observed, but the temperature did not rise above 
30°C. After 30 min, pyridine (10 ml) was added to give a rapid “ clouding” 
and more gradual formation of a granular yellow precipitate. This was 
allowed to stand for several hours and then was filtered off, washed with 
ether, and dried at 60°C; yield 6.0 g, mp (decomp.) 330-340°C. To 
this was added concentrated hydrochloric acid (5 ml) to give a thin paste, 
which was allowed to stand for 48 hr. Water (150 ml) was added, and the 
solid was filtered off and washed with very dilute ammonia until the wash­
ings were just alkaline. The light-orange product was dried over P20 5; 
yield 3.0 g. This compound slowly reverted to the cyclohydrazide on 
standing at room temperature over a period of weeks. On being heated its 
conversion was very rapid between 100 and 200°C.

Anal. Calcd.: C 48.8, H 2.4, N 22.8, O 26.0. Found: C. 47.4, II 3.0, N 22.1, O
27.5.
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Preparation of the Model Compounds and Polymers

Model Compound (XIII). iV’,iV/-diaminonaphthalene-l,4,5,8-tetracar- 
boxydiimide (1.0 g) and phthalic anhydride (1.0 g) were refluxed for 2 hr in a 
mixture of iX-dimethylformamide (50 ml) and pyridine (5 ml); a partial 
precipitation (completed by cooling) of pink prismatic needles occurred; 
yield 1.7 g, mp 490-500°C (decomp.).

Anal. Calcd.: C 64.7, II 2.2, N 10.1, O 23.0. Found: C 64.7, H 2.0, N 9.9, O 24.3.

Model Compound (XIV). jV-aminoiiaphthalimide (2.0 g) and pyromel- 
litic dianhydride (1.0 g) were refluxed for 2 hr in fV-dimethylformamide 
(80 ml) and pyridine (5 ml) to give a fine, white precipitate. This was 
filtered from the cold solution and washed with acetone; yield 2.(i g, mp 
530-540°C (decomp.).

Anal. Calcd.: C 67.3, II 2.3, N 9.2, O 21.1. Found: C 65.2, H 2.1, N 8.4, O 25.6.

Polymer (XII). iV,Ar'-dianiinonapht halene-l,4,5,8-tetracarboxydiimide 
(1.86 g) and pyromellitic dianhydride (1.0 g) were refluxed in iV-methyl- 
pyrrolidone (100 ml) for 4 hr. Slow dissolution occurred and gave a dark- 
amber solution (which gelled on cooling) with a simultaneous gradual 
precipitation of polyimide as a grey-brown powder. This was filtered off 
and washed with acetone; yield 2.1 g.

Anal. Calcd.: C 60.3, IT 1.3, N 11.7, O 26.7. Found: C 58.5, II 1.8, N 11.1, O 
27.6.

Polymer (XVI), First Method. Af,Af'-diaminopyromellitimide (1.00 g) 
and pyromellitic dianhydride (0.92 g) reacted overnight in cold, stirred, 
A^-dimethylformamide (50 ml). The diamine dissolved slowly to give a 
pale-yellow solution with a small amount of suspended solid. This was 
filtered off, and an acetic anhydride-pyridine mixture (50:50, 5 ml) was 
added to the solution to give a gradual precipitation of cyclized polymer. 
After separation this light-yellow solid was washed with acetone and 
dried at 200°C for 0.5 hr. The yield was low, 0.85 g, and the infrared 
spectrum showed that there were probably anhydride endgroups present.

Polymer (XVI), Second Method. The initial addition reaction was as 
described above but, instead of chemically cyclizing, the polymer was iso­
lated by pouring the yellow solution into a petri dish and evaporating off 
the DMT at 100°C. This gave a residual gummy polymer which on heat­
ing to 200°C for 1 hr formed a brittle, opaque, buff colored mass. The 
infrared spectrum was the same as that of the polymer obtained previously 
but was free from extraneous anhydride bands. It was considered that 
formation of the polymer intermediate stabilized the JV,Af'-diamino- 
pyromellitimide against rearrangement in a manner analogous to that 
encountered with the benzoyl and acetyl derivatives.
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The Structure and Transport Properties of
Poly(methacrylic Acid) in Aqueous Solution

E. E. KERN* and D. E:. ANDERSON,
Depart'fIUnt of Chemical Engineering,

Michigan State University, East Lansing, Michigan 4-8823

Synopsis

Diffusion and anisotropic elect.rical conductivity measurements have been used to in­
vestigate the structure of poly(methacrylic acid) in aqueous solut.ion at various degrees
of neutralization. Both kinds of measurement indicate that the polyion chain opens
from a coiled to an extended configuration as the chain is neutralized. In addition it was
found that, at low concentrations, the opening of the chain is a two-st.ep process, whereas
at higher concentrations t.he mechanism involves a single step.

INTRODUCTION

The transport properties of linear polyelectrolyte solutions have been
studied by a number of investigators over the past several years. 1-7 These
studies have been valuable as a means of determining the structure of the
polyion in solution. Of particular interest has been the effect of degree
of ionization on the structure, because the molecule tends to be coiled in the
neutral state and extended to a linear structure when ionized. However,
there is some question about the mechanism by which the chain uncoils.
In this work partially ionized poly(methacrylic acid) in solution is inveHti­
gated with the aim of understanding better the structure of the molecule
and the effect of the structure on the transport properties.

The degree of ionization, lX, of poly(acrylic acid) can be controlled by
partial neutralization with sodium hydroxide. The acid groups ionize
only slightly, whereas sodium is strongly ionized. At 0-50% neutraliza­
tion the degree of ionization can be taken as approximately equal to the
degree of neutralization. 2 Expansion (uncoiling) of the molecular chain
occurs because of the strong repulsive forces among the negative charges
along the ionized chain. These results are assumed in this work to be
applicable to poly(methacr:ylic acid) (PlVIA).

Katchalsky and Lifson5 calculated the electrostatic free energy of a
solution of rodlike, ionized molecules. Calculated osmotic coefficients were
practically independent of molecular weight and polyelectrolyte concentra­
tion and were determined only by the degree of ionization. The calculated
osmotic coefficients were close to the experimental osmotic coefficients

* Present ftddress: lVlonsllnto Company, Springfield, Massftchusetts 01129.
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determined by Kern6 at high degrees of ionization and dilute concentrations. 
These theoretical studies indicate that the shape of the macromolecular 
ion (polyion) is between that of a coiled chain and a rodlike structure, 
depending upon the degree of ionization and the concentration of the 
polyelectrolyte solution.

Light-scattering data by Oth and Doty7 indicate that the expansion of 
the polyion is about sevenfold when the degree of neutralization (a) of 
poly(methacrylie acid) (molecular weight, 84000) was increased from 0 to 
70%. This expansion, according to Oth and Doty, is approximately 
one-half the contour length of the polyion. Kedem and Katchalsky’s 
diffusion data4 show that the polyion is completely extended at 70% 
neutralization.

More recently Mandel et al.8'9 discussed the transition from the coiled 
(a) to the extended (6) state. Their potentiometric and spectroscopic 
measurements confirm that PA IA in aqueous solution changes from the 
a to the b state in the region of a from 0 to 0.4 and that there are approxi­
mately equal amounts of the two states at a =  0.17. However, their 
potentiometric data indicate that at a =  0.1 the molecules are nearly all in 
the coiled state, while the spectroscopic measurements indicate that 2.5- 
30% are uncoiled. The authors argue that the coiled form is stabilized 
by van der Waals interactions between the methyl groups rather than 
hydrogen bonding. Liquori et al.,10 on the other hand, conclude that 
hydrophobic forces at low ionization hold the chain in a tightly bound 
configuration. As ionization proceeds, the chain cooperatively opens up 
in order to allow internal COOH groups to be solvated.

Kedem and Katachalsky4 derived an equation for the diffusion of poly­
electrolytes as a function of the hydrodynamic resistance, the number of 
counterions, and the osmotic pressure coefficient:

D =  kT/pv[<t> +  5<f)/(d In n)] (1)

where D =  diffusion coefficient, p =  hydrodynamic resistance, v =  number 
of ionized groups, <f> =  osmotic coefficient, n =  moles of solute per milliliter, 
k =  Boltzman constant, and T =  absolute temperature, °Iv.

From this equation one can see that D is inversely proportional to the 
size of the polyion due to the hydrodynamic resistance and directly propor­
tional to the number of ionized groups. Because of the greater mobility 
of the counterions a Nernst potential is developed, which effectively in­
creases the diffusion coefficient of the polyelectrolyte as the degree of neu­
tralization is increased. Thus, diffusion measurements can be used to study 
both the size and the degree of ionization of the polyion.

An independent means of determining the size and shape of the polyion 
is by the measurement of the electrical anisotropy effect with a Couette 
apparatus, described by several workers in the field of colloidal science.11-13 
The measurement of the electrical anisotropy effect allows estimation of 
the rotational diffusion constant, which is related approximately to the 
length of the charged particle14 by the equation

L{cm) ~  {8kT/TrVoDT) 1/3 (2)
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where L =  length, rj0 = viscosity of the solvent, and DT = rotational 
diffusion constant.

The rotational diffusion constant and, in turn, the length of the polvion 
can be determined by measuring the relative change of electrical con­
ductivity in the direction of flotv as a function of velocity gradient in a 
Couette apparatus. The procedure for making this determination was 
outlined by Gotz.12

In this work the size and shape of the polyion of poly (methacrylie acid) 
was studied as a function of the degree of neutralization and concentration 
by the measurement of the diffusion coefficients and the electrical anisotropy 
effect of poly(methacrylic acid) in aqueous solution.

The diffusion coefficients were determined with a Mach-Zehnder dif­
fusiometer.15'16 The diffusiometer measures the refractive index of the 
solutions in a glass-windowed diffusion cell with an optical interferometer. 
The instrument was patterned after a similar diffusiometer described by 
Caldwell et al.17 The experimental diffusivities were obtained by measur­
ing the mutual diffusion of two solutions of different concentrations. The 
measured value was taken to be that of a solution with a concentration 
equal to th e average of the two solutions. The instrument has proved to 
be accurate to within 0.5% for sucrose-water solutions.18

The electrical anisotropy effect of polyelectrolyte solutions was measured 
with a Couette type of apparatus, which v?as constructed according to the 
description given by Heckman.13 The apparatus consists of two concentric 
cylinders with a narrow-, annular gap between them. The outside cylinder 
can be rotated at various speeds to produce a uniform velocity gradient in 
the solution between the cylinders.

The electrical conductivity of the solutions in the direction of flow wras 
measured by using two electrodes imbedded in the surface of the inner

EXPERIMENTAL

X
stator

measuring

Fig. 1. Schematic of Couette apparatus used for anisotropic conductivity measurements.
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cylinder (Fig. 1). Both cylinders are covered with nonconductive material. 
Conductivity measurements were made at 25°C with an Industrial Instru­
ment, Inc. conductivity bridge operating at 1000 Hz.

Apparent viscosities were measured at 25.0°C with an Ostwald-Fenske 
type of viscometer. The efflux times were long enough to eliminate kinetic- 
energy corrections.

The poly(methacrylie acid) was synthesized from the monomer, meth- 
acrylic acid, by a free-radical addition type of polymerization. The 
monomer, purchased from Eastman Chemicals, was first distilled under a 
vacuum, to remove the inhibitor, and then polymerized in a water-methanol 
solution with 0.5% benzoyl peroxide as the free-radical initiator. The 
polymer was dissolved in methanol and precipitated with ether to remove 
the monomer and catalyst. This procedure was repeated several times to 
ensure the complete removal of monomer and catalyst.

The poly (methacrylie acid) was then redissolved in methanol and frac­
tionally precipitated by the gradual addition of ether to give different 
molecular weights. The fractionation procedure used was essentially that 
proposed by Flory.19 The fractions were dried in a vacuum at 110°C 
for 48 hr and then ground to a fine powder.

The molecular weights were determined by viscosity measurements of 
polymer solutions in 2N sodium hydroxide according to the procedure 
outlined by Ivatchalsky and Eisenberg.20

Results and Conclusions
Figures 2 and 3 are plots of diffusivity D versus degree of neutralization 

for poly (methacry lie acid) for different concentrations and molccularweights. 
The initial increase in D is readily explained by the increase in the number 
of counterions, which exert a strong drag effect on the coiled polyions. At
0-10% neutralization the molecules are hypercoiled, and their hydro- 
dynamic resistance p is relatively small. At 10-25% the macromolecules 
open to an extended configuration, so that p increases rather abruptly, 
resulting in a decrease in D. At a concentration of 0.0320 monomols/1 
(Fig. 2) only one depression in D is observed, whereas at a lower concentra­
tion, 0.0213 monomols/1 (Fig. 3), two depressions in D are observed. 
This suggests that there is a two-step process involved in the uncoiling of 
the polyion at lower concentrations.

The end-to-end length of the polyion was estimated from the rotational 
diffusion data [eq. (2)] by measurement of the electrical anisotropy effect 
of the PMA solutions. Gotz12 showed that the length of a charged particle 
in solution is related to the relative change in conductivity [/vR = (K  
— K 0)/K0\ of the solution in an orienting shear field. The details of the 
derivation of the equations involved are lengthy and will not be reproduced 
here, since they are available elsewhere.1112 In effect, K [t is measured as a 
function of shear rate over the range from random orientation to nearly 
complete orientation. A rotational diffusion constant can be determined 
from the data. In principle, the data should be taken at (or extrapolated



PMA IN A.QIJIÏOUS SOLUTION 2769

0l--------------1--------------1--------------1--------------1--------------1--------------■-
O  0 .1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6

degree of neutralization, a

Fig. 2. Diffusion of poly(methacrylic acid) in water as a function of degree of neutraliza­
tion. Interdiffusion of 5.0 and 0.5 g/1 solutions. M, molecular weight.

Fig. 3. 1 difusión of poly(methacrylic acid) in water as a function of degree of neutraliza­
tion. Interdiffusion of 3.0 and 0.3 g/1 solutions. M, molecular weight.

to) infinite dilution. This was not possible in these studies, since concen­
tration was one of the variables of interest. However, the highest concen­
tration used was 0.0291 monomols/1, and it is assumed that the measure­
ments at least give a good qualitative, if not quantitative, measure of the 
rotational diffusion coefficient and chain length.

Figure 4 is a typical set of plots of the relative change of conductivity 
as a function of angular velocity (RPM) at different degrees of neutraliza-
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Fig. 4. Relative change in conductivity versus RPM for PM A at 0.0058 monomoles 1. 
K 0 conductance; a , degree of neutralization; /to, conductance at zero RPM.

Fig. 5. Relative conductivity at fixed shear rate (4530 sec-1) as a function of degree of 
neutralization for PM A solutions. Molecular weight = 206000.

tion (for the apparatus used the inner and outer radii were 5.42 and 5.47 cm, 
respectively, and thus the velocity gradient, in cm-1, is 11.33 X RPM). 
K-r should increase with degree of orientation and with the length of the 
polyion. Since the orientation is caused by the shear rate in the apparatus, 
at constant angular velocity changes in K n with degree of neutralization are 
a result of changing polyion extension. The longer the polyion is, the
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Fig. 6. Apparent viscosity as a function of degree of neutralization for PMA solutions.
Molecular weight 860000.

more completely oriented will it be in the shear field. Thus, by plotting 
Kn versus a at fixed RPM (see Fig. 5) one can determine qualitatively 
how the length of the polyion is changing.

At the lower concentration (C = 0.0058 monomols/1) there are two 
distinct and sudden increases in molecular extension, and at the higher 
concentrations the opening of the chain is more gradual, the greatest effect 
occurring in the range of a between 10 and 20%. This is in agreement 
with the diffusion measurements.

Thus, the data from the electrical anisotropy measurements verify that 
the depressions in the diffusion curves are due to the rapid increase of the 
size of the polyion and indicate that a two-step process is involved in the 
opening and uncoiling of the polyion at low concentrations.

Figure 6 gives the apparent viscosity of the PMA solutions at three 
different concentrations. These plots show an irregular change in viscosity 
in the range of a between 10 and 25%, presumably because of the effects 
mentioned above.

A possible explanation of the data presented in this paper is that the 
first abrupt increase in the size of the polyion is due to the breaking of 
hydrogen bonds, resulting in an expansion of the coiled polyion, and that
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Synopsis

A graft polymer was prepared by means of the coupling reaction of chlorinated 
ethylene-propylene terpolymer with living polystyrene, obtained with a sodium- 
naphthalene complex as initiator, under various conditions; the grafting efficiency and 
the percentage of grafting are discussed. Poly(chloroprene), chlorinated butyl rubber, 
poly(vinyl chloride), poly(epichlorohydrin), and epichlorohydrin-ethylene oxide copoly­
mer were also used as chlorine-containing polymers. The grafting efficiencies were 
found to be in the following order: chlorinated butyl rubber > poly(epichlorohydrin) > 
epichlorohydrin-ethylene oxide copolymer > chlorinated ethylene-propylene terpolymer 
> poly(chloroprene) >  poly (vinyl chloride). A graft polymer was obtained from the reac­
tion between chlorinated ethylene-propylene terpolymer and living poly(isoprene), 
with butyllithium in benzene. The undesirable metal-halogen interchange reaction was 
considerable.

INTRODUCTION

It is now well known1“ 4 that the carbanionic endgroups in living poly­
mers obtained by anionic polymerization react with a number of functional 
groups, such as ester groups and the halogens of alkyl halides. It has been 
shown5'6 that a living polymer having a narrow molecular weight distribu­
tion can be prepared under carefully controlled conditions. Thus a graft 
polymer having branches of constant chain length can be obtained from the 
reaction of polymers containing ester groups or halogens with a living 
polymer.

Finaz et al.7 and Gallot et al.8 obtained graft polymers from the reactions 
of poly (methyl methacrylate) and poly (vinyl chloride) with living poly­
styrene, prepared with phenylisopropyl potassium. Alteares and his 
co-workers9 obtained comb and star types of branched polymers from the 
reactions of chloromethylated polystyrene, 1,2,4-tri- and 1,2,4,5-tetra- 
chloromethyl benzene with living polystyrene, prepared with butyllithium. 
Minoura and Shiina10 obtained a graft polymer from the reaction of PVC 
with living PSt, prepared with BuLi. These workers characterized the 
graft polymers, which are useful as model substances for the study of poly­
mer properties. However, no details have been published on the coupling
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reaction of chlorine-containing polymers with living polymers. Hence in 
the present study the chlorinated ethylene-propylene terpolymer (Cl- 
EPDM) was made to react with living polystyrene (PSt), prepared with a 
sodium-naphthalene complex (CioHgNa) as initiator, under various condi­
tions, and the grafting efficiency and the percentage of grafting were con­
sidered.

The grafting efficiency at a constant living PSt concentration increased 
with increase in the concentration of Cl-EPDM and approached a constant 
value (37-39%) when the ratio of the chlorine in the polymer to the 
sodium in the initiator was unity. When the concentrations of Cl-EPDM 
and living PSt were constant, the per cent grafting increased with increase 
in the degree of polymerization of the living PSt.

Poly(chloroprene) (PCR), chlorinated butyl rubber (Cl-IIR), polyvinyl 
chloride (PVC), poly(epichlorohydrin) (PECH), and epichlorohydrin- 
ethylene oxide copolymer (ECH-EO) also were used as chlorine-containing 
polymers, and living poly(isoprene) was used as a living polymer.

EXPERIMENTAL

Materials
Cl-EPDM  (chlorine content 34.5 wt-%), PCR (Neoprene AD), Cl-IIR 

(chlorine content, 1.2 wt-%), PYC (degree of polymerization 1050), PECH 
(molecular weight 5 X 105, chlorine content 38.0 wt-%), and ECH-EO 
(molecular weight 2.8 X 106, chlorine content 26.0 wt-%) were obtained 
commercially. They were purified by reprecipitation and dried in vacuo 
before use.

Tetrahydrofuran (THE), benzene, styrene, isoprene, and the other 
reagents were purified and dried by the usual methods. Commercial 
BuLi solution in n-heptane was used.

Coupling Reaction Procedure
CioHsNa in THE solution was prepared in a 100 ml reaction flask under 

nitrogen. Styrene monomer was added dropwise to this solution through a 
syringe and polymerized at 30°C for 4 hr. The monomer conversion was 
100%. To this reddish, living PSt solution in THE, was added, under a 
stream of nitrogen, a degassed Cl-EPDM solution in THF. The coupling 
reaction was carried out at 30°C for 5 hr and then the contents were poured 
into a large quantity of methanol. The precipitated polymers were filtered, 
washed, dried in vacuo, and weighed. The polymer mixture was extracted 
with boiling acetone, and free polystyrene was removed. The amount of 
grafted styrene was determined from the increase in the weight of the in­
soluble portion in boiling acetone.

The grafting efficiency and percentage grafting were calculated from the 
following equation:

Graft, effic. (% ) =  (wt. St grafted X 100)/(wt.. tot. PSt yield) 
grafting (%) =  (wt. St grafted X 100)/(wt. Cl-EPDM used)
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PCR, Cl H R , PVC, PECH, and ECH-EO reacted with living PSt in a 
similar manner. The free PSt was extracted with a mixture of acetone and 
methanol (7:1 volume ratio) from the PCR system and with ethyl ether 
from the PECH and ECH-EO systems.

Infrared Spectra
The infrared absorption spectra of thin films cast on rock-salt plates were 

obtained with a Perkin-Elmer 337 Grating Infrared spectrophotometer.

Intrinsic Viscosity
The intrinsic viscosities [»?] of benzene solutions of the polymers were 

obtained with a Ubbelohde viscometer at 30°C. The degree of polymeriza­
tion, P n, of the free PSt was calculated from the following relationship 
given by Johnson and Tobolsky :u

Pn =  1770

RESULTS AND DISCUSSION

Reaction of Cl EPDM with Living PSt Obtained with 
a Sodium Naphthalene Complex

Separation of Graft Polymer. The reaction product after Cl-EPDM 
(3.61 g/1) had reacted with living PSt ([St] =  0.79 rnol/1, Ci0H8Xa = 
7.91 X 10 3 mol '1) in THE at 30°C for 5 hr was extracted repeatedly with 
boiling acetone, until the extract did not become cloudy when methanol was 
added. It was confirmed by elemental analysis and the infrared absorption 
spectrum (Fig. 16) that the portion soluble in acetone was free PSt. On 
the other hand, the infrared spectrum of the portion insoluble in acetone 
(Fig. lc) showed both the bands of PSt and the band of the methyl group 
from the Cl-EPDM at 2950 cm“ 1. Furthermore, the elemental analysis 
indicated that this insoluble portion consisted of Cl-EPDM-PSt graft 
polymer and free Cl-EPDM.

When a mixture of Cl-EPDM  and homopolystyrene was extracted by a 
similar method, the homopolystyrene was completely removed by the ace­
tone and the Cl-EPDM used was obtained as the insoluble part. When 
EPDM, instead of Cl-EPDM, reacted with living PSt, this extraction 
method yielded no grafted polymer.

In Figure 1 the infrared spectra of Cl-EPDM, PSt, and the graft co­
polymer are shown.

The spectrum of Cl-EPDM  (Fig. la) showed the absorptions of the 
methylene group at 2926 and 1475 cm-1 and of the methyl group at 2950 
and 1385 cm“ 1. The spectrum of the residue (Fig. lc) showed both the 
absorption bands of PSt (Fig. 16) and the band at 2950 cm "1 assigned to 
the methyl group of Cl-EPDM. Therefore the residue was confirmed to 
consist of the graft copolymer and Cl-EPDM.

Influence of Cl-EPDM Concentration. Cl-EPDM at various concen- 
ti’ations ((1.82, 3.64, 9.09, and 16.36 g/1) reacted with living PSt (0.79
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Fig. 1. Infrared :;pectra of polymers, in THF at awc fur fi hr: (a) Cl-EPIBI; (b)
free PSt; (e) graft polymer. Concentrations: CIOH,Na, 7.Hl X 10-2 mol/I; St, 0.79
mol/I; CI-EPlnr, 3.64 gil.

moI/l of styrene was polymerized with 7.91 X 10-2 moI/l of C10HsXa) in
THF at 30°C. for 0.5, 1,2, :), 5, and 10 hr. The relationship between the
grafted styrene content and reaction time is shown in Figure 2.

The grafting efficiency and the percentage of grafting increased with
increase in the reaction time and attained constant values at all the Cl­
EPD1VI concentrations after 3 hr. Therefore, in order to find the effect of
the Cl-EPDM concentration both on the grafted styrene content and on
the grafting efficiency, the values for 5 hI' were compared with each other.
The results are shown in Figure 3.

The grafted styrene content and the grafting efficiency increased with
increase in the Cl-EPDl\JI concentration, and they approached an equilib­
rium value (grafting efficiency 37-39%) when the ratio of chlorine to
the sodium in the initiator was unity. The reaction system, however,
was still red after reacting for 5 hI', except in the case of the highest CJ-
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Although this reason is not clear, it seemed reasonable to assume that the 
decrease in grafting efficiency resulted from a restriction of molecular mo­
tion and diffusion that may be attributable to the increase in viscosity, 
since the viscosity of the reaction system increased outstandingly with 
increase in the P n of the living PSt. The graft polymers obtained were 
insoluble in THE and benzene.

Effect of Coupling Temperature. The coupling reactions were carried out 
at —78, —30, 0, and 30°C at constant concentrations of C1-EPD.\I and 
living PSt. The effects of the coupling temperature on the grafted styrene 
content and grafting efficiency are shown in Figure 5.

The coupling temperature was found to have very little effect on the 
grafted styrene content and the grafting efficiency within the range of this 
experiment. The graft polymers obtained were insoluble in THF and 
benzene.

Reaction of Cl EPDM with Living PSt Obtained with BuLi
It has been found by Szwarc and his co-workers12 that living PSt obtained 

with CioHsXa is bifunctional. Thus, it may be considered that gel forma­
tion results from crosslinking with the bifunctional living PSt. In this 
study, to avoid crosslinking, monofunctional living PSt was made to react 
with Cl-EPDM of various concentrations at 30°C for 5 hr in THF. The 
results are shown in Figure 6.

The grafted styrene content and the grafting efficiency increased with 
increase in the Cl-EPDM concentration, and the maximum grafting effi­
ciency was about 65%, higher than that in the case of the living PSt obtained 
with OioHgNa. The graft polymers, however, were insoluble in THF and 
benzene.

o

60

50

40

3 0

20

-Vo

[CI-EPDM] Cg./l.)
Fig. 0. Effect of Cl-EPDM concentration on (O) grafted styrene content and on (9) 

grafting efficiency in reaction of Cl-EPDM with living PSt obtained with BuLi, in THF 
at 30°C for 5 hr. Concentrations: BuLi, 7.47 X 10-2 mol/1; St, 0.79 mol/1; [St]/ 
[BuLi], 10.62.
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TABLE I
Intrinsic Viscosities of Graft Polymers for Cl-IIRa

Expt.
no.

Cl-IIR,
g

Graft.
effic.,

c ;/o

Grafting,
c ;/0

U]
of graft 

polymer1’

i- i- i 0.1 IS. 77 85.3 0.655
1-1-2 0.15 19.47 59.0 0.747
1-1-3 0.2 19.82 45.1 0.758
1-1-4 1.2 60.79 23.0 1.209

a Reaction conditions: [CioHsNa] = 0.43 X IQ“ 1 mol, [St] = 4.36 X 10“ 3 mol,
St/Na = 101.4, in 50 ml of THF at 30°C for 5 hr.

b Intrinsic viscosity of Cl—IIH used and free polystyrene were 0.591 and 0.216 (P „  = 
207.2), respectively.

An 8.73 X 10“ 3 mol amount of styrene was polymerized with 0.43 X 
10“ 3 mol of CioHgNa in 30 ml of THF. The chlorine-containing polymer 
dissolved in 20 ml of THF and reacted with the living PSt; the amounts 
were 0.02, 0.05, 0.2, and 0.5 g for PClt, PECH, and ECH-EO, and 0.02, 
0.025, 0.05, 0.5, and 2.5 g for PYC. The reaction conditions for Cl-IIR  
are given in Table I.

The grafted styrene contents and the grafting efficiencies increased with 
increase in the concentrations of the chlorine-containing polymers, as in 
the case of Cl IIP I)\l. and the grafting efficiencies became constant at 
about 27, 61, 25, 50, and 42% for PCR, Cl-IIR, PVC, PECH, and ECH- 
EO, respectively, when the amounts of the chlorine-containing polymer 
were 0.02, 1.2, 0.25, 0.2, and 0.2 g for PCR, Cl-IIR, PYC, PECH,' and 
ECH-EO, respectively. Thus, the grafting efficiencies were in the follow­
ing order:

Cl—IIII > PECH > ECU—EG > Cl—EPD.M > PCR > PYC

Soluble graft polymers were obtained only with C l-IIIl and with low 
concentrations of PVC, PECH, and ECH-EO. The intrinsic viscosities 
[?j] of the graft polymers of C l-IIIl are shown in Table I.

The infrared spectra of the graft polymers are shown in Figure 8. These 
spectra showed bands of both the backbone polymers and the grafted PSt; 
that is, the infrared spectrum of the PSt-grafted PCR in Figure 8a showed 
both the bands due to PSt at 3060, 3020, 2850, 1900, 1495, 1455, and 700 
cm-1 and the bands due to PCR at 1475 (—CH2— ) and 680 (C— Cl) cm “ 1. 
The infrared spectra of the graft polymers other than the PSt-grafted PCR 
similarly showed the bands due to C l-IIR  at 2940 cm-1 (— CH3) and 1475 
cm“ 1 for the PSt-grafted C l-IIR  (Fig. 86), the bands due to PVC at 1200, 
635 (C— Cl), and 615 (C— Cl) cm“ 1 for the PSt-grafted PVC (Fig. 8c), and 
the band due to the ether bond at 1150-1090 cm“ 1 for the PSt-grafted 
PECH (Fig. 8cl) and ECH-EO (Fig. Se), together with the bands of the 
PSt.

It has been found that dehydrochlorination, in addition to the coupling of 
organic groups, occurs especially during the reaction of secondary or tertiary
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Fig. 8. Infrared spectra of Pst-grafted polymers for (a) PCR, (b ) Cl-IIR, (c) PVC, (d)
PECH, and (<•) ECH-EO.

alkyl halides with an alkyllithium compound, and it has been shown by 
Minoura and Shiina10 that various reactions such as dehydrochlorination, 
metal-halogen interchange, and crosslinking occur during the reaction of 
PVC with BuLi or CioH8Na, Furthermore, the infrared spectra of the 
carbonation products of Cl -IIR, ECFI-EO, and PECH mixtures with 
CioHgNa in THE showed absorptions due to the carbonyl group at 1750- 
1720 cm-1 and to the hydroxyl group at about 3400 c m '1.

It may be concluded from the results that gel formation is due to cross- 
linking not only by the bifunctional living PSt but also through metal- 
halogen interchange, and that these undesirable reactions can be avoided 
by decreasing the concentration of the chlorine-containing polymer.

Reaction of Chlorine-Containing Polymers with Living Poly(isoprene)

The reaction of living poly(isoprene) (PIS), instead of living PSt, with 
chlorine-containing polymers was carried out by a similar method. In the 
presence of nitrogen 3.0 X 10~2 mol of isoprene was polymerized with 1.1 X 
10_3 mol of CioHgNa in 30 ml of THE in a 100 ml reaction flask. The 
living PIS reacted with solutions of chlorine-containing polymers (0.5 g)
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in 20 ml of THF at 30 and 50°C for 5 hr. Cl-EPDM, Cl-IIR, PECH, 
and ECH-EO were used as the chlorine-containing polymers. The free 
PIS was extracted with ethyl ether, and the weight of the fraction insoluble 
in ethyl ether did not increase for any of the chlorine-containing polymers; 
that is, no grafted polymers were obtained. A 0.9 X 10-2 mol amount of 
isoprene was polymerized with 1.03 X 10-3 mol of BuLi in 30 ml of benzene, 
and the living PIS reacted with 0.5 g of Cl-EPDM  dissolved in 20 ml of 
benzene at 30°C for 5 hr. After extraction with ethyl ether the infrared 
spectrum of the extracted residue showed absorptions due to the C = C  in 
PIR at 1650 and about 900 cm-1.

These results indicate that the fraction insoluble in ethyl ether contained 
PIS-grafted Cl-EPDM. The grafting efficiency and the per cent grafting, 
calculated from the increase in weight of the extracted residue, were IS.41 
and 56.90%, respectively. The graft polymer was insoluble in THF and 
benzene.

It is known13-15 that the PIS obtained in THF with Ci0H8Na as initiator 
is a mixture of the 1,2 and 3,4 structures and that the PIS obtained in 
benzene with BuLi as initiator consists almost entirely of the 1,4 structure. 
Therefore, it was concluded that in the coupling reaction the reactivities of 
the carbanionic endgroups of the living PIS having the 1,4 structure were 
higher than those of the living PIS having the 1,2 and 3,4 structures.
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Synopsis

Nuclear magnetic resonance relaxation and line width studies were performed on two 
carboxyl-terminated polybutadiene polymers and their corresponding binders at tem­
peratures from — 170 to 25°C. It was observed that the line widths of the binders in­
creased as the functionality of the corresponding liquid polymers increased. In addition, 
glass transition temperatures and activation energies obtained from line width measure­
ments were determined. From pulse measurements the magnitude of the relaxation 
time I\ and the temperature at which T i is a minimum were determined for a polymer 
and its corresponding binder. These empirical quantities for the carboxyl-terminated 
polybutadiene polymers were lower than those of the corresponding binders because of 
less restraints in the internal motions of the polymer chain.

INTRODUCTION

The physical properties of polymers depend to a large extent upon the 
molecular motions of the individual polymer chains. The molecular mo­
tions in turn are dependent upon the polymer structure, polymer composi­
tion. and temperature. Wide line and pulsed nuclear magnetic resonance 
(NMR) studies have provided useful information on the molecular motions 
and relaxation properties of polymers.1-5 Line width measurements as a 
function of temperature have been used to determine transition tempera­
tures and activation energies for the motional (main chain and side chain) 
processes involved.2

The nuclear spin system experiences two relaxation processes, which are 
sensitive to molecular motion. One is the spin-lattice relaxation, char­
acterized by a time constant TV This is the process that produces thermal 
equilibrium between the nuclear spin system and the environment (lattice). 
The other process is the spin-spin relaxation, characterized by 7.\, which is a 
measure of the width of the resonance absorption due to interactions with 
neighboring magnetic dipoles. Slichter and Davis6 found Ti to depend on 
the cis-trans content in polybutadiene. Takeda et al.7 determined glass 
transition temperatures in cis- and (rans-polybutadiene from line width 
measurements at —95 and —(i9°C, respectively.

In this paper we have initiated a systematic study to characterize two 
similar polymers and their corresponding binders (in the present studies
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“ binder” refers to an unfilled but cured elastomeric organic matrix) by 
nuclear magnetic resonance techniques. Line widths and pulse measure­
ments as a function of temperature for two carboxyl-terminated poly- 
butadiene polymers (CTPB-A and CTPB-B) and their binders were deter­
mined. The binders were binder A, CTPB-A with tris-[l-(2-methyl)- 
aziridinyl] phosphine oxide (MAPO) and binder B, CTPB-B with MAPO. 
The data are interpreted in terms of differences in functionalities of the 
polymers, crosslinking in the binders, and glass transition temperatures in 
the polymers and binders.

EXPERIMENTAL

Materials

Two binders were prepared by curing carboxyl-terminated polybutadiene 
(CTPB-A and CTPB-B) with tris-[l-(2-methyl)aziridinyl] phosphine oxide 
(MAPO) at l.")0°F for 72 hr. The carboxyl contents for CTPB-A and 
CTPB-B were 1.26 and 1.21 %, respectively. The functionalities of CTPB-A 
and CTPB-B were 2.42 and 2.14, respectively.8 “ Functionality”  is defined 
as the number of reactive groups per molecule; the carboxyl content is in 
units of weight per cent per gram of sample; a higher carboxyl content 
implies a lower number-average molecular weight but is not necessarily 
related to functionality. Binder A (CTPB-A with MAPO) cured faster than 
binder B (CTPB-B with MAPO). The unsaturation distribution in 
CTPB-A and CTPB-B was determined by infrared spectroscopy.9 The 
values for CTPB-A and CTPB-B were within 2% of each other and were in 
the range of 42% Ivans, 23% vinyl, and 35% cis. The unsaturation distri­
bution for binders A and B was not determined. However, if some cis- 
trails isomerization occurred during the curing process, we have no reason 
to believe that the change would not be the same for the two binders.

Experimental Method

The nuclear magnetic resonance experiments were performed at the Na­
tional Bureau of Standards on instruments designed and built by Dr. Thomas 
C. Farrar. Line shape measurements were performed with a regenerative 
spectrometer operating at 29.5 and 40.0 MHz. Line width measurements 
were obtained from room temperature to —170°. The proton spin-lattice 
relaxation time % was measured on CTPB-B and binder B from room 
temperature to —S0°C. These measurements of %  were made with a spin- 
echo apparatus at 19.0 MHz. The rl\ values were measured by the 180- 
90° pulse method of Carr and Purcell.10

Differential thermal analysis curves were run on a du Pont Model 900 at a 
heating rate of 5-10°/min and at a AT scale of 0.2°/in. with glass beads 
as the reference sample. Dynamic tensile modulus measurements were 
performed on an instrument described in the literature.11
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DISCUSSION

Line Widths and Transition Temperatures

The line widths 5H, measured in Gauss as the separation between the 
points of maximum and minimum slope of the derivative resonance absorp­
tion curves, were plotted against the temperature for the CTPB polymers 
and their binders. Typical curves are shown in Figures 1 and 2 for CTPB- 
A and binder A. As the temperature is lowered, the line width increases, 
because the internal motion (reorientation) of the polymer chain decreases. 
In the neighborhood of the glass transition temperature Ts there is a marked 
broadening of the resonance line, which is associated with main-chain 
motion. The glass transition temperatures obtained from the inflection 
points of SH-T curves are listed in Table I. Glass transition temperatures

Temperature (°K)

Fig. 1. Temperature dependence of NMR line width for CTPB-A.

were also determined by differential thermal analysis (DTA), as shown in 
Figure 3. NMR data show that Tg comes at a lower temperature for 
polymers than for binders, because there are more restraints on the in­
ternal motion in the crosslinked binders. Differences in the Tg’s of the 
polymers and binders themselves are minor. DTA data do not distinguish 
between the Tg’s of the polymers and binders. There is good agreement in 
the Ts’s of the binders by NMR and DTA, but not in the Tg s of the poly­
mers. However, it is evident from the curves that NMR measurements are 
more sensitive to changes occurring in the polymers at Tg than are DTA 
measurements, in which changes in the specific heat results only in a shift in 
the base line of the curve.
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Fig. 3. DTA curves for glass transition of CTPB polymers and binders.
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TABLE I
Glass Transition Temperatures from Nuclear Magnetic Resonance and Differential 

Thermal Analysis Measurements of CTPB Polymers and Binders

T,,

NM R

°C

DTA

CTPB-A -100 - 8 2
CTPB-B - 9 5 -7 9
Binder A 1 OC CO - 8 0
Binder B - 8 2 - 7 8

Figure 4, a plot of dynamic tensile modulus versus temperature (room 
to — 45° C), indicates that a transition occurs at about — 32°C, which may be 
due to a secondary amorphous transition involving some main-chain seg-

Fig. 4, Temperature dependence of dynamic tensile modulus of CTPB binders.
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Fig. 5. Plot of NMK line width versus correlation frequency for CTPB polymers and
b in d ers.

mental motion. These transitions show up more clearly in mechanical 
than in NMR measurements, because they occur at much lower frequen­
cies, namely 1-1000 Hz, as compared to 103-104 Hz for NMR. Thus, 
NMR and dynamic-mechanical methods are supplementary in providing 
information about internal segmental motion in polymers.

Figure 5 is a plot of line width versus correlation frequency (i.e. frequency 
of rotation of the polymer chain). As the line width narrows, the frequency 
of reorientation increases. The line width increases in the order CTPB-B, 
CTPB-A, binder B, and binder A. The increase in linewidth implies that 
there are more restraints on polymer motion. Binder A has a higher cross­
link density than binder B, because CTPB-A has a higher functionality than 
CTPB-B. As the crosslinking increases, the potential barrier for internal



WIDE LINE AND PULSED NMR STUDIES 2791

rotation about carbon-carbon single bonds increases, and consequently there 
are more interactions between neighboring magnetic dipoles; this results in 
a broader line.

Activation Energies

The theory of Bloembergen et ah,12 relating line width and correlation 
frequency, which characterize the motion responsible for a particular line 
narrowing, has been modified by Gutowsky and Pake13 and Kubo and Tom- 
ita.14 The modified expression is

2tt7 c =  aySH/tan [(tt/ 2)(5ii2 -  £ 2) /C 2 -  £ 2] (1)

where V„ is the correlation frequency for the motion narrowing the line, 6H 
is the line width in the transition region, B is the line width at a temperature 
higher than the transition region, and C is the rigid lattice line width. In 
the present study B was 0.0-i G at room temperature, and C was 13.1 and
11.6 G for binders A and B, respectively, at — 145°C and 11.5 and 10.9 
G for CTPB-A and CTPB-B, respectively, at — 170°C. The constant a 
is (8 In 2)-1 and y is the gyromagnetic ratio (2.675 X 104 G -1 sec-1). 
Assuming the Arrhenius expression V0 = V0 exp { —E JR T ), the activation 
energy Ea of the motions of the polymer chain may be calculated. Figure 
6 is a typical plot of log Vc versus 1 /T  for a CTPB polymer and binder. 
The activation energies obtained for CTPB polymers and binders were of 
the order of 6-8 kcal/mol and 13-15 kcal/mol, respectively. The acti­
vation energies have an uncertainty of ±10% , because one of the as-

Fig. 6. Plot of correlation frequency versus 1/T for CTPB-B polymer and binder B.
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sumptions in the derivation of the equation is that the motion involved 
occurs with a single correlation frequency in the transition region rather 
than with a broad distribution of such frequencies, as is actually the case in 
polymeric systems. It is difficult to interpret these activation energies in 
terms of specific motions in the polymer, and these values therefore repre­
sent an average process of the motions existing in the polymer.

Spin-Lattice Relaxation Times

Bloembergen et al.12 showed that the spin-lattice relaxation time 7\ is 
most effective (i.e., the relaxation time is shortest) when the lattice fre­
quency is comparable to the resonant frequency of the nuclei. Thus, the 
presence of a Ti minimum identifies a predominant frequency, which may 
be taken to characterize the molecular motion of the nuclei at the corre­
sponding temperature.6 Figure 7 shows a plot of the temperature de­
pendence of the spin-lattice relaxation for a liquid polymer (B) and a cross- 
linked binder (B). The correlation frequency Vc of the nuclei at the tem­
perature of the Ti minimum is 3.0 X 107 sec-1, which is 1.6 times the re­
sonance frequency (19.0 MHz). Three observations are evident: (1) the

0.071—

0.06
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.2 0.04

.2 0.03
Q-

0.02
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0.011_________ I_________ 1_________ |_________ |_________ |_________ I
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Temperature (°C)

Fig. 7. Temperature dependence of spin-lattice relaxation time for CTPB polymer and
binder.
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Molecular Weight Distributions in Polymerizing 
Systems with Different Coexisting Active Centers

S. E. BRESLER, B. L. ERUSSALEUSKY 
and L V. KULEYSKAYA,

Institute of High Molecular Weight Corn-pounds, 
Leningrad, U.S.S.R.

Synopsis

Polymerization of acrylonitrile initiated by organomagnesium compounds Bu2Mg or 
JBuMgCl leads to almost monodisperse polymers. The molecular weight distribution 
(M W D ) of these polymers is so narrow that it cannot be measured by means of the ultra­
centrifuge. It remains narrow till high conversions. On the other hand, initiation by 
complex Bu3Mg2I leads to polymers with a broad MWD. From kinetic measurements 
we know that this reaction is free of chain termination and chain transfer. Also the 
initiation of chains is practically immediate. The reason for broad M W D in this par­
ticular case is the coexistence of different growing centers of polymerization.*', The propa­
gation constants for these centers are obviously different. If these different active cen­
ters can periodically undergo transition from one type into the other the M W D of re­
sulting polymer chains will broaden. A very simple semiquantitative theory for this 
phenomenon was developed. It shows that the fewer exchanges between the coexisting 
centers that occur during the reaction time, the broader will be the MWD of the polymer 
chains. Hence it was concluded that the broadest M W D of products must be found at 
low conversions. With an increase of reaction time and conversion the M W D becomes 
more narrow. This peculiar prediction was corroborated by experiment

It is well known that in many cases of ionic polymerization characterized 
by the absence of chain termination practically monodisperse polymers are 
formed. Deviations from this ride are caused by several factors, namely, 
relatively low initiation rate, chain-transfer reactions, or by heterogeneity 
of the system. Another factor that must be taken into account is the non- 
equivalency of coexisting active centers taking part in polymerization. 
As an example of such systems we can mention the anionic polymerization 
initiated by organometallic compounds (.MeR) in the presence of com- 
plexing agents (CA) under conditions of reversible equilibrium:

M eR +  CA M eR ■ CA

As will be shown, different types of active centers can coexist, even in the 
absence of complexing agents. A quantitative approach to such systems 
was proposed by Hostalka et al.1 In this paper we will describe and discuss 
experimental data illustrating the connection between the character of 
the molecular weight distribution (AIWD) of the polymer and the nature of
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the initiating agent, All results are concerned with polyacrylonitrile ob­
tained by anionic polymerization under the action of organomagnesium 
compounds and their complexes.

Experimental Results

The investigation of acrylonitrile (AN) polymerization initiated by dif­
ferent organomagnesium compounds with or without complexing agents 
led to the conclusion that these processes were free of termination reac­
tions.2 On the other hand, the MWD of polymers obtained by the use of 
initiators of the above type was found to be dependent on the nature of the 
catalyst. An extremely narrow MWD for polymers formed at — 75°C. 
in the system AN-BuMgCl-toluene has been noted recently.3 As was 
shown for a polymer obtained at rather high conversion (23%), the width 
of its MWD lay in the range of errors of the ultracentrifugation; the dis­
persion of molecular weights was lower than 5% (Fig. 1). The MW D of

Fig. 1. Sedimentation diagram of PAN obtained under the action of BuMgCl in 
toluene at — 75°C. Concentrations of catalysts and monomer 0.005 and 2.5 mole/1., 
respectively; conversion 23% ; [17] = 2.39. Conditions of sedimentation: solution 
0.01% in dimethylformamide, acceleration 2.35 X 106<?.

Fig. 2. M W D of PAN obtained under the action of Bu3Mg2I at —75°C. in toluene: 
(1) 5.7%, conversion; (2) 28% conversion, Concentration of catalyst and monomer 
0.01 and 1.5 mole/1., respectively.
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polyacrylonitrile (PAN) obtained under analogous conditions under the 
action of Bu>Mg has a similar shape. In contrast, Bu3Mg2I leads to PAN 
with a much broader MWD. The peculiarity of this reaction is that the

Fig. 3. M W D of PAN obtained under the action of BuMgCl in toluene in the presence 
DFA at — 75°C. [D M F]/[M g] ratio = 1 ; other conditions same as Figure 1.

Fig. 4. M W D of PAN obtained under the action of BuMgCl in toluene in the presence of 
DSO at —75°C. [DMSO]/[M g] = 5 ;  other conditions same as for Figure 1.

lower the conversion, the broader the .MWD (Fig. 2). The kinetics of 
polymerization initiated by Bu3Mg:>I are practically the same as in the cases 
of BuMgCl and BuAIg. Therefore the different character of MWD found 
for the corresponding polymers must be related to the specificity of the
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initiator. In this case there exists the possibility of an equilibrium of the 
type

R
/

RM gl +  IhMg <=* R -M g Mg—R
/

The nonequivalence of the R groups in the catalyst and consequently in 
the growing active centers must lead to different values of propagation 
constant kv for different Mg— C bonds. The variations of state of each 
growing chain (i.e., variations of kp) during polymerization cause the 
formation of a polymer with broad MWD.

We have studied also two systems of the type AN-RM gX-CA-toluene 
including dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) as 
complexing agents. These experiments were briefly described previ­
ously,24 but the data concerning the MWD of polymers were not men­
tioned. The presence of catalytic amounts of DFA or DMSO results in 
polymers with a broad MWD even when the organomagnesium compound 
BuMgCl was used as initiator (Figs. 3 and 4). As mentioned above, in 
the absence of complexing agents BuMgCl leads to a monodisperse polymer. 
Kinetic data for the systems with DMF and DMSO do not support the 
idea of chain termination or slow initiation rate. Hence the formation of 
polymers with broad MWD can be interpreted by the assumption of the 
coexistence of different active centers. In the case of complexing agents 
the following scheme may be used:

+ CA +CA
RM gX v R M gX -C A  , RM gX -2CA

As will be shown, the presence of nonequivalent active centers in a poly­
merizing system can result in the formation of polymers with broad MWD. 
We will consider the simple case when only two types of active centers 
coexist.

Analysis of MWI)

We will consider the MWD for the case when at time zero two types of 
active centers coexist: N, centers of the first and AF of the second kind. 
We will assume that no transfer or termination reactions take place. The 
propagation rate constant for the first kind of centers is klt for the second 
/i2. If all centers would grow independently we should obtain a mixture 
of two monodisperse polymers with molecular weights M, =  k,M0t and 
M, = kiMot, where M0 is the molecular weight of the monomer and t is 
the reaction time. If there exists a continuous transition from one kind 
of center to the other, we will obtain a polymer with an average molecular 
weight

_  .1 / 1 -f- aM 2 Motile, -(- a.k‘i)
1 +  a 1 +  a
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where a = Nt/Ni is the equilibrium constant. If the exchange between 
the polymerization centers occurs very often, the resulting polymer will 
have a narrow MWD. If this exchange is a rare event and takes place 
only few times during polymerization, the MWD will broaden and fill up 
the whole range between M 1 and M 2.

We will designate by r the average lifetime of a polymerization center 
in the first state between acts of transition. Therefore the average life­
time in the second state will be ar. We will assume that a <  1; then the 
MWD function dN/dM can be found by a simple argument.

As already stated, we would get an infinitely narrow distribution if the 
exchange between the centers would proceed infinitely often. The molecu­
lar weight of this monodisperse polymer would be M. If the exchange 
does not take place at all we will obtain the greatest variation in molecular 
weights

8 =  M  -  M 2
M, +  aM, „  M x -  Mi— 9 —

1 +  a 1 +  a

If the exchange between the centers proceeds, on the average, n times 
during the polymerization, there will be on the average molecules which 
underwent growth n times in the first and n times in the second state. But 
there will be in the statistical ensemble chains which will stay n +  1 interval 
in the first state and n — 1 in the second, and correspondingly n +  k and 
n — k.

The statistical distribution of chains between both different states of 
growth will correspond to Bernoulli’s distribution of two alternative events, 
having the probabilities a and 1 — a. The distribution, as well known, 
will be

7X J
“ ><1"  “ >•J

This formula is precise, but for the sake of qualitative argument we ap­
proximate it by a Gaussian function, which in our particular case is a poor 
approximation.

After elementary transformations we get for the MWD a Gaussian 
distribution

dN/dAM = ( l / V 2 ^ 2)e~AMW

where AM =  M  — M. The dispersion of the distribution is approxi­
mately

e  =  AM2 = 82/n
where

dN/dAM =  ( l /V s MP/n)e-AM/li*t-'n)

The average number of transitions is then

n — t/[t(1 -T o'! 1
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Of course we can use a Gaussian function if the distribution is not too 
broad, i.e., the number of exchanges is not too small. In our case Ma/Mn 
is in the range 1.3 1.5. This gives

MJMn = 1 +  a IP/AP =  1 +  (¿V n)/M- = 1.3-1.5

Actually we do not know the constants Ay, k 2, a. Therefore we cannot 
calculate n. It is obvious, nonetheless, that n is of the order of a few 
units. Therefore the use of Gaussian distribution is not precise. It 
gives a simple qualitative outlook for the general picture, and we can use 
the precise Bernoulli function when needed.

An important consequence of the theory is the prediction that MWD 
must be broad at low times t or low conversions and becomes narrow if the 
time t increases very much. We have shown that this prediction is in 
agreement with experimental data (Fig. 2). It is a very specific statement. 
In all other cases of polymerization the MWD has a tendency to broaden 
when the reaction proceeds, which is just the opposite of the results ob­
served.

Summary
Polymerization of acrylonitrile (AX) initiated by Bu3Aig2I leads to 

polymers with broad MWD in contrast to the polymer obtained in the 
presence of Bu2Mg or BuMgCl, which are characterized by extremely 
narrow distributions. It was shown that in this particular case different 
coexisting centers are initiating polymerization. A simple theoretical 
approach showed that the broadness of the M W I) depends on the number 
of transitions between these active centers. Hence the MWD at low times 
and conversions must be the broadest. This prediction is in good agree­
ment with the experimental results.

The able assistance of V. Shadrin is acknowledged.
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Synopsis

A Valonia cellulose (NV), a cellulose II derived from NV by mercerization (M V), and 
a cast cellulose II film (F) were deuterated repeatedly (wetting-drying cycle) in vapor 
phase at 25°C; the integrated deliberation time amounts to 5 X 105 min. A region C, 
which cannot be attacked by the exchange reaction, exists in NV and MV, amounting 
to 80 and 18% in the respective samples. In the case of F, it could not be determined 
exactly due to the too large scattering of the data. On heating in liquid D20  for 5 or 10 
min., OD groups develop within C above 190 and 170°C in NV and MV, respectively. 
Above 190°C the exchange is larger in NV than in MV. These OD groups within the 
pre-existing crystallites begin to disappear after treating with NaOH solution at the 
concentration at which cellulose begins to be converted to alkali cellulose I. The re­
sistant OD groups developed within the amorphous and intermediate regions are re- 
hydrogenated by the more dilute alkaline solutions.

INTRODUCTION

Deuteration of cellulose fibers has been studied by many authors since
1934.1 According to these studies,2 deuteration is rapid at first but it soon 
slows down. This phenomenon has led to the application of deuteration to 
the quantitative determination of crystallinity, or, precisely speaking, 
accessibility. Mann and Marrinan3 found that when a deuterated cellulose 
was dried, a part of the OD groups remains without being converted back 
to OH groups by rehydrogenation at room temperature, and they defined 
the remaining OD groups as resistant OD, or R-OD. Since then, such 
development of R-OD has been used for studying the change in the fine 
structure of cellulose4'5 and poly(vinyl alcohol),6'7 resulting in various 
treatments which may introduce so-called crystallization, provided that 
the deuteration and the rehydrogenation attack only the amorphous region 
but not the crystallites.

One of the present authors8 has found that the crystalline region of 
regenerated cellulose can be deuterated readily at high temperatures. 
Jeffries,9 Sepall and Mason,10 and Wadehra and Manley11 also reported that 
crystalline OH groups could be deuterated or tritiated gradually when 
deuteration or tritiation was continued for a very long time at room temper-
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ature or also when a short time exchange reaction at room temperature was 
repeated many times.

Thus, it is not always correct to say that the entire amount of the R-OD 
developed equals the increment of crystallinity, especially when the treat­
ment is carried out at high temperatures.12

In the present paper the authors distinguished the resistant OD within 
the pre-existing crystallites from that developed in the noncrystalline 
region and followed the change in the fine structure of Valonia cellulose 
during heat treatment in the presence of water.

A sample of Valonia macrophysa of Japanese origin was used after 
purification13 (NV). Then, part of it was converted to cellulose II by 
mercerizing (rolled with a fine mesh stainless steel gauge) with a 25% NaOH 
aqueous solution for about three months at 15°C (MV). The extremely 
high resistance of Valonia cellulose to mercerization has been reported 
already.13

A cellulose film regenerated from acetyl cellulose (F) was also used for 
the purpose of comparison with the above two samples. The method of 
preparation has been described in detail previously.12

Film of NV, MV, and F, a few microns thick, whether the samples had 
sustained heat treatment or not, was mounted to a small glass ring, which 
was placed into an exactly fitting glass cell C (Fig. 1). Two glass or CaF2 
windows were secured tightly to this cell with epoxy resin and the cell 
connected to a vacuum line at A and E. The air was pumped out first

EXPERIMENTAL METHOD

Sample

Deuteration

Vac

A !u[

0 T - 3

Fig. 1. Apparatus used for deuteration or rehydrogenation.
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through the taps T -l and T-2, with T-3 closed, until a small ([uantity of
99.7 mole-% D20  which had been placed in B was frozen. Then the 
specimen was vacuum-dried (10-3 mm Hg, room temperature, 4 hr) by 
closing T-2 and opening T -l and T-3.

Deuteration was conducted by closing T -l and opening T-2 and T-3, 
causing D20  vapor to come in contact with the specimen through T-2 and 
T-3. During the deuteration, the apparatus shown in Figure 1 was 
detached from the vacuum line at E and placed in an air thermostat con­
trolled at 25°C. After deuteration was carried out for a programmed time, 
the specimen was vacuum-dried as before and the cell C was detached at A 
after closing T-3. The OD groups thus developed were determined by 
means of infrared spectrography.

The cell was attached to the line at A and E, and the operation described 
above was repeated again and again; the increase in OD groups was fol­
lowed against the integrated time of deuteration t.

Rehydrogenation
The specimens, which had been heat-treated with liquid 1 )■/) as described 

below were rehydrogenated with Hd) vapor at 25°C repeatedly by using 
the same method as the vapor-phase deuteration, but with H»() placed in 
the B portion of the apparatus instead of D>0.

The deuteration or rehydrogenation was carried out repeatedly on the 
same specimen in order to minimize error.

Determination of the Degrees of Deuteration and Rehydrogenation
The degree of deuteration or rehydrogenation was represented by the 

fraction of OH or OD groups relative to the total number of OH groups in 
the original untreated state. The determination of the amount of OD or 
OH groups was carried out by an infrared spectrographic method with the 
use of an EPI-1I apparatus, double-beam type, constructed by Hitachi Ltd.

Mann and Marrinan’s method was used for MV and F, while in the case 
of NV the residual OH fraction was evaluated from the residual absorbency 
of the OFI band at 3350 cm-1, standardized by dividing by the absorbency 
of the CH band at near 2900 cm-1, relative to that of the original specimen. 
The amount of OD groups was given by 100 minus the per cent residual 
OH groups in % .

Heat Treatment with Liquid H .O or D20

A specimen was heat-treated in a small autoclave with liquid 112() or ILO 
at 170 -210°C. for 5 or 10 min as already described previously.12

RESULTS

Deuteration at Room Temperature

Figure 2 indicates the change in the OH amount versus the logarithmic 
integrated time t during the vapor-phase deuterations of NV, MV, and F at



2801 S. OKAJIMA. AND A. KAI

Fig. 2. Relation between the O il content and the integrated time t. (NV) Valonia cel­
lulose; (M V) mercerized Valonia cellulose; (F) cast cellulose II film.

25°C. The deuteration of NV slows down after a rapid exchange reaction 
for 1-2 min, continues linearly until about 103 min and then terminates 
completely. From this process, NV can be divided into three regions. 
A, B, and C. The lateral order becomes higher from A to C, and A, B, and 
C correspond roughly to amorphous, intermediate, and crystalline regions, 
respectively. According to this definition, the crystalline region is com­
pletely resistant to the vapor-phase deuteration at room temperature.

The B fraction can be estimated by extrapolating the OH versus log t 
line to log t =  0. A is then 100 — (B +  C) % . In this evaluation it is 
assumed that the B region begins to be exchanged at t = 1 min. This 
assumption is more or less arbitrary, so the separation of the regions A and 
B is less definite than that of B and C. The results obtained are sum­
marized in Table I.

The deuteration process of MV or F resembles that of NV, except that 
the A fraction is extremely large and the C fraction very small in MV or F. 
In the case of F, the line denoting the B region is parallel and close to that 
denoting the B region of MV. This phenomenon suggests the very inter­
esting fact that NV, having an extremely high crystalline and extraordinary 
stable texture, changes on mercerization to a less stable and less crystalline

TABLE I
Fine Structures of Valonia Cellulose and Regenerated Cellulose Film

Sample A, % B, % c, %
NV 8 12 80
MV 66 16 18
F 67 >16 <17
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texture akin to that of cast film, although it does not undergo dissolution. 
However, the exchange reaction of F seems to be still in progress, and the 
experimental error is too large to permit a conclusion regarding whether or 
not the C region exists in F. In the case of MV, the C region appears 
clearly, although it is only 18%.

The previously determined accessibility value for regenerated cellulose 
obtained by deuteration for 1-4 hr is about 70%, which accords numerically 
well with our A, plus a part of B for t =  1-4 hr. However, adoption of
1-4 hr for t in the ordinary accessibility measurement seems to us to be 
arbitrary from the results shown above. The measurement is better 
obtained by plotting the per cent OH versus log t and dividing the result in­
to A, B, and C. But in this case, a part of the B must be considered to be 
crystalline from the viewpoint of x-ray data, although it is defined as 
intermediate here. This view agrees with the conclusion of Spedding 
and Warwick.14 This contradiction is associated with the suggestion16 
that water can penetrate into the cellulose II crystal, although it does not 
penetrate into the cellulose I crystal. Therefore, it is considered that a 
distribution of order exists also in cellulose II crystals, in which the B 
region is the region of comparatively lower order while the C region is that 
of higher order. The former is likely of more or less paracrystalline nature.

There may be some contention that C is the cellulose I crystal remaining 
unmercerized because Valonia cellulose resists mercerization. But this is 
refuted by an infrared spectrograph of C which shows it to be typical of 
the cellulose II type, as indicated in Figure 8; then the B region of NV must 
be of different texture from that of MV or F. This point is further dis­
cussed below.

In the case of NV, there is no doubt concerning the deuteration time for 
accessibility measurement because the exchange reaction ceases after a 
comparatively short deuteration. Lang and Mason6 reported 27% for the 
accessibility of their Valonia cellulose; this value is larger than that in 
Table II, but agrees rather well with the value (15-16%) obtained by 
Dechant16 for a bacterial cellulose.

Change in the Fine Structure of NV by Heat Treatment
Even when NV is deuterated with liquid phase D-,0 at 170°C for 5 or 

10 min, the ultimate OD content does not increase above 20% (the value 
of A +  B of the original sample), but it increases gradually when the 
deuteration temperature is elevated above 190°C (Table II). These OD 
groups in excess of 20% are considered to exist in the C region. So this is 
designated by (R-OD)j in Table II, which is 1-10% of the total OH, 
depending on the condition of treatment.

When the NV deuterated at high temperature is rehydrogenated at 25°C, 
OD decreases with increasing t, just as OH in the deuteration process, but 
some fraction of OD remains unhydrogenated (Fig. 3); this is the resistant 
OD, Ti-OD, which increases also with the temperature and time of deutera­
tion.
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This R-OD is composed of (R-OD); and (R -0D )o, the latter being resis­
tant OD developed outside the pre-existing crystallites, i.e., within the A 
and B regions, but predominantly in B. This (R -0D )o is the very inac­
cessible part, newly developed during the heat treatment, which contributes 
to the improvement of the swelling property of rayon.17

The amount of A and B obtained from Figure 3 is listed in Table II. A 
decreases in amount more rapidly than does B, while C increases to 80 +  
(R-OD)0.

log t (min.)
Fig. 3. Rehydrogenation of NV deuterated at high temperature. (1) deuteration at 

210°C, 10 min; (2) 190°C, 10 min; (3) 190°C, 5 min; (4) 170°C, 5 min. The relation 
for 170°C, 10 min coincides closely with (3) and is omitted from the figure.

Vatonia Mercerized Valonia

Température of Treatment, ”C.
Fig. 4. Change in the A, B, and C fractions and the résistant. OI) distribution after the 

deutérations at high température.

These changes iti the fine structure are more clearly shown in Figure 4; 
the resistant OD develops more readily in the intermediate region than in 
the crystallites, possibly because the crystalline region is most highly 
ordered and most strongly hydrogen bonded. The (R -0D )o can be ob­
served after the 1703C treatment, however, (R-OD); is not yet detectable.

As to the B region, the slope of the rehydrogenation line is less steep 
compared with the deuteration line, especially when the temperature of 
treatment is elevated above 190°C, so the B region must change in order as 
well as in amount.
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Change in the Fine Structure of MV by Heat Treatment

When MV which has been treated with liquid 112( ) at 170-190°C for 5 
or 10 min is deuterated with D20  vapor at 2o°C, OH is exchanged (Fig. 5), 
and A, B, and C can be evaluated in a similar way as in Table II. The 
results are shown in Table III.

Fig. 5. Change in OH content during the vapor-phase deuteration of the M V treated at 
high temperature (HjO liquid, 5 min): ( / )  210°C; (2) 190°C; (3) I70°C.

Fig. 6. Rehydrogenation of the M V deuterated at high temperature for 5 min: (1 )
210°C; (|) 190°C; (3) 170°C.

It can be seen that OH resisting deuteration, so-called resistant OH, 
R-OH, develops and increases as the heating condition becomes severe. 
Of course the newly developed R-OH is generated outside the pre-existing 
crystallites. Hence, R-OH in excess of the C amount of the untreated 
sample is to be defined by (R-OH)0.

This (R-OH)0 is smaller than the R-OD wh»n the sample is heated with 
liquid D20  under the same conditions (Fig. 6), because the latter is com­
posed of (R-OD)j and (R-OD)0, and the (R-OD)0 must be equal in amount
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to (R-OH)o- Therefore (R-OD)i can be obtained by subtracting (R-OH)0 
from R-OD. These results are shown in Figure 4 in comparison with those 
for NV. The trends of both samples are similar, but (R-OD); is larger and 
(R-OD)o is smaller in MV than in NV.

Change in the Infrared Spectra Features of the OH and OD Bands during 
Deuteration and Rehydrogenation

Some examples of the OH and OD bands of typical specimens for the 
above deuterations and rehydrogenations are shown in Figures 7a-7c and 
8a-Sd. The number between a pair of OH and OD bands denotes the 
deuteration or rehydrogenation time t of that specimen, which is indicated 
by an arrow on the corresponding degree of exchange versus log t plot in 
Figure 2, 3, 5, or 6.

Figure 7a shows the change during the vapor-phase deuteration at room 
temperature of NV, according to which the OH and OD bands are crystal­
line and amorphous types, respectively, and the types are not affected by 
the degree of exchange. Under these conditions the C region is not ex­
changed, so the B region of NV seems not to contain any regularly ordered 
texture from the viewpoint of the infrared spectra. The barely detectable 
effect of the degree of exchange upon the OH band is due to the very small 
quantity of B compared with C.

When NV is deuterated with liquid D20  at 170°C for 10 min, however, 
the OD band indicates slightly crystalline feature, i.e., two peaks of differ­
ent hydrogen-bonding strengths18-21 are resolved (Fig. 7b, t =  0), although 
the degree of exchange is equal to that of the specimen of t =  5400 min in 
Figure 7a. This is because the order of the A and B regions of the un­
treated NV has been improved by the wet heating at 170°C. This trend 
is more marked when the deuteration is carried out at 210°C for 10 min 
(Fig. 7c, t =  0). This is due to the additional effect of deuteration of 
a part of the OH in the pre-existing C region, in addition to the further im­
provement of order by the wet heating at higher temperature. This is in 
accordance with the less steep slope of the rehydrogenation curve of the 
sample which has been deuterated at 210°C compared to that of the un­
treated sample or the one deuterated at 170°C for 5 min. (Fig. 3).

Even though these specimens deuterated at high temperature are 
rehydrogenated; the features of the OH and OD bands change very slightly, 
because only a small fraction of the OH groups can be rehydrogenated and 
most of the OD groups remain as R-OD. It is noteworthy that the OH 
spectra of the C region (Fig. 7a, t =  5400 min; Figs. 7b and 7c, t =  0) 
become more sharply resolvable as the deuteration temperature is elevated, 
because of the improvement of the order of the C region.

In the case of MV, the vapor-phase deuteration brings about compara­
tively marked changes in the infrared spectrum of the residual OH, i.e., a 
well-known diffuse band at t =  0 separates into four small bands assigned to 
the intra- and intermolecular hydrogen-bonding OH stretchings of different 
strengths and their resolution becomes sharper with increase in t and at the
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same time, very interestingly, the two intermolecular bands18-19'22 (3100- 
3400 cm-1) shift slightly toward low frequency, as indicated in Figure 8a.

The OD band too is at first diffuse, but as the B is deuterated progres­
sively the band begins to show two shoulders. This is an indication of the 
paracrystalline nature of B as described already. When the deuteration is 
carried out at 170 or 210°C, an increased fraction of C is also deuterated 
and, hence, the OD band sharpens gradually and indicates two shoulders in 
the range of 2300-2500 c n r 1, corresponding to the intermolecular OD 
stretchings (Fig. 8a, t = 10= min; Figs. 86 and 8c, t =  0).

The fine structure of the OD band becomes progressively sharper as the 
successive rehydrogenation proceeds and the intermolecular OD bands 
also shift gradually toward low frequency. These changes are in good 
correspondence to those of the OH bands observed in Figure 8a.

Such phenomena suggest that the C of NY is highly crystalline with a 
sharp distribution of lateral order. But when it is converted into MV, the 
order lowers and its distribution broadens considerably, even within the C 
region. Therefore the exchange reaction proceeds more readily in the less 
ordered region, and the strength of the intermolecular hydrogen-bonding of 
the residual OH or OD increases gradually.

Figure 8d shows the infrared spectra of deuterated MV which has been 
heated with liquid H20  at 210°C for 5 min (Fig. 5, curve 1). The change 
in feature of the OH or OD after various degrees of vapor-phase deuteration 
is exactly like that shown in Figure 8a, although the degree of deuteration 
is considerably smaller in Figure 8d than in Figure 8a at equal value of I. 
This is illustrated by the improvement of lateral order of the B region 
resulting from the wet heating.

DISCUSSION

According to the literature, a section of a microfibril of Valonia cellulose 
is about 200 X 100 A23 3'24 and thicker than that of ramie, cotton, or wood 
pulp. If the Valonia cell wall is composed of these microfibrils and the A 
region corresponds to the outwardly protruding OH groups of the cellulose 
molecules composing the surface layer of each microfibril, the amount of 
these OH groups can be estimated from the above dimension of the micro­
fibril and lattice spacing of cellulose I to be 7% of the total OH groups. 
This is in good coincidence with the observed value of 8% in Table II.

If the residual OH of the surface layer molecules, as well as the outwardly 
protruding OH groups from the secondary layer molecules, contribute to 
the B region, the amount of B must be 14%, which is nearly equal to the

Fig. 8. Infrared spectra of M V deuterated: (a) with vapor-phase D 20  at 25°C for
3, 160, 104, and 105 min; (6) deuterated witli liquid D20  at 170°C for 5 min, followed by
rehydrogenation for 0, 3, 160, 10J, and 105 min; (c) deuterated with liquid D 20  at 210°C
for 5 min, followed by rehydrogenation for 0, 3, 160, 104, and 105min; (d) heated with
liquid I120  at 210°C for 5 min, followed by deuteration for 3, 160, 10', and 106 min.
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Fig. 9. Change in R-OD in the NV deuterated at high temperature after treating with 
NaOH solution of various concentrations at 20°C.: (1) deuteration (10 min) at 210°C;
(2) 190°C; (3) 170°C; ( / )  150°t). Solid points are the calculated values of (R -O D );/ 
(R-OD). The hatched portion is the lowest range of NaOH concentration necessary 
for mercerization of NV.

observed value, 12%. The remaining OH groups belong to the C region.
The (R-OD)o of the NV generated during the heat treatment amounts 

ultimately to 1(3-18% of the entire amount of OH, i.e., 80-90% of the OH 
belonging to A and B. It is considered, therefore, that a microfibril of NT 
is a crystalline string whose surface layer is composed of more or less dis­
ordered molecules. Thus, the deuteration of OH at room temperature can 
occur only on the surface (A region) and between the first (surface) and the 
second layer molecules (B region) of each microfibril. The heat treatment 
not only improves the order of the surface layer but also rebuilds more 
intense hydrogen bridges between the first and second layers, resulting in 
the conversion of a larger part of A and B into C. But the following obser­
vation shows that this newly generated C is still less ordered than the 
previously existing crystallites.

As is readily expected, resistant OD can be rehydrogenated progressively 
when a deuterated cellulose is swollen by a caustic alkaline solution of 
increasing concentration. In the case of deuterated NV, a 17-19% NaOH 
solution is necessary to rehydrogenate all of the R-OD as shown in Figure 9. 
Figure 9 indicates that, the residual fraction of R-OD of a deuterated NT is a 
function of NaOH concentration. When it is considered that mercerization 
of cotton or ramie can be completed by 11-16% of NaOH solution at 20°C, 
the order of this last trace of R-OD (i.e., the specimen treated at 210°C) is 
surprisingly high, because it is contained within the crystalline phase of the 
Valonia cellulose having an extraordinary high resistance to merceriza­
tion.13 The crystalline phase of NV is so stable that the heat-treated NV 
cannot be mercerized considerably by solutions less than 16% NaOH. 
So the R-OD disappearing on treatment with NaOH solutions less than 
16% can be called (R-OD)0 and that still remaining can be called (Il-OD);. 
The ratios of (R-OD); to (R-OD) of the treated NV at 170, 190, and 210°C
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Fig. 10. Change in 11-01) in AIV deuterated at high temperature after treating with 
NaOII solution of various concentrations at 20°C.: (1) deuteration temperature (5
min) 210°C; (2) 190°C; (3 ) 170°C. Solid points are the calculated values of (R -O D )i/ 
(R-OD)|iq. The hatched portion is the lowest range of NaOH concentration necessary 
for conversion of cellulose II into alkali cellulose I.

are calculated to be 0, 0.19, and 0.39, respectively, as shown in Table II. 
When these values are plotted on the corresponding curves in Figure 9, 
they fall within an NaOH concentration range of 15.5-17%. This is in very 
good accordance with the results. So the heat treatment is considered to 
have little effect on the crystalline phase of NV, i.e., it does not accelerate 
growth of crystallites in size or number. It probably contributes only to 
the packing of the A and B regions. This is reasonable from the texture of 
Valonia cellulose discussed above.

Figure 10 shows the effect of similar treatment of MV, where the frac­
tional 11-OD on each curve is expressed in relation to the OD remaining 
after immersion of the corresponding sample in water at 25°C for 3 hr. 
The latter value is not equal to the R-OD defined in this paper, so it is 
designated (R-OD)aq. According to the preliminary tests, (R-OD)nq is 
nearly equal to the residual OD after 6 hr rehydrogenation with H20  
vapor, as shown in Table IV.

TABLE IV
Comparison Between the Rates of Exchange Reactions 

in the Liquid and Vapor Phases (H20  or J)20 )

OH, %__________ _________________OD, %

Ex- Ex- Ex- Ex- Ex- Ex­
change change change change change change

120 min 240 min 360 min 180 min 300 min 747 min

Liquid phase 32.4 29.8 28.5 7,6 —
Vapor phase 37.0 32.2 30.7 —  8.0 7.8

When the (R-OD)h,  is obtained by interpolation in Figure 6 and the 
ratio of (R-OD)i to (R-OD)iiq is plotted on the corresponding curve, the
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solid points, except for one, fall within a range of NaOH concentration of
7-8%. This exception cannot be explained at present ; it may be due to 
error. Taking into consideration the fact85 that cellulose II begins to be 
converted to alkali cellulose I in nearly the same NaOH concentration 
range as cellulose I (ordinary cellulosic material) does, the above alkaline 
concentration (7-8%) corresponds to the starting range of conversion from 
cellulose II to alkali cellulose I. This is an evidence for the existence of 
(R-OD)i in the preexisting crystallites of cellulose II, similarly as in cellu­
lose I.

Finally, we will touch on the mechanism of deuteration, which has not 
yet been illustrated clearly. The OH of the A region is considered to be 
deuterated directly by exchanging with diffused I)20  molecules, but for the 
B and C regions it is not clear. The observed relation between the amount 
of OD (OH) and the logarithmic integrated time t argues against a pre­
dominant role of the diffusion of D20  (H20) molecules in the B region. If 
cellulose film is dried completely before the nth deuteration (rehydrogena­
tion) it cannot be shown that a change in OD (OH) is observed immediately 
after the beginning of the nth operation. The nth deuteration (rehydro­
genation) would not begin until the D>0 (H20) molecules diffused from the 
surface and reached the front of the deuterated (rehydrogenated) layer 
and a long time would elapse. Such diffusion does not, however, actually 
occur, and therefore the successive exchange between cellulose 01) and 
cellulose OH may be more probable. In order to discuss this concept more 
definitely further evidence is necessary, especially with regard to the last 
stage of desorption of water, which must be studied in greater detail. 
Irrespective of these mechanisms, the rate of deuteration or rehydrogena­
tion is a function of order, i.e., the intensity of the cohesive force, the hydro­
gen bonding, of the region.

The authors wish to thank Mr. K. Takahashi for help in a part of t he work on sample F. 
The expenses of this research were defrayed by a Scietifie Research Encouragement 
Grant from the Ministry of Education, to which thanks are also due.
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Molecular Structure of Synthetic Rubber. 
I. Light-Scattering Properties of 
Styrene—Butadiene Copolymers*
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Texas-U. S. Chemical Company, TEXUS Research Center, 

Parsippany, New Jersey

Synopsis

The discrepancy bet ween the values reported for the weight-average molecular weight 
and molecular weight distribution of cold-type styrene-butadiene rubber is examined. 
The results obtained indicate that aggregation of the rubber due to hydrogen bonding or 
cluster formation is not a contributing factor to the high weight-average molecular 
weights obtained. The very broad molecular weight distributions, the M w/ M „  of the 
order of 10-20, are attributable to the presence of a few per cent of very high molecular 
weight fraction microgel in samples polymerized to moderate conversions. This micro­
gel has been removed to various degrees by several methods: ( 1 ) mastication, ( 2 )
treatment with CaSCh, (3) ultracentrifugation, and (4) ultrafiltration. The nature of 
this microgel is examined in terms of its light-scattering property, intrinsic viscosity, and 
concentrated solution viscosity. The weight-average molecular weight obtained by 
light scattering on these samples after removal of microgel are lower by as much as an 
order of magnitude. The operational definition of the weight-average molecular weight, 
M 'w, is therefore introduced, corresponding to the one obtained after removal of the 
microgel. It is suggested that the actual and the operational weight-average molecular 
weights be used in conjunction in the characterization of these copolymers.

INTRODUCTION

A discrepancy exists in the literature concerning the weight-average 
molecular weight and the molecular weight distribution of cold-type styrene- 
butadiene rubber (SBR). Booth and Beason1 report a value of 280000 for 
the weight-average molecular weight and 3.45 for the breadth of the molec­
ular weight distribution, M w/Mn, in good agreement with the values 
calculated from their kinetic distribution curves. On the other hand, 
Cooper and co-workers2 report values in the range of 800000 to 1.7 million 
with M w/Mn in the range of 7-14 obtained from osmometry and light 
scattering. These same authors get a value of 2.3-2.5 for Mw/Mn using 
their fractionation data. Experiments performed in our laboratory confirm 
the variable results obtained by Cooper, and there is good reason to believe

* Presented at the 147th American Chemical Society Meeting, Philadelphia, Penn­
sylvania, April 1964.

f Present address: Petrofite Corp., St. Louis, Mo.
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that the observed discrepancies are due to the presence of a small fraction 
of highly branched high molecular weight polymer, or microgel. It is 
therefore of practical and theoretical interest to determine the nature of 
the microgel observed in cold-type SBR and to throw some light on the 
true molecular weight distribution of these types of polymers. To this end, 
these studies have been undertaken.

EXPERIMENTAL 

Light Scattering
Light-scattering experiments were performed with the Brice-Phoenix 

Universal light-scattering photometer at a wavelength of 546 m^. The 
calibration constants for the instrument were checked with a sample of 
Cornell Standard Polystyrene (Styron 60); turbidity, observed, 1.15 X 
10“ 3 cm-1 ; expected 1 .IS X 10~3 cm“ 1 at wavelength of 546 m/n The 
weight-average molecular weight of another sample of Cornell Standard 
Polystyrene was found to be 5.4 X 10s; expected, 5.05 X 10“ which is 
within the 10% experimental accuracy expected in light scattering. The 
molecular weights were determined by the method of Zimm plots3 and a 
program was written to perform most of the calculations on a 1620 IBM 
computer. The solutions were successively filtered through 1.2, 0.3, and 
0.22 ¡i pore size Millipore filters under pressure and then were filtered 
directly into the cell by use of a syringe with 0.45  ̂ pore size Millipore 
filter and filter holder unless specified otherwise. Schleicher & Schuell 
type O-coarse filters were used with those polar solvents which affected the 
Millipore filters. The standard solvent chosen for most of this work was 
carbon tetrachloride on account of its low scatter and the relatively high 
value of the refraction index differential for SBR, dn/dc — 0.995 m l/g at 
X = 546 mfi. No antioxidant in addition to that in the sample was added, 
after preliminary experiments showed that the copolymer was adequately 
protected if the sample was dissolved overnight and the experiments run 
the next day. The corrections for depolarization and fluorescence were 
found to be a few per cent and were not applied.

Osmometry
A high-speed Mechrolab osmometer, Model 501, was used to determine 

the number-average molecular weight. A 1% solution of a sample in 
toluene was precipitated from four times its volume of methanol, dried in a 
vacuum oven at room temperature, redissolved in toluene, and run the 
same day. The membrane employed was number 300 gel cellophane. 
The operation of the instrument was checked with a sample of polystyrene 
705 obtained from the National Bureau of Standards: M n (observed), 
=  160000; M n (expected) = 170000.

Viscometry

Ubbelohdc viscometers were employed with toluene at 30 ±  0.01 °C. 
The intrinsic viscosities were calculated by use of the usual extrapolation
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methods. Concentrated solution viscosities were determined at 2o°C 
with a Brookfield viscometer, Model RVF. Solvent corrections were 
applied in all cases.

Mastication and Ultracentrifugation

Mastication was done on an 8-in. standard two-roll mill at room tempera­
ture. About 50-g samples were passed ten times through the mill at the 
openings described below without allowing the sample to band on the 
rollers. The mill masticated samples were analyzed at once, and no sample 
was employed if it had aged more than 24 hr after plasticization due to the 
crosslinking tendency of the rubber. Ultracentrifugation was performed 
on the Beckman Model L preparative ultracentrifuge using 0.5% SBR 
solutions in carbon tetrachloride at OOOOOg for 3 hr at room temperature, 
and the top fractions were withdrawn for analysis. Since this was the 
maximum safe speed recommended, further experiments at higher rates of 
rotation were not attempted.

CaSOi Treatment

The CaSOi treatment consisted in shaking a 0.5% solution of the SBR 
in CCR with 1 g of the anhydrous reagent-grade powdered salt since treat­
ment with greater amounts did not further decrease the weight average 
molecular weight.

Materials and Solvents

Reagent grade solvents were used without further purification, except 
for the dioxane which was stored over sodium wire for a minimum of one 
week and distilled in the presence of metallic sodium immediately before 
use. The samples employed were fresh commercial samples of SBR 
prepared by Texas-U. S. Chemical Company. Samples 102 and 110 were 
cold SBR type 1502,4a emulsion polymerized at 5°C; sample 115 was a 
standard hot 50°C emulsion polymer,4b and sample 110 was a hot polymer 
obtained by blending low and high conversion lattices. Some pertinent 
properties of the samples examined are given in Table 1.

TABLE I

Sample ETA, % hi, dl/g

102 8.7 2.20
110 6.4 2.00
nr, 5.3 1.99
116 5 . 8 2.11

The per cent ETA in column 2 of Table I is based on the rubber-ex­
tractable material in a 70/30 ethanol-toluene azeotrope and consists 
primarily of the rosin acids and antioxidant in the samples. None of the 
samples contained any gel. Both in intrinsic viscosity and light-scattering
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experiments the concentration was determined by taking the dry weight of 
the solution and correcting for the per cent ETA. Most of the experiments 
were performed on the cold-type samples 102 and 110, and samples 115 
and 116 were used to confirm some of the results.

RESULTS

The first problem examined in running light-scattering experiments on 
SBR was compositional heterogeneity.5 Several authors,8,7 including 
Benoit and co-workers,8,9 have shown the variations in the apparent weight- 
average molecular weight of copolymers arising from compositional hetero­
geneities. However, in the case of the samples of this study analysis of 
fractionated SBR showed only a 2% variation in styrene content. This 
change is within experimental error so that this source of difficulty was 
ruled out.

The variability in the light-scattering properties of SBR due to filtration 
is exemplified in Table II, where the weight-average molecular weight and
2-average root-mean-square end-to-end distance of the polymer, 
are shown to drop rapidly with decreasing pore size.

TABLE II
Effect of Pore Size of Filter on M w of SBR Sample 102

Pore size, n Residue, % M w X 10-5 (?A)‘/2, A

3.00 0.0 32.0 5300
1.20 4.3 13.0 3030
0.45 6.2 7.1 820

The per cent residue in (he second column of Table I is the incremental 
amount of high molecular weight polymer retained on the filter. A typical 
Zimm plot for the case where a 3-p pore size filter was employed is given in 
Figure 1. The variability in M w with the pore size of the filter employed, 
the high scattering at low angles, and the change in the interaction constant 
A2 with angle of observation indicate the presence of microgel in the samples 
of cold SBR studied.

The nature of the microgel was examined by light-scattering experiments 
performed in polar solvents, dioxane and pentanone, and also on acetylated 
rubber. These experiments did not show any significant drop in M w, 
indicating that the microgel is not a loose aggregate of partially oxidized 
hydrogen bonded molecules.10 Further determinations at elevated 
temperatures did not show a drop in M w, so cluster formation in these 
samples was ruled out.11

The effect on the weight-average molecular weight of heating and aging 
a solution of sample 110 in dioxane is shown in Figure 2. The solutions 
were heated to 70°C for 2 hr in the early part of the experiment to accelerate 
the degradation although the scattering experiments were performed at
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room temperatures. The drop in M „ from BOO 000 to 90000 indicates the 
polymer as well as the microgel is degraded by the free radicals generated in 
the dioxane solution, whereas no such drop in the weight-average molecular 
weight is observed when 0.2% tris(nonyl phenyl) phosphite antioxidant 
(Polygard) is added to the dioxane.

Since microgel is not a loose aggregate but copolymer which is degradable 
in dioxane under conditions which degrade the bulk of the rubber molecules 
as well, it is concluded that the microgel is polymer crosslinked by primary 
bonds. If microgel particles are formed by molecular entanglements, these 
entanglements are not resolvable in dilute solution at elevated tempera­
tures.
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In Table III the effect of cold mastication at various roller openings on 
both the light-scattering properties and intrinsic viscosity is shown. It is 
readily observed that the weight-average molecular weight and the z- 
average root-mean-square end-to-end distance drop drastically with the 
reduction of the roller opening, whereas the intrinsic viscosity is moderately 
reduced. At a roller opening of 0.012 in., a drop in M w of 52% shows a 
corresponding drop of 8% in intrinsic viscosity. The number-average 
molecular weight is not significantly affected by the above mill treatment; 
the M n before mastication was 85000 and after mastication, 92000; the 
change of plus 8% is within experimental error. These figures indicate 
that the microgel is very sensitive, whereas the bulk of the polymer is 
relatively insensitive to the shearing forces of the mill. Furthermore, the 
milled, in contrast to the unmilled samples, did not clog the 0.22 ju pore size 
IMillipore filters and filtered much more rapidly, attesting to the breakdown 
of microgel by milling. That the microgel is compact and approaches a 
spherical shape is evidenced by its small contribution to intrinsic viscosity 
as compared to its molecular weight.

TABLE III
Effect of Mastication on M w and [77] of SBR Sample 110

Roller 
opening, in. M w X 10"6 (/A)72, Â A ,  X 104 dl/g

Unmasticated 
(control ) 8.22 2540 7.5 2.00

0.025 4.33 1700 8 . 2 1.88
0.012 3.87 1240 8 . 3 1.85
Closed 2.82 1160 9 . 5 1 .53

Another interesting property of the microgel is its capacity for entangle­
ment notwithstanding its compactness. In Table IV the effect of milling 
on the intrinsic viscosity, 10% concentrated solution viscosity, and the 
weight-average molecular weight of three samples of SBR is shown. The 
mastication was done with a roller opening of 0.012 in. It is observed that 
the intrinsic viscosity drop upon milling is less than 10% in all cases whereas 
the reduction in solution viscosity is many times more depending on the

TABLE IV
Effect of Mill Mastication on the Intrinsic Viscosity, 

Solution Viscosity and M $  of SB1!

Sample
No.

Mi dl/g
10% solution 

viscosity M w X 1 0 - 5

Unmilled Milled Unmilled Milled Unmilled Milled

110 2.00 1.85 731 407 8.22 3.4
115 1.99 1.86 1127 452 OO 9.5
116 2.11 2.04 5822 741 00 34.5
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solution viscosity of the unmilled sample. The high solution viscosity and 
large decrease upon milling reflects the high concentration of microgel in 
sample 116.

The weight-average molecular weights for unmilled samples 115 and 116 
could not be determined since the Zimm plots extrapolated to zero or a 
negative number. The smallest pore size through which these samples 
could be filtered was 5.0 ¡x in contrast to the 0.22 g for the masticated sam­
ples. The Zimm plot for milled and unmilled sample 116 is shown in Figure 
3. The explanation for the anomalous Zimm plot for unmilled sample 116 
may be that the size of the microgel particles is too large to be adequately 
handled by this technique. Calculations by Peebles12 indicate that light

Fig. 3. Zimm plots of unmilled and milled SBR sample 116.

O
scattering is valid for polydisperse coils of less than 3000 A z-average end-to- 
end distance. For dimensions much greater than this, the apparent molec­
ular weight approaches rapidly to infinity. In order to perform reliable 
light-scattering experiments on microgel containing samples, it is therefore 
necessary to remove this component.

Some other methods have been employed to remove the microgel to 
various degrees, namely, ultracentrifugation13 and treatment with anhy­
drous CaS04.14 The results obtained with the various techniques are 
compared in Table V. All the samples were filtered in identical manner 
and the control experiment is included for comparison.

In experiment 4 of Table V, the roller mill opening chosen was 0.012 in. 
since the evidence suggested that the microgel is degraded whereas the bulk 
of the polymer is relatively intact. Also included in Table V is the result 
obtained when the sample was masticated and subsequently treated with 
CaS04. Experiment 6 is a duplicate of experiment 5 performed to show
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the reproducibility of the method. It should be noted that light-scattering 
experiments and intrinsic viscosity determinations on samples one month 
after being milled showed a 54% increase in M w, whereas the intrinsic 
viscosity went up by only a few per cent. This behavior is due to the 
regeneration of gel by crosslinking reactions about fragments of the original 
microgel.

TABLE V
Comparison of Methods Employed to Remove Microgel 

(Sample 110)

Expt.
no. Treatment

-1C,
x  to -5 (r,*),/*, A A 2 X  104

[ll>
dl/g

i Control 8.20 2540 7.5 7.9 2.00
2 Ultracentrif-

ugation 7.41 2240 6.4 6.8
3 Treatment with

CaSO* 5.10 1700 9.0 5.7 2.01
4 Milling

(A = 0.012 in.) 3.00 1450 8.3 5 .4 1.85
5 Milling and

treatment with
CaSOj 3.40 1240 8.1 4.5

6 Milling and
treatment with
CaSOi 3.50 1360 11.0 5.3 1.85

DISCUSSION

The microgel in the above samples may arise from two sources: (1)
crosslinking and long-chain branching reactions in latex particles during 
polymerization, and (2) post-polymerization crosslinking of the rubber 
molecules due to reaction with oxygen. The size of the microgel particles 
and the fact that fresh samples were employed suggest that most of the 
microgel of concern here is formed during polymerization, despite the fact 
that the conversion level was about 55% in the cold SBR samples 102 and 
110. The reaction leading to microgel formation is free-radical attack on 
dead copolymer chain in the emulsion.15 The size of microgel is limited 
during polymerization by the dimension of the latex particle.

The weight-average molecular weight of the microgel in sample 102 can be 
estimated from the data in Table II, showing that removal of 6.2% of the 
rubber dropped Mw from 32 X 10s to 7.1 X 10s. On this basis, M w of the 
nhcrogel is in the order of 41 million. This is in good agreement with the 
value of approximately 40 million given by Cooper and co-workers.14

It should be realized that SBR has a continuous range of molecular 
weights from very low molecular weight polymer to very high molecular 
weight microgel. There is therefore no clear-cut technique for removing 
microgel, and the several techniques compared in Table V are arbitrary. 
In Table V is observed that ultracentrifugation, treatment with CaS04)
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and mastication remove the microgel to variable degrees in that order and 
that the molecular weight and z-average root-mean-square end-to-end 
distance drop accordingly. It is to be noted that after satisfactory removal 
of microgel, the values for the coil size are no longer larger than the pore 
size of the filter employed. Furthermore, the values for the second virial 
coefficient A 2, given in Tables III and V, increase as the microgel is re­
moved. The depressing effect of the microgel on the second virial coeffi­
cient is also observed by other authors.14 In the sixth column of Table V 
the values for rz2/Mw are recorded. This ratio is independent of molecular 
weight for a monodisperse polymer in the critical consolute mixture.16 The 
large drop, about 40%, observed in these samples is further evidence for 
polydispersity.

Of several techniques described for removing microgel prior to light 
scattering experiments, the method of milling and subsequent treatment 
with CaS04 is reproducible, and has the advantage of producing a more 
homogeneous sample. The normal Zimm plot obtained after removal of 
microgel by this type of treatment is shown in Figure 3. The CaS04 
treatment is included since it has been found that the CaSCfi acts as a 
filter aid in the removal of microgel in SBR.

Since microgel is a structural component of the SBR and imparts some 
desirable properties,15 it cannot be justifiably ignored. To this end, it is 
suggested that two weight-average molecular weights be used, M w and M J. 
M w is defined as the weight-average molecular weight of the total rubber, 
whereas M J  is the weight-average molecular weight obtained after removal 
of the few per cent microgel. M J  is the operational weight-average 
molecular weight. Then it is seen that the molecular weight distribution 
of SBR may be very broad, depending on the microgel concentration. For 
sample 110, with a number-average molecular weight of 88000 obtained 
from osmometry, the breadth of the molecular weight distribution M w/Mn 
is 9.3, whereas the operational breadth M J/M n is 3.9. It is suggested that 
the actual and operational values for the weight-average molecular weight 
and molecular weight distribution be used in conjunction in the characteri­
zation of these copolymers.
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Thermal Degradation of Nadie Methyl 
Anhydride-Crosslinked Novolac Epoxy Resin*

ELI S. FREEMAN and AARON J. BECKER, Illinois Institute of 
Technology Research Institute, Chicago, Illinois 60GKJ

Synopsis

The physicochemical high-temperature reactions of a nadic methyl anhydride-cross- 
linked novolac epoxy resin were investigated by means of differential thermal analysis, 
thermogravimetric analysis, and by other analytical procedures. The thermogravi- 
metric study revealed that decomposition involving weight loss occurred in two stages. 
Chemical analysis showed that the major gaseous products formed during weight, loss 
were 2-methylcyclopentadiene, carbon dioxide, and carbon monoxide. The formation 
of a fine mist of solid particles was observed during the second stage of degradation. 
Changing various experimental parameters affected the degradation processes. The 
kinetics of degradation were also investigated. The method of Freeman and Carroll 
was used to find that a zero-order rate law was followed at the beginning of both first 
and second stages of reaction. The activation energy associated with the major portion 
of the first stage of weight loss was 15 kcal/mole. There w7as good agreement bet ween 
the observed reaction rates and the reaction rates calculated from a theoretical model 
which depended on desorption as the rate-controlling step. The activation energy for 
the beginning of the second stage of weight loss was 24 kcal/mole. By using DTA, 
the heat of exothermal reaction during this latter phase of decomposition was evaluated 
as 65 cal/g.

INTRODUCTION

Differential thermal analysis and thermogravimetric analysis have been 
used to study the thermal degradation of polymers.1-3 The nonisothermal 
method for the treatment of kinetic data obtained from TGA traces devel­
oped by Freeman and Carroll4 is a rapid method of deriving orders of 
reaction and activation energies.

Other workers have studied the pyrolytic decomposition products of 
polymers by various analytical methods available to the chemist.5

Anderson6 has studied the thermal decomposition of epoxide polymers 
containing nadic methyl anhydride, but could recognize and account for 
only one of the products of degradation, namely, carbon dioxide.

The present study has taken the kinetic and thermodynamic properties 
of a polymer and correlated the data with analytical data by using methods 
available to the polymer scientist.

* Presented in part at the 153rd National Meeting, American Chemical Society, 
Miami Reach, Florida, April 9-14, 1967.
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EXPERIMENTAL

Material

The polymer, provided by the Ames Research Center, NASA, was a 
phenolic epoxide, crosslinked through nadic methyl anhydride. Table I 
summarizes its preparation and composition. The polymer was pulverized 
and the powder sieved for studies on the effect of particle dimensions. It 
was then stored in a vacuum desiccator.

TABLE I
Polymer Composition and Preparation

Polymer lot No.

Parameter 1A IB 1C

Composition, 
parts by weight

DEN 438 100 100 100
NMA 75 85 95
DMP 30 1.5 1.5 1.5

Cure temperature, °F
Step J 105 105 105
Step 2 200 200 200

Cure time, hr
Step I 4 4 4
Step 2 16 16 16

Several pieces of the polymer were specially machined into specific 
geometric configurations by NASA. These samples were spheres 0.8 cm in 
diameter, cylinders 1.0 cm in diameter X 0.25 cm high, and rhombohedral 
solids 1.0 cm high X 0.025 cm wide X 0.025 cm long.

DEN 438 was obtained from Dow Chemical Company, Freeport, Texas; 
nadic methyl anhydride from Allied Chemical Company, National Aniline 
Division; DMP 30 from Rohm and Haas, Philadelphia; and 2-methyl- 
cyclopentadiene dimer from Aldrich Chemical Company.

» = 1.6
NMA

Apparatus and Procedures

Differential Thermal Analysis (DTA). The DTA experiments were 
carried out with the apparatus pictured in Figure 1. A Y-tube diverted 
a stream of gas into each sample vessel when gas flows were desired. Flow



THERMAL DEGRADATION OF EPOXY RESIN 2831

to  Recorder

rates were adjusted with a precalibrated flowmeter and a needle valve con­
nected directly to the gas tank.

The output of the DTA apparatus was fed into a Moseley 7030A x-y  
recorder. Reference temperature was plotted on the x axis of the DTA 
curves. Reference temperatures were also recorded independently on a 
Moseley model 6S0 strip-chart recorder to insure linear heating rates. The 
DTA experiments were generally carried out up to 650°C and in some cases 
as high as 900°C.

The effect of different particle sizes in the DTA experiments were 
observed by performing experiments on both fine and coarse fractions of 
sieved pulverized polymer and by using the bulk polymer samples previ­
ously described.

Aging experiments were performed with closely sieved powdered polymer, 
screen fraction S0/100. The samples were heated to the desired tempera­
tures in the DTA apparatus and rapidly removed from the test tube block.

Quantitative enthalpic analyses were obtained by using the differential 
thermal analysis curve of carbon under an oxygen atmosphere. The 
area under the exotherm corresponding to the oxidation of carbon served 
as a standard for comparisons with the polymer. The weight of carbon 
which remained at the conclusion of the exotherm was obtained. The 
heat of reaction of this amount of carbon oxidizing to a calculated number of 
moles of carbon dioxide formed during the reaction was equated to the 
area under the DTA curve. Estimates of the heats of reaction were based 
on a comparison of the exothermal DTA area of the polymer with the 
exothermal area of the carbon curve.

Thermogravimetric Analysis (TGA). The TGA experiments, exclusive 
of those performed under vacuum, were made with a Chevenard thermo-
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A T 'C h a r l
R ecorded

S am ple  Reference

Fig. 2. Simultaneous TGA-DTA. Method of mounting sample in divided crucible in
Chevenard thermobalance.

balance, modified for electronic recording; the sample vessels used were 
No. 00000 Coors crucibles obtained from Fisher Scientific Company. 
The programmer was identical to the one used in the DTA experiments.

Placement of the sample temperature thermocouple at a point touching 
the bottom of the sample vessel insured accurate readout of temperature.

Sample vessels containing 100 mg of polymer were mounted on the stem 
of the Chevenard thermobalance. The stem consisted of a four-hole 
ceramic insulator and a thermocouple placed through two of the four holes. 
A Chromel ring was mounted on top by making use of the other two holes. 
The bottom end of the thermocouple was brought through the ceramic and 
connected to coiled 0.001-in. thermocouple wire to safeguard against inter­
ference in the balance movement.

The hollow tube provided in the interior of the Chevenard furnace 
permitted direct introduction of the desired atmosphere. The pen deflec­
tion caused by the thermocouple input was electrically adjusted so that 
100°C was equilibrated to either 1 or 2 in. of pen deflection.

From the thermogravimetric curves, a series of values of the rate of 
weight loss dw/dt, W r (the total weight change at completion of reaction 
minus the change in weight at temperature T) and absolute temperature 
T under a variety of experimental conditions, were obtained and used for 
the kinetic evaluations.

Vacuum TGA experiments were performed with the Cahn electrobalance 
adapted for use in conjunction with the R. L. Stone Company DTA 
equipment.

Simultaneous I)TA TGA. Part of the DTA-TGA apparatus is pic­
tured in Figure 2. One half of the crucible contained ( lie sample and the 
other half the aluminum oxide reference material.
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DTA Sampler Probe

Fig. 3. Fine-particle thermal analysis system.

Aerosol Entry

The Bristol two-pen recorder in combination with a time switch was 
connected to the induction coil attached to the moment arm of the Cheven- 
ard balance via a demodulator. This permitted weight changes to be 
recorded by one pen and both differential temperature and sample tempera­
ture to be recorded by the second pen via the time switch and a properly 
adjusted resistance.

Fine-Particle Thermal Analysis (FPTA). A portable DTA unit was 
used as a plug-in module for analysis of the effluent gas stream containing 
particulate smoke. All the modules discussed under DTA apparatus were 
placed on a cart that was moved adjacent to a fine-particle analyzer. The 
photocell at the exit of the light-scattering system was connected directly 
to a six-channel counting system, which gave automatic readout on all 
six channels. Each channel represented a particle-size range and gave a 
numerical readout of the number of particles in each size range in a 19-sec 
time interval.
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The analyses of the fine particles moving into the gaseous flow system 
during decomposition were obtained under DTA conditions. Particle-size 
analysis was made over 10°C intervals from 180 to 540°C by placing the gas 
exit tube from the DTA apparatus directly into the particle analyzer. 
Figures 3 and 4 are schematic diagrams illustrating the equipment used for 
FPTA.

Analytical Procedures. Analysis of the reaction products was facili­
tated by dividing the decomposition products into three categories: (1)
effluent gases and particles visible by mass spectrometry or FPTA, (2) 
liquid and solid residues soluble in one of several common solvents, and (3) 
insoluble char and solid polymer.

Category 1 was analyzed in detail. A liquid oxygen trap was placed 
around the U-tube to collect the gaseous product. O-ring joints provided 
gas-tight seals. After the gaseous samples were trapped (each sample was 
trapped over 20°C intervals beginning at 240°C), the vessels were attached 
to the inlet system of a Bendix time-of-flight mass spectrometer.

Acetone was found to be the best solvent for category 2. The solutions 
were analyzed in a Hitachi mass spectrometer. They were also injected 
into a gas chromatograph, and the substituents identified. The Hitachi- 
Perkin-Elmer mass spectrometer was used in later experiments for also 
analyzing gaseous samples. This was done by placing some powdered 
material in the sampling system and heating it at 10°C/min to 325°C. 
When heating began, analyses were made in 20°C intervals.

Mass-spectral analyses of DEN 438, nadic methyl anhydride, and 2- 
methylcyclopentadiene were made by this technique also. Gaseous de­
composition products for all these materials were identified over the temper­
ature range of 25-325°C in the furnace-enclosed sampling system of the 
Hitachi mass spectrometer.

Infrared analyses were performed on a Perkin-Elmer Infrachord. Spec­
tra were first obtained on unheated samples and then in 20°C intervals 
from 240 to 440°C.

The x-ray studies were made on the powders in aluminum sample 
holders. A North American Philips x-ray instrument was used.

RESULTS

The initial experiments showed that the method of sample pulverization 
did not effect the DTA or TGA curves of the polymer; mass spectral 
analysis supported the conclusion that the polymer remained unchanged as 
the result of exposure to Dry Ice, liquid nitrogen, or atmospheric conditions 
during pulverization.

Seven experimental parameters were tested for their effect on the high 
temperature physicochemical reactions of the polymer. Concurrently, the 
effect of variation in the quantity of nadic methyl anhydride used in the 
curing process was also investigated. All of these results were compared to 
the standardized experiment. !
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Standard Experiments

The DTA curves shown in Figure 5 indicate that the first major DTA 
band is an endotherm which Iras a peak at 300°C. During this endotherm 
the sample was observed to become tacky, and a light brown condensate 
formed on the cooler parts of the test tube. At 320°C an exothermal peak 
began to form and proceeded to a maximum at 365°C. During the latter 
portion of the exotherm, a mist of fine particles emanated from the decom­
posing polymer. The figure also contains curves which show the effect 
of varying the quantity of NMA on the DTA spectrum. As the amount of 
NMA was increased, the exothermal peak flattened.

TGA curves in Figure 6 show the difference between the thermal decom­
position behavior of the polymer as a function of the amount of NMA used 
in the cure procedure. As the amount of nadic methyl anhydride was 
increased from 75 to 95 parts by weight, the initial decomposition tempera-

Fig. 5. DTA of polymers 1A, IB, and 1C (100 mg): (1) polymer 1A; (2) polymer IB; 
(3) polymer 1C. Argon flow, 300 ml/min; heating rate, 10°C/min.

Fig. 6. TGA of (— ) polymer 1A, (------) polymer 1B, and (-----) polymer 1C; 100 mg of
each sample was used. Argon flow, 300 ml/min; heating rate, I0°C/min.
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rate, 10°C/min.

ture decreased. The value for the residual yield of the polymer containing 
95 parts by weight NMA was 20%, whereas the yield for the polymers 
containing 85 anuJ75 parts by weight NMA was 32%. It should be noted 
that these values were for samples heated up to 600°C. Other residual 
yield values referred to may apply to experiments carried out to different 
temperatures and so cannot be directly compared with these values.

A comparison of the DTA and derivative TGA (Fig. 7) curves for poly­
mers 1A indicated that the DTA endotherm corresponds to the first weight 
loss region in the TGA experiment. The second weight loss region occurred 
during the exotherm appearing in the DTA curve. This exotherm con­
tained at least two reaction zones and the weight loss region could be ex­
pected to be complex.

Complete kinetic analysis includes some knowledge of the nature of the 
products of reaction and degradation. Below 200°C, trace quantities 
of toluene and water were observed. By means of parallel experiments on 
the polymer and nadic methyl anhydride, it was determined that the princi­
pal gaseous product during the first weight loss region was 2-methylcyclo- 
pentadiene. At the beginning of the second weight loss region, C 02 and 
CO predominated as the major effluent gases.

Infrared spectra corroborated the observation that the polymer decar- 
boxylated at the beginning of the second weight loss region. From these 
spectral studies it was also found that the DEN 438 segment of the polymer 
was stable up to approximately 400 °C.

The fine particulate smoke observed during most of the second weight 
loss region consisted of DEN 438 fragments. Analysis of the size and 
quantity of the particles was made and these results are listed in Table II.
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TABLE II
Fine-Particle Analysis“

Tem­
perature,

°C

Particle count in each range

1.0-1.41 n 1.41-2.8 m 2.8-4.2 m 4.2-5. 6  v. 5.6-7.0 ix 7.0—8.4 ju

340 81 1 0 1 0 0
350 441 1 0 1 0 0
360 3731 5 0 0 0 0
370 4000 4116 4 0 0 0
380 3498 3582 1981 9 0 0
390 345 1 1 0 2 1299 131 0 0
400 38 307 231 231 1 2 0
410 46 130 341 2 1 0 1 2 0
420 30 6 8 225 177 23 0
430 13 39 145 138 28 0
444 9 39 1 0 2 1 1 1 15 0

450 28 58 171 124 19 0
460 19 62 158 153 1 1 0

470 25 73 195 135 6 0
480 53 152 304 1 0 0 4 0

490 79 266 501 171 6 0
500 2 1 2 563 905 116 0 0
510 745 1888 1689 64 0 0

520 1432 3212 2197 45 0 0

530 2739 4300 2175 7 0 0

540 3534 3812 1719 5 0 0

550 4338 3422 1247 6 0 0

560 3857 3060 861 0 0 0

“ This technique measured particles from 1 to 8.4 n.

These particles were slightly soluble in acetone, and analysis of the solution 
by mass spectrometry indicated that several tropilium ion derivatives 
were present. Gas chromatographic analysis indicated that o- and p-cresol 
were substituents of the particles. Evidence strongly indicated that they 
were derived from the DEN 438. Lack of evidence for the existence of 
NMA in the residue, indicated it was no longer present in any measurable 
amounts.

The x-ray patterns indicated the polymer and residual char, were amor­
phous.

Fig. 8 . DTA of Nuchar carbon. Oxygen flow, 150 ml/min; heating rate, 10°C/min.
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Figure 8 is a DTA curve of carbon heated in oxygen. The area under 
the peak was taken as a standard in obtaining the heat associated with the 
exothermal decomposition of the polymer. The heat of reaction was 
estimated to be 65 cal/g.

Effect of Heating Rate

Figure 9 shows the DTA experiments in which the heating rate for the 
polymer was varied.

The shift in the low-temperature exotherm at the high heating rate was 
undoubtedly due to passage through this reaction zone at a relatively 
fast rate as compared to the reaction rate. As a result of the increased 
extent of the first exotherm at 340°C in the DTA curve obtained at 10°C/ 
min, the second exothermal band shifted to lower temperatures in the 
4°C/min curve.

Another series of experiments was undertaken to determine the effect of 
very fast heating rates on the DTA curve of the polymer 1A. Figure 10 
shows the results. The heating rate was varied from 900°C/min to 2000°C 
/min. The technique involved preheating the DTA furnace block to 
900°C. A drill press stand was used to plunge the sample and reference 
into the block. The sample vessels were Vycor tubes about 2 in. long and 
9 mm in diameter. The linear heating rate ranged from 125 to 500°C. 
The exothermal peaks shifted significantly upward from those of the slower 
heating rate experiments. This is due to the reaction rate effect as well as 
thermal conductivity factors, which should play a role at these very high 
heating rates. It was also observed in the TGA experiments that as the

Reference Temperature, °C

Fig. 9. Effect of heating rate on DTA curve of polymer 1A: (a) heating rate 4”C/min;
(f>) heating rate 10°C/min. Argon flow, 300 ml/min.
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Fig. 1 0 . Effect of heating late on DTA of polymer 1A (100 mg). Argon flow, 300 
ml/min; heating rate, 900-2000 0 C/min.

heating rate was reduced the degradation curves were shifted to lower 
temperatures.

Aging Studies

Principal concern in the investigation of aging is the effect of further 
polymerization on the thermal stability of tire resulting material.

Figures 11 and 12 show the results of a series of experiments in which the 
DTA run was stopped after each endothermal or exothermal change. The 
sample was cooled, and thermoanalysis was conducted on the aged samples. 
Upon repeating the DTA and TGA experiments, the various regions of 
reaction were systematically eliminated as a result of aging. This is 
of importance because it shows that each of these reactions produces a 
product and that the reaction of the product at higher temperatures is then 
responsible for the subsequent exothermal peak. It appears that there 
were three reactions associated with the various thermal changes.

_ l _____________1_________ I_____________1________________ I--------------1------------
100 200 300 400 500 600

Reference Temperature, C

Fig. 11. DTA of polymer 1A showing aging effect (sample weight 100 mg): (1)
sample heated to 390°C; (ijsample heated to 420°C. Argon flow, 300 ml/min; heating 
rate, 10°C/min.
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Sample Temperature ,°C

(a)

Sample Tem pera ture , C

(b)

O
Sample Tem pera ture , C

(e)
Fig. 1 2 . TO A curves of polymer 1 A aged to various temperatures: (a) 275°C, char 

yield, 22%; (6 ) 285°C, char yield 23%; (c) 300°C, char yield 36%. Argon flow, 300 
ml/min; heating rate, 10°C/min; sample weight, 200 mg.

The TGA experiments on the polymer preheated to 285 or 300°C showed 
that the samples lost weight at higher temperatures and residual char 
increased as compared with the unaged material. The material preheated 
at 275°C did not seem to have a significantly different char yield from the 
original material. In this case the samples were heated to 750°C.

Effect of Particle Size

There was a definite trend toward the minimization of the first stage of 
reaction and the increase of the temperature range of the final stage of 
weight loss as the particle size was increased. This can be expected for a 
surface-controlled reaction, if the rate of reaction is proportional to the 
surface area. Figure 13 shows this effect.

Three samples of bulk polymer formed into spherical, cylindrical and 
prismoid shapes were also studied. There were two purposes for this work: 
(1) to determine whether the ratio of surface to volume or mass is related
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Fig. 13. Derivative TGA curve showing effect of particle size for polymer 1A: (A) 
270/325 mesh; (□) 80/100 mesh; (O) 16/40 mesh. Argon flow, 300 ml/min; heating 
rate, 10°C/min; sample weight, 100 mg.

to the rate of decomposition, and (2) to determine the effect of very large 
particles on reaction rate. Figure 14 shows the TGA curves, and Table 
III summarizes the results. The first reaction observed in the powders 
was absent and the temperature of the second stage of decomposition was 
significantly increased. It appears that primary products of reaction may 
have undergone further reaction during diffusion through the polymer 
particles. This follows the general trend seen for the screened powdered 
samples.

TABLE III
Effect of Particle Shape on Decomposition

Sphere Disk Prism

Reaction, % 4.5 4.5 4.5
Rate of reaction, mg/min 255.0 56.0 14.5

(at 4.5% reaction)
Surface area, cm2 2 . 0 0 2.36 1.13
Volume, cm3 0.2678 0.1960 0.0625
Weight, mg 336.8 242.8 74.2
Residual char, % 16 33 33
Initial temperature 415 280 335

of decomposition, °C
Density, g/cm 3 1.25 1.24 1.25
A/W (surface area/weight) 5.9 9.7 15.3
Rate of reaction,/cm2 min 127.5 23.8 12.9

(at 4.5% reaction)
Fraction decomposed/min 0.74 0.23 0 . 2 0
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Fig. 14. TGA curve showing effects of different shapes of polymer solids on thermal 

stability of polymer 1A: (a) prism (74.5 mg); (b) cylinder (245.0 mg); (c) sphere (337.0 
mg). Argon flow, 300 ml/min; heating rate, 1 0 °C/min.

The per cent char residue was least for the spheres. The shapes of the 
decomposition curves were quite different for the variously shaped poly­
mers. The most pronounced difference was that of the spheres, which 
initially decomposed quite slowly, then decomposed rapidly. The decom­
position curves of the other shapes did not show the sharp transition from 
low to high temperatures. The cylinders and prisms exhibited similar 
overall decomposition characteristics in contrast to the spherical shape. 
The data on the bulk particles show that the initial rate of reaction per 
unit surface area is considerably higher for the sphere than for the other 
shapes. The rate of reaction appears to be more closely related to the ratio 
of mass to surface area than to any of the other parameters in Table III. 
This behavior may be explained in terms of heat transfer. The heat losses 
from a sphere due to its lower surface to mass ratio would be the slowest of 
all of the samples. Since the reaction is exothermal, one may expect a



THERMAL DEGRADATION OF EPOXY RESIN 2843

rapid heat build-up after an initially slow reaction. This general decom­
position behavior was observed and was in contrast to the powder where the 
reaction rate increases with an increase in specific surface.

Effect of Flow Rate

At argon flow rates of 300 and 600 ml/min the difference between the 
curves was rather small. In general, the initial stage of decomposition 
was not markedly affected bj- changing the flow rate from 100 to 600 
ml/min. However, the rate of weight loss during the second region of 
the TGA curve increased significantly as the Sow rate was increased.

Effect of Gaseous Atmosphere

Identical experiments were performed on samples of polymers with all 
conditions as described under the standard experiment, except that the gas 
flow was replaced with static air. From 240 to 350°C the weight loss in 
both experiments followed the same decay curve. During the remainder 
of the run, the rates of weight loss were considerably different in each 
temperature range for the two experiments. At 350°C the rate of weight 
loss in air accelerated.

At 390°C an inflection point appeared in the air curve, while no such 
point appeared in the argon curve. However, in the interval of 460 and 
500°C the argon curve showed a decided increase in rate of weight loss. 
In contrast, the air curve showed a point of inflection at 450°C toward a 
decrease in rate of weight loss, with a constant change in slope thereafter 
until total weight loss had taken place.

With the samples in a flow of oxygen, the rates of reaction of the polymer 
were significantly accelerated. Reaction rate was markedly increased at 
higher temperatures. The endotherm, which appeared in the air curve at 
240°C, occurred at 220°C in oxygen. The height and the area of the 
exothermal band were significantly increased. The temperatures of the 
maxima, however, were the same in oxygen, air, and argon.

In oxygen, the exotherm beginning at 200°C represented a preignition 
process, which led to self-propagative ignition of the polymer at 240° C. 
Several successive explosions occurred at 400 °C, and heating was termi­
nated. Examination of the sample tube revealed the absence of any residue. 
The polymer mixed with 50% alumina did not ignite, as did the polymer 
alone.

The decomposition characteristics of the polymer did not appear to be 
significantly affected in an atmosphere of carbon dioxide or of 2-methyl- 
cyclopentadiene, which formed during the initial stages of decomposition. 
The carrier gas used for the pentadiene was argon.

Effect of Sample Mass

There were no significant differences between the results in which 100 mg 
and 200 mg were used, indicating mass had no effect on behavior under 
these experimental conditions.
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Effect of Added Solid Surfaces

Upon addition of alumina to the powdered polymer, no significant change 
occurred in the DTA spectrum. In oxygen, however, addition of alumina 
prevented ignition of the polymer.

Kinetics of Thermal Decomposition

Figures 15 and 16 show the Freeman-Carroll plots of the polymer heated 
in a flow of argon of 300 ml/min at 10°C/min. These plots are based on 
the equation:

A In (dw/dt) =  ( -E */ R ) A(1 /T) -  a;A In W T

where dw/dt is the rate of weight loss or gain, E* is the activation energy, 
T is absolute temperature, x is the order of reaction, and WT is the total 
weight change at completion of reaction minus the change in weight at 
any given time.

A plot of A log (dw/dt) versus A log W T at constant A l/T yields a straight 
line whose slope is x and whose y intercept is —E*/2.3R.

Since the TGA curves exhibited two principal areas of weight loss, 
Freeman-Carroll plots were made to encompass each of the corresponding

Fig. 15. Freeman and Carroll plot of first stage of decomposition of polymer 1A. Data 
obtained from the standard TGA experiment: A(1 /T)  = 1 X Id6.

A log Wr
Fig- 16 . Freeman and Carroll plot of the second stage of weight loss data obtained from 

the standard TGA experiment. A(1 /T) =  2.5 X 106.
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temperature regions in the TGA curves separately. The first area of 
weight loss was resolved into two zero-order branches. Table IV and V 
summarize the results. The second zero-order segment covered 80% of 
the weight loss in the first stage of degradation.

TABLE V
Kinetics of Reaction;0 Stage 2

Sample
Temperature 

range, °C
Extent of 

reaction, %
E * ,

kcal mole1’ Order

Polymer
1A

305-700 2 5 27 0

Polymer
1A,
aged

325-660 23 0

Polymer
IB

315-715 23 0

Polymer
1C

310-675 26 0

° Experimental conditions: heating rate, 10°C/min; flow rate, 300 ml/min argon.
11 Zero-order plot.

The above results were confirmed by the zero-order plots of log dw/dt 
versus 1/T shown in Figure 17. Figure 17 shows that the data may be 
represented by two linear branches for all of the samples on which the

Fig. 17. Zero-order plots of the first stage of decomposition under standard conditions.
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Freeman-Carroll plots were used. The activation energies were obtained 
from the slopes of these curves and agreed with the Freeman-Carroll 
treatment.

Table VI compares the kinetic data obtained from experiments conducted 
at heating rates of 5 and 10°C/min, and also shows the activation energies 
for polymer 1C were somewhat lower than were those for polymers 1A and 
IB.

TABLE VI
Effect of Heating Rate on Kinetic Parameters for Polymer 1A in Argon Flow of 300

ml/min

Heating
rate,

°C/min

Temperature
range,

°C

Extent of 
reaction,

Ci /0

E * ,
kcal/mole

Order
of

reaction

10 220-250 15 22 0
.5 218-235 15 27 0

10 250-305 85 15 0
5 235-285 85 13 0

10 305-700 10 27 0
5 285-620 10 30 0

The effect of particle size on the rate parameters of decomposition of the 
polymer are summarized in Table VII. It was clear from the kinetic 
plots that the activation energy for the first zone of decomposition increased 
as the particle size increased.

On the other hand, the activation energy appeared to be relatively 
constant with particle size during the second stage of decomposition but, 
because of the scatter of points, was somewhat less certain. The positions 
of the curves, which represent the early part of the second region of decom­
position, however, indicate that the rate constants for reaction were in­
versely proportional to the particle size.

Figure 18 shows the zero-order temperature dependency plot for the 
decomposition of polymer 1A heated at 5°C/min at a reduced pressure of 
10“ 2 mm/Hg. The activation energy was calculated to be 20 kcal/mole.

TAB Lit VII
Effect of Particle Size on Kinetic Parameters for Polymer 1A in 300 ml/min Argon Flow 

at a Heating Rate of 10°C/min

Mesh
Temperature 

range, °C
E * ,

kcal/mole
Order of 
reaction

16/40 250-280 20.4 0
16/40 285-310 21 0
80/100 250-280 13.3 0
80/100 285-310 18 0

270/325 250-280 12.4 0
270/325 285-310 21 0
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Fig. 18. Zero-order plot of the first stage of decomposition of polymer 1A. Decom­
position carried out under vacuum. Heating rate 10°C/min; sample weight, 10 mg.

A series of isothermal experiments was carried out for the purpose of 
confirming the kinetic results obtained from the TGA curves. These 
experiments were made over the temperature range of 230-270°C in argon 
at a flow rate of 300 ml/min. The isothermal data indicated zero-order 
kinetics with an average activation energy of 15 kcal/mole.

It appears the optimum crosslinking reaction occurs with 85 parts by 
weight of nadic methyl anhydride and 100 parts of the epoxide DEN 438. 
However, the polymer which contained 75 parts of nadic methyl anhydride 
was only slightly less stable than polymer IB.

The effect of heating rate is probably a result of heating at a relatively 
fast rate compared to the rate of reaction; this causes the reactions to occur 
(1) principally at higher than normal temperature and (£) over a shorter 
period of time. The result is a high exotherm, as was observed.

The flow rate of argon had little effect on the initial stage of decompo­
sition but had a distinct effect of increasing the rate of weight loss during 
the second stage of decomposition, apparently due to the rapid trans­
port of the fine particulate product observed.

By comparing the DTA curve with the weight loss curves, it was clear 
that the endotherm with its peak at 300°C corresponded to the initial stage 
of weight loss and the subsequent exotherms were associated with the 
second and final stage of weight loss.
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Chemical analysis and aging experiments indicated that the reactions 
were consecutive, rather than simultaneous, thus simplifying interpretation 
of the kinetic results.

Based on analytical results, it appeared that the initial decomposition 
reaction that was associated with the endotherm at 300°C and corresponded 
to the initial region of weight loss can be expressed as shown in eq. (1).

Unreacted polymer

0
H\c ^C-OR yvxCHj

II +
H/ C ^C —OR'

II
0

(Solid) (Gas)
R esidue 2-Methylcyclopentadiene

(1)

Bond rupture takes place as indicated in eq. (1). It can be expected 
that the reaction is endothermal, as was found to be the case from the DTA 
curves. The heat of reaction was estimated from bond energy considera­
tions and was calculated to be 57 kcal/mole and the diester was assumed 
to be the major portion of the original polymer, although infrared analysis 
showed evidence for the presence of some monoester.

The reaction for the initial phase of the second stage of weight loss 
occurred from approximately 260-382°C and was found to be as shown in 
eq. (2).

II
H \ c / C - O R

II
h/ c\ q/O R '

(Solid)
Residue from the 
initial stage of 
decomposition

This reaction corresponded primarily to the initial exotherm beginning at 
320°C. As the amount of gaseous products sharply decreased, fragments 
formed the major product of decomposition. Other products, such as m- 
and p-cresol and propane derivatives, were found to be present in the resi­
due upon extraction with solvents and subsequent analysis. If the frag­
mentation reaction is endothermal, this may account for the endothermal 
dip in the exotherm. The part of the exotherm at 400°C can be accounted 
for by polymerization reactions of the residue as the polymer is heated from 
365°C to complete reaction over 450°C.

Formation of the fine particle fragments may account in part for the 
effect of flow rate on the second stage of weight loss, so pronounced during 
the middle to latter part of the second zone of weight loss. This appeared 
to be independent of the gas used, and may have been due to the blowing 
of these line particles by the gas stream from the remainder of the sample.

H \ c / R H \ c /O R
and/or ¡1 +  .C(

H/ C ^ O R ' H/ C ^ R '
(Solid) (Solid)

Residue Residue
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The activation energy for the initial stage of weight loss was 15 ±  3 
kcal/mole at 250°C and higher. This reaction appears to be a reverse 
Diels-Alder reaction. Berson7 has done extensive work on the kinetics of 
the Diels-Alder reaction between maleic anhydride and cyclopentadiene 
and has found the activation energy to be 12.4 kcal/mole. His calculations 
predict that the reverse Diels-Alder reaction of these two compounds should 
give an activation energy of approximately 30-34 kcal/mole. It should be 
noted that the activation energy during the initial branch of the first stage 
of decomposition was 25 kcal/mole and is not far from the value for the 
ideal system studied by Berson. A zero-order process can also be expected 
for the reverse Diels-Alder reaction, if the rate-controlling decomposition 
reaction occurs on the surface of the particles. If the rate-controlling 
reaction is occurring on the surface of the particles and is dependent upon 
the number of surface reaction sites, it should be possible to derive a theo­
retical treatment that would account for the observed rates of reaction based 
on the absolute rate theory. The basic equation to consider is:

v = C\ (kT/h) (f*/f)e~E*IRT

where v is the rate of reaction, k is Boltzmann’s constant, h is Planck’s 
constant, E* is the activation energy, T is the absolute temperature, /  is 
the partition function, /*  is the partition function for the activated state, 
and (7a is the concentration of molecules absorbed on the surface.

For the case of surface desorption, this equation reduced to:

v =  Ca (kT/h)e~E*R/r

where kT/h = 1013 sec- ', Da = 1012 molecules/cm2, E* =  25 kcal/mole, 
T =  513° K.

Based on the total surface area of 100 cm2 for 100 mg of sample, the 
calculated rate of decomposition is 1014 molecules/sec-cm2. The observed 
rate of reaction at the same temperature is 1012 molecules/sec-cm2.

CONCLUSION

The polymer studied underwent four reactions. The first two involved 
the formation of the gaseous products 2-methyl-cyclopentadiene, carbon 
dioxide, and carbon monoxide.

The third region consisted of fragmentation of the DEN 438 segment of 
the polymer and could lie observed in the formation of a white smoke.

Further polymerization-decomposition took place during the fourth 
region, resulting in little evolution of gas. Three of the four reactions 
appeared to overlap in time, thus accounting for imperfect correlation of 
DTA, TGA, and analytical data. However, the first reaction was well 
characterized in the three reaction zones and yielded the proposed reaction 
mechanism.
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Emulsion Polymerization. V. Lowest 
Theoretical Limits of the Ratio k t/kp

J. L. GARDON, Rohm and Haas Company, Spring House, Pennsylvania
19477

Synopsis

It is assumed that the propagating polymeric radicals have no diffusive mobility in 
the very highly viscous medium within latex particles. Chain growth takes place on a 
lattice when the polymeric radical reacts with a monomer present on a lattice site ad­
jacent to that occupied by the reactive chain end. For termination, two radical chain 
ends must be positioned on adjacent lattice sites at the same instant. The kjkp ratios 
calculated with this model are either similar to or somewhat lower than the values deter­
mined in emulsion polymerization experiments. A minimum value of kt/kp can be cal­
culated with the aid of the rate equation of Part III by assuming that only “ living” 
polymer is produced during emulsion polymerization. This value of kt/kp is significantly 
lower than that calculated by the lattice model. Since the value corresponding to the 
lattice model gives the slowest practically achievable termination rate, it is concluded 
from these calculations that emulsion polymerization cannot be carried out under con­
ditions in which chain termination is completely suppressed.

In emulsion polymerization the sole loci of polymerization are the mono­
mer-swollen latex particles. During the so-called interval II, the monomer 
volume fraction <f>m in the particles and the particle number N  are constant 
and the conversion-time relationship is described by the following equa­
tions, as shown in Parts III1 and IV2:

P = AC- +  Bt (1)
A =  0.102 (iv1-9V * !°-94) ( ^ / ^ ) [ 0 . n 1-94/ ( l  -  <t>,n)°-94]ft (2)
B =  0.5 (kp/NA)(dm/dp)<l>mN  (3)

Here P  is the volume of polymer, t is time, kp and kt are the respective 
rate constants of propagation and of termination, R is the rate of radical 
production in the aqueous phase, dm and dp are the monomer and polymer 
densities, and NA is the Avogadro number.

Application of these equations to experimental data2 and independent 
measurements2 indicate that in interval II the ratio k,/kp is of the order of 
10 100, by several orders of magnitude lower than in homogeneous polymer­
ization at low conversion. The reason for this is that termination rate is 
diffusion-controlled. The particles contain 50-75% monomers and poly­
mers of 106-107 molecular weight. The viscosity in the particles is there­
fore high, and a diffusion controlled process must be slow,

2853
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For latexes of small particle size, P = Bt is the conversion-time relation­
ship at low initiation rates,2 as predicted by Smith and Ewart.3 However, 
for latexes of very large particle size and at high initiation rates, the equa­
tion P  =  At2 describes the data with adequate accuracy. These observa­
tions are consistent with eqs. (1), (2), and (3). If kt is very small, At2 »  
Bt, and P =  At2 would also hold in this case.

The Smith-Ewart case is valid for infinitely fast termination. In this 
paper the opposite case is examined, and a lowest theoretical limit oi kt is 
established. At this lowest theoretical limit the hypothetical conversion- 
time relationship is:

P = A mml2 (4)

Part I3 shows that the conversion rate can be related to the average 
number of radicals per particle Q:

dP/dt = 2 BQ (5)

At very slow termination, a large fraction of all radicals survive in the 
particles. When kt is smaller than a hypothetical limit (not necessarily 
equal to zero), all radicals survive. The average rate of entry of radicals 
into the particles is R/N, thus at time t in the absence of termination the 
following equations hold:

Q = (R/N) t =  (1/25) (dP/dt) (6)

P = (BR/N)t2 (7)

A max = BR/N (8)

If A max is set equal to A of eq. (2) and eqs. (3) and (8) are used, the follow­
ing lowest theoretical limit for kt/kv is obtained:

(kt/kp) min = 0.185 0,,,/fl ”  0m) (9)

It is desirable to obtain some mechanistic interpretation for the existence 
of ( f c , / / c „ ) m m  and to determine whether it is possible to obtain only “ living” 
polymers during emulsion polymerization in such a way that no termination 
takes place throughout the reaction. In the very viscous polymerization 
medium, the polymer molecules and the bulk of the polymeric radicals can 
be assumed to be immobile. Only the chain ends of the radicals move, not 
by diffusion, but by growing.

The time th the average interval between the addition of two monomers 
to a single chain, is needed for the calculations. It follows from eqs. (3) 
and (5) that the rate of volume increase of polymer in a single particle con­
taining q radicals is (kp/NA)(dm/dt,)4>n,q- If Vm is the volume of a monomer 
unit, the following relationship holds:

Vm/t\ = (kp/N A)(dm/dv)<j)mq (10)

The latex particle is assumed to be a lattice, and a chain propagates if its 
end moves from one lattice site to another. Such movement is obtained
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when a monomer on a site adjacent to a radical chain end becomes con­
verted and thus becomes the new chain end. If two chain ends are posi­
tioned at tire same instant on two adjacent lattice sites, they cross-terminate.

If a radical chain end is at site A of Figure 1, none of sites B can contain 
a radical, otherwise the radical at A would have terminated. When a 
monomer adds to the radical, the chain end is displaced to one of the B 
sites. This event takes place in time th If a radical is located on any of 
the C sites which neighbor the B site where the chain end is now located, 
termination will take place. Thus the probability /n that termination 
takes place in time can be calculated.

Fig. J. Lattice model for termination rate.

A new parameter, the second-neighbor coordination number a, is defined. 
If a radical chain end moves from the original site to a neighboring site, a is 
the number of sites which neighbor the new location of the chain end but 
do not include the original site or any site adjacent to the original site. In 
terms of Figure 1, o- is the number of C neighbors of any B site. In the 
two-dimensional hexagonal lattice of Figure 1, <j is 3. In a close-packed 
three-dimensional hexagonal lattice, a is 8.

The volume of the particle is V, and the volume of a lattice site is as­
sumed to be Fin. The total number of sites is V/Vm.

The number of chain ends with which a given radical can terminate is 
q — 1. The probability that a given site is occupied by any of these chain- 
ends is (q — 1) divided by the total number of sides, or (g — 1) (Fm/F ) . The 
number of sites which could be occupied by a radical, so that the 
original radical can terminate with it while moving from site A to a site B, 
is a. Thus the probability that a chain will terminate in time is:

in = <r(q - l ) ( F m/F )  (11)

Let dp be the probability that a given chain terminates in dt.

dp/dt =  pi/h (12)
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Substitution from eqs. (10) and (11) gives:

dp/dt = (kP/NA) (dm/dpV) <j>m <?q(q — 1) (13)

Each termination event reduces the number of radicals in a particle by 2. 
The rate of radical entry into the particles is R/N. The number of radicals 
within particles is therefore given by the eq. (14):

dq/dt =  R/N -  2dp/dt (14)

Correspondingly, the following relationship was used to derive the con­
version-time relationship of eqs. (1), (2), and (3) [cf. eq. (25) of Part III1]:

dq/dt =  R/N -  (kJVN A)q(q -  1) (15)

This equation is phenomenologically equivalent to combined eqs. (13) 
and (14). For mathematical equivalence, the following relationship must 
hold:

(kt/kp) l  =  2tr(dm/dp)<l>m (16)

Here tire subscript L indicates the lattice treatment. It is reasonable to 
associate (kt/kv)L with the slowest possible termination rate and to compare 
it to (kt/kp)„an of eq. (9).

Table I shows that (kt/kP) l calculated with a =  8 (for a closely packed, 
hexagonal lattice) is always significantly larger than (kt/kp)miU (that corre­
sponds to absence of termination). It is concluded that some termination 
between chains must take place even in an extremely viscous medium of 
polymerization. Table II shows kt/kv ratios calculated from experimental 
values of A, B, N, R, and <£,„ by eqs. (l)-(3 ). These values are either of 
the same order as or higher than the lowest possible value calculated from

TABLE I
Values of kt/kp

</>m
(kt/kp')min> by

eq. (9)
{k,/kp)u by eq. (16) 

for (7 =  8, dp/d m = 1 .3

0.1 0.021 1.23
0.25 0.062 3.08
0.5 0.185 6.15
0.75 0.555 9.25

TABLE 11

Monomer <t> m

Range of 
kt/kp from 

experimental values 
reported in Part IV 2

Methyl methacrylate 0.73 29-115
Styrene 0.6 15-150
Butyl methacrylate 0.65 4-88
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the lattice model. Evidently, these experimentally determined k j k v ratios 
are consistent with the values to be expected for a very viscous reaction 
medium.
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Emulsion Polymerization. VI. Concentration 
of Monomers in Latex Particles

J. L. GARDON, Rohm and Haas Company, 
Spring House, Pennsylvania 19477

Synopsis

Nonpolymerizing latex particles surrounded by an aqueous phase saturated with 
monomer absorb only a finite amount of monomer, even if the monomer is a good solvent 
for the polymer, because the surface energy of each particle increases on swelling. At 
equilibrium the change in surface energy and the free energy of mixing exactly balance. 
Equations based on this thermodynamic principle predict with good accuracy the satu­
ration swelling of crosslinked and uncrosslinked latex particles and the partitioning of 
monomer between the aqueous phase and latex particles at partial saturation. The 
available experimental data on swelling of latex polymers with monomers are reviewed. 
Earlier papers assumed that during emulsion polymerization the monomer concentra­
tion in the latex particles is independent of conversion as long as monomer droplets are 
present. This assumption is shown to be a justifiable approximation. The thermo­
dynamics of the swelling of latex particles with a blend of two monomers is presented. 
The calculations indicate that copolymerization in emulsion should define reactivity 
ratios differing from those of homogeneous copolymerization by not more than 40% if 
the solubility of the comonomers in water is low. The reactivity ratio scheme is strictly 
applicable to emulsion copolymerization if the solvent properties of the two comonomers 
are identical.

In the first four papers of this series (Parts I IV1-4), it was assumed that 
the sole locus of chain propagation during emulsion polymerization is in the 
latex particles swollen by monomer. The purpose of the present paper is to 
review the theoretical considerations and experimental facts related to the 
swelling of the latex particles by monomers.

THERMODYNAMIC THEORY 

Saturation Swelling of Uncrosslinked Latex Particles

The monomer is assumed to have limited solubility in water. Such a 
monomer (or other suitable solvent) is added to a dead, nonpolymerizing 
latex so that the aqueous phase should become saturated with monomer. 
Even if the monomer is a good solvent for the polymer and is miscible with 
the polymer at any ratio in bulk, only a limited amount of monomer is 
absorbed by the latex particles because the surface energy increase on 
swelling partially compensates for the free energy of mixing. It is assumed 
that water does not dissolve in the latex particles or in the pure monomer.
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This monomer is in excess to that needed to saturate the latex particles and 
water. Experiments in this laboratory proved that no polymer is dissolved 
in this excess monomer. Since the three phases are in equilibrium, the 
chemical potential of the monomer in the particles has to be the same as that 
of the pure monomer.

Morton ct al.6 calculated the chemical potential change due to the in­
crease in interfacial free energy caused by the increase of surface area on 
swelling. An alternate starting point for the derivation is the classical 
Gibbs-Thomson equation6 which gives the difference between chemical 
potentials of a material in a sphere of finite radius r and in a sphere of infinite 
radius:

Ams =  ¿¿(r) — m(°°) = 2Em7/r  (1)

Here A^s is the surface term of the chemical potential, Vm is the molar 
volume of the monomer, 7 is the interfacial free energy (for liquid liquid 
systems equal to the interfacial tension), and r is the particle radius. It is 
convenient to express r in terms of the radius of the unswollen particle r0,

r 0  R T /  2 V m  r
1 2  5 10 20  5 0  100 2 0 0  5 0 0  1000

Fig. 1. Saturation swelling of uncrosslinked latex particles with monomers as described 
by Morton et al.6 [eqs. (2) and (4)].
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the volume swelling ratio Hv, the monomer volume fraction in the particles 
4>m, or polymer volume fraction 4>p:

(r/ro)3 =  Hv =  1/(1 -  <j}m) =  1 /0P (2)

When a low molecular weight solvent (or monomer) is mixed with a very 
high molecular weight polymer, its chemical potential is reduced by ApM 
given in the Flory-Huggins theory:7

A^m/RT = In (1 — 4>p) +  <t>p +  x<t>p2 (3)

Here R is the gas constant, T is temperature, and x is an interaction con­
stant.

At equilibrium with pure monomer the sum of A^M and A^s is zero. 
Combination of eqs. (1), (2), and (3) gives the Morton, Kaizerman, and 
Altier equation:

//v -  HS  In (1 -  1/HV) = x +  (27m y/RT)(Hvs/3/r0) (4)

The <t>m values calculated by this equation are shown in Figure 1.

Partial Swelling of Uncrosslinked Latex Particles

If not enough monomer is added to the latex to saturate it, there is no 
pure monomer phase present. In the vapor phase in equilibrium with the 
latex the monomer vapor pressure is p, lower than the vapor pressure of the 
pure monomer, p0. The chemical potential of the monomer in the latex 
particles is:

Ap = RT  In (p/p0) =  ApM +  Aps

Under these conditions the swelling of latex particles is described by eq.
(5):

Hv2[In (p/po) -  hi (1 -  1 /Hr)] -  Hv =  x +  (2Fm y/RT r0)Hv‘/3 (5)

Typical results calculated according to eq. (5) are shown in Figure 2. 
A similar equation was also derived by Vanzo et al.,8 but these authors 
failed to distinguish between the radii of swollen and unswollen particles.

Saturation Swelling of Crosslinked Latex Particles

If a difunctional comonomer is used at polymerization, the latex particles 
become crosslinked. On swelling, the crosslinked network strains and 
stores elastic energy, which limits the swelling in a manner similar to the 
restriction due to surface energy.

The contribution of the elastic energy to the chemical potential difference 
between pure solvent (monomer) and swelling solvent, A^E, is given by 
the Flory-Rehner7■9 theory. The equation shown below is valid only for 
densely crosslinked polymers of high molecular weight.

A = (Vmdv/Ma){4>vh ~  4>P/2)RT
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Here dp is the polymer density and M c is the molecular weight between 
crosslinks. At saturation swelling the sum of AjuM, Ayus, and AgE is zero. 
The resulting equation is:

- H v2 In H ,

Swelling of Latex Particles by a Blend of Two Monomers
Krigbaum and Carpenter10 considered the swelling of insoluble cross- 

linked polymer networks by binary solvent mixtures in bulk. By equating 
the chemical potentials of solvents 1 and 2 in the ternary polymer-contain­
ing phase and in the binary polymer-free phase, they calculated the value of 
a composition ratio K, defined in terms of the volume fractions of solvents 
1 and 2 in. the ternary phase, 0i and 02, and in the binary phase, V\ and v->-

k  =  Gfc/fcVfaA») (?)
Their theory also contains the parameter 0 ,„ the polymer volume fraction in 
the ternary phase. The dependence of 0P on solvent composition is not 
defined.

The intrinsic parameters of the system are Flory-Huggins constants for 
solvent-solvent, (1 - 2) and solvent -polymer (1 -p  and 2-p) interactions and 
the ratio

j  =  (molar volume of l)/(m olar volume of 2) (S)
The Krigbaum-Carpenter equation is:

- h i  K  = (1 — j)  hi (fc/v2) +  2xi2(<f>2 -  v2) +  (xi2 +  xi„ — jx 2„)<f>P (9)

The derivation of this equation contains no term which limits it to bulk 
swelling of crosslinked polymers. It is applicable to any system in which a 
ternary phase of a polymer and two solvents is in equilibrium with a binary 
phase of two solvents. The mechanism, by which the swelling is limited, 
is not implicit to the theory; the limitation of swelling is expressed by the 
parameter 0P. It follows that eq. (9) is also applicable to latex swelling. 
If water does not dissolve in the monomer phase and thereby does not 
change the chemical potential of the components there, it cannot influence 
the applicability of the theory because at equilibrium the activity of each 
monomer in the two organic phases and in the aqueous phase is the same. 
However, a careful distinction has to be made in that v, and v2 are the volume 
fractions in the binary monomer phase if the theory is to be applied to 
latex swelling.

The following relationships hold by definition:
Vi = 1  —  v2

01 =  1 — <t>p — 02
K  =  (1 -  d2)02/V2(1 -  0p -  02)



EMULSION POLYMERIZATION. VI 2863

To obtain an explicit relationship between fa, the dependent, and %, 
and independent variable, eq. (9) is rearranged:

In 02J/ (1 — 4>P — fa) — 2xnfa =  In v2s/(l — v2) — 2xi2% +  J  (10)

j  = (Xl2 +  Xl„ -  jx2p)fa (11)

Equation (10) contains four parameters: j, fa, xn, and J. The new 
parameter ./ contains all five parameters characteristic of the system. 
Once the dependence of fa upon v-2 is defined, the composition ratio K  can 
also be calculated as a function of % and any parameter.

Some theoretical results are shown in Figure 3. The values of the five 
parameters are chosen to conform with the range found in experiments. 
These curves will be discussed at the end of this paper and in the context 
of copolymerization.

EXPERIMENTAL METHODS 

Static Centrifugation

Excess monomer is stirred into a radical-free latex, the mixture is subse­
quently centrifuged, the supernatant monomer is removed, and the monomer 
content of the latex is determined. In this laboratory it was found con­
venient to do these determinations at various latex concentrations. If X  
is the weight fraction of polymer in the monomer-free latex, G is the weight 
of monomer-saturated sample which contains P  weight of polymer, y is 
the saturation weight fraction of monomer in water, and //„■, is the weight 
swell ratio, the following relationship holds:*

G/P = Hw +  (1 +  y)[{l/X ) -  1] (12)

Table I shows that the determined value of Hw is indeed independent of 
X  and that y obtained from latex swelling data agrees well with independent 
values. Other authors determined swelling after centrifugation by volu­
metry or spectrophotometry. The advantage of the present procedure is 
that experimental errors due to monomer polymerization, emulsion inver­
sion and monomer emulsification can be easily detected. Furthermore, the 
results are corrected for the solubility of monomer in water.

It should be noted that the value of H „ is related to Hv, the volume swell 
ratio, to the weight fraction of polymer and monomer, 12p and Qm, and to 
polymer and monomer density, dp and dm, by the following equations:

Hw = (Hv -  l)(dm/dp) +  1 =  1/Op = 1/(1 -  Qm) (13)

To convert Hv to Hv, the density values can be taken from Table III of 
Part II.

* A monomer saturated latex sample of gross weight G contains (P/X  — P) weight 
of water. The weight of monomer dissolved in water is y(P/X — P), and the weight 
of monomer absorbed in latex particles is (Hw — 1 )P. Consideration of material 
balance leads to eq. (12).
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TABLE I
Illustration of Experimental Results Obtained by the Static C 

Method of This Laboratory“
lentrif ugation

Polymer 100 A' G/P H„

Poly (methyl methacrylate )b 14 .31 9.419 3.34
12.09 10.682 3.41
9 .1 1 13.409 3.29
6.05 19.109 3.32

Poly (ethyl acrylate)0 15.174 9.793 4.15
10.069 13 .134 4 .11
5.067 23.100 4.18

Poly (n-butyl acrylate)a 15.40 8.642 3 .13
12 .15 10.441 3 .18
9.05 13 .2 12 3 .1 1
6.42 17.763 3 .13

Poly («-butyl methacrylate)0 16.22 7.800 2.61
12 .17 9.976 2.72
8 .1 1 14 .153 2.76
4.06 26.413 2.06

Poly(methyl acrylate)* 1 1 1 .9 11.59 3.82
8.2 15.78 4.02
4.46 26.43 3.94

“ All polymers were prepared isothermally at 40/60 monomer/polymer ratio; 1%  
sodium lauryl sulfate (SLS) and 0.35% K 2S20 8 were used for the first four polymers; 
for poly(methyl acrylate) 0.5% SLS and 0.1%  KiSiOs were used; the temperature was 
40°C. for the first three and 6()°C. for the last two polymers. The particle radii were 
determined by soap titration. The swelling measurements were made at room tem­
perature. The values of G, P,  and X  were experimentally determined; y was calculated 
from the least-squares fit to eq. (12), and H„  was calculated with the aid of this y value. 
The values of ym are the independently determined monomer solubilities in water.11 

•>r„ = 0.119 M; V =  0.015; ym = 0.016.
°r0 = 0.085 m; V = 0.010; ym = 0.015. 
d r0 = 0.036 ft; y = 0.004. 
e r0 = 0.051 m; y =  0.0053.
1 r0 = 0.052 m ; y = 0.050; ym = 0.052.

Static Vapor Pressure Method
Increasing amounts of monomer are added to a radical-free latex. 

Below saturation the vapor pressure increases with monomer concentra­
tion, above saturation the vapor pressure stays constant. Although the 
endpoint is difficult to determine precisely, this method is most convenient 
to use at nonambient conditions and for studying latex swelling below the 
saturation level.

Disappearance o f Monomer Droplets During Polymerization

The transition between intervals II and III occurs at this point, at a 
fractional conversion equal to S2P = l /7 /w. One can either determine 
visually tire disappearance of monomer droplets or one can note the drop 
in vapor pressure; during intervals I and II the vapor pressure over the 
system is constant.
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Maximum in the Conversion Rate-Time Curve of 
Emulsion Polymerization

In interval II the rate, given by the slope of the conversion-time curve, 
is either constant or increases with time. The rate is proportional to the 
<t>mQ product, where Q is the average number of radicals per particle. At a 
fractional conversion larger than 0P, the value of 4>m can no longer cor­
respond to saturation swelling and must therefore decrease with increasing 
time. If the decrease in 4>m is not compensated by an undue increase in Q, 
the overall conversion rate reaches a maximum at a fractional conversion 
equal to the saturation value of £2,,. In other words, there is an inversion 
in the conversion-time curve at £2P fractional conversion as shown in 
Figure 1 of Part IV for styrene and n-butyl methacrylate. The calculation 
of £2P from this inversion point is justified only for monomers which do not 
show a marked gel effect in interval III. For example, Figure 1 of Part IV 
shows that, for methyl methacrylate, the inversion point in the conversion­
time curve is at a fractional conversion higher than that corresponding to

RESULTS AND DISCUSSION

Review of Data Obtained with Homopolymer Latexes Saturated with
Their Own Monomers

According to eq. (4), the swelling of a given latex by a given monomer 
depends on such experimental variables such as the particle size, the inter- 
facial tension between particle and water, 7 , and the temperature. The 
swell ratio increases with increasing temperature and particle size, and 
with decreasing 7 . Though one would expect 7 to depend mainly on soap 
concentration, other factors may also influence it. Polar chain ends at the 
particle-water interface reduce 7 , and salts present in water tend to 
increase it.12 Even at the same polymer, monomer, soap level, particle 
radius, and temperature, the equilibrium swelling of the latex may depend 
upon the conditions of its synthesis. For convenience, the synthesis 
conditions are disregarded here. Tables II-IV  show the weight swell ratio 
values as functions of particle size, soap, and temperature of measurement.

It should be emphasized that, in most of the cited papers, the monomer 
concentration of latexes was considered to be of secondary importance. 
The experimental methods were often described inadequately, and no 
attempt was made to verify results by using different methods or by 
comparing them with results of previous literature. The monomer con­
centration in the particles was given in a variety of units, such as monomer/ 
polymer ratio or moles of monomer per liter of swollen polymer. In 
Tables II-IV  all results are converted to / / „ .  The reported radius values 
refer to the unswollen latex. The radius values of this laboratory are 
those obtained by soap titration.
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TABLE III
Saturation Swelling of Polystyrene Latexes by Styrene

r0 X 106, 
cm.

Soap Experi­
mental

method“

Temper­
ature,

°C. H „ Ref.
%  on 

polymer Type

2 1 Na lauryl sulfate C Room 2.35 TW
4 ? C Room 2.52 25
? ? D ? 2.00 16
5-9 8-9 Na lauryl sulfate C Room 2.1 -2 .7 22,23

M 25 2.2
D 25 2.2

4-6 1-5 ORR C Room 2.25 17
3 Klaurate C 40 2.57 27
3 K laurate C 50 2.51
3 K laurate c 70 2.1

3 2 Aerosol MA c Room 2.2 28
9 c Room 3.0
4.5 5.7 Na lauryl sulfate C, D b 30.5 2.08 25
4.4 5.7 > > 40.5 2.22
4.6 6.0 ” 51 2.64
3.8 8.5 ” 50.2 3.27
4.6 7.4 } 1 50.2 3.27
3.1 8.9 ” 70.9 2.58

8.5 Amphoseife M 35 2.30 24,29
40 2.35
45 2.47
50 2.11
56 2.47

? ? S 30 1.82 8
? ? S 60 2.20 8
1.35 K  laurate0 c Room 2 .8R 5
4.0 K laurate c Room 3.92b 5
8.65 K laurate c Room 5.60b 5

“ See Table II.
b Static centrifugation and monomer drop disappearance gave results in excellent 

agreement.
c After synthesis was complete, K laurate was post-added to the level of the critical 

micelle concentration in the aqueous phase. These swelling results define x =  0.43 
and 7 = 4.5 dyne/cm. in terms of eq. (4).

The following points are of interest in connection with the data of 
Tables II-IV.

(a) Static methods (either centrifugation or vapor pressure, C or S) 
and kinetic methods (either monomer drop disappearance or, at fast 
termination rates, maximum in conversion rate, D or M) give similar swell 
ratios for all monomers where such comparisons can be made (styrene; 
methylstyrene; butadiene; methyl and ethyl acrylate; methyl, n-butyl, 
and isobutyl methacrylate). During polymerization the particles must be 
swollen to an extent corresponding to static equilibrium at conversion 
values near the point where the monomer droplets disappear. It is also
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TABLE IV
Saturation Swelling of Polyfmethyl Methacrylate) Latexes by Methyl Methacrylate

To
X 106, 

cm.

Soap
Expert
mental

method

Temper- 
1 ature,
1“ °C. Ref.

%  on 
polymer Type

4-6 4.7 Amphoseife C Room 3.68 13
4 4.7 Amphoseife M 45 3.5 13

11-14 10 Na lauryl sulfate C Room 3.5 -4 . 1 24
10 Na lauryl sulfate D 25 3.8 24

22 0.2 Tergitol 7 D 60 3.3 22
5 0.2 Tergi toi 7 D 60 2.4 22

14 1 Na lauryl sulfate D 40 3.4 TW
11.9 1 Na lauryl sulfate C Room 3 .29b TW
3.6 6 Na lauryl sulfate C Room 2 .29b TW

11.9 — C Room 3.52° TW
4.6 — C Room 3. IP TW
2.3 — C Room 2.96° TW

“ See Table II.
b These results define X =  0.58 and y = 4.90 dyne /cm. by eq. (4).
0 These results define X — 0.585 d= 0.005 and 7 = 1.6 ±  0.20 dyne/cm. by eq. (4).

TABLE V
Interfacial Tensions Between Pure Monomer and Water Phases“

Latex characteristics
Interfacial tension,

dvne/cm. Weight Monomer
swell solubility

To To Radius ratio in water,
Monomer pure water latex 106, cm. H „ g-/l-b

Styrene 38.4 34.0 4.0 2.35 0.07
Isobutyl methacrylate — 21.4 3.2 2.67 5.0
n-Butyl methacrylate — 18.5 5.1 2.59 4.0
«-Butyl acrylate — 13.3 3.6 2.75 10.0
Methyl methacrylate 13.5 11.0 11.9 3.29 15.9
Ethyl acrylate — 5.9 8.5 4.15 15.1

• All latexes used in the measurements were saturated with their own monomer and 
contained 10%  solids based on water and 1 %  sodium lauryl sulfate based on polymer. 
The interfacial tensions were determined by the ring method at room temperature. 

b Data of Bovey,32 Rohm & Haas,11 and Table II.

reasonable to suppose that the monomer concentration in the particles 
would be close to the equilibrium value at much lower conversions. Con­
sequently, the hypothesis advanced by Harkins30 that the monomer con­
centration in the particles during polymerization is adjusted by a steady 
state of monomer absorption into and monomer consumption inside the 
particles is not tenable.

(6) The best investigated monomers are styrene and methyl meth­
acrylate (Tables III and IV), and the reported swell ratios vary in a rela­
tively narrow range, 2-3 for styrene and 3-4 for methyl methacrylate,
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despite the great variation in the particle size, the soap quality, the soap 
level, and the experimental temperature, because the effects of these 
variables are partially self-compensating. For example, higher soap levels 
reduce the interfacial tension and, coincidentally, also reduce the particle 
size at synthesis. This justifies the assignment of typical <pm values to 
monomers in Table III of Part II.

(c) Among the monomers which are known to be good solvents for 
their polymers in bulk, the ones with better solubility in water, such as 
vinyl acetate, methyl methacrylate, ethyl and methyl acrylate, swell their 
latex polymers to a greater extent than the poorly water-soluble styrene, 
methylstyrene, butyl acrylate and methacrylate, butadiene, and isoprcne.

TABLE VI
Saturation Swelling of Styrene and Ethyl Acrylate 

Homopolymer and Copolymer Latexes with These Monomers“

Composition (St/EA), wt.-%  „  . ,
_______________________ V_____  Weight

Swelling ro X 106, swell ratio
Polymer monomer cm. H „

56/44 100/0 6.0 2.73
80/20 2.73
56/44 3.02
20/80 3.31
0/100 3.43

100/0 100/0 4.0 2.35
0/100 2.63

0/100 100/0 8.5 2.46
0/100 4.15

a The latexes contained 1% sodium lauryl sulfate on polymer. The static centrifuga­
tion method was used to determine swelling. After the exact swell ratios were deter­
mined, monomer mixtures were added to the 56 St/44 EA copolymer latex samples 
containing 10% polymer solids so that 2/a of the monomer should saturate the latex 
phase and 'A  should be in excess. The excess monomer was separated by centrifugation 
and was analyzed by gas-liquid chromatography. The composition of this monomer 
phase was identical to the applied monomer composition indicating that neither of the 
monomers swells the latex preferentially. The value of K, defined in eq. (7 ), was therefore 
unity.

One reason for this may be that the monomer dissolved in water causes a 
reduction in the interfacial tension between the aqueous and organic 
phases. A correlation between the interfacial tension, the monomer solu­
bility in water, and Hw is shown in Table V. An illustration of the surface 
tension effect is also shown in Table VI. The monomers ethyl acrylate 
and styrene have about the same solubility parameters31 and hence the 
same solvent power. Nevertheless, ethyl acrylate is a more powerful 
swelling agent than styrene for poly (ethyl acrylate) or polystyrene homo­
polymers and styrene-ethyl acrylate copolymer because the interfacial 
tension between it and water is lower.
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Experimental Tests for the Thermodynamic Theory

Figure 2 shows that the experimental results and the theoretical predic­
tions for partial latex saturations are very similar. The theoretical pre­
dictions fit very well the data for poly (methyl methacrylate), but less 
closely the data for polystyrene. It is of interest that below saturation 
(as in the interval III of emulsion polymerization), the partitioning of the 
monomer between the latex particles and the aqueous phase adjusts itself 
so that the aqueous phase is closer to saturation than the latex particles.

Fig. 2. Swelling of latex particles at partial saturation: (•) polystyrene/styrene, r0 = 
0.02 ju, saturation swell weight ratio =  2.35, 1% Na lauryl sulfate on polymer; (— ) 
theory by eq. (5) for this polystyrene latex with assumed % = 0.35 and y  =  35 dyne/cm.; 
CO) poly(methyl methacrylate), ?•» =  0.119 m, saturation swell ratio = 3.29, 1%  Na lauryl
sulfate on potymer; (------ ) theory by eq. (5) for this M M A latex with assumed x =
0.55 and y = 11.0 dyne/cm. The assumed x  and y  values exactly satisfy the swelling 
data obtained at saturation. The value of p/po is the actual vapor pressure divided by 
the saturation value. This ratio is equal to fractional water saturation because Henry’s 
Law was shown to hold for latex-free water. For obtaining p/po, the vapor in equilib­
rium with the latex samples was analyzed by gas-liquid chromatography. The value of 
p/po is the ratio of peak heights corresponding to the monomer at partial and at com­
plete saturation.

Table VII shows that the swelling of crosslinked latex particles gives very 
plausible values of crosslinking efficiency when treated in terms of eq. (6). 
The crosslinking efficiencies calculated from latex swelling data agree 
within experimental error with those calculated from swelling results 
obtained in a homogeneous medium.
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From what is kno\\"n about polymer-solvent interactions,33 the value of
X should be about 0.2-0.6 for most practical systems. The value of 'Y may
range from 1 to 30 dyne/em. The radii of latexes for which swelling data
are available range from 2 to 14 X 10-6 em. If the monomer molar volume
is about 100, the swell ratios at room temperature should be in the 1.6-20
range \\"hen calculated by the theory of Morton et al. [ego (4)].

TABLE VII
Swelling of Cru~~linked Cupolymers of Butyl Acrylate and Butylene Diacrylate·

Bulk swelling with
Latex swelling with pyridine·

butyl acrylate monomer"
Cross-

Cross- linking
BDA linking effi-

in polymer, I"u X 105, efficiency, ciency,

% cm. H,. %d H v %d

0 1 443
0.1 1. 38 4.21 100 12.8 100
025 1.38 3.98 51 10.0 88
0.5 1. 32 3.79 43 8.6 62
1 1.32 3.56 58 6.4 55
5 1.43 2.49 36 3.1 52

a All latex samples contain 0.56% Triton X-202 based on polymer.
b Latex swelling with butyl acrylate was determined by static centrifugation. Tu

interpret these data, 100% crosslinking efficiency was assumed for 0.1 % butylene di­
acrylate (BDA) in the polymer. The combined data of 0 and 0.1 % BDA define,
in terms of eq. (6), x = 0.565 and "Y = 3.25 dyne/cm. For latexes containing more
than 0.1 % BDA, the M. values were calculated with the aid of these fixed x and "Y

values.
e "Bulk swelling" in pyridine was carried uut by adding pyridine to the latex, and

subsequently distilling out the water. For all crosslinked polymers a dispersion of
swollen particles was thus obtained. The swelling of particles was estimated with the
aid of the Einstein law from the viscosity of the pyridine dispersion. In calculating Me
values, it was assumed that "Y between the particles (swollen with pyridine) and pyridine
is zero. Assuming 100% crosslinking efficiency, the swelling data of the polymer with
0.1 % BDA defines x = 0.39. This value was used in calculating the other M. values.

d The reported crosslinking efficiency is the amount of difunctionally reacted BDA,
calculated from the M. values, divided by the total BDA content.

With the exception of the data for vinylidene chloride and vinyl chloride,
for which X could be much greater than 0.6, all available swell ratios sum­
marized in Tables II-IV are in the range 1.6-9, well within the theoretical
predictions.

The available X and 'Y values of Table VIII calculated according to the
theory from latex swelling data are plausible. Exact comparison with
independently determined values is at present not possible, because X

depends on concentration and molecular weight when it is determined from
thermodynamic properties of solutions, and because the true value of 'Y at
particle-water interfaces cannot be directly determined.
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Styrene and toluene are similar solvents and should give similar % values 
with polystyrene. The x values obtained with toluene solutions of poly­
styrene vary between 0.3 and 0.4434-36 and are in the same range as the 
corresponding values in Table VIII. The x values of poIy(methyl meth­
acrylate) in Table VIII seem too high. Since this polymer dissolves in its 
monomer in bulk, x <  0.5 is expected.31 It is possible that water dissolved 
in monomer raised the x value by reducing the solvent power of the mono­
mer.

Morton et al.5 post-added soap to their polystyrene latex samples. In 
their swelling experiments the potassium laurate was at the critical micelle 
formation concentration and the monomer/latex interfacial tension was 14 
dyne/cm., as determined by the De Nouy ring method. This value of y 
was higher than that calculated by eq. (4) and shown in Table VIII 
because the ring method is not accurate when applied to soap solutions. 
The soap molecules adsorb into the interface rather slowly. When the 
interfacial film is suddenly ruptured in a ring measurement, the equilibrium 
conditions are not established. Roe and Brass37 measured 4 dyne/cm. 
interfacial tension between toluene and aqueous potassium laurate at the 
critical micelle concentration. These authors used an equilibrium method, 
the drop volume method, and their result is quite close to the value of 1.8 
dyne/cm. predicted by the theory. In this laboratory, poly(methyl 
methacrylate) latexes swollen with the monomer gave 4.9 dyne/cm. inter­
facial tension according to the theory. The experimental interfacial ten­
sion between the monomer-saturated latex and the water-saturated mono­
mer was 11.0 dyne/cm. by the ring method. It is likely that the drop 
volume method would have given a lower interfacial tension and better 
agreement with the theory.

Swelling of latex particles with a blend of two monomers is described in 
Table VI. The monomers were styrene and ethyl acrylate, whose solu­
bility parameters (8.7 and 8.4 cal.°'5/cc .n-5) and molar volumes (115 and 
109 cc./mole) are very similar.31 For this case it is justifiable to set xiP = 
X2P. X12 =  0, and/ = 1. Substitution in eqs. (7), (10), and (11) gives K  =
1. The footnote of Table VI shows that this theoretical expectation is 
fulfilled. Though blends richer in ethyl acrylate swell the particles more 
than those richer in styrene, there is no preferential enrichment of ethyl 
acrylate in the latex particles. It would be desirable to obtain latex 
swelling data with a blend of two very dissimilar solvents for which the 
theory predicts K  values differing from unity, but such data are as yet 
unavailable.

Results Relevant to the Kinetics of Emulsion Polymerization
In developing a theory of emulsion polymerization, Medvedev et al.3s :in 

assumed that all unconverted monomer is absorbed into the latex particles 
from the beginning of the reaction, that the surface area between the 
monomer-swollen latex particles and the aqueous phase is constant through­
out the reaction, and that the propagation rate is controlled by the diffusion
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of monomer to the surface of the particles. These assumptions would hold 
only if the latex particles absorbed large quantities of monomer; below 10% 
conversion a swell ratio larger than ten would be required. The experi­
mental data and theoretical considerations presented above show that these 
assumptions are not realistic.

Parts I and III1'* assumed that, during emulsion polymerization, <f>m is 
constant in intervals I and II, i.e., until separate monomer phase is present. 
The validity of this assumption would require that the equilibrium value of 
<jjm corresponding to saturation must be independent of particle size within 
the range of particle size variation during emulsion polymerization. 
Evidently, this assumption cannot accurately correspond to facts. In this 
context two questions are pertinent: (?) If <j>m varies with conversion,
how does this affect the precision of theoretical predictions? (2) How 
much in reality does cj>m vary with conversion?

Parts I and II showed that particle nucléation is completed at low con­
version. During the interval of particle nucléation (interval I) the lowest 
possible particle radius would be the radius of a micelle, approximately
2.5 X 10~7 cm.40 The theory also predicts that for most monomers and 
most practical recipes the particle radius at the completion of particle 
nucléation should be less than 2.5 X 10~r> cm. During interval I the 
particle surfaces are saturated with soap so that the interfacial tension 
must be low, only few dyne/cm. It is also safe to assume x values less 
than 0.5 for most monomers. Inspection of Figure 1 reveals that, under 
such conditions, cf>m may, at most, increase 1.5-fold during interval I.

The most sensitive test for the particle nucléation theory is the compari­
son of calculated and experimental particle radii. The theoretical equation 
for particle radii [eq. (12) of Part II] contains 4>m in the form [0m/ (  1 — 
4>m)]°-133. Even if the 4>m values used in calculations according to this 
equation were 50% in error, the error in most calculated particle radius 
values would be less than 15%.

Another important equation of the theory for interval I predicts that the 
conversion at the completion of particle nucléation (Pcr) is proportional to 
cf)m°-2(l — <j),„)0'8. If the value of <fim used in calculating Pcr is over-estimated 
by 50%, the error in P cr is likely to be less than 15%.

In interval II the monomer-swollen particles continue to grow, and at the 
end of this interval they attain approximately the same size as that of the 
fully polymerized particles. In most kinetic experiments interval II is 
completed below 50% conversion. It should also be kept in mind that 
meaningful kinetic data cannot be obtained below 1% conversion. Thus 
during the kinetic measurements the average particle volume can change 
at most 50-fold and the average particle radius can change at most 4-fold. 
It is likely that for most practical systems </>,„ > 0.4, and r0 >  1 X 10b cm. at 
the beginning of interval II. Since at the beginning of interval II the 
particle surfaces are saturated with soap, the value of y should not exceed 
10 dyne/cm. If x <  0.5, Figure 1 predicts that 4>m should increase by less 
than 25% during interval II at constant y. However, in reality such
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variation in <f>m hardly takes place. As the particles grow, their surfaces 
become partially saturated with soap and the interfacial tension increases. 
This increase in 7 may reduce t/>m and compensate for the effect of increasing 
r0 which, in itself, would cause an increase in <f>m. Experimental results 
obtained by Van der Hoff41 and by Herzfeld et al.42 suggest that <£m decreases 
by at most 25% during interval II of the emulsion polymerization of 
styrene. In this laboratory, the emulsion polymerization of methyl 
methacrylate was short-stopped at various conversions, more monomer was 
added to the latex and 4>m at saturation was then determined by static 
centrifugation. The <t>m values were almost constant and varied randomly 
between 0.70 and 0.73.

According to the theory of interval II, independent parameters can 
predict the values of B, a constant in the conversion-time relationship 
P  = At2 +  Bt, and of the molecular weight, AfgE, which would be obtained 
at infinitely fast termination. The pertinent equations [eqs. (7) and (17) of 
Part IV] are influenced by <j>m through the term <£mn-6(l — 4>m)0-4- This 
term is relatively insensitive to the value of and even an unlikely 50% 
error in the value of 4>m would cause only few per cent error in predicting B 
and M s e -

In summary, theoretical predictions and experimental data indicate that, 
during intervals I and II, the monomer concentration in the particles 
varies little with conversion as long as a swelling equilibrium corresponding 
to saturation is maintained. The expected variation in the <fim values does 
not cause significant error in the theoretical predictions concerning the 
kinetics, particle size, and molecular weight.

Some Notes on Copolymerization in Latex Systems

The classical theory of homogeneous copolymerization gives the ratio of 
two monomers incorporated into the polymer as a function of the ratio of 
the amounts of unconverted monomers. The theory uses two parameters, 
the reactivity ratios ru and r21.

In emulsion copolymerization the ratio of unconverted monomers, 
determined experimentally, is characteristic of all monomers present, to 
those dissolved in latex particles and in water, and those present in the 
binary monomer phase. However, only the ratio of monomer concentra­
tions at the locus of polymerization, within the latex particles, influences 
the copolymerization. If the solubility of the two comonomers in water is 
low, and if the conversion is also low, the experimentally determined ratio of 
two monomers approximately equals the ratio of monomers in the binary 
monomer phase, ri/i>2- The ratio of monomer concentrations in the latex 
particles is then 0i/<£2 = Kvi/i>2 [cf. eqs. (7)—(11) ]. Under these condi­
tions, the effective reactivity ratios, r*v, and r*21 are:32

r*u = K  )•]2

r*2i — T21/K
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V2 ■  Volume Fract i on  of M o n o m e r - 2 in Binary Monomer  Phas e

Fig. 3. Composition ratios calculated according to the Krigbaum-Carpenter theory. 
By definition K  is larger than unity if there is a relative enrichment of monomer 1 in 
the particles.

At the other extreme, at high conversions in interval III, the monomers 
are entirely within the latex particles (if the solubility of monomer in water 
is low). The experimentally determined ratio of unconverted monomers 
then equals that at the polymerization locus.

It is evident that the maximum deviation from the reactivity ratio 
scheme during intervals I and II is measured by the deviation of A" from 
unity. Figure 3 shows that K  should not deviate from unity by more than 
40%. Consequently, preferential enrichment of one monomer in the latex 
particles is not likely to cause more than 40% discrepancy between the 
reactivity ratios determined by homogeneous and by emulsion polymeriza­
tion. The reported reactivity ratios, determined either by emulsion or by 
homogeneous polymerization, often lack precision and can be associated 
with experimental errors larger than 40%. Within the accuracy of the 
available data, copolymerization in emulsion and homogeneous medium 
should therefore define comparable reactivity ratios. This prediction is 
confirmed by data obtained before 1955, reviewed by Bovey et al.,32 and by 
more recent data.43'44 lo r  highly water-soluble monomers, such as 
acrylonitrile, a correction for solubility in water must be applied.

Bovey et al.32 showed that in the emulsion copolymerization of styrene 
and butadiene the styrene content of the copolymer may occasionally pass 
through a minimum with increasing conversion. This result is inconsistent 
with the reactivity ratio theory, and Bovey et al.32 explain it by assuming 
that diffusion of the monomer to the polymerization locus was controlling 
the rate of polymerization. An alternate interpretation is suggested by 
the results of Figure 3 and the foregoing discussion: the minimum may be
caused by the variation in the values of A, r*V2, and r*2i with increasing
conversion.
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The thermodynamic theory predicts that only two comonomers with 
equal molar volumes, equal solubility parameters, and equal polarity, i.e., 
with identical solvent properties, should obey strictly the reactivity ratio 
scheme in emulsion polymerization. Only such comonomers are associated 
with K  values equal to unity irrespective of their concentrations.

The latex samples of Table VII were supplied by Mr. C. F. Ryan and their swelling 
in pyridine was determined by Mrs. F. R. Farnum. The other experimental work wras 
carried out by Mr. E. M. Young.
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Eftect of Acetylene on the 7 -Radiation-Induced 
Polymerization of Ethylene

HIROSHI MITSUI, FUMIO HOSOI, M IYUKI HAGIWARA, and 
TSUTOMU KAGIYA, Japan Atomic Energy Research Institute, 
Takasaki Radiation Chemistry Research Establishment, Takasaki, 

Gunma, Japan

Synopsis

The effects of acetylene on the 7-radiation-induced polymerization of ethylene were 
studied from the viewpoint of the gaseous products and polymer structure. The experi­
ments were carried out under a pressure of 400 kg/cm 2; the temperature was 30°C; 
the dose rate was 1.1 X 105 rad/hr; and the acetylene content was 0-20%. The solid 
polymer was obtained in the polymerization of ethylene containing 2.2%  acetylene, 
while the monomer containing 19.7% acetylene gave a yellowish viscous oil. The poly­
mer yield and molecular weight decreased remarkably with acetylene content. The 
main gaseous product was hydrogen, and trace amounts of butane, butene-1 , buta­
diene-1,3, and benzene and its derivatives were also observed. The rate of formation of 
hydrogen was almost independent of acetylene content and there was no difference in 
acetylene contents before and after the irradiation was found. The infrared spectra of 
the polymers showed the presence of vinylidene, frans-vinylene, and terminal vinyl 
unsaturations, 1,4-disubstituted benzene, and carbonyl groups. The contents of 
/rans-vinylene, terminal vinyl, and methyl groups increased with acetylene content, 
and that of vinylidene was independent of acetylene content. The monomer reactivity 
ratios of ethylene and acetylene were evaluated as 45.5 and 66.0, respectively. On the 
basis of the results, the effects of acetylene on the 7-radiation-induced polymerization of 
ethylene were discussed.

INTRODUCTION

la  the previous papers,12 we reported that hydrogen and acetylene are 
formed as by-products in the 7 -radiation-induced polymerization of ethyl­
ene under high pressure. Munari et al.3 studied the effects of acetylene on 
the ethylene polymerization under a low pressure of 45 kg/cm2, and re­
ported that the polymer yield, molecular weight, and melting point de­
crease markedly with acetylene concentration, the number of methyl groups 
per 1000 carbon atoms of the polymer increases, and the number of un­
saturations is little affected by acetylene.

The purpose of this paper is to elucidate the role of acetylene in the poly­
merization under a high pressure of 400 kg/cm 2 from the viewpoint of the 
gaseous products and the structure of the polymer formed in the polymeri­
zation of ethylene containing acetylene.
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EXPERIMENTAL

The reaction apparatus, ethylene monomer, and irradiation facilities 
were the same as described in the previous paper.4 Commercially available 
acetylene (99.9% pure) was used. After the reaction vessel was evacuated 
and filled five times with a premixed ethylene-acetylene mixture containing 
the desired amount of acetylene to about 20 kg/cm2, the vessel was charged 
with the mixture to a pressure of 400 kg/cm2 at 30°C. The experiments 
were carried out under an initial pressure of 400 kg/cm 5; the temperature 
was 30 ±  1°C, and the dose rate was 1.1 X 105 rad/hr.

Hydrogen, methane, and ethane were determined by the same methods as 
described in the previous paper.4 Acetylene was determined at 170°C by 
using a Hitachi KGL-2A gas chromatograph provided with a 7 m column 
packed with squalane (20%) and with higher aliphatic hydrocarbons at 
S0°C by using the same gas chromatograph. A Shimadzu GC-1B gas 
chromatograph provided with a 3-m tricresyl phosphate (30%) column was 
used at 100°C for detection of benzene and its derivatives.

The molecular weight of solid polymer was determined from the intrinsic 
viscosity measurement5 and that of the greaselike polymer from the reduced 
osmotic pressure measurement in tetralin solution at 110°C by using a 
high-speed membrane osmometer, Model 502 (Mechrolab Co.) provided 
with OS-gel cellophane film (S & S Co.).

The infrared spectral measurement was made with films (about 0.2 
mm thickness) for solid polymers, and with the use of NaCl cells (0.05 
mm thickness) for the greaselike and oily polymers. The measurements 
were made with a Nippon-Bunko Model DS-301 infrared spectrophotom­
eter using NaCl optics. The double bond and methyl group contents of 
the polymer were determined from the infrared spectrum as described by 
Cernia et al.6 and Bryant et al.,7 respectively.

RESULTS AND DISCUSSION

Effects of Acetylene on the Polymer Yield and Molecular Weight

All experimental results are summarized in Table I. The ethylene 
containing 0-2.21% acetylene gives solid polymer as a main product, and 
the monomers containing 12.9 and 19.7% acetylene give a colorless grease 
and a yellowish, viscous oil, respectively.

Both polymer yield and molecular weight decrease remarkably with 
increasing acetylene content (Fig. 1). In Figure 1, the extent of the reduc­
tion of polymer yield is much larger than that of molecular weight at the 
acetylene content below about 0.4%, while, though the difference is small, 
the situation is reversed when the acetylene concentration is increased more 
than about 0.4% because the molecular weight is depressed more than the 
polymer yield. As the result, the number of moles of polymer chain (de­
fined as the ratio of the polymer yield to the molecular weight) decreases
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Fig. 1. Effects of acetylene content on (O) the polymer yield and (•) the molecular 
weight. Reaction pressure, 400 kg/cm 2; temperature, 30°C; time, 2 hr; dose rate, 
1.1 X 105rad/hr; reactor volume, 100 ml.

Fig. 2. Relation between the number of moles of polymer chain N p and acetylene con­
tent. Reaction conditions same as given for Figure 1.

Effects of Acetylene on the Gaseous Products

As can be seen in Table I and Figure 3, no marked difference in acetylene 
contents before and after the irradiation is observed. Hydrogen formation 
is, however, clearly observed, and its amount is independent of acetylene 
content. This result indicates that the reaction of formation of hydrogen
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Fig. 3. Relation of (O) acetylene contents determined before and after irradiation 
and (•) t he effects of acetylene content on the hydrogen formation. Reaction conditions 
same as given for Figure 1.

proposed in previous paper2 is not affected by adding acetylene. Further, 
the results of runs 0 and 7 show that the trace amounts of butane, butene-1, 
butadiene-1,3 and benzene and its derivatives are also formed during 
irradiation. This result indicates that acetylene acts as a terminator, and 
that cyclization of acetylene trimcr takes place.

Effects of Acetylene on the Polymer Structure

Figure 4 shows the infrared spectra of the polymers obtained by runs 1 
(polymer A), 6 (polymer B), and 7 (polymer C) given in Table I. The 
band attributed to the triple bonds (2140-2100 and 2200-2190 cm-1) are 
not observed in the spectra of polymers A, B, and C. This means no 
initiation from the radical having a triple bond formed by radiolysis of 
acetylene takes place. A peak near 1040 cm-1, assigned to nonconjugated 
C = C  stretching vibration, is observed, while a peak for conjugated C = C  
(near 1000 cm-1) is not observed. The absorption bands near 110.5, 1040, 
1015, and S10 cm-1 in polymers B and C show the presence of a 1,4- 
disubstitutcd benzene structure in these polymers. Further, the carbonyl 
group band (near 1720 cm-1) observed in both spectra of polymers B and C 
suggests that these polymers contain structures which are readily oxidized.

Table I and Figure 4 show that polymer A lacks both unsaturations of 
terminal vinyl (90S and 990 cm-1) and irans-vinylene (904 cm-1), and has 
only a small amount of vinylidene (888 cm-1), while polymers B and C have 
relatively large amounts of terminal vinyl and ¿rans-vinylene groups. As 
shown in Figure 5, contents of both the terminal vinyl and trcms-vinvlene 
types increase almost equally with acetylene content. From the results, it 
is concluded that the terminal vinyl and bwis-vinylene groups ate formed
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WAVE NUMBER ( CM_ i )

Fig. 4. Infrared spectra of polymers formed by •y-radiation-induoed polymerization 
of (A) pure ethylene at 2 hr (polymer A, film 2 mm thickness), (B )  ethylene containing 
12.9% acetylene at 30 hr (polymer B, NaCl cell, 0.05 mm thickness), and (C) ethylene 
containing 19.7%, acetylene at 150 hr (polymer C, NaCl cell, 0.05 mm thickness). Re­
action pressure, 400 kg/cm2; temperature, 30°C; dose rate, 1.1 X 105 rad/hr; reactor 
volume, 100 ml.
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Fig. 5. Effects of acetylene content on the contents of unsaturations and methyl 
group in the polymers formed: (O) terminal vinyl group; (0) irares-vinylene group;
(CD) vinylidene group; (•) methyl group. Reaction conditions same as given for 
Figure 1,



EFFECT OF ACETYLENE ON POLYMERIZATION OF ETHYLENE 2887

by the reaction of acetylene with the growing polymer, while, the vinyl- 
idene unsaturation is not affected by adding acetylene (Table I and Fig. 5).

In Table I and Figure 5, the increase in methyl group content with 
acetylene indicates the increase of short-chain branching by the backbiting 
intramolecular hydrogen transfer mechanism.8 Although the role of 
acetylene in the backbiting mechanism is not clear, the fact that the methyl 
group content is much larger than the unsaturation leads to the presentation 
of a mechanism for the activation volume contraction by the coordination
of acetylene.

H, Ho 1 ~ r
h <L H C H eR— C  ̂ CH,
1 1 -

R— "CH,
-  I I

R— C  ̂ CH; 
1

H c.CH2 ,H „/CH,
hc; /V

Hv c^ch:
11

Ho
+

x -  k
H ■

H2
+

HC=CH HC=CH

Monomer Reactivity Ratios for Copolymerization

Since conjugated double bonds and triple bonds are lacking in the polymer 
formed in the polymerization of ethylene containing acetylene, the total 
amount of acetylene introduced into the polymer is estimated as that of 
terminal vinyl and h’ans-vinylene groups.

The propagation reactions occurring when ethylene (E) and acetylene 
(A) are present may be written as in eqs. ( l ) - (4 ) :

&KF,
E- +  E ----------> E* (1)

k EA
E • +  A -----------> A- (2)

A- +  A -
k \.\

---------> A- (■ ’>)

k.\ K
A • +  E ----------> E- (4)

Here E- and A- represent chain free radicals having ethylene and acetylene 
ends, respectively; kKE, kKA, kAA, and kAE are rate constants of reactions 
(1), (2), (3), and (4), respectively. If it is assumed that the rate of each 
elementary reaction is proportional to the concentration of each monomer 
the copolymerization equation is then introduced as follows:8-10

e/a =  [E](rK[E] +  [A ])/[A ](rA[A] +  [E]) (5)

where e and a represent mole fractions of ethylene and acetylene, respec­
tively, in the copolymer, [E] and [A] are their mole fractions in monomer 
mixture, )y; and rA the ratios of propagation rate constants, i.e., rE = 
/•'ia-://cea and rA =  kAA/kAE.

From the results given in Table I, the values of rE and rA are calculated 
according to the method of Fineman et al.11 as 45.5 and 66.0, respectively.
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The fact that no conjugated double bond is observed in the polymers 
indicates reaction (3) scarcel}'' occurs. It is, therefore, concluded that 
reaction (4) also occurs to a small extent because of the large rA. From 
these results, it is concluded that no addition of ethylene or acetylene takes 
place to an acetylene end stabilized resonance as shown in eq. (6):

R„— C H 2— C H 2 +  C 2H 2 —  R„— C H 2— C H 2— C H = C I I
11R „— C H 2— C H = C H — G H 2
11 .R „— C H 2— C H — C H = C H 2

(6)
This consideration is consistent with the fact that only terminal vinyl and 
¿rans-vinyleno groups are formed in the polymerization of ethylene con­
taining acetylene.

CONCLUSION

The 7-radiation-induced polymerization of ethylene is markedly retarded 
by adding acetylene. The retardation is caused by the addition of acety­
lene to a growing radical to form a chain free radical having an acetylene end 
which is stabilized by resonance and scarcely reacts with ethylene or acety­
lene. The increase in the number of short-chain branches in the polymer 
formed in the presence of acetylene is well interpreted by a mechanism of 
activation volume contraction by the coordination of acetylene. The 
reaction of formation of hydrogen is not affected by acetylene, and the 
cyclization of acetylene trimer also takes place with the y-irradiation.
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Study on Modification of Polymers with the Aid 
of the Schmidt Reaction

A. RAVVE, Corporate R&E, Continental Can Company, Chicago,
Illinois, 60620

Synopsis
A study of the Schmidt reaction on several polymers with pendant carboxylic and 

ketone moieties was carried out. Four polymers were used as starting materials: (1)
poly(methyl vinyl ketone), (2) poly(acrylic acid), (3) a copolymer of methyl vinyl ketone 
and acrylic acid, and (4) a copolymer of styrene and acrylic acid. Alost reactions were 
conducted in an acetic acid medium with the exception of one reaction on poly(acrylic 
acid) which was done in dioxane and another on copolymer of styrene and acrylic acid 
done in chloroform. It was found that a Schmidt reaction on poly(acrylic acid) in 
acetic acid solution will lead to intermolecular reactions of the intermediate with the 
solvent in preference to reactions with neighboring carboxyl groups on the polymer back­
bone. A tendency of poly(acrylic acid) to form cyclic anhydrides under these reaction 
conditions interferes with the yield of acetamide units.

Smets and co-workers1 demonstrated that the Curtius and Lossen 
rearrangements on poly (aery lyl chloride) lead to fairly regular polyam­
pholytes. This was also found to be true when the Hoffman reaction was 
carried out on polyacrylamide.2

The Schmidt reaction on poly (acrylic acid) was not investigated. It is 
commonly assumed that this rearrangement goes through similar inter­
mediates and may be expected to yield similar products.

Aldehydes and ketones are more reactive towards hydrazoic acid than 
are carboxylic acids.3 A Schmidt reaction on a polyketone was reported 
by Van Paesschen,4 who formed poly (p-acetami no-sty re ne) from poly- 
acetylstyrene. Also, Alichel and Murphey5 carried out intramolecular 
rearrangement on poly ketones to form polyamides.

The work by Van Paesschen4 is particularly significant because he found 
that acetic acid is a good solvent medium for this reaction on polyketones. 
No difficulty was apparently encountered from the fact that the carboxylic 
groups of acetic acid may themselves be reactive towards hydrazoic acid 
and are present in large excess.

This paper describes results from carrying out the Schmidt reaction on 
four polymers: (1) poly (methyl vinyl ketone); (2) poly(acrylic acid);
(3) a copolymer of methyl vinyl ketone and acrylic acid; and (4) a copoly­
mer of styrene and acrylic acid.
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RESULTS AND DISCUSSION
The mechanisms of reactions of hvdrazoic acid with carboxylic acids 

and with ketones were adequately described elsewhere.6 When the ketones 
are unsymmetrical (as would be the case of macromolecules with pendant 
reactive moieties), then the bulkier of the R groups are usually expected 
to migrate preferentially.6 It appears that this type of migration was 
actually observed by Van Paesschen.4 The same should probably be 
expected in rearrangement of poly (methyl vinyl ketone) to poly(Ar- 
acetyl vinyl-amine).

With respect to reactivity of carboxylic acids, the Schmidt reaction is 
presumed to differ slightly from the Curtins reaction in that it involves a 
protonated int ermedi at e.6 •7

0
—C#

\
OH

IINa

mso.

()
/ “ ^ N = C ~ 0

- c —* 1
\ H

M I \.+ L +  J

Hi

Also, in this case the lower homologs appear to be less reactive. Thus, 
acetic acid was found to give poor yields of methylamine.6 Some dicar- 
boxylic acids like succinic and its lower homologs also fail to give good 
yields of diamines.6 On the other hand, others, like adipic acid, give 
satisfactory high yields.6

In carrying out the reaction on poly (acrylic acid), one might expect 
that functional interaction of neighboring isocyanate groups with carboxylic 
acid groups should lead to formation of large amounts of lactam rings. 
At the same time, if the reaction is carried out in acetic acid solvent, as 
done by Van Paesschen,4 then formation of acetamide structures might 
turn out to be competitive with formation of lactams. The reaction 
product might then have pendant groups as shown in I

-pCIb—CH-pn-f-CHa—CH—CH2—CG-f-«
j I

H X N --------------C = 0
! f

0 = C  11
I

1
as well as, perhaps, some unreacted carboxyl groups, depending upon the 
yield.

On the other hand, an all-poly (vinyl acetamide) structure should be 
identical to one produced from the Schmidt reaction on poly(vinyl methyl 
ketone), provided that very high conversions are possible in the latter 
case.

t CH >—CH-pn

C = 0

CH;,

UN's

HsSOi
+ C H 2—CH-K

I
HN

o = c
c h 3

(2)
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4000 3000 2000 1500 CM' 1000 900 800 700

So, presumably one might arrive at polymers with similar structures by 
starting with two different macromolecules via this rearrangement. This 
will, of course, only be true if the conversions are high and in the reaction 
of poly (acrylic acid), the isocyanate intermediate reacts preferentially with 
acetic acid and not intramolecularly.

The reaction was, therefore, first carried out on poly(vinyl methyl 
ketone), polymer I, by employing conditions used by Van Paesschen.4 
Only a 42.2% conversion (based on nitrogen) was achieved. The data on 
the product, polymer II, are summarized in Table I.

Infrared spectrum of polymer II is shown in Figure 1 with the assign­
ment of the significant peaks given in Table I.

Further information on the structure of the product is indicated from 
the nuclear magnetic resonance spectrum shown in Figure 2 and sum­
marized in Table I. Both newly formed acetamide groups and unreacted 
methyl ketone groups appear present .

Although reactions of hydrazoic acid with ketones can often lead to 
tetrazole formations, especially when there is an excess of the reagent,6 
no indication of such structures can be detected from NMR spectra.

Thus, we can conclude that the structure of polymer II is as shown

- ( - e i h — C I I -K T -C I I — C I I + ,„
1 1

i r—n  c = o
\  I

C—CH3 C lh

o
I I

Poly (acrylic acid), polymer III, was reacted in two different solvents, 
in dioxane and in glacial acetic acid. The results are summarized in Table 
II. The conversion in dioxane was considerably poorer than in acetic acid, 
as judged from the nitrogen content of the product, polymer IV. Both 
reactions were carried out at 60°C. The best results were obtained in
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preparing polymers V and VII at that temperature in acetic acid. It is 
significant that when the reaction was carried out at higher temperatures 
to obtain polymer VIII, lower conversions resulted. Also, when this was 
done at room temperature to obtain polymer VI, the yield again was very 
poor. When some acetic acid was replaced by acetic anhydride, no appar­
ent conversion took place. Instead, poly(acrylic acid) appeared to convert 
in part to poly(acrylic anhydride), yielding polymer VIII. The fact 
that hydrazoic acid reacted preferentially with the polymer rather than 
with acetic acid, which is in great excess, is significant as well. This might 
perhaps be attributed to a neighboring group effect in addition to poor 
reactivity of acetic acid. Thus, when this reaction was attempted in the 
presence of an equimolar quantity of glutaric acid, which possesses the 
same number of carbons between the carboxylic groups as does polyacrylic

4000 3000 2000 1500 CM 1000 900 800 700

Fig. 3. Infrared spectra of (------ ) polymer V and (-----) polymer III.

acid, completely unreacted polymer was recovered. No attempt was made 
to isolate the product from glutaric acid.

The infrared spectrum of polymer V is shown in Figure 3. Interpreta­
tion of this spectrum and all other products from poly (acrylic acid) is given 
in Table II.

It is hard to determine from the spectra alone whether the amide absorp­
tions at 6.05 /r were due to cyclic structures or due to acetamide groups. 
Presence of unreacted carboxyl groups in the product complicate the pic­
ture as carbonyl absorption from 7 lactams was observed at 5.7-5.9 /», in 
the same place as the C = 0  absorption from carboxyl groups.8

It was possible to obtain NMR spectrum from polymer IX  due to its 
solubility in perfluoracetone. This is shown in Figure 4. A strong chemi­
cal shift at 5.3 ppm appears to be due to methylene protons of a cyclic 
anhydride group, though such a group would normally be expected to 
yield a doublet. Such a doublet, however, might be beyond the resolution 
capabilities of the instrument.
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The pre~ence of thi~ group is further indicated in the infrared spectrum
shown in Figure 5. The new peak at 8.7 j.I. is commonly associated with
C-O stretching of cyclic anhydrides in which ring strain is involved.8 - to

Because the prlJducts from Schmidt reactions on poly(acrylic acid) were
quite insoluble and, therefore, difficult to study, two copolymers were
prepared with methyl vinyl ketone. The first one contained 71.8% methyl
vinyl ketone, polymer X, and the second 40% of methyl vinyl ketone,
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polymer XI. Sufficient quantities of hydrazoic acid were used in the
rearrangements to react with all pendant ketones and carboxyl groups Oil

the backbones. The results are summarized in Table III.
Infrared spectra of polymer XII, the product from reaction on polymer

X, are shown in Figure 6.
The NNIR spectra of polymer XI and its product, polymer XIII, are

shown in Figures 7 and 8. The shift at 3.5 ppm seen in Figure 7 appears to
be due to presence of moisture. 11
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Figure 8 indicates the presence of two different types of methyl group in
polymer XIII, at 2.1 ppm, and a doublet at 3.0 ppm and at 3.1 ppm. 1O

The peak due to chemical shift at 5.5 ppm is quite similar to the anhydride
peak of polymer IX, shown in Figure 4. The chemical shift at 8.1 ppm
appears to be due to an amide hydrogen. II Thus, it appears t.he Polymer
XIII may have only the structures III-VI present:

+CHz-CH+",+CH2-CH+,'+CH2-C!I+o+CH2-CH-CH2-CH+1'
I I I I I

HN O=C O=C C C
I I I /"'-- /o=c CIIa OH 0 0 0
I

CIIa
III IV V VI

CWoroform and benzene are two solvents originally recommended for
carrying out the Schmidt reaction on carboxylic acids. 6 Because poly­
acrylic acid is virtually insoluble in these solvents, as::2 copolymer of
styrene and acrylic acid, polymer XIV, was prepared. The rearrangement
was then carried out in cWoroform to yield polymer XV. The results are
shown in Table IV. Infrared spectrum of polymer XV is shown in Figure

1413126543

i
, 1.0

a f---~-'------~----------,---,---,--.~---r-----,--.,---J )j
15

Fig. 9. Infrared spectra of (--) polymer XV and (- --) polymer XIV,

9. The C=O absorption of the carboxyl group is almost all gone and re­
placed by amide C=O absorption at G.1 J1.. As the combustion analysis
indicates that there are approximately as many oxygens as nitrogens
present, it appears that in this case ampholyte structures did form similarly
to Curtius and Lossen rearrangements carried out by Smets. 1 •

The above considerations fail to resolve the structure of the product
obtained by carrying out the Schmidt reaction on polyacrylic acid in acetic
acid solution. Some additional light can perhaps be shed on the composi­
tion of the products by combustion analysis. Polymer V was found to
have the following analysis: C, 50.11%; H, 8.06%; ',9.10%; 0, 31.45%.
Polymer VII was fowld to have the analysis: C, 50.30%; H, 7.75%; K,
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TABLE IV
Summary of Results From Carryiug Out Schmidt Reaction on Polymer XIV

2903

Reaction
product

Nitrogen
content,

%

Con­
version

of
carboxyl
grollpS to
lactam, %

IH analysis

Int,erpretatioll

Poly-
mer XV

1. 78 93 .'i.6;i(w)
;j,80(w)
6 OO(w)

from carboxyl
or from anhydride,
or lactam secondary
amide, Amide I (v
C=O)

7.70%; 0, 34.25%. A possible polymer structure of one acetamide group
to one carboxyl group (VII)

+CH2-CH-CH2-CH+
I I

H-N C=O
I I
C=O 0
I H
CH3

VII

would have the composition: VII C, 53.51%; H, 7.20%; N, 9.15%; 0,
31.21%. All other structures containing lactams and acid anhydrides
would raise the carbon content and lower the nitrogen content. On the
basis of these considerations, it appears that a Schmidt reaction on poly­
(acrylic acid) in acetic acid solution will lead to predominantly intermolec­
ular reactions of the isocyanate intermediate. At the same time, the ten­
dency to form cyclic anhydrides under these conditions when sulfuric acid is
present is competitive and lowers the yields.

The reasons for the lack of reactivity on the part of poly(acrylic anhy­
dride) to hydrazoic acid is not clear. It was shown that such a reaction can
take place with some low molecular weight anhydrides and leads to good
yields of diamines. 6 Here, however, we may be dealing with steric hin­
drance.

EXPERIMENTAL

Preparation of Polymers

Preparation of Poly(vinyl Methyl Ketone), Polymer I. Freshl~, distilled
(met.hyl vinyl ketone) monomer, nf? = 1.486, was pol~'merized at 80°C
in benzene solution, with the use of 1% benzoyl peroxide initiator, inert
atmosphere, and mechanical stirring for 8 hr. The solution was then
cooled and poured into a large excess of meth~!l alcohol causing the polymer
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to precipitate. The precipitate was washed with an additional quantity 
of methyl alcohol and dried.

Anal. Found: C, 6 8 .0 6 % ; H, 8.57%.

Schmidt Reaction on Polymer I (Polymer II). Polymer I (8 g) was
dissolved in 400 ml of glacial acetic acid, and 30 ml of concentrated sul­
furic acid was added. The temperature was then raised to (>0°C. While 
the reaction was stirred, 13 g of sodium azide was added in small portions. 
The agitation and above temperature were maintained for 4 hr. A dark- 
brown resin separated while nitrogen evolved from the reaction mixture. 
The product was separated, washed thoroughly with water, and then 
dried in vacuo.

Anal. Found: C, 67.60%; H, 8.07%; 0  (direct), 17.38%; N, 6.96%.

Preparation of Poly (acrylic Acid), Polymer III. Freshly distilled acrylic 
acid monomer was polymerized in 2:1 isopropyl alcohol-toluene mixture, 
with the use of 1% benzoyl peroxide initiator, at reflux temperature of 
the solvent mixture, with stirring, and under nitrogen atmosphere. After 
the reaction proceeded for 8 hr, the solution was cooled and then poured 
into dry acetone, causing the polymer to precipitate. The polymer was 
washed thoroughly with dry acetone and dried.

Anal. Found: C, 50.36%; H, 5.45%; O (direct), 44.56%.

Preparation of Polymer IV. This was carried out in a manner similar 
to that for polymer II, except that dioxane was used as the reaction solvent 
and the temperature was maintained at 60°C. Upon completion of 
the reaction the polymer, which was still soluble, was precipitated by addi­
tion of hexane. The polymer was then redissolved in tetrahydrofuran 
and shaken with an anionic ion-exchange resin, Rohm and Haas Company, 
Amberlite IRF-59 to remove all sulfuric acid. The polymer was then 
reprecipitated with hexane and dried.

Anal. Found: N, 2.71%.

Preparation of Polymers V, VI, VII, and VIII. These preparations 
were carried out in the same manner as polymer II, using glacial acetic acid 
as solvent. Polymers V and VII were prepared at 60°C, while polymer VI 
was prepared at room temperature and polymer VIII at reflux temperature 
of the solvent, 118°C. In all cases the products were precipitated by 
addition of hexane then redissolved in methyl alcohol and treated with an 
anionic ion-exchange resin, Rohm and Haas, IR-410. The alcohol was 
then removed in vacuo.

Anal. Found for polymer V: C, 50.11%; II, 8.06%; N, 9.10%; O, 31.45%. 
For polymer VI: C, 51.60%; H, 6.91%; N, 0.50%. For polymer VII: C, 50.30%; 
H, 7.75%; N, 7.70%; O, 34.25%. For polymer VIII: C, 51.50%; H, 6.46%; N, 
4.08%.
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Photo and Thermal Polymerization Sensitized by

Donor-Acceptor Interaction. I. N-Vinyl­

carbazole-Acrylonitrile and Related Systems

SHIGEO TAZUKE and SEIZO OI\:A:.\IUHA, Department of Pulymel'
Chernistl'y, Kyoto Univel'sity, K yolo, Japan

Synopsis

Spuntaneous photo and thermal polymerization uf N-vinylcarbazole (VCZ)-acrylo­
nitrile (AN), VCZ-acetonitrile, AN-N-ethylcarbazole, and AN-ferrocene were studied.
These combinations of electron dOllur with acceptor were t.hermally rat.her stable but
showed prominent photopolymerizability when the systems were irradiated by near ultra­
violet light. The VCZ-AN system showed multireactivity producing VCZ polymer and
a copolymer of VCZ with AN. The composition of copolymer was approximately the
same as that of polymer produced in radical copolymerization. The effects of additives
(DPPH, NHa, H20, air) indicated simultaneous occurrence of cationic and radical poly­
merization in the A -VCZ and acetonitrile-VCZ systems. The results were interpreted
on the assumpt.ioll of initial format.ion of a cation radical-anion radical pair. The ratio
of cationic to radical polymerization differed for photo and thermal polymerization.
In no case was anionic polymerization detected.

INTRODUCTION

Polymerizations initiated by charge-transfer interaction between donor
and acceptor have been extensively studied by various researchers with
special reference to N -vinylcarbazole (VCZ), as reviewed by Hatano et al.I
Factual knowledge has been accumulated on the polymerization of VCZ in
combination with various organic as well as inorganic acceptors. Natures
of initiating and propagating species are, however, still the subject of contro­
versy. Ellinger has suggested that the polymerization of VCZ by a weak
electron acceptor such as acrylonitrile (AN) or methyl methacrylate is ini­
tiated by mesomeric polarization withol! t fornlation of an ion-radical resulting
from complete electron transfer. 2 The state of incomplete charge transfer
(mesomeric polarization) was claimed to control the propagation step as well,
resulting in the formation of VCZ homopolymer alone in spite of the presence
of another polymerizable monomer, such as acrylonitrile or methyl meth­
acrylate. Later, Ellinger3 found thermal copolymerization of VCZ with
methyl methacrylate, which seemed to contradict his previous concept.
An alternative mechanism may be initiation by ion-radicals. For the
strong donor-strong acceptor combination, dissociation of the charge
transfer pair to ion-radicals is easily conceivable. For a weak acceptor-
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YCZ system, it is, however, questionable as to whether complete electron 
transfer is energetically accessible. Formation of the ion-radical has been 
confirmed by ESR spectroscopy for polymerization of YCZ by inorganic 
acceptors4 and oxidizing metal salts.5 Although this seems to be a good 
support for ion-radical initiation, the same ESR spectra were observed for 
pairs of V-ethylcarbazole and oxidizing metal salts.6 The identity of the 
paramagnetic species with the initiating species is therefore an unsolved 
problem.

Even if the polymerization were initiated by an ion-radical, the propa­
gating species could not be an ion-radical since the ion-radical conjugation 
system is separated into ion and radical after the first addition of monomer. 
Also, prior to addition of monomer, a cation-radical paired with an anion- 
radical might couple to diradical or cation-anion. Such coupling of ion- 
radicals was suggested as intermediate in the 1,2-cycloaddition between 
donor and acceptor ethylenic compounds.6

Confirmation of ion-radical initiation may be achieved if one proves 
simultaneous propagation of both ion and radical. The authors have al­
ready reported that a single oxidizing metal salt can initiate cationic or 
radical polymerization of VCZ or 4-vinylpyridine, respectively, and pro­
posed electron transfer initiation via an ion-radical for both systems.7 In 
the present study simultaneous propagation of cation and radical is con­
firmed for photo and thermal polymerization of VCZ-AN system.

The photochemistry of charge transfer polymerization is an interesting 
subject which has been little examined. Since ion-radical formation or 
mesomeric polarization is caused by charge separation in a donor-acceptor 
pair, photoexcitation would be a powerful method for promoting initiation. 
Even a thermally stable charge-transfer pair such as VCZ-nitrobenzene 
could be easily brought into polymerization by photoirradiation.8 In 
addition, photochemically produced active species would be expected to 
have a different reactivity from a similar thermally produced one because of 
the Franck-Condon principle.

EXPERIMENTAL

Materials

VCZ (Koch-Light Lab.) was recrystallized once from n-hexane; mp 
65.2°C.

Styrene and acrylonitrile were washed with alkali and acid then re­
peatedly with water, dried, and distilled twice over calcium hydride.

V-Ethylcarbazole as received (commercial reagent, chemical pure grade) 
was by no means pure and was purified by repeated recrvstallization from 
methanol after decolorizing the methanol solution by activated charcoal.

Acetonitrile was distilled twice over calcium hydride.
Ammonia was prepared by warming concentrated aqueous ammonia. 

The evolved ammonia was dried by being passed through a barium oxide
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column, purified by trap-to-trap distillations, and finally transferred to the 
reaction vessel under high vacuum.

All other reagents were commercial materials and used without further 
purification.

Light Source and Polymerization

The apparatus for photoirradiation was the same as described in the 
previous report.8 Polymerization was carried out in a glass reaction tube 
of 12 mm diameter. The glass tubes absorbed 98.0-99.9% of light at 
290 m/i. Small differences in absorption by reaction vessel were not serious 
problems for polymerization systems which have strong absorption at 
wavelengths over 300 nyu, such as those systems containing VCZ or ECZ. 
Depending upon the transparency of the reaction vessels in the near­
ultraviolet region, however, considerable fluctuation of polymer yield was 
observed for the photopolymerization of pure AN, which showed absorption 
only up to 280 m/n Since the reaction vessel does not have a flat surface, it 
was not possible to determine absolute amount of photoenergy absorbed by 
the reaction system. As a relative measure, the photoreduction of potas­
sium ferrioxalate solution9 was examined in the same reaction vessel. The 
rate of reaction was 7.15 X 10~6-7.60 X 10~6 mol/l-sec when the 
initial concentration of Fem was 6 X 10_3M.

The reaction tube was sealed either in the presence of air or after de­
gassing at a pressure of 10-4 mm Hg by several freeze-thaw cycles.

When polymerization was to be carried out in dark, the reaction tube was 
wrapped with aluminum foil to ensure complete darkness.

Polymerizations of AN-VCZ, AN-ECZ, VCZ-CH3CN systems in bulk 
and some copolymerizations, depending upon monomer feed ratio, pro­
ceeded as precipitation polymerization. In particular, the VCZ-AN 
polymer formed on the glass wall of the reaction tube was partly insoluble 
even in dimethyl-formamide and dimethyl sulfoxide. Viscosity measure­
ments were therefore not attempted.

The polymerization mixtures were poured into methanol, filtered, and 
washed with the precipitant.

Fractionation of Polymers Obtained in VCZ-AN System

The polymerization products of VCZ-AN system were fractionated by 
benzene extraction at 60°C for 3 days. The benzene extract was pre­
cipitated in methanol, and the precipitate was confirmed as polyvinyl- 
carbazole by infrared spectroscopy.

Extraction of polymer by saturated zinc chloride aqueous solution at 
boiling point was used to determine the presence of polyacrylonitrile. 
Polyacrylonitrile prepared by ordinary radical polymerization was com­
pletely soluble in such a zinc chloride solution.
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Fig. 2. Thermal polymerization of VCZ-AN systems in the dark at 60°C: (O) in  va cuo., 
(•) in air, (B )  in  vacuo, [H20] = 0.1AT; ( +  ) in  vacuo, [DPPH| = 10~W. VCZ 582 
mg, AN 2070 mg.

Fig. 3. Effect of ammonia on yield in photopolymerization at 30°C in  vacuo: (O) 
VCZ-AN (VCZ 582 mg, AN 2070 mg), polymerization for 10 min; (•) VCZ-CH3CN 
(VCZ 582 mg, CIi3CN 2.58 ml), polymerization for 60 min; (□) VCZ-AN (VCZ 582 mg, 
AN 2070 mg, azobisisobutyronitrile 10_3Af), dark polymerization at 60°C for 30 min.

addition of 2,2-diphenyI-l-picrylhydrazyl (DPPH) reduces the total 
polymer yield and increases the VCZ fraction in the polymer.

These findings would indicate that there are at least two simultaneous 
polymerization mechanisms, which lead to formation of PVCZ and VCZ-AN 
copolymer. PVCZ is very likely to be formed by a cationic mechanism 
and the copolymer is by radical mechanism. The presence of air does not 
hinder polymerization, the yield of PVCZ being higher than in the vacuum 
system. This result and the similar finding that the rate of polymerization
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Fig. 4. Plots of content of VCZ in product vs. polymer yield: (□) hv,  in air; { Q ) h v ,  

in  v a cu o ; (®) hv,  in  vacuo, [ILO] = 0.171/; (0) hv,  in  vacuo, [DPPHj = 10-371/, ( A )  

h v ,  in  vacuo, [NII3] = 0.4-0.7571/; (+ )  h v ,  in CO2, (<;>•) thermal, in  vacuo, [ITO] = 
0-171/; (A) thermal, in  vacuo, [NIL] =  0.17671/; (■) thermal, in air; (•) thermal, in  
vacu o. VCZ 582 mg, AN 2.07 g; 30°C for photopolymerization, 60°C for thermal 
polymerization.

increases whereas formation of PVCZ is inhibited in the presence of am­
monia, are difficult to explain if one assumes cationic and radical initiating 
species to be independent of each other. Air and ammonia would not in­
fluence the conventional cation and radical, respectively. The most likely 
explanation is given by the assumption of ion-radical initiation. Ion- 
radical pairs [eq. (1)] would either initiate polymerization or couple to 
cyclobutane derivatives. Although products of 1,2-cycloaddition have not 
been isolated in the present system, the occurrence is very probable by 
analogy to the reaction between donor vinyl compounds such as vinyl 
ethers and acceptor ethylenic compounds such as tetracyanoethylene.6 
The present results of additive effect seem to indicate multireactivity of 
initiating species. These ion-radicals could act as both radical and ionic 
initiators. It is well conceivable that additives would enhance the initiating 
efficiency of the ion-radical by converting it to an ordinary radical or ion 
which might be otherwise totally lost by 1,2-cycloaddition:

polymerization
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Fig. 5. Composition of polymers from VCZ-AN system: (ffi) photopolymerization 
in air, 30°C, [VCZ] +  [AN] = 5 X 10“ 8mol, 2 ml benzene, from N eontent; (O) photo- 
polymerization in air, 30°C, [VCZ] +  [AN] = 5 X 10-3 mol, 2 ml benzene, from infrared 
spectrum; (□) photopolymerization in dark, 60°C, [VCZ] +  [AN] = 2.53/, AIBN = 
10~2Af, from infrared spectrum.

VCZ in monomer feed (mol frac tion )

Fig. f>. Composition of photopolymer after benzene extraction: (0,0) same as in Fig. 
5; (— ) radical polymerization at 60°C.
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In support of the view mentioned above, ammonia acts as retarder for 
polymerization of the VCZ-acetonitrile system, in which 1,2-cycloaddition 
is not expected.

The content of YCZ in polymer under various polymerization conditions 
is shown in Figure 4 as a function of conversion. These results are under­
standable if radical and cationic polymerizations occur simultaneously. 
The effect of water needs to be explained. For an extremely basic monomer 
such as VCZ, water does not inhibit cationic polymerization but acts as 
chain-transfer agent. VCZ can be even polymerized by acid in aqueous 
suspension. Consequently, water might change the cationic activity of the 
initial ion-radical pair by promoting conversion to proton through chain 
transfer.

Although formation of anionic polymer is expected, a fraction extractable 
by saturated zinc chloride solution is not detected; homopolymer of AN 
does not therefore seem to be formed.

To confirm the polymerization mechanism, the copolymerization of 
VCZ-AN in benzene was studied. Polymerization was stopped at less than 
10% (in most cases, less than 5%) conversion. As shown in Figure 5, 
there are considerable discrepancies between radical copolymerization and 
photopolymerization without initiator, in particular in air. The dif­
ference is far too large to be attributed to the difference in polymerization 
temperature (30°C for photopolymerization and 60°C for thermal poly­
merization). Copolymers by photopolymerization apparently consist of 
two fractions. After benzene extraction, photopolymers produced in air 
show decreased content of VCZ and the compositions are nearly identical 
to photopolymer produced in vacuo. The composition curves are close to 
that of polymer obtained in radical polymerization, as shown in Figure 6.

AN-ECZ System
In the preceding section, both donor and acceptor are vinyl compounds. 

It is obvious that polymerization of VCZ is initiated by AN. However, 
VCZ might as well initiate polymerization of AN. To confirm the action 
of donor on the polymerization of AN, ECZ was chosen as a nonpoly- 
merizable donor.

Results in Table II indicate that ECZ is an effective photosensitizer for 
radical polymerization of AN although the system is thermally very stable. 
The retarding effect of hydrochloric acid might, however, indicate con­
tribution of an anionic species. Copolymerization of AN with styrene 
initiated by donor confirms the radical mechanism as shown in Figure 7. 
Donors other than ECZ can be also used. Ferrocene is known to be a 
strong donor, forming a charge-transfer complex with tetracyanoethylene 
and other compounds.10 Photopolymerization of AN is sensitized by 
ferrocene, as shown in Figure 8. However, charge-transfer interaction 
between AN and ferrocene is uncertain, since ferrocene is also active for 
polymerization of styrene. The relative ratio of ferrocene-initiated poly­
merization of AN to that of styrene is about 6, which is about equal to the



2916 S. TAZUKE AND S. OKAMURA

Fig. 7. Composition of photopolymers from AN-st,yrene at 30°C in bulk: (O ) 
AN-St-AIBN (10~2M ) ;  (•) AN-St-ferrocene (10-3i7 ); ( +  ) AN-St-ECZ, in air, 
[AN] +  [St] = 2 X 10-W , ECZ 0.35 g; (A )  AN-St-ECZ in  vacuo, [AN] +  [St] = 
2 X 10 ~2 mol, ECZ 0.35 g.

Fig. S. Photopolymerization of AN and styrene sensitized by ferrocene at 30 °C in  
vacuo. [Ferrocene] = 1.0 X 10~3ilf, monomer 1.5 ml.
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TABLE II
Polymerization of AN -JV-Ethylcarbazole (ECZ) System1

Polymerization Atmosphere Additive
Time,
min

Yield,
mg

Photo Vacuum None 60 245, 234
U Air U 60 112, 105
“ Vacuum DPPH, 10'H i 60 20, 31
t  i Air “ 60 15, 12
(( Vacuum IICl, 0.11/ 60 71, 75

Air “ 60 11, 14
Thermal Vacuum None 360 0

U Air 2900 0

a AN 1.5 ml, ECZ 0.35 g; 30°C for photopolymerization, 60°C for thermal poly­
merization.

ratio kr/ktl,i for AN to that for styrene. There seems to be no special 
preference to AN when ferrocene is used as sensitizer. For polymerization 
sensitized by ECZ, the rate ratio of AN to styrene is over 20, to judge by 
data in Tables II and IV.

Fig. 9. Photopolymerization of styrene in the presence of ECZ and CII3CN at 30°C: 
(O) in air, styrene 2 ml, CII3CN 0.16 ml, ECZ 600 mg; (•) in vacuo; ( +  ) styrene alone 
in vacuo.

VCZ-Acetonitrile System

When the nitrile compound has no vinyl group, polymerization of VCZ is 
also easily induced by photo irradiation, as shown in Table III. Thermal 
polymerization is extremely slow, and it is difficult to compare the rates. 
Thermal polymerization seems to be cationic as judged by effects of addi­
tives. The retarding effect of DPPH and ammonia (Fig. 3) supports a 
radical cationic mechanism of photopolymerization. The effect of DPPH 
in the photopolymerization system, however, might in part be due to a
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TABLE III
Polymerization of VCZ-Acetonitrile System“

Polymerization Atmosphere Additive
Time,
min

Yield,
mg

Photo Vacuum None 60 432
U Air CC 60 445
li Vacuum ILO, 0.111/ 60 441
“ CC DPPII, 10-M / 60 4.7

Thermal Vacuum None 200 4.5
Cl “ CC 1440 15.5

Air “ 200 6.0
“ CC cc 1440 16.4
CC Vacuum H20, 0.1.u 1440 1.6
cc CC DPPH, i o - m 180 3.7
cc ( ( “ 1440 13.1
“ Cl NH3, 0.045 ml 1440 5.7
cc “ NH3, 0.015 ml 1440 4.8

a [VCZ] =  1.0.1/ in acetonitrile, volume of solution 3 ml; VCZ =  582 mg, aceto­
nitrile =  2.58 ml; 30°C for photopolymerization, 60°C for thermal polymerization.

filter effect which would reduce the intensity of light absorbed by the 
charge-transfer pair, since DPPH has strong absorption bands in the region 
above 320 ni/x which is employed in the present experiment.

Polymerization Systems Not Containing Donor or Acceptor

Since photo and thermal polymerizations of vinyl compounds may be 
brought about by prolonged irradiation or heating without donor-acceptor 
combination, several sets of reaction systems were examined for their 
polymerizability as described in Table IV.

TABLE IV
Slow Polymerization Systems without Charge Transfer Interaction“

Polymerization system
Polymeriza­

tion Atmosphere
Time,
min

Yield,
mg

VCZ (0.3 g)-benzene (1.0 ml) Thermal Air 1140 2.7
CC Cl Photo CC 150 10.0

VCZ (0.3 g)-styrene (1.0 ml) Thermal “ 270 0.4
CC CC Photo CC 300 69.3

ECZ (0.35 g)-styrene (1.5 ml) Photo Vacuum 61 10.7
CC CC Photo CC 61 3 .G

Styrene (0.34 m l)-CH 3CN Photo Cl 460 0
(2.58 ml)

CC CC Thermal Cl 460 0
AN (1.5 ml) Photo ll 60 15 ±  15

Styrene (2.0 m l)-ECZ (600 Thermal CC 1920 39.0
mg)-CH3CN (0.16 ml)

CC CC 11 Air 1920 34.2
Styrene (2.0 ml) CC Vacuum 1920 52.7

“ 30°C for photopolymerization, 60°C for thermal polymerization.
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Both YCZ and A X  are stable to heat and light when the counterpart of 
the charge transfer pair is absent. Combination of VCZ with styrene 
shows very low sensitivity towards thermal and photo reaction. When 
both of donor and acceptor lack a vinyl group, the donor-acceptor pair 
does not show photosensitivity. The ECZ-acetonitrile pair is an in­
efficient initiator for polymerization of styrene, as shown in Figure 9.

It is concluded that the presence of a donor-acceptor pair, at least one 
of which is a polymerizable monomer, is a necessary condition for rapid 
photopolymerization.

Polymerization Mechanism

Coexistence of cationic and radical polymerization is clearly shown by 
the results mentioned above. Formation of initiating species would be as 
shown in eq. (2):

r-* -D— A-
D +  A (D— A) - (D+— A ')  Dt +  A~ —  W (2)

I  II III L *  +D _ A -
V

State I indicates mesomeric polarization which has been claimed as ini­
tiator by Ellinger.2 Although there is no evidence in support of or against 
the possibility of initiation by I, consideration of I alone as the initiating 
species is apparently insufficient to explain the whole of polymerization. 
Assumption of ion-radicals in pairs would be more reasonable to interpret 
the fact that cationic and radical active species are interrelated. However, 
the fate of anionic species is still unknown and should be studied under 
rigorously dry conditions in future.

Further reaction of II and III would yield diradical or cation-anion. 
Contribution of the diradical in the initiation process, as mentioned by 
Zutty et ah,11 is probable in the autocatalytic copolymerization of nor- 
bornene with sulfur dioxide, but uncertain for the present system. More 
than 10 years ago, Gilbert et al.12 claimed the coexistence of cation and 
anion in the autocatalytic ionic polymerization of vinylidene cyanide and 
vinyl ethers. This description is too brief for further comments on the 
mechanism.

The nature of the initiating species in thermal and photopolymerization 
is qualitatively the same, since cationic and radical polymerizations are 
observed for both systems. However, the radical nature of polymerization 
seems to predominate over the cationic one in photopolymerization com­
pared to the thermal system, although the absolute yield of PVCZ in 
photopolymerization is much higher than that in thermal polymerization. 
This might indicate a difference in reactivity of the photoexcited ion-radical 
pair from the thermally produced one.
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Photodegradalion of Polyethylene Film

JAMES F. HEACOCK, FRANK B. MALLORY,* and FRANK P. GAY,f
Film Department, Experimental Station Laboratory,

E. I. du Pont de Nemours & Company, Inc., Wilmington, Delaware 19898

Synopsis
A structure occurs in radical-polymerized polyethylene which leads to formation of a 

triene on ultraviolet radiation. An inhibition of oxidative processes is observed while 
the triene or its precursor are being consumed. Subsequent formation of oxygenated 
products— hydroxyl, carbonyl, and carboxyl—is well behaved and arises from short 
wavelength light. A crosslinking reaction is initiated by light of ~4000 A wavelength.

Introduction

Exposure of clear, low-density polyethylene films to air and natural or 
simulated sunlight leads to the uptake of oxygen, the formation of carbonyl, 
hydroxyl, and vinyl groups, the evolution of acetone, acetaldehyde, water, 
and oxides of carbon, an increase in brittleness, the formation of crosslinks, 
and the physical failure of the films. An increase in density and a competi­
tion between scission and crosslinking is reported.1-16

The thermal oxidation of similar polyethylenes has also been extensively 
studied.3'4'8'9-15 The polymers have been observed to undergo changes 
similar to those found in photodegradation studies except that during 
thermal degradation vinyl groups are not observed, and carboxyl groups 
constitute a considerably smaller fraction of the carbonyl groups that are 
formed.

We have examined the early stages of photodegradation kinetically. 
These stages should be informative with regard to the chemical processes 
occurring and are important because functional failure can occur at low 
oxidation levels.

Experimental

Films were prepared in the thickness range 25-250 n> with most experi­
ments performed on samples of 150 ±  5 y (6 mils). The major studies were 
on a branched polyethylene of density 0.919 g/cc with 37 methyls, 0.1 
vinyl, 0.0G trans olefins, and 0.32 vinylidene groups/2000 carbon atoms.

* Present address: Department of Chemistry, Bryn Mawr College, Bryn Mawr, Pa,
Work done on summer appointment, 1958.

f To whom inquiries should be addressed.
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tetrafluoride and by the absorbance of the acid fluoride peak at 5.45 u in the 
spectra of the treated films. The acid fluorides could be hydrolyzed quanti­
tatively back to carboxylic acids by exposure of the treated films to steam 
for 6-8 hr.

Ultraviolet spectra were obtained by using a Cary Model 14 spectro­
photometer.

Crystallinity index and crystalline perfection were determined by x-ray 
diffraction.

Density was determined in a density gradient column with the use of an 
ethanol-water system.

Zero strength temperature was determined by placing V4 in. wide film 
strips under a load of 25 g against a bar at various temperatures. The time 
to break at a series of temperatures is plotted and zero strength temperature 
determined graphically as the temperature for 5 sec to break.

WAVELENGTH (A)
Fig. 1. Triene formation: (------ ) ultraviolet absorption of ultraviolet-irradiated 150

n polyethylene after 2 hr; (•) rate of formation of absorbance at 2725 A as a function of 
exposure wavelength with normalized incident energy.

Results

The first observable change in branched polyethylene caused by irradia­
tion with fluorescent sunlamps is the appearance of a group of peaks in the 
vicinity of 2725 A in the absorption spectrum (Fig. 1). No absorption 
change was detected in the infrared spectrum. The absorbance at 2725 A 
reached a maximum value of 0.15 in 150 ¡x film after a 2-hr exposure at 
50°C. The initial rate at which the absorbance of this multiplet developed 
was temperature-independent between 50 and 90 °C and was the same in 
vacuo, nitrogen, air, and oxygen, indicating no oxygen dependence or a low 
enough requirement to be satisfied by dissolved oxygen. The rate was half 
order in incident light. Continued exposure caused a decrease in the in­
tensity of the multiplet. The rate of disappearance of the multiplet was
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first order in multiplet and was temperature-dependent with a 5.6 kcal/mole 
activation energy (Fig. 2). The exposure time required for complete 
disappearance of the multiplet at each temperature corresponded roughly 
to the induction time for onset of formation of hydroxyl, carbonyl, car­
boxyl, and vinyl groups.

The formation of the multiplet was observed after irradiation in films of 
additive-free polyethylene which had been prepared both with peroxide and 
with azo initiators. No multiplet formation was observed in an experiment 
with linear polyethylene. Soxhlet extraction of the polyethylene with 
various liquids prior to irradiation did not prevent formation of the multi­
plet.

By using a Beckman DU as a monochromator and normalizing the pho­
ton flux (determined by uranyl oxalate actinometry) for the various wave­
lengths, the activation spectrum was obtained for formation of the multi­
plet (Fig. 1). The rate of formation of multiplet is at a maximum at 2750 
A, decreases with shorter and longer wavelengths, and becomes negligible at 
3000-3100 A. By use of cut-off filters, exposure of the film to the 3900- 
4100 A region was shown to destroy a precursor of the multiplet by some 
path not involving the multiplet. Thus, the formation of the multiplet was 
not observed when the film was exposed to direct sunlight or carbon arc
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Fig. 3. Hydroxy] content of photodegraded polyethylene film.

Fig. 4. Formation of carboxyl and carbonyl at 00°C.

Fig. 5. Vinyl content of photodegraded polyethylene film.
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The rates in terms of absorbance units are given in Table I. Arrhenius 
plots of these data, in Figure 6, give reasonable straight lines and the 
activation energies, E\, are also tabulated in Table I.

Using the extinction coefficients: ketone -—'190, hydroxyl •—'55, vinyl 
~150, and carboxyl — 500 l./mol-cm, we can calculate the approximate 
composition of a polyethylene film after a typical run of 244 hr at 60°C. 
The polymer contains about one hydroxyl per 300 carbon atoms, one car­
boxyl per 900 carbon atoms, one ketone or aldehyde per 1000 carbon atoms 
and one vinyl group per 700 carbon atoms. Calculated oxygen content 
was ~ 0 .7 %  while measured content was 0.Sd%.

Fig. 7. Zero strength temperature of polyethylene film photodegraded at 60°C.

Measurements of the ultraviolet spectra of the photodegraded films after 
multiplet destruction showed the absorbance at various wavelengths in the 
260-360 m/x region was linear with exposure time at each temperature; 
the slopes increased with temperature. Except for the transient peaks of 
the multiplet, no distinct maxima were observed in the ultraviolet.

Plots of the percentage oxygen (Unterzaucher) in the films against the 
exposure time at each temperature gave a family of curves qualitatively 
similar to the curves for the carbonyl and hydroxyl data. The activation 
energy for overall oxygen incorporation was ~ 5  kcal/mol compared to an 
activation energy for oxygen diffusion of 9.8 kcal/mole.20 As a further 
check on diffusion control, in 200 hr at 60°C, 1 cm2 of l ’>0 n thick film picks 
up ~ 1 .4  X 10~4 g oxygen compared to an oxygen flux of ~ 3  X 10-3 g. 
calculated by using the room temperature permeability coefficient. The 
maximum oxygen content to which the degradation was carried was 4.4%  
after 104 hr at 90°C.

Plots of the density of the photodegraded films against exposure time at 
each temperature also resembled the plots for the carbonyl and hydroxyl 
data except for anomalous behavior during early stages of exposure. The 
measured density of the unexposed virgin film was 0.9189 g/cc, but only the
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density data for the films photodegraded at (>0 and 70°C appeared to ex­
trapolate back to this value at zero exposure time. The 50°C data extrapo­
lated to about 0.915 g/cc, whereas the 80 and 90°C data extrapolated to 
about 0.921 g and 0.922 g/cc, respectively. The maximum density ob­
served in this work was 0.9640 g/cc (after 104 hr at 90°C). The crystal­
linity index and crystalline perfection increased as density increased.

Plots of the values of the zero strength temperature (ZST) for the photo- 
degraded films against exposure time at each temperature gave a well- 
behaved family of curves of the type shown in Figure 7. These curves were 
characterized by a maximum zero strength temperature Z max and bv a 
sharp inflection point which was reached after a longer exposure time. The 
values of these parameters are given in Table II.

TABLE II
Parameters from Zero Strength Temperature Measurements

Temperature
°C 7 °C"  m ax; tzmax, hr ¿̂ inflection? hi’

50 147 105 242
60 178 72 160
70 204 58 130
SO 210 39 106
90 216 26 81

Cut-off filter experiments show that the reactions can proceed at wave­
lengths between 3900 and 4100 A. At these wavelengths, in the absence of 
short wavelength radiation, the ZST approaches a limiting value with time 
rather than passing through a maximum. The limiting value is near 300°C.

Film samples which had been previously photodegraded to various ex­
tents at S0°C were heated for a further 138 hr at 80°C in the dark, other 
conditions remaining constant. The samples developed an additional 
absorbance at 5.8 /r equivalent to only an additional 11 hr light exposure. 
The vinyl group absorbance at 11.0 n decreased slightly as has been observed 
previously for thermal degradation.4

Addition of antioxidants inhibits the degradation of polyethylene by 
4000 A light and by heat alone, but does not have a strong effect on polymer 
irradiated by 2750 A light. Some degradation proceeds through the multi- 
plet with 2750 A light, while radical species are scavenged by the antioxi­
dant.

Discussion

In this discussion 2750 A light will refer to a broad band centered^at 
2750 A; similarly 4000 A light will refer to a broad band centered at 4000 A.

The course of the photodegradation separates naturally into an initial 
and a later stage. The following observations on the initial stage were 
detailed in the previous section and are now considered further: (/)
initial radiation of polyethylene with light of 2750 A yields a multiplet in
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the 2750 Aregion, while thermal treatment and 4000 Alight do not cause
formation of the multiplet; (2) radiation of polyethylene by 4000 A light
stops formation of the multiplet by subsequent 2750 A radiation; (3) the
multiplet disappears in a thermal reaction with a low enthalpy of activation,
5.6 kcal/mol; and (4) only after disappearance of the multiplet or its pre­
cursor(s) do the rates of formation of carbonyl, hydroxyl, and carboxyl
groups become well behaved.

The multiplet is the first product of the photolysis of polyethylene by
2750 A light which allows analysis. The structure responsible for these
peaks is assigned to conjugated triene because of its close spectral re­
semblance to many trienes. 21,22 If the trans configuration is assumed for all
double bonds, the 2840, 2725, and 2630 Apeaks of the multiplet are shifted
about 50 A to longer wavelengths than expected for the internal triene.
Either an additional alkyl substituent or a replacement of a trans by a cis
double bond would accommodate the spectrum of the multiplet. A similar
structure has been observed!on electron irradiation of polyethylene. 23

Some information on the triene's precursor is available. First, heat and
4000 Alight do not cause formation of triene. Either the precursor does not
exist under these circumstances or it reacts differently than it does with
2750 Alight. A difference between thermal and photochemical reactions is
not surprising. To find a complete change in reactions between 2750 and
4000 A light is surprising. Since initial 4000 A radiation precludes triene
formation, failure to absorb 4000 Ais eliminated as a rationale. Failure of
4000 Aradiation rapidly to destroy preformed triene eliminates the possi­
bility of only a small undetected triene concentration being present. We
con6lude that the action of the 4000 A light is upon a species prior to the
immediate precursor of the triene.

We consider the following a likely but unproven hypothesis. All species
which absorb 4000 Aalso absorb 2750 Alight. The absorption at long
wavelengths may be accounted for by an oxygen collision complex of the
type described by Evans. 24 (If so, the precursor may resemble a diene.)
The absorption results in the formation of an oxygen adduct. With the
long wavelength light, the adduct rearranges to a stable product which is
involved in the crosslinking reactions. With the shorter wavelength light,
the adduct is unstable and the net chemistry is dehydrogenation to form the
conjugated triene as one product. In the latter case a competitive situa­
tion obtains, in the former case the structure is simply destroyed. In the
simplest case:

<4000A
x-+x*

x* + Y- Z

2750 A
X -+ Triene

A second piece of information concerning the precursor is its minimum
concentration. Since both the rates of appearance and disappearance of
the triene are known, the maximum absorbance of the triene (in the hy-
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pothetical absence of triene loss) can be calculated. This maximum absor-o
bance is 0.205 at 2725 A in the case of samples used. Using a triene extinc­
tion coefficient at 2725 A of ~ 6  X 104 l./mol-cm, a concentration of ~  1 
triene unit per 300,000 carbons or about 1/13 chain was calculated for our 
sample. This must be a minimum concentration of the precursor.

A third piece of information on the precursor is available. The origin of 
the precursor is in the radical-polymerized polyethylene. It is not in 
additives since triene formation was observed in additive-free polyethylene 
initiated with peroxide or azo compounds. Failure to remove the precursor 
by extraction of the polymer indicates it is chemically bonded to the chain. 
Failure to generate triene during the photolysis of linear polyethylene 
restricts the origin of the precursor to a radical polymerization.

In summary a structure occurs in radical-polymerized polyethylene which 
is converted to triene after light absorption. It also scavenges radicals 
generated from other sources. The triene disappears by a reaction of low 
activation energy.

Approximately at the time of triene disappearance the normal oxidation 
processes became well behaved and more rapid. We believe the two events 
are related. In our simple scheme the end of the induction period would 
coincide with the disappearance of the radical-scavenging precursor and 
implies that photooxidation occurs in restricted locales of the polymer. 
The debris from the triene (or precursor) decomposition may be involved in 
subsequent events.

Before proceeding to a discussion of the oxidative processes, the assign­
ment of the 2.9 fi absorption peak predominantly to alcoholic hydroxyl will 
be considered. The O— H stretching vibration in carboxylic acids usually 
occurs in the 3.3-3.6 ^ region rather than at 2.9 ¡i. The former region was 
not accessible for accurate measurements because of the intense C— H 
absorption of the polymer; however, absorption here did increase as the 
carboxyl content increased. The assignment for alcoholic hydroxyl groups 
was supported by the apparent formation of 3,5-dinitrobenzoate esters 
which were attached to the polymer when a Decalin solution of the oxidized 
polymer was treated with 3,5-dinitrobenzoyl chloride in the presence of 
pyridine. Although hydroperoxides and perhaps peracids are intermedi­
ates in the photodegradation of polyethylene, the concentrations of these 
groups are believed insufficient to account for the 2.9 ^ absorption. Free 
and associated hydroperoxide groups in polyethylene are reported to absorb 
at 2.814'12.14 and 2.97 /T2 respectively. The fact that the 2.9 n band did not 
decrease after treatment at 200°C argues against a major contribution of 
hydroperoxides.

After the triene disappearance, the following salient features develop. 
The concentrations of hydroxyl and carbonyl groups increase linearly with 
time with activation energies of 11 and 19 kcal/mol, respectively. The 
carboxyl content increased linearly as a function of time squared with an 
activation energy of 23 kcal/mol. Structureless ultraviolet absorption 
increased in the 2600-3000 Â region. Oxygen uptake, density, crystallin­
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ity, and crystalline perfection increase parallel with carbonyl and hydroxyl 
concentration. The zero strength temperature reaches a maximum which 
is followed by an inflection point.

The increased rate of production of oxygen-containing groups with the 
disappearance of triene has already been considered speculatively. The 
steady rate of their appearance was not anticipated because the quantity of 
absorbed light increases over the long period of constant rate. An explana­
tion can be devised for this finding but elaboration is not considered fruitful. 
The increase in density (over that caused by oxygen uptake), crystallinity, 
and perfection of crystallinity indicates that the reactions occur in the 
disordered regions. This means that the amorphous regions may contain 
as much as 20% oxygen by the end of a 90°C run, if the initial crystalline 
fraction is of the order of 70%.

The locus of attack may be inferred from the behavior of linear poly­
ethylene and polypropylene under the same exposure conditions. Linear 
polyethylene fails physically quite rapidly but the rate of oxidation to form 
hydroxyl and carbonyl groups is much slower than observed in branched 
polyethylene. On the other hand, polypropylene also fails rapidly but the 
rate of oxidation is much higher. In this case growth of hydroxyl is greater 
than carbonyl, both being greater than seen in branched polyethylene. 
Taken in conjunction with the density and crystallinity data, these observa­
tions lead to the conclusion that attack occurs predominantly at branch 
points. Since we know of no data indicating solubility of diffusion of 
oxygen in the well ordered crystalline fractions of these polymers, coinci­
dence of these branch points in the disordered regions and attack are 
consistent.25-27 The oxidation results primarily in destruction of the 
accessible amorphous regions which are also the regions subject to physical 
stress. Thus, highly crystalline linear polyethylene would be expected to 
and does fail physically at very low oxidation levels.

The formation of carboxyl groups does not parallel that of hydroxyl and 
carbonyl groups. If we postulate a photooxidation of an aldehyde, then 
the calculated enthalpy of activation is that of aldehyde formation from a 
secondary source such as peroxyl or its precursor. We do not find evidence 
for a significant concentration of aldehyde so an efficient photochemical 
conversion to carboxyl must exist. Thermal treatment should either not 
yield carboxyl or should yield it in much reduced quantities, which is 
consonant with our results and reports on thermal oxidation.4

If one assumes zero strength temperature Z  can be related to melt 
viscosity, we can calculate a crosslink density of the polymer. The initial 
increase in 7j with exposure time is attributed to the formation of cross­
links, tentatively peroxidic. Peroxidic crosslinks have been postulated in 
polyethylene after high energy radiation in the presence of oxygen. The 
limiting value of 300°C of Z  with long wavelength irradiation is compatible 
with values for polyethylenes crosslinked in other manners.

The decrease in Z  is attributed to chain scission reactions. Since vinyl 
and carboxyl formation parallel the decrease, a direct correlation is prob­
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able. The difference in magnitudes of the two is attributed to the relative 
insensitivity of the viscosity to increasingly larger numbers of smaller 
fragments in the presence of a relatively constant number of large chains 
from the crystalline regions. The inflection is associated with a “no 
strength” melt caused by severe degradation. °

The crosshnking was shown to occur on exposure to 4000 A radiation and 
to be relatively independent of carbonyl and hydroxyl formation. We 
conclude that a different set of reaction paths is dominant in the two differ­
ent wavelength regions. The set at higher wavelengths is associated with 
the formation of crosslinks. The set at lower wavelengths is associated 
with the formation of triene, carbonyl, and hydroxyl groups. At least in 
the early stages, the longer wavelength reactions are more inhibited by 
antioxidants than the latter. Reactions originating from the 4000 A 
species are interfered with by the 2750 A product set since crosslink forma­
tion is slowed and the zero strength temperature passes through a maximum 
in the presence of an ultraviolet continuum. These effects can be seen on 
comparison of functional groups generated in exposures to various wave­
length sources such as sunshine, xenon lamps, or carbon arcs.

The overall photodegradative process has the characteristics of a photo- 
initiated thermal decomposition. The product distribution differs from 
st raight thermal degradation because of the nature of the initiating species. 
The photoreactions are of two types: the first is peculiar to long wave­
lengths and yields primarily crosslinking; the second occurs at shorter 
wavelengths and gives the mixture of chemical products usually examined.
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NOTES

P r e p a r a t io n  a n d  P o l y m e r i z a t i o n  o f  2 -P y r id y l  M e t h a c r y l a t e

In the course of our study on the reactivities of methacrylate monomers, we prepared 
2-pyridyl methacrylate, in which an electron-attracting heterocyclic ring is attached to 
the ester group, and examined its polymerizabilities in radical and anionic polymeriza­
tions. In this note, we wish to report those results briefly.

P re p a ra tio n  o f M o no m er
Methacrylic chloride and anhydrous sodium 2-pyridinolate, prepared via the diazo- 

nium salt of commercial 2-aminopyridine,1 were reacted in benzene suspension with ice 
cooling. 2-Pyridyl methacrylate, boiling at 90-93°C /4 mm Hg, was obtained in 60% 
yield. Other physical properties of this monomer are: mp ca. — 15°C, d|§ 1.5168, 
insoluble in water but soluble in usual organic solvents. The structure was identified by 
the infrared spectrum, which showed rc_o 1742 cm-1, r0-c  1638 cm-1, rC_c, cC_n of ring 
1593, 1574 cm -1, Sch a ,2-substd. ring) 773 cm-1, and by the NM R spectrum showing, be­
sides methacrylic protons at 8.02, 4.27, and 3.67 r, ABCD type complex multiplets at
1.6-3.1 r, which is very similar to those for 2-picoline and 2-aminopyridine.

The electron-attracting property of the 2-pyridyl group is exemplified by the higher 
carbonyl-stretching vibration (Table I) and is comparable to that of the p-nitrophenyl 
group.

TABLE I
v c - o  of Methacrylates

Ester group <r* rc-o, cm la

Methyl 0.00 1716
Phenyl +  0.60 1728
p-Nitrophenyl +  0.78b 1̂ to

2-Pyridyl — 1742

a In CCb solution. 
b <rp value.
0 In CIICI3 solution.

R adical H om opolym erization
2-Pyridyl methacrylate gives white powdery polymer with azobisisobutyronitrile be­

tween — 7S°C (with the aid of sunlight) and +180°C  in bulk or solution. Specific vis­
cosities of the polymers ranged from 0.5 to 0.1 dl/'g (0.5% pyridine solution at 30°C). 
The white polymer is likely to take on a light-brown color on drying. Pyridine is the 
only solvent for the polymer we have found; benzene, chloroform, acetone and even di- 
methylformamide and dimethyl sulfoxide have no solvent power. The PM T (polymer 
melt temperature)2 was 100-110°C. The polymer structure was identified by infrared 
and N M R  spectra. The a-methyl protons in the N M R spectrum do not show triad- 
splitting; however, the spectrum obtained after the polymer was hydrolyzed in concen­
trated sulfuric acid and reesterified with diazomethane was the same as that obtained for 
poly(methyl methacrylate). We were able to calculate the activation parameter dif-

2935
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Fig. 1. Bovey plots for (•) methyl methacrylate and (O) 2-pyridyl methacrylate.

ferences between isotactic and syndiotactic propagation according to Bovey’s ecpia- 
tion :3

2.30 log 0-/1 -  <r =  AS,-* -  A S ^ / R  +  A H r  -  A H , * / R T

The results are shown in Figure 1 and Table II. Here we found a smaller activation 
enthalpy difference for 2-pyridyl methacrylate than for methyl methacrylate.

TABLE II
Activation Parameter Differences for Methyl and 2-Pyridyl Methacrylates

A H , *  -  A H ,* ,  A S * *  -  ASs+
Ester group kcal/mol eu

Methyl 1.03 0.7
2-Pyridyl 0.64 - 0 . 5

R adical C opolym erization
Copolymerization experiments were carried out at 60°C with azobisisobutyronitrile 

as initiator. Methyl methacrylate or styrene was chosen as comonomer (Mi). Co-

M 2 I N FEED
Fig. 2. Copolymerization of 2-pyridyl methacrylate with methyl methacrylate.



NOTES 2937

Fig. 3. Copolymerization of 2-pyridyl methacrylate with styrene.

polymer compositions were calculated from nitrogen assays. Monomer reactivity ratios 
were calculated by the Fineman-Ross equation, and the experimental errors were calcu­
lated at the confidence level of 95%. The results are shown graphically in Figures 2 
and 3 and Table III. Although the discrepancy between two sets of Q, e parameters is 
not small, the relatively large Q> and e2 values are compatible with the electron-attracting 
property of 2-pyridyl group when compared to those values of methacrylate mono­
mers.4

TABLE III
Monomer Reactivity Ratios and Q, e Values of 2-Pyridyl Methacrylate (Ml

Mi r, r2 Qi e2

Methylmethacrylate 0.60 ±  0.05 1.4 ± 0 .1 5  1.5 +0 .8

C  M ~  • I 0

Fig. 4. Infrared spectra of polymers obtained (a) with AIBN and (5) with phenylmag-
nesium bromide.
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P o l y b e n z o t h i a z o l e s .  I I I .  A - B  P o ly m e r s

Introduction

The successful synthesis of high molecular weight, thermally stable polybenzothia­
zoles (PBT) from AA-BB type reactants has been reported.1-3 In addition, Imai and 
co-workers4 have reported the successful polymerization of an A -B  monomer, 3-mer- 
capto-4-aminobenzoic acid hydrochloride, in polyphosphoric acid (PPA) to a high 
molecular weight thermally stable PBT. Kiprianov and Mushkalo5 had previously 
attempted the preparation of PBT by melt condensation of two A -B  monomers, 3-mer- 
capto-4-aminobenzoic acid and its methyl ester, but failed due to decomposition during 
the polymerization.

This communication describes work on the preparation and subsequent polymeriza­
tion of four A -B  monomers: 3-mercapto-4-aminobenzoic acid (I), 3-amino-4rmercapto-
benzoic acid (II), 3-amino-4-mercaptobenzamide (III), and 2-2-dimethylbenzothiazo- 
line-5-carboxamide (IV).

CO.H

NH,

I

CO.H

SH

II

Discussion

Monomers. 3-Mercapto-4-aminobenzoic acid (I) was prepared following Schubert’s6 
method [eq. (1)].

3-Amino-4-mercaptobenzoic acid (II) was obtained in poor overall yields (20%) by 
the reaction of 3-nitro-4-ehlorobenzoic acid with sodium sulfide [eq. (2)]:

II

The major synthetic effort involved t lie preparation of 3-am iiio-4-mercaptobenz- 
amide (III), a suspected processable A -B  monomer, as shown in eq. (3):
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Various reaction parameters were studied in an attempt to replace the chloro group of
3-nitro-4-chlorobenzamide using sodium sulfide followed by reduction of the nitro group 
to the desired A B monomer without isolating the intermediate, 3-nitro-4-mercapto- 
benzamide (V) or its disulfide form (VI).

Complete replacement of the chloro group prior to reduction was unsuccessful and 
resulted in a crude product which was difficult to purify. Good overall yield (50%) 
of 3-amino-4-mercaptobenzamide (III) was obtained by isolating and purifying the 
intermediate, bis(2-nitro-4-carbamylphenyl) disulfide (VI), prior to hydrogenation in 
methanol, using platinum dioxide as catalyst. Although 3-mercapto-4-aminobenzoic 
acid displayed good stability toward air oxidation, extreme care was necessary to main­
tain 3-amino-4-mercaptobenzoic acid and its amide, once isolated, in an inert atmosphere 
because of the tendency to undergo air oxidation to the corresponding disulfide.

2,2-Dimethylbenzothiazoline-5-earboxamide was readily prepared by refluxing 3- 
amino-4-mercaptobenzamide (III) in acetone [eq. (4)]:

CONH, CONE,

Characterization of the monomers and intermediate compounds is given in Table I.
Polymers. The A B monomers were polymerized by melt and solution techniques. 

Melt polycondensations were performed by introducing a polymerization tube, con­
taining the monomer under an argon atmosphere, into a preheated oil bath at a tem­
perature about 30°C above the melting point of the monomer. A clear melt readily 
formed with the evolution of volatiles as the bath temperature was increased to 250°C 
during 1 hr and maintained at 250°C for 1 hr.

The resulting yellow to light brown intermediate polymers were removed from the poly­
merization tube, pulverized, and recharged. Heating was continued from 300°C to 
400°C during 2 hr and at 400°C for 1 hr under argon. Decarboxylation was observed 
during the polymerization of the two carboxylic acid monomers as evidenced by passing 
the exit gases through an aqueous solution of barium hydroxide. Monomer I exhibited 
more decarboxylation than Monomer II although decarboxylation was slight in both 
cases. 3-Amino-4-mercaptobenzamide (III) was expected to yield a processable pre­
polymer which could be subsequently advanced to high molecular weight polymer.
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However, solidification occurred early in the initial heating phase to yield a yellow solid 
which exhibited very poor solubility and no true polymer melt temperature although 
slight softening above 300°C was observed. Employing phenol as a flux during the 
initial condensation stage failed to improve the tractability of the intermediate polymer. 
Monomer IV underwent self condensation to form a clear pale yellow melt which also 
rapidly resolidified to provide an intractable polymer. The molecular weight of the 
polymers prepared via the melt technique was relatively low' as indicated by inherent 
viscosities of 0.23-0.31.

Solution polymerization of the four monomers was attempted in a variety of solvents 
such as )n-cresol, AvV-dimethylacetamide, and PPA. Condensation in all solvents 
except PPA provided intractable yellow solids with inherent viscosities of 0.15-0.25. 
High molecular weight polymer was obtained in PPA by the following general procedure. 
Commercial grade PPA (100 g) was deoxygenated by bubbling argon through the acid 
at 170°C. The monomer (0.010 mol) was added to the cooled deoxygenated PPA 
under argon and stirred to 250°C during 2 hr and maintained at 250°C for 1 hr. The 
resulting viscous solution was poured into water in a Waring Blendor to precipitate a 
yellow solid which was thoroughly washed with aqueous sodium carbonate and water. 
A quantitative yield of polymer was obtained of substantially high molecular weight as 
indicated by inherent viscosities ^ 1 .0  dl/g.

Since the isolation of a processable system was unsuccessful, polymer characterization 
was limited to inherent viscosity, elemental analysis, and thermogravimetric analysis as 
reported in Table II. The thermal stabilities of the A -B  polymers were excellent as

TABLE II
Characterization of Polymers

Mono­
mer

Method
of

preparation
*7inh,
dl/g“

PD T,b °C Elemental analysis0

Air Helium % c %  H %  N % i

i Melt 0.23 575 640 — — — —
PPA 1.08 535 690 — — — —

ii Melt 0.29 585 650 — — — —

PPA 1.29 540 680 — — — —

h i Melt 0.31 600 675 62.85 2.40 10.66 23.89
PPA 1.33 550 685 62.91 2.39 10.58 24.02

IV Melt 0.24 580 640 62.96 2.31 10.61 23.96
PPA 0.91 550 630 63.01 2.25 10.48 23.76

“ Inherent viscosity (0.5% H2SOi at 25°C).
b Polymer decomposition temperature determined on Stanton Thermobalance at 

AT of 6.67°C/min.
• Calculated for (C,H3NS)„: C, 63.13%; H, 2.27%; N, 10.52%; S, 24.08%.

indicated by polymer decomposition temperature (PDT) in air and in helium respec­
tively of about 560°C and 650°C. As indicated by Marvel,7 the thermal stability in air 
of polymers prepared in commercial grade PPA are adversely effected by impurities 
present in the PPA. This is further evidenced by the lower PDT of the A -B  polymers 
prepared via solution polymerization in PPA versus melt polymerization.

This work was supported by the United States Navy under Contracts NOw 64- 
0524-c and NOw 66-0144-c monitored by the Bureau of Naval Weapons, Washington, 
D.C., and Contract N60921-67-C-0221 monitored by the Naval Ordnance Laboratory, 
Silver Springs, Maryland. The experimental work reported herein was conducted at 
Narmco Research and Development Division of Whittaker Corporation.
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