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Electroinitiated Polym erization o f Vinylic Monomers 
in Polar Systems. II. Polym erization o f Ethyl 

Methacrylate in Methanol Solutions

MICHAEL ALBECK and JOSEPH RELIS, Department of Chemistry, 
Bar Ilan University, Ramat-Gan, Israel

Synopsis
Ethyl methacrylate is polymerized by electroinitiation in methanol-electrolyte mix

tures in which the monomer is soluble whereas the polymer obtained is insoluble. A 
technique of changing the polarity of the electrodes is used. With this technique a 
polymer of high molecular weight can be obtained. The relationships between molecular 
weight and monomer concentration, current densities, and time of the reaction as well 
as the yield as a function of current density, time of the reaction and initial monomer 
concentration are given. A free-radical mechanism is proposed for the reaction.

The electroinitiated polymerization of vinyl monomers in homogeneous 
systems was investigated by several workers1-7 but relatively few studies 
of electroinitiated reactions were carried out in heterogeneous systems in 
which the polymer was insoluble.8-19 Studies in heterogeneous medium 
reported low yields of polymer and low molecular weight due to the de
position of the polymer produced on the electrodes.

The importance of a suitable solvent and its influence on the yield and 
molecular weight of the polymer obtained was investigated by Funt et al.1'6 
Methanol was found4 6 to inhibit the electropolymerization of methyl
methacrylate in solutions of dimethylformamide containing tétraméthyl
ammonium chloride. In this paper we describe the electroinitiated poly
merization of ethyl methacrylate in solutions of methanol.

Experimental

Ethyl methacrylate (Fluka, Switzerland, analytical grade) was freed 
from inhibitor by washing twice with a û% NaOH solution followed by 5% 
Ilid’fL solution and then saturated NaCl solution, dried over Na2S04 or 
CaSLh for 24 hr and finally fractionally distilled under reduced pressure 
(1 mm Hg). The middle fraction was collected and stored at — 30°C.

Methanol (Frutarom, Israel, analytical grade) was dried over Mg turn
ings for 24 hr and fractionally distilled. The middle fraction, bp üô°C, 
was collected.

1789
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Lithium acetate (Schuchardt, Munich, Germany, analytical grade), 
magnesium chloride (Frutarom, Israel, analytical grade) and lithium 
nitrate (Baker, U.S.A., analytical grade) were anhydrous.

The vessel in which the polymerization was carried out was constructed 
from a glass cell 20 X 35 X 85 mm sealed with a glass cap through which 
electric wires were sealed and provided with an opening for bubbling with 
an inert gas. Two “special material very hard” graphite electrodes (Bode, 
W. Germany), were fitted to the cell. The electrodes had an area of 24.3 
cm2 each, and were separated from each other by 5 mm Teflon spacers. 
A constant current supply was obtained by modification of a voltage 
supply (Kepco, U.S.A. Model HB 525M), to control current in the range 
5-100 mA with a constancy of 0.1%. The polarity of the electrodes was 
changed every 5 min in order to prevent the coating of the electrodes by a 
polymer him deposited on them during the polymerization process.

Molecular weights were determined by the viscosity method. In
trinsic viscosities were measured in methyl ethyl ketone at 23°C in Ubbe- 
lohde viscometers and the molecular weights determined from the Staud- 
inger equation. Values for K of 2.83 X 10~6 and a of 0.79 were used.20

In a typical experiment, 15 ml of monomer, 15 ml of methanol, and 1 g 
of lithium acetate were placed in the electrolytic cell kept at a constant 
temperature of 40°C (thermostatted water bath).

Polymerization was conducted at a constant current of 50 mA at the cell. 
After 18 hr the polymerization procedure was stopped and additional 
methanol was added to the polymer-solution mixture. The polymer ob
tained was collected, dissolved in acetone, reprecipitated with methanol, 
dried at 50° C under reduced pressure (1-2 mm Hg) to constant weight, 
weighed, and its molecular weight determined. Repeated experiments 
gave results which were reproducible within ±3%.

Control experiments showed that under these conditions nonelectro- 
initiated polymerization did not take place.

Results and Discussion
The solvent used for the polymerization was methanol since it has a high 

dielectric constant and in this solvent the monomer is soluble whereas the 
polymer formed is insoluble. In an 18-hr polymerization at 40°C with a 
current of 50 mA, a 9.8% conversion was obtained with lithium acetate, 
whereas with magnesium chloride and lithium nitrate conversions of 4.8% 
and 0.5%, respectively, were obtained. Because of these results, lithium 
acetate was used in subsequent experiments. These results are in agree
ment with the mechanism proposed, since the initiating species are metal 
atoms21 and since it was found polarographically that in the case of LiNOs 
oxygen is liberated by the electrolyte during the electrolysis which results 
in the lowr conversions. This point will be elaborated below.

It was found that in experiments in which the polarity of the electrodes 
was not changed during the course of the polymerization, the cathode vras 
coated with a film of polymer shortly after the start of the experiment.



E L E C T R 0 IN 1 T IA T E D  P O L Y M E R IZ A T IO N . II 1791

During this process the resistance between the electrodes gradually in
creased, as was evident from the increasing cell voltage at constant amper
age. At a point where the current requirements of the coated electrodes 
could no longer be met, the current density decreases. Reproducible 
results could not be obtained under these conditions. These results are 
in accordance with the results obtained by other investigators for similar

Fig. 1. Yield of poly(ethyl methacrylate) as function of the reaction time. Volume 
ratios of monomer to methanol 1:1; polymerization carried out at 50 mA and 40°C.

experiments.8-13 The change of the polarity of the electrodes prevent 
the coating of the cathode by the polymer produced, and as a result the 
current density and the resistance between the electrodes were kept con
stant during the whole course of the reaction and reproducible results were 
obtained. It was found that best results were obtained when the polarity 
was changed every 5 min. Resistance measurements of the electrodes 
before and after the polymerization process in which the polarity was
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Fig. 2. Yield of poly(ethyl methacrylate) as function of initial monomer concentration 
(volume %). Polymerization carried out at 50 mA, 40°C, 18 hr.

changed every five minutes indicated that the electrodes were not coated 
during the polymerization.

Kinetic experiments were conducted with ethyl methacrylate in meth
anol (1:1 v/v, monomer to solvent) with a constant current of 50 mA 
at 40°C. Results are given in Figure 1. After an inhibition period of 
2 hr, the yield of the polymer increased linearly with time up to 17% 
yield.* The inhibition time at the beginning of the polymerization is due 
to impurities which are known1 to inhibit this kind of polymerization and 
to oxygen dissolved in the solution. It was found polarographically21 
that oxygen remains in the solution, even after flushing for 15 min with 
oxygen-free nitrogen. This oxygen is reduced during the first period of 
the electrolysis.

Percentage yields (or conversions) are based on initials monomer weight.
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C u r r e n t  m A

Fig. 3. Yield of polymer as function of the current. Polymerization carried out at 
40°C for 18 hr; volume ratios of monomer to methanol 1:1.

The linear dependence of the yield to time is consistent with a free- 
radical mechanism for the polymerization (see below). The leveling off 
in the curve of the yield of the polymer after 17% conversion is due to 
the dilution effect caused by the consumption of the monomer as the 
reaction proceeds. This effect is also shown in Figure 2 where the polymer 
yield is given as a function of monomer concentration. I t was found that 
the yield increases from 1.8% at 10 vol-% concentration to 15% at 66% 
concentration.

In this range no inflection point in the conversion was obtained, and the 
direct proportionality of yield to concentration indicates that no apprecia
ble decrease in the concentration of the ions available for conversion to 
metal atoms (see below) is obtained in solutions of high dielectric constant 
suchas methanol. The fact that the polymer is not appreciably dissolved
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Current mA

Fig. 4. Molecular weight as function of the current for experiments at 40°C, 18 hr and 
volume ratios of monomer to solvent 1:1.

in the methanol solution maintains the viscosity of the polymerization 
solution practically unchanged, and so no change in the ion mobility occurs. 
For these reasons initial zero-order kinetics up to 17% conversion are 
obtained as long as the current is maintained constant. The overall 
kinetics are first-order in monomer over the whole course of the reaction 
(Fig. 2).

The yield of the polymer as a function of the current is given in Figure 3 
and Table I. The yield of the polymer reaches a maximum at 50 mA and 
then a decrease in the yield of the polymer is obtained. Polarographic 
evidence21 indicated that in the ascending section of the graph the current 
reduces the lithium ions to metal atoms which initiate the polymerization. 
In the decending section of the graph, the higher current densities cause an 
increase in hydrogen ions and atoms formed in the vicinity of the anode 
and cathode respectively. The hydrogen ions so formed react with part 
of the lithium atoms to give metal cations and hydrogen atoms. This 
reaction is much faster than the free radical reaction between lithium 
atoms and the monomer at high concentration of H+. Most of the
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Fig. 5. Variation of molecular weight with time of reaction; 40°C, volume ratios of 
monomer to solvent 1:1; current of 50 mA.

lithium free radicals are oxidized at currents above 50 mA, and a lowering 
in the conversion results. H + and H are present only at low concen
trations at low currents and does not quench the polymerization to an 
appreciable degree.

The relationship between molecular weight and current density is given 
in Figure 4 and Table I. The molecular weight decreases with increase in 
current density up to 40-50 mA and then levels off. The inversion point 
in the decrease of the molecular weight is in good agreement with the results 
obtained for the relationship between the yield and the current density. 
At relatively low current densities the increase in the current yields an 
increase in the concentration of the initiating species and thus a decrease 
in the molecular weight is obtained. The linearity of the plot of the re
ciprocal of the molecular weight versus current density up to a current 
of 40-50 mA is another confirmation to the free-radical mechanism proposed 
for the reaction. In the range above 50 mA, large amounts of hydrogen

TABLE I
Molecular Weight and Conversion of Polymer as Functions of the Current Density“

Current Conversion Intrinsic
density, of polymer, viscosity,
mA /  cm2 0/Zc dl/g MW X 10 “5 (1/MW X 10G)

0.41 5.00 2.18 20.51 0.49
0.82 5.74 1.55 9.96 1.00
1.24 5.96 1. 17 6.97 1.47
1.65 7.79 1.00 5.72 1.75
2.06 9.78 0.95 5.36 1.87
2.47 9.70 0.87 4.79 2.09
2.88 9.56 0.79 4.24 2.36
3.54 S. 16 0.78 4.17 2.40
4.12 7.57 0.73 3.84 2.60

“ Polymerization conducted at 40°C; ratio of monomer to solvent, 1:1 (V/V), time 
of reaction, 18 hr; Salt concentration, 0.067 g/ml.
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Fig. 6. Variation of molecular weight with monomer initial concentration. Polymeriza
tion conducted at 50 mA for 18 hr at 40°C.

ions are formed which react with the lithium radicals and thus decrease the 
relative concentration of the initiator, and so no linear relationship can 
exist between the reciprocal of the molecular weight and the current den
sity, as can be seen in Figure 4. Figure gives a plot of molecular weight 
versus time. The dilution effect on the average molecular weight as the 
reaction proceeds is seen by a decrease in the average molecular weight. 
This effect can also be seen in Figure 6, where the molecular weight is given 
as a function of the initial monomer concentration.

That the polymerization proceeds by a free-radical mechanism was 
shown by the addition of 0.4% of p-benzoquinone to the reaction mixture. 
The yield of the polymer was decreased by 90%. The same decrease in the 
yield, i.e., by 90%, was obtained when oxygen was bubbled during the 
reaction or when LiN03 was used as an electrolyte.

A mechanism for electroinitiation of polymerization of methyl meth-
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acrylate in which the anionic species of the electrolyte is oxidized to a radical 
at the anode and the radical so formed is the initiator for the polymerization 
was proposed by Funt et ah1 The polymerization in their case occurred 
at the anode compartment and the termination was by combination 
of the growing radical chain and the radical initiator. This mechanism 
does not apply to our system. It was shown by polarography21 that in the 
electroinitiated polymerization of acrylates and methacrylates in meth- 
anolic solutions in the presence of lithium acetate, the lithium cation has 
the lowest reduction potential. It was also shown21 that at above a certain 
current density (for the methacrylate systems 50-60 mA at 8-10 ohms) 
hydrogen ions are formed in appreciable amounts at tire anode compart
ment and as a result a decrease in the yield of the polymerization is ob
tained (Fig. 3). According to the above and due to the fact that in the 
system described the polymerization and deposition took place at the 
cathode in experiments where the polarity was not changed, the following- 
scheme is proposed:

ke
Me+ +  e - —* Me- (1)

Me- +  M M- (2)
ki>

M- +  xM — M -,+ 1 (3)

Mx• +  H- —>- P (4)
k't

Mr- +  Me- -»  P (3)

where Me+, Me-, M, M-, H- and P are metal cations, metal atoms, 
monomer, monomer radicals, hydrogen atoms, and polymer respectively.

At currents above 50 nrA the reactions (6) and (7) are appreciable:
CH3OH — HCHO +  2H+ +  2e (6)
CH3OH +  e ->- CH03e +  N • (7)

The hydrogen ions which are formed according to eq. (6) at the anode 
migrate to the cathode and can react in three ways: (a) reaction of H + 
with metal atoms to give Me+ +  H • according to eqs. (8) and (9);

Me- +  H + -*  Me+ +  H- (8)
2 H -  —*■ H 2 ( 9 )

(b) reaction of H+ at the cathode with the formation of hydrogen atoms;
(c) reaction between the hydrogen cations and the methoxide anions 
formed by the reaction between the lithium atoms and the methanol.21

At low current densities where the amount of the hydrogen ions formed 
according to eq. (6) and (7) is low, the reactions (4) and (8) do not take 
place in appreciable amounts, and thus a direct proportionality between 
current density (up to 50 mA) is obtained. At current densities above 
50 mA, where the hydrogen cation and atom formation according to eq.
(6) and (7) becomes significant, a decrease in the polymerization is ob
tained (Fig. 3). Since reactions (8) and (9) are much faster than reac-
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tion (2), reactions (6), (7), and (8) inhibit the formation of the polymer ob
tained at currents above 50 mA.

Other reactions which might take place during the electrolysis and are 
not contributing to the polymerization are described elsewhere (21).

The high molecular weight and conversions obtained in this system are 
in contrast to results reported by others8-17 for electropolymerization in a 
similar system. There are several advantages in the polymerization 
system where the polymer obtained precipitates over the homogeneous one.

The fact th a t the polymer formed is precipitated as soon as it is formed 
enables one to work with large amounts without appreciably effecting the 
viscosity of the medium and the mobility of monomer and ions in 
the vicinity of the electrodes. The use of different solvents in which the 
polymer formed precipitates at different degrees of polymerization can be a 
tool for obtaining polymers of given molecular weights. The direct 
inverse proportionality between molecular weight, current density, and 
monomer concentration indicates the possibility of desired molecular 
weight distribution in the range determined by the solvent used.

We wish to thank Dr. M. Konigsbuch for useful discussions.
This work is taken in part from the Ph.D. thesis of J. Relis.
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Polybenzopinacolones. Acid-Catalyzed 
Rearrangement o f  Aromatic Polybenzopinacols

D. A. McCOMBS, C. S. MENON, and JERRY HIGGINS,* Department 
of Chemistry, Illinois State University, Normal, Illinois 61761

Synopsis
Polybenzopinacols resulting from the photocondensations of p,p'-dibenzoyldiphenyl 

ether, p,p'-dibenzoyldiphenylmethane, and p,p'-dibenzoyl-1,2-diphenylethane were 
rearranged in sulfuric acid-dioxane solutions. The inherent viscosities of the poly
benzopinacolones did not differ significantly from the inherent viscosities of the poly
benzopinacols after rearrangement. A model compound study by NMR and infrared 
methods indicated that the polymer chain was probably the main migrating group for 
each of the polymer rearrangements.

INTRODUCTION
In  previous papers1'2 we reported the synthesis of polybenzopinacols 

(Ia-Ic) by the photocondensation of the corresponding aromatic diketones 
in benzene-isopropanol solution. The structures of these polymers were 
confirmed by comparison of infrared and nuclear magnetic resonance 
(NMR) spectra of the polymers with those of the corresponding model 
compounds (Ila -IIc ).

In  this paper we would like to report the rearrangements of the polymers 
Ia -Ic  and the model compounds I la - I Ic  to the corresponding polybenzo
pinacolones I l i a  IIIc  and benzopinacolones IVa-IVc.

a, Ar = - ^ C ^ O —( O ^ -  

b>Ar=

CH,CH,

* To whom correspondence should be addressed.
1799
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OH OH
I I

A i----C — C— A r

¿ 6
h

a’ Ar=

b. Ar= - < 0 } - cM Q >

c-A^ -  C H > < 'h ^ O >
RESULTS AND DISCUSSION 

Polymers

The rearrangements of polymers Ia-Ic were effected by stirring dioxane 
solutions of the polymers in the presence of sulfuric acid. Reaction times

Wave numbers cm- '
4000 3200 2400 1800 1400 1000 650

F ig. 1. Infrared spectra of p inacolone polym ère (K B r): (o ) I l i a ;  (b ) I l lb ;  (c) I I lc .
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TABLE I

Polypinacol
Polypinacol

V i n h &

Reaction 
time, hr Polypinacolone

Polypinacolone
^inh3

la 0 28 3 Ilia 0.28
lb 0 13 3 Illb 0.12
Ic 0.20 4 IIIc 0.18

“ Viscosities taken in dioxane (0.5 g/100 ml).

ranged front 3 to 4 hr at room temperature (Table I). Refluxing of these 
polymer solutions generally led to a decrease in viscosities which was 
probably due to decomposition under these more vigorous reaction condi
tions.

When the rearrangements were carried out in glacial acetic acid with 
iodine catalyst, considerable decomposition occurred, particularly with 
polymers lb and Ic. Some decomposition also occurred when the model 
pinacol compounds were rearranged under these reaction conditions as 
determined by infrared and NMR studies.

Wave numbers cm

F ig. 2. Infrared spectra  of m odel p inacolones (K B r): (a ) IV a; (b ) IV b; (c) IV c.
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Infrared spectra of polymers Illa -IIIc  showed strong absorption bands 
around 1680 cm-1 (Fig. 1). Also, a small absorption band was present 
around 3500 cm-1 which was probably due to a small amount of unre-

F ig . 3. N M R  spectra  of p inacolone polym ers: (a ) I l i a ;  (6) I l lb ;  (c) I l i e .
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arranged pinacol segments in the polymer chains. This suggestion was also 
substantiated by elemental analysis, in which the oxygen content of each 
of the rearranged polymers was slightly greater than theory. The NMR

F ig. 4. N M R  spectra of m odel p inacolones: (a) IV a; (b ) IV b; (c) IV c.
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a-A,- = ^ 0  ̂ ° ~ C ^  
b’ Ar “ ~ CĤ 2 > — 

c’Ar= ^ 0 ^  cĥ ^ q ^ -

spectra of polymers Illa-IIIc  indicated only the presence of methylene 
and aromatic hydrogens (Fig. 3). Since the NMR peaks were broad bands 
for the polymers, no conclusive evidence could be obtained from these 
spectra except for comparison purposes with those spectra of the model 
compound rearrangements (Fig. 4). However, comparison of NMR and 
infrared spectra of the polymers together with those infrared spectra of the 
model compounds (Figs. 2-4) seems to be quite conclusive for the sug
gested structures for the rearranged polymers.

Model Compounds

Model pinacolones IVa-IVc were prepared in order to aid in the charac
terization of polymers Illa-IIIc. The infrared spectra of the model 
pinacolones are quite similar to those of the corresponding polymers 
(Figs. 1 and 2). However, since there are two different groups, the phenyl 
and p-substituted phenyl, which can migrate during the rearrangement 
reactions, it was necessary to use NMR for predicting which, if not both, 
groups migrate (Figs. 3 and 4). In the NMR spectra of the model com
pounds the appearance of the small quartets at 7.7 ppm with coupling 
constants of 7 //„ (ortho splitting) and 2 Hz (meta splitting) indicates that 
the p-substituted phenyl groups were favored over the unsubstituted 
phenyl groups in the acid catalyzed migrations. Thus, compounds IVa- 
IVc are apparently the favored products of these rearrangements.

These results are in agreement with those of Bachmann and Ferguson,3 
in which the migrating aptitudes of various p- and «-substituted phenyl 
groups were studied in the pinacol rearrangement. These workers found 
that the ratio of p-methoxyphenyl migration to unsubstituted phenyl 
migration was approximately 500:1 and that the ratio of p-methylphenyl 
to unsubstituted phenyl migration was 16:1.
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IV

a, Ar= —

b’Ar— (jO )^01-- 1(Q ))

— ^  ch,ch2

In the cases of the polymers Illa -lIIc  the NMR spectra showed only 
broad absorption bands around 7.7 ppm. Although spin-Spin coupling 
is not evident, these absorption bands do correspond to the same chemical 
shifts as for those of the model pinacolones at 7.7 ppm. Although this is 
not conclusive evidence for only polymer chain migration in the polymer 
rearrangements, it does suggest, however, that polymer chain migration 
is favored over phenyl migration.

EXPERIMENTAL

Instruments

Infrared spectra were taken on Beckman 1R-8 and Perkin-Elmer Model 
700 instruments. Nuclear magnetic resonance spectra were obtained with 
a Hitachi Perkin-Elmer R-20 instrument. All melting points are un
corrected.

Polymer Rearrangements

Rearrangement of Polymer la. A solution of 1 g of polymer la  in 30 
ml of p-dioxane and 5 ml of concentrated sulfuric acid was stirred at room 
temperature for 3 hr. The solution was then poured into ice water. 
The precipitate was filtered, redissolved in tetrahydrofuran (THE), the 
solution filtered, and then poured into water and filtered. The resulting- 
white precipitate was washed with 10% aqueous sodium bicarbonate, with 
water, and finally with 95% ethanol. The rearranged polymer was dried 
in vacuo at S0°C to give 0.8 g (80%), mp 230-250°C; 0.28 (dioxane).

Anal. Cak-d for (CMhsCh),.: C, S6.18%; IT, 5.01%; O, 8.81%. Found: C, 
84.69%; II, 5.05%; O, 9.94%.

Rearrangement of Polymer lb. The same procedure as that for the 
rearrangement of polymer la was used for polymer lb. After drying 
in vacuo there was obtained a quantitative yield of rearranged polymer; 
mp 225-235°C; ijinh 0.12 (dioxane).
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Anal. Calcd for (CwHjoO)»: C, 89.97%; H, 5.59%; O, 4.44%. Found: C,
88.82%; H, 5.58%; O, 5.43%.

Rearrangement of Polymer Ic. The same procedure as above was used 
for the rearrangement of polymer Ic. A quantitative yield of polymer 
IIIc was obtained; mp 165-1S0°C; rpnh 0.18 (dioxane).

Anal. Calcd for (C28H220)„: C, 89.80%; H, 5.93%; O, 4.27%. Found: C,
88.88%; H, 5.73%; O, 5.17%.

Model Compounds

Rearrangement of Pinacol Ila. A solution of 1 g of pinucol 11a in lit) 
ml of p-dioxane and 5 ml of concentrated sulfuric acid was stirred at room 
temperature for 3 hr and then poured into ice water. The white precipi
tate was washed with 10% aqueous sodium bicarbonate solution, with 
water, and finally with 95% ethanol. The product IVa was dried in 
vacuo and then reprecipitated from pentane to give 0.5 g of product melting 
at 50-60° C.

Anal. Calcd for C38H280 3: C, 85.70%; H, 5.30%. Found: C, 85.99%; II, 5.46%.

Rearrangement of Pinacol lib. The same procedure as that for pinacol 
Ila was used. The corresponding product, pinacolone IVb, would not 
crystallize at room temperature and was used as the thick oil. The yield 
of product IVb was 0.5 g.

Anal. Calcd for CwH320 : C, 90.86%; 11,0.10%. Found: C, 90.57%; H, 6.04%.

Rearrangement of Pinacol lie. The same procedure as above was used 
for the rearrangement of pinacol lie. The yield of product IVc was 0.5 g 
melting at S5-95°C.

Anal. Calcd for C«H3,0: C, 90.59%; II, 6.54%. Found: C, 90.35%; II,
6.39%.

This work was supported by the Army Research Office-Durham, Durham, North 
Carolina.
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Thermal Degradation o f Nylon 6 6

L. H. PEEBLES, JR.,* and M. W. HUFFMAN, Chemstrand, Research 
Center, Inc., Durham, North Carolina 27702

Synopsis

The rate of gel formation and color formation in poly(hexamethylene adipamide), 
nylon 66, is found to be dependent upon the rate of removal of the volatile products of 
degradation. If a sample of nylon is heated above its melting point in a sealed tube, 
the material will remain soluble for extended periods of time as the intrinsic viscosity 
first passes through a maximum, then a minimum, followed by the abrupt formation of 
insoluble material. The color remains reasonably white. On the other hand, if the 
volatile material is permitted to escape, rapid gelation and color formation will occur, 
even in the complete absence of oxygen. Intermediate rates of gelation and color forma
tion can be obtained by control of the rate of volatile material distillation. The de
crease in molecular weight evidenced in the sealed tubes is probably due to hydrolysis and 
ammonolysis of the amide groups which occur simultaneously with the formation of 
multifunctional crosslinking agents. The volatile material contains an intense absorp
tion in the 290 mfx region. Analysis of the volatile material shows that it contains 
inter alia, water, carbon dioxide, ammonia, cyclic monomer, hexylamine, hexamethyl- 
eneimine, hexamethylenediamine, cyclopentanone, 2-cyclopentylcyclopentanone, 2- 
cyclopentylidinecyclopentanone, and l,2,3,5,6,7-hexahydrodicyclopenta[b,e]pyridine„ 
which has an intense absorption at 287 m/r, e = 8.87 X 104 l./mole-cm, (methanol).

INTRODUCTION

Thermal Degradation of Nylon 66

When nylon is heated above its melting point, for extended periods of 
time, it gradually darkens and changes occur in the average molecular 
weight as determined by viscometry. Korshak et al.1 showed that heating 
nylon 66 of various molecular weights at 270°C under a gentle stream of 
nitrogen caused no changes in molecular weight, whereas at 300°C polymers 
with 18,000, 35,000, and 55,000 molecular weight all decreased to approxi
mately 9,000 within 2 hr and remained constant at this level for at least 
8 hr. On the other hand, if the polymer is heated at 330°C, gelation-type 
reactions occur. Kroes2'3 indicated that part of the gelation occurs from 
dimerization of the hexamethylenediamine portion followed by amide 
formation [eq. (1)].

* Present address: Office of Naval Research, 495 Summer St., Boston Mass. 02210,
to whom all communications should be addressed.
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H

n h 2 +  h 2n ■N-------  +  N H ; (1)
l c = o

/
+

C O O H ■N-

Addition of 6,6'-diaminodihexylamine to the polymerizate caused gelation 
but the polymer remained white. The dihexylamine has been identified 
in gelled nylon.3 In addition to XH3, C02, and H20, less volatile materials 
such as cyclopentanone, hexamethyleneimine, and hexylamine have been 
identified in the off gases, along with minor components of other cracking- 
products.

Goodman4 studied the thermal degradation of a number of model com
pounds of nylon, among them the diamides of diamines and dicarboxylic 
acids. He found that the diamine derivatives were all reasonably stable 
at 350°C, whereas the diacid derivatives degraded in varying amounts, 
the degradation reaching completeness in the case of the adipic acid deriva
tive, dibutyl adipamide. Analysis of the degradation products of this 
compound showed the presence of butylamine, butane, butene, hydrogen, 
along with CO, C02, and NH3, but no traces of cyclopentanone. Goodman 
did, however, isolate various substituted cyclopentanone derivatives, such 
as I and II.

Further, he found that the thermal degradation products of nylon 66 and di
butyl adipamide gave a positive Ehrlich reaction (reddish-purple colora
tion with p-dimethylaminobenzaldehyde hydrochloride in HC1) which is 
indicative of pyrroles, but the Ehrlich-positive material was present in very 
small amounts. A detailed examination of the reactions of cyclopentanone 
with various amines by Edgar and Johnson6 also showed the presence of 
small quantities of Ehrlich-positive materials, but they were not able to 
obtain enough for identification. Goodman was also able to show that 
the Ehrlich-positive material was not responsible for the adsorption at 
290 mg which appears when nylon 66 is thermally degraded. Liquori 
et al.B showed that an intense absorption occurred at 290 mg when nylon 
was heated for several hours at 275°C and which remained after the sample 
was hydrolyzed, indicating that it did not arise from the amide bond. 
Goodman as well as Edgar and Johnson“ showed that the bicyclopenta- 
pyridine derivatives (I) (R = propyl or butyl) absorb at 275-284 mg. 
One possible mechanism for the formation of the butyl derivative (I, R =

R 0
I I
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Bu) is bused on the condensation of two cyclopentanone moieties and ring 
opening of a third cyclopentanone (CPO), followed by c.yclization with 
ammonia [eq. (2)].

In addition to the dimerization of hexamethylenediamine, the formation 
of cyclopentanone from the adipic acid residue, the possible presence of 
small amounts of Ehrlich-positive materials and the presence pyridine 
compounds in model systems, evidence also exists for the presence of nitrile 
and isocyanate groups in the polymer and the formation of amino acids 
from hexamethylenediamine adipamide. Beyond these points, little 
quantitative chemical analysis of the degraded material has been published, 
mainly because of the inherent difficulties of analyzing trace quantities 
of materials. More detailed reviews can be found in the literature.2'3,7’8

Photochemical Degradation of Nylon 66

A great many articles exist showing that nylon degrades in sunlight and 
that the degradation is enhanced by the presence of the titanium dioxide 
pigment. Taylor et al.9 have shown that the phototendering effect of 
Ti02 proceeds by a chemical rather than an energy transfer mechanism. 
The prime observable quantities of photodegradation are the loss of 
mechanical properties and a lowering of the molecular weight. Beyond 
this, little exists concerning the presence of chemical entities which enhance 
degradation and the chemical entities which result from photochemical 
degradation, aisde from a general impression of a correlation between the 
amount of 290 in pi absorption and the rate of photodegradation. Again, 
the primary reason is the extreme difficulty of isolating and identifying 
compounds which occur only in trace amounts. Details of the photo- 
degi'adative processes have been reported.10-15

None of the enumerated products of photochemical degradation absorb 
in the 290 mpi region. To obtain more definitive information on this 
system, we began a study of the phenomenon of gel and color formation 
with the aim of identifying in greater detail the products of thermal 
degradation with emphasis on materials which absorb in the 290 mpi 
region. This report summarizes our progress to date.
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RESULTS AND DISCUSSION 

Phenomenological Studies

When nylon 66 is heated at 285-305°C and a stream of inert gas is 
passed through the melt, the material rapidly becomes colored, volatile 
material is given off, and the residue becomes insoluble. Independent 
work in these laboratories on the thermodynamics of nylon polymeriza
tion16 indicated that if nylon salt is heated at these temperatures for 
extended periods of time in a sealed tube, polymerization occurs, but the 
polymer remains white and soluble. To check this effect further, samples 
of a nylon polymer were placed in an I-tube and one leg of a U-tube; both

t i m e ,  h o u r s

Fig. 1. Change in molecular weight as a function of time for a nylon 66 at 282°C con
tained in a sealed tube such that the volatile materials were maintained over the melt.
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tubes were repeatedly flushed with argon and evacuated to remove oxygen 
and volatile water. After sealing under hard vacuum (10-6 torr), the I- 
tu.be was completely submerged in a vapor bath at 305°C, whereas the U- 
tube had the polymer leg in the 305°C bath and the empty leg chilled with 
liquid nitrogen. The samples were heated for 6 hr. The I-tube sample

t i m e ,  h o u r s

Fig. 2. Molecular weight as a function of log time, same conditions as in Fig. 1. O, M, 
determined on total sample; x, on soluble portion only.

Fig. 3. Endgroup concentrations (in jueq/g) as a function of time. Same conditions
as in Fig. 1.
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t i m e , h o u r s

Fig. 4. Influence of gas flowing at 1 ft3/hr through molten nylon 60 as a function of time
at 282°C.

remained white and soluble, and a small amount of material crystallized 
out away from the polymeric mass. The U-tube sample became black 
almost instantly, was insoluble and nonswellable, and it gave off copious 
quantities of distillate. This experiment demonstrated two items: (1) 
the rate of gehytion depends upon the rate of distillation of volatile material; 
12) the color change occurs in the ostensible absence of oxygen (perhaps 
chemisorbed oxygen was not removed by out gassing). The I-tube experi
ments indicated that by preventing distillation, or alternately by retaining 
an atmosphere of volatile products over the melt, the rate of gelation and 
the rate of color formation are reduced. To check this aspect, a series of
I-tubes were prepared with a commercial polymer and reacted at 2S2° 
for a variety of times. The viscosity of the soluble portion, the gel content, 
and the content of acid and basic groups were determined. Figures 1-3 
give the results. Initially, the material tends to polymerize, reaching a 
maximum value in about 1 hr. The polymer is known to be a “nonequilib
rium” product, as the molecular weight tends to increase upon spinning. 
Following the maximum, the molecular weight drops to a minimum value, 
then climbs steeply towards an infinite molecular weight. The concentra
tion of amine endgroups initially decreases, as it should because of poly
merization, then increases markedly, becoming very large at about the
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point of incipient gelation, then it returns to a small value in the gelled 
material. The carboxyl content of the material gradually decreases during 
the course of reaction. Throughout the reaction, the color remained 
reasonably white. These results are at variance with those reported by 
Korshak,1 who maintained a nitrogen flow at 300°C; in his experiments he 
found the molecular weight to fall to a minimum and remain there for 
several hours. We repeated these experiments with nitrogen, carbon 
dioxide, ammonia, and a 10% ammonia-90% nitrogen mixture. The 
gases were passed through molten nylon at 282°C at 1 ft3/hr. The re
sults are presented in Figure 4. Nitrogen causes a rapid increase in 
molecular weight, the material becoming gelled between 5 and 8 hr. Car
bon dioxide caused gelation to occur even more rapidly. Ammonia and 
mixed ammonia-nitrogen caused the molecular weight to remain sensibly 
constant over the course of the experiment. Comparison of these results 
with those of Figure 2 indicates that the initial climb in molecular weight in 
Figure 2 is due to polymerization of the unreacted ends, but deamination 
also is occurring. The vapors over the polymerizing system (less than 1 hr 
reaction) will give a positive test, for base. The depolymerization ob
served is probably due to ammonolysis reactions of the form of eq. (3)

OH 0

RiCNIL +  NH3 — JLONIL +  IRNIL (3)

as well as the usual hydrolysis reactions, but at the same time cross-linking 
reaction(s) are also occurring. If we assume dimerization of amine ends 
as given in eq. (1), then we can speculate that the reaction (4) occurs.

It,
I

0  II c = o
II I I

RiCNHo +  lijNIIj RjN—Rs +  NIL (4)

Thus chain scission and crosslinking are occurring simultaneously. Even
tually sufficient crosslinking sites are created so that molecular weight 
can rise again and it does so abruptly.

Nylon will darken rapidly when it is heated in the presence of small 
amounts of oxygen. The outgassing experiments described earlier in
dicated that- nylon will darken even in the absence of oxygen. A number 
of experiments were conducted using a flow of nitrogen or helium through 
the melt, using various techniques to ensure absence of oxygen from the 
flow gases and almost complete desorption of oxygen from the nylon flake. 
The nylons darkened even under the most stringent of conditions if the 
volatile degradation products were permitted to escape. Thus, color 
formation is an inherent property of the nylon molecule itself.

Analysis of the Products of Thermal Degradation

The products of thermal degradation fall into three broad classes: (a) 
highly volatile small molecules, (b) less volatile higher molecular weight
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material which condenses just, outside the hot zone, and (3) the polymeric 
residuum. The highly volatile material lias been examined earlier by 
Kamerbeek et al.3 and Achhammer et al.17 In general, water is always 
given off, even from extensively dried material. One major source is 
thermal cracking followed by dehydration:3

0

R ,C N H _ , +  C H 2= C H — R , ( 5 )

*  R ,C N  +  H 20

Nitrile groups are detectable in the volatile fraction and in the residuum 
by infrared spectroscopy. Ammonia and carbon dioxide result from de
carboxylation and the deamination as a result of hydrolysis of amide 
bonds. Some C02 probably arises from the same reaction path that pro
duces cyclopentanone, the exact mechanism of which is still obscure. 
Condensation of the cyclopentanone [eq. (6)] produces even more water.18

R , C N C H 2C H 2R ,

Cyclopentanone dimers have been identified in the volatile fraction.
The brown-black, bubbly polymeric residuum, containing fragments of 

the glass reactor, was cut into pieces and refluxed in oil: of) HCl-water for 
24 hr. If the polymer was just slightly swellable in formic acid, hydrolysis 
in the HC1 solution was complete. Portions of nonswellable gel would 
resist hydrolysis for extended periods of time. On cooling the hydrolyzate 
to 0°C, a portion of the adipic acid would crystallize. This was recrys
tallized from water and the liquors combined. The acid and neutral 
species were removed from the hydrolyzate by continuous extraction with 
ether. The acid fraction generally had far less color than the remaining 
basic fraction. The neutral species was isolated from the acid species by 
extraction. The HC1 solution was evaporated to concentrate the remain
ing liquor, and neutralized, whereupon a brown-black oil appeared in the 
heavily degraded samples. Undegraded nylon was colorless throughout 
the hydrolysis operation. The oil was soluble in methanol, but not in 
water-immiscible solvents. It could be removed from the aqueous phase, 
along with other basic organic species by continuous extraction of the 
aqueous phase with methanol-chloroform. The oil could not be charac-
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Degradation Products of Nylon 66 at 305°C
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Product

Highly volatile materials C 02
n h 3
IDO

Less volatile materials 
Neutral fraction Cyclic monomer 

Cyclopentanone
Cyclopentylidinecyclopentanone
Cyclopentylcyclopentanone

Basic fraction Hexylamine
Hexamethyleneimine
Hexamethylenediamine
[lye] -Pyridine
Several unknown materials

Polymeric residuum after hydroly 
(black)

Neutral fraction 3-Pentanonea
Cyclopentylcyclopentanone,
Cyclopen tylcyclopentanol
Cyclopentylidinecyclopentanone
Other unknowns, three in high concentration

Acid fraction (straw-colored) Succinic acid
( ¡lutarle acid

Basic fraction (black oil)

Adipic acid 
Pimelic acid“
Suberic acid“
Many other unknowns, some in high con

centration 
Hexylamine 
Hexamethyleneimine 
Hexamethylenediami ne 
6,6'-Diaminodihexylamine 
Nonvolatile black oil

a Identification based on retention time only.

terized further either by gas or thin-layer chromatography. The identi
fied components of the residuum are listed in Table I.

The volatile fraction contains a strong adsorption at approximately 
290 m/x. Because so much emphasis has been placed on this adsorption 
peak in photodegradation studies, we decided to determine the major 
components in order to isolate and characterize the adsorbing species. 
One of the major components of the volatile fraction is the cyclic monomer
of nylon 66 (III) :

0 0 
Il II

rC(CH2)4C-i
Ln(ch2)6nJ

H H
III
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This could be separated easily from the other components by rinsing the 
volatile condensate with water, the intense ultraviolet-adsorbing species 
appeared to dissolve in the water, leaving the cyclic monomer behind. 
The remaining material was soluble in methanol when degradation was 
performed under flowing nitrogen at 1 ft3/hr. Under vacuum, a water- 
and methanol-insoluble material appeared in the volatile fraction, pre
sumably a low molecular weight nylon. Both the water and methanol 
fractions tended to turn  yellow when exposed to air and light. The 
methanol fraction was not examined further.

The water fraction of the volatile material was basic. Distillation of the 
basic solution produced a foreshort of white solid, ammonium carbamates, 
followed by a water fraction with a very intense ultraviolet spectrum. 
Again the products darkened rapidly with time. If the water fraction 
was made acid with H 2S 0 4 (nonvolatile) and distilled, C 0 2 and materials 
absorbing at 260 mg were separated. Distillation was continued until 
an ultraviolet clean distillate was obtained. The separation into acid 
volatile and acid nonvolatile fractions rendered them  more stable. Both 
fractions would darken with time, but at a far slower rate than prior to 
fractionation. The acid volatile material was extracted with ether, 
dried, concentrated, and subjected to gas chromatography (see Table I 
for the compounds identified). The acid nonvolatile material was made 
basic with KOH and distilled until an ultraviolet-clean distillate was 
obtained. Extraction of the distillate with ether caused the chromophores 
to pass into the ether phase which were then dried, concentrated, and 
subjected to gas chromatography (see Table I). Some of the gas chroma
tographic experiments were performed such tha t 90% of the eluant stream 
could be trapped, the remaining 10% passed through the flame ionization 
detector. Examination of the major components of the basic fraction 
indicated (he presence of a single component with an intense absorption 
at 2S7 mg. Sufficient quantities were obtained for mass, IR  and X.MR 
spectroscopy. The material was identified as 1,2,8,">,(),7-hexahydro- 
dicyclopenta-[b,e]-pyridine (IV) and not the [b,d] derivative (V).

IV V

Structure V is structure I with R =  H. The ultraviolet, infrared, mass, 
and XM R, spectra as well as results of melting point and elemental anal
ysis of IV agreed with those of the material obtained by direct synthesis

N— OH N— OH
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which involved condensation of cyclopentanone with formaldehyde, 
formation of the dioxime, and ring closure to the pyridine [eq. (7)].

N M R  spectroscopy shows th a t the single pyridine hydrogen is located 
at the 8-position as in IV and not at the 5-position as in V. Thus the 
[b,e]-pyridine is a newly identified product of nylon degradation; it must 
be formed by a different route than  the [b,d]-pyridines found in the 
pyrolysis of dibutyladipamide and cyclopentanone with ammonia. The 
[b,e]-pyridine arises from the adipic acid portion of the molecule because 
the pyridine could not be detected in the volatile portion from nylon (3 
and nylon 6,10 (polyhexamethylene sebacamide) degradation, but it was 
present in the volatile fraction in nylon 66 and nylon 10,6 (polydeca- 
methylene adipamide) both prepared by interfacial polymerization. The 
mechanism of eqs. (9)—(11) is suggested.19

Thermal degradation 0

H
0

CNCHTTh-

0
II
CNH, + Of =CH  

VI
0

CNH, + 0

0

~CN + H,0

(9)

(10)

N-
(11)
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The hexamine VI in eq. (10) has not been isolated, nor is it described in the 
literature, but the isomeric hexamethyleneimine is a product of thermal 
degradation. The final reduction step in the scheme [eq. (11)] is not 
unreasonable, because reduction apparently occurs in the acid volatile 
fraction. Comparison of the cyclopentanone condensation products 
gave the following relative concentrations: cyclopentanone, 1.0; cyclo- 
pentylcyclopentanone, 0.20; eyclopentylidinecyclopentanone, 0.03. Since 
the cyclopentyl derivative is probably formed from the cyclopentylidine 
derivative, other species in the system must be losing hydrogen, perhaps 
in the color formation step where conjugated moieties are required.

Gas and thin-layer chromatography of the various fractions listed in 
Table I showed that whereas some of the degradation products of nylon 
06 have been identified, there exist a number of other components, some 
in rather high concentration which have not yet been characterized. It is 
intertesting to note th a t none of the assorted fractions gave positive E hr
lich tests. Perhaps this is due to the low tem perature of degradation 
which did not produce volatile Ehrlich positive products, whereas the 
dark color of the hydrolyzed basic fraction obscured the test.

EXPERIMENTAL

Nylon Degradation Reactors
To obtain reasonable quantities of the volatile fraction, approximately a 

10-g portion of nylon chips was degraded under a flow of nitrogen at 1 f t3/hr, 
305°C, for 24 hr. The amount of volatile material obtained by this 
procedure was only a few milligrams, but it was sufficient for all of the 
separation and characterization procedures used. Further, it could be 
worked up rapidly without significant changes in color. Temperature was 
maintained by a benzophenone vapor bath (305°C) or dimethyl phthalate 
(283°C) similar to tha t described by Sorenson and Campbell.2" A U-tube 
was constructed, with one leg of 8 mm od tubing joined by a small ring- 
seal to a 25 mm od tube so th a t gases passing down the smaller tube would 
be heated to operating tem perature before contacting the flake in the 
larger tube. The U-tube was inserted into a rubber stopper to maintain 
the vapors in the boiler. From the large tube, an air condenser led to a 
liquid nitrogen condenser, then to a water bubbler. When nitrogen 
was used as flow gas, it was first passed through a liquid nitrogen bath to 
remove condensable material. Polyethylene or glass tubing was used 
throughout.

Determination of Gel Content
The content of gel in a sample was determined by grinding the sample 

to 20 mesh, placing a weighed quantity (ca. 0.25 g) in a fared, extracted 
alundum crucible, extracting with 100% formic acid for 48 hr, freeze
drying the remains, then reweighing, hydrolyzing the remains with 50% 
HC1/H20  for 24 hrs, and reweighing to correct for glass which contaminated
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the sample originally. The per cent gel is ratio of insoluble nylon to the 
original nylon, multiplied by 100. The correction for glass must be 
applied because gelled nylon will pull glass off of the container walls as it 
cools. The gelled nylon plugs containing the glass coating were chilled 
in liquid nitrogen, ground in a Wiley mill maintained cool with Dry Ice 
outside the grinding chamber, and dried. The extractor consisted of an 
especially constructed Soxhlet extractor in which the formic acid entering 
extraction chamber was at room tem perature; this procedure prevented 
formolysis reactions between nylon and formic acid which would have 
occurred had hot formic acid been in contact with the nylon for extended 
periods of time. Vacuum freeze-drying was accomplished by maintaining 
the samples below — 60°C to ensure th a t the gel-formic acid-water system 
remained solid at all times. The system worked quite well except at the 
point of incipient gelation where very large molecules of nylon tended to 
clog the pores of the crucible. No difficulties were experienced either with 
nongelled or material containing more than 3% gel. Reproducibility 
was generally within ±2% .

Preparation of the [b,e]-Pyridine
2,2'-MethylenedicycIopentanone. This was prepared in low yield 

(17%) by the procedure of Colonge et al.21 from cyclopentanone, para
formaldehyde, and sodium methylate.

A n a l . Caled for CnH160 2: C, 73.30%; H, 8.95%- 0,17.75%. Found: C, 73.45% 
H, 9.23%; O, 17.42%.

Dioxime of 2,2'-MethylenedicycIopentanone. A 1-g portion of the 
above ketone was added to 2.5 g hydroxylamine hydrochloride, 15 cc water, 
10 cc 10% NaOH, and just enough alcohol until the ketone started to 
dissolve and a crystalline pp t simultaneously started to form. The mix
ture did not become clear. It. was stirred overnight on a magnetic stirrer, 
washed with water, and dried. The product melted at 214°C (reported 
mp, 193 and 216°C21).

Anal. Caled for CuH18N ,02: C, 63.82%; H, 8.63%; N, 13.33%; O, 15.22%. 
Found: C,63.15%; H,8.71%; N, 13.29%; O, 14.95%.

l,2,3,5,6,7-Hexahydrodicyclopenta[b,e]pyridine. Product from above put 
in a flash with 3 ml concentrated HC1 and refluxed for 30 min following the 
procedure of Colonge et al.22 Upon addition of base a white precipitate 
formed which darkened rapidly. This was extracted with ether, dried, 
evaporated to dryness, and recrystallized from petroleum ether, mp 90°C 
(reported mp 87°C). N M R  Spectra showed 1 proton at the 4 position, 
8 protons at the almost equivalent 1, 3, 5 and 7 positions, and 4 protons 
for the equivalent 2 and 6 positions (Fig. 5). The molecular weight by 
high-resolution mass spectroscopy was 159.10467; calculated for ChHi3N, 
159.10473.

Anal. Caled for CnH,3N: C, 82.97%; H, 8.23%; N, 8.80%. Found: C, 82.32%; 
Id, 8.53%; N, 8.70%.
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The ultraviolet spectrum Xmnx 287 m/q e = S.S7 X 1031/mole cm in meth
anol; Xmax = 298 m,u, e = 1.4 X IO41/mole cm in formic acid.

Condensation of Cyclopentanone
Cyclopentanone was refluxed over KOH, and the aqueous product was 

collected in a Dean-Stark trap following the procedure of Edgar and 
Johnson.5 After workup, two fractions were obtained, the dimer, cyclo- 
pentylidine-cyclopentanone, bp 136-141 °/21 mm (VII) and the trimer, 
cyclopentylidine(2'-cyclopentylidine)cyclopentanone, (VIII), mp 71-72°C.

V I I  V I I I  IX

Gas chromatic analysis of the dimer showed that it contained ca. 10% 
of the hydrogenated dimer, cvclopentyl cyclopentanone (IX).

Ultraviolet analysis showed cyclopentanone, (single maximum at 288 
mu, t = 17.7 1/mole-cm in methanol), dimer VII (single maximum at 
258 m/x, t = 1.075 X 104 l./mole-cm in methanol, log 6 = 4.03, reported 
log e = 4.10 in ethanol); trimer VIII (two maxima, located at 302 and 
363 mju, «so-i = 2.31 X 104 l./mole-cm, log e = 4.36 (methanol), reported
4.46 (ethanol), and e36:i = 2.35 X 102 I./mole cm, log e = 2.37. The tri- 
cyclopentenobenzene is reported to have the following spectra:23 Xmax 
267 m/x, log e = 2.55 (cyclohexane); Xm;n 245 mg, log e = 2.25 (cyclo
hexane).

Cyclopentylcyclopentanone was easily prepared by hydrogenation of 
VII over Adam’s catalyst at 60 psi. It contained approximately 10% 
cyclopentylcyclopentanol.

Cyclopentylcyclopentanol was easily prepared by reduction of VII in 
ethanol with metallic sodium.

Gas Chromatography

The neutral volatile materials and the methylated acids were chroma
tographed on 30% Carbowax 20M-terephtInflate on Chromosorb G, AW- 
DMCS 60-100 mesh.

The basic volatile materials where chromatographed on 10% Carbowax 
20M +  2% KOH on Anakrom u.

The acid materials were methylated by using the BFs-methanol proce
dure of Metcalfe et al.24

Thin-Layer Chromatography

The basic materials were chromatographed on silica gel GF with 77% 
etlianol-23% ammonium hydroxide and visualized with ninhydrin. The 
pyridine and secondary amines required about 30 min at 100°C for color 
to be developed.
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To obtain positive identification of the [b,e]-pyridine from the small amounts avail
able required the combined talents of R. B. Coffey (IR), M. R. Jackson (MS), W. W 
Lanier (GLC), and J. C. Randall (NMR) to whom we wish to express our appreciation.
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Therm al Decom position o f Poly (vinyl Chloride) and 
Chlorinated Poly (Vinyl Chloride). I. ESR 

and TGA Studies

S. A. LIEBMAN, J. F. REUWER, Jr., K. A. GOLLATZ, and C. D. 
NAUM AN, Armstrong Cork Company, Lancaster, Pennsylvania 17604

Synopsis

Significant effort has been made in the past by many workers to investigate the mech
anism of thermal decomposition of poly(vinyl chloride) (PVC). The presence and role 
of free radicals has been controversial in this regard. Our data on PVC and chlorinated 
PVC systems demonstrate the existence of macroradicals in the early stage of thermal 
decomposition under inert and oxidative atmospheres. Data from conventional 
thermogravimetric experiments are used in conjunction with the electron spin reso
nance findings.

Some workers1'2 have concluded that under low extent of thermal de
hydrochlorination, poly (vinyl chloride) (PVC) did not show any evidence 
of the presence of radicals. Accordingly, evidence cited for a radical 
mechanism in this polymer based on electron spin resonance (ESR) mea
surements of a recorded singlet signal had little justification. Our investiga
tion of carefully purified PVC and systems related to PVC gives evidence 
which contradicts the above conclusion.

Powdered samples of PVC prepared by different methods, a chlorinated 
PVC series with varying chloride content, and a reference sample of poly- 
(vinylidene chloride) (PVCb) were examined by ESR and thermogravi
metric analysis (TGA). The temperature of the initially detected ESR 
signal, its generation and decay rates under certain conditions, and the 
corresponding temperature for initial weight loss and maximum dehydro- 
chlorination rate from derivative TGA data were recorded for these 
samples. In addition, apparent activation energies and frequency factors 
were calculated and dependence of the former on conversion are described.

EXPERIMENTAL

PVC Diamond 450 was obtained from Diamond Shamrock Chemical 
Company, Cleveland, Ohio. Purification was accomplished by repeated 
H20  washing and precipitations with MeOH. Low-temperature PVC 
( — 70°C) was prepared by a free-radical method by using tributylboron- 
H20 2 initiator. Chlorinated PVC samples were obtained by suspending
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°
PVC in CC14 and irradiating with a low-pressure, 3660-A ultraviolet 
source at 77°C during chlorination with Cl2. Chloride content of polymers 
was determined by the Schoniger combustion method. A reference sample 
of PVC12 was donated by Dr. E. J. Quinn, Armstrong Cork Company. 
A sample of Tyrin QX (chlorinated polyethylene), obtained from the 
Dow Chemical Co., Midland, Michigan, contained 48% Cl by the above 
analysis.

ESR spectra were obtained as first derivatives on a Varian 4500-10A, 
X-band spectrometer with a 12-in. rotating magnet, 100-kHz field modula
tion, variable temperature accessory, V-4540 controller, and a V-4533 
cylindrical cavity. Instrumental parameters were identical for the 
comparative series: receiver gain 2000, modulation amplitude 2.4 gauss, 
and 15-db attenuation from 400-rnW klystron output. Samples (~100 
mg) were examined in sealed quartz ESR tubes (unless otherwise noted) 
placed in the variable temperature cavity to allow highly sensitive signal 
detection. l,l-Diphenyl-2-picrylhydrazyl (DPPH) was used as the 
reference for the estimation of the g value. TGA data were obtained by 
using an Arninco thermogravimetric analyzer (American Instrument 
Company, Inc., Silver Spring, Maryland) on 100-mg samples in either air 
or N2 atmosphere, as indicated. (A test with a 25-mg sample gave the 
same determined parameters as were obtained with the larger sample.)

Computer programs were written for use 011 the IBM System/360, 
Model 44 computer following the differential method of Friedman.3 
Derivative calculations were smoothed by second-order Lagrangian inter
polation techniques and compared to first-order calculations to determine 
the significance of small variations. Slopes were determined by using a 
least-squares treatment. Alternative calculations of the apparent activa
tion energy were made using dual heat rates (3 and 10°C/min) and slope 
determinations in a computer program written by A. Mitchell and C. 
Nauman, and the maximum-point method.4,6 Full duplicate runs were 
made on certain samples for the Friedman calculations and the dual heat 
rate program in the temperature ranges needed for comparison (at ~30%  
isoconversion points) and to insure reproducibility. A model calculation 
was used with incremental 1-mg weight losses, which demonstrated that the 
detection level in the derivative thermogravimetric (dTGA) presentation 
was ca. 1% (dw/dT). Temperature determinations are estimated to be 
reproducible to better than 10%. The experimental conditions and data 
handling were identical for all samples and provided direct, internally 
consistent data.

RESULTS AND DISCUSSION 

ESR Studies

The data obtained are shown in Table I and Figures 1-4 for the specific 
polymer systems. Initial (“threshold”) temperatures, Tt, for the first 
ESR signal are listed for the denoted systems for identical thermal his-
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TABLE Ia

Ti%
(temp at
5% wt To,

Tt loss, Tb (dTGA,
(ESR, dehydro- (TO A max-rate

threshold chlorina- breakpoint temp,
temp), tion), temp) dw /dl max

Sample °C °c °C °C

Dia 450 PVC
N, 240 2,82 278 298
Air 220 278 276 292

04.1% Cl-PVO
N, 200 307 312 341
Air — 207 305 329

67.4% Cl-PVC
n 2 200 285 295 320
Air 220 292 290 311

70.2% Cl-PVC
n 2 — 322 327 340
Air — 321 320 336

72.2% Cl-PVC
N, 240 332 335 353
Air -- - 327 330 353

74.2% Cl-PVC
n 2 240 335 355
Air — — — —

75.2% Cl-PVC
n 2 — 330 338 352
Air — 325 32S 344

PVCU (72.8% Cl)
N, ISO 240 238 257
Air 180 235 236 258

Low temp. PVC ( — 70°C) 240 307 303 335
48% Cl-PE 220 300 311 355

a Heating rate =  10°C/min.

tories and instrument parameters. The comparative slopes of ESR 
signal-generation curves are shown in Figure 1 for a sample maintained 
at ca. 220°C in a sealed X2 atmosphere. The prior heating rate to the 
final 220°C level was 10°C/min for each sample. Figure 2 allows com
parison of slopes of the ESR signal-generation curves for PYC Diamond 
450 and for 07.4% Cl-PVO in an oxygen and in a nitrogen atmosphere, 
respectively, all other parameters were held constant. The decay slopes 
are shown in Figure 3 and were obtained by recording a change of the 
ESR signal intensity at 40°C. Various workers6-12 have analyzed macro- 
radical recombination and decay phenomena in PYC and other systems 
and found, generally, that radical decay follows bimolecular kinetics and 
has relatively high activation energies. In addition, the use of the duPont 
Curve Resolver with derivative channels13 allowed insight into the number
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Fig. 1. Free-radical generation under N2 at 220°C. Curves are displaced along the 
vertical axis in arbitrary units for ease of comparison.

and possible types of radical species that were responsible for the ESR 
signal generated in PVC Diamond 450. The curves seen in Figure 4 
could be simulated by the composite presentation of three Gaussian 
derivative curves. The change in curve shape at 220, 100, and 40°C 
was followed by the curve resolver utilizing varying proportions of the 
three component curves, adding skew to the function generators, and by 
offsetting the position of one component. This would be indicative of a 
radical signal occurring at a different g value than the other component 
signals. Since, generally, hydrocarbon radicals have closely similar g 
values (g = 2.00) and peroxy radicals have g values significantly higher 
(ig = 2.01),11,12 the inference as to the possible presence of the latter 
species is direct. The change in proportions would likewise be a result 
of differing rates of radical decay at those temperatures and conditions. 
Further studies under varied experimental conditions will be attempted 
to establish the identity of the macroradicals.

TGA Studies

Data obtained from thermal analysis on these identical source samples 
were processed to provide further insight into the initial dehydrochlorina-
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Fig. 2. Free-radical generation at 220°C: (a) Diamond 450 PVC, air or Ns atmospheres; 
(b) 67.4% Cl-PVC, air or N* atmospheres.

tion stage.14-17,46 The “breakpoint” temperature TV from the TGA curve 
is shown in Table I for comparison with the “threshold” temperature T t 
by ESR of a detectable signal. Also, the temperature for the initial 5% 
weight loss is recorded as Tfl%. The derivative presentation of the loss of 
HC1 and subsequent calculation of the activation energies18-21 (see Experi
mental) for that degradative step provided a means to detect minor 
changes in the kinetics4,6,22-31 and substantiate the trends noted in break
point temperatures. ESR signals, dTGA data, and activation energies 
could, therefore, be compared in these temperature regions with a reason
able reliability. The threshold temperature for the initial detection of a 
free-radical signal at y = 2 in the carefully heated PVC in all cases is 
significantly lower than the breakpoint temperature from TGA for the 
dehydrochlorination process. Use of conservative limits of accuracy for 
such temperature determinations (±  10°C) still results in a definitive ESR 
signal well below the weight-loss TGA indication, Tb or T5% (Table I). 
Examination of T 1% (the temperature of initial 1% weight loss), although 
approaching limiting TGA detection and unrecorded, allows the same 
conclusion. It is conclusive experimental evidence that free radicals
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Fig. 3. Free-radical decay under N2 at 40°C. Curves are displaced along the vertical 
axis in arbitrary units for ease of comparison.

are present during the early stages of dehvdrochlorination. Also, the 
temperature at maximum rate of dehvdrochlorination ( — dw/clT)max 
displays an increasing trend as the degree of chlorination increases in this 
series.

In addition, kinetic treatment of TGA data allowed comparable apparent 
Arrhenius activation energies Ea and pre-exponential factors A to be 
calculated for a systematic study of the influence of chloride content in 
PYC, Cl-PVC, and PVC12. Literature values for a control PVC using 
varied methods of calculation throughout the dehydrochlorination range 
are recorded from 25 to 70 kcal/mole for the activation energy and reaction 
orders from 0.8 to 2.9.29

Our values for these polymer systems are based on calculations from 
the Friedman differential method3,32’33 by use of the basic relationship, 
log ( — pdw/clT) — —E J2A R T  +  log \Af(W)], where/(IF) is an uncom
mitted concentration function (mg), T is absolute temperature, A'„ is 
activation energy (kcal/mole), p is the heating rate (°C/min), A is the 
pre-exponential factor, and R. is the gas constant (2 cal/mole-deg). The 
use of alternative methods gave supportive evidence to the above calcula
tions. Apparent activation energies were obtained by the Friedman
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Fig. 4. FirsLderivative ESR signals analyzed with the duPont Curve Resolver.13 
Diamond 4.">0 PVC at 220, 100, 40°C. The g value indicated by reference to the DPPH 
position, with H0 increasing left to right.

method for 10, 20, 30, and 40% conversion levels during the dehydro
chlorination process at a minimum of three different heating rates. Also, 
an average value for Ea was obtained in this limited region for the family 
of conversions. The use of 3 and 10°C/min heating rates was made in Ea 
calculations by a separate computer program written by Mitchell and 
Nauman (see Experimental) in the necessary temperature range. A 
“maximum-point” method4,5 involving use of dTGA data from a single 
thermogram at 10°C/min heating rate (Table II), was useful for still 
further comparison of the Ea, A, and n (reaction order) values obtained by 
the Friedman multiple heating-rate calculations. Certain of these results 
are included in Table II for the denoted polymers.

Importantly, the Ea values from 10 to 40% dehydrochlorination tend 
toward decreasing numbers in both air and nitrogen atmospheres, as the 
extent of conversion increases for PVC dehydrochlorination, while for 
Cl-PVC, the opposite trend is observed; i.e., it becomes progressively 
easier energetically for the PVC dehydrochlorination process to proceed 
as the per cent dehydrochlorination increases, while it is progressively more 
difficult for the Cl-PVC. For the respective samples studied, essentially 
parallel families of lines were obtained for the activation energy calculations
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by using log pf(A)  versus 1 / T  plots, indicative of similar basic mechanistic 
steps occurring within the chosen temperature regions.3i32'33 This different 
dependence of Ea on conversion and heat rate is included elsewhere in a 
more comprehensive study for these polymers.29-31'34

It is noted that the effect of an oxidative atmosphere was to slightly 
decrease the activation energy (except for samples 64.5 and 67.4% Cl- 
PVC), and to provide a slightly steeper slope in the Ea versus per cent 
conversion plots. Arrhenius frequency factors are considered in the 
“normal range” with values approximately 1014-6 to 1011-5. Values lower 
than these indicate large negative entropies of activation.18 Thus, oxida
tive degradation appears energetically more favorable than degradation 
occurring in an inert atmosphere,35'36 as determined by TGA data. This 
is supported by the ESR data to some extent by the increase in macro
radical signal-generation slope for PVC heated in air, although not readily 
apparent by the ESR signal-detection temperature, Tt. Control PVC 
samples showed only slight lowering of Tb in an oxidative environment, 
while for the 67.4% Cl-PVC sample Tt appeared at slightly higher tem
perature than that obtained in an inert atmosphere. A high sensitivity 
to overall thermal degradation1 was shown by the PVC12 polymer, which 
gave identical Tt (180°C) and Th (~240°C) values in both air and N2. 
Higher thermal lability for the 1,1-dichloro unit relative to the 1,2- 
dichloro units seen in Cl-PVC systems may be inferred.34

The evidence in Table I gives similar “threshold” temperatures Tt for 
chlorinated and nonchlorinated systems; this supports a common initial 
process for radical production, but the different TGA breakpoint tempera
tures Tb reflect a different rate for the systems to achieve detectable de
hydrochlorination weight loss. Since the only common “defect” struc
tures to both systems would be tertiary Cl atoms at branch sites, oxidized 
structures, and/or initiator end groups, these would be possible initiators 
for the dehydrochlorination in the 220°C range.36 The chlorination proce
dure is likely to have removed any low amount of unsaturation, 
and —C =C — content is thus assumed to be negligible for both systems. 
However, significantly larger amounts of 1,2- and 1,1-dichloro units were 
introduced on chlorination relative to the control PVC. Therefore, these 
latter sites, i.e., (—CHC1—)„, —CCb—, do not appear to be dominant 
influences in the initial free-radical production in this series.

Although similar generation temperatures and slopes for macroradical 
production are observed (Fig. 2), the decay plot (Fig. 3) demonstrates a 
significant difference between the PVC homopolymers (Diamond 450 
and low-temperature — 70°C PVC) and the Cl-PVC compounds. The 
former two samples exhibit a positive slope; the latter, as well as PVC12 
and Cl-polyethylene (Cl-PE, 48% Cl), exhibit negative slopes. The 
number of radicals at 40°C in the control polymers was, therefore, increas
ing by subsequent homolytic scission and/or electron-transfer mechanisms. 
The Cl-PVC samples demonstrated ESR signal decay and therefore were 
undergoing radical recombinations, disproportionation, cyclizations, and
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any other process whereby macroradicals terminate under these experi
mental conditions. I t is evident that macroradicals produced in the PVC 
system differ from those produced in the Cl-PVC or PVC12 systems based 
on the above ESR spectral parameters and differing TGA breakpoint 
temperatures.

CONCLUSIONS

The above carefully treated experimental series of PVC, Cl-PVC, and 
PVC12 systems has allowed reasonable conclusions to be made regarding 
the participation of free radicals during the initial dehydrochlorination 
process. Effects of an oxidative atmosphere compared to an inert atmo
sphere show macroradicals have only a slightly changed threshold tempera
ture, but a more rapid radical-generation rate in the control PVC polymer. 
An oxidative atmosphere generally produced a lowering of Ea, A, Tb, and 
Td values by varying amounts for the observed polymer samples in this 
series. Computer shape analysis of the derivative ESR signals for PVC 
Diamond 450 indicated changing proportions of at least three macroradicals 
present from the initial generation temperature at 220°C to the final 
monitoring at 40°C. These were different from the ESR curve shapes 
given by Cl-PVC systems, and detailed organic analysis will be reported.34

It must be concluded that a free-radical mechanism is, in fact, occurring 
within the control PVC and chlorinated-PVC systems at low initial reac
tion conditions of dehydrochlorination.* This would substantiate results 
of previous investigations by chemical, spectroscopic, and tracer methods 
under varied experimental conditions.36~44

We gratefully acknowledge the donation of chlorinated PVC samples by Dr. E. J. 
Quinn and J. D. Helm and the aid in computer analysis by J. T. Meluskey and A. 
Mitchell. Technical assistance in the ESR experiments by G. B. Kemmerer, Jr., 
Physics Department, Temple University, Philadelphia, is appreciated, as well as helpful 
comments by Dr. L. Goldfarb and Dr. T. Garrett, Armstrong Cork Company.
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Synopsis

Heats of fusion, melting transitions, and the derived entropies of fusion were obtained 
by differential scanning calorimetry for examples from three homologous series of homo- 
polymers having long side chains. Homopolymers having side-chain lengths between 12 
and 22 carbon atoms were chosen from the poly(n-alkyl acrylates), the poly(A'-n-alkyl- 
acrylamides) and the poly (vinyl esters). The data demonstrated that only the outer 
paraffinic methylene groups were present in the crystal lattice. This was concluded be
cause phase diagrams obtained for mixtures of structurally different monomers and homo
polymers, as well as for selected copolymers, showed only isomorphism in the polymeric 
examples. In addition, scanning curves, reflecting the distribution of crystallite sizes, 
became narrower as the side chains became longer. The critical chain length required to 
maintain a stable nucleus in the bulk homopolymers was a constant value for each ho
mologous series. It varied between 9 to 12 carbon atoms. When heats of fusion were 
determined in the presence of methanol, main-chain restraints were freed, thus permit
ting more methylene groups to enter the crystal lattice. Hence, the heats of fusion, the 
crystallinity, and melting points increased above that of the bulk state. The magni
tude of the contribution to the heats of fusion by each methylene group indicated that 
the hexagonal paraffin crystal modification prevailed in these homopolymers, in agree
ment with x-ray data from the literature.

INTRODUCTION

Side-chain crystallinity is usually present in atactic vinyl homopolymers 
having linear subgroups in excess of 10-12 carbon atoms.1 This was dem
onstrated by the first-order melting transitions obtained for largely atactic 
homologs selected from the poly (»/-alkyl acrylates and methacrylates)2'3 
and their copolymers,3 the poly-2-n-alkyl-l,3-butadienes,4 the poly(vinyl 
esters),5 the poly-w-alkylstyrenes,6 the poly-IV-w-alkylacrylamides,7 and 
the poly (fiuoro-w-alkyl acrylates).* Crystallinity was also shown to be pres
ent only in the side chains of the isotactic poly(»-alkyl acrylates),9 by using 
x-ray diffraction, although the degree of tactieity was not specified in the 
citation. In highly crystalline isotactic poly-l-alkenes, however, x-ray dif
fraction demonstrated that, both main and side chains were in the crystal.10

1835
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On rapid quenching of polyoctadecene-l from the melt and extracting, a 
fraction melting at 41°C was obtained11 which was thought to involve only 
crystallinity in the side chains. This conclusion was reached because most 
atactic 17- and 18-carbon homopolymers melt at about 45~55°C.

The utilization of vinyl monomers derived from animal fats suffers to some 
extent because of the rigidity introduced into homopolymers and copoly
mers by side-chain crystallinity. When they are used as internal plasticiz
ers, brittle failure usually results at high plasticizer content.712 Conse
quently, a more systematic and quantitative thermodynamic study of the 
crystallinity phenomenon seemed to be warranted. This paper reports the 
results of using differential scanning calorimetry to obtain the heats of fu
sion, melting transitions and derived entropies of fusion for three representa
tive homologous series of homopolymers, namely the poly(w-alkyl acryl
ates) the poly-iV-H-alkylacrylamides, and the poly (vinyl esters). Evidence 
will be presented indicating that the side chain crystal lattice is entirely 
paraffinic, with no incorporation of main-chain units. Phase diagrams, con
structed for mixtures of homopolymers and for copolymers, will be intro
duced in support of this view. Estimates of crystallinities will be obtained 
from the thermodynamic; quantities obtained. In subsequent papers the in
fluence of side chain crystallinity on the glass transition13 and the mechan
ical properties14 of copolymers will be treated.

EXPERIMENTAL 

Amines and Alcohols

The amines and alcohols, the purest available commercially (specified to 
be greater than 99% pure by gas-liquid chromatography), were used 
directly.

Monomer Preparation and Purification

The preparation and purification of W-n-octadecyl-12 and N-n-dodecyl- 
aerylamide7 have been described. The remaining iV-n-alkylacrylamides 
were prepared12 and the tetradecyl-,7 N-x-hexadecyl-12 and N-n-docosyl- 
acrylamides12 purified by the designated literature procedures. Yields, 
melting points (fused sample), acid number, and purity by gel-permeation 
chromatography, respectively, were: Cm, <82.8%, 63.5-(54.0°C, 0.19, 99.9%; 
Cie, 70.4%, 70.0-70.5°C, 99.9%; C,2, 07.0%; 80.5-82.0°C, 0.47, 85.8%.

Anal. Cu, Oiled: C, 76.:«', ; II, 12.44%; N, 5.24%. Found: C14, C, 76.26%,; 11,
11.99%; N, 5.50%. C,«, Calcd: C, 77.23%,; II, 12.62%.; N, 5.41%. Found: C, 
76.71%; H, 12.29%; N, 4.69%. C,,, Gated: O, 79.08'%.; H, 12.74'%; N, 3.69%'.. Found: 
C, 78.53%; H, 12.93%.; N, 3.61%.

The w-alkyl acrylates were prepared by the same procedure used for the 
N-n-alkylacrylamides.12 Each crude ester was taken up in a low-boiling 
(63-70°C) commercial alkane mixture (3 ml/g) and treated twice with 
equal volumes of 10% sodium carbonate to remove acid. The isolated Cm
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and Ch were flash-distilled at 0.1 mm Hg and crystallized twice from acetone 
(3 ml/g), the Ci2 at — 60°C and the Cn at — 20°C. The balance of the es
ters were crystallized from the alkane mixture at — 20°C and recrystallized 
from acetone (3 ml/g), at 0°C, except for the hexadecyl ester which was re
crystallized a t —20° C. Yields were: Ci-., 77.7%; Ci4, 02.9%; Cw, 61.2%; 
Cis, 53.0%, C22, 45.6%. Purity by gel-permeation chromatography was: 
C12, 98.3%; C14, 84.6%; C16,99.7%; Ci8, 99.5%; C& 92.7%.

A n a l . C 12, C a lc d :  C ,  7 4 .9 5 % ;  H ,  1 1 .7 4 % .  P o u n d :  C ,  7 5 .2 4 % ;  IT , 1 1 .7 7 % .  C u , 
C a l c d : C ,  7 6 . 0 6 % ; I I .  1 2 .0 2 % .  F o u n d :  C ,  7 6 .2 2 % ;  H ,  1 1 .9 9 % ,  C 16, C a lc d :  C ,  7 6 .9 8 % ;  
H ,  1 2 .2 4 % .  F o u n d :  C ,  7 7 - 0 9 % ;  H ,  1 2 . 0 2 % ;  C is , C a lc d :  C ,  7 7 . 7 2 % ;  H ,  1 2 .4 2 % .  
F o u n d :  C ,  7 7 .9 6 % ;  H ,  1 2 .4 7 % .  C 22, C a lc d :  C ,  7 8 .8 8 % ;  1 2 .7 1 % .  F o u n d :  C ,  
7 S . 9 7 % ;  H ,  1 2 .7 7 % .

Vinyl laurate and palmitate were prepared15 and vinyl laurate was puri
fied by a reported procedure.15 Vinyl palmitate was chromatographed on 
dry Fluorosil and eluted with hexane. Both esters were 99% pure by gas- 
liquid chromatography. Vinyl stearate, obtained from commercial 
sources, was crystallized from acetone (10 ml/g) four times at —20°C and 
was 98.8% pure by gas-liquid chromatography.

Polymerization Procedure

The monomers were polymerized in benzene (3 mole/mole of monomer) at 
60°C for 48 hr in sealed bottles under nitrogen with the use of 0.1 rnole-% of 
azobisisobutyronitrile as initiator. Exceptions were n-docosyl acrylate 
(19 hr) and A7-n.-doeosylacrylarnide (19 hr at 90°C). The homopolymers 
were precipitated in methanol and extracted free of monomer using this sol
vent at reflux. All of the homopolymers were freed of solvent by drying 
under vacuum from thin films. Within experimental error, the elemental 
analyses gave the expected values for carbon, nitrogen, etc., for each homo- 
polymer.

Molecular Weight Measurements

The osmometric procedure was described;12 gel-permeation chromatog
raphy was performed at the Analytical Service Laboratory of Waters As
sociates, Inc., Framingham, Mass.

The quantities A n and A w are defined as

A n = (1 /Q)Mn 
A w = (1 /Q)MW

where A„ is the number average molecular length and Q is a constant charac
teristic of the polymer. The ratio A w/A n was taken as a. quantitative mea
sure of dispersity.

Calorimetric Procedures

A Perkin-Elmer differential scanning calorimeter, DSC-1, was used. A 
set of standard operating conditions was adopted after a series of trials.
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These were: scanning speed 10°C/min, attenuation selector setting 8 meal/ 
sec, and chart speed 1 in./min. Temperature readings were regulated for 
direct dial read-out by adjusting the average calibration to the correct melt
ing temperature. For this a series of exceptionally pure fatty-acid deriva
tives was used as standards, having a spread of melting temperatures from
— 57 to 112°C. The parabolic calibration curve was then fitted by computer. 
Heats of fusion were checked using a sample of indium and the exceptionally 
pure naphthalene and benzoic acid used by Hampson and Rothbart.16 A 
weighing procedure similar to that used by those authors was followed and 
values of the fusion heats close to theirs were obtained. These samples 
were checked periodically. Solid homopolymers were powdered and vis
cous samples were weighed into the sealable solvent cups provided with the 
instrument. Two different sample weights of each homopolymer were pro
grammed, each through three successive heating and cooling cycles, from
— 73°C to 45°C above the melting transition. No low-temperature poly
morphic transitions were observed with any of these homopolymers. Liq
uid nitrogen cooling was used for all determinations and calibrations. One 
determination in each set of three was carried out following rapid cooling by 
manual control, but no differences in melting peak areas were ever noticed 
by this quenching technique. Fusion endotherms always equaled crystal
lization exotherms within experimental error. A planimeter was used to 
measure peak areas; average values of the heats of fusion were reported. 
Average error in the heats of fusion was estimated to be about 1%. Sam
ples run in methanol or «-decane were first melted and weighed as chunks 
into the solvent cups; the solvent was then introduced and the cups were 
sealed. No solvent or polymer loss occurred. Mixtures of homopolymers 
were fused in an oven at 140°C for one hour and then ground and weighed 
on cooling. The ends of the fusion curves were taken as the temperature 
of melting in all of the experiments, partly because this procedure gave the 
most regular value as side-chain length was varied. The last disappearance 
of crystallinity is the usual criterion for equilibrium melting.17a However, at 
the heating rates employed in this work, equilibrium could only have been 
approached. All computations were made by use of an IBM 1130 com
puter.

Refractometric Melting Temperature

Selected samples were run by a refractometric technique,2 from 15°C be
low the transition, at an incremental heating rate of 1°C ever}' 30 min. 
Usually no change occurred in refractive index after 5 min. Consequently, 
these transitions were considered to be equilibrium melting points.

RESULTS AND DISCUSSION

Thermodynamic Data and Molecular Weight and Size Measurements

The molecular weights, heats of fusion and melting transitions for the three 
homologous series are listed in Table 1. Some melting points obtained at
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low heating rates (ca. l°/30 min) by refractometry are also included. They 
are usually lower than those by differential scanning calorimetry. They are 
probably more accurate because the fast scanning speeds (10°C/min) of the 
latter determination allowed insufficient time to reach equilibrium.17“ 
Individual members of a homologous series of homopolymers are often desig
nated in this paper by the number of side-chain methylene groups n.

The molecular weight data is typical of that obtained for the higher 
homologs.18 The distribution curves from gel permeation chromatography 
showed a long tail at high elution volumes, indicating the presence of low 
molecular weight material in these unfractionated homopolymers. This 
accounts for the large value of the dispersity index. With the exception of 
the vinyl esters, the degrees of polymerization show that the samples were 
high polymers.

Heats of fusion and melting transitions were obtained in bulk for all of the 
homopolymers and some were determined in the presence of methanol, a 
non-solvent for the homopolymers. AI ethanol was used in highly varying 
amounts from sample to sample; the ratio of methanol to sample changed 
randomly from 0.16 to 1.4 down the list in Table I. Both types of data are 
listed in the table. Specific values of the bulk fusion endotherm were simi
lar at each value of n for the poly(n-alkyl acrylates) and the poly(vinyl es
ters), allowing for the slight difference in n for these two systems, but are 
considerably lower for the respective poly-IV-n-alkylacrylamides. How
ever, in the presence of methanol the heats of fusion increased about 2 cal/g 
for the polyesters and 6 cal/g for the polyamides. In fact the heats of fu
sion for the poly-lV-n-alkylacrylamides were similar after treatment to those 
for the bulk ?i-alkyl acrylates of the same side-chain length. Of greater sig
nificance, the melting transitions for most members of both ester and amide 
series were higher in methanol than in bulk. Phase-transition theory pre
dicts a small decrease in temperature of melting as nonsolvent. is increased,171" 
until the point where liquid-liquid phase separation exists, whereupon no 
further depression should occur. Consequently another explanation is re
quired for an elevation of melting above that of the bulk state.

It is well known that certain liquids can, by solvation, increase the mobil
ity of chains and thus gx-eatly increase their rates of crystallization.19-21 
However, plasticization and bulk annealing should lead to the same thermo
dynamic transition22 when equilibrium conditions prevail. In these sys
tems methanol is thought to solvate the polar groups of the main chain and 
disrupt intramolecular interactions. This type of interaction is probably 
responsible for stiffness in these homopolymers23 because intermolecular in
teractions are shielded by the side chains. Thus, as chain mobility is in
creased, more methylene groups in any chain unit can enter the crystal, 
thereby increasing the equilibrium crystallinity, the melting transitions, and 
the heats of fusion, as observed. This assumes, of course, that only side 
chains can crystallize.

Typical scanning curves are shown in Figure 1. These were drawn to 
equal weights and temperature increments. Insert 1 compares poly(?i-
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F ig .  1. C o m p a r is o n  o f  m e l t in g  p o i n t  c u r v e s  f o r  s e le c te d  h o m o p o ly m e r s :  ( l a )  p o ly  
(n -d o d e c y l  a c r y la t e ) ;  ( l b )  p o ly ( n - o e t a d e c y l  a c r y l a t e ) ;  (2 a )  p o ly  ( v in y l  l a u r a t e ) ;  (2b)  
p o l y ( v i n y l  s t e a r a t e ) ;  (3 )  p o ly iV - r a - d o d e c y la c r y la m id e ,  (a )  in  b u lk  a n d  (b ) in  m e t h a n o l ;  
(4 )  p o ly - iV - n -o c ta d e c y la c r y la m id e ,  (a )  i n  b u lk  a n d  (b )  i n  m e t h a n o l .

dodecyl acrylate) with poly(n-octadecyl acrylate); insert 2, poly (vinyl 
laurate) and poly(vinyl stearate); insert 3, poly-iV-n-dodecylacrylamide, in 
bulk and in methanol, and insert 4, poly-IV-n-octadecylacrylamide in bulk 
and in methanol. In all of the series, the overall melting range is similar, 
but there is a marked difference in the scanning curves. These curves qual
itatively reflect the distribution of crystallite sizes.22 In the ester homologs, 
the crystal-size spectrum becomes narrower and moves toward the higher 
temperature range of the distribution as the side chain length increases. 
This supports the view that only side chains crystallized in these systems. 
The amide crystal-size distributions are broader than those of the cor
responding esters. The effect of added solvent in increasing both crystal
linity and crystal perfection can be seen in inserts 3 and 4. At higher side 
chain length, poly-IV-n-alkylacrylamides in methanol resembled the bulk es
ters of the same side chain length. The melting endotherms for the poly
esters in methanol were slightly broader than for the corresponding bulk 
curves. Again, these data illustrate the effect of increased main-chain mo
bility on the development of crystallinity and the perfection of the crystals.

Entropies of fusion (listed in Table II) were determined from the usual 
relation

A  S f  =  A  H , / T m ( 1 )

on the assumption that the melting transition Tm was the true equilibrium 
melting point, and that the heat of fusion represented that for the entirely 
crystalline phase.17b While melting points (Table I) by refractometry were 
believed to be equilibrium values, those by scanning calorimetry are not. 
Consequently, all of the entropies based on DSC measurements (Table II) 
will be somewhat more in error than those based on refractometry. Never-



S1DR-CI1AIN CRYSTALUNTI'Y. I 18 i:î

03 X CO CO 0 CO ^  O X X CO O 0 CO i-O CO CO 04
~ CO I> 1 c Tf O 1—1 i>  i.o CO CO 04 *0 CO —1 CO X ' TT* CO 04

-S 04 04 04 04 04 04 04 O) 04 04 04 04 04 04 04 04 04 04 04 04 04 04 04 04

X  CO CO 02 CO CO 04 I> iC C72 CO CO iO C 2 IC O 4^ O CO CO 02 02 CO
04 00 ’-H 02 l>* O *o Tf 04 X O ‘O c e *0 Ô4 • o l ' -

CO i-H 04 i—| 00 - x CO o f~t i*Y7l CO iC r_< IC <31 IC CO ^  CO X 02
’—i — 04 CO CO —1 O) co T—1 T—! 04 04 04 04 1 1 r-( ’—1

_  _  _ i  - h 04 c-4 —■• i-h 04
(M CD CO N  W T f Cû 'X  <M 04 *C P- <C

s

P
o

ly
(v

in
y

l 
E

st
er

s)



1844 J O R D A N , F E L D E IS E X , A N D  W R IG L E Y

theless, a plot of ASt against n for a composite of both types of data was lin
ear, at least within the narrow range of n studied. I inearity is usually ob
served for correlations of enthalpy or entropy against chain length across 
short ranges of n.24

The relations24 are

A/Z/cal/mole) = A Hfe +  a(n) (2)

AS/(cal/mole-deg) = A S/e +  &{n) (3)

In eqs. (2) and (3), a and ft represent the contribution of each added methy
lene group to the heat and entropy of fusion, respectively. Plots of AHf 
against n in eq. (2) showed that n at AHf = 0 varied between 6.4 and 12.0 
for the different systems. These values represent the sequence of methy
lene groups of a length insufficient to form a stable nucleus.9 The quantities 
AHfe and AS fe are also constants reflecting contributions of the chain ends24 
to the respective enthalpic and entropic changes. The constants of ecp (2) 
and (3), obtained by curve-fitting the data by computer, are listed in Table
III. The entropies of fusion are all very similar and are close to the value 
for polyethylene, 2.34 cal/mole-deg-CH-,.170 Similarly, all of the enthalpies, 
have like values, the average, 777 cal/mole-CH», being close to a value (735 
cal/mole-CtP) found for the a-hexagonal-to-liquid transition (an —*■ 1) ex
hibited by alkanes close to their melting points.25 The significance of both 
of these observations will be treated in the last section of this paper.

T A B L E  I I I
P a r a m e t e r s  f o r  V a r io u s  E q u a t io n s

H o m o p o ly m e r

T h e r m a l  
a n a ly s is  

c o n d i-  I
t io n s

E q u a 
t io n

In t e r c e p t ,  
c a l / m o le

S lo p e ,  c a l / m o le -
c h 2

n - A lk a n e s  (<*H —*■ 1 )* ( * ) - 2 9 3 9 . 0 ± 4 2 2 .  S 7 3 4 .« ) =fc 2 9 . 3
« - A l k y l  a c r y la te s B u lk ( 2 ) - 7 2 7 1 . 0 ± 4 9 3 . 0 791 .6 d= 2 7 . 3

U it M e t h a n o l ( 2 ) -  o 9N 9 ± 4 5 4 . 3 7 5 5 . 4 2 4 .1
iV - r a -A lk y la c r y la m id e s B u lk ( 2 ) - 9 2 6 2 . 0 =L 73,S . 6 7 7 4 . 3 ± 4 7 .1

U U M e t h a n o l ( 2 ) - 6 9 9 4 . 0 ± 6 3 1 . 3 7 3 4 . 7 ± 3 3 .4
V i n y l  e s te rs B u lk ( 2 ) - 7 6 X 6 . 0 zfc 1 6 5 1 . 0 3 2 9 . 5 ± 1 1 3 .4
? i -A lk y l  a c r y la te s B u lk ( 3 ) -  2 1 .2 4 d= 1 . 5 6 b 2 . 4 1 =h 0 .0 9 ' '

u a M e t h a n o l ( 3 ) -  2 0 . 7 3 ± 1 . 8 6 b 2 . 4 6 zb 0 . 1 0 “
iV - n - A lk y la c r y la m id e s B u lk ( 3 ) -  2 6 .1 4 2 . 0 0 '1 2 . 2 4 zb 0 . 1 2 “

U U M e t h a n o l ( 3 ) -  1 6 .9 9 2 . 3 9 b I . 9 9 zb 0 .  13“
V i n y l  e s te rs B u lk ( 3 ) -  2 2 . 0 2 ± 6 . 0 8 b 2 . 4 6 zb 0 . 4 2 “

a D a t a  o f  B r o a d h u r s t . 25 
b I n  c a l /m o le -d e g .
“ I n  c a l / m o le - d e g - C H j .

Phase Diagrams for Mixtures of Homopolymers

If only the side chains can crystallize, phase diagrams for mixtures of any 
two homopolymers should form solid solutions. In contrast, mixtures of
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F ig .  2 .  P h a s e  d ia g r a m s  a n d  D S C  c u r v e s :  ( 1 )  p h a s e  d ia g r a m s  fo r  (a) m o n o m e r ic  a n d  
(fe) p o ly m e r ic  m ix tu r e s  o f  re -o c ta d e c y l a c r y la t e  a n d  A - r e - o c t a d e c y la c r y la m id e ;  ( 2 )  p h a s e  
d ia g r a m s  f o r  c o p o ly m e rs  o f  (a )  n - o c t a d e c y l  a c r y la t e  a n d  v i n y l  s t e a r a t e  a n d  (fe) o c t a d e c y l  
a c r y la t e  a n d  d o d e c y l  a c r y la t e ;  (J )  D S C  c u rv e s  f o r  m ix tu r e s ,  a n d  ( 4 )  f o r  c o p o ly m e rs ,  o f  
n - o c t a d e c y l  a c r y la t e  a n d  iV - r e -o c ta d e c y la c r y la m id e  in  b u l k ,  w o a  is  th e  w e ig h  f r a c t io n  o f  
n - o c t a d e c y l  a c r y la t e .  I F  is  th e  s a m p le  w e ig h t  .

their monomers should produce eutectic mixtures. Data are shown in Fig
ure 2 for various homopolymer mixtures and copolymers. Insert la  shows 
a phase diagram for a mixture of monomeric n-octadecyl acrylate with N-n- 
octadecylaerylamide, while lb shows the respective homopolymer mixtures. 
Clearly the monomer mixtures show a eutectic; the homopolymers (curve b) 
only solid solutions, with no T m depression. Insert 2 shows copolymers of 
(a) n-octadecyl acrylate and vinyl stearate and (b) copolymers of n-octa
decyl acrylate and «.-dodecyl acrylate. Isomorphism persists in both cases. 
In support of these observations solid solution formation between the higher 
methacrylate copolymers have long been known.3 Differential scanning 
curves are shown in inserts 3 and 4 for (a) roughly a 50-50 mixture of poly- 
n-octadecyl acrylate) and poly-jV-n-octadecylacrylamide and (b) their co
polymers. The broad melting curve, characteristic of the amide homopoly
mers, persists in the mixtures, but is more diffuse in the copolymers, indicat
ing a tendency toward more similar crystal sizes in the latter. Results like 
those of the figures were found by constructing phase diagrams for mixtures 
of poly (n-octadecyl acrylate) and poly (vinyl stearate) and by investigating 
50-50 mixtures of all combinations of the other homopolymers with n = 16 
and 22. A significant melting point depression was never found.

Heats of Fusion with a Diluent

The heat of fusion per mole of repeating unit is obtained using a diluent.17b 
When a sequence of methylene groups in the side chain constitutes the re
peating unit, as in these homopolymers, the heat of fusion obtained with the
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{ Tm ) * 10

F ig .  3 . P l o t  o f  t h e  q u a n t i t y  \ { \ / T m) — ( l / r mo )]/t> i a g a in s t  V \ / T m f o r  (a )  p o ly - ( n - o c t a -  
d e e y l  a c r y la t e )  a n d  ( b ) p o l y ( v i n y l  s t e a r a t e )  in  th e  d i lu e n t  n -d e c a n e .

use of a diluent will be a measure of its crystallinity. The ratio of the calor
imetric heat to this quantity will decrease from unity to the extent that 
chain imperfections introduce sequences of amorphous units. The ratio 
will therefore represent the overall crystallinity of the sample. Conse
quently it will give some idea of the reliability of the calorimetric heats as a 
quantitative measure of the crystallinity present in each unit of the polymer 
chain.

The diluent method was used to measure the heat of fusion per repeating 
unit for polyCft-octadecyl acrylate) and poly(vinyl stearate). n-Decane 
was the diluent, and the melting point depression was determined by dif
ferential scanning calorimetry. The melting point depression was described 
by the relation

[(1 JTm) -  ( l/T m0)]Ai = {R/MJ.f) {V JV { ) [ \  -  (BV1/R)(v1/ T m)] (4)

where Tm and Tm0 are the equilibrium melting points for the homopolymer 
in the presence of diluent and in bulk, respectively, Vi is the volume fraction 
of diluent, Vu/ V \  is the ratio of molar volumes of homopolymer and diluent, 
respectively, and AHr is the heat of fusion. Densities for the homopoly
mers were estimated by use of group additivity correlations26 for crystalline 
homopolymers; the value for poly (vinyl stearate) was checked by a solvent 
gradient method. The quantity B is related to the solvent-polymer inter
action parameter, xi, by the equation

(5)x i  = BV./RT
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The data are shown in Figure 3; AH f is given in the figure. The value of 
AHf for poly(n-oetadecyl acrylate) was similar to that obtained by calorim
etry (Table I); the value for poly (vinyl stearate) was somewhat higher by 
the diluent method. Consequently over-all crystallinity was nearly unity 
for poly(n-octadecyl acrylate) and 0.83 for poly (vinyl stearate). The high 
chain-transfer coefficient estimated for poly (vinyl stearate)27 and its low 
molecular weight (Table I) suggest that, branching caused the decrease in 
crystallinity. On the other hand, the approximations involving density 
leave the diluent heats somewhat in doubt. It is considered, however, in 
view of these experiments, as well as by the observation of the regularity of 
AH r as n changes (Tables I and II), that most mers are involved in crystal 
domains. The x-ray data also indicated high levels of crystallinity in poly
vinyl stearate).28 It remains to establish the extent of crystallinity present 
in each polymerizing unit.

Some other quantities of interest were obtained from the data using 
diluents. Heats of fusion were obtained by calorimetry for each point in 
Figure 3; they agreed with tire value in the figure for the indicated horno- 
polymer. Thus evidence is provided that the diluent, as required by 
theory,29 was absent from the crystal lattice. In fact, n-decane was a ther
modynamically rather poor solvent for the homopolymers. The value of B 
in eq. (4) was positive,29 being 2.02 for poly-n-octadeeyl acrylate) and 2.43 
2.43 for poly (vinyl stearate).

Estimates of Crystallinity Present in the Side Groups

Crystallinity x,, in polymers can be estimated by calorimetry when the 
relation

xc = AH f/AH ¡a (6)

is satisfied.30 Allf is the observed calorimetric heat of fusion for the unit 
and AH/0 is the heat of fusion for the 100% crystalline phase. In these sys
tems the crystalline phase was shown to constitute some fraction of the side 
chains. The x-ray diffraction has demonstrated9-31 that the side chains 
of poly (vinyl stearate), as well as the side chains of the higher polymeric 
n-alkyl acrylates9 and presumably the methacrylates, are arranged perpen
dicular to the plane of their chain ends in the rather loose hexagonal modifi
cation, assumed by many /¡.-paraffins25 a few degrees below their melting 
point. However, in poly (vinyl stearate) this crystal form persists down to 
low temperatures.9-31 It would seem reasonable, therefore, that enthalpic 
data from the literature for the fusion of the hexagonal modification of the 
?i-alkanes (the aH —► 1 transition25) could represent the crystalline portion of 
the side chains in these homopolymers. Accordingly, heats of fusion for 
this transition at various chain lengths,25 in the range of interest in this 
paper (n = 9-19), were fitted, with high statistical significance, by a first 
degree polynomial, in accordance with

AH/cal/mole) = C +  k(n) (7)
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where k is AHf cal/moIe-CHA2 and C is the contribution of the chain ends. 
The value of k, listed in Table III, clearly shows that the heat of fusion for 
the hexagonal form is much less than that, found for the orthorhombic- 
to-liquid transition (fin —*■ l)25 found for the higher «.-alkanes through poly
ethylene. Here k was considered to be 950 cal/mole-CHs.*4 On substitut
ing AHj from eq. (7) for AHf0 in eq. ((i), the crystallinity fraction is

xc = [A H,(n) 14.026]/ [C +  k(n)] (8)

where AH f is in cal/g, the numerical constant is the molecular weight of a 
single methylene group, and n is the number of side-chain methylene 
groups, including the terminal methyl group. C was taken as zero here 
because the data of interest are the short-range enthalpic changes associated 
with the fusion of each methylene group.83 Crystallinity, present in the 
side-chain only, xcs, is

*0. =  f e e  (9)

w ith/ defined as

/ =  MWunit/CMWside-chain — 1.008) = A/i/cal/mole-unit)/

AH/(cal/g) (n) 14.026 (10)

The number of crystalline Clh groups, including terminal methyl, in the 
side chain nc is

nc = xcs(n) = (x^  IW unit)/14.026 (11)

and the number of amorphous methylene groups remaining na is

«a = n -  nc (12)

The quantities are listed in Tabic II.
Another approach to estimating crystallinity from these data considers 

the similarity in magnitude of k [eq. (7) ] and a [eq. (2)] (see Table III) for 
the homopolymers. In eq. (2), the value of n at AH f0 = 0 is given as

na' = A Hre/a (13)

where na' can be defined as the critical side-chain length below which 
crystallinity is absent. Assuming this value to be constant as side chain 
length increases without limit, then crystallinity becomes

x j  = [(n -  n.') 14.026]/MTTunit (14)

Again the numbers of crystalline methylene groups is

wc' = n — n j  (15)

If the assumptions inherent in eq. (8) and eq. (14) are correct, then the two 
methods should yield the same value for the crystallinity fraction. Thus

Xc = Xe' (16)
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F i g .  4 .  D i a g r a m a t i c  r e p r e s e n t a t io n  o f  a  p ro p o s e d  s t m c t u r e  f o r  p o ly  ( v in y l  s t e a r a t e )  c o r 
re s p o n d in g  to  a  c a lc u la te d  lo n g  s p a c in g  o f  2 4 .6 4  A  f o r  n c =  8 .4 ,  i n  c o m p a r is o n  t o  th e  
f o u n d 28 lo n g  s p a c in g  o f  2 7 .0 0  A .

The appropriate values listed in Table II confirm eq. (16). It is of special 
interest that the crystallinities obtained bjr using eqs. (8) and (14) received 
strong support from values reported by Greenberg and Alfrev3 for the poly- 
(n-alkyl acrylates) and poly(«-alkyl methacrylates), based on specific vol
umes; specific volumes should be sensitive to the crystalline order present 
in each chain unit.

A schematic diagram, illustrating the main features postulated for these 
homopolymers, is shown in Figure 4. Amorphous main-chain units are con
nected to 9 to 12 amorphous methylene groups which branch atactically 
from the main chain (small circles). These connect the ordered alkane 
chains, arranged in a hexagonal subcell, separated by 4.2 A, as ob
served.3'M0'28’31 The ordered regions are packed end-to-end as shown and 
are stacked layer-on-laver to give three-dimensional order. Within the 
large error in estimating, the illustrated arrangement accounts for the long 
spacing of 27.0 A found by Morosoff et al.31 for poly (vinyl stearate). To 
calculate this spacing, the values of y and z employed by Jones10 were used. 
The failure to observe in poly (vinyl stearate)31 the low-angle reflections 
characteristic of the packing of the main chain units in crystalline polyocta- 
deeene-110 provides additional confirmation for this structure. Signifi
cantly, in quenched polyoetudecene-l, these spaeings are missing.10

A treatment of the entropy of fusion data in Table II remains. The 
parameters are listed in Table III. Of special interest are the values of 
AHr per bond given in the last column of Table II. These were computed 
by using the ratio, ASf/u,.. The values are only slightly higher than the 
value of a polyethylene, 2.34 cal/mole-deg-bond.170 Quantitative compari
sons are probably not warranted because of the differences in obtaining the 
bond entropy for the two types of homopolymers. It seems reasonable to
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conclude that the relatively low values for the homopolymers having long 
side chains are a manifestation of the high solid-state entropy conferred by 
the hexagonal packing present in the crystallites.25 Using eq. (17) to cal
culate the entropy per bond for the hexagonal crystal form of n-alkanes 
yields [(C +  kn)/Tm]/n, where Tm is the melting temperature25 and C and 
k are from Table II; this gave an exceptionally low average value of 1.9 
cal/mole-deg for the transition.

SUMMARY AND CONCLUSIONS

From the thermodynamic data involving heats and entropies of fusion 
and melting transitions, for three structurally varied series of homologs hav
ing long side chains, it was concluded that only the outer paraffinic methy
lenes were present in the crystal lattice. Specific information leading to this 
conclusion were : (a) scanning curves reflecting the distribution of crystallite 
sizes become narrower as the side chain becomes longer; (b) solvolysis of 
the main chain by methanol allowed the entrance of more methylene units 
into the lattice, thereby raising the melting point above that of the bulk 
state ; (c) phase diagrams of mixtures of structurally different monomers and 
homopolymers, as well as for selected copolymers, showed only isomorphism 
in the polymeric examples; (d) crystallinity estimates obtained for each 
structural unit, assuming that only hexagonal paraffinic chains v'ere in the 
crystal, were in agreement with proposed unit-cell models derived from the 
literature based on x-ray diffraction measurements.

T h e  a u t h o r s  t h a n k  M r .  B o h d a n  A r t y m y s h y n  f o r  d e t e r m in in g  th e  m o le c u la r  w e ig h ts ,  
M r s .  R u t h  D .  Z a b a r s k y  f o r  o p e r a t io n  o f  t h e  c o m p u t e r ,  a n d  D r .  E d w a r d  S . R o t h m a n  fo r  
th e  p r e p a r a t io n  o f  th e  v i n y l  l a u r a t e  a n d  p a l m i t a t e .
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Organometallic Polym ers I. Solution  
Polym erization o f a-Ferroeenylmethylearboiiium

Fluoborate
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Synopsis
T h e  s e lf -c o n d e n s a t io n  o f  a - f e n o c e n y ln ie t h y lc a r b o n iu m  io n  in  n i t r o e t h a n e  y ie ld e d  p o ly 

m e rs  o f  M n u p  to  2 0 ,0 0 0 .  ri ’h e  c h a n g e  o f  [ij] a n d  M „  w i t h  th e  r e a c t io n  t im e  in d ic a t e d  t h a t  
th e  p ro c e s s  c o n s is te d  o f  a  r a p id  p r im a r y  g r o w t h  s ta g e , a n  in d u c t io n  p e r io d ,  a  s e c o n d  
g r o w t h  s ta g e , a n d  a  c r o s s l in k in g  s ta g e . T h e  [ i j ] - A f „  c o r r e la t io n  f o r  a  se rie s  o f  p o ly m e r ic  
f r a c t io n s  in  th e  . ! / „  =  0 . 1 - 7 . 2  X  1 0 J r a n g e  p o in ts  to  a  h ig h ly  b r a n c h e d  s t r u c tu r e .

INTRODUCTION

Carbonium ions adjacent (a) to metallocene systems possess exceptional 
stability.1 With suitable anions, such as the BF4_ group, it is even possible 
to isolate these carbonium ions as crystalline salts:2'3

As potential monomer, such an a-ferrocenylcarbonium ion represents a 
special case of polyfunctionality. While the unsubstituted aromatic cyclo- 
pentadienyl ring possesses at least two sites readily available to electrophilic 
substitution, each a-ferrocenylmethylcarbonium fluoborate (FMCF) 
molecule holds a single electrophilic group, i.e., the positive carbon atom ad
jacent to the ferrocene moiety. I t has been demonstrated statistically,4'6 
that following a simple polycondensation pattern (i.e. without competitive 
side reactions) a monomer of this kind yields soluble polymers only, possess
ing both a highly branched structure and a broad molecular weight dis
tribution.

1853
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In this paper we wish to report the synthesis of polymers from the fluobor- 
ate salt of the a-ferrocenylmethylcarbonium ion (I), consisting of ferrocene 
units interconnected by methinyl bridges.

Ferroeenylene-methylene-type polymers were prepared previously by the 
following general methods: (a) self-condensation of a-ferrocenylcarbin-
ols,6-8 (b) self-condensation of M,M-dimethyIaminomethyI ferrocene,9-11 
and (c) poly condensation of ferrocene with various aldehydes.12-14

EXPERIMENTAL 

Preparation of the Monomer

The monomer, FA ICE, which decomposes upon standing, was freshly pre
pared before each polymerization experiment.

A representative example is given below.
An aqueous solution (48%) of fluoboric acid (210 ml, 0.83 mole) was 

added slowly under stirring to a flask containing acetic anhydride (650 g, 
6.35 mole) cooled in an ice bath. This was followed by the addition of a 
solution of a-hydroxyethyl ferrocene (140 g, 0.605 mole) in methylene chlo
ride (140 ml). The resulting crimson liquid was immediately transferred 
to an ice-cooled resin flask, containing anhydrous ethyl ether (3 1.), and 
fitted with a mechanical stirrer, nitrogen inlet tube, dropping funnel and a 
teflon tube attached to a suction flask. After 10 min of vigorous stirring at 
4°C, the heavy, dark-red precipitate formed, was allowed to settle and the 
supernatant liquid was removed through the suction tube. The precipitate 
was washed thoroughly with three portions (700 ml each) of ether under ni
trogen, and then dried under reduced pressure (0.5 mm Hg) for 1 hr. The 
yield was 148 g (82%). The infrared spectrum of the product shows the 
typical absorption of the BF4 group between 1030-1110 cm-1; alkaline hy
drolysis affords the starting carbinol.

Polymerization

In order to minimize the handling of FMCF, which is sensitive to air, 
humidity and light, the polymerization was carried out soon after obtaining 
the dry monomer, in the same flask that served for the synthesis of the 
monomer.

Nitroethane (260 ml) was introduced into a 4.5-1. resin flask, containing 
freshly prepared FMCF (110 g) under nitrogen, and the contents were 
warmed to 60°C. After 2 hr stirring at this temperature, a saturated aque
ous solution of sodium carbonate (400 ml) was run in, followed by methylene 
chloride (800 ml). Stirring was continued for another hour at room tem
perature, water (1 1.) was added and the phases were allowed to separate. 
The organic solution was washed with three portions of water (2 1. each), 
dried with anhydrous A'IgSCL, and evaporated to dryness in a flash evapora
tor at about 40°C.

From the dry crude (76 g, M n 4500) a portion of 43.9 g was subjected to 
reprecipitation, according to the following standard procedure: The poly-
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mer was dissolved in methylene chloride (6ml/g), a fivefold volume of petrol 
ether (40-60°C) was added, and the mixture cooled to — 60°C for 15 min. 
The reprecipitated polymer (38.5 g, 87.5%, M n 20,000) was separated and 
dried under reduced pressure at 50°C.

Details on the reaction conditions and the products of a number of se
lected polymerization reactions are summarized in Table I.

Fractionation

Neutralized crude polymer from experiment 19 (20 g, .1/,, 4500) was sep
arated into six more monodisperse fractions by precipitating* with 71-hep
tane from benzene solution (5 g/til) at 20°C (Fig. 1).

F ig .  1 . F r a c t io n a t io n  o f  p o ly ( f e r r o c e n y le n e m e t h y lm e t h y le u e ) .

Viscosity

Intrinsic viscosities of the polymers [jj] were determined from measure
ments of the viscosity of their benzene solutions at 25 ±  0.01 °C by using an 
Ubbelohde viscometer. The values of [77 ] of various polymers are given in 
Table I.

Molecular Weight

The number-average molecular weight Mn was determined for part of the 
polymers in a vapor-phase osmometer (Model 115, Hitachi Perkin-Elmer).15 
The values are given in Table I.

Infrared Spectra

The spectra were obtained on a Perkin-Elmer 237 grating infrared spec
trophotometer with potassium bromide disks.

*  T h e  la s t  f r a c t io n  w a s  o b t a in e d  b y  e v a p o r a t in g  th e  m o t h e r  l iq u o r  to  d r y n e s s .
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RESULTS AND DISCUSSION
The course of polymerization of a-ferrocenylmethylcarbonium fluoborate 

in nitroethane solution was investigated at various constant temperatures 
and initial monomer concentrations as a function of reaction time.

The results given in Table I suggest that the course of the reaction may 
consist of several distinct steps, as illustrated in Figures 2 and 3 for two 
typical cases of solution polymerization of FMCF.

The change of [77 ] and M n with the reaction time indicates that the first 
growth stage is followed by a relatively long induction period, after which 
the growth of the polymer starts again. I11 the next stage, the molecular 
weight of the sol phase begins to decrease, along with the formation of an 
insoluble product.

One can assume that the first growth stage represents the self-condensation 
of FMCF, when pairs of monomer units may react to give a dimer (II).

c h 3 c h :,

2  F e  F e  ^  Fe

11
Mn

F i g .  2 .  S o lu t io n  p o ly m e r iz a t io n  o f  F M C F  (4 2 0  m g / m l  n i t r o e t h a n e )  a t  7 5 ° C .
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In its most probable form (II), the dimer contains a heteroannularly di- 
substituted ferrocenylene unit, due to the deactivating effect of the positive 
carbon atom on the adjoining ring.

By further increase of the degree of polymerization, the global number of 
active aromatic sites per growing molecule increases, while the number of 
electrophilic groups is at best one, at the head of the chain. The reactivity 
of the polymer toward electrophilic attack as compared with the monomer 
is also favorably influenced by the presence of electron-releasing methinyl 
bridges. Thus the great reactivity of the growing chain may be responsible 
for the quickness of the polycondensation, which was found to reach rela
tively high conversion and intrinsic viscosity within a few tens of seconds in 
all the cases investigated.

As a result of the potential polyfunctionality of each repeating unit, the 
polymer is expected to achieve a highly branched structure, such as shown 
schematically as (III). For reasons of simplicity this diagram does not show

III
the BF4~ groups which must be associated as counterions with those ferro
cene moieties which are in a protonated and/or oxidized (ferricinium ion) 
state. The existence of a sizable number of such units incorporated into 
the polymer is suggested by the color, solubility properties and infrared 
spectrum of the nitroethane-soluble crude. FMCF dissolved in nitro- 
ethane gives a reddish solution, turning its color within a few seconds to 
dark green. The product exhibits a very strong absorption band between 
1030 and 1100 cm-1, comparable in intensity to that of the monomeric fluo- 
borate salt. The intensity of this band, characteristic to the BI Y anion, 
did not diminish even in a sample purified by several reprecipitations 
from methylene chloride solution with excess diethyl ether. This fact
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F i g .  3 .  S o lu t io n  p o ly m e r iz a t io n  o f  F M C F  (8 4 0  m g / m l  n i t r o e t h a n e )  a t  1 1 0 ° C .

can hardly be accounted for by the BF4~ group attached to the sole a- 
carbonium ion situated at the head of the chain, indicating that the fluo- 
boric acid released during the polycondensation remains—'at least par
tially—-associated with the polymeric chain.

Work-up of the crude with alkaline solutions leads to resinous compounds 
which fail to dissolve in nitroethane and do not exhibit in the infrared spec
trum the typical absorption band of the BF4~ group. The color of these 
products varies from dark yellow to dark brown, which parallels increasing 
degrees of polymerization of the respective compounds. Unless the reac
tion time is prolonged excessively, the neutralized crude is readily soluble in 
solvents such as 1,2-dichloroethane, chlorobenzene, and dichloromethane.

The elemental composition of the neutralized and reprecipitated polymers 
correspond (within the experimental error) to molecules composed of ferro- 
cenylene-methylmethylene recurring units, while the two strong peaks ex
hibited near 1000 and 1100 cm-1 in the infrared spectrum demonstrate the 
existence of unsubstituted cyclopentadienyl rings belonging probably to 
end groups and to homoannularly polysubstituted ferrocene moieties.

During the observed induction period, [?/] and M u remain almost un
changed, and from Figures 4 and 5 it is apparent that this stage of the reac
tion is shortened by increasing the initial monomer concentration and also 
by raising the reaction temperature.

The existence of such an ‘induction period’ between the two growth 
stages suggests that these are qualitatively different processes. In the sec
ond growth stage, after reaching a maximum, the average molecular weight 
of the sol phase decreases rapidly (as shown in Figs. 2 and 3), owing to the
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formation of an insoluble material that tends to become the main reaction 
product. This insoluble product underwent the same color change upon 
neutralization as the nitroethane-soluble crude. It proved to be insoluble 
in all solvents tested (e.g. 1,2-dichloroethane, nitrobenzene, dimethyl sulf
oxide, sulfuric acid) but it swelled in some of them (1,2-dichloroethane, for 
instance), giving an elastic gel. When heated up to its decomposition tem-

F i g .  4 .  E f f e c t  o f  r e a c t io n  t i m e  o n  in t r in s ic  v is c o s i ty  a t  1 1 5 ° C .

F i g .  5 .  E f f e c t  o f  r e a c t io n  t im e  o n  in t r in s ic  v is c o s i ty  a t  a n  i n i t i a l  m o n o m e r  c o n c e n t r a t io n
o f  4 2 0  m g / m l  n i t r o e t h a n e .
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perature (about 230°C), it did not melt or sinter. The infrared spectrum of 
this product was practically identical with that of the soluble polymer. 
The quantitative elemental analysis of the insoluble product revealed a 
somewhat diminished carbon content; on the other hand it was found to 
contain traces of inorganic iron. These results indicate that the insoluble 
material may be the crosslinked (gel) form of poly(ferrocenylene-methyl- 
methylene). Based on the behavior of ferrocene and alkylated ferrocenes in 
protonating media, this second growth stage of the polymer, following the 
induction period, and the subsequent onset of gelation, are likely to be due 
to the formation of new interchain bonds and could be brought about by 
one, or by both of the following two reaction types: (1) the cleavage of the 
metal-ring bond16-19 in a number of repeating units, resulting, via inter
mediary cyclopentadiene or a cyclopentenyl cation, in cyclopentylene- 
bridged chains of the form IV :

or (2) ligand exchange20'21 between neighboring ferrocene units belonging to 
different polymer molecules, leading to the formation of heteroannularly 
polysubstituted interchain bonding units V, as illustrated by eq. (3).
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It should be added that the possible intervention of a radical-type mecha
nism in the crosslink formation cannot yet be excluded.

In order to examine the [t]]-Mn relationship, the neutralized crude poly
mer was fractionated into six fractions and their intrinsic viscosity and num
ber-average molecular weight determined. The double logarithmic plot 
of [17 ] against M n of the fractionation products was found to be an approxi
mately straight line, as shown in Figure 6.*

F ig .  6 . I n t r in s ic  v is c o s i ty  o f  p o ly m e r ic  f r a c t io n s  v s .  M n.

When the location of this line is calculated by means of the least-squares 
method, it can be expressed in the form of the following Kuhn-Mark-Hou- 
wink-type correlation:

h ] = 8.84 X 1 0 -W > 1 5 3

As exponents smaller than 0.5 point to a branched structure, the value of 
0.153 seems to confirm the predictions concerning the configuration of the 
polycondensation products.

The above correlation is different from [7 7 ] = 3.95 X lCDW ,/-27, reported 
by Neuse and Trifan8 for apparently similar polymers prepared by the self- 
condensation of a-hydroxyethylferrocene. It appears that there is also a 
considerable discrepancy between [7 7 ] and M n data of polymers obtained in 
different reaction conditions (Table I). Thus, for instance, the M n cor
responding to the same value of [77] = 0.035 dl/g is 10,800 in experiment 22 
(carried out at 75°C with an initial monomer concentration of 420 mg/ml 
nitroethane) and 4,770 in experiment 36 (110°C, 840 mg/ml).

The relationship between intrinsic viscosity and molecular weight for 
nonlinear, polydisperse polymers is dictated both by the geometry of the re
spective molecules and by their distribution.22 Differently branched poly
mers must not necessarily obey the same [77] = KM na equation, so that the

*  T h e  h ig h e s t  ( f i r s t )  f r a c t io n  d o e s  n o t  a p p e a r  in  th e  p lo t ,  b e c a u s e  i t  w a s  n o t  c o m p le t e ly  
s o lu b le  in  t h e  s o lv e n t  u s e d  (b e n z e n e )  a n d  th e r e fo r e  i t s  M n a n d  [77] w e r e  n o t  d e t e r m in e d .
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above-mentioned seeming inconsistencies may be explicable in terms of the 
effect of reaction conditions on the extent of branching.

T h is  w o r k  w a s  s u p p o r te d  in  p a r t  b y  th e  A i r  F o r c e  M a t e r i a l s  L a b o r a t o r y ,  R e s e a r c h  a n d  
T e c h n o lo g y  D iv is io n ,  A . F .S . C . ,  E u r o p e a n  O ff ic e  o f  A e r o s p a c e  R e s e a r c h ,  U n i t e d  S ta te s  
A i r  F o r c e ,  C o n t r a c t  N o .  A F  6 1  (0 5 2 ) - 7 5 2 ,  a n d  in  p a r t  b y  t h e  J u l iu s  a n d  I r m a  S c h in d le r  
M e m o r i a l  S c h o la rs h ip .

T h is  p a p e r  is t a k e n  in  p a r t  f r o m  a  d is s e r t a t io n  s u b m i t t e d  b y  A lo n  G a l  to  t h e  D e p a r t 
m e n t  o f  C h e m ic a l  E n g in e e r in g ,  T e c h n io n - Is r a e l  I n s t i t u t e  o f  T e c h n o lo g y ,  H a i f a ,  in  J u l y  
1 9 7 0 , in  p a r t i a l  f u l f i l l m e n t  o f  th e  M .S c .  d e g re e .
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Grafting on W ool. I. Electron M icroscopic Studies 
on the Location o f Grafted Polymer 

in W ool Structure

KOZO ARAI and MICHIHARU XEGISHI, Faculty of Technology, 
Gunma University, Kiryu, Gunma, Japan

Synopsis

T o  d e t e r m in e  t h e  lo c a t io n  o f  g r a f t e d  p o l y ( m e t h y l  m e t h a c r y la t e )  in  o r th o c o r t e x  s t r u c 
tu r e  o f  f in e  A u s t r a l i a n  M e r in o  w o o l  f ib e rs , h ig h - r e s o lu t io n  e le c t r o n  m ic r o s c o p y  w a s  u s e d .  
O p t im a l  s t a in in g  c o n d it io n s  f o r  t h e  o b s e r v a t io n  o f  t h e  d e p o s ite d  p o ly m e r  w e r e  a ls o  
s t u d ie d .  I t  w a s  s u p p o s e d  t h a t  t h e  g r a f t e d  p o ly m e r  is  lo c a te d  m a in ly  b e tw e e n  th e  m ic r o 
f ib r i l  a n d  m a t r i x  a n d  a r o u n d  t h e  p r o t o f ib r i l l a r  s u b u n its ,  b u t  n o t  in  th e  m a t r i x .  T h e  a v 
e r a g e  s p a c e  o c c u p ie d  b y  a  g r a f t e d  c h a in  w a s  e s t im a te d  to  b e  a b o u t  f o u r  t im e s  as la r g e  as  
th e  t o t a l  re s id u e  v o lu m e  p e r  p o ly m e r .  I t  is  s u p p o s e d  t h a t  th e  r e m a r k a b ly  la r g e  s p a c e  
a v a i la b le  p e r  p o ly m e r  c h a in  is r e la te d  to  t h e  e x c e s s iv e  s w e ll in g  s e e n  w i t h  re s p e c t  t o  t h e  
p o ly m e r  u p t a k e .

Introduction

In a previous report,1 the relationship between the location of grafted 
polymer in wool fiber and the rate of grafting of methyl methacrylate in 
aqueous LiBr-K^SaOg redox systems'2 was clarified. Distribution of poly
mer was controlled not only by the rate of grafting, but also by the rate of 
formation of grafting sites. Three distinct cases were observed in dyeing 
studies: (1) uniform distribution of polymer over the cross section of the 
fiber, (2) dense deposit of the polymer in the outer zone, (3) much more 
polymer deposition in the orthocortex than in the paracortex. Relatively 
uniform deposition of polymer could be seen at lower rates of grafting and at 
the formation of grafting sites. However, dense distribution of polymer in 
the outer region was observed at the higher rates.

Studies on the location of grafted polymer in wool fiber have been re
ported.3-6 Ingram and his co-workers7 used electron microscopy and a low- 
angle x-ray technique to study the location of grafted polystyrene in radia
tion-grafted wool fibers. I t has been postulated that the most of the grafted 
polymer is located in the keratinous matrix regions between the microfibrils.

The purpose of this investigation is to determine the location and the ac
tual dimensions of a grafted polymer, and to evaluate the possibility of 
structural research on wool by the use of high resolution electron micros
copy.

©  1 9 7 1  b y  J o h n  W i l e y  &  S o n s , I n c .
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Experimental and Materials

The tops of fine Australian Merino wool fibers were extracted with ace
tone in a Soxhlet apparatus for about 24 hr, washed with cold water, and 
then air-dried.

Wool fibers were grafted with methyl methacrylate (MMA) in the 
aqueous Li Hr-ITSAh redox reaction system at 30°C without homopolymer. 
After the reaction period, the wool fibers were only washed with water and 
dried.

Two typical reaction systems were selected for the preparation of grafted 
wool fibers. One is the system containing a large amount of diethylene 
glycol monobutyl ether (BC) as a monomer solubilizer; here, much more 
polymer occurs in the orthocortex than in the paracortex. The other is a 
system containing a relatively small amount of BC; the grafted fiber pre
pared by this system gives dense deposits in the outer region of the fiber. 
In the former case, the wool (0.5 g) was treated with a solution mixture con
taining 13.75 g LiBr, 0.1 g JUS-iOg, 2.5 g MMA, 22.4 g LLO, and 11.25 g BC 
(system A) for 3 hr, and the extent of grafting was 101.6% on wool. In the 
latter case, the wool was treated with a solution mixture containing 13.75 g 
LiBr, 0.1 g KoSjOg, 2.5 g MMA, 22.4 g fLO, and 7.5 g BC (system B) for 45 
min and 4 hr. The extent of grafting of the samples was 54.0% and 113.5% 
respectively.

The contents of thiol and disulfide groups in the native and the grafted 
fibers were determined by Leach’s polarographic method with methylmer- 
cury iodide.8 All the analyses were carried out twice or three times, and the 
average value was taken.

Both the native and the grafted fibers were treated with 0.3% potassium 
permanganate solution for 3 hi’ at room temperature. These treated sam
ples were dehydrated and embedded in Epon resin. Ultra-thin transverse 
sections were prepared by use of a JUM-5A ultramicrotome (Japan Optics 
Lab.) equipped with a glass knife. The ultra-thin sections were followed 
by poststaining with a saturated solution (7-8%) of uranyl acetate for 10 
min and washing. They were then viewed in a JEM 7A electron microscope 
(Japan Optics Lab.) at 80 kV accelerating voltage.

Wide-angle x-ray diffraction photographs of the grafted samples were ob
tained from nickel-filtered Cu Ka radiation.

Results and Discussion

Of the amino acids in wool, cystine residues have been found to react 
with potassium permanganate and to deposit manganese dioxide.9 Uranyl 
acetate combines with free carboxyl groups which are present in higher 
amounts in the crystalline region than in the cystine-rich matrix.10 As for 
the staining conditions, it is considered that the same level in electron den
sity between crystalline and matrix regions may be preferable for the obser
vation of the location of unstained polymers. In fact, high contrast in the 
electron micrographs of the native wool is not achieved by these staining
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F ig .  1. E le c t r o n  m ic r o g r a p h  o f  t h in  cross s e c t io n  o f  a  f in e  A u s t r a l i a n  M e r in o  w o o l  
f ib e r ,  s h o w in g  t h e  g r a n u la r  m a c r o f ib r i l  ( M a c )  in  t h e  o r th o c o r t e x  ( O ) ,  a n d  th e  c o r t ic a l  
c e ll  ( C o )  in  th e  o r th o c o r t e x  a n d  p a r a c o r te x  ( P ) .  T h e  c o n t r a s t  is d u e  t o  v a r ia t io n s  in  
th ic k n e s s  o f  th e  s e c t io n .  E le c t r o n  m ic r o g r a p h s  o f  h ig h e r  r e s o lu t io n  c o u ld  n o t  b e  o b 
t a in e d  b y  th is  s t a in in g  m e th o d .

conditions as shown in Figure 1. However, the cortical cells in the ortho- 
and paracortex can be distinguished on the cross-sectional view. There is a 
remarkable difference in the appearance of the two type cells. Approxi
mately circular macrofibrils can be seen in the orthocortical cells. The para
cortex is smaller in cross-sectional area than orthocortex (about 1/3).

The electron micrographs of typical whorl-like macrofibrils in the ortho- 
cortex of the grafted fiber prepared bv the system A are shown in Figures 2 
and 3. The light and dense regions correspond with the unstained grafted 
polymers and the keratinous materials, respectively. The layer structures 
can be clearly seen in each macrofibril. As is clear in Figure 2, polymer 
also occurs homogeneously in the macrofibrils at the histological level. On 
the upper right side in the figure, we can find a single macrofibril surrounded 
by a large interniacrofibrillar region. Even for such circumstances, the 
whorly macrofibril is present without any distortion. This facts suggests 
that the size of the macrofibril increases as the grafting reaction proceeds 
but the geometric form in the initial state is retained.

On the other hand, for the grafted fiber prepared by the system B, dense 
deposit of polymer is observed not only in outer regions of the cross section 
of the fiber, but also of the cross section of the macrofibril (Figs. 4 and 5). 
The wFoiled fingerprint-type macrofibrils are partly separated by the grafted 
intermacrofibrillar materials.
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F i g .  2 .  E l e c t io n  m ic r o g r a p h  o f  t h in  cross  s e c t io n  o f  t h e  1 0 1 . 6 %  g r a f t e d  f ib e r  s a m p le  
o b t a in e d  b y  th e  r e a c t io n  s y s te m  A ,  s h o w in g  t h e  a p p e a r a n c e s  o f  th e  o r t h o c o r t ic a l  m a c r o 
f ib r i ls .  I t  c a n  b e  se e n  t h a t  th e  p o ly m e r  0 0 ,011«  i n  e a c h  m a c r o f ib r i l  ( M a c ) ,  in t e r m a c r o -  
f ib r i l l a r  m a t e r ia l  ( i m ) ,  a n d  in t e r c e l lu la r  re g io n  ( ic ) .

The average values of cross-sectional area of single fiber and an orthocor
tical macrofibril in the native and the grafted fiber are listed in Table I. 
The longitudinal dimensional change was only 1-2% contraction during the 
reaction period. However, a marked increase in lateral dimensions was ob
served. A similar result has been reported by Ingram and his co-workers.7 
First, it is interesting to note that the ratio of intermacrofibrillar plus inter
cellular area to the orthocortex area, which is considered to indicate the uni-

T A B L E  I
A v e r a g e  C r o s s -S e c t io n a l  A r e a  o f  S in g le  F i b e r  a n d  O r t h o c o r t ic a l  M a c r o f i b r i l  fo r  N a t i v e

a n d  G r a f t e d  W o o l  * i

R a t io  o f
i 11 t e r m a c r o f ib r i l l a r  
p lu s  i n t e r c e l lu la r  

a r e a  in
A v e r a g e  c ro s s -s e c t io n a l a r e a ,  m 2 o r th o c o r t e x  to

S a m p le
S in g le  f ib e r  

(a b s o lu te  d r y )
O r t h o c o r t ic a l

m a c r o f ib r i l
o r th o c o r 
te x  a r e a

N a t i v e  w o o l  
G r a f t e d  w o o l

3 0 0 0 . 1 1 0 . 1 0

5 4 . 0 %  g r a f t 6 5 0 0 . 3 4 o . o s
1 0 1 . 6 %  g r a f t 9 3 0 0 . 5 1 0 . 1 3
1 1 3 . 5 %  g r a f t 9 2 0 0 . 6 3 0 . 1 0
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F i g .  3 .  H i g h e r  m a g n i f ic a t io n  v ie w s  o f  m a c r o f ib r i ls  s im i la r  t o  th o s e  in  F i g .  2 ,  s h o w in g  
t h a t  t h e  c y l in d r ic a l  t y p e  la m e l la e  i n  th e  o r th o c o r t ic a l  m a c r o f ib r i l  c a n  b e  m o r e  c le a r ly  
se e n  to  b e  d e l in e a t e d  b y  th e  e le c t r o n - l ig h t  p o ly m e r .

formity of the distribution of grafted polymer in the complex morphological 
structure, is approximately similar for both the native and the grafted sam
ples. The rate of increase in the average values of the cross-sectional area 
of single fiber is lower than that of a macrofibril. This fact indicates that 
polymer deposition occurs preferentially in the orthocortex region rather 
than in the paracortex.1

A higher-resolution electron micrograph of the cross-section of the 101.6% 
grafted sample is shown in Figure 6. The deposited polymers can be clearly 
differentiated from the electron-dense wool materials in layer structures.
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F ig .  4 .  E le c t r o n  m ic r o g r a p h  o f  t h in  cross s e c t io n  o f  t h e  5 4 .0 %  g r a f t e d  f ib e r  s a m p le  
o b t a in e d  b y  t h e  r e a c t io n  s y s te m  B .  I t  c a n  b e  se e n  t h a t  m u c h  p o ly m e r  is  lo c a te d  n e a r  
th e  f ib e r  s u r fa c e  a n d  r e la t i v e l y  h o m o g e n e o u s  d e p o s it io n  in  th e  m a c r o f ib r i ls  o c c u rs . O n  
t h e  c o n t r a r y ,  in  th e  in n e r  re g io n  o f  th e  f ib e r  c ross  s e c t io n , w e  c a n  f in d  th e  d e n s e  d e p o s its  
i n  th e  o u t e r  z o n e  o f  t h e  cross  s e c t io n  o f  a  m a c r o f ib r i l .

A high-resolution electron micrograph of thin cross section of the 101.6% 
grafted fiber is shown in Figure 7. A striking feature of the arrangement 
of semicircular units in sheet structures can be observed. The semicircular 
units are grafted microfibrils. I t can be seen that the microfibril is com
posed of protofibrillar units11 which are surrounded by the electron-light 
polymer. However, it is not possible to determine the exact number o 
protofibrils. It seems likely that the grafted polymer is located between 
and around the microfibril and matrix and also around the protofibrillar 
subunits. This result may be also supported by the following experimen
tal evidence.

First, it was found from the analyses of cystine contents that the disulfide 
crosslinks remain intact in these grafted wool fibers (Table II). From the
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F i g .  5 .  E le c t r o n  m ic r o g r a p h  o f  t h i n  c ro ss  s e c t io n  o f  th e  1 1 3 . 5 %  g r a f t e d  f ib e r  s a m p le  
p r e p a r e d  b y  t h e  s y s te m  B ,  s h o w in g  a  p o ly m e r  d e p o s it io n  p a t t e r n  s im i la r  to  t h a t  in  F ig .  
4 . I n  t h e  case  o f  t h e  s a m p le s  w i t h  h ig h e r  a m o u n ts  o f  p o ly m e r ,  m a n y  c ra c k s  te n d  to  
o c c u r  a lo n g  t h e  c e ll  b o u n d a r ie s  o w in g  t o  t h e  s h e a r  s tre s s  d u r in g  th e  t h in  s e c t io n in g .

measurements of electron micrographs, the ratio of microfibril to matrix in 
the orthocortex has been found to be about 4 :1.12 Assuming that all of the 
disulfide crosslinks are randomly distributed only in the matrix region, the 
apparent number n of amino acid residues between the crosslinks in the or-

T A B L E  I I
C o n t e n t s  o f  — S H  a n d  — S S —  G r o u p s  in  t h e  N a t i v e  a n d  G r a f t e d  W o o l  F ib e r s

— S — S , — S H ,
S a m p le  /m i o l e / g  w o o l ju m o le /g  w o o l

N a t i v e  w o o l 4 2 5 3 9 . 0
G r a f t e d  w o o l

5 4 . 0 %  g r a f t 4 1 1 3 2 . 3
1 0 1 . 6 %  g r a f t 4 2 8 3 2 .1
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F ig .  6 . A  h ig h e r - r e s o lu t io n  e le c t r o n  m ic r o g r a p h  o f  t h in  cross s e c t io n  o f  th e  1 0 1 .6 %  
g r a f t e d  s a m p le  s h o w in g  a p p e a r a n c e s  o f  th e  la y e r s  in  o u t e r  re g io n  o f  a  m a c r o f ib r i l .  A  
la r g e  a m o u n t  o f  p o ly m e r  d e p o s i t io n  c a n  b e  se e n  o n  t h e  r ig h t  s id e .

thocortex segment is given by (106 X Vs X Vio8)/(42o X 2) = 2.2, where 
the average residue weight of matrix molecule is 108.13 This figure may be 
too low because the sequence —CyS—CyS— often occurs in the high-sulfur 
proteins.14 Corfield et al.15 reported that the high-sulfur proteins have one 
—SS— bond per ten residues.

On further details, Bendit16 presented previously quantitative data for 
the distributions of high- and low-sulfur proteins in the “microfibril-plus- 
matrix” unit by combining data from a variety of sources. It has been sug
gested that a nonhelical portion of SCAIKA “tails” spills over into the ma
trix region, and the region of the tails and the matrix becomes about 50% of 
the total. On the basis of this suggestion and by using an assumption simi
lar to the above case, n is calculated to be about six. I t could be considered 
that, much aggregation arises among the molecules within the matrix which 
has such a high crosslink density. Therefore, it is not likely that the grafted 
polymer occurs predominantly within the aggregates.

On the other hand, it was found that some polymer occurs within the ag
gregated matrix in the partially reduced wool fiber, in which the cystine con
tent has been reduced to 188 gmole/gram wool.17

Secondly, the prominent 9.8 A equatorial and 5.1 A meridional reflections 
characteristic of a-keratin are clearly recognized on the high-angle x-ray 
diffraction photographs of the grafted fibers. Even at. high degrees of 
grafting, superposition of diffraction rings from poly(methyl methacrylate) 
on the wool were observed, as shown in Figure 8. It was found that the
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a-helical components are almost retained within the structure of high levels 
of grafting.18 From this x-ray evidence, the grafting is not considered to 
have an important effect upon the chain conformation of the a-helix form
ing the protofibril.

F ig .  7 . A  h ig h - r e s o lu t io n  e le c t r o n  m ic r o g r a p h  o f  t h in  cross s e c t io n  o f  th e  1 0 1 .6 %  
g r a f t e d  f ib e r ,  s h o w in g  t h e  a r r a n g e m e n t  o f  s e m ic ir c u la r  u n i ts  in  s h e e t  s t r u c t u r e  w h ic h  
a r e  d e l in e a t e d  b j'' t h e  e le c t r o n  l ig h t  p o ly m e r s .  F i v e  s h e e ts  c a n  b e  se e n  a lo n g  t h e  h o r i 
z o n t a l  d i r e c t io n  o f  th is  p la t e .

F ig .  8 . A n  x - r a y  d ia g r a m  o f  1 1 1 . 1 %  g r a f t e d  w o o l f ib e r  p r e p a r e d  b y  s y s te m  A .
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Mi M2 7 ^  mo ¿Z

20-50A

¿ V ì N > 4 « ‘V

250-280 A

F ig .  9 .  A  s c h e m a t ic  d ia g r a m  o f  th e  p o ly m e r  w i t h i n  l a m e l la r  s t r u c tu r e s  in  th e  o r th o -  
c o r t ic a l  m a c r o f ib r i l  o f  t h e  1 0 1 .6 %  g r a f t e d  w o o l f ib e r :  ( P )  g r a f t e d  p o ly m e r ;  ( M i )  m a t r i x  
b e tw e e n  s h e e t  A  a n d  th e  a d ja c e n t  s h e e t  B ; ( M 2 )  m a t r i x  w i t h in  a  s h e e t.

Thirdly, the results obtained from the longitudinal mechanical behavior19 
also support the above considerations that the nature of the matrix and the 
a-helical components almost remain intact without being affected very 
much with the deposited polymer.

From the above results, it is deduced that the location of the grafted 
polymer is a region in which the polymer can be deposited without disturb
ing the matrix and protofibrils, that is, the region “between” the matrix 
and protofibrils.

We turn now to electron microscopic results. A schematic diagram of the 
polymer-location within lamella structures in orthocortical segment for the 
101.6% grafted wool fiber is shown in Figure 9. The spacing between 
the lines joining the center of microfibrils in adjacent layers (250-280 A), ando
the diameter of microfibril (150-180 A) in a grafted macrofibril are approxi
mately 2.5 times the size of the native wool obtained with the TGA-Os04 
staining procedure by Fraser and MacRae20 and Rogers.21 Figure 9 cor
responds well to the average cross-sectional area of the orthocortical macro
fibril cited in Table I. It is clear that grafted polymer is located not only 
around and between microfibril and matrix, but also at the interprotofibril- 
lar and interstitial regions of microfibrils. Here, it is noteworthy that the 
aggregated matrix between sheets is clearly visible along the linear arrange
ment of microfibrils (see Fig. 7). In addition, it gives suggestive informa
tion regarding the nature of the matrix. The size and shape of the aggre
gated matrix between sheets are almost the same as reported for the native 
matrix in the cross-sectional views.21 It may be reasonable to consider that 
the matrix between sheets is much more aggregated than the matrix ma
terials between the microfibrils within each sheet. This fact may also im
ply that the matrix between sheets contains a much higher amount of di
sulfide crosslinks. On the other hand, the matrix molecules within the sheet 
may be globules22 which have little interaction between them, or aggre
gates having very low levels of disulfide crosslinks. Under such a situation, 
we could expect uniformly large swelling of each sheet as a result of polymer
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A--------- 260A- J

Grafted Polymer 

(b)

F i g .  1 0 . S c h e m a t ic  r e p r e s e n t a t io n  o f  th e  “ m ic r o f ib r i l - p lu s - m a t r ix ”  u n i t  in  th e  o r th o 
c o r te x  s e g m e n t  o f  (o ) ,  th e  n a t iv e  w o o l a n d  ( b ) th e  1 0 1 .6 %  g r a f t e d  f ib e r .  T h e  “ 9  +  2 ”  
a r r a n g e m e n t 22 o f  p r o to f ib r i ls  in  th e  m ic r o f ib r i l  is a ls o  s h o w n .

deposition. Even if the microfibrils are tilted or are helically arranged with 
respect to the macrofibril axis, a large swelling effect due to polymer deposi
tion would lead a reduction of the effect of the thickness23 of the cross-sec
tion of the wool structure. It is important that the distribution of polymers 
reflects characteristically the ultrastructure of wool itself, the discrete x-ray 
diffraction pattern of a-keratin remaining.

On the basis of electron microscopic evidence and the endgroup analysis of 
isolated graft polymer,24 it is possible to estimate the actual dimensions of 
the grafted polymer and the number of the grafting sites in a unit cell. For 
native Merino wool, it has been found that each sheet in the orthocortical 
structure is about 100 A in thickness.21 The x-ray diffraction analysis 
shows that the repeats along the fiber axis give rise to meridional spacings 
corresponding to the higher-order reflection of the 198 A spacing.26 For 
convenience, a tetragonal type cell may be taken as the “microfibril-plus- 
matrix” unit in orthocortex. As shown in Figure 10, it is rectangular, with 
two edges equal in 100 A length which are normal to the microfibril axis and 
perpendicular to each other, the other edge being 198 A in length along the 
axis direction.

Preferential grafting in orthocortex was observed for the 101.6% grafted 
sample. The fine texture of Lincoln wool fiber is more or less analogous to 
the paracortex structure of Merino wool. The degree of grafting reached 
was only 50% for the Lincoln wool under the similar condition of reaction to 
that for the Merino wool. The average ratio of orthocortex to paracortex 
area for the Merino wool is approximately 3:1, Therefore, it is supposed
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that preferentially occurring polymer in the orthocortex region is approxi
mately 125% at the level of grafting.

I t is known from the results of the DNP endgroup analysis that two DNl’ 
amino acid residues are incorporated in both ends of an isolated long poly
mer chain (average molecular weight M = 50 X 104).24 Thus, the num
ber of grafting sites in the orthocortex segment is

Z G
'S ~ M  X 100

_  2(125)___
50 X 104 X 10-

= 5 X 10 ~6 mole/g wool

where Z and G are the number of DNP amino acid endgroups per polymer 
chain and the extent of grafting, respectively. Therefore, the number of 
grafting sites per unit cell is

, sPwNv 
S ~  1024

_ 5 X 133 x  6 02 x  1Q23 x  lOOyX IOS =
106 X 10'24

where pw, N  and v are density of wool, Avogadro’s number, and the volume 
of microfibril-plus-matrix unit, respectively.

Accordingly, there are four polymer molecules in the unit cell. It is 
considered that the volume of the wool portion is scarcely changed with 
grafting, though the dimensions of the plane normal to the microfibril axis 
in the unit cell are expanded in an isotropic manner. Thus, the increment 
in volume by the graft polymers is estimated to be 11.5 X 106 A.3 The 
average space occupied by a single polymer chain is thus 2.9 X 106 A.3 
Now, if the polymer density, pp is taken18 as 1.183 and the molecular weight 
of the polymer is 50 X 104, the total residue volume of polymer is given by

Vv -  M/Npp

= (50 X 104 X 1024) / (6.02 X 1023 X 1.183) = 7.02 X 105 A3

This value is about a quarter the average space occupied by a grafted poly
mer. The grafted polymer might be more curled in configuration than the 
unperturbed molecule because the aqueous reaction medium was a precipi
tant for poly (methyl methacrylate). On the other hand, the grafted poly
mer might tend to a more open chain configuration, because of the influences 
of the interaction between polymers and polypeptide molecules. It is im
portant that there is enough space available for growing high molecular 
weight polymers in the microfibril-plus-matrix unit.

In conclusion the grafted polymer occurs between the microfibril and ma
trix or around the protofibrillar subunits. These facts indicate that the in
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teractions between the side-chain groups of residues forming the helices 
and the matrix molecules and the interactions between the protofibrils are 
so low that preferential grafting occurs in these regions. Therefore, it is 
suggested that the region between the protofibrils and matrix is not so much 
stabilized by chemical crosslinks and secondary bonds as the other. There 
is a marked difference in the degree of grafting between the two cortex re
gions. Naturally, the grafting must be severely affected by the crosslinks.

T h a n k s  a r e  d u e  t o  D r .  F .  B e k k u ,  T e c h n ic a l  M a n a g e r  o f  I W S  J a p a n ,  f o r  h is  e n c o u ra g e 
m e n t ,  a n d  t o  t h e  J a p a n  O p t ic s  L a b o r a t o r y  C o . ,  L t d .  f o r  t h e i r  s u p p o r t  a n d  th e  use o f  th e  
e le c t r o n  m ic ro s c o p e .
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Grafting on W ool. II. Stress-Strain Behavior 
o f Grafted Fiber in Water

KOZO ARAI, MICHIHARU NEGISHI, TSUTOMU SUDA, 
and KAZUKO DOI, Faculty of Technology,

Gunma University, Kiryu, Gunma, Japan

Synopsis

T h e  s t r e s s - s t r a in  b e h a v io r  a n d  h y s te r e s is  p r o p e r t ie s  o f  v a r io u s  g r a f t e d  w o o l f ib e rs  w e r e  
s t u d ie d .  T h r e e  d is t in c t  re g io n s  o n  th e  s t r e s s - s t r a in  c u r v e  a n d  h y s te re s is  p r o p e r t ie s  c h a r 
a c te r is t ic  o f  t h e  n a t i v e  w o o l f ib e r  r e m a in  s u b s t a n t ia l ly  i n t a c t ,  e v e n  th o u g h  a  la r g e  a m o u n t  
o f  a  r ig id  p o ly m e r  o c c u rs . I t  w a s  s u g g e s te d  t h a t  th e  m ic r o f ib r i l  a n d  t h e  m a t r i x  n a t u r e  in  
t h e  n a t i v e  w o o l  f ib e r  e x is t  in  th e  g r a f t e d  w o o l s t r u c tu r e s .  T h e  e le c t r o n  m ic ro s c o p ic  re 
s u lts  w e r e  a ls o  s u p p o r t e d .  T h e s e  re s u lts  c a n  b e  e x p la in e d  o n  t h e  b a s is  o f  M e n e f e e ’s m o d e l  
t h a t  t h e  lo n g i t u d in a l  m e c h a n ic a l  b e h a v io r  is m o r e  d i r e c t ly  c o n t r o l le d  b y  a  h ig h  m o d u lu s  
m a t r ix .

INTRODUCTION

Studies in this series have been concerned with the location of grafted 
polymer. On the basis of electron microscopy,1 it was considered that the 
grafted polymers might be located not only around and between the micro
fibril and the matrix, but also at the interprotofibrillar and the interstitial 
region of the microfibril. The results of x-ray diffraction studies2 suggested 
that most of the a-helical components in the grafted fibers remain intact, 
irrespective of a large diametral swelling by the polymer deposition. The 
purpose of this work is to study the relationship between the stress-strain 
behavior in water and the actual location of grafted polymer.

EXPERIMENTAL AND MATERIALS

The tops of fine Australian Merino wool fibers were grafted with ethyl 
acrylate (EA) and with methyl methacrylate (MMA) in an aqueous Br~- 
S20 82- redox reaction system3 containing diethylene glycol monobutyl ether 
(BC) as a monomer-solubilizer. Homopolymers were not formed in the 
system. After the reaction period, the wool fibers were washed only with 
water and air-dried.

The contents of —SH and —SS— groups in the native and the grafted 
fibers were determined by Leach’s polarographic method.4

The samples with different extents of grafting are listed in Table I.
1879
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T A B L E  I
V a rio u s  G ra f te d  W ool S am p les P re p a re d  u n d e r  D iffe re n t R e a c tio n  C o n d itio n s

M o n o m e r

S am p le

G ra f t-o n , %
R e ac tio n

sy s te m

R e ac tio n
te m p e ra tu re ,

°C
R e a c tio n  
tim e , h r

— N a tiv e — — —

— C o n tro l8 — IS 18
E A 1 6 .5 A" 18 15
E A 3 6 .2 A 18 18
M M A 1 5 .3 A 18 15
M M A 3 2 .0 A 18 IS
M M A 5 4 .0 B' 30 *A
A IM A 1 0 1 .6 C d 30

8 W ool (1 g ) t r e a te d  w ith  A  re a c tio n  sy s te m  in th e  ab sen ce  of m onom er.
b 10 g N H 4B r, 0 .3  g K 2S2O 8, 35 g H .O , 50 g B C , an d  5 g m onom er.
0 27.5 g  L iB r, 0 .2  g K & O g , 44 .8  g H 2O, 15.0 g B C , a n d  5 g M M A .
d 27.5  g  L iB r, 0 .2  g K ^ O s ,  44 .8  g H 20 , 22.5  g, B C , a n d  5 g  M M A .

The moisture content was measured at 65% EH and 20°C. Also, water 
imbibition in liquid water was measured by pressing out the excess water 
with filter paper until approximately a constant weight was obtained.

A model UTM-II Tensilon tester (Toyo Measuring Instruments Co., 
Ltd.) was used for the determination of load-extension properties. Single 
fibers, 2 cm in length, were mounted on a paper frame and immersed in 
water at room temperature overnight. The fibers were placed in a jacketed 
cell filled with water which was maintained at 20°C and extended at rates 
of 20 and 50%/min. For the determination of the average values of the 
parameters obtained from load-extension curves, about 200 specimens were 
tested for each sample.

RESULTS AND DISCUSSION 

General

A typical load-extension curve of uniform wool fiber in water exhibits 
three distinct, approximately linear regions; Hookean, yield, and post-yield, 
as shown in Figure 1. Points A and B are defined as the intersections of the 
extrapolations of these regions.5

In the Hookean region 0.-1, the stress occurs linearly with a rapid rise in 
the fiber strain from 0 to about, 2% extension, reflecting a deformation in 
crystal structure of microfibrils.6

Beyond 2% extension, the fiber begins to yield, and this continues to 
around 30% extension. This process of yielding requires only a very small 
amount of additional stress. This portion of the stress-strain curve is 
known as the yield region. In this region, it has been considered that the 
«-helices begin to unfold from the end of the Hookean region.7 It has been 
reported by Collins and Chaikin8 that the slope of the yield region is closely 
related to the variation of fiber cross-sectional area and to structural non-
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Extension

F ig . 1. S c h e m a tic  re p re se n ta tio n  of th e  lo a d -e x te n s io n  c u rv e  of w ool fiber in  w a te r . 
P o in ts  A a n d  B a re  th e  in te rse c tio n s  of th e  e x tra p o la tio n  of th re e  d is tin c t, a p p ro x im a te ly  
lin e a r  reg io n s; H o o k e an , y ie ld , a n d  p o s t-y ie ld . A lo a d -e x te n s io n  c u rv e  c h a ra c te ris tic  
of a  n o n u n ifo rm  fiber8 is also  show n (d o tte d  line).

uniformity. A load-extension curve of a nonuniform fiber is shown by the 
dotted line in Figure 1. Generally, the characteristic feature of the stress- 
strain curve does not appear clearly, and the yield slope increases with an in
crease in nonuniformity of fiber cross-sectional area. In addition, breaking 
load and extension are reduced considerably.

At around 30% extension, the stress in the fiber begins to rise sharply 
with increase in extension. This region is the post-yield region. Though 
the behavior of the yield region and the post-yield region have been consid
ered to be more or less viscoelastic, the effect of the rate of loading on the 
slope of the yield region and the slope of the post-yield region appears to be 
negligible over the range of 12.5 to 125%/min in water at 20°C.9'10

Crewther11 has demonstrated the effect of thiol and disulfide contents 
on the stress-strain curve from the systematic study on the reduced and 
alkylated fibers. The stresses and the yield and post-yield slopes decrease, 
and the strains increase with decreasing disulfide content; the yield and 
post-yield slopes appear to be zero at extrapolation to zero disulfide content. 
When thiol contents are increased, there is a virtual disappearance of the 
post-yield region as a result of the thiol-disulfide interchange reaction.

Water Content
Considerable increase in diameter occurs with increase in the extent of 

grafting, but the change in longitudinal dimension was only 1-2% contrac
tion during the reaction, as shown in Table II. This anisotropic swelling 
by the polymer indicates that the well-oriented units were not disrupted by 
the polymer deposition. The swelling ratios of diameter increases in wet to 
dry decrease as the extent of grafting increases. The change in fiber 
grafted 101.6% with A1A1A appears to be approximately zero. The values 
of the moisture regain and the water imbibition for the grafted fibers are 
markedly decreased as the polymer content is increased. The swelling of a
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wool fiber from dry to wet results from the uptake of the major part of 
water by the matrix.12 On assuming the hydrophobic polymer is inert with 
respect to the equilibrium water content for grafted fibers, the values of the 
moisture regain and the water imbibition on the basis of the wool portion are 
shown in Table II. These values appear to be approximately similar to 
those of the native fibers, even at the higher levels of grafting. Further
more, the disulfide contents of the grafted fibers are almost the same as those 
for the native wool fibers, as listed in Table II. As a consequence, with re
spect to the nature of the matrix for the absorption of water, it might be con
sidered that the matricular chain segments within the grafted structure be
have like those of the native w ool, being affected very little by the deposited 
polymer.

Load-Extension Curve

For characterization of the stress-strain behaviors of grafted fibers, if the 
grafted polymer could be considered as an additional material which inter
acts with the microfibril and the matrix, it might be preferable to take, up 
the variations on the load-extension curves rather than those on the stress- 
strain curves on the basis of the fiber cross-sectional area. The load-ex
tension curves of the grafted fibers in water at an extension rate of 20%/ 
min are shown in Figure 2. The load-extension curve for the control fiber 
is almost the same as that for the native fiber. From Table II, it is known 
that the change observed for —SH contents of the native and the control 
fiber has no significant effect on the load-extension curve. No remarkable 
difference in breaking elongation and in breaking strength between the na
tive and the control fiber is found. These facts also suggest that oxidative 
chain scission scarcely occurs during the reaction. The load extension 
curves of all of the grafted fibers show the three regions to be distinctly dif
ferent. Yield and post-yield slopes tend to increase with increase in the ex
tent of grafting. The fibers grafted with MMA are harder in the Hookean

F ig .  2 . L o a d - e x t e n s io n  c u rv e s  o f  th e  n a t iv e ,  c o n t r o l ,  a n d  g r a f t e d  f ib e rs .



1881 AI1AI E T  AL.

T A B L E  I I I .
E f f e c t  o f  R a t e  o f  E x t e n s io n  o i l  Y i e l d  a n d  P o s t - Y ie l d  S lo p e s  o f  th e  L o a d - E x t e n s io n  

C u r v e  f o r  V a r io u s  G r a f t e d  F ib e r s

Y i e l d  s lo p e , g S t r a in  a t  p o in t  B ,  % P o s t -y ie ld s lo p e , g

S a m p le
2 0 % /

m in
5 0 % /

m in
2 0 % /

m in
■ 5 0 % /
m in

2 0 % /
m in

5 0 % /
m in

C o n t r o l  
G r a f t e d  w o o l

i . i 1 . 0 3 1 . 6 2 9 . 5 7 . 4 8 . 2

E A ,  3 6 .2 % 1 . 5 2 . 5 3 0 . 8 3 1 . 8 1 2 .0 1 0 .7
M M  A ,  3 2 . 0 % 1 . 0 4 . 0 3 0 . 5 3 0 . 3 1 2 .5 1 2 .5
M M  A ,  5 4 . 0 % 2 . 6 3 . 1 3 1 . 0 3 2 . 8 1 3 .5 1 1 .5
A L M A ,  1 0 1 . 6 % 2 . 3 3 . 5 3 0 . 2 2 9 . 8 1 2 .8 1 2 .8

modulus than the control fibers, while the grafted fibers with EA are always 
softened in the stresses of points A and B.

The results of the electron microscopy1 and of the x-ray diffraction study'2 
indicate that the location of polymer is likely to be the region between and 
around the microfibril and the aggregated matrix.13 Therefore, it might be 
considered that the interactions between the microfibril and the matrix 
molecules tend to be reduced as the polymer content increases, while the 
polymer-polymer, polymer-microfibril, and polymer-matrix interactions 
increase. A decrease in the Hookean modulus of the fiber grafted with EA 
might be due to the plasticizing effect of poly (ethyl acrylate), which has a 
low glass transition temperature (about —22°C).14 On the contrary, in 
fibers grafted with AIM A, stiffening in the modulus and an increase in the 
stress at point A occur. This seems to indicate an increase of internal vis
cosity resulting from a net excess of the rigid polymer-polymer, polymer- 
microfibril and polymer-matrix interactions over the reduction in microfi
bril-matrix interaction resulting from the polymer deposition. The effects 
of the rate of extension on the yield slope, the post-yield strain, and the post
yield slope are shown in Table III. No significant change in the yield slopes 
of the control fiber is observed at extension rates from 20 to 50%/min; 
however, the slopes of the grafted fibers are very rate-sensitive, as shown in 
Table III. The most marked dependence on the rate of extension is ob
served for 32.0% grafted (AIAIA) sample. Furthermore, no marked dif
ference exists in strains at point B in any samples. These facts also suggest 
that the longitudinal mechanical properties of wool fibers remain substan
tially intact under the graft modification. Accordingly, an explanation for 
the changes in the Hookean modulus and in the yield-region slope may be 
possible in terms of internal viscosity. Therefore, it might be considered 
that the grafted polymers do not give rise to any variation of distribution of 
fiber cumulative cross-sectional area, as pointed out by Collins and Chai
kin.15 The grafted polymers may not tend to show additional structural 
nonuniformity along the fiber axis direction.

Considerable disagreement exists among workers about the structural and 
molecular interpretation of the post-yield region.16-18 The post-yield
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slopes of the control and the grafted fibers are not changed by the rates of 
extension. However, the grafted fibers in which over 30% polymer is pres
ent have larger values of the slope than the control. Moreover, the in
crease in the slope appears to be independent of the properties of the 
grafted polymer. This point is a salient feature of the stress-strain be
havior of the grafted fibers. On the contrary, grafting produced no signifi
cant change in the post-yield slope of Lincoln wool fiber,19 whose structure is 
more or less analogous to the paracortex structure in Merino wool. Al
though the behavior is too complex to be analyzed in detail at this stage, it 
seems likely to be related closely to the deformation of the matrix between 
sheets which are composed of a linear arrangement of microfibrils in the or
thocortex region. When a cylindrical layerlike matrix is extended in the 
lateral direction by the deposition of polymer within a sheet,1 stress occurs in 
the matrix segment; this stress might be stored in the cystine-crosslinked 
network. This stress might play an important role in the slope of the post
yield region.

Hysteresis Curve
When the control and the grafted fibers are stretched and then allowed to 

retract and subsequent extensions to breaking point are performed, the 
load-extension curve of the fiber may be suggestive of the occurrence of 
structural changes caused by the grafting, since this hysteresis curve reflects 
a?±j3 transformation characteristic of the deformation of a-helices. Figure 
3 shows the hysteresis curves of the control and three sets of variously 
grafted fibers. It is known that, in the case of 15% extension, the second 
stretching curve after relaxation in water at 20°C for 24 hr is perfectly, r - 
produced on the first stretching curve for all of the fibers except the 101.6% 
grafted (MIMA) fiber. These results indicate that a perfect re-formation to 
the original structure from the extended state takes place in the hysteresis 
processes including relaxing. For the 101.6% MMA-grafted fiber, the 
Hookean modulus and the stress at the end of the Hoolcean region on the 
second stretching after relaxation in water at 20°C for 24 hr decrease con
siderably. However, such a stress-softening scarcely occurs after relaxa
tion at 52°C for 1 hr.1'2'20 Accordingly, it is further suggested that reversi
bility of the longitudinal mechanical properties of a wool fiber substantially 
exists even in the grafted fiber containing a large amount of polymer. 
Hysteresis properties of the control and the grafted fibers are summarized 
in Table IV. As compared with the control fiber in any extension, the 
36.2% EA-grafted fiber has similar value in elastic recovery and same level 
in energy loss. On the other hand, the fibers grafted with M AIA have rela
tively lower values of elastic recoveries, which decrease with increasing the 
extent of grafting and with increasing extension. The recoveries after re
laxation in water appear to be. much higher. Considering the striving 
change in texture by grafting, it is very surprising that the recovery of the 
101.6% MMA-grafted sample reached about 90% of the length extended. 
Moreover, after releasing in water at 52°C for 1 hr, the initial modulus in the
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second stretching appears to be approximately the same as the Hookean 
modulus.

From the x-ray2 and the electron microscopic evidence,1 it has been 
known that about 80% of the original «-components were retained for the 
101.6% MMA-grafted sample, and the diameter of a microfibril, being com
posed of a-helices, expands isotropically to about 2.5 times that of the na
tive.

The grafted fibers with over 32% MMA content have a larger energy loss 
which is approximately similar over the range of extensions. I t is known 
that the variations of energy loss and reduced work depend largely on the 
properties of grafted polymer. The fiber grafted with soft polymer, such 
as the 36.2% EA-grafted sample, has smaller values in energy loss and rela
tively larger values in reduced work rather than the 32.0% MMA-grafted 
sample.

As far as the load-extension curve and the hysteresis properties are con
cerned, the a /3 transformation should occur in the grafted structure even

( a )

10 20 30 40 50 60 700
E x te n s io n  (%)

(b )

F ig .  3  ( c o n t in u e d )
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F i g .  3 . H y s te r e s is  c u r v e s  a t  1 5 , 3 0 , a n d  4 5 %  e x te n s io n :  ( a )  c o n t r o l;  ( 6 )  E A  g r a f t ,  
3 6 . 2 % ;  (c )  M M A  g r a f t ,  3 2 .0 % ;  (d )  M M A  g r a f t ,  1 0 1 .6 % .  S e c o n d  s t r e tc h in g  c u rv e s  
a f t e r  r e la x in g  in  w a t e r  a r e  s h o w n  b y  d o t t e d  l in e s .  R e la x in g  c o n d it io n s  w e r e  2 0 ° C ,  
2 4  h r  f o r  t h e  c o n t r o l ,  E A - 3 6 . 2 ,  a n d  M M A - 3 2 . 0  s a m p le s ;  a n d  5 2 ° C ,  1 h r  f o r  th e  M M A -  
1 0 1 .6  s a m p le .

below the glass transition temperature of polymer, provided the molecular 
interpretations in the Hookean and the yield region are taken as a deforma
tion of bond angle in crystalline microfibril6 and as an unfolding of a-helices,7 
respectively. However, from the considerations of the variation of peak 
intensity of the two prominent reflections (equatorial 9.8 A and meridional
5.1 A spacing) of the wide-angle x-ray diagram of the 32.0% MMA-grafted 
sample during extensions from 0 to 50%, it has been suggested that the 
«-components of microfibrils are markedly stabilized by the deposited poly
mers.2 The x-ray photographs of the native and the 32.0% MMA samples 
at 50% extension are shown in Figure 4. From the quantitative analyses 
of the diffracted intensities from 9.8 A spacing, it was found that no signifi
cant change occurs over the range of extension of the grafted fibers.2 In
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(r) . (d)
F ig .  4 .  X - r a y  p h o to g r a p h s  o f  th e  n a t iv e  a n d  th e  3 2 .0 %  M M A - g r a f t e d  s a m p le  a t  

5 0 %  e x te n s io n :  ( a )  n a t iv e  w o o l,  n n s t r e tc h e d ;  ( 6 )  n a t i v e  w o o l,  s t r e tc h e d ;  (c )  M M  A  
g r a f t ,  3 2 .0 % ,  n n s t r e tc h e d ;  (d )  M M A  g r a f t ,  3 2 .0 % ,  s t r e tc h e d .

°
addition to the variation of the 9.S A intensity, the disappearance of the 5.1 
A reflection is supposed to give the simplest measure of the decrystalliza- 
tion of the a-keratin. As is clearly seen in Figure 4, the 5.1 A reflection 
disappears at 50% extension of the native fiber. However, the reflection 
arc is substantially retained for the grafted fiber.

The electron microscopic result appears to support this x-ray evidence. 
The fact that the polymers are located around and between the protofibrillar 
subunits in microfibrils1 suggests that an enormous increase in the interac
tion between the rigid amorphous polymer and the side-chain groups of the 
a-helix results in a major hindrance to the opening out of an a-helix.

As a consequence, the deformation of a microfibril may not be much con
cerned with the Hookean and the yield regions of the load-extension curve 
for either the grafted fiber or for the unmodified wool fiber.
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Naturally, some chain scission of the MMA-grafted polymer might occur 
at localized sites of stress during extension. However, it is considered that 
modulus for deposited polymer appears to be negligible, since such chain 
scission is not likely to have a prominent effect on the hysteresis properties 
at the second extension after relaxing. This fact indicates that little poly
mer-polymer interaction occurs, while there is an increase in the polymer- 
matrix and polymer-microfibril interactions which are probably much in
volved in the stiffening in the modulus of the grafted fiber. With re
spect to this point, stress relaxation occurring in the native and the grafted 
fiber stretched to various extensions (1,5-45%) in 0.1./V sodium bisulfite solu
tion was studied.19 The rate of stress relaxation slower in the grafted fiber 
than in the native fiber. However, the final stresses remaining in the 
grafted fibers were approximately similar to those (0.2 g) in the native 
wool fiber. Accordingly, it was supposed that no significant stress is borne 
by the polymer-polymer interaction. This will be discussed in detail in a 
future report.

From the results of moduli calculated for the a-helix and extended 
/3-ehains, Enomoto and Krimm21 concluded that the modulus for a-helix is 
so low that some other high-modulus component must be present in wool. 
Aienefee22 proposed an extended-matrix model which the matrix acts as the 
high-modulus component in wool structure. Our results obtained from 
the stress-strain behavior of grafted fibers support Menefee’s view that the 
mechanical behavior is more directly controlled by a high-modulus matrix.

On the basis of the deviation from the additive property in the two com
ponents of the grafted fiber, the measurements of the density and the dif
fracted x-ray intensity of the grafted fiber prepared by various grafting 
systems may give information about the polymer-wool interaction.

Finally, quantitative analyses of the appearance of (3-keratin in the 
grafted fiber associated with the 4.65 A equatorial reflection may give im
portant suggestions regarding the origin of the /3-structure.2

T h i s  re s e a rc h  w a s  s u p p o r t e d  f in a n c ia l ly  in  p a r t  b y  th e  I n t e r n a t i o n a l  W o o l  S e c r e t a r ia t .  
T h e  a u th o r s  w o u ld  l ik e  to  a c k n o w le d g e  th e  e n c o u r a g e m e n t  o f  D r .  F .  B e k k u ,  T e c h n ic a l  
D iv is io n  M a n a g e r  o f  I W S  J a p a n .
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Thermal Bulk Polymerization o f Cholesteryl Acrylate

A. C. DE VISSER, K. DE GROÜT, J. FEYEN, and A. BAN TJ ES, 
Polymer Division, Department of Chemical Technology,

Tírente University of Technology, Enschede, the Netherlands

Synopsis
T h e  t h e r m a l  b u lk  p o ly m e r iz a t io n  o f  c h o le s te r y l  a c r y la t e  w a s  c a r r ie d  o u t  i n  th e  s o lid  

p h a s e , th e  m e s o m o r p h ic  p h a s e , a n d  th e  l iq u id  p h a s e  to  s t u d y  th e  e f fe c t  o f  m o n o m e r  o r d e r 
in g  o n  p o ly m e r iz a t io n  r a t e  a n d  p o ly m e r  p r o p e r t ie s .  T h e  r a t e  in c r e a s e d  w i t h  d e c re a s in g  
o r d e r in g  (o r  e n h a n c e d  m o b i l i t y )  o f  th e  m o n o m e r .  F o r m a t io n  o f  i n h i b i t iv e  b y - p r o d u c t s  
d u r in g  th e  p o ly m e r iz a t io n  l im i t e d  c o n v e rs io n s  to  3 5 % .  T h e  s e d im e n ta t io n  c o n s ta n t  
S 0 =  6 . 2  S  w a s  th e  s a m e  f o r  t h e  p o ly m e r s  o b t a in e d  in  t h e  th r e e  p h a s e s . T h e  w e ig h t -  
a v e r a g e  m o le c u la r  w e ig h t  ( M w ) w a s  4 8 0 ,0 0 0  as d e t e r m in e d  b y  u l t r a c e n t r i f u g a t io n .  P o ly -  
(c h o le s t e r y l  a c r y l a t e )  fo r m e d  in  b u lk  is  r a n d o m ly  c o i le d  w h e n  d is s o lv e d  in  t e t r a h y d r o -  
f u r a n .  T h e  t h e r m a l  p r o p e r t ie s  o f  t h e  m o n o m e r  a r e  g iv e n .

INTRODUCTION
Liquid crystallinity, a phenomenon discovered in the last century,1 has 

begun to attract the attention of polymer chemists only recently. It Inis 
been demonstrated that ordering of monomer molecules induced by 
liquid crystallinity can have an effect on polymerization rate and properties 
of the prepared polymer.

To study these effects, polymerization can be carried out either in an 
ordered solution, or in bulk if the monomer exhibits liquid crystallinity by 
itself. The polymerization in liquid crystalline solution has been described 
by several authors. Amerik and co-workers2’3 have studied the poly
merization of p-methacryloyloxybenzoie acid and the copolymerization 
of this monomer with styrene, using p-cetyloxybenzoic acid as a liquid 
crystalline solvent. They found that the ordering increased the poly
merization rates. Blumstein et al.,4 working on similar systems, reported 
an increase in the isotacticity of the polymer obtained. Bulk polymeriza
tion of liquid crystalline monomers has been reported also. Paleos and 
Labes5 investigated the polymerization of nematic V-(p-methoxy-o- 
hydroxybenzylidene)-p-aminostyrene, but did not find significant effects 
of the ordered structure on polymerization rate or nature of the product. 
Amerik and Krentsel6 found that the rate of polymerization of vinyl oleate 
was somewhat higher in the liquid crystalline state than in the liquid and 
solid states. Hardy and co-workers7 polymerized cholesteryl acrylate in 
bulk, but it is likely from these results that polymerization took place in 
the solid phase rather than in the liquid crystalline phase. Toth and
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Tobolsky8 described the bulk polymerization of cholesteryl acrylate and 
cholestanyl acrylate in the isotropic liquid phase. They found crosslinked, 
insoluble poly (cholesteryl acrylate) and soluble poly (cholestanyl acrylate) 
with a molecular weight up to 104.

In a previous communication9 we reported the bulk polymerization of 
cholesteryl acrylate in the solid, liquid crystalline, and liquid states to 
molecular weights in the order of 105. We wish now to report in more 
detail the rate of the thermal bulk polymerization of cholesteryl acrylate 
in its various phases and some properties of the polymers obtained.

EXPERIMENTAL

Materials

Cholesterol (U.S.P., Van Schuppen Chemie N.V.) and acryloyl chloride 
(Fluka 01780, containing 0.1% hydroquinone) were used without purifica
tion. All solvents used were pro analysi grade and dried by standard 
methods if necessary.

Monomer Preparation and Characterization
Cholesteryl acrylate was prepared in 70% yield by refluxing cholesterol 

and an excess amount of acryloyl chloride in benzene.
After isolation, the ester was purified by repeated crystallization from 

ether/ethanol. Elemental analysis yielded the following results.
A nal. C a lc d  fo r  C 3oH 480 2 ( 4 4 0 . 7 ) :  C ,  8 1 .7 6 % ;  H ,  1 0 . 9 8 % ;  O , 7 . 2 6 % .  F o u n d :  

C ,  8 1 .8 % ;  H ,  1 1 .0 % ;  0 , 7 . 3 % .

Infrared and mass spectra were consistent with the expected structure. 
Ebulliometry gave a number-average molecular weight of 440. Phase 
transitions were determined from thermograms, obtained with a Du Pont 
differential thermal analyzer, by observation through a hot-stage micro
scope with crossed niçois and by x-ray diffraction.

Polymerization
The bulk polymerization was studied with small samples (about 50 mg) 

to avoid temperature increase during the reaction. These portions were 
still large enough to be investigated by means of ultracentrifugation. 
The tubes in which the polymerization was carried out were cleaned by 
treating with concentrated nitric acid. After rinsing several times with 
demineralized water and with acetone, they were dried. Immediately 
before use, the tubes were flame-dried while being evacuated. Then 
about 50 mg monomer was weighed in under nitrogen in a drybox. Each 
tube was flushed five times with ultrapure nitrogen, evacuated to 2 X 10“2 
mm Hg pressure and sealed.

Polymerization was started by immersing the tube in a thermostatted 
oil bath and was stopped by cooling the tube in liquid nitrogen. The 
reaction mixture was then dissolved immediately in tetrahydrofuran.
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The contact thermometer of the thermostat bath (variability ±  0.01 °C) 
was calibrated to the thermometer of the hot-stage microscope to be sure 
that polymerization would take place in the phase chosen.

Investigation of the Reaction Mixture

The reaction mixtures were investigated by means of ultracentrifugation 
with a Beckman-Spinco Model E Analytical Ultracentrifuge equipped 
with Schlieren optics.

Sedimentation velocity runs of the dissolved samples were performed 
in Kel-F 12 mm centerpieces at 48,000 rpm. From the areas under the 
sedimentation peaks the amount of polymer in the reaction mixtures was 
calculated, the specific refractive index being determined in a Brice- 
Phoenix differential refractometer.

The results thus found, agreed within experimental error with the 
results obtained by fractionation. Diffusion experiments were carried 
out by using double-sector, capillary-type 12 mm Epon-filled centerpieces 
to measure the amount of crosslinked material. Weight-average molecular 
weights M w of the polymers obtained by fractionation were determined by 
sedimentation-diffusion equilibrium, the density being determined pyc- 
nometrically.

RESULTS AND DISCUSSION 

Thermotropic Properties of Cholesteryl Acrylate

The phase transitions of cholesteryl acrylate as determined by observa
tions through a hot-stage microscope with crossed nicols (M), differential 
thermal analysis (DTA), and x-ray diffraction (X) are presented in Table 
I, together with the results of other investigators. The transition at 
65°C (D) is a reversible solid-phase transition; on heating the sample 
to 75°C an endotherm is observed. When the sample is cooled an exo
thermic peak occurs at the same temperature. The x-ray diffractograms 
at 14°C, 75°C, and again at 14°C confirmed the findings by DTA. A 
similar transition has been reported by Barrall et al.10 for cholesteryl 
valerate. The transition from the solid into the enantiotropic cholesteric

T A B L E  I
T h e r m a l  P r o p e r t ie s  o f  C h o le s t e r y l  A c r y l a t e “

T  e m p e r a t u n ; o f  t r a n s i t io n , ° C ,  to

S o u r c e S o lid S m e c t ic C h o le s te r ic N e m a t ic Is o t r o p ic

T h is
in v e s t ig a t io n  

H a r d y  e t  a l .7 
T o t h  e t  a l . 8

6 5  ( D )  
6 4  ( X )

< 1 1 8 . 7

1 2 1  ( D )  
1 2 2 . 5  ( M )

1 1 8 . 7

1 2 6  ( D )  
1 2 5  ( M )  
1 2 5 . 8
1 2 7

a ( D ) :  d e t e r m in e d  b y  D T A  in  N s a t m o s p h e r e  a t  l ° C / m i n  h e a t in g  r a t e ;  ( M ) :
d e t e r m in e d  b y  m ic r o s c o p y ;  ( X ) :  d e t e r m in e d  b y  x - r a y  d i f f r a c t io n  in  N 2 a tm o s p h e r e .
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--------------%  p o l y m e r

F ig .  1. E f f e c t  o f  t h e  p e r c e n ta g e  p o ly m e r  o n  th e  m e s o m o r p h ic - is o t r o p ic  t r a n s i t io n  te m 
p e r a t u r e  o f  a  m o n o m e r - p o ly m e r  m ix t u r e .

mesophase takes place at 122.5°C (M) and the mesomorphic-isotropic 
transition at 12o°C (M). On cooling, the latter transition is precisely 
reversible, but the former is variable. Toth and Tobolsky® observed 
only on cooling a cholesteric mesophase at 90°C. Ihtrdy and co-workers9 
did not observe any phase transition between —7s and 119°C and con
cluded that cholesteryl acrylate is in the smectic state in this temperature 
interval. In both publications about the same temperature was reported 
for transition into the isotropic liquid, more or less in agreement with our 
observations. The temperature of the mesomorphic-isotropic transition 
was measured as a function of the composition of various monomer- 
polymer mixtures to investigate the effect of polymer formation on this 
transition. The results are given in Figure 1.

Polymerization Kinetics

A kinetic study of the thermal polymerization was conducted in the 
solid phase at 120°C, the mesomorphic phase at 123°C and the isotropic 
phase at 126°C. In Figure 2 the amount of polymer formed in the reaction 
mixture is plotted versus time.

The polymerization in the solid phase takes place at a much slower rate 
than in the two other phases. The rate in the mesophase becomes equal 
to the one in the isotropic phase after about 10% polymer has been formed. 
Figure 1 shows that in a monomer-polymer mixture containing ca. 10% 
polymer, the transition from the liquid crystalline to the isotropic state



P O L Y M E R IZ A T IO N  OK C llO L E S T E R Y L  A C R Y L A T E J »97

F ig .  2 .  C o n v e r s io n - t im e  p lo ts  f o r  th e  b u l k  p o ly m e r iz a t io n  o f  c h o le s te ry l  a c r y la t e :  (O )  
in  th e  s o l id  p h a s e  a t  1 2 0 ° C ;  ( □ )  in  th e  m e s o m o r p h ic  p h a s e  a t  1 2 3 ° C ;  ( A )  in  th e  l iq u id  
p h a s e  a t  1 2 6 ° C .

occurs at 123°C. Thus only during the first 10 min the reaction really 
proceeds in the mesophase at a temperature of 123°C. The polymeriza
tion rate increases on going from the solid via the liquid-crystalline to the 
liquid phase. This result shows that only the mobility, not the ordering 
of the monomer molecules, enhances the rate. The temperature difference 
between the polymerizations in the liquid and mesophase does not affect 
the rate, as follows from the identical slopes of the curves between 10 and 
20 min. After about 20 min the reaction stops. At this point, ca. 35% 
polymer has been formed. Reaction times up to 70 hr did not increase 
the amount of polymer. Diffusion runs with the ultracentrifuge showed 
that no appreciable amount of crosslinked material was present and that 
the reaction mixture beside the polymer only contained low molecular 
weight, not sedimenting material. This followed also from the number- 
average molecular weight value of 520, measured by ebulliometry, for the 
material that remained in solution after the polymer had been removed 
from the reaction mixture by precipitation. Thin-layer chromatography 
showed that this material consisted mainly of monomer. Also the tran
sition temperatures of the material were only one or two degrees lower than 
those of the pure monomer. However, this material did not polymerize 
thermally anymore in the liquid phase. This suggested that impurities 
formed in a side reaction inhibited the polymerization. Consequently, 
when the polymerization rate would be much higher than the rate of the 
side reaction, one would expect a considerably higher yield. This we 
confirmed by conducting a polymerization initiated by azobisisobutyr- 
onitrile (AIBN): the polymer yield increased to 93%. (AIBN has a 
half-life time of about 30 sec at 126°C.)
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As expected, the yield of the thermal polymerization in the mesomorphic 
phase was lower than in the isotropic phase because of the lower initial 
rate of polymerization, favoring the side reaction.

Our conclusions are that the rate of thermal polymerization of cholesteryl 
acrylate in bulk increases with decreasing order of the monomer system 
and that the rather low conversions are a result of formation of inhibitive 
by-products during the polymerization.

Solution Properties of the Polymer

The weight-average molecular weight Mw of polymer from the kinetic 
experiments at 126°C was found to be 480,000 by sedimentation-diffusion 
equilibrium and did not change with the percentage conversion. The 
intrinsic sedimentation constant [S], defined as

[S] = S0-r,/a -  vd)

[where S0 is the sedimentation constant at zero concentration (<S0 = 6.2 S); 
y] and d are, respectively, the viscosity and density of the solvent (V20 = 
0.487 X 10~2 poise), and v is the partial specific volume of the polymer 
(v = 0.95 cc/g) ] was calculated to be 0.195 (S X poise) in tetrahydrofuran. 
The intrinsic viscosity of the polymer in this solvent is [y] = 0.46 dl/g. 
Mandelkern and Flory11 have derived the following relation for random 
coils in solution:

[S M 'S '/M *  = <p'/3p~1/N  A

[where is a constant, equal to 2.5 X 106 for homogeneous, randomly
coiled polymer, and N A is Avogadro’s number. This value may be 30-40% 
lower, depending on the degree of inhomogeneity, according to Gouinlock 
et al.12 and Hunt et al.13 The values found for [>8], [77] and Mw result 
in 4>1/3p “ 1 = 1.5 X 106, which value agrees satisfactorily with the value 
calculated for a heterogeneous polymer.

The sedimentation rate for the polymers obtained in the solid and meso
morphic phase was the same as the <S value of the polymer from the liquid 
phase. Therefore we conclude all three polymers to have the same average 
molecular weight and to be randomly coiled in tetrahydrofuran.
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Radiation-Initiated H om ogeneous Grafting o f Styrene 
to Benzylcellulose*

It. W. BETTY j and W. H. RAPSON, Department of Chemical Engineering 
and Applied Chemistry, University of Toronto, Toronto, Ontario, Canada

Synopsis
G r a f t  c o p o ly m e rs  o f  b e n z y lc e l lu lo s e  a n d  s t y r e n e  w e r e  p r e p a r e d  b y  d i r e c t  i r r a d ia t io n  

o f  b e n z y lc e l lu lo s e - s ty r e n e  s o lu t io n s  w i t h  60C o  7 - r a d i a t io n .  T h e  s o lu t io n s  r e m a in e d  
h o m o g e n e o u s  d u r in g  i r r a d ia t io n .  T h e  a m o u n t  o f  s ty r e n e  g r a f t e d  to  b e n z y lc e l lu lo s e  
in c r e a s e d  in  d i lu t e  s o lu t io n s  a n d  w a s  d o s e -d e p e n d e n t  u p  to  4 .Ü  M R .  T h e  g r a f t  co 
p o ly m e r  c o n s is te d  o f  b o t h  b r a n c h e d  a n d  l in e a r  s t r u c tu r e s  w i t h  o n e  in  e v e r y  1 4 0 - 1 0 2 0  
b e n z y la t e d  a n h y d r o g lu c o s e  u n i ts  c a r r y in g  a  g r a f t e d  p o ly s t y r e n e  c h a in .  G r a f t e d  p o ly 
s t y r e n e  w a s  is o la te d  f r o m  th e  g r a f t  c o p o ly m e r  b y  h y d r o ly s is  o f  th e  b e n z y lc e l lu lo s e  
s u b s t r a te .  T h e  n u m b e r -a v e r a g e  m o le c u la r  w e ig h t  a n d  m o le c u la r  w e ig h t  d is t r ib u t io n  
o f  t h e  g r a f t e d  p o ly s t y r e n e  w e r e  t h e  s a m e  as  th o s e  f o r  h o m o p o ly m e r  fo r m e d  in  th e  s a m e  
s o lu t io n ,  i n d ic a t in g  t h a t  th e  s u b s t r a t e  is f u l l y  a c c e s s ib le  to  th e  m o n o m e r  a n d  p o ly m e r iz a 
t io n  c o n d it io n s  a r e  u n i f o r m  th r o u g h o u t  th e  s o lu t io n  d u r in g  th e  g r a f t in g  p r o c e d u re .  
T h e  e x is te n c e  o f  a  t r u e  g r a f t  c o p o ly m e r  w a s  p r o v e d  b y  th e  s o lu b i l i t y  b e h a v io r ,  in t r in s ic  
v is c o s i ty ,  n u m b e r -a v e r a g e  m o le c u la r  w e ig h t ,  a n d  d e n s i t y - g r a d ie n t  s e d im e n t  l io n  o f  
th e  p r o d u c t  o f  th e  g r a f t in g  p r o c e d u r e .  C o lu m n  e lu t io n  f r a c t io n a t io n  o f  th e  g ro ss  
p r o d u c t s  o f  th e  g r a f t in g  p r o c e d u r e  f a i l e d  to  is o la te  th e  b e n z y lc e l lu lo s e - s ty r e n e  c o p o ly m e r  
w h ic h  w a s  e lu t e d  w i t h  u n g r a f te d  b e n z y lc e l lu lo s e .

INTRODUCTION

During the last decade, considerable effort has been directed towards 
the preparation of graft copolymers from cellulose or cellulose derivatives 
and vinyl monomers by high-energy irradiation.1 Generally, cellulose 
copolymers have been prepared in liquid-solid or vapor-solid systems by 
contacting a solid cellulose derivative with a suitable liquid or vapor 
monomer and irradiating the mixture to initiate graft polymerization. 
Characterization of the graft copolymers prepared by these heterogeneous 
methods has shown2'3 that the molecular weight of the grafted vinyl 
polymer chains is generally very much larger than that of the substrate, 
so that while substantial amounts of monomer are grafted, only very few 
of the substrate molecules actually support a grafted chain. The struc
tural nonrandonmess of the graft copolymers is considered to be a result

*  P r e s e n te d  a t  th e  F i f t e e n t h  C a n a d ia n  H i g h  P o ly m e r  F o r u m ,  K in g s t o n ,  O n t a r io ,  
C a n a d a ,  S e p te m b e r  1 9 6 9 .

f  P r e s e n t  a d d re s s :  D u  P o n t  o f  C a n a d a  L i m i t e d ,  C e n t r a l  R e s e a r c h  L a b o r a t o r y ,  
K in g s t o n ,  O n t a r io ,  C a n a d a .

©  1 9 7 1  b y  J o h n  W i l e y  &  S o n s , I n c .
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of the heterogeneity of the grafting system during polymerization. In 
order to improve the structural randomness of the graft copolymer, it is 
necessary to increase the number of substrate molecules supporting grafted 
chains while reducing the molecular weight of the grafted chains to a 
range corresponding to that of the substrate. These structural alterations 
can be achieved by allowing the monomer more uniform access to the sub
strate during graft polymerization, as would be the case if grafting occurred 
in a single phase or a homogeneous system.

Several attempts have been made to increase the homogeneity of the 
grafting system by grafting in solution. Stannett4 grafted styrene to 
cellulose acetate in a variety of solvents and Sebban-Danon5 grafted sty
rene to polyisobutylene in styrene solutions. Both of these workers, how
ever, found that the solutions become hazy during irradiation. As was 
first pointed out by Dobry,6 two different polymers are generally incompat
ible and when dissolved in the same solution will form two liquid phases, 
each phase containing practically all of one of the polymers. Stannett 
and Sebban-Danon attributed the hazy appearance of the solutions to 
microphase separation of polystyrene, due to its incompatibility with the 
substrate. Therefore, in both these systems, the solutions separated into 
two phases upon formation of the second polymer and the grafting condi
tions were not homogeneous throughout the solutions.

Benzylcellulose and polystyrene are one of very few exceptions to the 
general rule of incompatibility and will remain in a single phase solution 
up to total solids concentration exceeding 20%.6 Therefore, with a benzyl- 
cellulose-styrene system, it is possible to carry out a radiation-initiated 
grafting reaction in a single phase or a homogeneous system. The un
hindered and uniform accessibility of styrene to benzylcellulose should 
lead to the formation of a more random graft copolymer than has yet been 
prepared by radiation techniques. This investigation was initiated to 
prepare and characterize a benzylcellulose-styrene graft copolymer in a 
homogeneous system by irradiation with 7 -radiation and to prove that 
such a copolymer had in fact been formed.

EXPERIMENTAL

Materials
Benzylcellulose was prepared from cotton liuters alkali cellulose and 

benzyl chloride by a two-stage benzylation.7
To reduce the chemical and molecular weight heterogeneity, benzyl

cellulose prepared as above, was extracted with boiling acetone for 72 In
to remove the most soluble fraction. The remaining benzylcellulose was 
dissolved in 60/40 benzene-cyclohexane. Any undissolved material 
was rejected as the least soluble fraction of benzylcellulose by centrifuga
tion at approximately 2500 rpm until the solution was clear. The central 
fraction, recovered by freeze-drying from benzene, was totally soluble in 
styrene and was used throughout this work.
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Inhibitor was removed from Eastman Organic Chemicals highest purity 
styrene monomer by several successive washings with 10% sodium hy
droxide solution. The monomer was then washed several times with 
distilled water, dried over anhydrous calcium chloride, and fractionally 
distilled under vacuum immediately prior to use.

Irradiation

All irradiations were carried out in a Gammacell 220 located in the 
Department of Chemical Engineering and Applied Chemistry of the 
University of Toronto. Design details of this facility are given elsewhere.8 
This irradiation unit was installed in 1961 with a source of 17,600 Ci of 
60Co and a dose rate of 1.44 X 10° ± 3% rad/hr at the center of the irradia
tion chamber. The absorbed dose and dose rate were determined by 
ferrous sulfate dosimetry.9 The dose rate normally varied between 0.504 
and 0.616 Mrads/hr depending on the irradiation geometry and was reduced 
to 0.058 Mrads/hr by shielding the sample with lead. The irradiation cham
ber was continuously purged with air to maintain approximately 26°C 
during irradiations.

Sample Preparation and Recovery

Solutions of styrene and benzylcellulose were prepared gravimetrically. 
A known volume of solution was sealed under vacuum in an irradiation 
vial and irradiated in the Gammacell 220 to a specific dose. Following 
irradiation, a weighed portion of the solution (8-10 g) was selectively 
precipitated by addition of cyclohexane. The precipitate was filtered 
on a medium sintered glass filter with the aid of a water aspirator. The 
filtrate was retained for homopolymer determination by precipitation in 
excess methanol. The solids were dried under vacuum at 45°C for 48 hr.

Compositional Analysis by Infrared Spectroscopy

Solid samples were intimately ground with dried spectroscopic grade 
potassium bromide (Mallinckrodt, Infrared grade) to which was added 
potassium thiocyanate as an internal standard10 and this mixture pressed 
to form a disk.

The infrared spectrum of the disk was obtained by using a double-beam 
Beckman IR 9 spectrophotometer with a pure potassium bromide disk in 
the reference beam.

The disks were prepared by using Friedlander’s method11 with several 
modifications. A 0.8-1.0 mg portion of dried sample was weighed accu
rately (±0.002 mg) into 350 mg of potassium bromide containing the 
internal standard and dried for 24 hr under vacuum over phosphorus 
pentoxide. The mixture was ground in a Wig-L-Bug (Crescent Dental 
Manufacturing Co., Chicago) for 2 min, then for three additional 1-min 
periods at 1-min intervals and then dried. An accurately weighed 300 mg 
portion was again dried. Finally, the 300 mg portion was pressed to
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form a disk in a Beckman pellet die according to Friedlander’s procedure. 
The pellet was carefully removed and stored under vacuum over phosphorus 
pentoxide until its spectrum was determined.

Hydrolysis of Benzylcellulose

Benzylcellulose was hydrolyzed to soluble products with trifluoroacetic 
acid in boiling benzene solutions. A 1% benzylcellulose solution in 2/1 
(v/v), benzene-trifluoroacetic acid was refluxed for 24 hr, and polystyrene 
present during hydrolysis was recovered by precipitation in excess meth
anol.

Fractionation

Samples were fractionated by column elution fractionation, with the use 
of a column 128 cm long with an internal diameter of 4.5 cm maintained 
at 25°C by a water jacket. The column was packed with 100-/* glass 
beads (Cataphote Corp.. Jackson, Mississippi) or Fluoropak 80 (Fluoro
carbon Co., Anaheim, California). A 0.1-0.8 g of the polymer sample was 
deposited on approximately 150 ml of column packing by slow evaporation 
of benzene solvent. The polymer coated packing was added to the column 
after pouring in approximately 1800 ml of uncoated support. The column 
was eluted successively with two linear solvent gradients commencing 
with 3:1 cyclohexane-hexane through 100% cyclohexane to 3/1 benzene- 
cyclohexane with a total volume of 2 liters. The fiour rate was manually 
adjusted to SO ml/hr and fractions 40 ml in volume wrere collected. The 
polymer content of each volume fraction was determined by evaporation 
of the bulk of the solvent and freeze-drying the concentrate. The dried 
samples were combined to uniform weight fractions of approximately 50 
mg following purification by precipitation from dioxane with excess 
methanol.

Molecular Weight Determination

The number-average molecular weight was determined by using a 
Mechrolab high-speed membrane osmometer, Model 501, at 37°C with the 
use of SS08 membranes (Arro Laboratories, Illinois) and toluene as sol
vent. The osmotic pressure for each sample was determined at four 
concentrations (less than 1%) and extrapolated to infinite dilution. 
Operating procedures were as outlined in the manufacturer’s operating 
and service manual.

Intrinsic Viscosity Determination

Reduced viscosities were determined in toluene at 25°C ± 0.05°C with 
an Ubbelohde dilution viscometer, size 25, at four concentrations of less 
Hum 1%. The intrinsic viscosity was calculated by extrapolation to 
infinite dilution.
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Gel-Permeation Chromatography

The molecular weight distributions of polystyrene samples were ob
tained with a Waters gel-permeation chromatograph equipped with three 
columns of maximum rated porosity of 105, 104, and 800 A. Deaerated 
tetrahydrofuran at a flow rate of 3 ml/min was the carrier solvent. A 1-ml 
portion of 0.05% solution was injected into the carrier solvent and the 
presence of polymer in the eluent was detected by a differential refrac- 
tometer.

Ultracentrifugation

A Spinco analytical ultracentrifuge Model E, equipped with Schlieren 
optics was used at a speed of 52,000 rpm. A bromoform solution, 300 
g/1 in dimethylformamide was used as the density gradient solvent, and 
these conditions satisfactorily located the polymers in the cell. The 
0.5% (w/v) polymer solutions in the solvent were centrifuged at 25°C. 
Approximately 36 hr was required for equilibrium to be established. A 
double-sector aluminum cell facilitated the superposition of the solvent 
base line on the sample Schlieren photograph. The photographs were 
taken at a phase angle of 70°.

RESULTS AND DISCUSSION 

Degradation of Benzylcellulose

The carbon and hydrogen content, intrinsic viscosity, and number- 
average molecular weight were determined for benzylcellulose samples 
irradiated in vacuo, and results are shown in Table I. The unusually 
low values of carbon and hydrogen content for one blank sample and for 
the sample irradiated to 1.0 Mrads are not consistent with the other samples 
and are considered a result of experimental error. The number-average 
molecular weights and the intrinsic viscosities for benzylcellulose samples 
irradiated up to 5.0 Mrads are generally constant within experimental error

TABLE I
Degradation of Benzylcellulose by Radiation

Total 
radiation 
dose MR f 1 07'-M /O H, % DS“ Mn M , dl/g

0.0 73.07 6.42 2.54 41,000 0.675
0.0 68.40 6.04 1.74 39,100 0.661
0.2 73.03 6.34 2.54 40,300 0.682
0.5 72.91 6.32 2.51 — —
1.0 68.25 5.87 1.72 45,200 0.644
2.0 72.63 6.37 2.45 39,600 0.615
5.0 71.70 6.45 2.27 40,400 0.677

“Degree of substitution based on % carbon.
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(approximately 4%). These results are in contrast to the severe degrada
tion of cellulose by high-energy radiation2 and indicate that the highly 
substituted benzylcellulose used in this work is stable to direct radiation 
attack up to a dose of 5.0 Alrads.

Grafting Studies

Experimental conditions of preparation for each sample are shown in 
Table II, along with composition, number-average molecular weight, 
intrinsic viscosity, etc. of the isolated graft and homopolymer products. 
Figure 1 shows that the amount of styrene grafted to benzylcellulose in 1 
and 5% solutions is dose-dependent, increasing with dose up to 4 Mrads, 
as v?ould be anticipated for a radiation-initiated process. In addition, 
the number-average molecular weight and the intrinsic viscosity of the 
grafted benzylcellulose, shown in Figure 2, increase above that of the sub
strate with increasing polystyrene content. Polystyrene homopolymer 
from the same solutions had a maximum molecular weight of 40,800 and 
therefore occlusion of homopolymer in the precipitate could not account 
for the observed rise in molecular weight of the benzylcellulose fraction. 
The parallel increase in the molecular weight and the polystyrene content 
of the benzylcellulose fraction with dose indicates that a true benzyl- 
cellulose-styrene copolymer is formed and that its formation is dose- 
dependent. This is consistent with the normal kinetic scheme12 suggested 
for radiation-initiated graft polymerization.

The effect of benzylcellulose concentration on the amount of styrene 
grafted to benzylcellulose may be seen from Figure 1, by comparing the 
amount of styrene grafted in 1 and 5% solutions with that obtained in a 
15% solution. AVhile up to 38.2% polystyrene was grafted in 1 and 5% 
solutions, no detectable polystyrene was grafted in a 15% solution. The 
observed inverse relationship between yield and solute concentration 
is not unique in the radiolysis of polymer solutions. A similar effect has 
been noted in the radiation degradation and crosslinking of poly (methyl

0 1 2  3 4
DOSE (MR )

Fig. 1. Styrene grafted to benzylcellulose.
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methacrylate)13 and polystyrene14 in solution. This effect is considered 
to be due to an indirect attack of the polymer through energy transfer 
from the radiolysis products of the solvent and has been termed the “in
direct” effect.1’ The indirect effect is most evident in dilute solutions and 
an inverse relationship between yield and concentration, in dilute solu
tions, has been considered a criterion to distinguish its presence.1’ There
fore, higher yields of benzylcellulose-styrene copolymer obtained in more 
dilute solutions, indicate an indirect effect by which energy is absorbed 
by styrene and then transferred to benzylcellulose, yielding macromolec- 
ular free radicals capable of initiating graft polymerization.

As seen in Figure 1, the inverse relationship between yield and solute 
concentration apparently does not extend from 5% to 1% solutions. 
However, during recovery of the graft copolymer by precipitation, diffi
culties were encountered due to the formation of fine suspensions. This 
was particularly true for grafted samples prepared in 1% solutions but was 
also encountered to lesser degrees in all samples. The grafted benzyl- 
cellulose products formed in 1% solutions were highly swollen and could 
not be recovered by filtration. The “precipitate” obtained from a 1% 
solution, irradiated to a dose of 4 AIR, for example, was in a highly swollen, 
semi liquid state. These samples necessitated recovery by centrifugation 
at 2600 rpm for up to several hours. Under these conditions complete 
recovery of the precipitated product was difficult. In contrast, samples
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prepared from 5% solutions were successfully recovered by filtration on 
medium sintered glass filters. The difficulties encountered during selec
tive precipitation and the nature of the precipitate, from 1% solutions, 
suggest that product losses may account for the apparent similarity of 
grafting yields in 1 and »% solutions shown in Figure 1.

The tendency to form stable suspensions during selective precipitation 
was apparent in all grafted samples but was not encountered during separa
tion of two homopolymers. Stable suspensions have been reported by other 
workers16 during fractional precipitation of block and graft copolymers and 
have been attributed to the selective precipitation of one homopolymeric 
block of the copolymer. Therefore, the highly swollen precipitate en
countered on selective precipitation of 1% solutions after irradiation in
dicates the presence of large amounts of benzylcellulose-styrene graft 
copolymer.

The effect of dose rate on the grafting system may be seen by comparing 
samples 4 and 10 (Table II), prepared from 5% benzylcellulose solutions, 
irradiated to 1 MR, at dose rates of 0.528 and 0.058 Mtt/hr, respectively. 
The polystyrene content of the grafted benzylcellulose is larger at the 
lower dose rate. This may be accounted for by a higher molecular weight 
of the grafted polystyrene, as indicated by the corresponding homopolymer, 
which in turn results from a more efficient initiation of graft and homo
polymerization at lower dose rates.12

Hydrolysis of Benzylcellulose

Cellulose copolymers lend themselves readily to isolation of the grafted 
chains due to the ease with which the cellulose portion of the copolymer may 
be removed by hydrolysis. Gleason and Stannett17 reported that benzyl
cellulose, in benzene solution, was hydrolyzed to soluble products by treat
ment with trifluoroacetic acid under reflux, while polystyrene was un
affected by this treatment. The benzylcellulose portion of sample 7 was 
removed by hydrolysis in trifluoroacetic acid and the isolated polystyrene 
chains contained only (i.0% benzylcellulose as determined by infrared 
spectroscopy. The molecular weight distribution of the polystyrene 
chains, isolated from the benzylcellulose-styrene copolymer and of poly
styrene homopolymer formed in the same solution, was determined by gel 
permeation chromatography (GPC). The corrected molecular weights and 
molecular weight distributions were calculated by the method of Pierce 
and Armonas18 and are shown in Figure 3.

As seen in Table III, the average molecular weights of the isolated 
grafted polystyrene chains are almost identical with those of the homo
polymer prepared during the grafting reaction. The Mw/M n ratio for the 
polystyrene isolated from the copolymer was 1.63, and that for the homo
polymer was 1.66. The corrected GPC chromatograms, shown in Figure 
3, demonstrate that both polystyrenes have very similar, relatively narrow, 
single peak distributions and that no major differences are evident.
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MOLECULAR WEIGHT X IO~4

Fig. 3. Molecular weight distribution of grafted and homopolymer polystyrene.

It has been shown2'3 that heterogeneous grafting processes, in contrast 
to the homogeneous process of this work, lead to a much larger molecular 
weight for the grafted chains than for the homopolymer formed in the 
same system. Stannett19 isolated and fractionated grafted polystyrene 
chains from a cellulose acetate-styrene graft copolymer prepared in a 
heterogeneous system of cellulose acetate him and liquid styrene. Very 
broad, single and double peaked, molecular weight distributions were 
obtained. The Mw/M n ratios ranged between 9.2 and 28.6, depending on 
the conditions of preparation. These broad distributions were considered 
a manifestation of the diffusion controlled nature of the grafting reaction in 
a heterogeneous system. Heterogeneous solution grafting of styrene to 
polyisobutylene5 and of styrene to cellulose acetate4 yielded conflicting 
results with the molecular weights of the isolated grafted side chains, 
smaller and larger, respectively, than the corresponding homo
polymer. It was suggested by both authors that these results also were 
attributable to the heterogeneity of the system during graft polymeriza
tion due to phase separation. In the benzylcellulose-styrene, homo
geneous system, however, the similarity and relative narrowness of the 
molecular weight distributions for grafted and homopolymerized poly
styrene indicate that graft polymerization and homopolymerization are 
unaffected by diffusional effects and proceed by similar mechanisms after 
initiation. The substrate is, therefore, uniformly accessible to monomer, 
and the polymerization conditions are uniform throughout the solution 
during the grafting procedure.

TABLE III
Molecular Weights of Grafted and Homopolymer Polystyrene

Grafted Homopolymer
polystyrene polystyrene

Mn 36,400 36,400
Mw 59,200 60,400
Mn/Mw 1.63 1.66
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Fractionation

In an effort to isolate the graft copolymer, several samples were frac
tionated by column elution fractionation. A mixture of homopolvmers 
was also fractionated under identical conditions to determine the efficiency 
of homopolymer separation by this method. The elution curves for a 
homopolymer mixture and for a typical grafted sample (sample 6) are 
shown in Figures 4 and 5, respectively. Analysis of the fractions of sample 
6 are shown in Table IV.

An effective separation of the homopolymers was achieved by column 
elution fractionation, as evidenced by the resolution of two major peaks 
shown in Figure 4. The first peak eluted corresponds to polystyrene and

ELUTION VOLUME (40 ml.)

Fig. 4. Elution curve of homopolymer mixture (run 2).
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the second to benzylcellulo.se. Only in the central region, between the 
major peaks, are the homopolymers eluted simultaneously. This region, 
however, represents only a small fraction of the total sample weight.

Although column elution fractionation was effective in separating homo
polymers, it is apparent from Figure 5 that fractionation of a grafted 
sample did not produce a third peak corresponding to the copolymer. 
The elution curve for the grafted sample yielded two major peaks eluted 
in similar positions to those for homopolvmers. The first of these peaks 
consists of relatively pure polystyrene homopolymer; however, the second 
contains significant quantities of polystyrene, indicating that the co
polymer is eluted in this region along with benzylcellulose.

TABLE IV
Fraction Analysis for Sample 6“

Weight
fraction
number

Average
volume
fraction

Weight,
mg

Benzyl-
cellulose,

07/c M n WL dl/g

1 12.1 59.0 2.2 10,000b 0.195
2 14.9 82.8 2.5 38,800 0.205
O 17.6 70.1 3.9 59,900 0.367
4 21.7 62.6 4.6 56,800 0.315
5 37.4 50.8 62.0 36,100 0.269
6 42.4 69.0 83.8 37,800 0.459
7 44.2 90.4 85.0 46,700 0.566
8 46.0 89.7 86.2

OO

0.713
9 48.4 67.0 90.2 61,300 0.717

10 54.5 56.8 89.2 47,400 0.713
Combined 698.2 51.8 36,100 0.463

Initial 729.6 58.4 — —

a % Recovery = 95.7%. 
b Estimated, solute permeated membrane.

Chapiro suggested2" that fractionation of a previously isolated poly
isobutylene-styrene copolymer by gradient elution chromatography 
occurred primarily by the solubility of the least soluble block of the 
copolymer. During elution fractionation of a block or graft copolymer, 
the least soluble block will remain in a collapsed or precipitated form 
until the solvent composition is capable of dissolving it, even though the 
more soluble block of the copolymer is completely solvated. Diffusion of 
the copolymer out of the polymer film on the support will be inhibited 
by an ‘anchor’ effect of the as-yet-undissolved, least-soluble block. If the 
mobility of the copolymer were impaired in this manner, the copolymer 
would not be released from the film until the least soluble segments were 
dissolved. Under these circumstances, a third central peak, correspond
ing to the copolymer, would not be obtained and the copolymer would be 
retained by the film until the second polymeric species was solvated. 
This would account for the removal of relatively pure polystyrene homo
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polymer and the elution of the benzylcellulose-styrene copolymer with the 
ungraf ted benzylcellulose.

Characterization
One of the most meaningful parameters for characterizing cellulose graft 

copolymers is the “grafting frequency,” i.e., the number of anhvdro- 
glucose units per grafted side chain. This parameter is calculated from 
the composition of tire grafted sample and the molecular weights of the 
substrate and the grafted polymer. The results are shown in Table II. 
The number-average molecular weight of the grafted polystyrene, in the 
benzylcellulose-styrene copolymer, was estimated to be equal to that of 
the homopolymer formed simultaneously in the same solution. The 
validity of this estimate was confirmed by hydrolysis of the substrate as 
discussed above.

As seen in Table II, polystyrene grafted to benzylcellulose in a homo
geneous system yielded copolymers where one in every 140-1020 benzyl- 
ated anhydroglucose units carried a grafted polystyrene chain for a maxi
mum dose of 4 A1 rads. Several authors have determined the grafting fre
quency of other cellulose-based graft copolymers, prepared in contrast 
to this work, in heterogeneous systems. Krâssig21 compared heterogeneous 
grafting of styrene to cotton and cellophane by mutual irradiation of 
cellulose and styrene and by preirradiation of cellulose followed by immer
sion in styrene. Huang2 grafted styrene to cellulose by mutual irradia
tion. The frequency of grafting in these systems varied between 2,540 
and 53,000, depending on the conditions of preparation. Both Huang and 
Krâssig irradiated samples up to approximately 4 Mr ads. Stan nett4 pre
pared cellulose acetate-styrene graft copolymers from solutions in pyri
dine. The solutions were irradiated to 10 Afrads and were always turbid 
after the grafting procedure, indicating a phase separation, but yielded 
graft copolymer with one grafted side chain per 234 to 260 acetylated 
anhydroglucose units. While this grafting frequency is similar to that 
obtained in a homogeneous system the total dose employed was 2.5 times 
larger. This suggests that, at a similar dose, the frequency of occurrence 
of grafted side chains on the substrate in a homogeneous benzylcellulose- 
styrene system would exceed that in a heterogeneous cellulose acetate- 
styrene system. In any case, a decided improvement in the grafting fre
quency was effected in both heterogeneous and homogeneous solutions 
over that for solid-liquid systems, indicating that the substrate is more 
accessible to the monomer, resulting in a more efficient, utilization of macro- 
molecular radicals formed on the substrate and a more randomly grafted 
substrate.

The intrinsic viscosity of each sample is plotted against its number- 
average molecular weight in Figure 6 along with the intrinsic viscosity 
versus number-average molecular weight relation for the constituent 
homopolymers as determined in this work. The data for unfractionated 
benzylcellulose and sample 9, which contained no polystyrene, lie slightly
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Fig. 6. Viscosity-molecular weight relationship for unfractionated graft copolymer.

above the viscosity-molecular weight correlation for fractionated benzyl- 
cellulose, indicating that this relationship is a reasonable approximation 
for unfractionated benzylcellulose.

The intrinsic viscosity is related to the molecular weight of a macro
molecule by the Mark-Houwink equation

fo] =  K M "

The effect of branching is to reduce the value of a, increasing branching 
causing the viscosity to fall below that for a linear structure of the same 
molecular weight.22 This effect is considered a qualitative manifestation 
of branching23 and has been applied to graft copolymers.24

The intrinsic viscosity-molecular weight data for the benzylcellulose- 
styrene copolymer, shown in Figure 6, lie equal to or slightly above those 
for benzylcellulose of a similar molecular weight. If the copolymer were 
branched, the incorporation of polystyrene into the copolymer would tend 
to lower its intrinsic viscosity from that of benzylcellulose of a similar 
molecular weight. The relatively high intrinsic viscosity for the benzyl- 
cellulose-styrene copolymers presented in Figure 6 suggests that the co
polymer is not branched but alternatively is a linear block copolymer.

Further evidence concerning the structure of the copolymer is obtained 
from the Huggins’ constant shown in Table II and Figure 7. The Hug
gins’ constant is sensitive to the structure of a macromolecule and also 
has been used as a qualitative indication of branching23 with an increase 
in the Huggins’ constant corresponding to the presence of branched struc
tures. The Huggins’ constant for benzylcellulose-styrene copolymers, 
with the exception of samples 5 and 7, which are relatively high, lie inter-
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mediate to those for the constituent homopolymers. This behavior is 
similar to that for linear26 rather than branched copolymers. Therefore, 
with the exceptions noted, the Huggins’ constants for the benzylcellulose- 
styrene copolymers support the intrinsic viscosity-molecular weight data 
and also indicate that a linear block copolymer has been prepared.

It is interesting to note that both the intrinsic viscosity and the Huggins’ 
constant for samples 5 and 7 indicate a relatively more branched structure 
than is apparent for all other samples. These samples were prepared 
from 5% solutions at doses of 2 and 4 Mrads, respectively. Indirect solute 
activation is most evident in dilute solutions and conversely, higher solu
tion concentrations favor direct solute activation. High absorbed dose 
also increases the relative role of direct activation by reduction of monomer 
concentration with conversion and possible depletion of substrate sites 
that present low energy pathways for energy transfer from styrene. The 
combination of relatively high solution concentration and radiation dose 
in samples o and 7 would tend to favor direct activation and possibly 
lead to a change in polymer structure related to a change in the relative 
importance of direct and indirect activation of benzylcellulose. Un
fortunately, the data are too limited to clarify this point more fully.

Proof of Grafting

Direct evidence of the existence of a chemical bond between benzyl
cellulose and polystyrene was elusive and therefore several experimental 
approaches were explored to establish the fact that a true copolymer had 
been formed.

Qualitative evidence supporting the belief that a copolymer is formed is 
apparent from the solution behavior of the irradiation products. The 
grafted products were recovered by selective precipitation to minimize 
occlusion of homopolymer with the precipitated graft copolymer. A series
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of experiments showed that benzylcellulose and polystyrene are separated 
quantitatively by selective precipitation, whereas the precipitate obtained 
from irradiated solutions consistently contained significant quantities of 
polystyrene and the amount was dose dependent. The failure to separate 
all polystyrene from the benzylcellulose precipitate after irradiation in
directly supports the belief that the polystyrene was in fact grafted to the 
benzylcellulose. In addition, difficulties were often encountered during 
selective precipitation of the grafted benzylcellulose due to the formation 
of stable suspensions, while separation of homopolymers was accomplished 
without difficulty. Ceressa16 considered the occurrence of stable turbidity 
during fractional precipitation an almost certain indication of the presence 
of a graft or block copolymer. Therefore, the formation of a stable 
turbidity during selective precipitation of irradiated solutions also indicates 
the presence of a benzylcellulose-styrene copolymer.

More quantitative proof of grafting was obtained from the intrinsic 
viscosity and the number-average mdlecular weight of the graft copolymers, 
which are plotted as a function of their polystyrene content in Figure 2. 
In all but one case, both the intrinsic viscosity and the molecular weight 
of the grafted sample are greater than that of a mixture of homopolymers 
of the same composition, indicating the presence of a graft copolymer. 
In addition, the, magnitude of the discrepancy between the grafted samples 
and the homopolymer mixtures, for botli these parameters, increases with 
increasing polystyrene content, indicating that the polystyrene is par
ticipating in a benzylcellulose-styrene graft copolymer.

Stannett46 has successfully used density gradient centrifugation to prove 
the existence of a cellulose acetate-styrene graft copolymer. He observed 
a third peak of intermediate density to the two homopolymers, correspond
ing to a cellulose acetate-styrene copolymer. Fraction 9 of sample (i
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was subjected to density-gradient centrifugation under conditions that 
resolved a mixture of hoinopolymers of the same composition into two, 
partly overlapping, but clearly discernible bands. The Schlieren diagrams 
for the homopolymer mixture and the grafted sample are shown in Figures 
8 and 9, respectively. The smaller, left-hand band in Figure 8 corresponds 
to polystyrene similar to that found by Stannett26 and the larger right-hand 
band to benzylcellulose in Figure 8 at 1.088 and 1.195 g. ml, respectively. 
The polystyrene used in this experiment was obtained from the homo- 
polymer isolated from sample 5, prepared under similar conditions to 
sample 0, and the benzylcellulose was the initial benzylcellulose used as 
the substrate throughout this work.

The Schlieren diagram for the grafted sample is shown in Figure 9. 
When compared to that for the homopolymer mixture, shown in Figure 8, 
the most obvious feature is the total lack of a band at a density corre
sponding to polystyrene. Since infrared analysis showed that the grafted 
sample contained 9.8% polystyrene, it is clear that polystyrene does not. 
exist as free homopolymer. In addition, some alteration of the benzyl
cellulose band is apparent. The band maximum has shifted slightly to a 
lower density of 1.188 and the band has become more skewed towards the 
lower-density regions. The suggestion of a slight shoulder on the extreme 
left-hand side of the band and the skewness in this region indicate the 
presence of a component of intermediate density to that of the two homo
polymers, as would be anticipated for a benzylcellulose-styrene copolymer. 
Therefore, the grafted sample shows no evidence of free polystyrene, and 
irregularities in the Schlieren diagram compared to that of the corre
sponding homopolymer mixture suggest the presence of a benzylcellulose- 
styrene copolymer.
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Finally, Glaudemans and Passaglio27 developed an interesting technique 
based on molecular weight determinations which could yield an unequivocal 
answer on the existence of a true graft. This method is based on knowl
edge of the molecular weights of the substrate, the grafted side chains and 
the total sample, in addition to the fraction add-on. The fraction add-on 
is defined as the weight ratio of the grafted side chains to the substrate. 
Glaudemans and Passaglio calculated a factor /, equal to the fraction of 
secondary polymer chains attached to the substrate, which has a value 
0.0 for no grafting and 1.0 for complete grafting:

/  = +  (Mp/Ms)] -  M„( 1 +  (j)}/yMm

where Mm denotes the molecular weight of the total sample, g is the frac
tion add-on, Mp is the molecular weight of the grafted chains (and homo
polymers), and Ms is that molecular weight of the substrate. Ms was taken 
as that of the initial benzylcellulose, M p as that of the homopolymer 
formed simultaneously with the graft, and M m was determined from each 
sample, g was calculated from the composition of the sample determined 
by infrared spectroscopy. The results are given in Table II. All samples 
except number 10 showed positive values of/, varying between 0.197 and
1.09, indicating the formation of a true graft copolymer. These calcula
tions do not take into consideration copolymer formation by chain scission 
or substrate degradation during irradiation and therefore constitute a 
severe test for the existence of a copolymer. A negative result would have 
been indeterminate, but a positive result, as found here, proves the exis
tence of a true benzylcellulose-styrene graft or block copolymer.

The authors wish to thank Prof. J. Ouillet and J). Kells of the Department of Chemis
try, University of Toronto, for the Ultracentrifuge analysis and Prof. A. E. Hamielec 
and S. Balke of the Department of Chemical Engineering, McMaster University, for the 
GPC analysis.

One of us (R. W. Betty) wishes to express his gratitude to Rayonier Canada (B.C.) 
Ltd. and the University of Toronto for financial assistance during the course of his Ph.lJ. 
program at the University of Toronto.

References

1. H. A. Krässigand V. Stannett, Ado. Polym. Sei., 4, 111 (1965).
2. R. Y-M. Huang, B. Immergut, E. H. Immergut, and W. II. Rapson, J. Polym. 

Sei. A, 1, 1257 (1963).
3. J. C. Arthur and D. J. Daigle, Text. Res. J . 34, 653 (1964).
4. V. Stannett, J. D. Wellons, and H. Yasuda, in Macromolecular Chemistry, Paris 

1963 (J. Polym. Sei., C, 4), M. Magat, Ed., Interscience, New York, 1964, p. 551.
5. J. Sebban-Danon, J. Chim. Phys., 58, 263 (1961).
6. A. Dobry and Boyer-Kowenoki, J. Polym. Sei., 2, 90 (1943).
7. E. C. Worden, Technology of Cellullosc Ethers, General Publishing Co., Toronto, 

1933.
S. F. G. Rice and W. D. Smythe, Ind. Eng. Cham., 52, No. 5, 47A (I960).
9. II. Fricke and >S. Morse, Phil. Mag., 7, 12!) (1929).

10. S. E. Wiberley, J. W. Sprague, and J. E. Campbell, Anal. C'hcm., 29, 210 (1957).



GRAFTING OF STYRENE TO BENZYLCELLULOSE 1919

11. B. I. Friedlander, Ph.D. Thesis, Department of Chemical Engineering and 
Applied Chemistry, University of Toronto, 1966.

12. A. Chapiro, Radiation Chemistry of Polymeric Systems, Interscience, New York, 
1962.

13. S. Okamura, T. Manabe, S. Futami, T. Iwasaki, A. Nakajima, K. Odan, H. 
Inagaki, and I. Sakurada, Proc. 2nd Intern. Conf. Peaceful Uses Atomic Energy, Geneva, 
1958, Vol. 29, United Nations, p. 176.

14. A. Henglein and C. Schneider, Z. Physik, Chan. (Frankfurt), 18, 56 (1958).
15. A. Charlesby, Atomic Radiation and Polymers, Pergamon Press, New York, I960.
16. R. J. Ceresa, Block and Graft Copolymers, Butterworths, London, 1962.
17. E. Gleason and V. Stannett,J . Polym. Sri., 44, 183 (1960).
18. P. E. Pierce and J. E. Armonas, in Analytical Gel Permeation Chromatography, 

(J. Polym. Sei. C, 21), J. F. Johnson and R. 8. Porter, Eds., Interscience, New York, 
1968, p. 23.

19. J. D. Wellons, A. Schindler, and V. Stannett, Polymer, 5,499 (1964).
20. A. Chapiro and P. Cordier, in Macromolecular Chemistry, Paris 1963 (J . Polym. 

Sei. C, 4), M. Magat, Ed., Interscience, New York, 1964, p. 491.
21. H. A. Krässig, Tappi, 46, 654 (1963).
22. C. D. Thurmond and B. II. Zimm,./. Polym. Sei., 8,477 (1952).
23. W. Cooper, G. Vaughan, D. E. Eaves, and R. W. Madden, J . Polym. Sei., 50, 

159 (1961).
24. J. Sebban-Danon, J. Chim. Phys., 58, 246 (1961).
25. D. J. Angier, R. J. Ceresa, and W. F. Watson, J. Polym. Sei., 34, 699 (1959).
26. A. Ende and V. Stannett, J . Polym. Sei. A, 2, 4047 (1964).
27. C. P. J. Glaudemans and E. Passaglia, in Fourth Cellulose Conference (J. Polym. 

Sei. C, 2), R. H. Marchessault, Ed., Interscience, New York, 1963, p. 189.

Received December 22, 1970



JOURNAL OF POLYMER SCIENCE: PART A-l VOL. 9, 1921-1935 (1971)

Thermal Decomposition o f Poly (vinyl Chloride) 
and Chlorinated Poly (vinyl Chloride).

II. Organic Analysis

S. A. LIEBMAN, D. H. AHLSTROM, E. J. QUINN, A. G. GEIGLEV, 
and J. T. MELUSKEY, Armstrong Cork Company, Research and Develop

ment Center, Lancaster, Pennsylvania 17604

Synopsis

A concerted study of poly (vinyl chloride), chlorinated poly (vinyl chloride), and 
poly(vinylidene chloride) polymers by spectroscopy, thermal analysis, and pyrolysis- 
gas chromatography resulted in a proposed mechanism for their thermal degradation. 
Polymer structure with respect to total chlorine content and position was determined, 
and the influence of these polymer units on certain of the decomposition parameters is 
presented. Distinguishing differences were obtained for the kinetics of decomposition, 
reactive macro radical intermediates, and pyrolysis product distributions for these sys
tems. It was determined that chlorinated poly(vinyl chloride) systems with long- 
chain —CHC1— units were more thermally stable than the unchlorinated precursor, 
exhibited increasing activation energy for the dehydrochlorination, and produced 
chlorine-containing macroradical intermediates and chlorinated aromatic pyrolysis prod
ucts. The poly(vinyl chloride) polymer was relatively less thermally stable, exhibited 
decreasing activation energy during dehydrochlorination, and produced polyenyl macro
radical intermediates and aromatic pyrolysis products.

The mechanism of PVC degradation has been a controversial and exten
sively studied topic, whereas no detailed studies are found in the literature 
for the comparative mechanism of thermal decomposition for chlorinated 
PVC polymers. Few coordinated mechanistic or kinetic analyses of thermal 
decomposition using the tools of modern organic analysis to study the effects 
of polymer structure and important physical parameters have been re
ported for either polymer system.12 Our studies1 allow a concerted inter
pretation leading to a proposed thermal decomposition scheme for the 
PVC and Cl-PVC systems that demonstrates certain similarities and 
differences observed under the experimental conditions used.

In our polymer degradation and characterization program, it was neces
sary to obtain specific analyses of PVC and Cl-PVC systems in the fields of 
spectroscopy, chromatography, and thermal analysis. The information 
obtained from infrared (TP), nuclear magnetic resonance (NMR), electron 
spin resonance (ESR), pyrolysis gas-liquid chromatography (PGLC), 
and derivative thermogravimetric analysis (dTGA) was used to study
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certain parameters operative in the thermal degradation of those systems 
with respect to the effect of chloride content and polymer structure.

EXPERIMENTAL 

Infrared Spectra

Infrared spectra were obtained by using a Perkin-Elmer 457 spectrom
eter. with samples examined in IvBr pellets.

NMR Spectra

Samples were dissolved in o-dichlorobenzene and the spectra recorded 
at 150°C by using a Jeol JNM-4H 100-MHz high-resolution spectrometer 
and tetramethylsilane (TMS) as internal standard.

ESR Spectra

A Varían 4500-10A, X-band ESR spectrometer, 100-kHz held modula
tion with a variable temperature insert was used to obtain first-derivative 
spectra for the above series under identical conditions. Detailed experi
mental conditions are given in Part I .1

PGLC

Pyrograms were reproducibly recorded for samples placed in capillary 
tubes (ca. 1-2 mg sample weights) and pvrolyzed at approximately 550°C 
for 10 sec in an Aminco pyrolvzer attachment to an F&M Model 500 
chromatograph equipped with a thermal-conductivity detector. Analyses 
were performed on the products swept directly from the pyrolyzer by using 
an 8-ft X '/Vin. stainless-steel column packed with 3% SE-52 on AW- 
DMCS Chromosorb W with a helium flow of ca. 30 cc/min. A precolumn 
of NaOH on firebrick removed the HC1 evolved in the pyrolysis and did 
not noticeably affect the product distribution within the retention-time 
range examined. Identification of peaks was made by comparison of 
retention times with authentic compounds placed in the unknown samples 
and pyrolyzed in an identical manner. Previous literature identifications 
based on mass-spectral data and retention times were used for compara
tive evidence.3-7 A twofold decrease of sample size and use of a flame- 
ionization detector with a Hewlett-Packard Model 5750 chromatograph 
gave pyrogram patterns analogous to those obtained above with larger 
sample size and less sensitive detection.

dTGA

Samples were examined in the denoted temperature ranges and atmo
spheres by using an Aminco thermogravimetric analyzer. Computer 
programs and kinetic treatment of the weight-loss data are discussed in 
detail separately.1,2
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RESULTS AND DISCUSSIONS 

Infrared Studies

The 600-700 cm-1 region has definitive assignments available for C-Cl 
stretching bands in PVC and Cl-PVC.8-14 As the chlorination level in
creased in our sample series, the intensities for the 602 cm-1 (B\ mode) 
and the 640 cm-1 (A i mode) peaks due to C-Cl syndiotactic trans sequences 
in the crystalline phase decreased, while there was increased absorption 
at 690, 750, and 800 cm-1. Band-absorption overlap was apparent as the 
CHC1 units exhibited absorption at the 690 cm-1 region where original 
isotactic C-Cl bands appear. The overall pattern in Figure 1 for the Cl- 
PVC series demonstrates this general trend as chloride content increased 
from the control PVC (56%) to Cl-PVC (75%). Poly(vinylidene)chloride 
(PVC12) C-Cl band absorptions are significantly different from any in the 
above series, which emphasized the varied environment of these C-Cl 
units in the PVC12 system (72.2% Cl) relative to that of Cl-PVC (72.8% 
Cl) with essentially the same total chloride content. It had been concluded 
previously that chlorinated PVC is closer structurally to poly-1,2-dichloro- 
ethylene than to poly-1,1-dichloroethylene.10-12 The 530 cm-1 peak14 
in the PVCh spectrum has been tentatively assigned to in-phase stretching 
vibrations of C-C12 units.

Development of a corresponding peak at 525 cm-1 in the Cl-PVC series 
from 64-75% Cl content is noted, with constant intensity achieved between 
72 and 75%. This implies that the 1,1-dichloro units in Cl-PVC are 
formed not necessarily as a result of exhaustion of replaceable hydrogen 
atoms on CHC1 units, but rather under other directing structural influences 
within the polymer system, since they apparently are produced at the lower 
chlorination levels and do not increase proportionately with chloride con
tent. Alternatively, should the assignment be made to tertiary-Cl units8 
at 530 cm-1, tins band may indicate such initial levels being produced. 
However, failure of increased intensity for this peak as chlorination in
creases to yield large amounts of CHC1 units (by X.MR) makes the former 
assignment the preferred one.

NMR Studies

Tacticity determination for PVC has been well established, and chlorina
tion sites are identifiable by observation of decreased peak intensities of the 
CH2 groups in the isotactic portion,1516 with concurrent increase of peak 
intensities in the lower field region. The CH2 protons with neighboring 
C-Cl bonds (3 ppm) show increased absorption as do the number of CHC1 
protons (4.95 ppm). Figure 2 shows the effects of increasing chlorination 
of PVC on the NMR spectrum in the CH2 and CHC1 proton absorption 
regions. Our sample of 70.2% Cl-PVC from Diamond 450 precursor is 
essentially identical in NMR peak positions and intensities to the 70.2% 
Cl-PVC obtained by Sobajima et al.17 from PVC precursor Geon EP
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(Japanese Geon Co., Ltd.). However, (he 72-75% Cl-PVC samples 
prepared from different PVC polymer precursors have a notably higher 
numher of OHCl(OHCl),, units, as determined by the analysis of absorption 
intensity at 4.95 ppm. Svegliado and Grandi"* have calculated the num
ber-average sequence length (/„) of such 1,2-dichloroethylonie units and 
concluded that a random distribution for the chlorination process is fol
lowed. The 72-75% Cl-PVC samples display an exceptionally high /„ 
value for a completely random distribution, and theoretical calculations 
at this laboratory do not support such a conclusion.16 XMR spectra for 
chlorinated samples in the 64-70% range obtained from our specially 
prepared PVC polymers may aid in the explanation, since the samples 
of higher Cl content (72-75%) are reflecting a different chlorination pattern 
that is due apparently to the structural influences of the precursor PVC. 
All other chlorination conditions were identical for the entire series.

ESR Studies
The initial detection temperature of free radicals in thermally treated 

PVC is reported separately in conjunction with kinetic data from weight- 
loss measurements by TGA.1 Figure 3 presents the first-derivative ESR 
curve recorded for control PVC and Cl-PVC (72.2%) at the denoted tem
peratures under nitrogen. It is evident that the control sample and

(a)
Fig. 1 (continued)



THERMAL DECOMPOSITION. II 1>>25

Fig. 1. Infrared spectra in 500-700 cm 'region; KBr pellets.

chlorinated sample display different ESR curve shapes and, hence, macro- 
radical behavior under these experimental conditions. The use of a duPont 
curve resolver19 allowed comparative analysis of the curve shapes which 
resulted in the conclusion that a minimum of three different macroradicals 
are present in PVC throughout the range studied, while at least two species 
are present in Cl-PVC. Thus, although radical identification is not pos
sible from these data, the distinctness in curve shape and decay behavior 
of the macroradical(s) produced in control PVC from those of chlorinated 
PVC is demonstrated, and one may infer that the difference is due to the 
presence of Cl atoms remaining along the polymer chain. The ESR 
spectral patterns and macroradical behavior were similar throughout 
the chlorinated PVC series, and no subtle influences were noted by this 
method as being derived from the different distributions of Cl atoms 
(infrared and NMR data). Therefore, the main distinction for these 
ESR spectral parameters was based on a comparison of the three polymer
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Fig. 2. Nuclear magnetic resonance spectra, 100 MHz, o-dichlorobenzene solvent at 
150°C; Tetramethylsilane (TMS) internal standard.

groups (control PYC samples, chlorinated-PYC samples with 64-75% Cl, 
and PVC12 with 72.8% Cl). The last of these polymers had a distinctly 
lower temperature of radical detection1 and a faster rate of radical genera
tion.

Pyrolysis Gas-Liquid Chromatography
Some product analyses by gas-liquid chromatography (GLC) for PVC and 

Cl-PVC samples which had been pyrolyzed under varied experimental con-
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PVC CI-PVC

Fig. 3. First-derivative ESR signals analyzed with the duPont curve resolver. Diamond 
450 PVC compared to 72.2% Cl-PVC at 220, 200, and 40°C.

ditions have been reported by other workers.3-7 A definitive change of 
product type was determined for PYC relative to Cl-PVC, as well as for 
PVC12. Representative pyrograms are presented in Figure 4 for our 
series.

The control PVC resulted in essentially complete aromatic hydrocarbon 
species within the defined retention-time range, while the chlorinated 
systems produced chlorinated aromatics. Similar tetralin/naphthalene 
ratios were routinely observed for PVC polymers, while mono- and di
chlorobenzenes resulted from the Cl-PVC systems and negligible tetralin 
or naphthalene species. The PVC12 system provided Cl-aromatic prod
ucts4 but not the analogous mono-/dichlorobenzene ratios seen for Cl-PVC. 
The fact that a simple change from tetralin/naphthalene product ratios 
to chlorinated tetralin/naphthalene ratios was not observed demonstrates 
the major influence on the degradative mechanism incurred by chlorination, 
even at low Cl content (64% Cl). The cyclization steps following de- 
hydrochlorination show some dependence on sequence length, since high 
mono-/dichlorobenzenes product ratios are noted from polymers of low 
Cl content where shorter internal CHC1 units are present, while lowered 
ratios resulted at the higher Cl contents (70-75%).

Several specially prepared PVC control polymers gave PGLC results 
similar to those of the Diamond 450 polymer. However, vinyl chloride 
polymerized with a free-radical initiator and excess butyraldehyde did not 
show the characteristic tetralin/naphthalene ratio (Fig. 4). I t is antic
ipated from the above results that more detailed PGLC studies on PVC 
systems may give useful information about the presence of defect struc
tures, Cl types and positions, and end-groups, as well as their influence in 
the degradative processes.
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J J K

Fig. 4. Representative pyrograms from pyrolysis gas-liquid chromatography.
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(a)

Fig. 5. Variation of apparent Arrhenius activation energy E a with extent of dehy- 
droch]orination in air and Na at heating rates of 3, 10, and 18°C/min from TGA data: 
(a) Diamond 450 PVC; (ft) 75.2% Cl-PVC.

Thermogravimetric Analysis

Derivative plots for the weight losses recorded for certain of the above 
samples are presented in Figure 5. The calculated kinetic factors for 
PVC and Cl-PVC samples showed consistent variations with Cl content 
and oxidative atmosphere.1 I t was shown that chlorination throughout 
the Cl range studied (64-75%) provided increased thermal stability



1930 LIEBMAN ET AL.

TABLE I
Residues at 500°C

Sample

Heating
rate,

°C/min

Residue, wt-%

n 2 Air

Dia 450 PVC 3 16.5 26.2
6 18.5 30.0

10 21.0 32.5
15 23.0 31.8
18 23.0 32.5

(34.5% Cl-PVC b 36.4 24.0
10 36.4 32.0
18 37.5 31.5

67.4% Cl-PVC 3 36.0 16.0
10 30.2 29.0
18 35.2 33.8

70.2% Cl-PVC 3 37.2 13.5
10 37.0 18.0
18 37.2 28.0

72.2% Cl-PVC 3 37.9 16.0
10 38.0 33.0
IS 37.8 33.0

75.2% Cl-PVC 3 35.0 14.0
10 38.9 33.0
18 40.0 32.5

72.8% PVC12 b 36.5 4.5
10 41.6 27.0
18 43.3 38.5

48% Cl PE 3 39.6 —
10

OOCCO —
18 41.5 —

—70°C low-temp PVC 3 19.7 —
10 25.5 —
18 26.0 —

(TGA breakpoint temperatures), higher activation energies, and variable 
frequency factors for the dehydrochlorination process with increasing Cl 
content.

The effect of heating rate on the control PYC could be assessed by the 
data in Table I, which lists weight-per cent residues in air and nitrogen 
atmospheres. There was a slight decrease in residue from 23% to 
16.5% at a decrease in heating rates from 18 to 3°C/min. In an oxida
tive environment, while the total residue was higher (32-26%), there was 
only a slight effect at the lower two heating rates. For the Cl-PVC (70.2% 
Cl) sample the higher residue levels persisted for all heating rates in nitro
gen, while the oxidative decompositions showed a significant lowering of 
residue amounts and a more marked effect at the low (3 deg/min) heating 
rate. It is seen that more volatilization resulted in the latter decomposi
tion than in nitrogen, and the lowest heating rate in air (longest thermal 
input) gave more degradative weight loss: thus the Cl-PVC attained
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Fig. 6. Derivative thermogravimetric analysis in air and N2 at heating rate of 10°C/min: 
( - )  Diamond 450 PVC; (------) 67.4% Cl-PVC.

approximately the same residue as did the control PVC under nonoxidative 
conditions. The effect of heating rate was also demonstrated for both 
series by calculations of activation energies, frequency factors, and reac
tion order by using three distinct methods for data treatment.1

In addition, the change of activation energy with per cent weight loss 
demonstrated the important difference between PVC and Cl-PVC polymer 
(Fig. 5). PVC showed a decreasing activation energy for dehydrochlorina
tion as the process continued, whereas Cl-PVC had an increasing value. 
Since the effects of oxidative and nonoxidative environments on the 
amounts of residues were also opposite for the PVC and Cl-PVC systems, 
the fundamental importance of that parameter on the degradative mech
anisms is noted in the high-temperature ('~400°C) region. No such 
effect was seen at the 3°C/min heating on the temperature of initial 
weight loss for the dehydrochlorination process (248-250°C) when air/ 
nitrogen atmospheres were used during decompositions of PVC and Cl- 
PVC, respectively.1 However, the dehydrochlorination process did show 
generally slightly decreased activation energies when an oxidative environ
ment was used in either polymer system.

One may note (Fig. 6), that the control PVC in nitrogen showed more 
volatilization (greater weight loss) for the high-temperature degradation 
step than when decomposed in air at the same heating rates. Compara
tive dTGA plots are shown (Fig. 6) for a corresponding chlorinated PVC 
(67.4% Cl). The higher temperatures at which the Cl-PVC system 
reached maximum rates of weight loss is an additional indication of its 
increased thermal stability1 relative to PVC (Fig. 6). I t is interpreted 
that increased crosslinking and inhibition of volat ilization by various mecha
nisms occur in air, and increased residues result. The temperature for this 
degradative step, when it does occur, is approximately 450°C for all 
systems, but the oxidative decomposition had a less steep weight-loss
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slope. Contrary to control PYC, the Cl-PVC compounds in nitrogen 
show essentially no weight loss at 450°C, but in air the dTGA plots do 
show some increased rate of weight loss in the high-temperature region,
i.e., Cl-PVC systems are more stable in an inert environment, but sensitive 
to an oxidative one in a manner that resulted in increased volatilization. 
Therefore, a crosslinking mechanism is not likely, but a bond scission 
and/or cyclization mechanism is probable.

The effect of inert or oxidative environment may also be seen in the 
data from the ESP experiments. The control PVC sample in nitrogen 
demonstrated a less steep ESR signal generation slope at 220°C, but, 
once generated, gave a stronger signal when monitored at 40°C. Tire 
signal had increased slope at 220°C in the presence of air. The Cl-PVC 
sample behavior was contrary to that seen with PVC, however, giving 
essent ially the same generation slope in air or nitrogen and, once generated, 
exhibited a decreased macroradical signal when monitored at 40°C;
i.e., free-radical decay, not growth, was noted, which likely resulted from 
recombination, termination, and processes which lead to high percentage of 
residues in nitrogen. In air, a steady ESR signal intensity was monitored 
at 40°C, so that an oxidative environment may lead to a slight increase in 
free-radical activity, resulting in increased bond scission, electron transfer, 
and subsequent increased volatilization (decreased residues). It may be 
inferred that bond scission was not accomplished easily in nitrogen, since 
free-radical activity decreased once the radicals were generated, which 
resulted in higher weight-per cent residues. In air, bond scission has 
a lower activation energy, and radical activity is increased, leading to in
creased volatilization and low residue weights.

There was no apparent systematic influence on the TGA or ESR param
eters arising from the structure variations in the PVC control or in the 
specially prepared PVC precursor systems with different contents of int ernal 
CHCl(CHCl),, units.

Conclusions
The structural characterization of PVC and Cl-PVC polymers by 

infrared and XMR spectra has allowed the effect of chloride content and 
position on thermal degradation to be assessed in subsequent analyses. 
Although certain of these methods (TGA, ESR) were relatively insensitive 
to subtle structural changes as internal sequence length of chloromethylene 
units, they did provide information on the activation energy, reactive 
intermediates, and oxidative influences present during thermal decom
position of PVC, Cl-PVC, and PVC12 systems. The pyrolysis-GLC 
method demonstrated inherent sensitivity to position and number of 
chlorine atoms in the Cl-PVC systems. The ESR monitor provided 
conclusive evidence for the presence of free radicals at low levels of de- 
hydrochlorination (<5%) and essentially no variation in initiation tem
peratures or generation rates of macroradicals under certain conditions. 
However, important changes were observed in ESR curve shape, macro
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radical decay behavior, and response of the radicals to an oxidative en
vironment. The following conclusions thus may be made.

(1) Thermal stability of PVC in oxidative and nonoxidative environ
ments as seen by dTGA is relatively increased by chlorination.1 which 
provides long internal (CHC1) sequences (by NMR) in the polymer 
chain. The —CCL> unit is known to be more thermally labile, and com
parative data on PVCL demonstrates this fact.

(12) Free-radical intermediates were detected by ESP at low levels of 
dehydrochlorination during thermal decomposition for control PVC, 
Cl-PVC, and PVC12 samples; such macroradicals behave differently in the 
three systems with respect to decay rates and extent of response to an 
oxidative environment.

>ESR signal, 
low residue wt

<ESR signal, 
high residue wt

>ESR signal, 
high residue wt

•ee radicals

Aromatic
products

Cl-PVC

Chlorinated polyenyl free 
ra dicals

>ESR signal, <ESR signal,
low residue wt high residue wt

Chlorinated polyenyl free 
radicals

>KSR signal, Chlorinated
low residue wt at aromatic produces 

low heat rate

Fig. 7. Steps in thermal degradation of PVC and Cl-PVC.

(3) Thermal analysis (TGA, dTGA) established different kinetic pat
terns and response to an oxidative environment for the three basic systems.

(4) Product analysis by PGLC demonstrated the importance of chlorine 
number and position on the pyrolytic degradation of the above three basic 
systems.

On the basis of the information presented here concerning polymer struc
ture and physical parameters, in conjunction with specific identification of 
polyenes in low-level degradation of PVC by resonance-enhanced Raman 
spectroscopy,20it is reasonable to postulate the sequence shown in Figure 7.

It was found for PVC that pathways az =  a4, G >  G, and G >  G; corre
spondingly, for Cl-PVC systems, a /  == a/, b-/ < b/, and b N b/] notably, 
steps G and G' distinguish between PVC and Cl-PVC systems.
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In summary, our data support the thermal-degradative sequence of 
initial dehydrochlorination with early production1 of macroradicals, both in 
air and nitrogen for PVC, Cl-PVC, and PVCL systems. Polyenyl free 
radicals produced in PVC polymers exhibit increasing numbers in both air 
(60 > bs), and nitrogen atmospheres (b5 > b2), but Cl-PVC macroradicals 
show a decrease in ESR signal intensity {b2 < 63') and only a small effect 
of atmosphere (&5' V b-/). PVC macroradicals lead to high volatilization 
in N2 resulting in low residues (b2 > &3), while in an oxidative atmosphere 
a high residue weight results. This is apparently from increased cross- 
linking and general inhibition of volatilization of products. Cl-PVC 
macroradicals showed opposite results with respect to residues in air and 
nitrogen, i.e., residues were larger in N» than in air. Hence, the tendency 
to crosslink and inhibition to volatization were not enhanced in the oxida
tive environment.

The different product analyses upon pyrolytic treatment at 500°C in a 
helium atmosphere were definitive for the two series. PVC gave essentially 
aromatic compounds in the temperature range examined, whereas Cl- 
PVC gave chlorinated aromatic compounds.

The individual techniques employed (spectroscopy, thermal analysis, and 
chromatography) have enabled the investigation of polymer structure, 
decomposition kinetics, reactive intermediates during the thermolysis, 
and the resulting product analyses to be conducted in an internally consis
tent manner for the denoted polymers. Discrete differences in certain 
of these stages were noted in the comparative study for PVC and Cl-PVC 
polymers. The presentation of free-radical thermal-decomposition mech
anisms for both systems is given. Different macroradical species are 
postulated based on spectroscopic parameters, decomposition kinetics, re
sponse to an oxidative or inert environment, and product analyses.

More complete characterization of PVC polymer systems is planned with 
respect to “defect” structures by pyrolysis-GLC, as well as the effects 
of oxygen concentration, pyrolytic temperatures, stabilizers, and other 
additives. The influence of these factors on the kinetics and mechanism 
will be studied also.

Such interdisciplinary organic analysis of the complex structural and 
physical factors inherent in decomposition phenomena, as shown in this 
work, may reasonably lead to predictions which aid in the synthesis of more 
thermally stable polymers, optimized stabilization for existing polymer 
systems, and a better understanding as to the role various additives may 
have in the degradation process.

We appreciate the Cooperation of the personnel in the Analytical, Computer 
end Technical Information sections, respectively, of the Armstrong Cork Company. 
Acknowledgment is gratefully made to George G. Kemmerer, Jr., Physics Department, 
Temple University, Philadelphia, Pa., for assistance in the ESR experiments.
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Thermal Stability o f Hydrogen Networks 
by Chemical Stress Relaxation

MONTGOMERY T. SHAW and ARTHUR V. TOBOLSKY,
Frick Chemical Laboratory, Princeton University, 

Princeton, New Jersey 08540

Synopsis
The thermal stability of hydrocarbon networks by chemical stress relaxation was in

vestigated in vacuo and in the temperature range 300-3o0°C. The polymers studied were 
low-density polyethylene, high-density polyethylene, and ethylene-propylene terpoly- 
mer. Carbon-carbon erosslinked networks were produced either by dicumyl peroxide 
or by radiation. The results show that the overall thermal stability is in the order: 
peroxide-cured EPT > peroxide-cured LDPE > peroxide-cured HUPE > radiation- 
cured HDPK. The results are in apparent contradiction to the belief that linear struc
tures are more stable than branched structures. We believe that this can be explained 
in terms of weak linkages introduced during curing.

Introduction

The technique of chemical stress relaxation is a popular method for com
paring the thermal and thermo-oxidative stabilities of elastomeric net
works. 1,2 In experimental terms, the technique consists of imposing a fixed 
strain on the elastomeric sample, which is exposed to the desired thermal 
and chemical environment, and measuring the force required to maintain 
the strain. If conditions are such that chemical scission reactions can 
occur in the network chanins, the measured force will decay in proportion 
to the severing of the chains. These condit ions can be made to approximate 
an actual use situation as closely as desired, or may be designed for answer
ing theoretical questions.

The relaxation data are often presented as a semilogarithmic plot of 
the relative force (force at time t, divided by the initial force) versus time. 
This allows a quick comparison of the relative stabilities of different elasto
mers and an accurate estimate of the lifetimes of the materials used under 
similar conditions.

The development of saturated hydrocarbon elastomers, as exemplified by 
the ethylene-propylene terpolymers (EPT), has made available a class of 
networks exhibiting outstanding thermal stability.2 Calorimetric or 
thermogravimetric pyrolysis studies in vacuum have consistently shown 
that saturated hydrocarbon polymers such as polyethylene and polypro
pylene are essentially unaffected by temperatures below 300°C.3 Similar
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studies have demonstrated that branched structures are generally less 
stable than linear molecules when decomposition (random cleavage) does 
occur.4 Many saturated hydrocarbon polymers can be crosslinked by per
oxides5 or radiation6’7 to yield network structures containing only carbon- 
carbon bonds in the polymer chains and crosslinkages. These networks 
will, of course, always be “branched” at the crosslink site, but other distur
bances in the structures are thought to be negligible.

As high-temperature, vacuum stress relaxometers have developed,8 it has 
become logical to compare the thermal stabilities of saturated hydrocarbons 
in network form, allowing detection of scission reactions, possible exchange- 
type reactions (which need not change molecular weight or lead to vola
tiles), or weak crosslinkages or other weaknesses introduced during cross- 
linking. In this study, crosslinked low- and high-densitv polyethylene 
(LDPE and HDPE, respectively) were the principal network materials, 
with some peroxide-cured EPT included for comparison. The results were 
not altogether as anticipated.

Experimental

HDPE samples, cured with 2.5 and 5% dicumyl peroxide (DiCuP), were 
prepared by Dr. R, Schaffhauser of Allied Chemical Corporation, Morris
town, New Jersey. Radiation-cured (12 and 17 Mrad, electron beam) 
HDPE was supplied through the courtesy of Dr. R. Brand of Mobil Chemi
cal Company, Metuchen, New Jersey, while Mr. I. L. Hopkins of Bell Tele
phone Laboratories, Murray Hill, New Jersey provided LDPE samples 
crosslinked with 2, 4, 8, and 16% dicumyl peroxide. The latter were 
extracted with benzene before use to remove peroxide inevitably remaining 
at such high cure levels. The EPT (Enjay 3509) was cured with 1% 
dicumyl peroxide and extracted before use.

The stress relaxometer, previously described,8 was operated under vacuum 
( <0.5 tí), with the exception of the EPT at 300 and 325°C, where a nitrogen 
atmosphere was used. All samples were held for not less than 12 hr of con
ditioning at 250°C under vacuum to eliminate oxygen and hydroperoxides, 
followed by 1 hr at the experimental temperature before force-time data 
were recorded.

Results and Discussion
The chemical stress relaxation curves are presented in Figures 1, 2, and 3 

for runs at 300, 325, and 350°C, respectively. These temperatures cover 
the range of relaxation times for the networks which is practical experimen
tally. At temperatures much below 300°C, relaxation is negligibly slow, 
while at temperatures higher than 350°C degradation is so rapid that ma
nipulation becomes impossible.

Relaxation times for the various materials at the temperatures studied 
are recorded in Table I as the times required for the force to decay to half 
of its initial value (¿1/2) and 1/e of its initial value (tVe), where reached.
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F ig .  1. S tre s s  r e la x a t io n  o f  h y d r o c a r b o n  n e t w o r k s  a t  3 0 0 ° C  i n  vacu .

The initial network chain densities, ne(0), are also included in Table I. 
The units of n„(0) are chains per cubic centimeter, computed from rubber 
elasticity theory.

The relaxation curves of Figures 1, ‘2, and 3 are, in nearly every case, with 
EPT as the possible exception, concave upwards; that is the relative force 
decay is less rapid than exponential. This is especially evident at the lower 
temperatures. Network theory requires that first-order, irreversible cleav
age of main chain linkages, crosslinkages, or both should give a force relax
ation which is exponential or faster than exponential.9 The slower-than- 
exponential behavior under the conditions of these experiments means any 
or all of the following: additional crosslinking reactions during the experi-
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F ig .  2 .  S tre s s  r e la x a t io n  o f  h y d r o c a r b o n  n e t w o r k s  a t  3 2 5 ° C  in  vacu .

ment, non-first-order reactions (weak linkages), or weight loss. The latter 
was excluded because correction for the weight loss (generally less than 1%) 
had little effect on the shape or the placement of the curves. Additional 
crosslinking or reversible reactions in these networks is generally quite small 
but cannot be discounted entirely. Weak linkages, we believe, can most 
easily account for much of the behavior of these networks, as will be 
explained.

In Figure 4, the relaxation half-times, are plotted against the initial 
network-chain density, nc(0). Log scales are used to permit inclusion of 
all data on a single plot. Figure 4 shows a definite, positive correlation 
between network stability and initial chain density, which is expected for
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(t,  secondslxlO

F ig .  3 .  S tre s s  r e la x a t io n  o f  h y d r o c a r b o n  n e t w o r k s  a t  3 5 0 ° C  i n  vacu .

elastomers where scissions occur along the main chains of the network.1 
More importantly, Figure 4 gives, at a glance, the order of stability of the 
networks at any given crosslink density and temperature. Surprisingly, 
HDPE (radiation-cured) is the least stable hydrocarbon network studied, 
while EPT, with the greatest branching frequency, is the most stable.

Figure 4 reveals some additional, less obvious generalizations which pro
vide important clues. Taken by temperature groups, the curves in Figure 
4 suggest an increasing dependence of U/, on rae(0) at low temperatures, a 
dependence which even appears to exceed the first power of ne(0) at 300°C. 
In addition, the stability of the materials at 350°C is higher than what 
might be predicted from their behavior at 300°C and 325°C. (Note also
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that the crosslinking efficiency of DiCuP appears to be greater for HDPE 
than for LDPE.)

All of the foregoing results can be explained most realistically in terms of 
significantly weaker linkages present or introduced during the initial parts 
of the cure. The amounts need not be a large fraction of the total number 
of linkages, but the “weak links” present in the original hydrocarbon poly
mer molecules are probably not sufficiently numerous to produce all the 
observed effects.

Relating this premise to the experimental observations is not difficult. 
As mentioned earlier, a slowing of the force decay, especially at low temper
atures, is good evidence for weak linkages. The weak linkages cause a 
rapid initial force decay, and as they disappear the network stabilizes. At 
higher temperatures the weak linkages break before the experiment begins: 
the log/(0//(0) versus t curves show less upward curvature, and the net
works possess unexpected stability. Curvature due to crosslinking reac
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tions would also lessen at higher temperatures (higher activation energy for 
scission than for crosslinking) but stabilization would not be expected.

The apparent greater-than-first-power dependency of h/s on ne(0) at 
300°C would be very difficult to rationalize in terms other than weak link
ages. An explanation based upon additional crosslinking, which would have 
the greatest effect at low crosslink densities, is particularly inadequate.

Required for all explanations is a proportionally greater number of weak 
linkages at the low crosslink densities, implying that (a) weak crosslinkages 
are introduced first, followed by stronger crosslinks, or (b) weak linkages 
are present in the molecules before any crosslinking, among other possibili
ties. Case a is most plausible for LDPE, which is a branched structure. 
The peroxide curing agent removes preferentially the hydrogen atoms at 
the branch points, giving tertiary radicals. The small proportion of these 
which do combine (disproportionation dominates, giving unsaturation and 
lowering crosslinking efficiency)6 could form the weak crosslinkages. 
Additional weak crosslinkages might result from radical crosslinking 
reactions at the allyl sites produced by the disproportionation. As these 
sites are exhausted, secondary radicals are dominantly formed, which com
bine to yield stronger crosslinkages. These strong crosslinkages provide 
the observed stabilization of the networks with time, temperature, and 
crosslink density.

A structure-behavior relationship for HDPE, a simpler molecule, is not 
obvious. The relaxation curves for HDPE do show marked curvature, and 
Figure 4 does show evidence of temperature stabilization. Weak linkages 
may be present in HDPE in sufficient numbers before crosslinking (case b 
above) or there may be a tendency for weak unsaturated structures to con
gregate in some chains (by radical migration),6 leaving others unweakened. 
In any case, the instability of network HDPE relative to LDPE is good 
evidence for an abundance of weak linkages in radiation and peroxide- 
cured LDPE.

EPT, with its built-in crosslinking sites, apparently weathers the cure 
unscathed, developing a minimum of weak linkages. The thermal stability 
of EPT would probably show little increase (or even a decrease) if an over
cure were forced by using large amount s of peroxide.

Conclusions

Networks based on saturated hydrocarbon polymers cured with peroxide 
or radiation decompose thermally at measurable rates (by chemical stress 
relaxation) in the temperature range 300-350°C. Overall thermal sta
bility is in the order: peroxide-cured EPT > peroxide-cured LDPE > per
oxide-cured HDPE > radiation-cured HDPE. The apparent inconsis
tency of this result with the known greater stability of linear versus branched 
structures can be explained in terms of weak linkages introduced during 
curing.

T h e  p a r t i a l  s u p p o r t  o f  t h e  O ff ic e  o f  N a v a l  R e s e a r c h  is g r a t e f u l l y  a c k n o w le d g e d .
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Polyesters. I. Rate o f Polyestérification of  
7-Arylitaconic Acids with Ethylene Glycol

F. G. BADDAR, M. H. N0SSE1R, G. G. GABRA, and X. E. IKLAU10US,
Faculty of Science, Ain Shams University, and Polymer and Pigment 

Laboratory, National Research Centre, Cairo, U.A .R.

Synopsis
A kinetic study of the polyestérification reaction of 7-phenyl- y-p-methoxyphenyl-, 

and 7-jo-chlorophenylitaconic acids (1 mole) with ethylene glycol in the presence or in 
absence of p-toluenesulfonic acid as a catalyst has been carried out in order to show the 
effect of substituents on the rate and degree of polymerization. The reaction of 1 mole 
of the acid and an excess of ethylene glycol has also been studied. In all cases the reac
tion is found to follow the second-order rate equation. The mechanism of polyesteri
fication has been discussed. In catalyzed polyesterification electron-withdrawing 
groups (Cl) decrease the velocity of the reaction. The low values of p in both the auto- 
catalyzed and catalyzed reaction indicate that this polyesterification is slightly sensitive 
to the polar nature of the substituent.

INTRODUCTION
Many experimental studies on the polyesterification reactions between 

aliphatic dibasic acids and glycols have been reported by many authors 
among them Menshytkin,1 Dostal and Raff,2 Flory,3 Rafikov and Korshak,4 
Colonge and Stuchlik,5 Davies,6 and Tang and Yao7 but quite varied results 
were obtained. Flory3 reported that polyesterification in the absence of a 
foreign acid is a third-order reaction. Other authors, however, pointed 
out that polyesterification follows a second-order rate equation, at least 
at the early stage of the reaction, and the reaction may be third order in the 
later stages.

I11 the present investigation the kinetics of poly esterification of sub
stituted phenylitaconic acids (irans-COOH)

Ar—C H = C —C H 2—COOl I

¿ 0 0 1 1

with ethylene glycol were determined in order to study the effect of sub
stituents on both the rate and degree of polymerization.

EXPERIMENTAL

Materials
7-Phenylitaconie acid,8 7-p-methoxyphenylitaconic acid,9 and 7-p-chloro- 

phenylitaconic acid10 were prepared by the methods described in the lit era-
1947
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ture and were used after being crystallized twice. Ethylene glycol was 
carefully fractionally distilled, and the fraction boiling at 197°C was 
collected.

The apparatus consisted of a two-necked, round-bottomed flask provided 
with an inlet for dry carbon dioxide gas and an outlet provided with a 
calcium chloride tube. The flask was heated in an oil bath maintained 
at constant temperature within ±0.f>°C throughout any one experiment. 
The data were taken at 140, 1(50, and 1S0°C. The reaction was followed 
by the titration of the total free carboxyl in samples (ca. 20 mg) removed 
from the mixture at suitable intervals with 0.04 N  alcoholic potassium 
hydroxide, phenol red being used as an indicator (grade A automatic 
buret was used in the titration). The end points were vein’ sharp. Re
actions catalyzed with p-toluenesulfonic acid were carried out in the same 
manner, except that the calculated amount of the catalyst needed for the 
three runs was dissolved in the glycol in order to keep the catalyst concen
tration constant, and then the calculated amount of glycol for each tem
perature was taken from the mixture. Each experiment was repeated 
twice and the results were reproducible. The amount of the catalyst was 
very small compared with that of the itaconic acid derivatives, and ac
cordingly no correction was made in determining the amount of the un
reacted acid in the kinetic runs. The correction was found to fall within 
the range of tin1 experimental error.

A chloroform solution of the polyester from y-phenylitaconie acid (IVa) 
(1.8 g) was treated with ozone for 3 hr, then the formed ozonide was de
composed with water, zinc dust and dilute acetic acid. The product was 
steam-distilled in a stream of carbon dioxide, and the distillate, was ex
tracted with ether, dried, and the solvent removed to give benzaldehyde 
(0.S g). This was identified and estimated as its 2,4-dinitrophenyI- 
hydrazone (2.1 g), mp 237°C, undepressed with an authentic specimen. 
The amount of DNP isolated is equivalent to

The unbranched nature of the polyesters was established by ozonolysis 
and AMR spectra.

Apparatus and Procedure

Ozonolysis of the Polyester

00
28Ô

= 0.003 g benzylidenc

i.e., 1.8 g of polymer contains 0.663 g of benzvlidene residue.
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Ozonolysis

Isolation of benzaldéhyde by ozonolysis of the polyester (IVa) shows that 
it contains a benzylidene group. The experimental result shows that the 
ratio of the polyester (IVa) or its segmer (A) to the benzylidene residue is 
1.8/0.663 = 2.7. The calculated ratio is

This shows that each segmer contains one benzylidene residue, i.e., there 
is no branching.

The integrated Is AIR spectrum of IVa (Fig. 1) shows the following 
signals: singlet at r 6.4 (2p), triplet at t  d.6 (4p), singlet at r 2.6 (op), and 
nonsymmetrical singlet at r 2.0 (lp). These signals are characteristic of

nratic protons and olefinic proton in C6H5—(’ll (.*—CO—,lle respectively.
I

The nonsymmetry of the signal for the olefinic protons may be due to weak 
coupling with the trans CFL.

Both these observations substantiate the structure assigned to the poly
ester and prove that it contains no branching. The failure of branching 
may be attributed to steric factors.

As in simple esterification the reaction between substituted y-arylita- 
conie acids and ethylene glycol is found to be acid-catalyzed. In the ab
sence of an added foreign acids, a second molecule of the acid undergoing 
esterification functions as a catalyst and the rate constant is given by the 
rate expression

The hydrogen ion comes from the ionization of the dibasic acid and the 
esterification is supposed to take place according to the mechanism re
ported by Tang and Yao.7

In the uncatalyzed polyestérification of y-arylitaconic acids (1 mole) 
and ethylene glycol (1 mole), the relation between [1/(1 — p)], [1/- 
(1 — p)]3/2 and [1/(1 — p)]4 has been plotted graphically against t. The 
best straight lines were obtained by plotting 1/(1 — p) versus t, i.e., the 
reaction could be described as a second-order one (bimolecular). From the 
slope of the straight line the value of I;., has been calculated as shown in 
Table I by using eq. ( 1 ) :

MW of segmer of IVa
AIW of C7H6

NMR Spectrum

COOl 1 /dt = A-[COOII]2[OH]

C\,hl = [1/(1 -  p)J -  1 (1)

where Co is the initial concentration in equivalents of OH or COOH group 
per liter, jfc2 is the velocity constant in liters per equivalent per minute, t
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T A B L E  I
V e lo c i t y  C o n s t a n t s  a n d  E n e r g ie s  o f  A c t iv a t i o n  f o r  th e  U n c a t a ly z e d  

P o ly e s te r i f ic a t io n  o f  A r y l i t a c o n i c  A c id s  w i t h  E t h y l e n e  G ly c o l

A c id

k 2 X  1 0 4, l . / e q . - m i n
A  E ,

k c a l  /m o le1 4 0 ° C 1 6 0 ° C 1 8 0 ° C

Y - P h e n y l i t a c o n ic 1 . 6 0 6 4 . 1 3 6 1 2 .0 4 8 1 8 .8
y - p - M e t h o x y p h e n y l i t a c o n i c 1 . 2 1 6 2 . 8 3 4 7 . 6 4 9 1 7 .2
7 - p - C h lo r o p h e n y l i t a c o n ic 2 . 0 0 8 4 . 4 6 0 1 0 .0 3 0 1 5 .2

T A B L E  I I
V e lo c i t y  C o n s t a n t s  a n d  E n e r g ie s  o f  A c t iv a t i o n  fo r  th e  C a t a ly z e d  

P o ly e s te r i f ic a t io n  o f  7 - A r y l i t a e o n ic  A c id s  a n d  E t h y l e n e  G ly c o l

A c id

k 2 X 1 0 4, l . / e q - -m in
A E *

k c a l /m o l e1 4 0 ° C 1 6 0 ° C 1 8 0 ° C

Y - P h e n y l i t a c o n ic 4 . 0 1 5 7 . 4 4 5 1 2 .0 4 8 1 1 .5
Y - p - M e t h o x y p h e n y l i t a c o u ic 4 . 0 1 5 8 . 0 3 6 1 6 .8 6 7 1 3 . 7
7 - p - C h lo r o p h e n y l i t a c o n ic 3 . 4 7 6 6 . 0 2 4 1 0 .0 3 0 1 0 . 0

is the time in minutes, and p is the extent of the reaction, i.e., the fraction 
of the COOH groups which has reacted at time t.

As one molecule of the acid acts as a catalyst, one should expect the re
action to follow the third-order rate equation [eq. (2) ] :12

2C0k3t = [1/(1 — p)]2 -  1 (2)

where k3 is in (liters per equivalent)2 per minute. This, however, could 
be explained by the fact that since the protonation step is reversible, then 
although such a reaction should show a third order kinetics, Schulz13 re
ported that it may follow the second-order rate eqution.

The rates of polyesterification of y-arylitaconic acids with ethylene glycol 
catalyzed by a small amount of p-toluenesulfonic acid (0.004 mole/mole 
glycol) were determined, and the reaction was found to follow the second- 
order rate equation. Table II shows the /c2 values for the catalyzed re
actions.

Mechanism of Polycondensation

Substituted y-arylitaconic acids contain two carboxyl groups, one of 
them attached to the methylene group and the other attached to C=C; 
therefore, one must follow whether esterification takes place first on the 
carboxyl group attached to the a- or /3-carbon atom. On simple esterifica
tion of these acids with methanol in presence of sulfuric acid the a-half 
ester (la) is obtained; this shows that at the beginning of esterification the 
a-half ester (I) is formed, i.e., the carboxyl group not conjugated with the 
benzene is more rapidly esterified than the second carboxyl group. Ac
cordingly the latter step can be considered to be the rate-determining step



1952 B A D D A R  E T  AL.

in the diesterification of 7-arylitaeonic acid. The conclusion that the 
formation of the a-half ester (lb) is a rapid process was also inferred 
from the observation that the reaction is very rapid in the first 30 min, 
nearly half of the phenylitaconic acid being consumed.

Ar GIB COOH Ar Cl I, - G O —Oil,
\  /  fast

+  H  - V C---C
H  X  C O O I I

C = C
/  \II coon

A r  C H 2— COOCH3
l  /c = c  + 11,0 + II ^

I I  C O O H

I

CHa— O — H
(3)

In the reaction with ethylene glycol, the first step is supposed to take 
place according to eq. (3) to give II.

The mechanism (4)-(5) is supposed for the following steps:
A r  C H , — C O — O — C l l 2— C H , — O H

\  /  H+c = c  ,
/  \

H  C O O H

II
A r  C H  — C O — O — ( C H 2)2O H

W  '
II C — O i l ,

IIo ill

M)

ill

+  n ( H 0 0 C — R'— O H )
III , HO

alow

H  A r
\  /0 c

Il I!
C — C — C H 2— C O — 1O—GHj—CHS—0_ -II (5)

S e g m e r  (S )  

I V

( a )  A r  =  C 6H 5
( b )  A r  =  p-CIEO.CcH,
( c )  A r  =  p - C l  . C 6H 4

A r  G IG  C O  - O  - C I I ;  C l  ls—
\  /R' = G. -C

11

Polycondensation occurs by the repetetion of step (5).
In catalyzed polyesterification the reaction takes place by the same 

mechanism, the only difference being that the proton catalyzing the reaction 
comes from p-toluene,sulfonic acid.
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Effect of the Nature of Substituent on Reaction Rate

Since the esterification of the carboxyl group conjugated with the 
aromatic nucleus, i.e., the /3-carboxyl group, is considered to be the rate- 
determining step, the effect of substitution on the rate of polyesterification 
could be compared with that observed in the esterification of benzoic and 
cinnamic acids.

Hartman and Borders14 found that the velocity of hydrion-catalyzed 
esterification of substituted benzoic acids decreased in the following order:

V— CH3 > H > p^C l > p—NO,

Anomalies in the order of the effect of halogen substituents upon the 
velocity of side chain reactions have been noted by Evans et al.,15 who 
stated that the para halogen substituents often give peculiar velocity effects.

This order agrees very closely with that found in the catalyzed poly- 
esterification of substituted 7-arylitaconic acids, i.e., electron-withdrawing 
groups (e.g. Cl) decreased the velocity of polyesterification (cf. Table II).

On comparing the autocatalyzed with the catalyzed reaction it is con
cluded that the reaction velocity in the autocatalyzed polyesterification of 
substituted 7 -arylitaconic acids is much slower than the catalyzed reaction, 
in spite of the fact that the activation energy is not much greater (Table I). 
This indicates that the factor P in Arrhenius equation is much greater for 
the reaction involving a charged catalyst.

Also, the autocatalytie polyesterification of y-p-chlorophenylitaconic 
acid at 140 and 160°C is more rapid than that of 7-p-methoxyphenylit- 
aconic acid, and the activation energy is correspondingly lower (Table I). 
This is what would be expected from the polar effect of chlorine atom in 
facilitating the attack of the alcoholic oxygen atom on the carbonyl carbon 
atom of the acid. The effect may be also attributed to the higher degree of 
ionization of the 7-p-chlorophenylitaconic acid (electron-withdrawing 
groups increase the degree of ionization, i.e., greater concentration of 
hydrogen ions).

The deviation in the velocity of the polyesterification of 7 -p-chloro- 
phenylitaconic acid at 1S0°C (Table I) may be attributed to the fact that at 
this temperature the acid loses water to form the corresponding anhydride17 
more easily than y-phenvlitaconic acid. Since the rate of the uncatalyzed 
polyesterification of the anhydride is lower than that of the corresponding 
acid (Table III), then the conversion of the acid into its anhydride at this 
high temperature will cause a decrease in the rate of polyesterification.

The fact that the anhydrides are known to be more easily monoesterified 
than the corresponding acids19 could be considered to be good evidence that 
the first step in the polyesterification is not the rate-determining step, since 
the rates of polyesterification of the anhydrides are found to be much lower 
than those of the corresponding acids (Table III).

It appears from the present investigation that the rate of the reaction 
of the catalyzed polyesterification at 140 and 160°C is always faster than
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T A B L E  I I I
k 2 V a lu e s  f o r  t h e  U n c a t a ly z e d  P o ly e s te r i f ic a t io n  R e a c t io n  o f  

A r y l i t a c o n ic  A c id s  a n d  T h e i r  A n h y d r id e s  w i t h  E t h y l e n e  G ly c o l  a t
1 6 0  a n d  1 8 0 ° C

ft- X o l . / e q - m i n

A c id s A n h y d r id e s “

1 6 0 ° C 1 8 0 ° C 1 6 0 ° C 1 8 0 ° C

7 -P h e n y l i t a c o n ic 4 . 1 3 6 1 2 .0 4 8 1 . 7 9 5 . 6 0
7 - p - M e t h o x y p h e n y l i t a c o n ic 2 . 8 3 4 7 . 6 4 9 1 . 1 4 2 . 4 4
7 - p - C h lo r o p h e n y l i t a c o n ie 4 . 4 6 1 0 .0 3 1 .9 3 6 . 7 9

“ D a t a  o f  F a l t u s . 18

T A B L E  I V
k 2 V a lu e s  fo r  th e  C a t a l y z e d  P o ly e s te r i f ic a t io n  o f  A r y l i t a c o n ic  A c id s  

a n d  T h e i r  A n h y d r id e s  w i t h  E t h y l e n e  G ly c o l  a t  1 6 0  a n d  1 8 0 ° C
S- X o l . / e q - m i n

A c id s A n h y d r id e s “

I 6 0 ° C  1 8 0 ° C 1 6 0 ° C  1 8 0 ° C

7 -P h e n y l i t a c o n ic 7 . 4 4 5 1 2 .0 4 8 2 . 0 9 6 . 9 9 6
7 - p - M e t h o x y p h e n y l i t a c o n ie 8 . 0 3 6 1 6 .8 6 7 1 .5 7 4 3 . 7 4 0
y - p - C h lo r o p h e n y l i t a c o n ic 6 . 0 2 4 1 0 .0 3 0 3 . 7 5 4 —

a D a t a  o f  F a l t u s . 18

T A B L E  V
L o g  k 2 a n d  p V a lu e s  f o r  t h e  P o ly c o n d e n s a t io n  o f  p - S u b s t i t u t e d  

A r y l i t a c o n ic  A c id s  a n d  E t h y l e n e  G ly c o l  a t  1 4 0 , 1 6 0 , a n d  1 8 0 ° C

T e m p e r a 
tu r e ,  ° C

lo g  h

p - M e t h o x y p h e n y l
d e r i v a t iv e P h e n y l

p - C h lo r o p h e n y l
d e r i v a t iv e P

1 4 0 - 3 . 9 1 5 1 - 3 . 7 9 4 3 - 3 . 6 9 7 3 +  0 . 4
1 6 0 - 3 . 5 4 7 6 - 3 . 3 8 3 4 - 3 . 3 5 0 4 —

1 8 0 - 3 . 1 1 6 4 - 2 . 9 1 9 1 - 2 . 9 9 8 8 —

T A B L E  V I
L o g  k-i a n d  p V a lu e s  fo r  th e  C a t a ly z e d  P o ly c o n d e n s a t io n  o f  

p - S u b s t i t u t e d  A r y l i t a c o n ic  A c id s  a n d  E t h y l e n e  G ly c o l  a t  1 4 0 , 1 6 0 , a n d  1 8 0 ° C

lo g  k-i

T e m p e r a 
tu r e ,  ° C

p - M e t h o x y p h e n y l
d e r iv a t iv e P h e n y l

p - C h lo r o p h e n y l
d e r iv a t iv e P

1 4 0 - 3 . 3 9 6 4 - 3 . 3 9 6 4 - 3 . 4 5 9 3 - 0 . 1 3 3
1 6 0 - 3 . 0 9 5 0 - 3 . 1 2 8 1 - 3 . 2 2 0 1 - 0 . 2 4
1 8 0 - 2 . 7 7 2 9 - 2 . 9 1 9 1 - 2 . 9 9 8 8 - 0 . 4
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that of the uncatalyzed one. However, this is not the case in the poly
esterification of y-phenylitaconie and y-p-chlorophenylitaconic acids at 
180°C, since the catalyzed and uncatalyzed polyestérification were found 
to have the same rate. This abnormal result may be attributed to the ease 
of conversion of these acids into their anhydrides. As mentioned before, 
the anhydrides were found to undergo polyesterification much more slowly 
than the corresponding acids (Tables III and IV), and the rate of their 
polyesterification is not appreciably affected by the presence of the catalyst.

In autocatalyzed polyesterification the Hammett equation20 is obeyed 
only at 140°C (Table V) and p has a positive value, which is consistent with 
experimental fact that electron-withdrawing groups enhance esterification.

The negative sign of the p values for the catalyzed polyesterification 
(Table VI) confirms the experimental data that the reaction is enhanced by 
electron-releasing groups and retarded by electron-withdrawing groups. 
The low values in both cases indicate that this polyesterification is slightly 
sensitive to the polar nature of the substituent.

Relation between log k  and AE*
It is apparent that for the acids studied the range of velocities was not 

sufficient to permit accurate analysis of the factors of the Arrhenius equa
tion. All of the acids fall within a range in which the ratio of velocities of 
the fastest to the slowest is about 6:1. If the change in velocity of poly- 
esterification produced by the substituents was entirely due to change in 
AE*, the points on the graph for log k versus AE* should lie on a straight 
line having a slope of 2.303R T.U From the data it was found that the 
slope differs from the theoretical one, from which it may be concluded that 
the factor P also varies.

As shown in Table II, the energies of activation for the polyesterification 
reactions fall between 10 and 13.7 kcal/mole. The values agree with those 
obtained in case of substituted benzoic acid.14

AS for the reaction is very low (Table VII), which may be due to the 
restricted movement of the molecule in the transition state due to the 
viscosity of the reaction medium.

Properties of the Polyesters
The polyesters produced by heating y-arylitaconic acids with ethylene 

glycol to an advanced stage of esterification contain at least 6-8 condensa-

T A B L E  V I I
AiS V a lu e s  f o r  th e  A u t o c a t a ly z e d  a n d  C a t a ly z e d  R e a c t io n s  a t  1 6 0 ° C

A<S, e u

A c id A u t o c a t a ly z e d C a t a ly z e d

7 -P h e n y l i t a c o n ic - 3 3 . 2 - 4 9 . 1 1
7 - p - M e t h o x y p h e n y l i t a c o n ic - 3 7 . 8 - 4 3 . 7
7 - p -C h lo r o p h e n y l i t a c o n ic - 4 1 . 4 - 5 2 . 8
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T A B L E  V I I I
M o le c u la r  W e i g h t  b y  th e  E n d g r o u p  M e t h o d  

M o l e c u l a r  w e ig h t
T e m p e r a t u r e ,  ------------------------------------------------------------------------------------------------------

° C  rV .a  T V b  IV Y

P o ly e s te r s  o b t a in e d  w i t h o u t  c a ta ly s t

1 4 0 6 0 2 6 3 6 7 1 0
1 6 0 9 3 4 8 5 8 1 0 6 4
1 8 0 1 3 1 8 1 1 8 8 1 6 5 4

P o ly e s te r s o b t a in e d  w i t h  c a ta ly s t

140 7 0 4 8 5 0 8 9 8
1 6 0 1 2 3 6 1 1 8 8 1 4 6 0
1 8 0 1 6 6 4 1 8 4 6 1 9 9 6

P o ly e s te r  o b t a in e d  w i t h  excess  o f  e t h y le n e  g ly c o l  

1 6 0  5 2 8 3

T A B L E  I X

A b s o r - A b s o r b a n c e
b a n c e o f  1 0 -5 i l / M W  =

o f  1 ( r sM s o in  o f n  = n  X  M W
^max) s o in  o f p o ly m e r d p o f  s e g m e r

C o m p o u n d M W " m  M a c id  A  » A  a +  H ,< )

7 - P h e n y l i t a c o n ic  a c id  
P o ly m e r  I V a  a t

2 0 6 2 6 5 0 . 1 9

1 6 0 ° C  w i t h  c a ta 
ly s t 1 2 3 6 2 6 5 0 . 9 5 4 5 5 . 0 1 1 7 8

P o ly m e r  I V a  a t
1 8 0 ° C  w i t h  c a ta 
ly s t 1 6 64 2 6 5 1 . 4 3 7 . 5 1 7 4 0

y - p - M e t h o x y p h e n y l -
i ta c o n ic  a c id 2 3 6 2 9 0 0 . 2 0 3

P o ly m e r  I V b  a t  1 8 0 ° C  
7 - p - C h lo r o p h e n y l -

1 1 8 8 2 9 2 0 . 8 5 5 4 . 2 1 1 1 8

i ta c o n ic  a c id 2 4 1 . 5 2 6 5 0 . 2 3 8 8
P o ly m e r  I V c  a t  1 4 0  ° C 7 1 0 2 6 7 0 . 4 9 2 . 3 6 1 5

*  T h e  m o le c u la r  w e ig h t  o f  th e  p o ly m e r  is t h a t  d e t e r m in e d  b y  th e  e n d  g r o u p  m e th o d .

tion units per mole. Higher molecular weight polyesters up to 2000 have 
been obtained when the polycondensation was carried out in presence of 
p-toluenesulfonic acid. The produced polyesters are in the form of 
crystalline, yellow, glasslike fibers which can be easily crushed. They are 
soluble in most organic solvents, insoluble in carbon tetrachloride, n- 
hexane and light petroleum.

These polyesters can not be crosslinked even with styrene or methyl 
methacrylate, or with benzoyl peroxide. No appreciable change in the 
physical properties was observed when these polyesters were subjected to
7 -radiation (0.3053 X 106 rad/hr).
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The failure of these polyesters to undergo free radical polymerization 
may be attributed to sterie factors. It may also be due to the neighbour
ing electron-withdrawing carboxyl group, since the polymerization of 
itaconic acid itself is rather difficult.21

Their molecular weights were determined by the end group method22-24 
(cf. Table VIII) and compared with those obtained from the ultraviolet 
data (cf. Table IX), which proved to be in fairly good agreement.

Determination of Molecular Weight from Electronic Spectral Data

It is a known fact that the absorbance at Xmax of a molecule containing 
several identical isolated chromophores is given by the term nA (where n 
is the number of chromophores and A is the absorbance of a single chromo- 
phore at the same molar concentration).

Since the polymer (IV) consists of several isolated 7 -arylitaconic acid 
chromophores, then absorbance 04p) of a known concentration of the poly
mer (say 10-5 mole/1.) in dioxane is given by A v = n [average number of 7- 
arylitaconic acid residues (or segmers, s, see IV) X absorbance (A A of 
10~6 mole/1. of the solution of 7-arylitaconic acid in dioxane.

On taking the molecular weight of the polymer determined by the end- 
group method for preparing the 10- 5 .1/  solution of the polymer and deter
mining the absorbances of the polymer and the 7-arylitaconic acid at Xmax, 
n can be calculated:

XIW of polymer = n X MW of segmer (s) +  11/)

The results are reported in Table IX.

T h e  a u th o r s  w is h  to  e x p re s s  t h e i r  th a n k s  to  D r .  J .  W e b b e r ,  D e p a r t m e n t  o f  C h e m is t r y ,  
T h e  U n i v e r s i t y  o f  B i r m in g h a m ,  U . K . ,  f o r  r u n n in g  th e  N M R  s p e c t r u m .
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Constitutive Equations for Elastomers

NICHOLAS W. TSCHOEGL, Division of Chemistry and Chemical 
Engineering, Pasadena, California 91109

Synopsis
G e n e r a l  r e la t io n s  w e r e  d e r iv e d  b y  e x p a n d in g  t h e  s t r a in - e n e r g y  d e n s it y  f u n c t io n  in  

te r m s  o f  th e  i n v a r ia n t s  o f  t h e  d e f o r m a t io n  te n s o r .  S o m e  c o n s t i t u t iv e  e q u a t io n s  o b t a in e d  
b y  k e e p in g  a  t h i r d  t e r m  in  th e  e x p a n s io n  in  a d d i t io n  to  t h e  tw o  te r m s  r e ta in e d  in  th e  
M o o n e y - R i v l in  e q u a t io n  w e r e  te s t e d  in  th e  l ig h t  o f  c u r r e n t ly  a v a i la b le  e x p e r im e n t a l  
d a t a .  I t  is s h o w n  t h a t  b y  t h e  r e t e n t io n  o f  t h e  t h i r d  t e r m  t h e  u p s w in g  in  t h e  M o o n e y  
s tre s s  a t  lo w  v a lu e s  o f  \ ~ 1 is  s u c c e s s fu lly  p r e d ic te d ,  a n d  th e  s t r e s s - s t r a in  b e h a v io r  c a n  b e  
d e s c r ib e d  w i t h  e x c e l le n t  a c c u r a c y  u p  to  b r e a k ,  e v e n  in  c a rb o n  b la c k - f i l le d  r u b b e r  w h ic h  is 
n o t o r io u s ly  d i f f ic u l t  to  d e s c r ib e  b y  th e  M o o n e y - R i v l in  e q u a t io n .

INTRODUCTION
The continuum mechanical derivation of constitutive equations for elas

tomeric materials is based on the concept of a strain energy density function 
or elastic potential W, representing the change in the Helmholtz free energy 
of the material upon deformation. Expanding W in terms of the invariants 
of the deformation tensor,

I \  =  +  X22 T- X32 (la )

h  = Ai2A22 +  A22A32 +  X32Ai2 (lb)
and

It = Ax2A22A32 (lc)
leads,1 for an imeompressible body (for which / 3 = 1), to

w  = £  Cij{h -  m h  -  3y  (2)
i , j  =  0

where the ctj are material constants (c0o =  0). In eqs. ( 1) Ai, A2, and A3 
are the stretch ratios in the three principal directions.

In simple tension, the stress <7 (calculated on the undeformed cross sec
tion), is the derivative of the strain energy density, IT, with respect to the 
principal stretch ratio A, i.e.,

<7 = dIT/dA (3)
Retention of the first two terms, (i, j  < 1) in the expansion of W, eq. (2), 
yields the Mooney-Rivlin equation

<7 = 2(ci +  c2A-1)(A -  A“2) (4)
where cx = Go, and c0i = c2.

1959
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According to the infinitesimal theory of elasticity, for an incompressible 
body

<r = 317c (5)

where G is the shear modulus, and e = X — 1 is the Cauchy strain. Any 
constitutive equation must, therefore, reduce to eq. (5) as X —► 1, i.e., it 
must obey the relation

lim [<r/(X — 1)] = 3G (6)
x -*  1

Inserting eq. (4) into eq. (6) and applying L’Hospital’s rule shows that

2(c'i +  c-i) — G (7)

Statistical mechanical considerations based on Gaussian chain statistics 
lead to the constitutive equation2

<j =  ( 7 ( X  —  X - 2)  ( 8 )

Equation (8) may also be obtained from eq. (3) by retaining only the first 
term, Ci0, in the expansion of IF. Inserting eq. (8) into eq. (6) gives

2cx = G (9)

Equations (4) and (8) are thus mutually exclusive.
Experimental data, when plotted as a versus X or X — X-2 (i.e., in stress- 

strain coordinates) reasonably well obey eq. (8) in simple tension and simple 
compression with the same value of the modulus, G, for moderate deforma
tions.2 The same data, however, when plotted as cr/(X — X-2) versus X"1 
(i.e., in Mooney coordinates), commonly obey eq. (4) for values of X“1 
greater than about 0.4-0.5, albeit different values of the modulus are 
usually obtained when the data are fitted in the two sets of coordinates. 
Data obtained in simple tension and compression cannot generally be fitted 
in Mooney-Rivlin coordinates with the same value of G. For small values 
ofX_I (less than about 0.4-0.5), the Mooney stress, a/(\ — X-2), generally 
shows an upswing not predicted by eq. (5).

These inadequacies must be the result of neglecting higher terms in the 
expansion, eq. (3). No investigation appears to have been made, however, 
of constitutive equations derived by keeping higher terms. In the follow
ing sections we will deduce and then put to the test constitutive equations 
in which higher terms in the expansion are retained. It will be shown that 
one or the other of several possible three-term expansions predicts the up
swing successfully, and that the stress-strain curve can be described with 
three constants with satisfactory accuracy up to break.

An extension of the statistical mechanical theory of rubber elasticity1 
also predicts the upswing. This theory, however, fails to account for the 
decrease of the Mooney stress with a decrease in X-1 and thus does not 
represent experimental data.
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GENERAL RELATIONS

When cartesian coordinates are used to describe both the undeformed 
and the deformed state, the stress tensor for an incompressible material is

¿ry = 2[C'y(dW/d/1) -  (C yO -W /dG )] -  Pitf (10)

where the bar on a denotes true stress, CfJ is the right Cauchy-Green de
formation tensor, and P is an arbitrary hydrostatic pressure.

We consider a general biaxial deformation for which the principal stretch 
ratios are

,\i = X
X-, = Xs (11)

x3 = x -“- 1

Equations (11) yield the principal stretch ratios in simple tension for a = 
— */sr, those in equibiaxial tension for a = 1, and those in pure shear for a = 
0.

The Cauchy-Green tensor for this deformation is

C .. =A' IJ
0 0
X2a 0

x -2“- 2

and its reciprocal becomes

(Cy)“ 1
X“2 0 0

X“2a 0
;\2a+2

(12)

(13)

Substituting eqs. (12) and (13) into eq. (10), eliminating the hydrostatic 
pressure, and making use of the relation we obtain the two prin
cipal true stress differences in terms of the nominal stresses as

Xer, -  X“a“ V3 = 2(X2 -  X“2"“2) [(dIT/d/]) +  X2“(dlT/d/o)] (14a)

and

XV,. -  X-““ V3 = 2(X2“ -  X-2" -2)[(dlT /d/1) +  X2(dH7d/..)] (14b)

Substitution of eq. (2) into eqs. (14) yields, after division by X or X", re
spectively,

<7! -  <73X“a—2 = 2(X -  X-2““3) E  CyEy(X) (15a)
i , j  = 0

and

<7, -  CrsX“2““ 1 =  2(X“ -  X“ 3““2) E  Cy/y(X) (15b)
i,j= 0

where

Fy(X) = t(/x -  s y - ' i h  -  3y  + j { h  -  3)'(G -  3 ) '- lX2“ (16a)
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and

/«(x) = n il  -  3)i- i(/2 -  3v  + j { h  -  m u  - s y - w  (i6b)

The invariants of the deformation tensor in terms of the principal stretch 
ratios, eqs. (11), become

h  -  3 = (X2a +  X2 -  3 +  X-“ - 2) (17a)
and

h  — 3 = (X2tt+2 -  3 +  X“2 +  X-2a) (17b)

SPECIAL CASES

Equations (15) together with eqs. (16) are the constitutive equations for 
the general biaxial deformation considered. They can now be specialized 
by assigning appropriate values to the exponent a.

Simple Tension

In simple tension a = — y 2, <7i = a, and a? = <r3 = 0. Substitution into 
eqs. (15a) and (16a) yields

or

o"-—2 (X X“2) Cl +  C2X 1 +  X/ CyEys(X)
i , i  =  1

<r/(X -  X“2) = 2 ci +  c2X“ 1 2  CyEys(X) 
i . j  =  1

(18a)

(18b)

where <r/(X — X-2) is the Mooney stress and FtjB(\) indicates the special 
form of Ey(X) for simple tension. In eqs. (18) the first two terms of the 
expansion were written out explicitly.

To obtain specific forms of EW3(X) we first express the invariants as

h  -  3 = (X -  1)2(1 +  2X-1) (19a)
and

/,  -  3 =  (X -  1)2(2 +  X“*)X-' (19b)

Equations (19) are readily obtained from eqs. (17). Substituting into 
eq. (16a) we find

E4/(X) = (X -  l)2<*+i-D[7(l +  2X_1)i_1(2 +  X_l)J
+  j(  1 +  2X_1)’(2 +  x-i)i-i]x-j (20)

Because of the factor (X — l)2 in eq. (20), Eys(l) = 0, and hence <r/{\ — 
X-1) is always 2(ci +  c2) for X = 1, regardless of the number of terms re
tained in the expansion.

Keeping the cn term as the third term iu addition to the first two terms, 
we find

<r/(X -  X-2) = 2[cj +  c2X-‘ +  3c3(X -  1)2(1 +  X-^X-1] (21)
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This equation is mentioned by van der Hoff and Buckler.3 The expression 
obtained by retaining the c20 term is :

<r/(X -  A“2) = 2 [ d  +  c2X_1 +  2c3(X -  1)2(1 +  2X“ 1)] (22)

This equation has been derived previously by Signorini4 and also follows 
from the theory of Bernstein et al.6 It has also been derived by Sato.6 
Both eqs. (21) and (22) predict an upswing in the Mooney stress for small 
values of X-1.

Equibiaxial Tension

In equibiaxial tension a = 1, or = <r2 
into eqs. (15a) and (16a) yields

a, and its = 0. Substitution

(7 = 2 (X x -6) ci T  c2\ 2 E
>,.7=1

W :(x) (23)

or

<r/(\ X-5) = 2 Ci +  c2X2 + E  '•!./-’i;l:iX)
i,j = 1

(24)

where we will call <r/(X — X“6) the Mooney stress in equibiaxial tension. 
Equation (23) is the analog of the Mooney-Rivlin equation in simple ten
sion.

Since now

h  -  3 = (X -  X-‘)2(2X +  X_1)X_I (25a)

and

h  ~  3 = (X -  X~‘)2(X +  2X_1)X (25b)

we obtain for F yE(X)

F u E(X) = (X -  x -1)*«+i-i>[t(2X +  X - 'Y - ^ X  +  2X-1)2
+  j (  2X +  X-»)‘(X +  2X~1)i~~1]XJ_i+1 (26)

Again, because of the (X — X"1) factor in eq. (26), F{jB( 1) = 0, and 
cr/(X — X-5) reduces to 2(ci +  c2) for X = 1 regardless of the number of 
higher terms which have been retained.

For the cu term as the third term in addition to the ci and c2 terms we 
have

<r/(X -  X“6) = 2[ci +  c2X2 +  3c3(X -  X~4)2(X +  X“ l)X] (27)

Pure Shear

In pure shear, a = 0, cu = a, <r2 = a , and = 0. We have, for the 
maximum principal stress,

=  2(X  -  X - 3) Ci +  c-2 +  E  CijF ij1 (X)
i,3= i

(2 8 )
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or

r'/(X -  A“3) = 2 C i +  Ci E!.j=i
cM V M (29)

M =  2(1 -  X-2) Ci +  c2X2 +  E ci j l 1, /  (X)
0  = 1

(30)

or

'MIIT-<1b Cl +  C2X2 +  E Cy/y'XX)
i.J = 1

(31)

Since'

h  -  3 = 7S -  3 =  (X -  X->)2 (32)

we find

7V(X) =  (t +  i)(X -  x - ‘),(,+i- 1) (33a)
and

//(X ) =  (*• +  ,;X2) (X -  x -1)«1̂ 1» (33b)

Because of the factor (X — X *), Ft/ ( l )  = / ¡ / ( l )  = 0 . The Mooney stress 
in pure shear with ca as the third coefficient becomes

c/(X -  X-3) = 2[d +  c, +  2c,(X -  X-1)-] (34)

for the maximum principal stress, and

<r'/(l —  ̂ 2) = 2[ci +  c2X- +  c3(X — X_1)2(l +  X2)] (35)

for the intermediate principal stress.

Simple Shear

Simple shear is a pure shear plus a rotation. For simple shear in the 
1,3-plane parallel to the 1-direction, the right Cauchy-Green tensor and 
its reciprocal become

and

/,■ 0 
1 +  k~ 0 

1

(Cti) 1
1 +  IF — k O' 

1 0 
1

(36a)

(36b)

where k is the amount of shear. The principal stretches are the same as 
in pure shear, i.e., Xi = X, X2 = 1, and X3 = X“ 1. The amount of shear is

k = X — X 1 = tan e (37)
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in terms of the major principal stretch ratio, and the angle of shear, re
spectively.7 Equation (10) now gives

0 i 2 = 2k[(ÖW/dIl) +  ( Ö W / Ö / 2) ] (38)

and, hence, substituting eq. (2) yields

012 = 2k X  ci}F(f(k )
i,j = 0

(39)

where

Fi]F(k) = (i +  ,/)/c2(i+2- 11 (40)

because

1 CO II 1 CO II (41)

The equations for simple shear are thus seen to be formally identical with 
those for the maximum principal stress in pure shear, with k replacing 
X -  x -1.

Normal Stresses

The three normal stress differences in shear are easily derived from eq.
(10) with eqs. (36). They become

o-n -  022 = — 2/c2[(dlF/d/1) +  (dIF/'dE)]

022 — 033 = 2fc2(dJE/d/i)

o"33 — (Tn = 2k2(dW/dI2)

Substituting eq. (2) and using (41) yields

0n — 022 =  — 2l c 2 X] C i j Fi,j — 0

022 — 033 = 2 k2 X  CijFijU(k)

We have

033 — 0n = 2k2 X  ctjFijln(k) 
i,j = 0

iy(fc) = (t +  ,;)fc2C+i-«

(42a)

(42b)

(42c)

(43a)

(43b)

(43c)

(44a)

Ftjn (k) = ikw+t-»

and

(44b)

F (j U l ( k )  =  ./7v2<í +-,- 1, ( 4 4 c )
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F i / ( k )  is identical with Fijl’(k).  The three Mooney 
ferences for the cn term as the third term become

normal stress dif-

(j -2 a — cn)/A;2 = 2[t'i +  Ci +  2c3fc2] (45a)

(<J22 — (7 33) A 2 = 2[Cl +  c3fc2] (45b)

and

(0-33 — on ) /k1 = 2[c2 +  c$k2] (45c)

EXPERIMENTAL RESULTS

The equations derived from the expansion of the strain energy density 
function [cf. eqs. (15) ] are linear in the coefficients, ctj. They can, there
fore, be obtained easily by least squares fitting of experimental data on a 
computer. Such calculations were made with a program which fits experi
mental data in simple tension to equations containing three coefficients,

i/x
F ig .  1. M o o n e y  s tre s s  as a  fu n c t io n  o f  X -1  f o r :  (a )  p u r e  g u m  S B R  a t  2 ° C  (s o l id  c u r v e  

re p re s e n ts  f i t  w i t h  c3 = c22) a n d  (b) c a r b o n  b la c k - f i l le d  n a t u r a l  r u b b e r  a t  2 o ° C  (s o l id  
c u r v e  re p re s e n ts  f i t  w i t h  e3 =  C u)
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the first two of which are the C\ and c2 coefficients of the Mooney-Rivlin 
equation, eq. (4). The third coefficient is cn, c20, c21, c22, c02, or Ci2. The 
corresponding functions of the stretch ratio A are tabulated in the Appendix.

Data on a pure gum SBR2b gave the best fit (lowest x2 value) when fitted 
with c3 = C22, i.e., to

< r / ( A  -  X - 2)  =  2 [ d  +  d X - 1 +  6 c 3 ( X  -  1 ) 6 ( 1  +  2 X - 1)

X  (2 +  X - ‘ ) ( l  +  A ^ ) A - 2] (46)

F ig .  2 . S t r e s s - s t r a in  c u r v e  o f  (a )  p u r e  g u m  S B R  a t  2 ° C  (s o l id  c u r v e  re p re s e n ts  f i t  
w i t h  c3 =  c22) a n d  ( 6 )  c a r b o n  b la c k - f i l l e d  n a t u r a l  r u b b e r  a t  2 5 ° C  (s o l id  c u r v e  re p re s e n ts  
f i t  w i t h  c3 =  C n).

The numerical values of the coefficients thus obtained were: o = 1.11,
Co = 1.95, and c3 = 0.0001. Figure 1 shows the resulting Mooney-Rivlin 
plot. The corresponding stress-strain curve is shown in Figure 2. The 
broken line in Figure 1 represents the Mooney-Rivlin equation, eq. (4) 
with the same values for coefficients Ci and c2.
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Data on a carbon black-filled natural rubber sample8 are also shown in 
Figures 1 and 2. These data present a particularly severe test. Because 
the upswing is quite marked and begins at rather high values of X-1, data 
like these are virtually impossible to describe by the Mooney-Rivlin equa
tion. In this case, the best fit was obtained with c3 = cn- The numerical 
values of the coefficients from which the solid curve was calculated, were: 
ci = —8.54, = 19.4, and c3 = 2.10. The stress-strain curve is shown in
Figure 2 and is seen to give an excellent fit to the data up to the break point. 
The broken line in Figure 1 represents the Mooney-Rivlin equation, again 
with the same values for Ci and c->.

CONCLUSIONS

The foregoing results have shown that a very reasonable fit to simple 
tension data on both filled and unfilled elastomers can be obtained by re
taining another term in addition to the Ci and c2 terms in the expansion 
of the strain energy function. Terms higher than the six listed above may 
be required in some cases. The limited results obtained so far indicate 
that the form of the constitutive equation (i.e., which of the higher terms 
should be retained) may well depend on the material. One might then 
expect the numerical values of the coefficients to change with temperature 
while the form of the constitutive equation remains invariant. To clarify 
this point a study will be made of the isochronal uniaxial tension data of 
Smith9 on Viton A-HV vulcanizates at different temperatures in which well 
defined upswings appear in the Mooney stress at low values of X-1. The 
crucial test of a. constitutive equation, however, is to apply the same equa
tion to data obtained in different modes of deformation. An investigation 
of the equilibrium data of Dickie and Smith10 on SBR in simple tension, 
equibiaxial tension, and pure shear has been started.

Some interesting theoretical observations may be made. Since F{js(\) 
is always positive [cf. eq. (20)], one cannot account simultaneously for the 
behavior normally observed in both tension and compression11 unless at 
least one more coefficient, c4, is retained. Since both r-> and either c3 or r.t 
must be positive to represent the behavior in simple tension, at least one 
coefficient must be negative to describe the behavior in simple compres
sion. Our computer program is being modified to allow for the calculation 
of r4 terms in addition to c3 terms. The results will be presented elsewhere.

Finally, it should be noted that if a constitutive equation contains a cross 
term (i.e, a term in which both i and j  have nonzero values, such as cn, 
C12, Cn, or c22) it is inconsistent with the theory of Valanis and Landel12 
which assumes that the strain energy density function can be represented 
by

14 - tc(Xi) +  tc(X2) +  ic(X3) (4 7 )

in which «.'(A) is the same function for all three principal stretch ratios.



APPENDIX

Functions of the Stretch Ratio Associated with the 
Coefficients c =  0, 1, 2).

In simple tension:

/V (  X) = 1 (A-l)

/V(A) = X"1 (A-2)

/V(X) = 3(\ -  1)2(1 +  A- ‘) A ( A - 3 )  

/V(X) = 2(A -  1)2(1 +  2A“ 1) (A-4)

/'V(A) = 2(X -  1)2(2 +  X-QX-2 (A-5)

F21S(A) = (X -  1)4(1 +  2X"1)(5 +  4X-1)X-1 (A-6)

F128(A) = (X -  1)4(2 +  A-1) (4 +  5X-QX-2 (A-7)

F228(X) = 6(X -  1)6(1 +  2X-’)(2 +  X-1)(l +  X-QX“2 (A-8) 

In equibiaxial tension

FioE(X) = 1 (A-9)

FoiE(X) = X2 (A-10)

FUE(A) = 3(X -  X_1)2(X +  X“4)X (A-l 1)

F20e(A) = 2(X -  A_1)2(2A +  X_l)X_1 (A-12)

F„2e(X) = 2(X -  X_1)2(X +  2X-QX (A-13)

F21E(A) = (X -  X_1)4(2X +  X-1)(4X +  5X_1) (A-14)

F12e(X) = (X -  A_1)4(A +  2X-1)(5X +  4A“ l)A2 (A-15)

F22E(A) = 6(A -  A_1)6(2A +  A“ 1) (A +  2A“ 1)(X +  A“ 1) (A-16)

In pure shear, for the maximum principal stress,

/'V(A) = F o i p (X )  =  1 ( A - 1 7 )

F n p (A )  =  F 2/ ( A )  =  F 02p (X )  =  2 (A -  A “ 1) 2 ( A - I S )

F 21P (A )  =  F 12P (A )  =  3 ( X  -  A “ 1) 4 ( A - 1 9 )

F 22P ( A )  =  4 ( X  -  X - 1) 6 ( A - 2 0 )

and for the intermediate principal stress

/io(A) = 1 (A-21)

/ oi(X) = X2 (A-22)

/u(X) = (X -  X_1)2(l +  X2) (A-23)

/»(A) = 2(X -  A“1)2 (A-24)
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/ 02(X) = 2(X -  X-')2X2 (A-25)

(A-26)

(A-27)

(A-28)

/ 2i(X) = (X -  X_1)4(2 +  X2) 

/ i i ( X )  = (X -  X-4)4(l +  2X2) 

/ 22(X) = 2(X -  X_1)6(l +  X2)

Finally, for the second and third normal stress differences

F10n (fc) = 1 

Foin {k) = 0 
Fnn (fc) = A;2 

F20n (/c) = 2fc2 

F02n (fc) = 0 

F2lu (k) = 2/c4 

FiiU(k) = fc4 

F22U(k) = 2/c6

F10in (fc) = 0 

F01m (*) = 1 
Fnlu (k) = A:2 

F20in (/c) = 0 

/V'i(fc) = 2/c2 

F21m (/c) = /c4 

F12ui(/c) = 2/c4 

F 22u i (/c) = 2/c6

(A-29)

(A-30)

(A-31)

(A-32)

(A-33)

(A-34)

(A-35)

(A-36)

T h is  re s e a rc h  w a s  s u p p o r t e d  b y  t h e  A i r  F o r c e  R o c k e t  P r o p u ls io n  L a b o r a t o r y ,  E d w a r d s ,  
C a l i f o r n ia ,  A i r  F o r c e  S y s te m s  C o m m a n d ,  U n i t e d  S t a te s  A i r  F o r c e .

1 . R .  S . R i v l i n ,  L a rg e  E la s t ic  D e fo r m a tio n s ,  i n  R h eo lo g y , V o l .  1, F .  R .  E i r i c h ,  E d .  
A c a d e m ic  P re s s , N e w  Y o r k ,  1 9 5 6 , p . 3 5 1  f f .

2 .  L .  R .  G .  T r e l o a r ,  T h e  P h y s ic s  o f  R u b b e r  E la s t ic i ty ,  2 n d  e d . ,  C la r e n d o n  P re s s , O x 
fo r d ,  1 9 5 8 , ( a )  g e n e r a l;  ( b ) p .  1 2 1 .

3 . B .  M .  E .  v a n  d e r  H o f f  a n d  R .  J .  B u c k le r ,  J .  M a c ro m o l. S c i .  (C h e m .)  A l ,  7 9 7  ( 1 9 6 7 ) .
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7r-Allyl N ickel H alide-O xygen System as a Catalyst 
for Polym erization o f Butadiene

TSUYOSHI MATSUMOTO,* JUNJI FURUKAWA, and 
HIROHISA MORI MURA, Department of Synthetic Chemistry, 

Kyoto University, Kyoto, Japan

Synopsis

The x-allyl nickel halide-oxygen system was found to be active as catalyst for stereo
specific polymerization of butadiene. The catalyst from x-allyl nickel chloride or jr-al- 
lyl nickel bromide yields the polymer of 90% cis-1,4 content with high activity, whereas 
the catalyst from ?r-allyl nickel iodide affords a polymer of 70% or less cis-1,4 content. 
The catalyst systems can be fractionated into two parts on the basis of solubility in ben
zene. It is concluded that the catalyst activity originates essentially from the benzene- 
insoluble nickel complex which is composed of oxygen, halogen, v-allyl group, and nickel. 
The structure of growing polymer terminal is discussed in relation to the mechanism of the 
stereospecific polymerization.

INTRODUCTION

The authors have studied the stereospecific polymerization of butadiene 
by various nickel catalysts. They have reported various types of catalyst 
and investigated the nature of active sites and the mechanism of stereo- 
specific polymerization.1-7

The present study, which was briefly reported in part in letter form,5'6 
is concerned with the activity of a new catalyst obtained by the reaction 
of 7r-allyl nickel halide and oxygen and deals with the structure of the 
catalyst in relation to the mechanism of the stereospecific polymerization.

The stereospecific polymerization of butadiene with a transition metal- 
oxygen system has been also studied by Oreshkin et, al.® They reported 
the -¡T-allyl chromium-oxygen system initiates the butadiene polymerization 
to yield predominantly the trans-1,4 polymer but did not of the catalyst 
structure.

Many oxygen complexes of transition metals are known, but this might 
be the first report describing the preparation of the ally 1 or alkyl complex 
having oxygen.

* On leave of absence from Japan Synthetic Rubber Co., Ltd., Kyobashi, Tokyo, 
Japan.

©  1971 by John Wiley & Sons, Inc.
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EXPERIMENTAL

Materials

Tr-Allyl or x-crotyl nickel halides were prepared from nickel carbonyl 
and allyl or crdtyl halides according to the method of Fisher.9 Oxygen was 
of 99.999% purity and dried by passing through molecular sieves. Buta
diene was of BR (butadiene rubber) grade as supplied by Japan Synthetic 
Rubber Company and dried over molecular sieves. Benzene was freed 
of oxygen and water by distillation over the metal ketyl prepared from 
benzophenone and sodium.

Polymerization

Polymerizations were carried out in glass reaction bottles under a nitro
gen atmosphere. Dry butadiene was introduced by distillation to the 
bottle by use of a vacuum-uiitrogen apparatus. Polymerizations were 
terminated by addition of methanol containing aqueous hydrochloric acid.

Reaction of x-AIlyl Nickel Halide with Oxygen

A two-necked flask was connected through a stopcock to a gas buret which 
was filled with oxygen gas. A solution of the x-allyl nickel halide under 
nitrogen was introduced to the flask. The flask was evacuated after it 
was cooled with Dry Ice-methanol. After the bottle was warmed to the 
desired temperature, a given volume of oxygen was gradually introduced by 
opening the stopcock with stirring. A precipitate formed when benzene 
was used as solvent .

The reaction was usually carried out at room temperature (20-30°C) 
and was stopped by cooling again to about — 70°C followed by replacing 
unreacted oxygen with nitrogen after the check of the volume of reacted 
oxygen. When the reaction mixture was used as catalyst, the procedure 
was carried out in polymerization bottles. The benzene-insoluble solid 
nickel complexes were isolated by filtering the reaction mixtures under 
nitrogen, followed by washing several times with benzene and drying in 
vacuo. They were transferred to polymerization bottles in a nitrogen box.

Spectroscopy, and Elemental Analysis of Nickel Complexes

The samples were prepared under nitrogen. Infrared spectra were 
recorded on Hitachi grating infrared spectrometer, EPI-G. Elemental 
analysis was done with separate samples for each element .

Hydrolysis of Nickel Complexes
The nickel complexes were placed in a flask equipped with two necks, 

one connected with a gas buret and a vacuum-nitrogen apparatus and the 
other closed with a rubber stopper. Aqueous hydrochloric acid was added 
by a syringe through the rubber stopper. Evolved gas was identified by 
vapor-phase chromatography with activated charcoal.
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Microstructure of the Polymers

The polymers were examined in carbon disulfide solution. The method 
of analysis is that reported by Morero et al.Ul

RESULTS AND DISCUSSION 

Polymerization

x-Crotyl nickel nickel chloride itself is poorly active for the czs-1,4 
polymerization. The addition of oxygen was found to enhance the activity, 
as shown in Table 1. The addition of water altered the microstructure of 
the resulting polymer from predominantly czs-1,4 to predominantly trans-
1,4 without any change in the activity.

Further studies were done on the ir-crotyl nickel chloride-oxygen system. 
As summarized in Table I, the polymerization activity was highest at an 
O/Ni molar ratio of 0.5, whereas the czs-1,4 content of the polymer increased 
to 93-94% with the increasing molar ratio. The molecular weight of the 
polymer also increased with increasing molar ratio.

A brown precipitate formed in the reaction of Tr-crotyl nickel chloride 
with oxygen in benzene. The precipitate was found to be a nickel complex 
containing oxygen. Polymerization activities of the reaction mixture, 
the benzene-insoluble part, and the soluble part were measured. Results 
are shown in Table II. It is to be noticed that the benzene-insoluble part 
separated from the mixture afforded a polymer of high molecular weight

TABLE 1
Polymerization of Butadiene with *-Crotyl Nickel 

Chloride-Oxygen or Water System“

C o c a t a h ,st
P o l y m e r i 

z a t i o n

t i m e ,

h r

Y i e l d ,
( '/c

P o l y m e r

T y p e

C o n ç u

m m o l

CIS-

L 4 , %

IranS- 
1 , 4 ,  % 1 9  c /  1>*> /o [ r i t o i .

__ 8 8 6 7 9 1 8 ') -- -
__b 6 0 ~) 7 6 2 0 4 —

0 , 0 . 1 O 1 7 7 8 1 8 4 L o w

0 , 0 . 3 3 3 o 8 6 1 2 ■ ) 0 . 4

0 2 0 . 5 3 7 0 8 8 1 1 3 0 . 6

0 2 0 . 7 5 oo 6 4 9 1 5 4 1 . 1

0 2 1 . 0 3 4 2 9 4 QO o 2 . 2

0 2 1 . 2 5 4 1 4 9 3 4 3 2 . S

o 2 1 . 5 0 4 8 9 4 3 O 3 . 1

H 20 0 . 5 7 0 2 4 2 5 0 8 —
h 2o 1 . 0 7 0 2 6 0 3 2 2 —
h 2o 2 . 0 7 0 2 0 7 2 2 8 ---- -

* Conditions: catalyst conca [jr-CJUNiCl]*, 1 -0 mmole except as otherwise noted;
butadiene, 7.2 g; benzene, 16 ml; reaction between two components at room tempera
ture for 30 min; polymerization temperature, 40°C. 

i> Catalyst U-CÆ NiClh, 2.3 mmole.
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TABLE II
Activity of Catalyst of Benzene Soluble and Insoluble Parts“

Polymer

0 , / Polymer- cis- trails-
[C4H7NiCl]2 ization, Yield, 1,4, 1,4, 1,2,

( AFraction ratio hr cy/o % % %

Mixture 0.3 oO 33 78 18 4 0.4
Mixture 0.5 oo 70 88 11 3 0.6
Mixture 1 .0 3 42 94 3 3 2.2
Insoluble 0.3 3 21 93 QO 4 2.6
Insoluble 0.5 3 52 94 3 3 2.0
Insoluble 1 .0 3 37 94 3 3 2.3
Soluble 0.3 — — — — — —

Soluble 0.5 70 trace — — — —
Soluble 1.0 72 trace — — — —

“ Polymerization conditions same as described for Table I

TABLE III
Polymerization of Butadiene with the Catalyst Prepared from

7r-■Allyl Nickel Bromide and Oxygen“

Polymer-
Polymer

o , / ization CIS, traits,
[C3H5NiBr]2 time, Yield, 1,4, 1,4, 1,2,

Fraction ratio hr 0 7/C % % % l A .
— 0 87 40 0 89 11 -

Mixture 0.3 3 35 72 24 4 0.5
Mixture 0.5 3 55 75 16 4 1.0
Mixture 0.75 3 41 89 7 3 2.5
Mixture 1 . 0 3 21 90 6 4 3.3
Insoluble 0.3 4 54 93 5 2 2.0
Insoluble 0.5 4 82 91 6 3 2.0
Insoluble 0.75 4 49 92 5 3 2.4
Insoluble 0.70b 5.5 60 93 4 3 2.2

“Conditions: catalyst concn.: [7r-C3H5NiBr]2, 1 mmole; butadiene, 7.2 g; benzene, 
16 ml; reaction between two components at room temperature for 30 min; polymeriza
tion temperature, 40°C except as otherwise noted.

b Conditions: Catalyst concn [ir-CaHjNiBrL, 5 mmole; butadiene, 72 g; benzene, 
160 ml.

containing 92-94% cis-1,4 configuration in all cases, regardless of amount 
of added oxygen. It is clear that the polymerization activity of ir-crotyl 
nickel chloride-oxygen system originates from the benzene-insoluble part. 
Since the microstructure is not affected by the amount of oxygen added, 
the nature of the active species is considered to be independent of the 
amount of oxygen.

Table III summarizes the results of experiments with ir-allyl nickel 
bromide. ir-Allyl nickel bromide alone yielded a polymer of predomi
nantly irons-1,4 configuration. On the other hand, the ir-allyl nickel
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bromide-oxygen system afforded a polymer of a s -1,4 configuration. As in 
the case with ir-crot.vl nickel chloride, the reaction of 7r-allyl nickel bromide 
with oxygen in benzene formed a brown precipitate, which was found to be 
a nickel complex as described later. The data in Table III indicate that 
the benzene-insoluble precipitate is the active species in the above system. 
Regardless of mole ratio of oxygen added to 7r-allyl nickel bromide, the 
same kind of active site is formed in the benzene-insoluble nickel complex. 
Run b shows the activity of the catalyst prepared on a large scale.

In the polymerization catalyzed by the rr-crotyl or allyl nickel iodide- 
oxygen system, as shown in Table IV, the cis-1,4 content of the polymer

TABLE IV
Polymerization of Butadiene with Catalyst Prepared from n-Crotyl 

or Allyl Nickel Iodide and Oxygen“

No. Fraction
(V fC JhN ilh

ratio

Polymer
ization 

: time, 
hr

Poly mer

Yield,
%

C I S ,

1,4,
07/o

trans
i t ,

%
1,2,

%
I — 0 29 41 0 96 4
2 Mixture 0.5 29 75 35 63 2
3 Mixture 0.75 20 94 50 45 5
4 Mixture 1.0 20 96 57 38 5
5 Insoluble 0.3 23 36 69 25 6
6 Insoluble 0.5 23 59 70 25 5
7 Insoluble 0.8 23 39 67 28 5
8b Insoluble 0.5 25 73 67 30 3

a Polymerization conditions same as described under Table III. 
b ir-Allyl nickel iodide was used.

was about 60% at most. A blackish violet complex insoluble in benzene 
was formed. The complex separated from the reaction mixture yielded a 
polymer of 65-70%  cis-1,4 content at various ratios of added oxygen to 
ir-crotyl nickel iodide, although the activity was much lower than in the 
case of the reaction mixture as catalyst. Polymer of 65-70%  cis-1,4 
structure produced by the benzene-insoluble complex was solid and re
sembled Japanese paper in appearance.

Table V shows the effect of polar solvent on polymerization. The ben
zene-insoluble part was also insoluble in diethyl ether but soluble in more 
polar solvents such as tetrahydrofuran and methanol. When the reaction 
of ir-allyl nickel chloride or bromide with oxygen was carried out in tetra
hydrofuran, no precipitate was formed, and the color of the solution 
changed from reddish brown to brown. The polymerization in tetrahydro
furan proceeded in homogeneous phase and afforded a polymer of high 
t r a n s - 1,4 content. The polymerization in diethyl ether proceeded in 
heterogeneous phase and yielded a polymer of high cis-1,4 content, the 
cis-1,4 content and catalyst activity being lower than those in benzene.
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Structure of Catalyst in Relation to Stereospeciiicity 
of the Polymerization

In general, the active species of the ir-allyl nickel halide-oxygen system  
exists in the benzene-insoluble part as described in the previous section. 
The part is considered to have the same active site regardless of the mole 
ratio of oxygen added to x-allyl nickel halide. The effect of oxygen on 
the microstructure of the polymer was the most profound in the case of 
7r-allyl nickel bromide. Thus, the structure of the benzene-insoluble part 
formed from x-allyl nickel bromide and oxygen was investigated in relation 
to the mechanism of the stereospecific polymerization of butadiene.

The benzene-insoluble part is a yellowish-brown, amorphous solid. It 
dissolves in tetrahydrofuran, giving a brown solution, but is not soluble in 
diethyl ether. This suggests that the solid is a polar complex.

In order to obtain the complex in a crystalline form, the preparation at a 
low temperature in toluene or ether with reprecipitation from tetrahydro
furan solution was attempted, but this was not successful. Accordingly, 
the complex was analyzed in an amorphous form.

The complex was stable at room temperature for 48 hr and for a week 
at 0°C in nitrogen atmosphere. There was no change in appearance, 
polymerization activity, and infrared spectrum under the above conditions.

The following studies were carried out with the benzene-insoluble pre
cipitate formed when 0.5 mole was added to [x-CsITNiBr]..!. The poly
merization activity was highest at this ratio. Under these conditions no 
oxygen remained in the gas phase after the reaction. Since the benzene- 
soluble part was reddish brown, it is suggested that unreacted x-allyl 
nickel bromide remained in the benzene-soluble part. These observations 
are compatible with the following results of the elemental analysis of the 
complex.

The elemental analysis for Ni, C, H, Br, and 0  was done with separate 
samples. The data agreed reasonably well with a composition of NiC3H5- 
BrO.

Caled for NiCJLBrO: Ni, 30.00%; C, LS.41%; 11,2.57%; Br, 40.34%; 0,8.17% . 
Found; Ni, 30.18%; C, 1.7.31%; 11,2.57%; Br, 41.90%; 0,7.17%.

It is supposed on the basis of the above results that, the benzene-insoluble 
complex was formed by the addition of oxygen to allyl nickel bromide 
without expelling any ligand.

On hydrolysis with aqueous hydrochloric acid in nitrogen atmosphere, 
the complex evolved gas, leaving a brownish black viscous substance. 
The gas was found to be pure propylene containing no propane by gas 
chromatography. These data confirm that the complex contains an allyl 
group.

The complex and its tetrahydrofuran solution were paramagnetic, and 
therefore N M R measurements were impossible. The gram susceptibility 
of the complex was 28.5 X 10-8, suggesting that two unpaired electrons 
are present per nickel atom.
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Figure 1 shows the infrared spectrum of the oxygen complex in compari
son with that of ir-allyl nickel bromide. The authors reported previously 
that the infrared spectra of two 7r-allyl nickel complexes, ir-crotyl nickel 
chloride and iodide, much resembled each other.4 On the contrary, the 
two spectra in Figure 1 are different from each other.

The oxygen complex has bands at 2955-2855,1660,1093,913, and 678 cm -1 
but no band at 1010-1020, 740-790 or 495-540 cm“ 1, the latter being- 
characteristic of the 7r-allyl ligand.11 The band at about 1010 -1020 cm“ 1 
has been observed in [RPdCl]2, [RN iX ]2, RMoCp(CO)2, RFe(CO)3X ,

Fig. I. Infrared spectrum of the benzene-insoluble complex prepared from ir-allyl nickel 
bromide and oxygen, compared with that of 7r-allyl nickel bromide. KBr disk.

RPdCp, RNiCp, RCo(CO)3, and RFe(CO)Cp, R, X , and Cp being rr-allyl, 
halogen, and cyclopentadienyl, respectively and attributed to the sym
metrical C-C stretching of the 7r-allyl ligand. The band at about 495-540  
cm-1 has been attributed to the C-C-C deformation of ir-allyl ligand in 
[RPdCl]2, [R N iX ]2 and RPdCp. The band at about 740-790 cm “ 1 has 
been attributed to C-Fl deformation of 7r-allyl ligand in [RPdCl]2, [RPdCl]2, 
[R N iX ]2, RPdCp, RCo(CO)3, RFeCp(CO), RM oCp(CO)2, and RWCp- 
(CO)2. In regard to bands observed in the oxygen complex, the band at 
about 1660 cm -1 may be assigned to the C = C  stretching, the bands at 
2855, 2920, and 2955 cm -1 to the CH stretching of —CH2— and = C H 2 
groups, and the band at 913 cm “ 1 to the CH2 deformation of = C H 2 group.

Martin et al.12 pointed out in their report on CpZr(CsH5)2 that <r-allyl 
complexes have fairly intense bands in the range of C— H stretching (2800- 
3000 cm -1), whereas ir-allyl complexes have very weak ones. The relation
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between the two spectra in Figure 1 coincides with Martin’s indication, if 
the oxygen complex is assumed to be an v-allyl complex.

The. same bands were also observed in spectra in Nujol and hexachloro- 
butadiene. These data lead to a conclusion that the ally 1 group in the 
oxygen complex is not 7r-allyl but cr-allyl.

The bands in a region from about 3600 to 2800 and about 1600 cm -1 in 
Figure 1 are assigned to the water absorbed on the surface of the precipitate 
during operations. These bands almost disappears in the spectrum of the

Fig. 2. Infrared spectrum of the benzene-insoluble complex prepared from n-allyl nickel 
iodide and oxygen: (------) in hexachlorobutadiene; (------) Nujol.

benzene-insoluble complex prepared from 7r-allyl nickel and oxygen, as 
shown in Figure 2.

The complex prepared front ir-allyl nickel iodide and oxygen afforded 
the polymer whose structure was 70% a s -1,4 and differed from that of the 
polymer yielded by ir-allyl nickel iodide alone (hems-1,4 95%). When 7r- 
allyl nickel iodide was allowed to react with one half mole oxygen, almost 
no oxygen remained in the vapor phase. The infrared spectrum of the 
resulting complex is shown in Figure 2. It is essentially the same as that 
of the complex from ir-allyl nickel bromide and oxygen, the band at about 
680 cm-1 being more sharp and strong. Therefore, the benzene-insoluble



19H0 MATSU MOTO, TURUKAWA, AND M OR1MLRA

complex prepared from ir-allyl nickel iodide and oxygen is also considered 
to be a (7-allyl complex containing oxygen.

To study the complex mode of oxygen in the oxygen complex, the follow
ing experiments were carried out. The complex prepared from ir-crotyl 
nickel chloride and oxygen was allowed to react with triphenylphospliine at 
a mole ratio of 1:1 (Ni: P) in a dry oxygen atmosphere in tetrahydrofuran. 
Triphenylphospliine oxide was obtained with an yield of 30% by the reac
tion for l/-> hr at room temperature. The reaction of ir-crotyl nickel chlo
ride with triphenylphospliine (1:1) in benzene followed by the exposure 
to air with agitation of the solution for one day resulted in the formation 
of triphenylphospliine oxide almost quantitatively. The oxygen complex 
did not liberate oxygen when it was treated with iodine or tetracyano- 
ethylene at a temperature lower than about 40°C.

The polymerization in benzene catalyzed by the oxygen complexes 
proceeded in a heterogeneous system, and no change occurred in color and 
appearance of the catalyst system as the result of the addition of butadiene. 
Butadiene seems to coordinate to vacant sites in the oxygen complex 
without displacement with oxygen, halogen and allyl group and then to be 
inserted between the nickel-cr-allyl bond. Accordingly, the living polymer 
terminal is considered to be cr-allyl nickel.

The mechanisms of the stereospecific polymerization of butadiene are 
classified into two kinds. One is based on the assumption that the active 
polymer terminal is attached to metal with a 7r-allyl bond and that conse
quently the formation of n s -1,4 structure depends on the ratio of a n t i  to 
s y n  isomer of 7r-allyl terminal, the ratio being affected by other ligands. 
The other mechanism is based on the mode of monomer coordination to 
metal, and the cis-1,4 structure is considered to be derived from the 
monomer bidentately coordinated to the catalyst .

It is well known that ir-allyl nickel chloride initiates the cis-1,4 polymeri
zation, whereas ir-allyl nickel iodide initiates t r a i l s - 1,4 polymerization. 
Previously, we reported4 N M R  and infrared studies indicating that ir- 

c r o t y l  nickel chloride and iodide are both of the s y n  form. The result 
seems to rule out the former mechanism as discussed in the previous report.4

In this study, it is to be noticed that the oxygen addition to ir-allyl 
nickel halide causes the change of ir-allyl to cr-allyl, together with the 
change of the t r a n s - 1,4 to the as-1,4 polymerization or with much increase 
of the c i s - 1,4 polymerization activity. This is taken to a support for the 
latter mechanism at least in the m -1 ,4  polymerization.

In conclusion, the data support the second of these two mechanisms for 
the stereospecific polymerization of butadiene by a transition metal 
catalyst. The bidentate coordination of butadiene to a transition metal 
catalyst will be discussed elsewhere in terms of the molecular orbital 
theory.

The authors are thankful to Dr. S. Hashimoto for the elemental analysis and the mea
surement of magnetic susceptibility.
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Equilibrium Anionic Polym erization  
o f a-Methylstyrene in p-D ioxane

J. LÉONARD and S. L. MALHOTRA, Département de Chimie, 
Université Laval, Québec 1Ü, Canada

Synopsis

The equilibrium anionic polymerization of «-methylstyrene in p-dioxane, with potas
sium as initiator, has been investigated at 5, 15, 25, and 40°C by using high-vaeuum tech
niques. The comparison of these results with those obtained previously for the equilib
rium polymerization of «-methylstyrene in tetrahydrofuran revealed that, although the 
values of hGic, the free-enei'gv change upon the polymerization of 1 mole of liquid mono
mer to 1 base-mole of liquid amorphous polymer of infinite chain length, are the same for 
both systems, there is a distinct effect of the solvent. This effect is reflected in the value 
of monomer equilibrium concentration and its variation with polymer concentration and 
is explained in terms of a solvent-monomer and solvent-polymer interaction parameter.

INTRODUCTION

Recently it has been shown1 that in the case of anionic polymerization of 
a-methylstyrene in tetrahydrofuran at a given temperature, the equilibrium 
monomer concentration is not unique but varies with concentration of poly
mer present under equilibrium conditions. It has been also suggested2 that, 
in the range of temperature under investigation, interactions between 
monomer and solvent may play an important role in determining the state 
of equilibrium, this being reflected in the value of the equilibrium monomer 
concentration as well as in its variation with polymer concentration.

The effect of solvent on equilibrium polymerization may be checked by 
comparing results obtained for the polymerization of a given monomer in 
two different solvents. Because the equilibrium polymerization of a- 
methylstyrene in tetrahydrofuran has been studied in detail, it was decided 
to investigate the equilibrium polymerization of the same monomer in p- 
dioxane. Dielectric constants and propagation rate constants3'4 for the 
same counterion differ to a considerable extent for these two solvents so that 
a solvent effect on the equilibrium position is expected. In order to check 
the magnitude of that effect , we wish to report the determination of equilib
rium monomer concentrations for the anionic polymerization of a-methyl- 
styrene in p-dioxane at 5, 15, 25, and 40°C.

1983
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EXPERIMENTAL

Materials

1,4-Dioxane (Baker analyzed) was purified by percolation through a 
column of activated alumina (80 g /100-200 ml of solvent) and distilled. 
The middle fraction was kept over CaH2 and degassed over vacuum line for 
three weeks. It was further refluxed with and distilled over a sodium- 
potassium alloy. A small amount of naphthalene was distilled into the 
container, and the green sodium naphthalene complex was formed. The 
retention of the green color was used as an indicator for the purity of di- 
oxane. The flask containing dioxane was covered with an aluminum foil and 
degassed from time to time. Even with all these precautions, it was ob
served that after a period of about three weeks the green complex decom
posed and a brown crust was formed. In order to avoid this, the contents 
were distilled on fresh sodium-potassium alloy after about every two weeks.

Tetrahydrofuran (Anachemia) was kept over CaH2 and degassed on the 
vacuum line for three weeks. I t was refluxed with and distilled over a 
sodium-potassium alloy. A small amount of naphthalene was distilled
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into the flask and the retention of the green color was used as a test for the 
purity of the solvent.

a-M ethyl styrene (Baker analyzed) was kept over CaH2 and degassed on 
the vacuum line for two to three weeks. It was distilled under vacuum, the 
head and the tail fractions being discarded. Vapor-phase chromatography 
(VPC) of the middle fraction showed it to contain small amounts of cumene, 
but the presence of no other material could be detected.

Calibration of the Ampoules

Polymerization runs were carried out in calibrated ampoules of the type 
shown in Figure 1. These ampoules were calibrated by filling them up to a 
definite reference mark with mercury at 25.00 ± 0.05°C and from the 
weight of mercury required to fill them, the total volume was deduced. 
Further the cross-section of the capillary (Fig. 15) and the tubing (Fig. la) 
were checked at different points by filling them with mercury at different 
levels and noting the differences of their levels and the reference mark. At 
each level mercury was weighed, and from the density of mercury at 25°C, 
the corresponding volume was calculated. As the total volume at the 
reference mark and the cross section were known, the volume at any level 
in the ampoules could be deduced. Ampoules of type shown in Figure la 
were easy to handle and therefore more frequently used for polymerizations. 
The volume of these ampoules was approximately (i ml and determined 
within an error of ±0.03%. The use of dilatometers was restricted to the 
study of the kinetic curve as the polymerization progressed toward equilib
rium; in this case the accuracy on the volume (6 ml) was around ±  0.005%.

Polymerization

Polymerizations were carried out in the reaction vessel shown in Figure 
lc with an ampoule or dilatomet.er attached to it at point I. The reaction 
vessel was cleaned by filling with chromic acid and left overnight. It was 
then washed successively with distilled water and methanol and dried. A 
piece of potassium was introduced at A and the end was sealed. The reac
tion vessel was connected to the vacuum line at G and degassed. The 
potassium metal was heated with a cold flame, a mirror formed in C, and the 
glass was collapsed at B, the lower part being discarded.

The monomer and the solvent were then distilled into E which had been 
previously graduated for a rough estimate of the starting monomer con
centration. The mixture of monomer and solvent was frozen with liquid 
nitrogen and the reaction vessel sealed off the line at F. The mixture was 
then poured on to the potassium mirror and the reaction vessel was rinsed 
with it till the red color indicating the presence of poly-(a-methylstyryl) 
anions was persistent. The. solution was transferred to E, frozen, and 
sealed off at D, part C, being discarded, and then transferred from E to J 
(or K) up to a level slightly lower than the reference mark. The glass was 
collapsed at H and the dilatometer (or the ampoule) was immersed in a con



1986 LEONARD AND MALHOTRA

stant temperature bath set at a desired temperature. Progress toward 
equilibrium was followed through the variation of the meniscus height in 
dilatometer K with time. It was observed that in the case of the a-methyl- 
stvrene-dioxane system at 5°C, equilibrium was reached after 8 days.

After equilibrium had been reached, the dilatometer (or the ampoule) 
was inverted and opened to air at H in presence of methanol, the whole 
process being carried out at equilibrium temperature. After the red color 
had disappeared, the solution was quantitatively removed and the polymer 
precipitated in methanol. The precipitated polymer was filtered through a 
weighed sintered glass filter, thoroughly washed with methanol and dried in 
a vacuum oven at 60°C to constant weight . The filtrate and the washings 
were collected in a measuring flask and preserved for the analysis of the 
unreacted a-methylstyrene.

Monomer Analysis

Determination of unreacted monomer was carried out through gas chro
matography with cumene as an internal standard. Analyses were per
formed with a Perkin-Elmer chromatograph at 170° on a UCON oil col
umn LB-550-X with the use of a thermal conductivity detector with helium 
as a carrier.

Molecular Weights

Molecular weights of poly-a-methylstyrene were determined by viscom- 
etry in toluene at 25°C in a modified Ubbelhode viscometer. Molecular 
weights were computed from the relation:5

[v] = 7.81 X 10-5 Mv0-73

where M, is the viscosity-average molecular weight (M„ > .‘1 X 104). The 
intrinsic viscosity [77] was determined by a one-point method.6 For the 
present syst em, results obtained by the one-point method are in good agree
ment with those obtained through the extrapolation of rjsp/c.

RESULTS

Equilibrium monomer concentrations ,M and equilibrium polymer 
concentrations [P] for the anionic polymerization of a-methylstyrene in 
p-dioxane at 5, 15, 25, and 40°C are shown in Table I together with molecu
lar weights, Mv, and “living end” concentrations [LE], Assuming two 
“living ends” per chain, [LE ] is obtained through the relation

[LE] = 2w/MvVe = 2 X 118.2 [P]/Mv mole/1 (1)

where w is the weight of polymer (in grams) present at equilibrium in the 
volume VD (in liters).
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TABLE I
Equilibrium Values of Monomer and Polymer Concentrations, Molecular Weights and 

Living End Concentrations at Various Temperatures

Solvent

Tem
perature,

°C
[M]e,

mole/1.

[P],
base-

mole/1.
M v X 10“4, 

g/mole
[LE] X 103, 

mole/1.

Dioxane 5 0.864 0.422 18.5 0.54
0.677 1.140 8.7 3.1
0.761 1.823 18.8 2.3
0.671 2.131 14.7 3.4
0.565 2.532 16.7 3.6
0.532 3.200 14.7 5.1
0.540 3.810 16.0 5.6

Dioxane 15 1.40 0.86 f>.5 3.7
1.42 0.980 12.9 1.8
1.29 1.300 6.9 4.4
1.13 1.96 6.7 6.9
1.13 2.04 12.4 3.9
1.05 2.080 5.6 8.7
1.13 2.300 10.6 5.1
0.84 2.960 11.0 6.3
0.91 3.670 16.0 5.4
0.80 3.830 20.9 4.3
0.75 4.420 21.8 4.8

Dioxane 25 1 .863 0.890 2.9 7.1
1.920 1.140 7.3 3.7
2.040 1.330 6.4 4.9
1.750 2.174 6.4 8.0
1.700 2.220 4.0 13.2
1.600 2.600 9.5 6.4
1.670 2.680 10.0 6.3
1.610 3.230 10.1 7.6
1.350 4.600 15.5 7.2

Dioxane 40 3.510 0.860 3.0 6.7
3.380 1.600 9.7 3.9
3.400 1.620 13.7 2.8
3.250 2.800 4.9 13.5
3.050 4.330 17.7 5.8

TABLE II
Experimental Values of A, B, and b at Various Temperatures

Tempera
ture,

°C mole/1.

- B  
mole /  
base- 
mole

v* m>
l./mole

v n
1./base- 

mole m° - b

5 0.866 0.097 0.128 0.106 0.111 0.117
15 1.50 0.180 0.129 0.107 0.193 0.217
25 2.10 0.164 0.130 0.107 0.273 0.199
40 3.607 0.129 0.132 0.108 0.476 0.158
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Fig. 2. Variation of equilibrium monomer concentration [M], with polymer concentra
tion [P] for the anionic polymerization of «-methylstyrene: ( • )  in p-clioxane, (+ )  in T1IF.

From Figure 2 it can be seen that, as in the case of tetrahydrofuran 
(THF), the variation of [M]e with [P] is linear for the concentration range 
studied here and this variation majr be expressed by

[M]C =  H + 5 [ P ]  (2)

Parameters A and B are computed by tire method of least squares and re
sults are shown in Table II.

In order to relate the experimental results to the thermodynamic proper
ties of the polymerization system, eq. (2) is written in terms of monomer 
volume fraction, 4>m, and polymer volume fraction, 4>p;

4>m =  A V rn +  B ( V m/ V p) 4>v =  ^m0 4“ 4̂>P (3)

where F m is the monomer molar volume and FP, the volume of one base- 
mole of polymer. Values of Fm are obtained from data in the literature,7 
and values of VP are assumed to be identical to values obtained in THF .1 
Values of Fm, Fp, 4>mn, and b are shown in Table II.

The variation of <f>m with <#>,, may be expressed by2

_ — (AG\e/RT) +  In a +  ft Xmn — ft ,
ft +  Xmp — (1/ffl) ft +  Xmp — (1/ffl) '

where x is the free-energy interaction parameter between any two compo
nents, the subscripts m, s, and p referring to monomer, solvent, and polymer,
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respectively; 0 = x™* — x»i< (Fm/T §) where Fs is the solvent molar volume; 
A(?ic is the tree-energy change upon conversion of 1 mole of liquid monomer 
to 1 base-mole of liquid amorphous polymer of infinite chain length, and 
since the molecular weights Mv listed in Table I are all above 11,800 (DP = 
100), the infinite chain length assumption is valid, a is a constant which, 
ideally, should coincide with Assuming a = <f>m° and xmP = 0.4 for
the present range of polymer concentrations,8 0 and — (AGic/R T ) may be 
computed by comparing eq. (3) with eq. (4). Results are shown in Table
III.

TABLE III
Values of ß and AGic/R T  Deduced from Equations (3) and (4)

Tempera
ture, °C

Dioxane Tel rahydrofuran

ß -A G ic/R T ß -AG ic/R T

5 -0 .6 9 1.85 -0 .8 1 1.82
15 -0 .8 1 1.38 -0 .8 0 1.22
25 -0 .3 1 0.63 -0 .7 5 0.68
40 0.16 - 0 .1 5 — —

DISCUSSION

The consistency of the equations used for the computation of AGu may 
be checked by comparing results obtained for the polymerization of a- 
methylstyrene in p-dioxane and THF. As A(nc refers essentially to the 
conversion of liquid monomer to liquid amorphous polymer of infinite chain 
length, this quantity should be independent of the polymerization system 
at a given temperature for a given monomer. If this is so, although the 
equilibrium monomer and polymer concentrations in p-dioxane and THF 
are different, eqs. (3) and (4) should yield identical values of ALT for the 
polymerization of a-methylstyrene. Table III shows comparative values 
of A(?ic/R T  for both systems. In Figure 3, values of AGu/RT available 
for both systems are plotted against 1/T. It can be seen that agreement 
between the two sets of values is quite satisfactory; by using the least-mean- 
squares method (the value at — 20°C being omitted), a value of —10.6 kcal 
for AF/ic is obtained, which confirms the value of —10.8 determined pre
viously. 1

The effect of solvent on the equilibrium position can be checked empiri
cally by comparing the variation of [M]0 with [P] in THF and p-dioxane. 
From Table II and Figure 2 it can be seen that for a given temperature, the 
equilibrium monomer concentration in p-dioxane is approximately 20% 
lower than the corresponding monomer concentration in THF, together 
with the variation of [M]c with [P]. These two different behaviors cannot 
be explained through AGic/RT since for a given monomer at a given tem
perature, this thermodynamic value is independent of the polymerization 
system. This difference may be expressed in terms of 0, a parameter which
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is the sum of two parameters describing the solvent-monomer and solvent- 
polymer interactions. Values of 0 for both polymerizations systems at vari
ous temperatures are shown in Table III. It can be seen that for the 5- 
25°C temperature range, this parameter varies considerably with tempera
ture in p-dioxane whereas it is relatively constant in THF. As expected

_i______ i______ i______ i______ i______ i______ i______ i--------- 1
3.2 3.4 3 6 3.8 4.0

l /T  x IO3 DEG''

Fig. 3. Variation of AG\c/I tT  with l / T  for the polymerization of «-methylstyrene. 
AGit/RT comupted from data obtained (•)  in p-dioxane, (+ )  in THF.

from the above considerations, values of /3 at 5 and 25 °C differ quite ap
preciably. At 15°C both values of ¡3 are similar but this is also the tem
perature where the discrepancy for AGic/RT estimated from the p-dioxane 
system and the THF system is the largest; this would indicate that the 
similarity between the two values of ¡3 is only apparent. This result seems 
to confirm the effect of solvent on the equilibrium position and works are
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now being carried out for the determination of xsn and Xm„, and hence /3, 
in an independent way in order to get more information about this effect.
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Radiation-Induced Polym erization at High Pressure 
of 2,3,3,3-Tetrafluoropropene in Bulk and with 

T etrafluoroethylene

DANIEL W. BROWN, ROBERT E. LOWRY, and LEO A. WALL, 
Institute for Materials Research, National Bureau of Standards, 

Washington, D. C. 20234

Synopsis
The radiation-induced polymerization of 2,3,3,3-tetrafluoropropene was studied as a 

function of temperature (22-100°C) and pressure (autogenous to 104 atm). Rates have 
varied 100-fold for the same reaction conditions probably because of trace impurities. 
The most rapidly polymerizing material has a rate of 4.5%/hr at 6000 atm, 22°C, and 
1500 rad/hr. The activation enthalpy and volume are 4 kcal/mole and —13 cc/mole, re
spectively. Rates are proportional to the square root of the radiation intensity. De
grees of polymerization varied between 2 X 10s and 2 X 106. In copolymerization 
with tetrafluoroethyleue the reactivity ratios at 22°C and 5000 atm are 0.37 (the ratio 
for addition to the tetrafluoroethylene-ended radical) and 5.4 (the ratio for addition to 
the tetrafluoropropene-ended radical). Comparison of ratios for the copolymerization 
of other fluorine-containing monomers with tetrafluoroethylene shows that they generally 
disfavor incorporation of the latter.

INTRODUCTION

Previously, studies were made of the radiation-induced polymerization at 
high pressure of propene,1 3,3,3-trifluoropropene,2 and hexafluoropropene.3
2,3,3,3-Tetrafluoropropene has now been studied similarly. The polymeriza
tion appears sensitive to 1 race impurities, and the uncertainty of the result s 
in bulk polymerizations caused us to study the copolymerization with 
tetrafluoroethylene. A preliminary description of our work has been given.4

Other workers using 2,3,3,3-tetrafluoropropene have homopolymerized 
and copolymerized it by emulsion techniques,5 telomerized it with various 
halogen-containing alkanes at 150- 200°C,6 and polymerized it at autoge
nous pressure under radiation from 60Co.7 This last is pertinent to our work. 
The number of tetrafluoropropene molecules polymerized per 100 eV ab
sorbed was reported to be 350 at 105 rad/hr. The polymer had a number- 
average degree of polymerization (DP„) of seven whether prepared at 10° 
or 8 X 105 rad/hr.

EXPERIMENTAL

2,3,3,3-Tetrafluoropropene was prepared by deiodofluorinating 2,2,3,3,3- 
pentafluoropropyl iodide, samples of which were purchased from Columbia

1993
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Organic Chemical Company, Peninsular Chem Research, and Pierce Chemi
cal Company. The deiodofluorinations are described below. Tetrafluoro- 
ethylene was purchased from Peninsular Chem Research. Inhibitor was 
removed by low-temperature distillation.

Both monomers were degassed, condensed on Ascarite, then on phos
phorus pentoxide, and finally condensed into the reaction vessels. High- 
pressure polymerizations were performed in steel bombs as before.8 Glass 
tubes were used for runs at autogenous pressure. An external radiation 
source of “Co was used. Rates in each run were calculated from the con
version and time in the source.

In copolymerizations the monomer compositions were calculated by use 
of the perfect gas law from the pressure and volume of each component. 
Copolymer compositions were calculated from their carbon contents. Mole 
fractions of the components are within 0.02 of correct values.

Intrinsic viscosities [??] at 29.8°C were determined as before in acetone 
and hexafluorobenzene.9 No corrections were made for the effect of the 
shear rate (2500-5000 sec“ 1)- Fractions were prepared by precipitating 
the polymer from solutions of acetone with benzene (high DP) or with 
methanol (low DP) by successive temperature reductions. The ratio of 
osmotic pressure to concentration was determined at four concentrations 
each in acetone for four of the fractions. Plots of the square roots of these 
ratios versus concentration for each fraction were linearly extrapolated to 
zero concentration. The intercepts were squared and used in the van’t 
Hoff equation to calculate the molecular weights of the fractions.

RESULTS

Preparation of 2,3,3,3-Tetrafluoropropene

Three dehalogenation methods were used. These are listed in Table I. 
Conditions and general techniques were similar to those used by others in 
analogous preparations.10“ 12 In the zinc and magnesium methods the 
iodide was added dropwise to the stirred, refluxing, solvent-metal mixture, 
and the fluoropropene was collected as it evolved. When methyl lithium 
was used, it was added dropwise to the cold, stirred, ether-iodide mixture;

TABLE I
Deiodofluoriiiation uf 2,2,3,3,3-Pentafluoropropyl Iodide

Agent/solvent Yield, %

temp CF3CF = CH2 C2F5CH3

Zn/HAc 
reflux

Mg, Ii/ether 
reflux

CH3Li/ether

15

1.0

— 80°C 65 0.8



this was stirred for 6 hr at — 80°C and allowed to warm to room temperature 
overnight. Some fluoropropene collected in an attached cold trap during 
this warmup but the bulk remained in the ether from which it was later 
driven by distillation.

The low-boiling material from each preparation was redistilled, taking as 
the fluoropropene the fraction boiling between —29 and — 28°C. (The 
boiling point of 2,3,3,3-tetrafluoropropene is reported as — 28.3°C.13) The 
molecular weight measured by vapor density on a portion of one fluoro
propene fraction was 114; elemental analysis of polymer formed from it gave 
1.69% H, 31.5% C, and 67.2% T. Theoretical values are 114 for the 
monomer molecular weight and 1.77% H, 31.59% C, and 66.64% F for the 
composition.

The yields of fluoropentene fraction are given in Table I. Unconverted 
iodide was recovered from the methyl lithium reaction. The propene yield, 
based on iodide consumed, was 90%. In the other reactions, essentially no 
iodide was recovered.

These different syntheses were used because of byproduct formation, 
poor yields, and apparent retardation in the polymerization of the fluoro
propene. 1,1,1,2,2-Pentafluoropropane was formed in all dehalogenations; 
its yields are included in Table I. Identification was based on the boiling 
point, — 17°C,14 and the vapor density of the portion of a distillation cut 
from the zinc dehalogenation, collected between —28 and — 15°C, that did 
not undergo bromination. Chromatographic and mass spectrographic 
analyses were used to establish fluoropropane yields in the other reactions. 
A 1-m, Perkin-Elmer column (treated silica gel) at 110°C resolved the 
fluoropropane and fluoropropene satisfactorily, the former having a 50% 
greater retention time. SE 30, in the 1-m column, did not resolve these 
components at — 103C.

Chromatographic analysis on the silica gel column of the fluoropropene 
from the zinc reaction showed a fluoropropane content of 5%. The pro
pane contents of the other cuts were about 0.5%. Except for that of air, 
no other impurity peaks were present in the chromatogram of the distillate 
from the zinc reaction. The magnesium-prepared fluoropropene on SE 30 
showed an unidentified impurity with a low retention time in its chromato
gram, approximating 0.1 % of the total peak area. The silica gel chromato
gram of the propene from the methyllithium reaction contained a peak 
with 0.05% of the total area that had the same retention time as 3,3,3-tri- 
fluoropropyne. No peak appeared at the retention time of 2-(trifluoro- 
methyl)-propene. (Authentic samples of these two compounds were ob
tained from Peninsular Chem Research.) In our reaction one might 
expect such compounds following transfer and addition reactions, respec
tively, of methyllithium with 2,3,3,3-tetrafluoropropene.

Earlier,4 peaks in the mass spectrum at masses 36, 37, 38, 55, 56, 57, 81, 
82, and 83 were mentioned as possibly being due to impurities. Additional 
work indicates that they probably arise from the propene or propane. 
Other small peaks were sometimes found at masses 39, 40, and 41. Their
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origin is unknown, but they may be associated with poor polymerizability, 
as discussed below.

Bulk Polymerization

At 5000 atm* and 22°C, the polymerization rate without radiation was 
less than 10~3%/hr. (As this is only 2% of the lowest radiation-induced 
rate that we observed, the contribution of thermal polymerization is not 
considered further.)

In contrast, exposure to 7-radiation under these conditions readily pro
duces polymer. Figure 1 shows for different samples at 22°C how poly
merization rate varies with pressure. The conversions to polymer ranged 
from 0.1 to 20%. Numbers near the points in the figure are values of [rj] 
in acetone.

The polymerizations were done first with the fluoropropene from the zinc 
reaction (filled circles in Fig. 1). As noted above, this reactant contained 
5% pentafluoropropane. It polymerized well to form polymers with large 
[77 ] values, indicating that this propane neither inhibits polymerization nor is 
a labile transfer agent. However, it was desired to effect the polymeriza
tion in the absence of the fiuoropropane, and additional fluoropropene was 
prepared by use of the magnesium reaction, since separating the propene 
from the propane was impractical.

This material polymerized very slowly (flagged open circle, in Fig. 1); 
[77] was not determined. The run was repeated, and about the same result 
was obtained. This propene was then purified by preparative-scale chro
matography with the use of SE 30 at — 10°C in a 5/8-in. diameter, 9-ft 
column. About 10% was cut from the front and back of the propene peak; 
the unidentified impurity, mentioned earlier, came off well before the pro
pene peak. The shape of the main peak indicated overloading, and it is 
unlikely that there were large reductions in the concentrations of any im
purities having retention times about equal to that of the propene. Never
theless, the polymerization rate of the purified monomer (open circles in 
Fig. 1) was almost two orders of magnitude higher than before the chro
matography. The rates and intrinsic viscosities are higher throughout 
the pressure range than those obtained wit h t he product of the zinc reaction.

Mass spectra were secured using the magnesium-prepared propene from 
the original distillation, from that recovered after the first two polymeriza
tions and after chromatographic purification; also, the material rejected in 
this chromatographic purification was run. Certain small peaks, whose 
size correlates inversely with polymerization rate, were found. These peaks 
and their heights are listed in Table II. Comparison of the results from the 
as distilled and recovered samples shows a 50% decrease in their heights 
which may indicate that an impurity had been consumed. The chromato
graphed sample contained no peaks at these masses whereas the sample de
luded inject did. The second comparison appears particularly significant,

* 1 til in equals 1.01.' > X 1 ()B (lync/cm2 or l.OI.'J X lO^N/in2.
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Fig. 1. Polymerization rate at 22°C, 1500 rad/hr vs. pressure: (•)  Zn reaction; 
(CO Mg reaction; (O) Mg reaction chromatographed; (□) MeLi reaction; (X ) MeLi 
reaction chromatographed; (*) MeLi reaction sodium treated; (A) MeLi reaction 
chromatographed. The numbers near the points are intrinsic viscosities in acetone 
(dl/g).

since the chromatographed and rejected samples were run on the same day 
in the order listed, with only a background run in between. Masses 39, 40, 
and 41 presumably come from fragments containing three carbons and 
three, four, and five hydrogens, respectively, but these cannot arise from 
G3H2F4. If they come from doubly charged ions of masses 78, 80, and 82, 
then peaks 10-fold higher should be found at these masses. Such was not 
the case; additionally, masses 78 and 80 cannot arise from C3H2F4.

The supply of the fluoropropene from the magnesium reaction was ex
hausted before all the desired work was accomplished. More fluoropropene 
was prepared, this time by the methyllithium reaction in the hopes of 
bettering the yield and avoiding a need for chromatographic purification. 
However, the polymerization rate of this product was low (squares in Fig. 
1). After chromatographic purification (crosses, Fig. 1), rates were higher
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TABLE II
Ion Currents in Per Cent, of That at Mass-to-Charge Ratio m/e Equal to 69 in the Mass 
Spectra of 2,3,3,3-Tetrafluoropropene Prepared by Use of Iodine-Activated Magnesium

Sample

Ion currents

m/e = 39 II o m/e = 41

As distilled 0.50 0.22 0.60
Recovered 0.28 0.12 0.30
Chromatographed 0 0 0
Rejected 0.10 0.10 0.10

but not as high as with the purified fluoropropene from the magnesium 
reaction. Several repeat polymerizations using recovered propene were 
performed at 6100 atm to test whether the rate would become greater each 
time, as might be expected if a retarder were being consumed. This did not 
occur; instead, rates varied randomly from 1 to 2%/hr.

Analytical chromatograms had shown that a little 3,3,3-trifiuoropropyne 
was present in the methyllithium-prepared propene after being chromato
graphed on a preparative scale. Treatment with sodium amalgam re
moved this impurity. In three separate runs the resulting fluoropropene 
polymerized very slowly to polymer of relatively low intrinsic viscosity 
(asterisk in Fig. 1). This fluoropropene was then chromatographed on a 
30-ft (SE 30, Nester Faust, biwall) preparative column at — 10°C, and the 
polymerization rate and intrinsic viscosity now found (triangle in Fig. 1) 
were the largest yet obtained in runs at 6000 atm.

The analytical chromatogram of the material rejected in the preparative- 
scale purification showed two impurity peaks with 0.2 and 0.02 area-% com
ing out after the fluoropropene peak. As the rejected material represented 
about 10% of the total chromatographed, these contents before chromato
graphing would have been about one tenth as large. These impurities 
have not been identified. Mass spectrograms were obtained as before but

TABLE III
Effect of Radiation Intensity at 6100 atm on the 

Polymerization of 2,3,3,3-Tetrafluoropropene

Dehalogenation
agent

Temperature,
°C

(Intensity)1' 
(rad /hr)1 '

Rate,
%/hr

M,
dl/ga

Znb 98 38 6.8 1.18
Znb 98 210 42 0.53
Zn" 22 92 6.8 0.27
Zn° 22 368 36 0.22
Mg« 22 38 2.8, 3.3 4.6, 4.1
Mg« 22 210 18.3 1.85

a In acetone at 29.8°C.
b 5% c f »c f 2c h 3.
c 5 0 % CF.CFjCH,.
« Chromatographed, 0 .6'j CFjCFaClI*.
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no significant differences in impurity peaks were found in samples of the 
original distillate, the chromatographed main peak and rejecta and the 
amalgam-treated material. No additional efforts were made to achieve 
more reproducible polymerization rates because each new approach we 
tried seemed to bring new problems.

An exploration has been made of the effects of varying the intensity of y- 
radiation. Results in Table III show that the polymerization rate increases 
about as the square root of radiation intensity. At the high intensities, 
values of [77] are much less except in those samples of the zinc-prepared 
propene to which additional pentafluoropropane had been added.

Figure 2 is a modified Arrhenius plot of results at 9200 atm and 6000 atm 
for magnesium- and zinc-prepared 2,3,3,3-tetrafluoropropene, respectively.

Copolymerization
Table IV contains results of the copolymerizations. Arithmetic means 

of the initial and final monomer compositions are listed since the change 
during polymerization was less than 0.02. The intrinsic viscosities were 
determined in hexafluorobenzene because the polymers containing more 
than 19% tetrafluoroethylene do not dissolve in acetone. The polymer 
containing 86% tetrafluoroethylene is insoluble but swells greatly in hexa
fluorobenzene. Presumably, this behavior is due to crystallinity. Poly
mer containing 68% tetrafluoroethylene or less is soluble in the monomer.

Polymerization continues after removal from the radiation source. Two 
homopolymerizations are listed. These differed in that the second had a 
23-hr post-irradiation storage period at 5000 atm. Almost three times as 
much polymer was formed as without storage. A volume decrease at

TARLE IV
Copolymerization of C2F4 and CF3CFCH2 at 5000 atm, 22°C, and 1500 rad hr

C2F4, mole fraction 

In monomer In polymer
Irradiation 

time, hr

Polymer
yield,

mole-% sr
 Jd M ,

dl/ga

0.95 0 . 8 6 2 . 0 2.37 1 . 2 0

0.91 0.79 3.0 2.47 0.83 4.04
0.89 0 . 6 8 2 . 0 1 . 2 0 0.60 3.19
0.81 0.50 3.0 1.61 0.54 2.34
0 .53b 0.19 2.33 3.81 1 . 6 6

0.51 0.18 5.0 1.79 0.36 1.29
0.43b 0.14 3.0 4.38 1.49
0.16 0.032 3.25 2 . 1 0 0.65
0 0 4.0 3.95 1 . 0 1 2.05
0 0 4.0 1 1 . 1 4.28
0.81“ 0.48 1.0 0.92 0.93 3.98
0.81d 0.60 1.0 4.11 4.20 6.70

a In C6F6.
b Stored 18-24 hrs at 5000 atm, 22°C after removal from source. 
c Polymerized at 10000 atm, 22°C. 
d Polymerized at 5000 atm, 73 °C.
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°C
100 60  2 0

I 0 3 / ° K

Fig. 2. Modified Arrhenius plot. ( • )  Zn reaction (6000 atm); (O) Mg reaction, 
chromatographed (9200 atm). Rates were at 1500 rad/hr. The numbers near the 
points are intrinsic viscosities in acetone (dl/g).

constant pressure during storage was observed, confirming that a reaction 
was going on. The intrinsic viscosity also is higher than that of the poly
mer formed without storage. These phenomena are the same as found 
with 3,3,4,4,5,5,5-heptafluoropentene-l and presumably have the same 
cause: a radiation-formed thermal catalyst.15 Before this was discovered
the copolymerizations designated (b) had been performed. The vessels 
had been removed from the source late in the afternoon and not opened 
until the next day. Presumably, polymerization during storage accounts 
for the high values of the listed rates, which are based on time in the source. 
Values of [??] were not determined because the samples were consumed in 
elemental analysis.

Intrinsic Viscosity-DP,, Relation

Figure 3 shows the variation of intrinsic viscosity [r; ] in acetone and hexa- 
fluorobenzene with DP for four fractions. The equations for the least- 
squares fit to the data are:

Acetone:

[v \ = 3.6 X 10~3 (DP)0-58

Hexafluorobenzene:

[v] = 2.6 X 10- 3 (DP)0-65

The low exponent in acetone indicates that 29.8°C is near the theta 
temperature. Consistent with this, polymer having an intrinsic viscosity 
of 10 dl/g is not completely dissolved at 20°C.
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Fig. 3. Intrinsic viscosity at 29.8°C vs. DP for fractions of poly-2,3,3,3-tetrafluoro-
propene. (•)  in Cf,F6; (O) in acetone. DP from osmotic pressure measurements.

DISCUSSION
The differences in polymerization rate found among the various prepara

tions appear too large and too consistent to be due to random scatter, which 
might result simply from an irreproducible loading technique. .1 priori, 
the differences might come from the presence of retarders or accelerators. 
In Figure 1 it is seen that, at constant pressure, higher rates are generally 
associated with higher intrinsic viscosities. If the higher rates were due 
to the presence of accelerators lower intrinsic viscosities would be expected. 
Since rates increased with temperature (Fig. 2) and about as the square 
root of the radiation intensity (Table III), a free-radical mechanism appears 
applicable to the unretarded, propane-free polymerization:

Initiation:
M __ !_»  R

d[R]/dt = 1.18 X 10-10/G,[M]

Propagation:

Rw +  M ------- > R„+i

-d[M]/dt  = fc2[M] E  [R»]
1

Transfer:

Rre +  M — P, +  R

cl[P]/dt = k3[M] ¿  [R„]
1

Termination:

( ¿ [ R ,] )d \ P ] / d t  =  2 k i
2
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Fig. 4. Reciprocal DP„ vs. rate at different intensities: (O) disproportionation; (•)  
combination. Chromatographed 2,3,3,3-tetrafluoropropene from Mg reaction, 22°C, 
6100 atm.

The letters M, R, and P denote the monomer, radicals, and polymer, 
respectively, and the terms in brackets are their molar concentrations. 
Subscripts denote the number of monomer units and the /c’s are rate 
constants. I  is the radiation intensity in rads per hour and Gt is the number 
of radicals formed per 100 eV absorbed. The factor 1.18 X 10“ 10 gives 
d [R)/dt in moles/l.-hr when I is in rad/hr.

Assuming that- there is a long kinetic chain and that the steady state

approximation for |R„ ] is valid, the equations for R,„ the fraction of 
i

monomer polymerized per hour, and DP,,“1 are:

R„
- d [ M ]  
[M }dt ko [R] = 1.09 X 10 “6| '/g«[M]

i 2k,
k2 (1)

D P « - 1
2k,Rp fc3 

f e w  +  k2 (2a)

DP«-1 1.18 X 10- WG,I h
RP k2 (2b)

If termination is by combination, the first term on the right side of eqs. 
(2a) and (2b) is half as large.
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The presence of fluoropropane and retarders superimposes additional 
steps. We have no certain evidence concerning these and so will assume 
that the mechanism above applies to the polymerization of the chromato
graphed product of the magnesium prepared propene. This has little 
fluoropropane and gave high rates and intrinsic viscosities. The other 
products will be considered only where special comment is indicated.

Data from the magnesium-prepared sample in Table III were used to 
calculate k3/k 2 and Gt by use of eqs. (2a) and (2b). The intrinsic viscosity- 
DP relation found in acetone was used to calculate the DP; viscosity-aver
age values being obtained for whole polymer. These were assumed to be
1.8 times DP„ for termination by disproportionation and 1.4 times DP„ for 
termination by combination. Figure 4 is a plot of DP«-1 versus 100 RP. 
The intercept, k3/k2, is about 2 X 10 ~6 for both methods of termination. 
Gt was calculated by use of eq. (2b) from the rate at 44,000 rad/hr, since 
the importance of transfer decreases as intensity is increased. Depending 
on whether termination is by disproportionation or combination, (?< is 1.2 
or 1.9 rad/100 eY, respectively. Values of about this size are normal for 
radical formation from small molecules.

The kinetic chain length is R„ divided by 1.18 X 10_107(?i. Assuming 
Gi is 1.2 under all polymerization conditions, this length ranges from 4 X 
108 at autogenous pressure to 2 X 106 at 70°C and 104 atm. DP„, calcu
lated as above, ranges from 3 X 103 to 0.5 X 106. Considering that values 
of b] above about 4 dl/g should be higher than found, because of the effect 
of the shear rate, we conclude that kinetic chain length is about equal to 
DP„. Khramchenkov’s7 observations that DP„ was only 2% of the G value 
for monomer consumption and that DP„ was independent of radiation 
intensity imply that there was much transfer at autogenous pressure. Our 
data show that the transfer was not with the propene.

Activation volumes and enthalpies may be calculated from the data in 
Figures 1 and 2, respectively.2 For the chromatographed magnesium-pre
pared propene, these are —13 cc/mole at 22°C between 2000 and 9800 
atm and 4 kcal/mole at 9200, respectively.* The low value of the latter is 
consistent with a temperature-independent rate of initiation. The activa
tion entropy may be calculated from any rate, once the activation enthalpy 
is known.2 The value at 9200 atm is about —16 cal/mole-degree. The 
slopes of the lines for different products in Figures 1 and 2 are nearly the 
same, showing that the overall activation volumes and enthalpies of each 
product are similar to the values above.

Although much effort has been put into purifying this fluoropropene there 
is no way of proving that a completely unretarded polymerization has been 
achieved. (This is also true of other polymerizations.) For this and other 
reasons, it is felt that a table of copolymerization reactivity ratios with a 
common monomer better reveals the correlation between monomer activity 
and structure than bulk polymerization rates. Provided that the kinetic 
chain for the incorporation of each monomer is long, retardation will not

1 kcal equals 4.184 kJ.
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affect the copolymer composition which will depend on the monomer com
position and four propagation rate constants. The latter are denoted 
fcAa, /cab, /cbb, and fcBA, where A and B refer to tetrafluoroethylene and
2,3,3,3-tetrafluoropropene, respectively. In each constant the first sub
script indicates the kind of radical end and the second indicates the mono
mer added. An equation relating the instantaneous polymer and monomer 
compositions is16

F\ = (r i/ a2 + / a/ b)/(Vi/ a2 +  2/a/ b +  /'s/ b2) (3)

where Fa and f \  are the mole fractions of tetrafluoroethylene in polymei 
and monomer, respectively, / B is the mole fraction of the prupene in the 
monomer, and ri and r2 are the rate constant ratios /caa/A'ab and kbb/A’ba, 
respectively.

The composition data from polymerizations at 5000 atm and 22°C in 
Table IV were used to calculate i\ and r2, by the Fineman-Ross method.17 
The values obtained were entered in eq. 3 which was then used to generate 
the line in Figure 5. Symbols indicate experimental points; they approach 
the line closely throughout the composition range. Single runs at higher 
pressure and temperature also give points close to the line, indicating little 
effect of those variables on the reactivity ratios.

F ig . o. M o le  f ra c tio n  C 2F 4 in p o ly m e r (Fa) vs. t h a t  in  m o n o m e r ( / A): (O) .r)000 a tm , 
2 2 °C ; ( • )  10000 a tm , 2 2 °C ; ( X )  5000 a tm , 7 3 °C . L in e  a cc o rd in g  to  eq . (3 ) w ith  r, =  
0 .37, r 2 =  5.4.
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Table V lists the reactivity ratios for other B monomers copolymerized 
with tetrafluoroethylene at high pressure. Ratios for 3,3,3-t.rifluoropro- 
pene and 3,3,4,4,5,5)5-hoptafluoropentene-l were published previously.S1S 
Ratios for 2-trifluoromethyl-3,3,3-trifluoropropene and for trans-1,3,3,3- 
tetrafluoropropene are from work in progress. The reciprocals of the r ’s 
represent relative rate constants for the addition of the monomers to a 
radical ending in a tetrafluoroethylene unit using a scale on which the rate 
constant for addition of tetrafluoroethylene is one. Considering the first 
three B monomers in Table V the reciprocals increase as the number of 
electron-withdrawing groups on the vinyl group is decreased. Steric 
effects appear to be involved to a minor extent since the reciprocals for the 
hexafluoroisobutylene and 3,3,4,4,5,5,5-heptafluoropentene-l are not much

TABLE V
Rate Constant Ratios n, r% at 5000 atm and 2200

B n l An r-i
-d[B]/[B]Æ,b

%/hr
c ,f 4
c h 2= c f

i
Ü.37

i
2.7

1
5.4 3.2

c f 3 
CHf Oil 0.12 8.3 5.0 1.5

c f 3
CF3°

CH2=C 0.58 1.7 0.09
1

c f 3
CH*=CII 0.21 4.8 2.3 0.05

C.iF?
trans-C II F =C  H 22 0.046 0.18 0.001

1
c f 3

' A  =  C2F4; ri =  Icaa/Tab; i'i =  1'bbA ba.
b At 3000 rad /hr, [A] = 0.
• 104 atm. Monomer supplied by Dr. M. H. Kauffman, Naval Weapons Center, China 

Lake, California.

less than  those for 2,3,3,3-tetrafluoropropene and 3,3,3-trifluoropropene, 
respectively. The trans-1,3,3,3-tetrafluoropropene has a very low recip
rocal. This implies that, polar effects are very important, since the ten
dency of fluorine to withdraw electrons should be about the same in both 
the one and two positions.

The rx’s show much less variation with structure than  do the homopoly
merization rates. The latter involve rate constants for the addition of 
each monomer to a different active end as well as initiation and termina
tion rate constants. In  each case these constants are combined as in eq. 
( 1 ), provided no retarder is present.

The variation of the r 2  can not be correlated simply with monomer 
structure because different B-ended radicals are involved. Where the
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value exceeds one, the ratio favors the incorporation of monomer B. This 
is the case except with the hexafluoroisobutylene and fra»s-l,3,3,3-tetra- 
fluoropropene.

The copolymer rate equation can be used to calculate R p/R b, the copoly
merization rate relative to the homopolymerization rate of 2,3,3,3-tetra- 
fluoropropene under the same conditions, if values are assumed for R a / R b , 

the ratio of the two homopolymerization rates, and for the cross-termination 
parameter <f> . 9 Results of this calculation are shown in Figure 6 . Lines 
are according to eq. (2) of reference 9; points are experimental ra te ratios.

MOL FR C F 2 4

Fig. 6. Copolymerization rate relative to the homopolymerization rate of 2,3,3,3- 
tetrafluoropropene vs. the mole fraction of C2F4 in the monomer: (O) 5000 atm, 22°C; 
(•)  10000 atm, 22°C; (X ) 5000 atm, 73°C. Lines according to eq. (2) of ref. 9: (upper) 
Ra/Rb = 10, </> =  1; (middle) Ra/Rb = 4, 0 = 1; (lower) Ra/Rb = 10, tf> = 100.

I t  was not possible to choose a <f> and R a / R b  th a t gave substantial agree
ment between lines and points throughout the composition range. Some
what better agreement with theoretical curves was obtained in copoly
merizations of tetrafluoroethylene with 3,3,3-trifluoropropene9  and 3,3,-
4,4,5,5,5-heptafluoropentene-l . 18 Presumably, the copolymerizations stud
ied here are retarded to different extents, accounting for the great disagree
ment observed.

This study was supported by the U.S. Army Research Office, Durham, North Carolina.
Certain commercial materials are identified in this paper in order to adequately specify 

the experimental procedure. In no case does such identification imply recommendation 
or endorsement by the National Bureau of Standards, nor does it imply that the materia 
identified is necessarily the best available for the purpose.
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Thermal and Photochem ical Oxidation of 
2,6-Dim ethylphenyl Phenyl Ether: A Model for

P oly (2 ,6-dim ethyl-1,4-phenylene Oxide)

ROBERT A. JERUSSI,* General Electric Research & Development Center, 
Schenectady, New York 12301

Synopsis
The oxygenation of 2,6-dimethylphenyl phenyl ether (I) at 260°C has resulted in the 

formation of 4-methylxanthone (II), 2-hydroxy-3-methylbenzophenone(III), 2-phenoxy-
3-methyl lien/.aldehyde (IV), 2-phenoxy-3-methylbenzoic acid (V), 2-phenoxy-3-methyl- 
benzyl o-eresotinate (VI), 2-phenoxy-3-methylbenzyl alcohol (VII), and 2-phenoxy-3- 
methylbenzyl 2-phenoxy-3-methylbenzoate (VIII), The photochemical oxidation at 
75° produced compounds II, III, IV, VII, and VIII. Oxidation of poly(2,6-dimethyl 
1,4-phenylene oxide) film at 200°C and photochemically at 50°C produced a carbonyl 
band at ea. 1730 cm-1. The gel content of the photochemically aged film could be 
significantly reduced and the 1730 cm-1 peak in the thermally aged specimen could be 
moved to longer wavelength by base treatment. The isolation of compound VIII in 
both processes with the model compound and the results with the polymer allows us to 
propose an ester group as a crosslinking unit in thermally and photochemically aged 
polymer film.

INTRODUCTION

The thermal oxidation of poly(2,6-dimethyl-l,4-phenylene oxide) films 
at 125°C in air has revealed 1 the development of a broad —OH absorption in 
the infrared region along with two other bands a t 1660 and 1695 cm -1. The 
latter was assigned to a carboxylic acid carbonyl group. These spectral 
changes were accompanied by large amounts of gel formation, indicating 
crosslinking. A mechanism was proposed where an initially formed hydro
peroxide decomposed to a mixture of benzyl and benzyloxy type radicals. 
I t was further suggested that these intermediates combined to form cross- 
linked products with bibenzvl or dibenzyl ether bridges and th a t the benzyl- 
oxy radical also could react further to benzaldehyde and benzyl alcohol type 
units. The origin of carboxylic acid was suggested as arising from oxida
tion of these latter two groups.

A similar study in this laboratory 2 at 125, 150, 175, 200, and 250°C indi
cated the formation of- OH and three peaks in the carbonyl region a t 1722, 
1689, and 1661cm '. The 1689 cm 1 peak was assigned to carboxylic acid

* Present address: Food and Drug Administration, Rureau of Drugs, Rockville,
Md. 20852.
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and it was suggested th a t the 1722 cm - 1  peak may be due to ester carbonyl. 
The rate with which these peaks developed increased with temperature.

The photo oxidation of the polymer was also studied . 1 Within ISO hr, a 
broad band a t ca. 1740 cm - 1  was produced, and almost the maximum 
amount of gel formation had occurred, ca. 10%. Although this band was 
not assigned by the authors, at least part of it is in the aromatic ester region.

Poly(2,6-dimethyl-l,4-phenylene oxide) is primarily a molding material 
with a melting peak having a maximum at 267°C.3 W ith this in mind, and 
the aforementioned work on the polymer, an investigation was begun to 
study the oxidation of 2 ,6 -dimethylphenyl phenyl ether (1 ), the simplest 
model for the polymer, a t about 270°C. Specific information was sought 
about the reactions occurring and the functional groups being developed 
during the oxidation. The photochemical oxidation of 1 was also investi
gated, along with therm al and photochemical aging of polymer films.

RESULTS

Thermal Oxidation of Compound I

Compound I was oxidized at reflux (ca. 260°C) by passing a slow stream 
of oxygen through the system for 11 hr. After the reaction, the ether-solu
ble material was converted into a neutral and basic fraction. The neutral 
fraction was primarily unreacted starting material, which was separated 
from the oxo products by column chromatography and recovered in 56% 
yield. The oxo products were separated into a number of compounds by 
preparative thin layer chromatography.

One of the oxidation products was isolated as a yellow solid in 3.9% crude 
yield. The recrystallized material had mp 124-124.2°C and exhibited 
strong carbonyl absorption at 1650 cm - 1  and rather weak aryl-oxygen 
stretching vibrations at 1220 and 1235 c n r 1. The material also failed to 
give the characteristic color of a 2,4-dinitrophenylhydrazone when a silica 
gel TLC plate containing it was sprayed with 2,4-dinitrophenylhydrazine. 
These facts were suggestive of a xanthone, a class of compounds which has a 
strong carbonyl absorption at 1660 cm - 1  and gives carbonyl derivatives with 
difficulty . 4 "5 Comparison of the compound isolated with an authentic sam
ple of 4-methylxanthone (II), mp 125-126°C, confirmed its identity as II.

Another compound was isolated as a yellow oil. The infrared spectrum 
revealed a bonded hydroxyl at 3200 c n r 1, a strong carbonyl absorption at 
1620 cm-1, and a strong aryl-oxygen stretching vibration at 1240 cm -1.
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Conversion of the hydroxyl to a silyl ether shifted the carbonyl to 1670 
cm -1. The NM R spectrum indicated only one —CH 3 group at 2.25 ppm. 
The yellow color and the fact th a t the carbonyl absorption could be shifted 
by converting the hydroxyl group to an ether suggested 2-hydroxy-3-meth- 
ylbenzophenone (III). Synthesis of III  and comparison of it with the yel
low compound isolated confirmed its identity. Compound I I I  was isolated 
from the oxidation reaction in 3.0% yield.

I l l

A third product was isolated as an amber oil. The infrared spectrum 
indicated a carbonyl band at 1700 c n r 1, a strong aryl-oxygen stretching vi
bration at 1230 c n r 1, and a band at 2730 cm -1, which could be assigned to 
the carbon-hydrogen stretching vibration of an aldehyde . 6 The nuclear 
magnetic resonance spectrum of the crude material indicated one —CH 3 

group at 2.17 ppm and a sharp singlet a t 10.25 ppm for one hydrogen. The 
latter lent further support to an aldehyde and 2-phenoxy-3-methylbenzal- 
dehyde (IV) was considered. Short path distillation gave a colorless oil 
which gave a satisfactory analysis for IV. The mass spectrum indicated 
the molecular ion at m/e 212, the correct molecular weight for IV, and it 
also contained a large M -l peak, also indicative of an aldehyde . 7 8  Finally, 
the material was oxidized by chromium trioxide to 2-phenoxy-3-methylben- 
zoic acid (V), which was identical to authentic material. The crude al
dehyde was isolated in 2.7% yield.

H
/

CU CH„
IV V

Several other products were isolated in trace quantities ( < 1 %) from the 
neutral fraction and identified. One of these was an oil which had a longer 
vapor-phase chromatography retention time th an  II, III, or IV and ex
hibited infrared bands at 1670 and 3200 cm“ 1. The nuclear magnetic res
onance spectrum indicated the presence of two —CH 3 groups at 2.15 and 
2.28 ppm, possibly a benzylic methylene unit at 5.33 and possibly a phenolic 
—OH at 10.9 ppm. A high-resolution mass spectrogram indicated the mass 
peak to be 348.1368 (C2 2 H 2 0 O.,). This information suggested 2-phenoxy-3- 
methylbenzyl o-cresotinate (VI). Further support was given structure VI 
by the observation of a 214.0986 (CuH jA )  peak in the mass spectrogram
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which is very likely due to the benzyl alcohol VII. The production of al
cohol is a known fragmentation process for salicylates via the path shown.7b

Compound VI was confirmed as the structure of the unknown compound 
by synthesis of authentic material via the route outlined in eq. (2). Oxida
tion of I with potassium permanganate in pyridine gave 2-phenoxy-3- 
methylbenzoic acid (V). Compound \ r was converted to the methyl ester,

which was reduced with lithium aluminum hydride to 2-phenoxy-3-methyl- 
benzyl alcohol (VII). Reaction of VII with 2-hydroxy-3-methylbenzoyl 
chloride gave VI in 47% yield. This was identical to the material isolated 
in the oxidation reaction. Finding VI in the neutral fraction is probably 
due to its insolubility in aqueous base.

Having authentic VII helped in identifying it as a trace product in the 
oxidation mixture. The infrared spectra and vapor phase chromatog
raphy retention times of the two samples were identical.

Another material isolated as a trace product had a carbonyl band at 1730 
cm “ 1 in the infrared and a molecular ion m / e  424 in the mass spectrogram. 
The mass spectrogram also had major peaks at, m / e  211 and 197. These 
facts are suggestive ol a benzyl benzoate such as VIII, which has a molecular 
weight of 424. Benzyl benzoates produce the two ions of the type shown71*
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CH;

ch2
m/e = 197

CH CE,

VIII

and their presence is support for structure YrIII. Unfortunately, not 
enough of this material was isolated for further characterization. How
ever, VIII was synthesized by the thermal reaction of V and VII. Al
though V III could not be obtained crystalline, a correct analysis was ob
tained and its infrared spectrum was identical to that of the material 
isolated.

Vapor-phase chromatography of the crude fraction soluble in aqueous 
sodium hydroxide indicated that the ether I was the major component. 
The next largest constituent had the same retention time as 2,6-dimethyl- 
phenol. However, an attempt to isolate this phenol by TLC failed, per
haps due to its evaporation from the plate with the solvent in the drying 
step. However, having authentic V in hand helped in identifying it as a 
trace constituent in this fraction.

M olten I (ca. 75°C) was irradidated with a sunlamp for a total of 25.5 hr, 
during which most of the material sublimed. The infrared spectra changes 
of the remaining 7% at the end of the reaction are shown in Figure 1. This 
material was submitted to vapor-phase chromatography and individual 
peaks trapped and identified by infrared spectroscopy. This revealed that, 
the following compounds were present in the reaction yields given: com-

Thermal Oxidation of Poly(2,6-dimethyl-l,4-phenyIene Oxide) Film

Poly(2,6-dim ethyl-l,4-phenylene oxide) film was heat aged at 200°C in a 
forced air oven. The infrared changes accompanying the heat aging are re
corded in Figure 2. The increase in intensity of the carbonyl and hydroxyl 
bands are similar to those already described.1'2 This material was 95% gel 
after the 45 hr test. I t was treated for 12 hr with aqueous NaOH in reflux
ing tetrahydrofuran and the reaction terminated by acidifying with HC1.

Photochemical Oxidation of Compound I
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Fig. 1. 2,6-Dimethylphenyl phenyl ether, sunlamp, 7'>°C.

The gel content was now 81%. The infrared curve of the insoluble material 
in KBr is shown in Figure 3. The distinct carbonyl peaks found in Figure 2 
are no longer present and the spectrum appears to be that of a carboxylate 
ion. When the same material was slurried with HC1 for 10 hr, a shift could 
be detected in the carbonyl region (Fig. 3). The peaks at 1690 and 1730 
c n r 1 began to reappear.

Fig. 2. Poly(2,6-Dimethyl-1,4-phenyJene oxide) film, heat-aged at 200°C.
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Fig. 3. Poly(2,6-Dimethyl-l,4-phenyIerie oxide) in KBr, film after base treatment.

Photochemical Oxidation of Poly(2,6-dimethyl-l,4-phenylene Oxide) Film

Poly(2,6-dim ethyl-l,4-phenylene oxide) film oxidized by air under a sun
lamp developed the infrared changes with time shown in Figure 4. In addi
tion to the formation of a broad hydroxyl absorption, a broad carbonyl band 
developed centered at about 1740 c n r 1 as was previously found.1 Also, 
early in the oxidation, a peak could be seen at 1660 c n r 1. This sample con
tained 66% gel.

Fig. 4. Poly(2,6-Dimethyl-l,4-phenylene oxide) film, sunlamp aging at ca. 50°C.
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Figure 5 also shows a photochemically oxidized polymer film. With this 
thicker film, the changes in the carbonyl region are more distinct than those 
in Figure 4 and resemble those observed in the thermal oxidation (Fig. 2).

Fig. 5. Poly(2,6-dimethyl-l,4-phenylene oxide) film, sunlamp aging at ca. 50°C. 
This film was thicker than the one in Fig. 4.

This film was 56% soluble in benzene (44% gel). However, when treated 
with NaOCH3 in methyl alcohol-benzene, it was 74.4% soluble (25.6% 
gel).

DISCUSSION

Formation of Products by Thermal Reaction

The three sequential oxidation products of a methyl group, the alcohol 
(VII), the aldehyde (IV), and the carboxylic acid (V), have all been isolated, 
and their presence lends support to the postulate1 that an alkyl hydroper
oxide is formed in the oxidation of such a methyl group in the polymer. 
The likely sequence of events is outlined in eq. (3).

0  O

—CH3 -*■ —CH.OOH — —CH2OH —¿FI — —¿O il (3)

The formation of the xanthone (II) and benzophenone (III) were unex
pected products. However, they can be readily explained. It is known 
that the ether (I) will rearrange thermally at 370°C to 2-benzyl-6-methyl- 
phenol (IX) in good yield, and that the presence of an oxidant will speed up 
the reaction (lower the reaction temperature).8 If such a process occurred 
in our oxidation reaction, IX  might be oxidized to III, as shown in eq. (4).
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III (4)

To test the possibility of the second half of the reaction occurring, IX  was 
oxidized at 280°C (bath temperature) for 1 hr under the same conditions as 
for the oxidation of I. Although only ca. 4 5 %  of the material was ether- 
soluble, this consisted primarily of an equal mixture of compounds IX  and 
HI. Therefore, eq. (4) is a possible path for the production of compound
III.

Another possible route to both II and III is by thermal rearrangement of 
the aldehyde IV. White has shown that o-phenoxybenzaldehydes rear
range above 300°C to a mixture of o-hydroxybenzophenones and xanthones, 
the latter being a minor product.9 When an oxidizing agent is present, the 
amount of xanthone is increased.

Two other potential routes exist for xanthone formation: (1) oxidative 
ring closure of compound III and (2) thermal ring closure of compound V. 
The first of these routes seemed attractive, since both chemical and bio- 
genetic transformations of this type have been reported.10'11 However, in 
these reported cases, the ring which oxygen is attacking (the monosubsti- 
tuted ring in III) also contains an oxygen atom. Our attem pt to convert 
III to II with oxygen at 280°C failed [eq. (5)]. About 1% of a product

was isolated which did not have the correct infrared spectrum for II. How
ever, the thermal reaction of the acid V, did give an 8% yield of xanthone 
[eq. (6)].

The ester V III can be rationalized as forming by a thermal esterification 
and/or by the reaction of the benzyl hydroperoxide from I and the aldehyde
IV. Proof that thermal esterification can occur was obtained when the re
action of the alcohol VII and the acid V in a sealed tube at 280°C resulted 
in a 63% yield of V III. The hydroperoxide-aldehyde route is suggested by
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the reported oxygenation of p-xylene in the liquid phase at 138-150°C in the 
presence of a cobalt salt to give p-methylbenzyl toluate X  among the prod
ucts.12 The authors consider that compound X  is formed via the reaction 
of p-methylbenzyl hydroperoxide and p-methylbenzaldehyde. The latter 
was also a product of the reaction. In fact, Farrissey has produced p-meth- 
ylbenzyl p-toluate X  from the thermal decomposition of p-methylbenzyl 
hydroperoxide in inert solvents.13 When p-methylbenzaldehyde was 
added, the yield of X  increased. The reaction is thought to pass through a 
hydroxyperoxide [eq. (7)].

0 H ;; O H . O O H

O i l .  C H ,

+  H . O  ( 7 .

C H , 0 C = 0

X

Compound VI may be formed by cleavage of VIII or by esterification of 
cresotic acid and VII. However, cresotic acid was not an isolated product 
from this reaction. In either case, the isolation of VI and the identification 
of 2,6-dimethylphenol is indicative of ether cleavage in the oxidation.

Formation of Products by Photochemical Reaction

The products identified, compounds II, III, IV, VII, and VIII were all 
isolated in the thermal reaction. There were other materials produced 
which were not identified, but none were major. The amount of compound 
V III produced was not enough to agree with the intensity of the 1730 cm -1 
band in Figure 1. This may mean that polymeric ester formed which is not 
being vaporized in the gas inlet port of the gas chromatographic instrument.

The aldehyde IV and alcohol VII are probably formed from decomposi
tion of a photochemically produced benzyl hydroperoxide. Compounds 
III and II are very likely not formed thermally at 75°C but rather may be 
produced by a photochemical equivalent of W hite’s thermal aldehyde re
arrangement.9 The ester VIII is very likely not produced thermally but 
may be formed by the hydroperoxide-aldehyde route discussed above.

Relevance to Polyphenylene Oxide
The three carbonyl bands found in the polymer after heat aging in air, 

1722, 1689-1695, 1660-1661 cm -1, are close to those of the three oxo prod
ucts isolated in the thermal study.1'2 They are the ester VIII, 1730 cm -1, 
the acid V, ca. 1695 cm -1 (KBr) and the xanthone II, 1660 cm-1. The alde
hyde III has a carbonyl band at 1700 cm-1 which could be under the car
boxyl band in the polymer and the ester type group in compound VI could
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be under the xanthone band. A carbonyl band at 1620 c n r 1 in a hydroxy- 
benzophenone structure such as III would not be seen in the polymer since it 
would be under the strong aryl in-plane stretching vibration at ca. 1600 
cm -1 and therefore not detected.

The identification of five of the same compounds in the photochemical 
oxidation of I may indicate that both oxidations proceed by the same mech
anism. The formation of compound VIII in the photochemical oxidation is 
interesting in that its carbonyl absorption, 1760 c n r 1 is in the range of the 
broad band formed in the reported photochemical oxidation of polymerfilm.1 
The esters VI and VIII in the thermal oxidation and V III in the photo
chemical oxidation of I are interesting in that they are the only products 
isolated that involved intermolecular reaction.

This isolation of intermolecular oxo products in the model and the pres
ence of “ester” carbonyl bands in the thermal and photochemical aged 
polymer films12 prompted us to investigate the oxidation of polymer film to 
determine whether an ester group is present or not and if it is crosslinking.

Thermal and Photochemical Oxidation of Polyphenylene Oxide Film

We interpret the results with the thermally aged film as follows. The 
peak that develops at 1730 cm -1 is very likely due to a benzyl benzoate ester 
and the 1695 cm -1 is probably due to an acid. The base treatment converts 
the latter to carboxylate ions and also saponifies the ester groups to car- 
boxylate ions. The acidification at the end of the reaction only destroys the 
base solution, but the film pieces were isolated before the carboxylate ions 
could be converted to carboxylic groups in the insoluble polymer. In or
der to carry out the latter reaction, a longer reaction time is necessary, e.g., 
10 hr HC1 treatment. However, the material now has both a carboxyl, 
1695 cm -1, and an ester band, 1730 cm -1. This is somewhat surprising, in 
that one would not have expected the 1730 cm -1 band. The disappearance 
of an ester band by base treatment and its reappearance after acid treat
ment is suggestive of a lactone. The feature that allows for lactone forma
tion on acid treatment of a hydroxy acid is the stereochemical requirement 
that the carboxyl and hydroxy groups be in close proximity. Since the 
polymer sample is 95% gel, a great amount of solubilization does not occur' 
on saponification. This may be due to crosslinking units other than ester1 
and/or the possibility that linear polymer with more than a few carboxyl 
groups per chain is insoluble in the solvent system used. At any rate, the 
polymer chains are in a rigid environment and in close proximity to one an
other. Thus, a crosslinked ester group on saponification will retain the car
boxylate ion and alcohol close to one another so that on acidification, an es
ter is formed with the same ease as lactonization.

00
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The fact that the photochemically oxidized film could have its gel content 
reduced from 44 to 25% by reaction with NaOCH3 and the thermally oxi
dized film from 95 to 81% is indicative of a base sensitive crosslinking unit . 
Since these materials also have absorption at ca. 1780 cm -1, we believe 
that the most likely unit is an ester group.

EXPERIMENTAL

M elting points are uncorrected. All infrared spectra were obtained on a 
Perkin-Elmer Model 337 instrument. X M lt spectra were obtained on a 
Varian A-00 spectrometer. A preparative thin-layer chromatography 
(TLC) plate used in this research was made from silica gel, was activated  
at 110°C for at least 1 hr, and had the dimensions 8 in. X 8 in. X 1 mm. 
The high-resolution mass spectrum of compound VI was obtained at Bat- 
telle Memorial Institute, and the remaining spectra were obtained on a Gen
eral Electric Monopole 600 spectrometer and a Consolidated Electrody
namics Corp. 21104 spectrometer.

2,6-DimethylphenyI Phenyl Ether (I)

I was prepared by the Ullman reaction between 2,6-dimethylphenol and 
bromobenzene in 45% yield, mp 55.5-56.7°C (lit.8 mp 55-56.5°C),

Oxidation of 2,6-Dimethylphenyl Phenyl Ether

2,6-Dimethylphenyl phenyl ether (3.569 g, 0.018 mole) was placed in a 
three-necked, 50-ml flask fitted with a thermometer, air-cooled condenser, 
and a gas inlet tube. The flask was placed in a Wood’s metal bath main
tained at 290°C, and oxygen was bubbled through the molten ether. The 
vapor temperature was 260°C. After 11 hr the reaction was terminated by 
cooling, and the contents of the flask and the condenser were taken up in 
ether, the ether filtered to remove a brown-black solid and extracted with 
5% sodium hydroxide solution to give a neutral and acidic fraction. Drying 
and removal of the ether gave 2.666 g of a neutral material. Gas chromato
graphic analysis indicated that this consisted of 84.8% of 2,6-dimethyl- 
phenyl phenyl ether and the remainder consisted of chiefly three more polar 
materials. The acidic material was isolated by acidification of the sodium 
hydroxide solution and extraction with ether. This was partitioned into a 
phenolic fraction (0.141 g) and a carboxyl fraction (0.020 g) by bicarbonate 
extraction.

The phenolic fraction consisted of eight materials by gas chromatographic 
analysis. However, two of them (85%) were 2,6-dimethylphenol, reten
tion time 4.0 min, and 2,6-dimethylphenyl phenyl ether, retention time 6.8 
min. Under the same conditions, authentic 2,6-dimethylphenol had 3.9 
min retention time, phenol had 5.0 min retention, and authentic 2,6-di
methylphenyl phenyl ether had 6.8 min retention time.*

*F & M Model 720, 6 ft 5% XE-60 column, 100°C start, 7.5°C/min program, 95 
ml/min He flow.
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A 2.290 g portion of neutral fraction was placed on a chromatographic 
column made from Fluorosil (70 g) in 1:1 benzene:hexane. The following 
materials were eluted in 100 ml fractions.

I. Fractions 1 and 2, eluted with 1:1 benzene:hexane gave 1.720 g 
of 2,6-dimethylphenyl phenyl ether, 56% recovery.

II. Fractions 13-38, eluted with benzene, consisted of predominantly 
four materials by TLC analysis. All the fractions combined, 328 mg, were 
placed on five preparative TLC plates and developed in benzene. Five 
zones were detected by ultraviolet scanning and were cut out. The prod
ucts were recovered by elution with acetone and are listed in decreasing 
R f  values: zone A, 8 mg, oil; zone B, 16 mg, yellow oil; zone C, 104 
mg, yellow oil; zone I), 104 mg, yellow oil; zone E, 52 mg, tan solid.

III. Fractions 39-51, eluted with 9:1 benzene:ethyl acetate, 163 mg,
consisted of chiefly two materials by TLC analysis. The fractions were 
combined and placed on three preparative TLC plates and developed in 
49:1 benzene: ethyl acetate. Four zones were located by ultraviolet scan
ning, cut out, and the materials recovered by elution with acetone. They 
are listed in decreasing 22/ values: zone F, 4 mg, yellow oil; zone G,
32 mg, yellow oil; zone H, 120 mg, tan solid; zone I, 11 mg, amber oil.

IV. Fractions 52-56, eluted with 9:1 benzene:ethyl acetate, 48 mg, 
were combined and placed on one preparative TLC plate. After the plate 
was developed in 19:1 benzene:ethyl acetate, four zones were detected by 
ultraviolet scanning: zone J, just behind solvent front; zone Iv, 22/ 0.8, 
zone L, 22/0.5, 7 mg; zone M, 22/0.2, 9 mg;

V. Fractions 57-61, eluted with 1:1 benzene: ethyl acetate, 36 mg. 
All the fractions were combined, placed on one preparative TLC plate 
and developed in 9:1 benzene:ethyl acetate. Two zones were located by 
ultraviolet scanning, cut out, and eluted with acetone: zone N, just be
hind solvent front; zone O, 22/0.8.

Zone E, 52 mg, was placed on one preparative TLC plate and developed 
in benzene and again in 49:1 benzene: ethyl acetate. Two zones were lo
cated by ultraviolet scanning, cut out, and the material isolated by acetone 
elution: zone P, 41 mg; tan solid; zone Q, 7 mg, yellow oil.

Zone H was placed on three preparative TLC plates and developed once 
in 19:1 benzene: ethyl acetate and twice in benzene. The major blue 
fluorescing zone was cut out and eluted as before: zone R, 108 mg, slightly 
yellow solid.

Identification of 4-Methylxanthone (II)
Zones P and R were the same material, exhibiting a strong carbonyl band 

at 1660 cm “ 1, a weak C—O stretching vibration at 1210 cm “ 1 and a very 
intense band at ca. 750 cm “ 1. In addition, when TLC sidebands of these 
materials were sprayed with 2,4-dinitrophenylhydrazine reagent, no hydra- 
zone color developed. These zones were combined (149 mg) and placed on 
two preparative TLC plates. The plates were developed in 9:1 benzene:- 
ethyl acetate and the major blue fluorescing zone cut out and eluted with



2022 It. A. Jl iRUSSI

acetone. The crystals obtained were recrystallized twice from hexane to 
give 59 mg of 4-methylxanthone, mp 124- 124.2°C, whose infrared spectrum  
was essentially identical with that of authentic material. The yield based 
on 149 mg was 3 . 9 % .

Identification of 2-Hydroxy-3-methylbenzophenone (III)
Zones C and G had the same R r values and their infrared spectra indi

cated that they were the same material; the infrared spectra (neat) had 
bands at 1620 cm -1 and a broad hydroxyl band at 3200 cm -1. These zones 
were combined and placed on three preparative TLC plates and developed 
in benzene. The major ultraviolet absorbing zone was eluted plus one 
other: zone S, 7 mg, amber oil; zone T, 114 mg, yellow oil.

Zone T was placed on two preparative TLC plates and developed once in 
benzene and once in 32:1 benzene: hexane to give 113 mg of material. The 
N M R  spectrum (CCL) indicated only one methyl group relative to S aro
matic hydrogens which appeared at 2.25 ppm. The material had a 10.fi 
min YPC retention time.* Silylation of a small amount of this compound 
with bistrimethylsilylacetamide gave the trimethylsilyl ether which had an
11.6 min retention time. This peak was trapped and its infrared spectrum  
indicated a carbonyl band at 1670 cm -1 . All of the crude material was 
again subjected to chromatography on three preparative TLC plates in 
benzene. After elution with acetone, 101 mg of a yellow oil was obtained. 
This was distilled at 0.25 mm in a short path apparatus to give a yellow  
liquid which solidified to a yellow solid mp 41-43°C, 2-hydroxy-3-methyl- 
benzophenone. Its infrared spectrum was identical to that of authentic 
compound III. The yield based on 113 mg was 3.0%.

Zones K and 0  were combined (29 mg) and identified as compound III by 
infrared spectroscopy.

Identification of 2-Phenoxy-3-methyIbenzaldehyde (IV)
Zone D, 104 mg, showed infrared bands at 1700 (C = 0 ) ,  1230 (Ar— O),

0

and 2750 cm -1 (—C— H); the N M It spectrum gave (CDClj) 5 2.17 (<S, 3, 
CHS), 6.7- 7.9 ( m ,  8, ArH), 10.25 ( S ,  1 ,— CHO). Short-path distillation, bp 
100-110°C /0.25 mm (bath temperature) gave a clear colorless oil, ?i\j  

1.5856; mass spectra m / e  212 and 211 (base peak). The yield based on 104 
mg was 2.7%.

Anal. Calcd for Ci4Hi20 2: C, 79.22%; II, 5.7%. Found: C, 79.5%; H, 5.9%.

A small amount of the aldehyde was dissolved in acetone and oxidized by 
the dropwise addition of a chromium trioxide-sulfuric acid solution at am
bient temperature. After methyl alcohol was added, the reaction was di
luted with water, and extracted with ether. The ether was dried over 
MgSOr and stripped to give an oily solid. This was placed on one prepara-

* F & M Model 700, 2-ft SB 30 column, program 10°C/min from 100°C.
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five TLC plate and developed in benzene. The zone moving irregularly up 
from the origin was cut out and the product obtained by acetone elution. 
The crude product obtained was recrystallized once from hexane to give
2-phenoxy-3-methylbenzoic acid (V), mp 121.3-122.3°C. The infrared 
spectrum was identical to that of authentic material.

Identification of 2-Phenoxy-3-methylbenzyl o-Cresotinate (VI)

Zones B and F had identical infrared spectra and had the same R r values 
as zone S when placed on a qualitative TLC plate and developed in 1:1 ben
zene : hexane. These three zones were combined and placed on one prepar
ative TLC plate and developed twice in 1:1 benzene:hexane. The major 
zone, located by short-wavelength ultraviolet scanning, R f  0.6, was eluted 
with acetone to give 16 mg of an amber oil; Infrared bands (neat) were at 
1670 c n r 1, 1285, 1250, 1215 and 3200 c n r 1 (broad); N M R  (CDCL) 
showed 5 2.15 ( S ,  3, — CH3), 2.28 ( S ,  3, — CH3), 5.33 ( S ,  2, — CH2— ), 10.9 
(S, 1, —OH); mass spectrometry (high resolution) showed peaks at mfe 
348.1368 (C22H 20O4), 214.0986 (C14H i40 2), 197.09715 (C14Hi30 ) ,  196.0872 
(CmHuO), 195.0799 (Cm H iO).

The infrared spectrum was essentially identical to that of authentic VI. 
The yield based on 16 mg was 0.25%.

Identification of 2-Phenoxy-3-methyIbenzyl Alcohol (VII)

Zone Q, 7 mg, was one component by VPC; retention time 11 min; an 
infrared band (neat) was observed at 3350 cm ^1 (strong). The infrared 
spectrum was essentially identical to that of authentic compound VII. 
Zone I, 11 mg, contained a major VPC peak at 11 min. It was placed on 
one preparative TLC plate and developed in 19:1 benzene: ethyl acetate 
twice. The major ultraviolet plus zone was cut out and eluted with acetone 
to give 3.5 mg of compound I.

Identification of 2-Phenoxy-3-methylbenzoic Acid (V)

The carboxyl fraction, 0.020 g, from the original acid fraction isolated 
from the reaction, was placed on one preparative TLC plate and developed 
once in 1:1 benzene: ethyl acetate and three times in ethyl acetate. An 
ultraviolet-positive zone, R f  0.45, was cut out and eluted with acetone to 
give 3 mg of material. VPC* of this indicated the major peak at 14.5 min 
which is the retention time for compound V. This peak was trapped and 
its infrared spectrum was essentially identical to that of authentic compound
V.

Identification of 2-Phenoxy-3-methylbenzyl 
2-Phenoxy-3-methylbenzoate (VIII)

Zone A, 8 mg, by VPC* had the following peaks: 12.5 min (X 8  peak 
height), 13.5 min (X 4), 19 min (X 2), 22 min (X 2), and 25.5 min (X 16).

* F & M Model 700, 4-ft SE 30 column ; 100°C start, 10°C/min program.
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All of the 25.5 min material was trapped. The infrared spectrum (neat) 
showed absorption at 1730 (C = 0 ) ,  1285, 1255, 1222, and 1130 cm -1 ; mass 
spectrometry gave peaks with m / e  424, 229, 211 (base peak), 197, 196, and 
195.

Other Compounds Not Identified

Zones .T and N  combined showed blue fluorescence under ultraviolet scan
ning. VPC indicated several materials, none of which could be isolated. 
Zones L and M could not be identified.

Preparation of Standards

4-Methylxanthone (II). 2-Phenoxy-3-methylbenzoic acid (0.500 g,
2.18 mmole) was dissolved in approximately 15 ml of polyphosphoric acid, 
and the flask containing the solution was heated in an oil bath at 130°C 
for 24 hr. The reaction was terminated by pouring onto ice and the pre
cipitated solid isolated by filtration. The filter cake was washed with 
water and dried in a vacuum desiccator overnight. The dry grayish 
solid weighed 0.456 g. Its infrared spectrum was transparent at -~1690 
cm -1, where the starting acid has a carbonyl band but did exhibit a strong- 
band at 1655 cm -1, which is within the range for xanthone carbonyls. 
One recrystallization from hexane gave slightly yellow crystals, mp 125- 
126°C (lit.14 mp 126°C), wt. =  0.395 g, yield =  86%. The infrared 
spectrum (KBr) contained a strong band at 1660 cm -1, a medium band 
at 1235 cm -1, and a very intense band at 750 cm -1.

2-Hydroxy-3-methylbenzophenone (III). A mixture of cresotic acid 
(15.0 g, .099 mole), benzene (50 ml), thionyl chloride (20 ml), and about 
0.5 ml of pyridine was stirred at ambient temperature until a clear solution 
was obtained (approximately 4 hours). The benzene and excess thionyl 
chloride were removed at the aspirator and benzene (100-150 ml) and alu
minum chloride (20 g) added and the reaction mixture magnetically stirred 
while in a water bath at ambient temperature over a weekend. The reac
tion was acidified with dilute hydrochloric acid. The benzene layer was 
separated, extracted with sodium bicarbonate solution, and dried. The 
benzene was removed to leave an amber oil. The oil was vacuum distillled 
and a yellow liquid was collected in two fractions: fraction I, bp 130- 
134°C/1 mm, 5.823 g; fraction II, bp 134-135°C /1 mm, 8.100 g. Fraction 
I was one peak on VPC and fraction II had about 3% of a more polar impu
rity. The total weight was 13.923 g, yield =  65%.

The oxime prepared from this ketone gave mp 162-164°C (lit.15 mp, 164- 
165°C). The infrared spectrum of the yellow oil had a carbonyl peak at 
1625 cm “ 1, bonded — OH at 3200 cm -1 and a strong C—O stretching vibra
tion at 1265 cm -1 .

2-Phenoxy-3-methylbenzoic Acid (V). Phenyl 2,6-dimethylphenyl ether 
(2.0 g, 0.01 mole), pyridine (68 ml), potassium permanganate (24 g, 0.152 
mole), and water (45 ml) were placed in a 250-ml round-bottomed flask
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and the solution heated at reflux for 5 hr with stirring.* After 75 ml of a 
pyridine-water azeotrope was distilled out, the reaction mixture was cooled 
and diluted with 75 ml of water. The mixture was acidified with concen
trated sulfuric acid and decolorized by the addition of solid sodium bisul
fate. An orange precipitate was collected and dried, 1.2 g. The infrared 
spectrum had a band at 1700 cm -1. This material was dissolved in ether 
and extracted with 10% NaOH solution. The basic solution acidified 
with hydrochloric acid and the resultant precipitate collected and dried. 
The infrared spectrum indicated peaks at 1730 and 1700 cm -2.

The ether containing neutral material was dried and stripped to give 
0.207 g of a straw colored oil. The infrared spectrum indicated that this 
was starting ether.

All of the solid acid was placed on a column made from 50 g of silica gel in 
benzene. Elution with 2% ethyl acetate-benzene gave 0.560 g of solid in 
seven 100 ml fractions. The infrared spectra of the second and seventh  
fractions were essentially identical. The solid was recrystallized from hex
ane, mp 119-121°C. Several recrystallizations from hexane gave slightly 
cream colored crystals, mp 120°C. The N M R  spectrum (CDCb) showed 
8 2.13 ( S ,  3, — CH3), 6.7-7.5 (71/, 7, aryl H), 7.9 (71/, 1, H ortho to C 0 2H), 
10.3 (broad, CCLH). The infrared spectrum showed bands (IvBr) at 1695 
and 1670 cm -1 (C = 0 );  mass spectrometry showed peaks m /e 228, base 
peak m / e  135.

Anal. Calcd for Ci4Hi20 3: C, 73.67%; II, 5.30%. Found: C, 73.6%; H, 5.38%.

2-Phenoxy-3-methylbenzyl Alcohol (VII). A 1.10 g portion of 2-phen- 
oxy-3-methylbenzoic acid (V) was dissolved in 100 ml of a 3% methanolic 
hydrochloric acid solution and kept at ambient temperature overnight. 
The crude methyl ester was obtained by removing the solvent at the as
pirator to give an amber oil. The infrared spectrum contained no hy
droxyl absorption and had strong bands at 1725 and 1150 cm -1. The 
crude ester was dissolved in ether and slowly added to a slurry made from 
0.5 g of lithium aluminum hydride and ether under nitrogen. After the 
addition, the slurry was heated under reflux for 1.5 hr and cooled. A sat
urated aqueous sodium sulfate was added dropwise to decompose the ex
cess lithium aluminum hydride, followed by solid sodium sulfate. The 
dried ether was filtered from the drying agent and removed at the aspirator 
to give 0.964 g of crude 2-phenoxy-3-methylbenzyl alcohol. The infrared 
spectrum of this crude material exhibited a broad band at 3350 cm -1 
and was transparent at 1725 and 1150 cm -1. A 150-mg portion of this 
material was distilled in a bulb-to-bulb apparatus at 0.15 mm and a bath 
temperature of 90-120°C to give a colorless liquid. The N M R  spectrum  
(CC14) showed 8 2.05 ( S ,  3, - C H 3), 2.67 ( S ,  1, OH), 4.30 ( S ,  2 ,  — CH2— ), 
6.50-7.35 (71/, 8, aryl H); a mass spectrometry peak was at m /e 214.

Anal. Calcd for C14H140 2: C, 78.48%; H, 6.59%. Found: C, 78.21%; H, 6.5%.

* This method of oxidizing a methyl group in a diaryl ether was developed by Dr. G. D. 
Cooper, General Electric Company, Selkirk, New York.
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2-Phenoxy-3-methyIbenzyl o-Cresotinate (VI). A slurry was made from 
cresotic acid (380 mg, 0.0025 mole), 8 ml of benzene, 0.5 ml of thionyl 
chloride, and one drop of pyridine. This was stirred at ambient tempera
ture until all the solid acid disappeared (3 h r). The crude acid chloride of 
cresotic acid was obtained by removing the solvent and excess thionyl 
chloride under vacuum. To this was added a benzene solution of 2- 
phenoxy-3-methylbenzyl alcohol VII (430 mg, 0.0020 mole). The solu
tion turned an orange color and an oil separated out. The mixture was 
stirred at ambient tem perature overnight and the crude product obtained 
by removing the solvent under vacuum. All the crude product was placed 
on three preparative TLC silica gel plates and developed in 9:1 benzene:- 
ethyl acetate and the least polar band, R r 0.8, was cut out and eluted with 
acetone to give 453 mg of an oil. VPC indicated that this consisted of 
starting alcohol, retention time 12 min, and the expected ester, retention 
time 21 min. All of the mixture was placed on two preparative TLC plates 
(8 X 16 in.) and developed in 3:1 benzene:hexane. A broad band, R f 0.7, 
was cut out and eluted to give 330 mg of the title compound. The yield 
was 47.5%. All of this compound was distilled in a micro bulb-to-bulb 
apparatus at 0.1 mm and a bath tem perature of 195-220°C to give a viscous 
slightly yellow oil. The infrared spectrum (neat) showed bands at 3175 
(—OH), 1670 (C = 0 ) , and 1285, 1245, 1215 and 1145 cm“ 1 (all C—O); 
N M R  (CC1,) showed 5 2.08 and 2.17 (S, 6, —CH3), 5.25 (8, 2, —CH2—), 
6.35-7.4 (M, 11, aryl H), 10.9 (8, 1, -  OH).

Anal. Cak'd for C22H20O4: C, 75.84%; H, 5.50%. Found: C, 75.86, 75.80%; 
II, 5.85, 5.94%.

2-Phenoxy-3-methylbenzyl 2-Phenoxy-3-methylbenzoate (VIII). 2-
Phenoxy-3-methylbenzyl alcohol (44 mg, 0.000205 mole) and 2-phenoxy-3- 
methylbenzoic acid (47 mg, 0.000206 mole) were sealed in a heavy-walled 
Pyrex tube, and the tube was heated in a furnace for 5.75 hr at 2S5°C. 
All the crude reaction material was placed on two preparative TLC silica 
gel plates and developed in benzene. The main ultraviolet-positive zone 
was cut out and the product isolated by eluting with acetone to give 57 mg 
of yellow oil. Repeating the TLC in 7:3 benzene:hexane gave 51 mg title 
compound (58.5%), light yellow oil. The infrared spectrum (neat) gave 
bands a t 1730 (C = 0 ) , 1287, 1255, 1225, and 1133 c m -1 (C—O). All a t
tem pts to  recrystallize this material failed. An attem pt at vacuum sub
limation gave distillation instead. The distillate had an NM R (CDC13). 
S 2.10 and 2.15 (S, 6, — CH3), 5.10 (.S , 2, —CH2—), 6.5-7.6 (to, 16, Ar—
H) and gave a satisfactory analysis.

Anal. Calcd for C28H24O4: C, 79.22%; II, 5.70%. Found: C, 79.1%; H, 6.04%.

Attempted Conversion of 2-Hydroxy-3-methylbenzophenone (III) to 
4-Methylxanthone (II). Compound I I I  (1.666 g, 0.008 mole) was heated 
in a flask contained in a Wood’s metal bath at 280°C. The reaction was 
run for 5.5 hr with a slow stream  of oxygen passing through the molten
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III . The dark oil solidified on cooling and was slurried with several por
tions of ether which were filtered. A brown solid remained on the filter. 
The filtrate was extracted with Claisen’s alkali, dried, and removed under 
vacuum (20 mm) to give 150 mg of a dark oil. An infrared spectrum 
showed this to be chiefly starting compound III, but it also contained a 
small peak at 1665 cm -1. All this material was placed on two preparative 
TLC plates and developed in benzene. A blue fluorescing zone was cut 
out and eluted with acetone to give 16.4 mg. The infrared spectrum was 
not correct for compound II.

4-Methylxanthone (II) from 2-Phenoxy-3-methylbenzoic Acid (V).
Compound V (31.3 mg, 0.00014 mole) was sealed in a Pyrex heavy-walled 
tube, and the tube placed in a furnace at 280°C for 5 hr. The tube was 
cooled, opened and the contents placed on two preparative TLC plates 
and developed in benzene. Three zones were located by ultraviolet, cut 
out, and eluted with acetone: zone I, 7?  ̂0.65, 2.5 mg, yellow oil; zone 
II, R f  0.3, 2.6 mg, yellow oily solid; zone III, R r 0-0.2, 17.8 mg, solid.

Zone II was identified as 4-methylxanthone by its infrared spectrum, 
yield = 8.3%. Zone I I I  was chiefly starting acid, V.

Photochemical Oxidation of 2,6-Dimethylphenyl Phenyl Ether (I). 
Compound I (2.094 g, 0.0106 mole) was placed in a Petri dish and the dish 
placed on a hot plate with a surface tem perature of 75°. A GE sunlamp 
(275 W) was placed 3.5 in. from the surface. The molten material was 
stirred magnetically and the infrared spectrum was determined at 0, 3, 
and 25.5 hr. The curves are shown in Figure 1. At the end of the experi
ment (25.5 hr) only 0.148 g of yellow amber material remained, 7.07%. 
VPC of this indicated tha t the chief material was the ether I followed by 
several oxo product. The following compounds were trapped from the 
VPC and identified by their infrared spectra: compounds IV (0.9% yield), 
V II (0.95%), I I I  (0.3%), II  (0.3%), and V III (trace). In  addition, there 
were several other peaks which could not be identified. The yields were 
determined by integration of the VPC curve.

Photochemical Oxidation of Poly(2,6-dimethyl-1,4-phenylene Oxide). 
A polymer film was placed in a hood and a GE sunlamp (275 W) was placed
3.5 in. away from it. The surface tem perature at the film was ca. 50°C. 
The infrared spectrum was recorded over the course of the reaction and is 
shown in Figure 5. A 46.8 mg portion of this film was broken into small 
pieces and placed in 200 ml of refluxing benzene 18 hr, a t which time 20.6 
mg remained, 44% gel. The photochemically oxidized film [21.5 mg] 
was treated with 90 mg of sodium methoxide, 1 ml of methyl alcohol, and 
30 ml of benzene at reflux for 20 hr. The solution was diluted with benzene 
and water and filtered. The pieces of film on the filter were washed with 
dilute HC1, water, and dried to give 6.5 mg, 25.6% gel.

Thermal Oxidation of Poly(2,6-dimethyl-l,4-phenylene Oxide). The 
polymer film was suspended in a forced-air oven at 200°C. The film was 
removed after 22 and 45 hr and the infrared spectrum determined. This 
film (33.9 mg) was placed in 300 ml of refluxing benzene for 18 hr; 1.7 mg
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was solubilized for 95% gel content. The benzene-insoluble material 
(27 mg) was placed in 50 ml of refluxing benzene containing 2 ml of methyl 
alcohol and 0.216 g of sodium methoxide for 18 hrs; of this 2.1 mg was 
solubilized, 7.8% reduction in gel content.

In another experiment, 12.3 mg of the original heat-aged film was broken 
up and suspended in 40 ml tetrahydrofuran containing 0.5 ml water and 
0.5 ml of 50% NaOH solution and heated at reflux for 12 hr. The solution 
was made acidic by the addition of concentrated HC1, the film pieces iso
lated, washed with water and dried, yielding 10.0 mg, S l%  gel. The in
frared spectrum of the material in KBr appears in Figure 3. The pieces 
were placed in a stirred solution of concentrated HC1 in tetrahydrofuran 
for 10 hr isolated, washed with water, and dried. The infrared spectrum 
appears in Figure 3.
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Telechelic D iene Prepolym ers. I. 
Hydroxyl-Terminated Poly dien es

SAMUEL F. REED , JR ., Rohm and Haas Company, 
Philadelphia, Pennsylvania 19137

Synopsis
Telechelic prepolymers of butadiene, isoprene, and chloroprene with hydroxyl end- 

groups have been prepared by the solution polymerization of the dienes under free- 
radical initiation. 4,4'-Azobis(4-cyano-w-pentanol) was employed as the initiator. 
Liquid prepolymers were obtained with molecular weights of 2000 to 20,000 and with 
functionalities usually greater than 2. The preparative procedure and prepolymer char
acterization are described.

INTRODUCTION

Difunctional polymers possessing hydroxyl or carboxyl terminal groups 
have generally been synthesized by the anionic polymerization of suitable 
monomers to give “living polymers” capable of reacting with various elec
trophilic reagents for the introduction of functionality.1-4 An alternate 
approach which has received attention is one involving the use of a free 
radical polymerization mechanism employing initiators containing the de
sired functionality. Bamford and co-workers5 demonstrated this tech
nique utilizing 4,4'-azobis(4-cyanovaleric acid) and 4,4'-azobis(4-cyano-ri- 
pentanol) as the initiators for the polymerization of styrene, acrylonitrile, 
and methyl methacrylate. Later, Marvel'1 prepared a,oj-glycols of polv- 
butadiene by the free-radical polymerization of butadiene initiated with 
diethyl 2,2'-azobis(isobutyrate) followed by reduction of the ester groups 
to hydroxyl groups. More recently, the synthesis of lovr molecular weight 
hydroxyl-terminated cz's-1,4-polybutadiene was prepared7 by an indirect 
method involving the ozonolysis of a high molecular weight czs-1,4-poly
butadiene followed by reduction of the ozonides. A special report issued 
by workers at Minnesota Mining and Manufacturing Company8 described 
the preparation of carboxy-terminated polybutadiene by use of glutaric 
acid peroxide and 4,4'-azobis(4-cyanovaleric acid). These investigations 
demonstrated tha t the free-radical polymerization method is suitable for 
the preparation of low molecular weight prepolymers containing functional 
groups

This work describes additional polymerization studies with the use of 
4,4'-azobis(4-cyano-n-pentanol) as the initiator. 4,4'-Azobis(4-cyano-w- 
pentanol) was prepared by a modification of the method of Bamford,5 sep-
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arated into two isomeric forms, and each form, as well as the isomer mix
ture, was examined as the initiator for the preparation of telechelic poly- 
butadienes. In further studies the effect of the reaction parameters of 
time, initiator concentration, and diene concentration on prepolymer prop
erties were investigated for prepolymers of butadiene, isoprene, and chloro- 
prene. These products were characterized by molecular weight, molecular 
weight distribution, functionality, and endgroup and elemental analysis. 
The properties of the prepolymers as controlled by these parameters are 
discussed.

EXPERIMENTAL

Diene monomers employed were butadiene, isoprene, and chloroprene. 
Butadiene (Matheson Chemical Company, Inc.) was research grade ma
terial (99.9%) used without further purification. Isoprene (Aldrich 
Chemical Company) was distilled prior to use while chloroprene (Columbia 
Organic Chemicals Company, Inc.) was purchased as a 50% solution in 
xylene and used without purification. All solvents were distilled prior to 
use in the polymerization.

4,4'-Azobis(4-cyano-n-pentanol) (ACP) was prepared by the following 
modification of a known procedure.5 A solution of 10.8 g of sodium cyanide 
in 100 ml of water was added slowly to a mixture of 14.3 g of hydrazine sul
fate, 22.5 g of 5-hydroxy-2-pentanone, and 150 ml of water. The resulting 
solution was allowed to stand overnight. The mixture was then cooled in 
an ice bath and 15% aqueous hydrochloric acid was added until the solution 
was acidic. Bromine, 32 g, was then added over a 5 hr period. Any bro
mine color remaining was removed with sodium bisulfite. If the mixture of 
isomers was to be utilized, the solution was extracted with methylene chlo
ride-acetone (2:1). Removal of the organic solvents left a solid residue 
which was recrystallized from chloroform-hexane to give 13-14 g of the iso
meric azo compounds, mp 82-96°C. If separation of the isomers was de
sired, the insoluble isomer, mp 94-96°C, precipitated from the chilled aque
ous solution. The soluble isomer, mp 81-83°C, was extracted from the 
aqueous solution with a mixture of methylene chloride-acetone (2:1).

Initiator Studies

Butadiene was polymerized on a 0.2-mole scale in thick-walled glass 
tubes at 65°C for periods of 72 hr. Butadiene concentration of 6.66 mole/1. 
in toluene, dioxane, dimethylformamide (DM F), or acetonitrile were em
ployed in reactions where the ACP concentrations was maintained constant 
at the 3 mole-% level (based on diene). The prepolymers were isolated by 
evaporation of the solvent. Purification was accomplished by solution in 
25 ml of diethyl ether and separation of the prepolymer on the addition of 
250-300 ml of m ethanol This treatm ent succeeded in removing the ex
tremely low molecular weight, soluble prepolymer. For most samples the 
loss was maintained below 5% of the total prepolymer sample. The pre
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polymer samples subm itted for analysis contained approximately 0.25% 
IV-phenyl-a-naphthylamine as an antioxidant and each was dried under 
vacuum (1 mm) at 70-75°C to near constant weight.

Polymerization Parameter Studies

Butadiene, isoprene, and chloroprene were polymerized on an 0.2-mole 
scale in thick-walled glass reactors. Polymerization times were varied from 
24 to 120 hr, ACP concentrations were varied from 0.5 to 10 mole-% (based 
on diene), and the diene concentrations were varied from 5 to 20 mole/1. 
Prepolymer isolation and purification were carried out as described above.

Prepolymer Characterization

Molecular weight measurements were obtained on a Mechrolab vapor 
pressure osmometer, with benzil and polystyrene (Mn 10,000) used as cali
bration materials. A W aters Instrum ent, Model 200 was employed for 
the gel-permeation chromatography. Degassed tetrahydrofuran flowing at 
1 m l/m in was the eluting solvent. Commercial Styragel columns of 104, 
103, 600, and 100 A mean permeability were employed in the GPC work. 
Each column configuration was calibrated (average angstrom length) by 
using special polystyrenes of narrow molecular weight distribution supplied 
by W aters Associates, Inc.

Hydroxyl endgroup determinations were carried out by a near-infrared 
spectral analysis. The fundamental free hydroxyl stretching vibration 
near 2.75 n was observed in dilute carbon tetrachloride. Standard refer
ence curves for primary and secondary alcohols were prepared from solu
tions of 4-penten-l-ol and 4-penten-2-ol. Sample solutions were prepared 
by diluting approximately 50 mg of sample to 50 ml with carbon te tra
chloride. The solution was placed in a 10-cm cell and with CC14 in the ref
erence cell, the spectrum from 2.85 to 2.70 n was obtained on a Beckmann 
DK-1 spectrophotometer. The height of the hydroxyl absorption band 
was referred to a curve prepared from the appropriate standard.

RESULTS AND DISCUSSION

4,4'-Azobis(4-cyano-n-pentanol) (ACP) exists in two isomeric forms 
which differ in melting point and solubility characteristics. The higher
melting isomer (94-96°C) possessed a very limited solubility in toluene at 
ambient tem perature and represented the isomer obtained in the lower yield. 
The low-melting isomer (81-83°C) is readily soluble in toluene and other 
common polymerization solvents. The isomer mixture as obtained from 
the reaction was almost completely soluble in toluene at 65°C. Dioxane, 
DM F, and acetonitrile are excellent solvents for all forms of the initiator. 
Reactions were carried out by using ACP in the three available forms: 
soluble ACP, insoluble ACP, and the mixture where soluble and insoluble 
refer to the isomer’s solubility in toluene at ambient temperature.
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Initial reactions were conducted in toluene solution at 65°C where it 
was though th a t the insoluble isomer might dissolve. Only partial solution 
was observed over the 3-day reaction period. The prepolymer yields from 
the toluene reactions demonstrated (Table I) th a t ACP was a suitable ini
tiator in its soluble form (44% yield) or as a mixture of isomers (41% 
yield); however, the insoluble form was found to be relatively inefficient 
(17% yield) in initiating butadiene polymerization in toluene.

TABLE I
Polybutadienes Prepared in Different Solvents 

With 4,4'-Azobis(4-cyano-n-pentanol) as Initiator“

Initiator form Solvent
Yield,

% M n
OH,

wt-%

Equiv
alent

weight

Func
tion
ality

Soluble ACP Toluene 44 3200 1.40 1215 2.63
Insoluble ACP Toluene 17 3400 1.59 1070 3.18
Mixture ACP Toluene 41 3000 1.43 1190 2.52
Insoluble ACP Dioxane 51 3300 1.44 1180 2.79
Mixture ACP Dioxane 45 3000 1.41 1205 2.49
Insoluble ACP DMF 22 2900 1.69 1005 2.88
Mixture ACP DMF 35 2800 1.50 1135 2.47
Mixture ACP Acetonitrile 25 2600 1.42 1195 2.17

“ Polymerization conditions: 65°C, 72 hr, [B] = 6.66 mole/1., [ACP] = 3 mole-%.

Similar reactions conducted in dioxane, which was a good solvent for the 
insoluble isomer, gave good yields of the polybutadiene for both the insolu
ble and the isomer mixture. In  contrast, reactions conducted in DM F, 
which is also an excellent solvent for all forms of the initiator, gave moder
ate to poor yields of the polybutadiene wffien the insoluble isomer (22%) and 
the isomer mixture (35%) were employed. Likewise, the use of acetonitrile 
as solvent gave a poor yield (25%) of polybutadiene when the isomer mix
ture was employed as the initiator.

I t  was apparent from the results reported (Table I) th a t a non-polar sol
vent such as toluene is not a suitable polymerization medium for the insol
uble isomer, although toluene appeared to be satisfactory when the isomer 
mixture was employed. Dioxane was found to be the most appropriate 
solvent with respect to both yields of prepolymer and prepolymer properties. 
The polar solvents such as D M F and acetonitrile, while excellent solvents 
for the initiator in any form, did not give yields of prepolymer comparable 
with reactions carried out in dioxane. Reasons for the lower yields in polar 
solvents remain obscure.

Characterization of the prepolymers demonstrated tha t each was similar 
to the others in M n and functionality. I t  was significant th a t the prepoly
mers obtained from reactions where the insoluble form of ACP was used ex
hibited the highest functionality. These data indicated th a t the isomer 
mixture of ACP could be employed as the initiator for diene polymerization 
in toluene, dioxane, or more polar solvents.
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The free-radical-initiated polymerization of the common dienes such as 
butadiene, isoprene, and chloroprene with 4,4'-azobis(4-cyano-n-pentanol) 
in toluene or dioxane solution has given liquid prepolymers suitable for use 
in the formation of more highly developed networks. This study was 
undertaken with the purpose of determining the effect of various experi
mental parameters on prepolymer yield and properties. Certain conclu
sions have been made from an analysis of the results obtained.

The solution polymerization of dienes by radical initiation is known to 
proceed at a very slow rate and form low molecular weight polymers. 
Although rate studies were not performed in this study, a general qualita
tive measure of the polymerization rate may be ascertained from yield 
data obtained for the various dienes when polymerized under similar condi
tions. Qualitatively, the rate of polymerization of the dienes decreases in 
the order: chloroprene »  butadiene >  isoprene. Undoubtedly, the rate of 
polymerization is controlled to a large extent by the nature of the growing 
radical chain end of the polymer, particularly the spatial arrangement of 
the terminal monomer unit.

One of the areas of interest in the reaction parameter study was the yield 
of the prepolymers obtained from free-radical solution polymerization of the 
diene monomers. Reactions conducted over time periods of 24, 48, 72, and 
120 hr, using 3 mole-% ACP in toluene and dioxane demonstrated th a t an 
increase in the prepolymer yield may be realized with an increase in reaction 
time. Prepolymer yields also increased with initiator concentrations; 
however, increasing the diene concentration from 5.0 to 20.0 mole/1. had 
little effect on the yields. The maximum yields for the polybutadienes and 
the polyisoprenes appeared to be near 60%; polychloroprenes could be ob
tained in near quantitative yields under appropriate conditions. Poly
merizations conducted in dioxane gave slightly higher yields than in tol
uene. Depending upon conditions and the diene, the yields ranged from 
13 to 99% (see Tables II-IY ).

The molecular weight of the polydiene prepolymers was affected slightly 
by reaction conditions. An increase in the molecular weight was observed 
with an increase in the time of the reaction. In  general, the molecular 
weight of the prepolymers were highest a t low initiator concentrations. 
Although not consistent within a given prepolymer series, there appeared to 
be a trend towards higher molecular weights with increasing diene concen
tration. The molecular weight ranges for the polydienes were: polybuta
dienes 2200-5700, polyisoprenes 2200-6600, and polychloroprenes 2500 to 
>20,000. W ithin these molecular weight limits the ACP concentration 
may be utilized to exert the most control over the molecular weight of the 
prepolymers.

While molecular weight of the prepolymers normally ran in the expected 
order within any given series of polymerization reactions, there were in
stances where the molecular weight values were obviously high or low and 
did not fit into the pattern. Errors in the M n values obtained by vapor- 
phase osmometry may be attributed to (a) impurity in the sample, or (b)
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errors introduced in the experimental determination of M,,} I t  was ex
tremely difficult to determine the purity of the prepolymer samples, since 
the presence of small quantities of solvents or other low molecular weight 
compounds, which affect the measured M n values drastically, are not easily 
accounted for by conventional means. To insure a certain degree of repro
ducibility of sample purity, a standard isolation and purification procedure 
(previously described) was employed. Although considerable variation 
was observed in molecular weight values, the trends in molecular weight 
were definitely established and have been confirmed by intrinsic viscosity 
measurements and gel permeation chromatography analysis.

One of the most im portant properties of the liquid prepolymers was their 
functionality since this number is an indication of the amount of coupling 
or crosslinking th a t can be achieved in the chain-extension of such prepoly
mers. Functionality was expressed as .1/,,/hydroxyl (endgroup) equivalent 
weight. It appeared tha t there was a trend for the functionality values in 
any series of prepolymers to increase as the M n values increased. In gen
eral, the functionality values were greater than 2 .0 , and in those instances 
where low values were obtained, probable errors existed in the measured 
values for M n and /or weight per cent hydroxyl endgroups.

Intrinsic viscosity values [77 ] were measured in toluene solution at 30°C 
in Cannon dilution viscometers. These values indicated th a t the molecular 
weight of the prepolymers increased with time, with reduction in ACP 
concentration, and with an increase in diene concentration. Hence, they 
tended to substantiate the trends developed in the M„ (VPO) data.

The molecular weight distribution values ranged from 1.24 to 2.97 for the 
polybutadienes and 1.15 to 1.62 for the limited number of polyisoprenes. 
I t  was apparent th a t the molecular weight distribution was increasing with 
longer reaction time as would be expected from duplicate reactions where 
the quantity of initiator was added in one single portion at the start of the 
polymerization. In  addition, the increase in [ACP ] produced a decrease in 
the molecular weight distribution for the polybutadienes whereas the buta
diene concentration exhibited little effect on their distribution. I t  was 
demonstrated th a t under suitable conditions the molecular weight distribu
tion could be controlled to give relatively low values in the range of 1 .2 - 1 .3.

The analytical contributions of Dr. K. E. Johnson and Mr. R. D. Strahra are gratefully 
acknolwedged. The technical assistance of Mr. J. O. Woods is appreciated.

This work was sponsored by the U.S. Army Missile Command, Redstone Arsenal, 
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Polym erization o f Methyl Methacrylate under 
Ultrasonic Irradiation. Part V. Effect o f Ultrasonic 
Irradiation on Stereoregularity of the Polymers and 

Oligomers Produced hy Grignard Catalyst in 
T oluene-D ioxane Mixed Solvent

ZENJIRO OSAWA, TAKAO KIM URA,* YOSHITAKA OGIWARA, 
and N ORIY UKI MATSUBAYASHI,f Department of Polymer Chemistry, 

Faculty of Engineering, Gunma University, Kiryu City, Gunma, Japan

Synopsis

Polymerization of methyl methacrylate with Grignard reagent in toluene-dioxane 
mixed solvent was carried out under ultrasonic irradiation. The effects of ultrasonic 
irradiation and the order of catalyst addition on Grignard reagent and the microstruc
ture in the reacting sites were examined on the basis of the stereoregularity of polymers 
and oligomers produced. The formation of oligomers was also discussed on the basis of 
the consumption of initiator. The stereoregularity of the polymers in series A (no 
ripening of catalyst with solvent) is higher than that in series B (ripening of catalyst with 
solvent). The effect of ultrasonic irradiation on the stereoregularity was completely 
reversed in series A and B; it increased in the former and decreased in the latter with 
ultrasonic irradiation. Similar results were obtained for the stereoregularity of the oli
gomers, but the stereoregularity of the oligomers was lower than that of polymers.

INTRODUCTION

In  a previous paper1 of this .series, we proposed th a t ultrasonic irradiation 
affected both the chemical equilibrium of Grignard reagents in solution 
and the reacting sites in anionic polymerization on the basis of the stereo- 
regularity of the polymers produced in dioxane-tetrahydrofuran mixed 
solvent. This paper deals with our efforts to confirm the proposal by 
examining the effect of ultrasonic irradiation on the stereoregularity of 
polymers (methanol-insoluble) and oligomers (methanol-soluble, water- 
insoluble) produced by Grignard reagents in toluene-dioxane mixed 
solvent.

In  anionic polymerization of methyl methacrylate, it is well known th a t 
various kinds of by-products are produced other than polymeric materials.

* Present address: Electrical Communication Laboratory, Nippon Telegraph and 
Telephone Public Corp., Tokai Ibaragi, Japan.

t Present address: Hitachi Ltd., Naka Work, Katsuta City, Ibaragi, Japan.
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Kawabata and T suru ta2,3 reported th a t in polymerization of methyl 
methacrylate with n-butyllithium in tetrahydrofuran, n-butane, carbonyl 
addition compounds, and dimer were produced as by-products, and ca. 
25% of initiator in tetrahydrofuran and ca. 50% in n-hexane participated 
for the production of polymers. In n-butylmagnesium bromide-initiated 
polymerization, n-butane was also produced.4

Glusker et al.5,6 reported th a t in polymerization of methyl methacrylate 
with 9-fluorenyllithium in toluene, about 90 mole -% of polymeric materials 
has a molecular weight lower than 2000, and postulated termination with 
a ring-complex structure. Goode et al.7 reported the formation of polymers 
with a broad molecular weight distribution and several reaction products 
of Grignard reagent and methyl methacrylate in the phenylmagnesium 
bromide catalyst system.

Furthermore, M inoura et al.8 showed th a t the degree of polymerization 
of the methanol-insoluble M M  A polymer is higher than 1000, and th a t 
of the methanol-soluble portion is lower than 50 in an optically active 
Grignard reagent catalyst system.

Although a number of works on the stereospecific polymerization of 
methyl methacrylate have been published, very few systematic studies 
on the stereoregularity of the oligomeric materials produced in anionic 
polymerization of methyl methacrylate, in connection with th a t of poly
meric materials, are available. Therefore, the stereoregularity of the 
polymers anil oligomers produced by the polymerization of methyl meth
acrylate with Grignard reagent in toluene-dioxane mixed solvent was 
determined by N M R analysis, and the effect of ultrasonic irradiation on 
Grignard catalyst and the microstructure in the reacting sites is discussed

EXPERIMENTAL 

Preparation of Reagents

Purification of the monomer and solvents and synthesis of the initiator 
were described in previous papers.1’9-11

Polymerization
Polymerizations were divided into two series, namely, series A (no 

ripening of initiator system) and series B (ripening of initiator system).
Series A. A solution of 4 ml of methyl methacrylate and 16 ml of mixed 

solvent of toluene and dioxane was placed in a 100 ml flask which had been 
previously flushed with dry nitrogen, and the contents were kept a t 20°C. 
Then 3 ml of phenylmagnesium bromide in toluene solution (2.8 X 10-3 M) 
was introduced by means of a syringe.

Series B. The same amounts of solvent and initiator as in series A were 
added to a 100 ml flask and the contents were allowed to stand for 10 min. 
Then 4 ml of monomer was introduced by means of a syringe and polymeri
zation was started.
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Products

Addmethanol

Filtrate MeOH-Insoluble

ca. 1 liter

Evaporation
to ca. 150-200 ml
Addwater (600-700 ml)

f 1
Filtrate FRO-Insoluble

Purify by
M e O H - C H C h  system

i ~ 1\
CHCI3- Purified-

Insoluble polymer

Purify byY acetone-water system
Purified-
oligomer

Fig. 1. Treatment of polymerization products.

Polymerization was carried out a t 20°C for 30 min, and term ination 
was obtained by addition of a large amount of methanol containing a small 
amount of hydrochloric acid. The methanol-insoluble and methanol- 
soluble, water-insoluble portions were separated and purified as shown in 
Figure 1.

Various mixed toluene-dioxane solvents, containing 0, 1, 5, 10, 20, GO, 
80, 90, and 100 vol-% dioxane, were used. Parallel runs were carried out 
under ultrasonic irradiation a t a frequency of 500 kcps and input power 
of 100 W.

Characterization of the Products

The molecular weights of the products were determined by viscometry, 
a vapor-pressure method, and osmometry. Determination of the structure 
of the polymers and oligomers were made by a NM R spectral analysis. 
The NM R instrum ent used was a Hitachi Model R-20 instrument.

RESULTS AND DISCUSSION

Polymerization conditions and yields of polymers and oligomers are 
listed in Table I. As shown in Table I, a distinct trend in yield of polymers 
and oligomers is not observable. However, the yield of polymers is 
almost 40-50% when 100 toluene is used as solvent, and a fairly large 
amount of oligomers is produced in each series.

The molecular weights of polymers and oligomers are shown in Table II. 
The number-average molecular weights of oligomers, as determined by the
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TABLE III
The Ratio M v/M„ for Polymers

Toluene : dioxane 
(by volume)

Mv/Mn
Series A (no ripening) Series B (ripened)

Without US“ With US Without US With US

100:0 11.2 11.4 15.0 8.9
90:10 5.1 4.0 3.5 3.1
0:100 7.5 5.8 2.8 2.2

° Ultrasonic irradiation (100 W).

vapor pressure method, lie in the range 630-1410, which corresponds to 
a degree of polymerization of 6-13 if the chain-end phenyl group is excluded. 
On the other hand, the viscosity-average molecular weight of polymers 
ranges from 6300 to 1,038,000; in general, molecular weights of polymers 
from series A (no ripening) are higher than  those of series B (ripening) 
and they decrease with increasing proportion of dioxane in the mixed sol
vent. However, a small effect of ultrasonic irradiation on the molecular 
weight of the products is observed.

I t  is well known th a t the viscosity-average molecular weight is close to 
the weight-average molecular weight, and the ratio M w/ M n is sometimes 
used as a measure of the breadth of the molecular weight distribution.12 
Therefore, the ratio, M J M n, was calculated as a measure of the breadth 
of the molecular weight distribution. The M„/Mn ratios are shown in 
Table III.

I t  is reported th a t M w/ M n in a nonpolar solvent for PALMA is 7-18.13 
As shown in Table II I , the ratio of M v/ M n in pure toluene solvent is 
9-15 which is within the preceding range. However, it is much lower in 
pure dioxane or toluene-dioxane mixed solvent for both series. The 
ultrasonic irradiation lowers the ratio M v/ M n slightly.

As shown in Figure 1, the methanolic clear filtrate becomes cloudy on 
addition of a large amount of distilled water after removal of methanol- 
insoluble polymeric materials. On allowing the cloudy filtrate to stand 
for a day or more yielded white powder or yellowish paste précipitants. 
These products show almost identical infrared and N M R  spectra as the 
polymeric materials. In  the case of oligomers, a peak (r =  2.85) in the 
lower magnetic field region was observed which was assigned to the end 
phenyl group in the oligomer. I t  is therefore possible to calculate the 
stereoregularity of the oligomers in the same way as th a t of the polymeric 
materials by analysis of NM R spectra. The number-average molecular 
weights of the oligomers determined by the vapor-pressure method are 
shown in Table II.

The stereoregularity of the polymers was determined by N M R spectral 
analysis, and plots of isotacticity and syndiotacticity against the concen
tration of dioxane in the mixed solvent are shown in Figures 2 and 3, 
respectively.
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For the explanation of the results, we took into consideration two factors 
which may affect the stereoregularity of the polymers: namely, the 
chemical equilibrium of Grignard reagents and the effect of ultrasonic 
irradiation on reacting sites. The chemical equilibrium of Grignard 
reagents shown in eq. (1) and the relation between the stereoregularity of 
polymers and initiating species were discussed in some detail in the previous 
paper.1

2RMgX lt2Mg +  MgXj (1)

The results that isotacticity of series A (no ripening) is higher than that 
of series B (with ripening) might reflect the relative amounts of the active 
species, R M gX  and R 2Mg, since in the ripening of Grignard reagent with 
toluene-dioxane mixed solvent, R 2Mg, which gives a polymer of low 
stereoregularity, might increase. In this connection, one should notice 
that reaction in pure toluene solvent, in all four series gives polymers 
with a extremely high isotactic content, and there is no difference in 
stereoregularity among four groups.

The opposite effect of ultrasonic irradiation on the stereoregularity of 
the polymers is also observed. In the case of series A (no ripening of 
catalyst system), the isotacticity of polymers produced with ultrasonic 
irradiation was higher than that without it, however, the converse is true 
in the case of series B (ripening of catalyst system). The preceding 
results are consistent with those reported in the previous paper.1 There
fore, the conclusion that the ultrasonic irradiation affects the microstruc
ture in the transition state of propagation, and increases IT Mg if the 
catalyst system is aged seems to be valid.

As shown in Figure 4, the plots of isotacticity of oligomeric materials 
against the concentration of dioxane in mixed solvent give four separate

Fig. 4. Isotacticity of oligomer. Symbols as in Fig. 2.
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Fig. 5. Syndiotacticity of oligomer. Symbols as in Fig. 2.

curves which are similar to those for the polymers. The results might 
be explained in the same manner as for polymers. However, the isotac- 
ticity of oligomers is lower than  th a t of polymers in the toluene-rich range. 
For examples, in pure toluene solvent the isotacticity is ca. 83% for 
oligomers, but ca. 95-98% for polymers. Glusker et al.5’6 reported th a t 
beyond a limited monomer unit a helical structure of growing polymer is 
formed; in this helical structure the addition of monomer to growing 
polymer end with isotactic structure is favored. Therefore, the fact th a t 
the isotacticity of oligomers is lower than  th a t of polymers is ascribed to 
the same reasons as Glusker proposed.

According to the Coleman’s equation, it is possible to  estimate the 
stereoregular sequence lengths by triad tacticity .14 The results calculated 
were in good agreement with the stereoregularity; namely, the order of 
the mean lengths ^ {I } of closed sequences o isotactic placements was 
consistent with the isotacticity.

See Figure 5 for information on triad  syndiotacticity.
For the formation of oligomeric materials, various factors might be 

considered, for example, degradation of polymers by ultrasonic irradiation, 
termination by traces of impurities such as oxygen, moisture, or carbon 
dioxide, pseudo-termination association of growing polymers, and chain 
transfer to solvent. I t  is not likely th a t the formation of oligomer is due 
to degradation of polymers, since all four series give oligomeric materials.

The evaluation of the consumption of initiator would be very helpful in 
understanding the termination reaction by impurities. The consumption 
of initiator was therefore calculated for all series; results are shown in 
Table IV.

In  anionic polymerization, small amounts of oxygen or moisture, can 
react instantly with initiator and growing polymers ends. Therefore, 
in series A (no ripening of catalyst), impurities might react with both 
initiator and growing polymer end ; on the other hand, in series B (ripening 
of catalyst), the initiator may be consumed by the impurities during the
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TABLE IV
Consumption of Initiator

Series A (no ripening) Series B (ripened)

Without US With US Without US With US

Polymer, wt-%“ 53.8 58.2 56.5 67.0
Oligomer, wt-% 46.2 41.8 43.5 33.0

Polymer, mole-%“ 2.0 1.5 3.3 6.1
Oligomer, mole-% 98.0 98.5 96.7 93.9

Consumption of
initiator, %

Polymer 0.6 0.5 0.7 0.8
Oligomer 35.4 37.6 22.3 17.9
Others 64.0 61.9 77.0 81.3

a Chloroform-insoluble material excluded.

ripening of catalyst. If this kind of term ination reaction occurs, the 
consumption of initiator by the formation of oligomers in series A must 
be higher than  th a t in series B. As shown in Table IV the average initiator 
consumption by oligomer formation is 36.5% in series A and 20.1% in 
series B. The data seem to indicate tha t oligomer formation involves 
reaction between growing polymer and impurities. However, a large 
amount of oligomer is formed even in series A, in which almost all impuri
ties should be reacted with initiator, and the formation of oligomers is 
not likely if the impurities were the only factor.

Glusker et al.3’6 and Goode7 assumed a pseudo-termination in poly
merization of methyl methacrylate with 9-fluorenyllithium for the forma
tion of oligomers. They assumed a change in mechanism a t eight or nine 
monomer units which results in a large increase in the probability tha t 
each monomer addition will be isotactic. Therefore, one should take 
into consideration this pseudo-termination proposed for the formation 
of oligomers.

Although Makowski et al.13 reported the association of low molecular 
weight species in the polymerization of butadiene, it is difficult to deduce 
the association of growing species with lowr molecular weight in our poly
merization system.

Chain transfer to solvent is observed only rarely in anionic polymeriza
tion of methyl methacrylate in dimethyl sulfoxide;16 in general chain 
transfer is less expected in anionic polymerization. I t  is, therefore, not 
probable to expect the chain transfer in our system. So far we have 
discussed the formation of oligomers; no adequate explanation is available 
at- present.

Statistical treatm ent of the results showed th a t Bovey plots of stereo- 
regularity of oligomers was different from th a t of an ideal Bernoulli process 
and tvas quite similar to th a t of polymers, and it did not lit Fueno’s model17 
which is controlled by catalyst. Therefore, a penultimate effect must be
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present in oligomer formation as well as polymer formation in anionic 
polymerization of methyl methacrylate.
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Synopsis

High-resolution proton magnetic resonance (NMR) spectroscopy was used to deter
mine the sequence distribution of chlorines in elastomeric chlorosulfonated polyethylenes. 
The determination is based on measuring the relative amounts of methylene groups 
that are a, 13, and y (or greater) from chlorine containing groups (CHC1 groups) in chloro
sulfonated polyethylenes. The results obtained from the NMR examination at 220 
MHz were compared with the theoretical predictions based on the statistics of substitu
tion polymers. The comparison showed that polyethylenes chlorosulfonated by a solu
tion reaction with gaseous chlorine and sulfur dioxide show a random chlorine distribu
tion.

INTRODUCTION

High-resolution nuclear magnetic resonance spectroscopy has proved to 
be an effective tool for studying microstructure of chlorine-containing poly
mers.1-13 Even though much of the work reported deals with studies on 
the stereochemical configuration of poly (vinyl chloride),1-5 a number of 
workers have been involved with studies on sequence distributions of chlo
rine-containing copolymers.6-13 Three of these studies6-8 involved the 
microstructure investigation of vinylidene chloride-vinyl chloride copoly
mers. The NM R results reported from these studies showed th a t (1) even 
a t high concentrations of vinylidene chloride some vinyl chloride sequences 
were observed and (2) two types of copolymers were found. One of the 
two types contained sequences of head-to-tail and head-to-head structure of 
vinylidene chloride and sequences of vinyl chloride and vinylidene chloride. 
The other type contained vinyl chloride sequences in addition to those men
tioned in the first type.

Besides the NM R studies reported on vinylidene chloride-vinyl chloride 
copolymers sequence distribution measurements were reported on other 
kinds of chlorine-containing copolymers. Among them  were vinylidene 
chloride-isobutylene copolymers,10 vinylidene chloride-vinyl acetate co
polymers,11'12 and vinyl chloride-ethylene copolymers.913 For the first

2051
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two kinds of copolymers, the sequence distribution measurements which 
were made in term s of diad or triad sequences showed th a t (1) for vinylirlene 
chloride-isobutylene copolymers the N M R  determination was as accurate 
as the chemical analysis and (2) for vinylidene chloride-vinyl acetate co
polymer, a single N M R  measurement could be used to specify the monomer 
sequence distribution. I t  was also found for the latter system that as the 
polymerization proceeds, the monomer sequence distribution becomes 
broader.

Of the different chlorine-containing copolymers studied by NMR, the one 
th a t comes closest to  our N M R  studies on chlorosulfonated polyethylene is 
the copolymer of ethylene and vinyl chloride. Schaefer9 reported th a t 
vinyl chloride-ethylene copolymers prepared by free-radical polymeriza
tions show a monomer distribution th a t is random or zeroth-order M arko
vian. However, Wilkes, et al.13 showed th a t for vinyl chloride-ethylene 
copolymers prepared in bulk the copolymerization is not random and is 
first-order Markovian.

In  our N M R  investigation we studied the chlorine distribution of chloro
sulfonated polyethylenes prepared by solution chlorosulfonation with 
gaseous sulfur dioxide and chlorine. In  conjunction with the investigation, 
we developed an N M R method to determine the chlorine distribution by 
measuring the relative amounts of a, j8, and y (or greater) methylenes and 
then we compared the NM R measurements with the statistical predictions 
made for substitution polymers.14

EXPERIMENTAL

The five chlorosulfonated polyethylene samples used in the NM R studies 
had chlorine contents between 18 and 35 wt-%. The sulfur contents of each 
of these samples were about 1 wt-% . The one chlorinated polyethylene 
sample studied in this investigation contained 42 wt-%  chlorine. All the 
samples were prepared by the gas-phase reaction15 involving either chlorine 
and sulfur dioxide or chlorine alone in reaction with polyethylene dissolved 
in carbon tetrachloride.

Various chlorine containing model compounds were obtained for use in 
identifying lines in the NM R spectra. Samples of these compounds were 
obtained from Chem Service, Inc., Media, Pa.

The chlorosulfonated and chlorinated polyethylene samples were dis
solved in either p-dichlorobenzene or Perclene at a concentration of about 
20% (w/v) prior to their examination at elevated tem peratures at 100 and 
220 MHz. The 100 M Hz spectra were obtained at approximately 150°C 
in p-dichlorobenzene solution with a Marian HA-100 spectrometer. The 
220 MHz spectra obtained from p-dichlorobenzene solutions were examined 
at approximately 135°C with the Varian HR-220 spectrometer. Those 220 
MHz spectra obtained from Perclene solutions were examined at about 
115°C.
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Interpretation of NMR Spectra

Figure 1 shows the NM R spectra obtained at 100 MHz and 220 M Hz for 
the chlorosulfonated polyethylene sample containing 25 wt-%  chlorine. 
This sample exhibits a pattern  in the proton resonance spectrum tha t is 
typical of spectra obtained from chlorosulfonated polyethylene» whose 
chlorine contents are in the range from approximately 10 wt-%  to approxi
mately 40 wt-% . Based on a comparison of the two spectra in Figure 1, 
it is apparent th a t the spectrum obtained at 220 MHz is clearly superior to 
th a t obtained at 100 MHz. Not only are the different lines better resolved 
a t 220 MHz but also the patterns obtained for the different lines clearly 
show multiple! splittings. Hence, it is readily seen th a t the data reported 
herein are based on work done at 220 MHz.

Table I lists the chemical shift values relative to hexamethyldisiloxane 
for chlorosulfonated polyethylene»;, the structure assignments, and the

Fig. 1. NMR. spectra of chlorosulfonated polyethylene containing 25 wt-% chlorine
(p- dichlorobenzene solution).
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TABLE I
Line Positions, Assignments, Methylene Sequences, and 

Literature Sources and Model Compounds Used for Line Assignments in 
NMR Spectra of Chlorosulfonated Polyethyl enes

Chemi
cal

shifts,
ppm
from

HMDS Structure assignments
Methylene
sequences

Literature sources 
and model compounds

1.25 —c h 2—c h 2—c h 2— y (or greater) Refs. 9, 13
1 .44 —CHC1—CH2—CH2— ß lief. 9 and

1-chloropentane
1.66 - C ir c i -  -CIL—CIL—CIL —CHOI— », ß \ lief. 9 and

—CHC1—CH2—CH2 a i 1-chloropentane
1.86 —CHC1—CH2—CH,—CHC1 a Ref. 13 and

1,4-dichlorobutane
1.95 —CHC1—CH2—CHC1— a Ref. 4, 9

(syndiotactic PVC)
2.19 c n n  c ii2 c n n a Ref. 4, 9

(isotactic PVC)
3.79 C IL -C Ih  CUCI C II, CH. — Ref. 9

literature sources and model compounds used in making the assignments. 
Even though the shift values are reported for the high frequency of 220 
MHz, they were essentially consistent with those we obtained at 100 MHz 
and with most values reported by Schaefer9 and Wilkes et al.13 on similar 
sequences in copolymers of ethylene and vinyl chloride. The assignments 
made were based on a comparison of the shift values with those reported by 
Schaefer and Wilkes et al. as well as with the shift values obtained on identi
cal groups in the indicated model compounds. However, because we are 
dealing with substitution polymers instead of vinyl copolymers and be
cause we were able to obtain well resolved spectra at 220 MHz we decided 
to label the methylene sequences differently from the method described by 
Schaefer and Wilkes. We defined the sequences in terms of a, &, and y 
(or greater) methylene groups as shown in Table I. This definition refers 
to methylene groups th a t are adjacent, two methylenes removed, and three 
or more methylenes removed, respectively, from CHC1 groups. Even 
though there are several lines assigned to the different kinds of a-methylene 
groups, we lumped them  together in our work for the sequence calculation 
of a-methylenes. The line at 1.66 ppm was included in the a-methylene 
sequence calculation although it contained one kind of /3-methylenes.

Because some of the lines observed at 220 MHz clearly showed multiplet 
splitting patterns, we interpreted them  in terms of their splitting patterns 
for comparison with the interpretations made from chemical shift measure
ments. The patterns associated with these various lines, the coupling 
constants measured, and the structures assigned are given in Table II.
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The basis used for the structure assignments was twofold. First, we used 
the kind (singlet, quartet, etc.) of multiplet splitting pattern observed and 
second we used the value of the coupling constants determined for each of 
these lines. For the line at 1.25 ppm, a singlet is seen. Thus, it was as
signed to polyethylenelike structure. For the line at 1.44 ppm, however, 
overlapping quintets are seen. The type of methylene group assigned to 
this line is seen to be surrounded by methylene groups with one of these 
methylene groups being adjacent to the chlorine-containing group. Hence, 
the reason for the quintet pattern. The appearance of overlapping quin
tets indicates th a t there is more than  one kind of sequence for the /3-methyl
enes. The line at 1.66 ppm shows a clearly defined quartet. This pattern  
can be assigned only to an a-methylene because it has to be the result of an 
interaction with three neighboring protons. One of the protons comes from 
the neighboring chlorine-containing carbon and the other two protons come 
from the neighboring /3-methylene group. Following these assignments, we 
see tha t they compare very well with the same four chemically shifted lines 
in Table I except for the line at 1.66 ppm. One of the two sequence as
signments in Table I is not indicated here. T hat sequence is the three 
methylene sequence between chlorine-containing groups. Since th a t se
quence is not confirmed by the result of Table II, it is believed th a t it is 
very low in concentration at chlorine contents up to approximately 35 
wt-% .

TABLE II
Multiplet Splittings, Coupling Constants, and Structure Assignments 

from 220 MHz NMR Spectra of Chlorosulfonated Polyethylenes

Chemical
shifts,
ppm
from

HMDS Multiplet splittings
Coupling

constants, Hz Structure assignments

1.25 Singlet _
(d) (d) (d)

—c h 2—c h 2—c h 2

1.44 Overlapping quintets J  be ~  J  cd — 7.0
(a) (b) (c) (d)

—CHC1—CH2—CH2—CH2

1.66 Quartet J  ab = J  ah = 7.0
(a) (b) (c)

—CHC1—CH2—CH,

3.79 Quintets Jab = 7.0
(b) (a) (b)

CHo—CHC1—CH2

Method of Sequence Determination

The method developed to determine the chlorine distribution in chloro
sulfonated polyethylenes is based on the measurement of relative areas of 
lines due to a, /3, and y (or greater) methylene groups in spectra of the poly
mers. In  order for the determination to be valid and its results to be cor- 
relatable with the theoretical predictions th a t are based on statistics de
veloped for substitution polymers14 several assumptions were made. First,
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the concentration of CC12 groups in chlorosulfonated polyethylenes in the 
concentration range from approximately 10 wt-%  to approximately 35 
wt-%  chlorine was considered negligible. This assumption was verified 
upon correlating the results obtained from the area measurement of the 
line at 3.79 ppm (assigned to the CHC1 group) with results of the elemental 
analysis for chlorine. Since it is known from literature data7 th a t methyl
ene groups adjacent to  CC12 groups show their resonances in the 3-4 ppm 
region, a significant increase in the area measurement for this region over 
that predicted from the elemental analysis for chlorine would certainly 
indicate the presence of CC12 groups in the polymer. Based on this type of 
correlation, we found no indication for the presence of CC12 groups in 
chlorosulfonated polyethylenes up to about 35 wt-%  chlorine. However, 
above about 35 w t-%  chlorine some CC12 groups were indicated, and the 
content of these groups appeared to increase with increasing chlorine con
tent. The second assumption was th a t sulfonyl chloride groups which are 
present in chlorosulfonated polyethylenes and which are seen to influence 
neighboring groups differently than  chlorine groups (Table I I I  shows th a t 
there is a difference of +0.27 ppm for a neighboring S 02C1 group over a 
neighboring C l group) were sufficiently low in concentration to make es
sentially negligible influence on the quantitative measurements for sequence 
determination. This assumption is based on the fact th a t the sulfur con
tent of chlorosulfonated polyethylenes is the order of only about 1.0 wt-%  
and from this level of sulfur content and a 35 w t-%  content of chlorine 
there would be only one C H S02C1 group, on the average, for every 120 
methylene groups and 30 CHC1 groups. Finally, the third assumption 
made was th a t the content of the three intervening methylene sequence 
which is one of the two assignments made for the line at 1.66 ppm is very 
low and in fact is low enough to show little interference in our sequence 
determination for chlorosulfonated polyethylenes containing chlorine con
tents of 35 wt-%  and below. This assumption is justified on the basis tha t 
a t 35 wt-%  chlorine there is on the average, as indicated above, only one 
chlorine for every five carbons so th a t at lower chlorine contents there would 
be significantly more carbons for each chlorine. Also, 220 MHz spectra 
(see Fig. 1) showed no evidence for this three-methylene sequence group. 
Thus, the line at 1.66 ppm was included with the a-methylenes for our 
sequence determination. After taking into account the three assumptions 
described above, we measured the integrated intensities in the following 
manner for determining the chlorine distribution of chlorosulfonated poly
ethylenes. The three regions are defined as: I, 0.74-1.26 ppm; II, 1.26-
1.50 ppm; and III, 1.50-2.65 ppm:

kl = 2 [7 (or greater)-—C H 2 groups]

MI = 2[d—CH 2 groups]

Trill =  2 [a—CH 2 groups]
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where k is a proportionality constant including the solution concentration 
and instrum ent variables, and the term s inside the brackets are the mole 
fractions of a, ¡3, and y  (or greater) methylene groups. Therefore, by 
integrating these three regions, we can relate the integrated areas to the 
mole fractions of the three kinds of methylene groups. From this measure
ment, we can determine the degree of blockiness for methylene groups in 
chlorosulfonated polyethylenes and as a result determine the chlorine dis
tribution.

TABLE HI
Comparison of NMR. Data from Model Compounds Containing 

Chlorine and Sulfonyl Chloride Groups

Moiel compounds
Chemical shifts, 

ppm Assignments

CH2C1CH2CH2C1 2. IS —CCI—CH2—CCI—
CH2C1CH2CH2S02C1 2.4.') —CCI—c h 2—CS02C1—

RESULTS AND DISCUSSION

In  Table IV, we list the five different chlorosulfonated polyethylene sam
ples and the one chlorinated polyethylene sample examined, their method of 
preparation, their chlorine contents, and the NM R results obtained on 
them. These N M R results are given in terms of the mole fractions of a, 
¡3, and y (or greater) methylene groups. Plots of the mole fractions of a, 
(3, and y (or greater) methylene groups against chlorine content are shown 
in Figure 2. The experimental points are shown as triangles in the plots for 
the samples analyzed by NM R. The theoretical curves shown in Figure 2 
were calculated by the following equations which are based on the statistical 
treatm ent of Frensdorff and Ekiner.14

Mole fraction of a-CIR = 1-Foo2

Mole fraction of |8-CH2 = Too2 (1-Too2)

Mole fraction of y-CHj = Too4

TABLE IV
Methylene Group Distributions of Chlorosulfonated Polyethylenes

Mole fractions of methylene groups

vSam-
ple Method of preparation Cl, wt-% a. ß

7 (or 
greater)

A Gaseous S 02 +  Cl2 18 0.22 0.11 0.67
B Gaseous S02 -f Cl > 25 0.28 0.14 0.59
C Gaseous S02 +  Cl2 26 0.29 0.14 0.57
1) Gaseous S 02 +  Cl2 3f) 0.42 0.16 0.42
E Gaseous S 02 +  Cl2 35 0.43 0.16 0.41
F Gaseous Cl2 42 0.62 0.16 0.22
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The values of Too used in the calculation of these curves have been taken 
from their work (Table IV ;14 hindered, case 1; random, case 4). The 
amount of hindrance in their hindered case is based on isomer distributions 
obtained from chlorination studies of a model compound, 2-chlorohexane.16 
Thus, the hindered-distribution case states th a t the chlorine substitution 
is not equally likely on all sites, but is hindered from being substituted on 
adjacent carbons along the polyethylene chain.

In  Figure 2 the two theoretical curves are shown for each of the three kinds 
of methylene groups. The chlorine concentration range over which these 
curves are drawn in each plot is from 0 to about 45 wt-% chlorine. Of the
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Fig. 2. The three plots of (A) a-methylenes, (B) /3-methylenes, and (C) 7 -methy- 
lenes show the theoretical curves for the cases of random and hindered chlorine dis
tribution14 as well as the NMR data experimentally obtained at 220 MHz on five 
chlorosulfonated polyethylenes and one chlorinated polyethylene prepared by the 
gaseous reaction: (A) experimental data; (O) corrected data.

three plots shown, the one that shows the largest difference between the 
random and hindered curves is the 7 -methylene plot. At a chlorine con
centration of 40 wt-% the difference is seen to be about 0.075 mole fraction 
of 7 -methylenes. .Meanwhile, at this same chlorine content the difference 
is seen to be about 0.05 mole fraction for a-methylenes and essentially zero 
for /3-methylenes. At chlorine concentrations less than 40 wt-%, the differ
ence between the two curves becomes smaller in all three plots. Even so, 
it is always seen to be larger in the 7 -methylene plot than in the other two 
plots, while throughout this range of chlorine content from 0  to ~ 4 0 -%  the 
/3-methylene plot shows very little difference between the two curves. 
Thus, based on these findings it is apparent that (1) the 7 -methylene plot 
is the best one to use for determining the difference in chlorine distribution 
between the random and hindered cases and (2) the /3-methylene plot is 
essentially useless for this determination.

Upon comparing the experimental data (triangles) obtained by N M R  
with the two theoretical curves in Figure 2 , we find that the data fall off 
both curves in the plots of a -  and /3-methylenes but that the data fit the 
random curve more closely than the hindered curve in the plot of y-methyl- 
enes. In fact the data show a good match for the random curve in the 
plot of 7 -methylenes except for the chlorinated polyethylene sample con
taining 42 wt-% chlorine. Knowing from above that the 7 -methylene plot 
is the best one to use in determining the chlorine distribution in chloro
sulfonated polyethylenes we can then say that because of the good fit 
observed in Figure 2C  between the experimental data and the random curve
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the chlorine distribution in chlorosulfonated polyethylenes is random. The 
one sample of chlorinated polyethylene examined, however, showed its 
y-methylene content to fit the hindered curve rather than  the random curve. 
Xow upon comparing the experimental data (triangles) for the six samples 
examined with both curves in the a-methylene and /8-methylene plots 
(Figs. 2A and 2B) we see th a t the data do not fit either curve. In fact the 
data are higher than  both curves in the a-methylene plot and are corre
spondingly lower than  both curves in the /3-methylene plot. This lack of fit 
between the experimental data and the theoretical curves for the a- and 
/3-methylene plots is probably attributable to the N M R  measurement 
rather than  to the theoretical predictions because of the difference in the 
XMR measurement between the line due to the y-methylene groups and 
the lines due to the a- and /3-groups. The y-methylene groups show only a 
relatively narrow line at 1.25 ppm, whereas the a-methylene groups show a 
set of both broad and complex lines in the range from 2.19 to 1.66 ppm, and 
the /3-methylene groups show a very broad and complex line at 1.44 ppm. 
Thus, it appears possible th a t because of the greater complexity of the lines 
due to the a- and /3-methylenes we are not as accurate in measuring their 
areas as we are in measuring the area of the relatively narrow line due to 
the y-methylenes. In  order to correct for this inaccuracy and to. provide a 
better basis for comparing the experimental data with the two theoretical 
curves in Figure 2A for the a-methylenes we shifted the experimental data 
in the /3-methylene plot to have these data fit the random curve. The 
data th a t have been shifted are represented as circles in Figure 2B. Be
cause the difference between the two theoretical curves is essentially zero 
in the /3-methylene plot over the chlorine concentration range of 0 to about 
45 wt-%  it is not critical which curve is actually used for fitting the experi
mental points. Then, following this correction we can proceed to make a 
correction in the a-methylene plot (Fig. 2d.) for their experimentally deter
mined points. However, the correction th a t we can make in the a-methyl
ene plot is not arbitrary but is restricted to the amount made in the /3- 
methylene plot as the to tal methylene count which includes a-, ¡3-, and y- 
methylene groups cannot exceed the mole fraction of unity. T hat correc
tion is shown in Figure 2A with the corrected points given as circles. After 
making the corrections indicated we see tha t the fit in Figure 2.4 between 
the corrected points and the two theoretical curves is essentially the same 
as th a t shown in the y-methylene plot. Both sets of data generally show 
a good fit with the random curve than  with the hindered curve except for 
the 42 wt-%  chlorine sample. It show's a better fit with the hindered curve 
in the a-methylene plot as it does in the y-methylene plot.

From the X M R  results obtained at 220 .MHz and from their comparison 
with the theoretical curves in Figure 2, we see th a t chlorosulfonated poly
ethylenes prepared by the gaseous reaction process have a random chlo
rine distribution as opposed to a hindered chlorine distribution. For the 
chlorinated polyethylene sample containing 42 wt-%  chlorine and prepared 
by the gaseous reaction with chlorine we see th a t the XM R data indicates
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it to have a hindered chlorine distribution. The explanation for this differ
ence between the chlorinated polyethylene and the chlorosulfonated 
polyethylene« is not apparent at this time. More studies need to be done 
to reveal the cause of this difference. Nevertheless, the NM R results 
show very clearly that 220 MHz NM R can be used effectively to determine 
the nature of the chlorine distribution in chlorosulfonated and chlorinated 
polyethylenes. Even a single NM R measurement when plotted on these 
graphs in Figure 2  following the above indicated correction can suggest the 
kind of distribution present in th a t sample of chlorosulfonated polyethyl
ene. In the plot of Figure 2 C it is seen th a t for a given chlorine content the 
higher the 7 -methylene content the more blocky and the less regular is the 
chlorine distribution. On the other hand, the lower the 7 -methylene con
ten t the less blocky but the more regular is the chlorine distribution. The 
reverse of this is the case for the a-methylene plot.

We wish to thank Dr. It. W. Keown for supplying the samples studied and Mr. V. A. 
Brown for prepairng them for the NMR examination and for running them at 100 MIIz. 
We further wish to express our thanks for the help of H. K. Frensdorff in developing the 
theoretical relationships included in the text.
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Oxidative Crosslinking in Poly (ethylene 
Terephthalate) at Elevated Temperatures*
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Division of Eastman Kodak Company, Kingsport, Tennessee 37662

Synopsis
Polyethylene terephthalate) oxidizes on being heated in air at elevated temperatures 

to form a crosslinked structure. The crosslinking occurs through a reaction which 
causes arylation of terephthalate rings to form a biphenyltricarboxylic acid derivative. 
This reaction is interpreted as a free-radical cleavage generating a substituted phenyl 
radical which selectively attaches to a terephthalate residue via substitution.

INTRODUCTION

Several papers have been published on the oxidative degradation of 
polyethylene terephthalate) (PET) at elevated tem peratures.1-4 M ost of 
the work has been concerned with the increase in color and carboxyl content 
and the decrease in inherent viscosity when oxygen is present during ther
mal degradation.1-3 Buxbaum exposed model compounds to oxidative 
degradation and determined the products formed,1 and Kovarskaya et al. 
examined the volatile products of thermooxidative degradation.4 Both 
proposed mechanisms for oxidation of the aliphatic portion of PET. The 
articles referred to above give no indication of oxidative crosslinking. Pre
liminary experiments with thermooxidatively degraded PE T  showed evi
dence of crosslinking (i.e., gels in hexafluoroisopropanol). Therefore, we 
undertook an experimental program to elucidate the chemistry of the cross- 
linking reaction. We oxidized the PE T  in air a t high temperatures and 
analyzed the degraded polymer to determine possible crosslinking species. 
P E T  may be exposed to such conditions during extrusion of fibers, films, 
and molded articles in air.

EXPERIMENTAL

Oxidation of PET in Air at 300°C

The P E T  used had an inherent viscosity of 0.59 (60:40 phenol-tetra- 
chloroethane) and a number-average molecular weight of 17,500. The 
polymer was made with a Zn (65 ppm )-Sb (230 ppm) catalyst system.

* Presented at the Southeastern Regional Meeting of the American Chemical Society, 
Richmond, Virginia, November 5-8, 1969.

©  1971 by John Wiley & Sons, Inc.
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P E T  granules were dried in a vacuum oven at ca. 100°C for 4 hr. Films 
(oa. 6 mil) of the dry polymer were pressed at 270° C for 15 sec on a Hanni- 
fan pneumatic press, then placed on Teflon resin sheeting in an aluminum 
weighing dish of 3 in. diameter. The films were heated in air in a muffle 
furnace for various times (1-15 hr) a t 300°C, then removed, cooled in air, 
and characterized as follows.

Gel Formation

A sample (ca. 0.5 g) of the polymer was treated with hexafluoroisopro- 
panol (ca. 5 ml) to  determine if it dissolved or formed a gel. If the poly
mer formed a gel, it was considered crosslinked.

Methanolysis of PET

Samples of polymer (ca. 0.5 g) were placed in 7-oz beverage bottles. 
Then 50 ml of Eastm an spectrograde methanol and approximately 3 drops 
of a 0.69% (w/v) alcoholic solution of titanium  tetraisopropoxide were 
added to each bottle. The bottles and contents were weighed, purged with 
nitrogen, and sealed by a beverage bottle capper with crown caps lined with 
two layers of Teflon resin sheet. The bottles were then placed in an auto
clave containing methanol (to equalize the pressure), heated at 200°C for 6 
hr under autogenous pressure, then cooled to room temperature. The bot
tles and contents were then reweighed to ascertain if leakage had occurred. 
If so, the sample was discarded. Each sample was transferred to a 100-ml 
three-necked flask, and the methanol was removed under vacuum at a tem 
perature below 50°C. The residue was then dissolved in chloroform (5-10 
m l), and the solution was analyzed by gas chromatography.

Gas Chromatographic Analysis

The gas chromatographic analyses were done on an F  & M Model 5750 
gas chromatograph with thermal conductivity detector. The column used 
was 6 ft long X Vi in. in ID  and consisted of 10% Apiezon L oil on Chromo- 
sorb W(AW) solid support. The oven tem perature was programmed at a 
rate of 10°C/min from 200 to 300°C, and the gas flow rate was 80 ml/min. 
The column was held at 300° C after programming until all components had 
been eluted. The peak areas were measured with a planimeter, and the per
centages were calculated relative to the dimethyl terephthalate area. 
Untreated P E T  or P E T  heated in the absence of air showed only two major 
components, ethylene glycol and dimethyl terephthalate, in the gas chro
matographic analysis of the methanolyzed products.

Identification of Unknown Compound From Methanolysis 
of Oxidized PET

The unknown component found by gas chromatography was identified 
by mass spectrometric, infrared, and N M R  analyses and by synthesis. The 
mass spectrometric analyses were run on a Bell and Howell CEC ¡Model
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21-110B mass spectrometer, the infrared analyses were done on a Perkin- 
Elm er Model 421 spectrophotometer, and the N M R analyses were made on 
a Varian Model HA-100 N M R  spectrometer.

The mass spectrum contained intense peaks at m /e values of 329 (15%), 
328 (92%), 298 (19%), 297 (100%), and 253 (20%). The infrared spectrum 
contained the following prominent absorption bands: 1720, 1728, 1607, 
1430, 1306, 1275, 1245, 1235, 1185, 1106, 1087, 1030, 755, 749 and 698 
c m -1. The N M R spectrum showed single peaks at 3.25 (3H), 3.53 (3H), 
and 3.56 (3H), ppm, an aromatic doublet containing two hydrogens at 7.12 
ppm, a doublet a t 7.68 (2H) ppm, and a complex region containing three 
aromatic protons centered at 7.96 ppm.

Preparation of 2,4',5-Trimethylbiphenyl

The procedure used was similar to th a t described by Gomberg and Bach- 
m ann5 for preparation of 4-bromobiphenyl. p-Toluidine (53.6 g, 0.5 mole) 
was weighed into a 1-1. Erlenmeyer flask and 40 ml of distilled water was 
added. Then 100 ml of concentrated hydrochloric acid was added slowly 
with mechanical stirring. The resulting solution of the p-toluidine hydro
chloride was then placed in an ice bath and cooled to 0-5°C. Over a period 
of 1 hr, a solution of 36 g of sodium nitrite in 72 ml of water was poured 
slowly, with stirring, into a flask containing the p-toluidine hydrochloride 
while maintaining the tem perature at 0-5 °C. The solution was stirred for 
an additional 2 hr at this temperature. The diazotized solution was then 
poured into a 2-1., three-necked, round-bottomed flask in an ice bath. To 
this solution 650 ml of ice-cold p-xylene was added. Approximately 350 
ml of pentane was added as a solvent for the p-xylene, which is a solid at 
this tem perature. Then 116 g of 5N  sodium hydroxide solution was added 
dropwise to the cold solution (0-5 °C), which was stirred vigorously during 
the reaction. To ensure completion of the reaction, the solution was al
lowed to stir for 6 hr after addition of the sodium hydroxide solution. The 
mixture was allowed to warm to room temperature, and the organic phase 
was then separated from the aqueous phase. The organic phase was 
washed once with 500 ml of 5N  hydrochloric acid solution and then distilled 
through a 1 X 7-in. Vigreux column. The fraction boiling from 80 to 140° C 
(2 mm) was further purified by preparative gas chromatography on a 10% 
Apiezon L oil on Chromosorb W(AW) column. Analyses of the collected 
material by mass spectrometry and N M R  confirmed the structure as 
2,4',5-trimethvlbiphenyl. The mass spectrum contained strong peaks at 
m/e values of 197 (17%), 196 (100%), 195 (17%), 181 (61%), 166 (20%), 
and 165 (34%). The N M R  spectrum showed single peaks at 2.18 (3H), 
2.27 (3H), and 2.32 (3H) ppm; four aromatic hydrogens at 7.14 ppm; and 
a multiplet containing three aromatic hydrogens centered at 7.0 ppm. 
The infrared spectrum showed the following absorption bands: 3010, 2920, 
2860, 1606, 1510, 1490, 1445, 1373, 1175, 1130, 1100, 1032, 1015, 815, 805, 
745, 579, and 535 cm-1.
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Preparation of 2,4',5-BiphenyltricarboxyIic Acid

The procedure followed was th a t of Friedman et al.6 2,4',5-Trimethyl- 
biphenyl (0.3 g) was placed in a thick-walled glass tube, and sodium dichro
mate dihydrate (2.32 g) and water (5 ml) were added. The tube was 
sealed under nitrogen, and the reaction mixture was heated in an autoclave 
at 270°C for 4 hr. The mixture was then cooled and filtered. The filtrate 
was then made slightly acidic with 5N  hydrochloric acid to precipitate the bi- 
phenyltricarboxylic acid. The product was collected on a filter, rinsed with 
water, and air dried. The yield was 0.27 g (60%); the mp was above 
313°C (poorly defined). The structure was confirmed by infrared and 
mass spectrometry. The mass spectrum contained strong peaks at m/e 
values of 286 (100%), 285 (26%), 269 (46%), 268 (19%) 242 (17%), and 
152 (15%). The infrared spectrum showed absorption bands as follows: 
1690, 1608, 1405 1285,1237, 780, and 745 c m -1 and a broad band from 3100 
to 2800 cm-1.

Preparation of Trimethyl 2,4',5-BiphenyltricarboxyIate

An ethereal solution of diazomethane was prepared by the method of 
Moore and Reed.7 2,4',5-Biphenyltricarboxylic acid (0.23 g) was placed 
in a beaker containing 20 ml of anhydrous ether. The diazomethane-ether 
solution (40 ml) was added and the mixture was allowed to stand until 
most of the solid had dissolved. Evaporation of the filtered ether solution 
yielded 0.21 g (79%) of crystals of trim ethyl 2,4',5-biphenyltricarboxylate, 
mp 105-108°C.

Anal. Calcd for C18H16Oe: C, 65.85%; H, 4.88%. Found C, 65.98%; H, 4.96%.

The infrared, NM R, and mass spectra of this compound were identical to 
those of the unknown component isolated from the methanaolyzed products 
from therm al oxidation of PET.

DISCUSSION

PE T  films heated in air at 300°C showed considerable crosslinking, as evi
denced by gels in hexafluoroisopropanol. These crosslinked polymer sam
ples were depolymerized in excess methanol at 200° C and then analyzed by

TABLE I
Area Percentages of Unknown Present in PET Heated 

in Air at 300°C for Various Times

Heating time, hr Unknown, area %a

1.0 1.18
3.0 3.98
5.0 4.90
7.25 5.23

15.0 7.81

Relative to dimethjd terephthalate.
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Fig. 1. Gas chromatogram of methanolyzed and degraded PET.

Fig. 2. HA-100 NMR spectrum of unknown.

gas chromatography. A gas chromatogram of methanolized PE T  showed 
one major component other than the expected dimethyl terephthalate and 
ethylene glycol, as shown in Figure 1. This component was present in var
ious amounts relative to the original dimethyl terephthalate, depending on 
time of heating. The results listed in Table I indicate the relative amounts 
of unknown material generated upon heating for different times. A sample 
of the unknown component was isolated by gas chromatography and an
alyzed by mass spectrometry and infrared spectroscopy. The mass spec
trogram showed the presence of OCH3 groups, gave a molecular ion peak at 
328 mass units, and indicated a probable molecular formula of CigHisOc- 
The infrared spectrum showed characteristic ester carbonyl and C—0  
stretch absorptions at 1735 cm -1 (5.75m) and 1275 cm -1 (7.85m), respec
tively. An N M R  spectrum of the unknown component is shown in Fig
ure 2. The spectrum indicates two types of hydrogens (aromatic and 
OCH3) in a 7:9  ratio, with two of the aromatic hydrogens and one of the 
methoxyl groups at higher magnetic fields. The mass spectrometric, in-
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frared, and NATH data indicated th a t the unknown component had the 
structure I.

GOOCH:,

GOOCH;,

The NM R signal of the methyl ester group ortho to the biphenyl linkage 
would be expected to occur at a higher magnetic field because of the shield
ing of the second aromatic ring in the expected nonplanar conformation of 
this hindered biphenyl system.
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This triester was synthesized for confirmation of structure. The steps in 
the synthesis are outlined in the Experimental Section. p-Toluidine was 
diazotized arid coupled with /»-xylene to form 2,4',5-trimethylhiphenyl. 
The trimethylbiphenyl was then oxidized to Ihe corresponding acid by heat
ing in a sodium dichromate dihydrate-water solution at 270°C. The 
methyl ester was prepared by treating the triacid with diazomethane. 
Gas chromatographic, mass spectrometric, and NMR analyses of the syn
thesized compound confirmed th a t it was indeed identical to the unknown 
product from oxidation of PET. We concluded th a t this arylation product 
is responsible for oxidative crosslinking in poly (ethylene terephthalate) at 
elevated temperatures.*

The following two possible mechanisms by which the biaryl derivative 
may be formed. Initially there is oxidative hydrogen abstraction from the 
methylene groups to generate the radical II, which then may react by two 
paths. Both mechanisms involve the generation of an alkyl radical which 
then cleaves by one of two pathways to produce a/»-substituted phenyl radi
cal. The phenyl radical can then attack  a terephthalate ring to form a bi
phenyl derivative. These two mechanisms for the formation of phenyl radi
cals are similar to those suggested by IS I arcotte et al.9 in connection with work 
on the irradiation of PET. A preference for path 2 is supported by the work 
of Ivovarskaya et al.,4 who showed th a t much more carbon monoxide than 
carbon dioxide is generated in oxidative degradation of PET. One might 
expect that, if these mechanisms or any mechanism involving a phenyl 
radical were operative, benzoate derivatives would be generated by hydro
gen abstraction by the substituted phenyl radical. However, no methyl 
benzoate was detected in the methanolyzed samples. Also, the volatile 
products were trapped when PE T  was heated in air a t 300°C, but mass 
spectrometric and gas chromatographic analyses of the condensate revealed 
none of the expected benzoate derivatives. Apparently, the phenyl radical 
attacks the aromatic ring with high selectivity. This result is consistent 
with work of Inukai et al.10 in the phenylation of anisole with aromatic 
diazo compounds. Their results showed th a t only 15.4% of the phenyl 
radicals abstracted hydrogen from anisole, even though a large excess of 
the OCH3 hydrogens was available for extraction.

The authors thank J. C. Gilland, Jr., and J. T. Dougherty, who contributed signif
icantly to this research through their analysis and interpretation of the mass spectro
metric andNMR data.
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NOTES

P h o t o p o ly m e r i z a t io n  o f  T e t r a f lu o r o e t h y le n e  to  a  F u s ib le  P o ly m e r

The gas phase polymerization of C2F4 (TFE) has been photosensitized by mercury at 
2537 A although c-C3F6 appeared to be the main product. 1 Polymerization of gaseous 
TFE has also been photochemically initiated in the presence of mercury bromide2 and by 
Cl atoms produced by the photolysis of phosgene at 2537 A.3 Cohen and Heicklen re
ported C-C3F6 as the only product of the Hg-sensitized photolysis of TFE at pressures less 
than 60 torr.4 Mercury-photosensitized oxidation of TFE in the presence of 0> produced 
CF2O and C2F4O as well as c-C3F6.6 Some polymer was reported when TFE reacted with 
oxygen atoms produced by the Hg-photosensitized decomposition of N 20 .6 Vogh has 
claimed that a white solid PTFE polymer is formed when TFE is photolyzed at 2537 A 
in the presence of admixed N 20 .7 Addition of 0 2 in amounts up to 20 ppm appears to 
favor formation of PTFE during the photolysis of (TFE +  0 2) mixtures at 1849 A and 
2537 A,8 although addition of larger amounts yielded primarily oxides and a solid whose 
infrared spectrum differed from that of PTFE by an adsorption band at 1040 cm - 1 . 9 

In a patent mainly concerned with production of CF2 radicals in the singlet state, and their 
subsequent reaction with olefinic compounds to yield fluorinated three-membered rings, 
Mastrengelo has claimed that a polymer is produced during the direct photolysis (over 
the 2000-3000 A region) of TFE at pressures about 380 torr. 10 It has also been reported 
that PTFE is one of the products produced from the Xe-photosensitized reaction of per- 
fluorocyclobutane at 1470 A,11 and may be produced in the similar process with CF4. 12

The surface-photopolymerization of TFE in a vacuum system has been shown to yield 
continuous, adherent polymeric films on various substrates at monomer pressures less 
than 3 torr. 13 We wish to report now on the powdery, white polymer (“floe)” formed in 
the gas phase during the direct photolysis of TFE vapor at pressures ranging from about 
10 torr to 760 torr. The polymer is subject to fusion at 330°C in air to a continuous, 
transparent deposit.

Tetrafluoroethylene from a cylinder (Peninsular Chemical Research Inc., Gainesville, 
Florida) was purified from inhibitor by bulb-to-bulb distillations. It was introduced at 
various pressures through metal valves to a deposition system pre-evacuated to a few

Fig. 1. “Floe” growth from TFE vs. monomer pressure. 
2071
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microns. Substrates such as evaporated aluminum on 1 X 3-in. microscope slides or 
aluminum coupons of similar dimensions were irradiated in the presence of monomer gas 
with the full output of a 700 watt Hanovia lamp (model No. 674A), which emitted about 
17 wratts over the wavelength region 1849 to 2400 A. The lamp was positioned 5 cm 
above a 8  X 20 cm quartz (GE 151) window which permitted passage of low wavelength 
UV light into the reactor. The total distance between lamp and substrate surfaces was 
about 8  cm. Unlike the surface-photopolymerization process wherein film deposition is 
restricted to irradiated surfaces, 13 the polymer “floe” was deposited on all internal sur
faces of the reactor. Mass deposition rates on the substrates were determined by before 
and after weighings on a Satorius balance. The thickness of the fused “floe” material 
was also measured by capacitance techniques with a mercury drop counterelectrode.

The dependence of “floe” growth rate on TFE monomer pressure is shown in Figure 1. 
Even at the lowest pressure essentially all the actinic radiation was absorbed in the gas

phase under the described experimental conditions. Thickness of the polymeric deposits 
was inferred from a constant value for the density. Irradiations were of 35 to 135 min 
duration. The reaction was “flushed” by evacuation every 10 min to ~ 1  torr and then 
refilled to the required monomer pressure. Although most depositions were at substrate 
temperatures near 25°C, variations in temperature from 0 to 200°C did not seem to have 
pronounced effects on the growth rate. With the experimental geometry outlined above, 
“floe” deposition was measurable at monomer pressure as low as 8  torr with no contribu
tion from the continuous film-forming surface process which dominates13 at lower pres
sures. Addition of gaseous nitrogen to a total reactor pressure of 760 torr had no signifi
cant effect on the “floe” growth rate at monomer pressures of 300 torr. No “floe” could 
be detected after 30 min irradiation through a 0.312-cm thick Corning filter No. CS7-54- 
(9863) which passed UV light with at least 27% transmission down to wavelengths about
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2400 A. The direct photolysis requires then absorption of light at or very near the noil- 
bonded continuum14 associated with dissociation of TFE at 2150 A.

As illustrated in Figure 2, the “floe” formed from gas phase photolysis of TFE showed 
considerable infrared absorption at 980 cm"1. In this respect, it differs from the PTFE 
form of Teflon (Fig. 2) but resembles the films surface-photopolymerized directly from 
TFE at lower pressures. 13 This absorption is found in the FEP form of Teflon (Fig. 2) 
and may be associated with the presence of either CF3 groups, or of cyclic fluorocarbons. 15 

For “floe” produced at TFE pressures <300 torr both KBr pellet and multiple reflection 
infrared studies indicated that this absorption peak tended to disappear on fusion in air 
at 330°C.

The percentage retention of the “floe” on fusion at 330°C in air is a strong function of 
the monomer pressure during deposition as illustrated in Figure 3. Again, the presence 
of added nitrogen to a total deposition pressure of 760 torr had no appreciable effect on 
the process.

Unlike the surface-photopolymerized films, 13 the “floe” showed evidence for first-order 
transitions at 20-30°C on DSC. X-ray analyses gave d-values of 4.954 to 4.965. These 
were slightly decreased (4.929-4.939) for deposition in the presence of nitrogen, but still 
appeared to be between the values measured for PTFE-Teflon #6 and FEP Teflon, 4.904 
and 4.983, respectively. Thermal gravimetric analyses indicated that the fused “floe” 
closely resembled PTFE in thermal stability, e.g., no rapid weight loss in air until about 
500 °C.

Although the fusion process to a clear coating of high temperature stability is not un
derstood, it may be a consequence of the particle size and molecular weight (thermal sta
bility) of the polymer formed in the photopolymerization process, which is in turn con
trollable by the monomer pressure during deposition of the “floe.” The fusion is also 
accompanied by adhesive as well as cohesive forces. For example, glass microscope slides 
coated (300 torr TFE +  440 torr Nj) with about 5m of “floe,” placed together with the 
polymer layers intermediate to form a lap joint with one square inch of overlap, and then 
heated for 1 0 0  min to 330°C under a load of 7 oz./in .2 showed Instron shear strengths 
somewhat greater than 50 lbs./in . 2. 16

The presence of even air did not seem to appreciably affect the “floe” deposition 
process, e.g., the deposition rate from a mixture of (200 torr TFE +  480 torr air) was 
comparable to that from 200 torr TFE alone, and the infrared absorption spectra (Fig. 4), 
per cent retention on fusion, and thermal properties of the “floe” were not greatly 
changed.

Mechanistic studies on this photopolymerization process will be reported. It may be 
noted that Dacey and Littler have recently indicated that, in addition to CaF«, C,F2, 
c-CiFg, c-CjFk, C3F6, and C3Fa, some “high molecular weight product” is produced during 
photolysis of C3F3 at 1849 A. 17 The quantum yield of all products depended on the TFE 
pressure, with the polymeric material showing a relative decrease in yield as the pressure 
was increased to about 1 torr.

We thank W. II. Burgess, C. 0 . Kuuz, and D. II. Maylotte for assistance during this 
work.
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P o ly m e r i z a t io n  o f  t h e  N - C a r b o x y  A n h y d r i d e s  o f  A l lo is o le u c in e *

We have been investigating some unusual kinetic features of N -carboxyamino acid 
anhydride (4-substituted 2,5-oxazolidinedione, NCA) polymerizations. The polymer
ization of y-benzylglutamate NCA, for example, exhibited unusual rate curves which 
produced two straight lines when plots of the log of the fractional conversion versus 
time were made.1'2 This indicated to the investigators that a two-stage first-order 
reaction had occurred. In addition, because a-amino acid NCAs contain an asym
metric carbon atom (with the exception of glycine NCA), the copolymerization of enan
tiomers was possible. It was found that the rate constants decreased when a D-monomer 
was added to an L-monomer, and reached a minimum at the racemic composition.

These results were rationalized on the basis of a conformational transition from random 
coil to a-helix with the assumption that a growing random coil will add NCA at a rate 
different from that of an a-helix. The occurrence of the second stage of a two-stage 
propagation was believed concomitant writh the polyamino acid reaching a sufficient 
length to stabilize an a-helix. Furthermore, since the rate constants were determined 
as a function of the d / l  ratio for y-benzylglutamate and were found to decrease to a mini
mum at the racemic composition, it was assumed that inclusion of optical “impurities” 
into the polymer chain decreased the possibility of the formation of a-helices and 
thereby the rate.

We have recently reinvestigated the polymerization of y-benzylglutamate NCA but 
our results could not be rationalized on the basis of coil-helix transitions.3 Our evidence 
indicated that a solubility phenomenon and not a conformational transition was re
sponsible for the two-stage rate curve.

The present study was undertaken to reinvestigate both the unusual kinetic behavior 
of NCA polymerizations and the copolymerization of optical isomers. Isoleucine NCA 
was chosen as monomer for two reasons: it has two asymmetric carbon atoms which 
permit the copolymerization of diastereomers as well as enantiomers, and polyisoleucine 
is a ^-substituted polyamino acid which for steric reasons cannot form a-helices.4'5

H H
I I

nC2H5— C— C-C,

CH3,N —C,
H '

/ ° H H
\  catalyst 1 1 ^

C , H —  C — C—o  — —/ [

\
CH:,

H — N
v ----- -Jyn

nC02

EXPERIMENTAL 

Preparation of Materials

Monomers. The NCAs of alloisoleucine were prepared by the established procedure 
of bubbling phosgene through a dioxane suspension of the amino acid.6 The NCAs 
were recrystallized from ethyl acetate hexane. The recrystallized monomer was 
sublimed to remove any traces of chloride, stored at 10°C, and then resublimed immedi
ately before use.

Solvents. Dioxane was refluxed with 10% 1M  HC1 for 12 hr prior to the addition 
of KOH. The dioxane was separated from the two layers which formed and more 
KOH was added. After 12 hr the dioxane was decanted onto sodium from which it was 
distilled immediately before use.

* Presented to the International Symposium on Maeromoleeular Chemistry, Buda
pest, Hungary, 1969.

©  1971 by John Wiley & Sons, Inc.
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Ethyl acetate and hexane were stored over calcium hydride and filtered before use.
Catalyst. Sodium methoxide catalyst was prepared by the method of Fritz and 

Lisicki7 and was standardized by titrating benzoic acid to a thymol blue endpoint. It 
was stored in the dark to prevent decomposition.

Polymerization Procedure

Polymerizations were conducted in dioxane at an NCA concentration of 0.064 mole/1. 
and at a ratio of monomer to initiator concentration of 40. The rates of polymerization 
were measured by a conductometric method utilizing the fact that a mole of C02 is 
generated for each mole of NCA reacted.8 C02 was swept from the reaction vessel with 
dioxane-saturated nitrogen (to minimize loss of solvent by evaporation) and into a con
ductance cell containing Ba(OH)j. The decrease in conductance as a result of BaCOj 
precipitation was related to (he amount of NCA reacted.

RESULTS

Typical rate curves expressed as fraction of NCA reacted with time are shown in 
Figure 1 . These curves are similar to those required previously for the polymerization 
of the NCAs of 7 -benzylglutamate.

Since (he rates of polymerization of NCAs are first-order in both NCA and initiator, 
the rate equation in terms of the fraction/of monomer reacted may be expressed as

In [1 / ( 1  - / ) ]  = kit

• 0  2 0  3 0  4 0  5 0  6 0  7 0

Tim e (m in )

Fig. 1 . Rate Curves. Fractional conversion vs. time for (• )  D-alloisoleucine NCA 
and (O) racemic mixture of alloisoleucine NCA. [NCA] = 0.064 mole/1., [NCA]/[l] 
= 40.
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Fig. 2. Variation of rate/(l-/) or />(/) or ij>(k) with fraction of monomer reacted for 
D-alloisoleucine NCA-L-alloisoleucine NCA mixtures: (O) 100% n-alloisoleucine NCA; 
(A) 74.7% D-alloisoleucine NCA; (□) 60.3% D-alloisoleucine NCA; (•)  ,>0% D-alloiso
leucine NCA.

Plots of ln [ l /( l  — /)] versus t did not show the clear relationships which were evident 
during the y-benzylglutamate NCA polymerizations.

If growing polymer in some way influenced the rate, then the rate law previously 
expressed is incomplete and should include a factor for the effect of polymer. Therefore 
we may write

—d [NCA]/(ft = fc[I] [NCA]0 [polymer]
where 0 [polymer] is some function of the polymer concentration expressed as moles of 
monomer reacted /liter. Rewriting this equation in terms of the fraction of monomer 
reacted, we obtained

-a d {  1 -  f) /d t  = kla( 1 -  m f )  
dj/dt = ic'd -  m n

where k' = k l  and a is the initial concentration of monomer in moles/liter. The varia
tion of <t>(f) w ith / was obtained by plotting (df/dt)/{ 1 — /)  versus /  and is shown in 
Figure 2.
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% D - alloisoleucine in L- alloisoleucine
Fig. 3. Pseudo-first-order rate constants k' as a function of d -  and n-alloisoleueine NCA 

at (□) 10%, (• )  20%,, and (O) 30% conversions.

Plots of the pseudo-first-order rate constants at 10, 20, and 30% conversion versus 
monomer composition for the copolymerization of the alloisoleucine enantiomers is shown 
in Figure 3.

DISCUSSION
The shape of the rate curves (Fig. 1) and the two-stage first-order plots are in cursory 

way similar to those obtained for the polymerization of 7 -benzyl glutamate NCA. In 
this latter case, however, the results were rationalized on the basis of conformational 
transitions and differences in reactivity between random coils and «-helices. These 
explanations cannot be applied to the present system of alloisoleucine, since for steric 
reasons, polyisoleucines are unable to form helices. 4'6

Other results similar to our data and to those previously ascribed to conformational 
variations have been obtained by Ballard and Bamford9' 10 and by Iwakura et al. 11 In 
the latter investigation, rate changes were related to the heterogeneity of the reactions. 
Indeed, recent work in our laboratories repeated the polymerization of 7 -benzyl glu- 
tmate NCAs; the results indicated that a solubility phenomenon and not a conforma
tional transition produced the results obtained. 3 Such an effect may be more pronounced 
in the present system because of the high insolubility of polyisoleucines. Nevertheless, 
it is likely that the systematic variation of rate constants and the relatively high yields 
in the present research are attributable to several factors including heterogeneity.

The rate curves may be explained qualitatively on the basis of an auto-acceleration 
resulting from adsorption of monomer onto growing polymer. Initially, when the 
chains are small, relatively little monomer is adsorbed. As the chain grows, more sites

TABLE I
Molecular Weight of Alloisoleucine NCAs

Molecular weight Dimerization,
Actual Observed %

D-AUoisoleucine NCA lo 7 150 0

DL-Alloisoleucine NCA 157 ISO 26

a Determined on a Hewlett-Packard Vapor Pressure Osmometer in dioxane at 25°C.
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become available for adsorption by hydrogen bonding, and the local concentration of 
monomer increases, thereby increasing the rate. When polymer becomes sufficiently 
long, monomer adsorbed on the unreactive end is essentially removed from solution 
and the reaction is self-inhibited.

Values of rate(l — /)  would all be equal to k l for uncomplicated pseudo-first-order 
reactions. Figure 2 indicates, however, that plots of rate(l — /)  versus /  rose to a 
maximum at /  = 0.2 and thereafter rapidly decreased. This curve may be interpreted 
as indicating the variation of the pseudo-first-order rate constants with per cent conver
sion.

It should be noted that in all cases V  maximized at approximately /  = 0.2. Since the 
monomer/initiator ratio was 40, this was equivalent to an average degree of polymeriza
tion of eight. These results agree well with independent experiments aimed directly 
at the influence of initiator size on initial rates.9'10'12

The effect of copolymerizing enantiomers of alloisoleucine NCA is demonstrated in 
Figures 1, 2, and 3. Figure 1 shows that both the rate and maximum conversion are 
higher for DL-alloisoleucine NCA than for the pure optical isomer. Figures 2 and 3 
clearly indicate that the rate constants increase steadily from optically pure monomer 
to the racemic composition. This result is in sharp contrast to the decrease in rate 
obtained when d- and L-y-benzyl glutamate NCAs are copolymerized.1'3 A rate con
stant for the polymerization of the racemic monomer which is higher than for the pure 
optical isomer led to the immediate assumption that the end unit of polyisoleucine added 
preferably to monomer of opposite configuration. Although this may be partially 
true, subsequent experiments which measured the apparent molecular weight of d- 
and DL-alloisoleucine NCA in dioxane solution indicated that dimers formed. Table I 
gives these results. The conclusion that dimers of DL-alloisoleucine form is substantiated 
by melting point data, which indicated the existence of a congruently melting compound 
at the racemic composition. The DL-alloisoleucine dimers may increase the rate of 
reaction by being more reactive than monomer or by having different solubility proper
ties. Work on this system is continuing to distinguish between these possibilities.
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P o ly m e r i z a t io n  S t u d i e s  o f  I s o p r o p e n y l fe r r o c e n e

Interest in polymers containing the ferrocene group has centered around their electri
cal and magentic1 and their electron-exchange properties.2 Polymerization studies on 
vinylferrocene have been reported by various investigators,?,A including a comprehensive 
study by Baldwin and Johnson.5 The polymerization studies on other alkenylferrocenes 
have been very limited;* however, studies have now been extended to include isopro- 
penylferrocene. This paper describes the attempted homopolymerization of isopro- 
penylferrocene and its copolymerization with methyl methacrylate and styrene by free- 
radical initiation.

EXPERIMENTAL

Materials

Isopropenylferrocene (IFF) was prepared from acetylferrocene by first reacting with 
methyl (irignard reagent followed by dehydration of the resulting 2-hydroxv-2-ferro- 
cenylpropane.

ê-Hyilroxy-ê-ferrocencylpropane. Acetylferrocene (0.44 mole) was placed in a pre
dried glass reactor, 750 ml of THF added, and methyl Grignard reagent (0.75 mole) 
added under a nitrogen atmosphere at 0 5°C over a period of 1.15 hr. The mixture was 
stirred for approximately 16 hr. After adding 200 ml of ether, the mixture was treated 
with an ammonium hydroxide solution saturated with ammonium chloride until reflux 
stopped. Upon filtration the filtrate was washed twice with water, dried over anhydrous 
magnesium sulfate, and the solvents removed by evaporation. A red oil which crystal
lized on standing was obtained in 95% yield. Its infrared and Ml NM1Î spectra were 
indicative of the 2-hydroxy-2-ferrocenylpropane.

Isopropenylferrocene. 2-1 Ivdroxy-2-ferrocenylpropane (0.41 mole) was dissolved in 
2.5 liters of dry methylene chloride containing 21 meq of p-toluenesulfonic acid and 9.1 
meq of .Y-phenyl-2-naphthylamine. The mixture was heated to reflux under nitrogen 
for 2.5 hr with the water eliminated as the azetrope. Upon completion, 10 ml of tri- 
ethylamine was added to neutralize the acid and the solvent was totally removed by 
evaporation at below ambient temperature (0-l()°C). The oily residue was extracted 
several times with pentane, the extracts combined, methylene chloride added to give a 
30:1 pentane-methylene chloride mixture, and this solution passed through a silica gel 
column (2 in. II), 12 in. high). One liter of (he 30:1 solvent mixture was used to elute 
the column. Removal of the solvents gave a yellow solid (64.3%) which was recrystal
lized from methanol-water, mp 66.5-67°C. The infrared and MI NM1! spectra were 
similar to those previously reported.7-9

Anau. Calcd for CiJIuFe: 0 , 69.04%; 11,0.24%. Found: C,68.40%; 11,6.44%.

Other monomers were fractionally distilled prior to use. All solvents were reagent- 
grade, distilled materials. 2,2'-Azobis-isobutyronitrile (AIBN) were recrystallized from 
methanol, mp 102-103°C with decomposition.

Polymerization

Homopolymerization reactions of IPF were carried out with the use of 2.0 g monomer, 
in 20 ml of toluene in a small (50-ml capacity) glass flask. 2,2'-Azobisisobiltyronitrile 
or benzoyl peroxide was added at the 0.1, 0.5, and 1.0 mole-% levels and the flasks heated 
at 65, 80, and 100°C for periods of 24 hr. The solvent was removed by evaporation and 
the solid reside examined by infrared spectroscopy. In all instances the solid isolated 
was almost identical with IPF by comparison of their infrared spectra.

♦Pittman H a?.6 have studied the polymerization of ferroeenyl acrylate and meth
acrylate.

©  1971 by John Wiley & Sons, Inc.
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Techniques

Dilatometrie polymerization rate measurements have been described elsewhere.10
Solution viscosities were determined in Cannon dilution viscometers at 30°C. Tolu

ene were used as solvent.
Iron analyses were carried out on a Perkin-Elmer atomic absorption spectrophotom

eter, Model 303.
A Waters Associates analytical instrument was employed for GPC analyses. De

gassed tetrahydrofuran flowing at the rate of 1 ml/min was the eluting solvent. Styragel 
columns (IO4, 103, 600, and 100 A mean permeability) in series were used to fractionate 
the polymers. Each column configuration was calibrated in terms of average length by 
using narrow molecular weight distribution polystyrenes supplied by Waters Associates, 
Inc.

RESULTS AND DISCUSSION

Copolymerization reactions were carried out at three different concentrations of iso- 
propenylferrocene (IFF) with both MMA and styrene to determine the concentration 
effects of IPF. Major emphasis was directed to the effect of low concentration of IPF 
on the rate of polymerization and properties of the copolymers. Experimental data for 
these reactions are presented in Table I. The R„0 and [ij]0 values refer to the rate of 
polymerization of MMA and styrene and the intrinsic viscosity of the appropriate homo
polymer, respectively.

Several interesting observations were made from the MMA copolymerizations. The 
rate of the copolymerization was reduced drastically by the addition of IPF at even very 
low concentrations as evidenced by the low values (0.05-0.13) of R,,/RPo. In a similar 
manner, the intrinsic viscosities of the copolymers were severely reduced at low IPF 
concentrations and continued to decrease as the low IPF concentration increased. This 
fact was established by the low b]/[ij]o values of 0.12-0.06. Iron analysis of the co
polymers showed that IPF was entering the copolymers in a ratio considerably less than 
was present in the comonomer charge, particularly at the higher IPF concentrations.

A similar effect of IPF on the copolymerization reactions with sytrene was noted ex
cept the reduction in rate of polymerization and in the intrinsic viscosity of the copoly
mers was not as severe. Both rates were reduced by approximately 40% at the highest 
IPF concentration. Iron contents of the styrene copolymers were slightly higher for the 
MMA copolymers, and they approached a composition equivalent to that of the co
monomer charge for the lower IPF concentration.

No quantitative description of the free radical polymerization behavior of IPF has 
been reported, although vinylferrocene has been studied in some detail.3-5 Our attempts 
to homopolymerize IPF with either azobisisobutyronitrile or benzoyl peroxide in toluene 
solution at temperature up to 100°C were all unsuccessful, and no polymerization was 
observed. In this way, IPF appears to exhibit free-radical polymerization character
istics typical of «-methyl-styrene.11-14

Since «-methylstyrene readily enters into copolymerization with vinyl monomers in 
reactions involving free-radical initiation, it was expected that the structural related IPF 
would also behave in the same manner. The copolymerization reactions of IPF with 
MMA and styrene demonstrated that this expectation was essentially correct. Al
though IPF was an active monomer in the copolymerizations, its basic effect was to lower 
the rate of reaction and the intrinsic viscosity of the copolymers. These effects were 
notably severe for the MMA copolymers.

These results depict the copolymerization behavior of IPF as a monomer which is 
capable of interacting with radical intermediates in copolymerization reactions, but one 
that produces a chain-end radical which is either of very low reactivity or readily under
goes chain transfer with monomer as has been described for certain allylic monomers. 
The most likely reason for the behavior of IPF is that the chain-end radical is of low
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reactivity because of resonance interaction possibilities with the ferrocene group, and 
thus, it fails to propogate chain growth to the usual extent. In this picture the inter
mediate radical may have a propensity to terminate via combination with other radical 
intermediates as has been observed for dimer formation in certain allylic radical systems.

The analytical contributions of Dr. K. It. Johnson and Mr. II. D. Sfrahm are grate
fully acknowledged. The technical assistance of Mr. J. O. Woods is appreciated.

This work was sponsored by the U. S. Army Missile Command, Iiedslone Arsenal, 
Alabama, under Contract DAAH01-69-C-0772.
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Model I still prediets morphological heterogeneity whereas model II demands a more 
homogeneous distribution of new polymer in the seed particles when chain transfer is 
frequent. The polymerization of a monomer, e.g., vinyl acetate, that undergoes sig
nificant chain transfer might also discriminate between the two models.

Grancio and Williams1 provided suggestive electron microscopic evidence that when 
butadiene was copolymerized with styrene in seeded systems, the copolymer was formed 
in the peripheral regions of the particles. Assuming that the observed heterogeneity 
was not an artifact arising from the electron microscopic method of observation, it is 
clear that model II is able to account for this heterogeneity in terms of the subsurface 
polymerization concept.

The kinetic evidence in favor of model I is also equivocal. Because the average dy
namic monomer concentration in the polymer particles was found to decrease by a fac
tor of 2 during polymerization, a decrease in the rate of polymerization would be an
ticipated if the average number of free radicals per particle (h) was constant and equal 
to V2. Grancio and Williams1 interpreted their kinetic results as showing that the rate 
of polymerization was constant. They concluded that the monomer concentration in 
the particles must therefore be constant in the propagation zones. This led to the idea 
of a monomer-deficient core surrounded by a monomer-rich zone.

Some doubt necessarily attends any determination of dynamic monomer concentra
tions, first because of the difficulty of stopping propagation in latex particles instan
taneously and second because equilibration is likely to occur in the time required to sep
arate out the latex particles. Moreover, inspection of the kinetic curves of Grancio and 
Williams1 shows that almost all curves are convex to the time axis, i.e., the instantaneous 
rate of polymerization actually increases as polymerization proceeds. Autoacceleration 
of this type is characteristic of an increase in n.'° This is to be expected with oligomeric 
free radicals as the chain carriers from the aqueous phase; their mutual termination is 
hindered by restricted dii'fusional mobility, i.e., a Trommsdorff effect occurs. If n 
increases as polymerization proceeds, the need to postulate a monomer-rich outer polymer 
shell that violates simple diffusion considerations vanishes. It merely requires that 
any increase in n counterbalances any decrease in the monomer concentration at the 
propagation sites, as, e.g., has been found for the heterogeneous polymerization of vinyl 
acetate.10

Perhaps the only evidence cited by Grancio and Williams that seemingly contradicts 
model II are the initiation perturbation studies. These suggest that n is rigorously equal 
to V2, The results of these studies are at odds with their other kinetic results discussed 
above, which imply an increase in the rate of polymerization as polymerization proceeds. 
Their data also disagree with the results of the initiator perturbation studies of Ger- 
rens,11,12 who detected a small increase in rate with increasing initiator concentration as 
expected if n is somewhat greater than V* However, Grancio and Williams perturbed 
their initiator concentration by only a factor of 3, and their electron microscopic method 
of studying the kinetics was probably too insensitive to detect any changes in rate.

The observed morphological heterogeneity in styrene-butadiene copolymerization 
should not be taken as support for the Medvedev theory that emulsion polymerization 
occurs primarily on the surfaces of the particles.8 For a propagating free radical to 
remain at the particle-water interface, the most, probable direction of propagation woidd 
have to be at least tangental to the surface, if not directed away from it. into the dis
persion medium. This, too, seems unlikely because it is not the direction of maximum 
monomer flux.
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A p p a r a tu s  f o r  M e a s u r e m e n t  o f  V is c o s i ty  o f  M o l te n  P o ly m e r s  
S e n s i t i v e  to  M o is tu r e  a n d  O x y g e n

A complication frequently encountered in the determination of the viscosity of molten 
polymers is instability caused by chemical reactions of the melt with water vapor or 
oxygen. This note describes a simple apparatus which has been found to be successful 
in making it possible to obtain measurements on such sensitive polymers as poly(hexa- 
methylene adipamide) (nylon 66) and poly(ethylene terephthalate) with a conventional 
capillary flow rheometer. The apparatus as described is specifically suitable for the Sieg- 
laff-McKelvey rheometer,1 but with minor modification the principle should be applicable 
to other instruments.

The only modification required for the rheometer itself is that the retaining nut that 
holds the rheometer barrel in the heating furnace is replaced by the one shown in Figure
1. The new retaining nut has provision for blanketing the polymer melt with an inert 
gas. A circular disk of silicone rubber about 0.015 in. thick (Ronthor 6060; Ronthor 
Reiss Corporation, Little Falls, N. J.), held in place by the retaining ring, seals the top 
of the barrel. Two slits, 0.3 in. long and perpendicular to each other are cut in center 
of the rubber disk bjr means of a punch to permit the passage of the rheometer plunger. 
The flaps formed by the slits serve as a seal against the atmosphere, and present negli
gible friction as measured by the rheometer load cell to the motion of the plunger.

The material to be tested, most conveniently in the form of small pellets, is put into 
the sample tube (Fig. 2) and attached to a vacuum line capable of attaining pressures 
below 5 X 10”6 torr. After the desired conditioning, for example, drying and/or adding 
known amounts of water, the sample manifold and tube are filled with Research Grade

.10" 
- 1

------- 1.8" ------- -
1-1/2 - 32 THREAD

■K 1 i % —tr m  NIPPLE FOR
.20" V 7 7 7 Ï U Z Z A1
.èi"
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H— 1" — 1 

—------1.62"-------

R E T A IN IN G  RING

Fig. 1. Modified barrel retaining nut and retaining ring for rubber disk.
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JOINT B 
($  10/32)

STOPCOCK A

$ 14/20

SAMPLE TUBE

Fig. 2. Sample tube.

Argon (Mat heson) at about Toll tori', stopcock A is closed, and I lie sample t ube is removed 
from the line at joint 13.

To transfer the polymer from the sample tube to the barrel of the rheometer with 
minimum exposure to the atmosphere, the sample addition fixture shown in Figure 3 is 
placed over the retaining nut. The inner tube of this fixture protrudes so as to pass 
through the slit in the silicone rubber diaphragm and to rest on top of the rheometer 
barrel. The capillary die at the bottom of the barrel is protected from the atmosphere 
during loading by another removable fixture, shown in Figure 4, which is Hushed with a 
flow of nitrogen during loading. With the bottom of the barrel sealed this way, and the 
top of the addition tube sealed by the tamper and O-ring, the only place for the nitro
gen being flushed through the bottom and through the retaining nut to escape is by way 
of the side t ube of Figure 3.

After several minutes of nitrogen flushing, the sample tube is brought next to the side 
arm of tile addition fixture, the stopcock is removed from the sample tube, and the tube 
is slipped onto the ground joint of the side arm. This transfer step is the only time at 
which the sample is exposed to the atmosphere, and the exposure is minimized by the 
nitrogen stream from the side arm. Tapping and rotating the sample tube causes the
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polymer to fall into the barrel, and occasional tamping compacts the melt. During the 
sample transfer the flow of nitrogen to the bottom of the barrel is stopped and that to the 
top reduced in order to not build up enough pressure to impede the transfer. When the 
transfer is complete the addition tube and bottom fixture are removed, the rheometer 
plunger is inserted, and measurements are made in the normal manner. During mea
surement the nitrogen flow is controlled by a flow meter in order to maintain a light posi
tive pressure of nitrogen, just enough to bulge the rubber disc.

The results obtained with this apparatus have been quite satisfactory and are illus
trated in Figures 5 and 6. The data of Figure 5 were obtained on a sample of polyeth
ylene terephthalate) dried 5 hr in vacuo at loO°C. Data were taken over a range of shear 
rates, and after a pause of several minutes this procedure was repeated twice. The total 
residence time in the rheometer was about 20 min. The data points shown as squares 
were obtained by the loading procedure described above The circles represent data 
taken on a duplicate sample, dried in the same way and measured under nitrogen, but 
loaded in the conventional way in the presence of air. Loading took about 5 min. The 
viscosity measured this way was appreciably lower even initially than measured in the 
first trial, and had dropped by a factor of two after 20 min. Figure 6 shows the viscosity,
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Fig. 4. Bottom flushing fixture.

Fig. 5. Viscosity of polyethylene terephthalate) vs. shear rate and residence time in 
barrel at 27.r)°C (□,!!,■) in an inert atmosphere and (O,®,*) when exposed to air during 
oading. (■,#) residence time = 5-7 min; (E ,C ) residence time = 10-12 min; (□ O) 

residence time = 17-20 min.
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Fig. 6. Viscosity vs. time at 285°C of undried nylon 66. Replicate measurements made 
(0,11) in inert atmosphere and (©,€>,•) in air.

measured at constant stress, of a sample of high molecular weight nylon 66 containing ex
cess water and therefore hydrolyzed in the rheometer.2 The data obtained by the ap
paratus and technique described are quite reproducible, whereas those measured conven
tionally are lower and more erratic. Also, the extrudates from the inert atmosphere 
measurements were whit e and uniform, whereas those from air were dark brown and bub
bly, indicating the occurrence of oxidative degradation.

The reproducibility of the results, the stability of the viscosity with time of dried sam
ples, and the absence of visible degradation indicate that the apparatus as described is 
adequate to make reliable measurements of the melt viscosity of polymers subject to 
degradation by constituents of the atmosphere.

The authors wish to thank Messrs. A. Gerken and W. W. Chadwick for their assis
tance in the design and construction of the apparatus.
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V is c o m e tr ic  C o n s ta n t s J o r  M o le c u la r  W e ig h t D e te r m in a t i o n  o f  
C e llu lo s e  T r in i t r a t e  in  T e t r a h y d r o fu r a n

Introduction

Tetrahydrofuran (THF) is a widely used solvent in the field of gel-permeation chro
matography (GPC) . 1 Solutions of cellulose trinitrate in THF are employed in the GPC 
method developed at this laboratory for obtaining molecular chain-length distributions 
in cellulose. 2 Intrinsic viscosities [»7] of the fractionated solutions eluted from the GPC 
columns are involved in the pertinent calculations, but further application of the solvent 
in classical procedures for determination of average molecular weight has been restricted 
because little has been reported in the literature concerning this solute-solvent system.

In recent publications3 - 5  and theses,6,7 two sets of values have been reported for the 
viscometric constants of the Mark-Houwink equation

M = AM/"

relating intrinsic viscosity of cellulose trinitrate solutions in TIIF to molecular weight 
M  of the polymer. When these values were used with this laboratory’s data from vis- 
cometric measurements of THF solutions of cellulose trinitrate samples, the molecular 
weights did not agree with those obtained from the ethyl acetate solutions of the same 
samples. (Kthvl acetate is one of the solvents normally used in viscometric studies of 
cellulose trinitrate. Viscometric constants for ethyl acetate solutions have been pub
lished for a wide range of molecular weights.)

Because of the observed lack of agreement, the THF and ethyl acetate data were 
studied to resolve the problem. This paper presents the results of t his study.

Experimental

Twenty cellulose samples were used here; these included cotton fabrics, cotton linters, 
wood pulps and their «-cellulose fractions, and formaldehyde-crosslinked cotton fabrics. 
The molecular weights ranged from 1.44 X 10“ to 2.02 X 106, corresponding to degrees of 
polymerization (DP) from 500 to 7000. The samples were nitrated, stored, and handled 
as described in earlier work. 1,2 Nitrogen contents determined by a semimicro Kjeldahl 
method1 varied from 13.5 to 13.9%.

For viscosity determinations the nitrated samples were dissolved in ethyl acetate and 
in tetrahydrofuran at initial concentrations not greater than 0.05 g/dl. Dust particles 
and extraneous fibers were removed by pressure filtration with nitrogen; this technique 
avoided evaporation of solvent and change in concentration. Viscometric measurements 
were carried out with calibrated, Cannon-Ubbelohde, four-bulb, shear dilution viscom
eters.8 Size 50 viscometers gave flow times greater than 100 sec for ethyl acetate and 
TIIF so that kinetic energy corrections were unnecessary; all viscosities were run at 
25.0°C. Nitrogen pressure was also used during the filling operation2 to force the solu
tions into the capillary and bulbs of the viscometer to prevent solvent evaporation.

Viscosities of unnitrated cellulose samples were determined in cadoxen (Size 100 
cometers) in the manner previously reported. 9

In calculating intrinsic viscosity for each sample, first shear corrections were made by 
plotting relative viscosity versus mean shear gradient G in order to extrapolate to obtain 
the relative viscosities at shear rates of 0, 500, or 1200 sec-1. Reduced viscosities cal
culated from these relative viscosities were then plotted versus concentration to obtain 
the intrinsic viscosity (in dl g) at zero concentration for each shear rate. 9' 10 All calcula
tions and extrapolations were carried out by computer.

Molecular weight or DP was calculated for each sample in ethyl acetate by means of 
the Mark-Houwink equation and the constants given by Marx-Figini and Schulz11 and 
by Huque et al. 12 Marx-Figini and Schulz present one set of constants for DP > 1000 
and another for DP <  1000 with reduced viscosities taken at <1 = 1200 sec-1. The con-

©  1971 by John Wiley & Sons, Inc.
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Fig. 1. Plot of In [ tj]  THF v s . In .1/EtAc, both at (1 =  1200sec *. Molecular weight 
M calculated from ethyl acetate viscosity by using constants of Marx-Figini and Schulz11 
for DP < 1000,(7 = 1200sec“1.

stants published by Huque et al, apply to higli molecular weight cellulose trinitrate only 
(DP > 2350) at the more conventional mean shear gradients of 0 and 500 sec“1.

Intrinsic viscosities of the nitrated samples were uncorrected for nitrogen content. 
The majority of these samples had nitrogen contents of 13.6% which corresponds to a 
weight of 2.38.0 for the nitrated anhydrogluco.se unit.13 To obtain DP, then, M  is 
divided by 288.0.

For each sample in the series, the molecular weight determined in ethyl acetate ac
cording to the specifications given by Marx-Figini and Schulz and by Huque et al. 
was related to its respective intrinsic viscosity in TIIF. The logarithm of molecular 
weight for the sample was plotted against the logarithm of intrinsic viscosity of the THF 
solutions. The constant a for the THF solution is obtained from the slope of the plot,' 
while the constant K  is obtained from the intercept. Plotting of data and calculation 
of the slopes and intercepts were handled by computer in a least squares linear regression. 
In all cases an excellent straight-line fit was achieved, as illustrated by Figure 1.

Results and Discussion

Table I summarizes the results of this study. The constants K  and a for cellulose 
trinitrate in THF are indicated with the appropriate shear corrections and DP ranges. 
The restrictions are those given by the previous workers for the ethyl acetate-cellulose
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trinitrate system and therefore are those which apply to the present results with THF 
Comparison of the a values in THF and ethyl acetate show that they are very similar 
for the same conditions; K  values, too, are similar in order of magnitude. However, the 
constant a does seem to vary with the I)P range as it does in the Marx-Figini and Schulz 
relationships. It should be pointed out also that the ratios [>/]THF/bEtAc] range from
0.98 to 1.2.

As mentioned, no correction for nitrogen content was made. Huque et al. derived 
their constants without nitrogen content corrections, while Marx-Figini and Schulz 
normalized all viscosities to a 13.6% nitrogen content.

For cellulose (unnitrated) in cadoxen, Brown and Wikstrom14 provide constants for the 
Mark-Houwink equation which apply over a wide DP range, 60-6000. Results for 
THF based on cadoxen DP data are also included in Table I. Interestingly enough, K  
and a obtained in this manner are similar to values based on the equation of Huque et al.

Merle4,6 published the equation

[p] T H F  =  1.60 X

where [ij] is given in milliliters per gram. With these constants and the intrinsic vis
cosities of the present solutions, values for DP were obtained which were consistently 
much higher (25-150%) than the DP values obtained with ethyl acetate. In other pub
lications of this equation,3,6 there are mistakes which are apparently typographical er
rors. The derivation of these constants6 from only three samples of DP 350, 4000, and 
9000 (by light scattering) is not straightforward. For example, no corrections for shear 
effects in the solutions of the two high DP samples are mentioned.

Jenkins7 has also given an equation

M thf26°c = 10.55 X 10_8(DP„)1,014

where [»;] is in deciliters per gram. According to Jenkins’ work, the equation applies 
over the DP range of 60-1500. Jenkins derived the constants by relating the intrinsic 
viscosities of samples dissolved in THF with the DP’s of the same samples dissolved in 
acetone. Viscometric data from the acetone solutions were handled by the Marx-Figini 
and Schulz equation for the appropriate DP range. Again, when Jenkins’ constants were 
utilized with current intrinsic viscosity data, the DP’s obtained did not agree with those 
from the ethyl acetate solutions. In this case they were approximately 25% lower.

When the constants listed in Table I for THF with the specific DP ranges and with the 
appropriate shear gradient corrections are applied to samples not included in this study, 
DP data are obtained which relate very favorably with those from the ethyl acetate 
solutions. Whereas acetone is considered a “poor” solvent for cellulose nitrate, ethyl ace
tate is considered a “good” one. The values of the ratio [rj]THF/b]EtAc stated above 
show that THF is at least as “good” a solvent for cellulose nitrate as is ethyl acetate. 
On this basis, then, studies of the configuration of the molecule in THF and solvation 
of the polymer should show similar behaviors with respect to coil size and related pa
rameters.

The authors thank Mr. J. I. Wadsworth for his cooperation with the conputer pro-, 
grams. They are indebted to Dr. J. P. Merle for a copy of his dissertation, and to Dr. 
R. Y. M. Huang for the copy of Mr. Jenkins’ thesis.
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D if fu s io n  a n d  P e r m e a t io n  o f  G a ses  T h r o u g h  N i t r o s o  R u b b e r

Nitroso rubber is of considerable interest for air »pace applications because of its re
sistance to strong oxidants and its good low-temperature flexibility.1 A limited study 
of transport of gases through this rubber has been carried out, since such information is 
of importance for its potential use.

Experimental

Two nitroso rubber samples were studied. One sample membrane had been manu
factured by Thiokol Chemical Corp. (CTVR-CTA cured); its thickness was 35.0 ±  
0.5 mil. The second sample was prepared in our laboratory from materials procured by 
Mr. D. Lawson from Jet Propulsion Laboratory, Pasadena. Nitroso terpolymer 
CF3NO-CF2=CF-2-ON(CF)):iCOOII (100 parts), Cab-O-Sil silica (20 parts), and chro
mium trifluoroacetate (5 parts) were blended by standard procedures and cured at 150°C 
for 45 minutes; the resulting membrane had a thickness of 20 ±  3 mil. Both membranes 
were very soft and elastic.

High purity (99% + )  ()2, N2, C02, CII.,, C2I f6, and C::I ls from cylinders were used with
out drying.

The instrument and the methods for measuring diffusion and permeation coefficients 
have been described elsewhere.2,3 Determinations were made at about 60, 70, 80, and 
90°C; for these thick membranes, the transmission rates became too small at lower tem
peratures to permit reliable measurements.

Results and Discussion

In Table I the permeation and diffusion coefficients P and D at 60°C, and the heats of 
permeation and diffusion EP and ED are tabulated. Since at most four experimental 
points were available for each Arrhenius plot (and only three for the thicker Thiokol 
membrane), the uncertainties in the heats, which are proportional to the slopes, are quite 
large, possibly 0.5 kcal/mole. The solubilities k, which are included in the table, are 
derived from the permeation and diffusion data in the usual way, k = P/D. The data 
obtained for the two membranes agree quite closely, if one takes into account the rather 
large uncertainties in the measurements.

The transport parameters follow a systematic pattern. The diffusion coefficients de
crease and the solubilities increase with increasing boiling point (or molecular diameter) 
of the gases; the inverse holds for the heats of diffusion and solution. Similar correla
tions have been found for polyethylene4 and FKP Teflon.5

The transport properties of N», 0 2, C02, and CIL in nitroso rubber (extrapolated to 
25°C) and in natural rubber,6,7 are compared in Table II. The diffusion coefficients and 
the activation energies of diffusion of the gases (except of CO->) are about the same in the 
two rubbers, but the solubilities are two to four times larger in the nitroso rubber, which 
is therefore more permeable. The somewhat different pattern for C02 may indicate 
strong specific interactions between C02 and the nitroso rubber.

The authors are indebted to Mr. David D. Lawson for suggesting this research and for 
furnishing the materials. The work was supported by the Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, California, sponsored by the National 
Aeronautics and Space Administration under Contract NAS 7-698.

©  1971 by John Wiley & Sons, Inc.
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TABLE II
Comparison between Xitroso (Ni) and Natural (Na ) Rubber

K.2b, Pit X HP,

Da

©X

P d,
cc (STP) cc (STF)-cm

cm:Vsec k cal/mole ce-atm em2-sec-atm

Gas Ni Na Xi Xa Ni Na Ni Na

X, 0.92 1.1 6.9 8.7 0.23 0.05;i 2.1 0.6
0 , 1.35 1.6 6.3 8.3 0.46 0.112 6.2 1.8
CO. 0.25 1.1 8.8 8.9 5.8 0.90 14.5 9.9
CIL 0.66 0.9 7.r> 8.7 0.43 0.25 2.8 2.2
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