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case of B2, owing to the treatment with alkali, some of these groups would 
be ionized and consequently a reduced acid carbonyl absorption at 1705 
cm .-1 would be anticipated. In the spectra of carboxylic acids the 
carbonyl stretching mode at about 1700 cm .-1 disappears on salt formation 
and is replaced by the asymmetric (1610-1550 cm.-1) and symmetric 
(1420-1330 cm.“ 1) modes of the carboxylate ion.27

The fact that the 1705 cm.“ 1 band in the spectrum of B2 was not re
moved suggests that either all of the acid groups did not ionize, or that

Fig. 2. Comparison of the infrared spectra of ( a )  latex B1 and ( b )  latex B2 in the range
1600-1800 cm .-1.

some other carbonyl-containing structures such as ketones or aldehydes, 
or both, contributed to this absorption. Although it occurs in both 
spectra and is weak, the band at 1608 cm.-1 appears to be stronger in 
that for sample B2 than in the spectrum of B1 and may possibly be ascribed 
to the asymmetric mode of the carboxylate ion27 in the polymer chains. 
This, however, is a tentative assignment. The corresponding symmetric 
mode could not be detected; in any case the latter is rather less character
istic than asymmetric vibration.27- 9 The absorption at 1770 cm.“ 1 
in the spectra is considered later.

Latex B1 with Added Dodecanoic Acid

Expanded and compensated spectra indicating the effects produced 
by added dodecanoic acid are presented in Figures 3a and 36. For the 
latter, the concentrations of added acid were, respectively, 2.50 X 10“ " 
and 1.35 X 10“ 4 mole acid/g. polymer. The same film thickness was 
employed for both spectra. As before, complete compensation of the 
bands at 1S02 and 1675 cm.“ 1 was effected, but there was significant 
residual absorption at 1745 cm.“ 1. Figure 36 shows that the higher 
concentration of the added acid produced the higher intensity at this 
frequency. Although the band at 1770 cm.“ 1 was unaffected for both 
acid concentrations, the intensity of the 1705 cm.“ 1 band appeared to 
be enhanced in each spectrum.
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Fig. 3. Infrared spectra in the range 1620-1800 cm.-1, showing the effects produced 
on the addition of dodeeanoic acid to latex B l: ( a )  2.50 X 10- * mole acid added/g. 
polymer; and (f>) 1.35 X 10"4 mole g. polymer.

F re quenc y,  cm.'

Fig. 4. Infrared spectra of dodeeanoic acid: («) in the range 700-3600 cm. ', obtained 
from a thin film; (6 )-(<?) from solutions of the acid in carbon tetrachloride, ( b )  0.25M ,  

( c )  0.01 M ,  ( d )  0.025M ,  ( e )  0.005M ,  (/) 0.00LI/, (g ) 0.0002A/.

With progressively greater additions of acid, spectra were obtained 
in which the acid carbonyl intensity increased until eventually it masked 
the bands between 1770 and 167;) cm .-1 and had a maximum at 1703 
cm.-1; a spectrum of dodeeanoic acid, which agrees with those ob
tained by others,29-32 is presented in Figure 4a.

Thus, when the acid concentration was low, the carbonyl absorption 
occurred mainly at 1745 cm.-1, suggesting that the acid was predominantly 
in the monomeric form.27 Since the relevant data did not appear to be 
available in the literature, this conclusion was checked by determining
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the spectra of solutions of dodecanoic acid in carbon tetrachloride over 
the concentration range 0.25-2 X 10~W . The results obtained are 
presented in Figures 4b-4g. The spectra show that as the concentration 
of acid decreased the band at 1745 cm .-1 became more resolved. This 
band can be assigned to the carbonyl stretching mode of the monomeric 
acid,27 while the absorption at 1703 cm .-1 is due to the dimeric form .27

Spectra of Latices F and G

The spectrum of latex F, presented in Figure 5a, exhibits, as expected 
on the basis of previous studies,H 21 similar features to those of the spec
trum of latex B l. Absorption was observed at 1770, 1705, 1630, and 
1608 cm.-1. The band at 1705 cm .“ 1 provides evidence for the presence 
of oxidation products in this emulsion polymer also.

Fig. 5. Infrared spectra of (a) latex F and ( b )  latex G, hi the range 1600-1800 cm. L

It may be seen from Figure 5b that the spectrum of latex G exhibits 
bands at 1770 and 1705 cm.“ 1. In this case the polystyrene vibrations 
were not compensated.

Spectra of Latex H and Dispersion I

Latex H was prepared by using potassium persulfate as the initiator, 
but the presence of the 1705 cm .“ 1 band in the spectrum of this polymer 
(Fig. 6a) indicates that oxidation occurred during the polymerization. 
The spectrum was not compensated. Absorption which might be attrib
utable to — O—SO3“  ions in the polymer chains could not be detected. 
This result was anticipated since it was previously shown20 that the polymer 
contained about live times more carboxyl groups than sulfate ions. The 
band at 1770 cm .“ 1 is present in this spectrum also.

Electrokinetic studies18“ 20 on dispersion I revealed that the polystyrene 
particles contained carboxylic acid groups. Since no emulsifier was used 
for the preparation of this polymer these groups must have been produced 
by polymer oxidation during polymerization. The uncompensated spec-
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Fig. 6. Infrared spectra of (a) latex H and (6) dispersion I, in the range 1600-1800 cm ."1.

tram in Figure 66 shows the presence of a carbonyl band at 1705 cm .-1 
and also a band at 1770 cm ."1.

Band Assignments

Absorption at 1705 cm.-1. On the basis of the evidence provided by the 
spectra of latices B1 and B2 (Figs. 2a and 26), at least some of the ab
sorption at 1705 cm. ' 1 can be assigned to a dimeric carboxylic acid.27 
Since on treatment with alkali, however, the band was not removed it 
seems probable that the presence of aryl aldehyde or alkyl ketone, or 
both, in the polymer contributed to the intensity at this frequency.

The precise structure of the acid in the emulsion polymers is not known. 
As the results obtained from the addition of dodecanoic acid to latex 
B1 (Figs. 3 and 4) show, the band at 1705 cm . ' 1 is not due to the presence 
of residual emulsifier in this polymer. This conclusion is strongly sup
ported by the spectrum for dispersion I (Fig. 66), during the preparation of 
which no emulsifier was used.

An acid could possibly be formed by the oxidation of an endgroup 
such as HOCH2—  (C«H,)CH— to give HOOC— (C,H,)CH— , and thus 
a phenylacetic acid residue would be produced. The carbonyl-stretching 
frequency of dimeric phenylacetic acid has been recently reported to 
occur at 1697 ±  3 cm .-1 by Flett29 and at about 1706 cm . ' 1 (interpolated 
from the published spectrum) by Hadzi.33 The pK  value of the latter 
is 4.3334 while that of acid in the emulsion polymers was found to be 
4.60.18-21 However, the difference between the two figures may not be 
of particular significance because the p/v of the polymeric acid is an in
trinsic value. Thus the presence of phenylacetic acid residues or acid 
residues with a similar structure could conceivably account for the present 
results.

Absorption at 1770 cm.-1. The intensity of the band 1770 cm . ' 1 
in all of the spectra examined was very weak and it is therefore difficult 
to make an unequivocal assignment. This band may be due to the
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presence of the monomeric form of the acid endgroups in the polymer. 
Although this assignment is tentative, it is of interest to note that the 
carbonyl-stretching frequency of monomeric phenylaeetic acid has been 
reported33 to occur at 17(>.3 cm.“ 1.

Absorption at 1608 cm.“ 1. A tentative assignment of this band, which 
occurs in the spectra of latices B l, B2, and I’, to the asymmetric mode 
of the carboxylate ion has already been made.

Absorption Between 2500 and 3600 cm.“ 1. The stretching bands of the 
hydroxyl group associated with carboxylic acids occur in this region. 
However, during the present study, bands which could be ascribed to the 
free (about 3500 cm.-1) or hydrogen-bonded (2750-2500 cm.“ 1) hydroxyl 
group were not detected. The inherent weakness of these bands,27 coupled 
with the low concentration of acid in the polymers (e.g., latex B21 con
tained 3.57 X 10“5 mole acid/g. polymer) probably precluded their 
detection. The fact that the carbonyl band at 1705 cm .“ 1 had a relatively 
low intensity supports this conclusion.

CONCLUSIONS

The primary purpose of the spectroscopic examination of the latices 
was to establish that oxidation of the polymer occurred during polymer
ization, and to identify, if possible, the oxygen-containing structures 
formed. Although the absorption in the spectral regions of interest 
was relatively weak, the results obtained indicate that, irrespective of 
the nature of the initiator or emulsifier employed, polymer oxidation 
did occur, and that carboxylic acid groups were produced in the polymer 
chains.

Indeed, many other authors3“ 68'91112'15’36 have demonstrated by 
infrared spectroscopy that carboxylic acid is produced in polymers by 
oxidation, although the techniques employed were rather different from 
those used here in that the oxidation was carried out on the preformed 
polymer. The spectra obtained in the present study suggest that the 
acidic groups in the polystyrene were phenylaeetic acid residues or residues 
with a similar structure.

Financial support from the Dyestuffs Division, Imperial Chemical Industries, Man
chester, and the Science Research Council is gratefully acknowledged.
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of catalysts are shown in Table I. The propagation rate constant was 
determined according to the equation.1

-d [U ]/ dt =  M P*]([-M ] -  [M]e) (3)

where [M]e, the equilibrium monomer concentration, was 1.7 mole/1. at 
0°C.,2 and [P*J was obtained from the amount and molecular weight of 
polymer product according to eq. (2).

It can be seen that the propagation rate constant kv does not change in 
spite of wide variation in the initial concentrations of the catalyst com
ponents. The concentration of propagating species, [P*], is quite small in 
comparison with the initial concentration of AlEt3. The ratio of [P*]/ 
[AlEtj], which is the efficiency of the formation of propagating species 
based upon AlEt3, is in the vicinity of 0.5 X 10~3.

In the calculation of kv at 25°C. a value of 3.3 mole/1. of [M]e at 25°C. 
was adopted.3 Compared with the polymerization at 0°C., the overall 
polymerization rate is considerably increased at 25°C., but the concen
tration of the propagating species, i.e. the catalyst efficiency, is not in
creased by the rise in reaction temperature. Therefore, the increase in 
polymerization rate is ascribed chiefly to the increase in the propagation 
rate constant.

Polymerization with AlEt3 H20  ECH Systems

Previously we have shown that the catalyst activity of AlEt3 for cationic 
polymerization is much enhanced on treatment with a controlled amount 
of water.4~8 The catalyst activation by the addition of water in the THE 
polymerization was examined kinetically in the present study. Table II 
shows the results of polymerization with the ternary catalyst system 
AlEt3-H 20-E C H  having various [H20]/[A lE t3] ratios. Here the catalyst 
efficiency was determined from the amount of AlEt3 employed in the cata-

Fig. 1. Bulk polj merizatioii of TIIF with system All. L 112 O (1:0.5) and ECU. 
Arrhenius plot of propagation rate constant.
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Arrhenius plot in Figure 1, the activation energy AEv and the frequency 
factor A „ of the propagation reaction were calculated:

AE v =  12 kcal./mole 

A p =  5.2 X 107 1./'mole-sec.

Here the calculation of kv values at three different temperatures (0, 15, 
and 30°C.) was made according to eq. (3), with the use of the values of 
the equilibrium monomer concentration given by Ofstead.3

Polymerization with Oxyaluminum Ethyl-ECH System

In a previous paper2 oxyaluminum ethyl, Al(0)Et, was prepared by the 
reaction of oxyaluminum chloride with AlEt3, and its structure was assumed 
to resemble the AlEt3 ILO system. Oxyaluminum ethyl was shown to 
induce the THE polymerization in the presence of a small amount of ECH. 
For a comparison of the catalyst behavior of oxyaluminum ethyl and 
that of the AlEt3-H 20  system the kinetics of the polymerization with 
oxyaluminum ethyl-ECH was studied. The results are shown in Table III.

It is indicated that the kp value with oxyaluminum ethyl-ECH is almost 
the same as that with AlEt3-H 20-E C H  and that the catalyst efficiency of 
oxyaluminum ethyl is somewhat higher than that of AlEt3-H>0 (1:0.75). 
Here the catalyst efficiency of oxyaluminum ethyl has been calculated on 
the basis of the amount of aluminum atom.

TABLE III
Polymerization of THF by Oxyaluminum Ethyl-ECH System: 

Bulk Polymerization at 0°C.

[51] o, 
mole/).

[A110t3]„,
mole/1.

[ECH]o,
mole/1.

[P*l X 101 
mole/1.

, R t X 10*, 
mole/l. -sec.

k r X HP, 
1./mole-sec.

[P*]/
[AlEtdo 
X 103

12.3 0.133 0. 127 2.12 2. 1(5 7.78) 16.0
12.3 0.106 0.127 2.17 1.57 faverage 

* ' '5,) 1 QHO 20.5
12.3 0.118 0.141 1.93 1.72 9.15)' 16.1

Acid Character of AlEt;i and AlEt3-H 20  System

The relationship between the catalyst behavior of AlEt3 H.O and its 
acid character was examined. It has already been shown that AlEt3 and 
AlEt3-H 20  have acid sites that are responsible for the catalysis in the THF 
polymerization.8 However, the type of acid sites in AlEt3~H20, i.e. of 
Brônsted acid, Lewis acid, or both, has not been established. The acid 
character of this system was first examined by the complex formation with 
2,(5-dimethyl-4-pyrone by infrared spectroscopy. In the spectrum ol a 
mixture of AlEt3 H20  (1:1) and 2,6-dimethyl-4-pyrone there could be 
detected no band of OH group which was to be formed by the protonation of 
a carbonyl group of pyrone with a Bronsted type of acid.9 This observation
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As a result of a study of freeze-drying conditions (that is, PVA concentra
tion in aqueous solution and freeze-drying temperature), a sample was pre
pared by freezing of the 1% PVA aqueous solution at about — 72°C. (Dry

(&)
Fig. 2. X-ray diffraction patterns of: (a) 15% crystalline puly(vinyl alcohol); (b) 46% 

crystalline polyfvinyl alcohol).
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Ice-methyl alcohol bath) and subsequent vacuum drying. The x-ray 
diffraction pattern of the sample is shown in Figure 2a, and the crystallinity 
calculated by the usual method is 15%. Annealing of this sample for 
15 min. at 160°C. increased its crystallinity to 46% by x-ray analysis 
(Fig. 26). It has been confirmed that these figures are almost the same as 
those obtained by density observations.

Water was distilled three times before introduction of water to the 
sorption chamber.

Procedure

Approximately 40 mg. of the PVA sample was placed in a quartz pan of 
0.5 cc. capacity and attached to a calibrated quartz helix balance housed in 
the sorption chamber. The system containing the sample was outgassed 
by continuous pumping at 10-6 mm. Hg for 5 days at 25.0 ±  0.1°C., 
which is the temperature of the actual sorption experiment. No change in 
weight was observed beyond 3 days.

After each introduction of water vapor by the differential method, it took
3-4 days for sorption equilibrium to be attained.

RESULTS AND DISCUSSION

Sorption isotherms for the two samples are shown in Figure 3. (Higher 
pressure regions are shown in Figs. 6 and 7.) The less crystalline sample 
shows a higher value of water adsorbed, over the whole pressure range, 
compared with the literature data.2-4 At a relative vapor pressure of 0.9,

Fig. 3. Adsorption isotherms for 15% and 46% crystalline PVA.
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Fig. 4. B.E.T. plots of the isotherms of Fig. 4.

the weight of water sorbed for this sample is 1.7 times the value3 for the 
polymer of crystallinity 0.29 which has shown the highest sorbed quantity.

With the increase of crystallinity, a sigmoid shape (which is a character
istic of the polymer of low crystallinity) disappears, and the isotherm 
becomes rather concave upwards over the whole range of relative vapor 
pressure. Similar sorption isotherms are observed for highly crystalline 
nylon 60 and nylon 6-water systems.6 The sigmoid shape corresponds to 
the usual adsorption mechanism, such as the B.E.T. model, and the iso
therms which are concave upwards are considered to represent a solution 
mechanism. As the sample of low crystallinity has many unbonded polar 
groups, the adsorption mechanism seems to be the main feature especially 
in the low pressure range. On the other hand, in the highly crystalline 
sample there are few unbonded groups because of the strong interactions 
among polar groups. Accordingly, in the highly crystalline sample, it is 
likely that the random mixing of water with nonpolar segments of the 
polymer becomes more prominent than the adsorption of water by un
bonded polar groups. Thus, the isotherm represents principally a solution 
mechanism of the water-nonpolar segment system. This behavior will be 
discussed more quantitatively below.

Figure 4 represents plots of the isotherms according to the B.E.T 
equation [eq. (I)]:7

x/ [n{\  — x) 1 =  (1 /n„,C) +  [ ( f  — 1 )/nJ'}x (1)

where n is the weight in grams of water vapor sorbed per gram of polymer, 
nm is the weight of water vapor sorbed to form a monomolecular layer, x  is 
the relative vapor pressure, and C is a constant which is related to the 
average net heat of sorption for the monolayer. The B.E.T. plots of the 
isotherms are linear between the relative pressures of 0.1 and 0.4 as usual.
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value is smaller in the more crystalline sample than in the less crystalline 
sample.

The increasing trend of xi (he., decreasing trend of affinity between 
water and polymer) up to a maximum is due to the contribution of adsorp-

Fig. 5. Interaction parameter xi of Flory-Huggins’ equation vs. relative vapor pressure 
relations for 15% and 46% crystalline PVA.

part n , .  rac» „ is the curve calculated by Flory-Huggins’ theory with xi =  0.494. Crys
tallinity 46%.
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Fig. 7. Separation of experimental isotherm into adsorption part n t and dissolution 
partns. Jicaic is the curve calculated by Flory-IIuggins’ theory with xi = 0.494. Crys
tallinity 15%.

tion mechanism which diminishes gradually with the increase of x. This 
explanation will be understood considering that among the interaction 
energies which compose the interaction parameter xi, the interaction energy 
between polymer segments (wn in the Flory’s notation) is not needed in case 
of adsorption. Referring to Figure 4, it may be considered that the de
creasing tendency of %i in the higher pressure region beyond the maximum 
is due to the effect of the newly disclosed polar groups; in other words, a 
melting phenomenon of the aggregate occurs on going from lower to higher 
cohesive energy region. This behavior is a kind of dissolution process. 
Therefore, the maximum point is regarded as a transition point from a 
phenomenon controlled mainly by an adsorption mechanism to a phenome
non controlled mainly by a dissolution mechanism. Thus, the value of 
water sorbed at this x shows roughly a measure of unbonded polar groups, 
and the values are given to be 0.095 g./g. and 0.03 g./g., respectively, for 
the samples of loxv and high crystallinity. These values are also small 
compared with the corresponding values of polar groups calculated from the 
noncrystallinity. It means that the amorphous region does not necessarily 
contribute to the adsorption on the whole.

To elucidate the mechanism more clearly, the fraction which contributes 
to the dissolution mechanism was calculated. According to the previous 
paper,1 it is adequate to divide an isotherm into an adsorption part and a 
dissolution part. The dissolution part can be obtained by subtracting the 
Langmuir-type adsorption isotherm from the experimental isotherm.1 In



SORPTION OF WATER BY PVA 483

F;g. 8. TOs/wcaio vs. relative vapor pressure.

the present case, for the Langmuir type isotherm, the B.E.T.’s first layer 
ni [eq. (3)] is used:

n i =  n m C'x/l 1 +  (C — l):r] (3)

where nm and C values are to be obtained from Figure 4. The processes of 
subtraction are shown in Figures 6 and 7 for 15% and 46% crystalline PVA, 
respectively. The dissolution curve (ns versus x relation) corresponds to 
the water content coexisting with the amorphous region at a given chemical 
potential (In*).

On the other hand, the xi value for a PVA-water solution was determined 
to be 0.494 by the osmotic pressure observation.10 From this value and the 
Flory-Huggins’ equation [eq. (2)], the ¿>i versus * relation and the corre
sponding ncaio versus x relation can be calculated. (In this case, referring to 
the ratio of adsorption part to the total sorbed water, ?jcaic is based on the 
total polymer.) Since the above xi value (0.494) corresponds to the liquid 
state of polymer segments, ncaic is the water content which coexists with the 
completely amorphous polymer at a certain chemical potential (In x).

The ratio of experimental ns to ncaic expresses the amorphous fraction 
which contributes to the dissolution process at that * (chemical potential). 
In other words, this ratio versus x  relation (Fig. 8) can be regarded as an 
integration curve of lateral order distribution.1112 Although both samples 
show a similar tendency, differentiation of the curves of Figure 8 may show 
that the more crystalline sample has the maximum of distribution at higher 
chemical potential.

It is noteworthy that the more crystalline sample, which has 54% non
crystalline material, by x-ray, does mix with water by more than 60%
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fraction of the total polymer. Namely, the crystalline region observed by 
x-ray analysis may contribute to some extent to the dissolution process.
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Effects of Mercaptides on the Bulyllithium-Initialed 
Polymerization of Methyl Methacrylate

TAKUJI HIRAHARA, TOYOTOSHI XAKAXO, and YUJI MIXOURA, 
Research Institute for Atomic Energy, Osaka City University, Osaka, Japan

Synopsis
The effects of mercaptides on the butyllithium-initiated polymerization of methyl 

methacrylate in toluene were investigated. The rates of polymerization were decreased 
by the addition of mercaptides, possibly owing to the formation of a relatively stabilized 
complex between the mercaptides and the active center of the polymerizing monomer. 
The stereoregularity was also affected by the addition of mercaptides. The effects in
creased in the order of increase in the bulk of the alkyl group of the mercaptides: 
n-propyl <  isopropyl <  /erf-butyl <  phenyl. The effects of mercaptides on the stereo
regularity were larger than those of the analogous oxygen compounds. The concentra
tions of butyllithium and monomer had no effect on the stereoregularity.

INTRODUCTION
Hitherto many studies on the stereoregularity in the anionic polymeriza

tions of vinyl monomers have been reported. It is known that the stereo- 
regular polymerization of polar monomers is influenced by the following 
conditions:1 (1) size and electronegativity of the metal in the catalyst,
(2) polar character of the monomer, (3) nature of the groups attached to 
the metal in the catalyst, (4) polymerization temperature, (5) solvent. 
As for the polymerization of certain vinyl monomers with alkali metal 
alkyls, lithium and its alkyls are generally good stereospecific catalysts, 
and the stereoregularity of product decreases in the order of increase in 
the size and electropositivity of the metal:2-3 Li >  Xa > K.

Those catalysts having bulkier alkyl groups such as /e»7-hexyl alcohólate4 
and Grignard reagents5 such as i-BuMgBr form highly isotactic poly(methyl 
methacrylate).

As for the vinyl monomers, styrene,6 acryl esters,7“ 11 vinyl ketones,12 
thiolacrylates,12 and acrylamides13 form stereoregular polymers under 
appropriate conditions. The stereoregularity of the acryl esters decreases 
in the order of decrease in the bulk of the ester group:14 /erf-butyl >  ser- 
butvl >  isobutyl >  «-butyl.

Moreover, the polymerization temperature and solvent affect the stereo
regularity. Highly stereospecific catalysts are relatively insensitive to 
changes in temperature, but the stereoregulating ability of less stereo
specific catalysts is changed greatly by changing the temperature.1-6 Inert 
solvents are normally required for stereoregular polymerization.
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The effects of additives on anionic polymerizations have also been 
reported by some workers. The addition of alkoxides in the butyllithium- 
initinted polymerization of methyl mothacrylate (M.\IA) increases the 
overall rates of polymerization and isotacticity of the product.15 The 
effects of lithium butoxide on the butyllithium-initiated polymerization of 
styrene16 have also been reported. In this case both the initiation rate and 
the propagation rate are decreased by the addition of BuOLi.

Lithium hydroxide, when added in the butyllithium-initiated poly
merization of styrene, also increases the isotacticity greatly.17 In this 
paper, the effects of the addition of various lithium mercaptides, the sulfur 
analogs of alkoxides, in the butyllithium-initiated polymerization of methyl 
methacrylate in toluene at — 30°C. were investigated.

The effects of the concentrations of butyllithium (BuLi) and the 
monomer on the stereoregularity were also studied, and a comparison of 
the effects of the mercaptides with those of the analogous alkoxides was made.

EXPERIMENTAL

Reagents
Methyl Methacrylate. Commercially available monomer was distilled 

with steam. The inhibitor was removed with care by washings with 10% 
sodium hydroxide solution and then water. The monomer was dried with 
anhydrous sodium sulfate and then distilled under a nitrogen atmosphere 
at reduced pressure and its middle fraction was collected and kept in a 
dark place.

This fraction was freshly distilled immediately before use over calcium 
hydride at 45-45.5°C. under a pressure of 100 mm. Hg.

Toluene. Analytical grade reagent was washed successively with con
centrated sulfuric acid and then with water. It was distilled twice over 
sodium wire after drying over calcium chloride and refluxing with sodium 
wire.

Mercaptans. Commercially available products were distilled immedi
ately before use: thiophenol, 86.2-86.5°C./5 mm. Hg; n-propylmercaptan, 
07°C.; isopropylmercaptan, 52.5-53°C.; feri-butylmercaptan, 63.7-64.0°C.

n-Butyllithium. Commercially available product was obtained as a 
dilute solution in pentane. The concentration was checked before use by 
the double titration method described by Gilman and Haubein.18

Phenol. Commercially available product was distilled at 61.0-61.2°C. 
under a pressure of 9 mm. Hg.

/(•//-Butanol. A good grade of commercial alcohol19 was stirred over an
hydrous calcium chloride at 60°C. for several hours and then distilled in a 
moisture-free apparatus. Its middle fraction was distilled at 82.4°C. just 
before use.

Polymerization
The polymerizations were carried out in sealed glass tubes at — 30°C. 

Precautions were taken to remove traces of water in all the polymerizations.
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Fig. 1. Effect of CelisSLi on the rate of polymerization. [BuLi] = 1.37 X 10~2 
mole/1.; [ColIsSLi] = 1.37 X 10-2 mole/1.; [MMA] = 1.87mole/l.; in toluene, — 30°C. 
Numbers in parentheses are./ values.

w hereas the con version  had a considerable effect on  the stereoregularity 
for  the p o lym eriza tion  in the absence o f the m ercaptide.

A  com p lete  explanation  o f the results does n o t appear to  be  possible 
ow in g  to  their com p lex ity . B u t in the absence o f  the m ercaptides, the 
rate o f  po lym eriza tion  w as qu ite  high, and a toluene solu tion  o f the po lym er 
at h igher con version  w as extrem ely  viscou s. T herefore  this seem s to  fa v or  
the stereospecific p o lym eriza tion .22 H ow ever, in the presence o f the m er
cap tide , the rate o f po lym eriza tion  w as low , possib ly  ow ing to  form ation  
o f a relatively  stabilized  com p lex  betw een  the m ercaptide  and the active  
cen ter end as m en tioned  above .

T h e  effects o f  the con cen tra tion  o f lith ium  th ioph en oxide on  the B u L i- 
in itiated p o lym eriza tion  o f m eth y l m eth acry la te  in toluene at — 3 0 °C . are 
show n in T a b le  I. A s the so lu b ility  in toluene was low , the polym erizin g  
system s were qu ite  h eterogeneous at higher con cen tration s. T h e  add i-

TABLE I
Effect of CetESLi ou the Stereoregularity of P.MMA*

C6H5SLi, Conversion,
mole/1. 07 /0 J  value I, % H, % s , %  M , dl./g.

0 93.8 72 48 29 23 0.485
2.27 X 10~2 50.1 55 79 18 3 1.026
G .80 X 10“ ! 29.8 56 74 2.3 3 0.576
27.2 X 10“ 2 10.0 56 71 26 3 0.359

“ Conditions: [BuLi] = 6.8 x  10 2 mole/1.; [MMA] = 1.87 mole/1.; in toluene,
— 30°C., 2 hr.

tion  o f sm all quantities o f  lith ium  th iop h en ox ide  greatly  increased the 
iso ta ctic ity  o f  the p o ly (m e th y l m eth acry la te) obta ined , as show n in 
T a b le  I. H ow ever, on  further add ition  o f lith ium  th ioph en oxide, the iso
ta c t ic ity  o f the p o ly m er gradually  decreased, possib ly  ow in g  to  the d e 
crease in the rate o f p o lym eriza tion  w ith  increase in the con cen tra tion  o f 
the m ercap tide . In  m ost cases the intrinsic v iscos ity  [77 ] o f  the po lym er 
form ed  in the presence o f  the m ercaptide was low er than that o f  the
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p o ly m er ob ta in ed  in the absence o f the m ercaptide. B u t n o  sim ple rela
tion  was fou n d  betw een  the intrinsic v isco s ity  and the con cen tration  o f 
the m ercaptide. T h e  effects o f  o th er m ercaptides such as n-CLH f-SLi, 
¿ -C 3H 7-SLÍ and icrl-ChHgSLi were also in vestigated  under com parab le  co n 
d itions to  th ose  fo r  lith ium  th iop h cn ox id e , and the results obta in ed  are 
show n in T a b les  I I - I V .

B y  the a dd ition  o f these m ercaptides, the rates o f p o lym erization  w ere 
also decreased and the iso ta ctic ity  o f  the p o ly (m e th y l m ethacry la te) in
creased as in the case o f lith ium  th ioph en ox ide . B u t the effects o f  these 
m ercaptides on  th e  iso ta ctic ity  w ere n ot so large as in the case o f  the 
th ioph en oxide. T h e  e ffect o f the m ercaptides on  the stereo regu larity

TABLE II
Effect of ji-PrSLi on the Stereoregularity of PA IMA“

n-PrSLi,
mole/1.

Conversion,
0 7
/ O

Tacticity

fab dl./g.J  value I , % H ,% 8 ,  %

0 93.8 72 48 29 23 0.485
2.27 X 10“ 2 93.8 68 52 26 22 0.701
6.80 X t o “ 2 86.8 70 52 26 22 0.524
27.2 X It)“ 2 82.2 63 55 27 18 0.240

“ Conditions: [BuLi] = 6.8 X 1 0 mole/1.; [MAIA] = 1.87 mole/1.; in toluene,
— 30°C., 2 hr.

TABLE III
Effect of f-PrSLi on the Stereoregularity of PMMA*

PrSLi,
mole/1.

Conversion,
07/O J  value

Tacticity

[»], dl./g.7 °7r H, % a, %

0 93.8 72 48 29 23 0.485
2.27 X 10-2 82.1 67 47 31 22 0.322
6.80 X 10-2 80.8 66 52 29 19 0.590
27.2 X 10 —2 OI Oo l . O 61 62 28 10 0.163

a Conditions: [BuLi] = 6.8 X IQ -2 mole/1.; [MAIA] =  1.87 mole/1.; in toluene,
-30°C., 2 hr.

TABLE IV
Effect of ferf-BuSLi on the Steroregularity of PM M A“

¿ert-BuSLi,
mole/i.

Conversion,
0 7
/ O J  value

Tacticity

f a ] ,  dl./g.J  0 7
1 )  / o Hf % 8 ,  %

0 93.8 72 48 29 23 0.485
2.27 X It)-2 82.4 67 54 29 17 0.344
6.80 X 10-2 55.3 65 60 28 12 0.143
27.2 X 10-2 17.6 63 66 26 8 0.256

a Conditions: [BuLi] =  6.8  X l o “ 2 mole/1.; [MAIA] =  1.87 mole/1.; in toluene,
— 30°C., 2 hr.
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O;no m ercaptide 
At n-PrSLi 
• ;  iso-PrSLl 
X : tert- B u S  U

a a ;0su =0==— ______ _

2 4 6 8 10 12 14
[Bu Li) x 10 mole/l.

Fig. 2. Effect, of BuLi concentration on stereoregularity of PALMA: (O) no mercap
tide; (A) n-PrSLi; (• ) ?VPrSLi; ( X ) /eri-BuSLi; (□ ) CeHgSLi. [Mercaptide] =  6.80 X 
10” 2 mole/l.; [MMA] =  1.87 mole/l.; in toluene, — 30°C.; 2 hr.

decreased in th e  order o f decrease in the bu lk  o f the a lkyl group  o f the 
m erca p tid e : ph en y l-S L i >  /eW -butyl-SLi >  isop rop y l-S L i >  n -p rop y l-S L i.

T hese data  agree w ith  the rep orts4'512,13 th at the stereoregularity  o f the 
polym eriza tion  is determ ined  b y  the r ig id ity  o f  the com plex  form ed  at the 
a ctive  center end  o f the polym erizin g  m onom er.

T h e  effect o f  the con cen tra tion  o f B u L i on the ta ct ie ity  was also in vesti
gated  under otherw ise con stan t con d ition s ; the results are show n in F igure 2. 
A s can be seen from  F igure 2 , the con cen tra tion  o f B u L i had alm ost no 
e ffect on  the stereoregu larity  w ith  all these m ercaptides. H ow ever, the 
J values ob ta in ed  increased as m en tioned  a b ove  in the order o f increase in 
the bu lk  o f the alkyl group  o f the m ercaptides in depen den t o f the con cen 
tration  o f B uL i.

T h e  con cen tra tion  o f the m on om er also h ad  no e ffect on  the stereo- 
regularity, as in  the case o f  changes in the con cen tra tion  o f B uL i.

F rom  these results, it w as con clu ded  th at the effects on  the stereoregu
larity  under these con d ition s w ere determ ined  b y  the con cen tration s and 
the kind o f the m ercaptides and w ere independent o f the con cen tration s 
o f B u L i and m eth y l m ethacry la te .

T h e  effects o f the add ition  o f analogous a lkoxides in the B u L i-in itia ted  
p o lym eriza tion  o f m eth y l m eth acry la te  in  toluene at — 3 0 °C . were also 
investigated . T h e  effects o f the alkoxides on  the stereoregu larity  are show n 
in T a b le  V , in w hich  th ey  are com pared  w ith  the effects o f the analogous

TABLE V
Effect of Alkoxides and Mercaptides on the Stereoregularil y of I'M M A •

Alkoxide or 
mercaptide

Conversion,
% J  value M , dl./g.

lert- BuOLi 70.3 65 0.423
¿eri-BuSLi 54.5 62 —
C6H5OLi 94.5 58 0.704
CJHSLi 39.5 54 —

“ Conditions: [alkoxide] = 6.8 X 10~2mole/l.; [mercaptide] == 6.8 X 10~2 mole/l.;
[BuLi] = 6.8 X 10"2mole/l.; [MMA] =  0.94 mole/l.‘  in toluene, — 30°C., 2 hr.
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Vinyl Polymerization Initiated by Ceric Ion Reducing 
Agent Systems in Sulfuric Acid Medium

S. V . S U B 11A A IA N IA N  and M . S A N T A P P A , Department of 
Physical Chemistry, University of Madras, Madras, India

Synopsis

Polymerization of the monomers, methyl acrylate (M A) and methyl methacrylate 
(M M  A) was carried out in sulfuric acid medium at 15°C. with the redox initiator system, 
ceric ammonium sulfate-malonic acid. There was no induction period, and a steady 
state was attained in a short time. There was found to be no polymerization even after 
1 hr. in the absence of the reducing agent R. The initiation was by the radical produced 
from the Ce4 +-malonic acid reaction. The rate of monomer disappearance was propor
tional to [M] '•», [R.]0-®, and [Ce‘ +]0-8-0-5, and the rate of ceric disappearance was direct ly 
proportional to [R] and [Ce1+], Chain lengths of the polymers were directly propor
tional to [M] and inversely to [ R ] a n d  [Ce4 +] 1//a. The experimental results were ex
plained by a kinetic scheme involving the following steps: (a)oxidation of the substrate to 
give the primary radical which reacts with Ce4+ to give the products,(6) initiation by the 
primary radical, (c) propagation, and (d) termination of the growing polymer radicals by 
the mutual type. For the polymerization of acrylonitrile (AN ) by the redox system, 
ceric ammonium sulfate-cyclohexanone (C II), in sulfuric acid at 15°C., the scheme was 
modified to include linear type of termination by Ce4+, along with the mutual termina
tion to explain the results especially under conditions with [Ce4+] ^[CHJ..

INTRODUCTION

C eric salts or  ceric sa lt-red u cin g  agent system s were used as in itiators 
o f v in y l polym erization . V enkatakrishnan  and S an tap p a1 studied  the 
polym erization  o f m ethy l acrylate  in itiated  b y  ceric perch lorate. A n an - 
thanarayanan  and S an tappa2 studied  in detail the therm al p olym erization  
o f m eth y l acrylate, m eth y l m ethacry la te , and acrylon itrile  in itiated  b y  
C e4+ in aqueous perch loric, n itric, and  sulfuric acid  m edia. L alitha and 
S an tappa3 used redox system s o f ceric ion  w ith  various a lcohols (reducing  
agents) as in itiators. A lino et a l. 1 studied the p o lym eriza tion  o f a cry l
am ide in itiated b y  the ceric n itra te -3 -ch lo ro -l-p ro p a n o l redox  system  and 
observed  that at con stan t h yd rogen  and nitrate ion  con cen tration s, the 
rate o f  p o lym eriza tion  w as in dependent o f ceric ion  con cen tration . K ata i 
et a l.5 m ade a detailed  k inetic stu dy  o f po lym erization  o f acrylon itrile  
in itiated  b y  the ceric su lfa te -e th y len e  g lyco l redox system . I t  was con 
cluded  that in itiation  was b o th  b y  C e4+ and the prim ary radica l from  the 
substrate, and term ination  was exclu sive ly  b y  C e4+. A nanthanarayanan  
and S antappa6 carried out p o lym eriza tion  o f m ethy l acry late  in itiated  by
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the redox system  C e 4+-H C H O  in perch loric acid  m edium . P revious 
studies b y  different investigators revealed that the rates o f  in itiation  of 
v in y l m onom ers b y  variou s ceric salts were in the order, ceric perch lorate 
>  ceric n itrate >  ceric sulfate, and the chain  lengths o f  polym ers in itiated 
b y  the above  ceric salts were in the reverse order. I t  w as envisaged  that 
in the v in y l system s polym erized  b y  redox ty p e  in itia tor in vo lv in g  C e4+, 
the d irect in teraction  o f  C e 4+ w ith  the m on om er and the grow ing p olym er 
radical cou ld  be b rou gh t under con tro l b y  suitable ad ju stm ents o f  con cen 
trations o f  the reactants, tem perature etc., so th at such reactions m ight 
either be suppressed or e lim inated  if necessary. F or  elu cidation  o f these 
points, a stu dy  o f k inetics o f p o lym eriza tion  o f m ethy l acrylate  (M A ) and 
m ethy l m ethacry la te  (M M A ) in itiated b y  the ceric am m onium  su lfa te - 
m alon ic acid  redox system  in sulfuric acid  was carried ou t, and a brie f a c
cou n t o f this has already been  rep orted .7 T h e  stu dy  o f the kinetics o f  p o ly 
m erization  o f acrylon itrile  (A N ) in itiated b y  the ceric am m onium  su lfa te - 
cycloh exan one (C H ) redox  pair w as also carried out.

EXPERIMENTAL

Materials

T h e m onom ers, m ethy l acry la te  (R o h m  and H aas, U .S .A .), m ethyl 
m eth acry la te  (B .D .H .) , and acrylon itrile  (A m erican  C yanam ide C o .) were 
purified b y  standard  m ethods, i.e ., d istilled tw ice  in an atm osphere o f 
n itrogen  under redu ced  pressure before  use. W a ter  d ou b ly  distilled over 
alkaline perm anganate and passed through  the ion  exchange resin B io- 
d im inrolit w as used. C eric am m onium  sulfate (A to m ic  E n ergy  E stab 
lishm ent, In d ia ), su lfuric acid  (A nalar, B asic S yn th etic  Chem icals, In d ia ), 
potassium  hydrogen  su lfate (A nalar B .D .H .)  were used. M a lon ic  acid 
(E . M erck ) was used as such for preparation  o f  solutions. C ycloh exanon e 
was dried  over  anhydrous sod ium  sulfate, fraction a lly  distilled, the m iddle 
fraction  (b .p . 155 -15(5°C.) being collected . S olven ts like benzene, acetone, 
ch loroform , and d im eth ylform am ide were fraction a lly  distilled and the 
m iddle cuts were used. D eaera tion  o f the system  was don e w ith nitrogen, 
previously  freed from  oxygen  b y  passage through F ieser’s solution .

Estimations

C eric con cen tra tion  was estim ated  b y  titration  against standard  ferrous 
am m onium  sulfate solu tion  in sulfuric acid  m edium  w ith  the use o f  ferroin 
indicator. T h e  m alon ic acid  con cen tra tion  was determ ined  b y  titration  
against standard sod ium  h yd rox ide  w ith  phenolphthalein  as indicator.

Apparatus and Procedure

T h e  reaction  vessel was a glass tube, 6 in. in length  and 2 in. in diam eter, 
fitted  w ith  a B -24  grou nd  jo in t head to  w h ich  tw o glass tubes were fu sed ; 
one b en t at right angles at the top  and reaching the b o tto m  o f the tu be
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was used as inlet fo r  passing n itrogen  gas throu gh  the reaction  system , 
w hile the secon d  shorter tube w as used for  add ition  o f the ox id izin g  agent 
to  the system . F irst, the reaction  system  (excep t the ceric salt solu tion ) 
was taken  in the reaction  tu be and deaerated ; the ceric salt solu tion  was 
then  separately  deaerated and added  to  the form er. N o  in d u ction  period  
was observed . T he reaction  system  w as m aintained  at 15 ±  0 .1 °C . in  a 
th erm ostat usually  fo r  10 m in. T h e  reaction  w as then  frozen  b y  add ition  
o f a k n ow n  excess o f ferrous am m onium  sulfate solu tion  to  the system ; 
the p recip ita ted  p o ly m er was filtered off and used for  com p u tin g  rate o f 
m on om er d isappearance, —d[M\/dt, w hile the filtrate w as used fo r  esti
m ating  the rate o f  ceric d isappearance, — d[Cei+ ]/dt. P o ly (m e th y l m eth 
acry la te) and p o ly (m e th y l acry late) w ere purified  b y  d issolv ing  in acetone, 
reprecip itatin g  b y  add ition  o f m ethanol, filtering off, and dry in g  the p o ly 
m ers. T h e  procedure for  po lyacry lon itrile  was sim ilar, d im eth ylform am ide 
and m ethan ol bein g  used as so lven t and p recip itant, respectively . T h e 
chain  lengths n o f the purified  polym ers were determ ined  v ispom etrica lly , 
b y  using an U bbeloh d e  su spended-level d ilu tion  v iscom eter (P o ly m er 
C onsu ltants L td ., C olchester, U .K .)  k ep t in a K reb  v iscom etric  ba th  
designed for  precision  v iscom etry . T h e fo llow in g  M a rk -H ou w in k  rela
tionships were em ployed .

F o r  p o ly (m e th y l m eth acry la te ) 8 in benzene at 2 5 °C .: 

n =  2.81 X  10s b ]1-32 

F or  p o ly  (m eth y l acry la te) 9 in aceton e at 20° C . :

n =  11.2 b ] 1-22

F o r  p o ly a cry lon itr ile10 in d im eth ylform am ide at 2 5 °C . :

to] =  2.34 X  l O - W / 1-75

RESULTS AND DISCUSSIONS

Polymerization of Methyl Acrylate and Methyl Methacrylate in Sulfuric 
Acid Medium Initiated by Ce4+ Malonic Acid System

U n d er con d ition s o f low  tem perature (1 5 °C .) it w as fou n d  that there 
was no p olym eriza tion  o f the m on om ers (M M A , VIA, or A N ) even  after 
(50 m in. w hen ceric am m onium  sulfate alone w as used as an in itiator, b u t 
w ith  C e4+-m a lo n ic  acid  redox in itiator it was n oticed  th at the p olym eriza 
tion  reaction  proceeded  w ith ou t any in d u ction  period.

Kinetic Scheme. T h e  fo llow in g  reaction  schem e is fou n d  to  explain  
satisfactorily  the k in etic results obta ined .

R ea ction  o f ceric ion  w ith reducing agen t:

C e 4+ +  R  > R -  +  C e s+ +  H +  ( la )

where R  is reducing agent and R - is a p rim ary  radical.
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R ea ction  o f p rim ary  radical w ith  C e 4 + to  g ive the produ cts.

C e 4+ +  R -  ----- -— * P rod u cts  +  C e 3 + +  H +  ( l b )
fast

In itia tion  o f p o lym eriza tion  b y  reaction  o f prim ary radical w ith  m on om er: 

R - + M — ——* R — M • (2)

P rop a ga tion :

R  -  M  +  A I- > R — M — M - (3)

( M J -  +  M  — ——> (M n+i) ■

T erm in ation  b y  C e 4 + :

( M , ) ‘ +  C e4 + --- -— > P olym er +  C e 3+ +  H +  (4a)

M u tu a l term in a tion :

(M „ ) ■ +  (Mm) ■ ------— > P o ly m er (4b)

A  possible a lternative to  step ( l b )  m ay be :

R -  +  C e 3+ -----------* PM +  C e 4+ ( l c )

w h ich  m ay arise especia lly  from  a consideration  o f produ cts  o f reaction  
( la )  still in the solven t cage and  w hich  m eans com p etition  for  R - betw een  
C e4+ and C e 3+. O ccurrence o f  such a step w ou ld  m ean a decrease in the 
rate o f ceric ion disappearance w ith  tim e w hich  was n ot observed  in our 
experim ents. Such an alternative step, it m ay  be poin ted  out, w as also 
n ot considered  in  the studies on  ox id a tion  o f a lcoh ols , 11'12 a ldeh ydes,13 
k eton es, 14 etc. b y  C e4+ b y  various w orkers.

M ak in g  the usual assum ptions fo r  the steady-state  con cen tration s o f 
free radicals (prim ary and chain ) and the rate constants being independent 
o f  chain length , and considering on ly  the m utual typ e  o f term ination  as 
e ffective  under our experim ental con d itions, as ev iden ce against linear 
term in ation  (4a) appears under — d [M ]/r /i  below , we arrive at the eqs. (5 ), 
(6 ), and (7) for  tire rate o f  ceric disappearance, rate o f  m on om er disappear
ance, and chain  length  n, re sp e ctiv e ly :

■d[Ce+i]/dt =  kr [C e4+ ][R ] (5)

d [M  ] k A M ]'*  ( k M R ][C e 4+] ) ,/j
(6)

dt / . v ! U ,;M |  +  /co[Ce4 + ] /

n =
A ,[M ] lA{* „ [C e ‘ +] +  k t LM ]J,/? 

(k tkTk f) 1/5 [C e4+],/''! fit  ] :/s
(7)

Rate of Ceric Disappearance. T h e  rate was fou n d  to  be d irectly  p rop or 
tional to  [C e4+], — d[Cei+ ]/dt versus [C e4+] gave a straight line passing 
through  the origin  (T ig. 1). T h e  rate w as independent o f the m on om er
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con cen tra tion  w h ich  m eant ceric ions w ere n ot in vo lved  in  an in itiation  
reaction  o f the typ e  M  +  C e4 + or in  a term ination  reaction  o f the typ e  
M „- +  C e 4+ (4a ). T h e  rate increased w ith  first pow er o f the m alon ic 
acid  con cen tra tion  (F ig . 1). A bsen ce  o f com plex  form ation  betw een  the 
substrate and ceric ion  was revealed  b y  the straight line p lo t o f the rate 
against M a lon ic  acid  con cen tra tion  passing through  the orig in ; on  the oth er 
hand form ation  o f a com plex  and obed ien ce to  M ich a e lis -M en ton 15 kinetics 
w ou ld  m ean that a  p lo t o f 1/r a te  versus 1/ [substrate] leaves an in tercept 
on  the ordinate. T h e  rate w as fou n d  to  increase w ith  increasing [H 2S 0 4] 
at con stan t ion ic  strength, /x; the rate w as unaffected  w ith  increasing

A  [ceric)xio3̂Tn\I) ; B:[m a l o n !cacio]

Fig. 1. Plots of (A ) -d [C e ,+]/dt vs. [Ce4+] at [malonic acid] = 5 X 10" ‘M, [MMA] 
= 0.09404/; (B) — d[Ce4+] /dt vs. [malonic acid] at [Ce4+] = 5 X 1 ( )~3M ,  [MMA] =
0.09404/; (C) -d [C e l+}/dl vs. [Ce4+] at [CH] =  2.5 X 10~ 2M ,  [AN] =  0.47674/;
(D ).-d [C e*-]/dt vs. [CH] at [Ce4+] = 4 X 10~ * M ;  [AN] = 0.47674/. For all cases, 
[HsSCb] = 0.54/; M =  0.64/; T =  15°C.

[H 2SO 4] if ion ic strength  w as n ot k ep t con sta n t; increasing ion ic  strength  
at con stan t [H 2S 0 4] show ed th at there w as a fall in the rate. K H S 0 4 
was used for  ad ju stm ents o f  /x. A ll these observations cou ld  be  explained 
on  the assum ption  that the reactive ceric species was a con va len tly  b ou n d  
neutral ceric sulfate m olecule, C e (S 0 4) 2.n  In  solutions o f  ceric am m onium  
sulfate in su lfuric acid  (1 .0 4 /)  the fo llow in g  equ ilibria  are recogn ized :

C e (S 0 4) 2+ +  H 20  ^  C e (O H )S 0 4+ +  H  + 

C e (S 0 4) 2 +  H S 0 4-  ^  H C e (S 0 4) 0-

(8a)

(Sb)

(9)
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A t con stan t p (m aintained  b y  Iv H S 0 4) the increase o f  rate w ith  increase 
o f  [H 2S 0 4] or [H + ] m ay  be due to  increase in the con cen tra tion  o f C e (S 0 4) 2 
b y  operation  o f equ ilibria  (8 a) and (8b ) . S im ilarly, retardation  o f rate b y  
increase o f  n a t con stan t [H  + ] m ay  be due to  dep letion  o f C e(S 0 4)2 by 
operation  o f equ ilibrium  (9 ). Further, the non  varia tion  o f rates w ith  
increase o f  [H 2S 0 4] w ith ou t keeping con stan t m a y  be look ed  u pon  as 
n onvaria tion  in [C efSC hh] b y  the opposin g  effects o f [H + ] and [H S 0 4_ ] 
or b y  sim ultaneous operation  o f the equ ilibria  (Sa), (S b), and  (9 ).

0  0-1 0  2  O J  0 4  0  5  0 - 6 — > B , C

c.M'-’ Cm W ’
Fig. 2. Plots of — d [M ]/di vs. [M ]1-5: (A ) [Cel+] = [malonic acid] = 5 X 

[,\IA] = 0.22M; • (B) [Ce4+] = [malonic acid] = 5 X 10"JilA; [MM A] =  0.094M (C) 
[Ce4+] = 4 X [CTI[ = 2.5 X W~*M. For all cases, [11,80,1 = O M i; M =
O.G.V; T = 15°C.

Rate of Monomer Disappearance. T h e  rate being dependen t 011 [M ] 1-5 
(F ig. 2) is strong ev iden ce fo r  m utual term ination  rather than the linear 
typ e . T h e  rate w as also d irectly  p rop ortion a l to  [m alonic a c id ] 1 " (F ig. 3 ) ; 
if linear term in ation  (4a) were effective, — d[Al]/dt w ou ld  have been d irectly  
p rop ortion a l to  [m alon ic a c id ]. In creasin g  [C e4+ ](1 .0  X \Q~iM  to  3 .0  X 
10~ 3M ) increased the ra te ; fo r  [C e4+] )> 3.0 X  10“ W ,  h ow ever the rate 
w as in dependent o f  [C e4+]. T h e  increase o f rate w ith  [C e4 + ] (low er 
con cen tration  range) m ay be understood  in term s o f in itiation  b y  C e4+ +  It, 
reaction  ( la ) ,  and m utual term ination  (4 b ), and — d [M ] /d i  bein g  given  b y  
eq. (G). A ccord in g  to  eq. (G) and assum ing /c0[C e4 + ] >  kt [AT] at high 
[C e4+]:

R „  =  - d [ M ] /d Z  =  kp (ktkt/kj6t)'h [ M ] 1-5 [ l t ] ,/5 (10)
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Fig. 3. Plots of: (A) — (l[M]/dt vs. [malonie acid]1/», [Ce4+] = 5 X 10~W , [MA]
= 0.221.1/; Hi) -d [M )/dtvs. [malonie acid] ‘ A, [Ce4+] = 5 X 10~33T, [MMA] = 0.0940 
M ; (C) -d [U ]/ d tv s .  [CH] Vs, [Ce4+] =  4 X lO 'W , [AN] = 0.4767AT. For all 
cases, [H2S04] = 0.5M ; ¡x =  0.6M; T = 15°C.

I t  m a y  be  m en tioned  here th at under con d itions /co[Ce4+] >  iq [M ] plus 
term in ation  (4a) >  (4b) at high [C e4 + ], the rate w ou ld  be in depen den t o f 
[C e4+] b u t dependen t on  [M ] 2 and [R ], A s the experim ental rate is 
strictly  dependen t on  [R ] ‘/2 and on  [M ] !/i, term ination  b y  (4a) m ust be 
ruled out. I t  m ay be  added  here th at under con d ition s  o f  h igh  [C e4 + ] /  
[substrate] ratio, rates were v ery  h igh and su b ject to  errors. T h e non 
dependence o f — cl[M]/dt on  [C e4+] at h igh  con cen tra tion  o f th e  la tter 
therefore fo llow s from  the eqs. (4 ). In  the range w here the rate was 
depen d en t on  [C c4+], the recip roca l o f cq . (6) and rearrangem ent g ives 
eq. ( 11) :

[MP ______ (C<____, fclrfo_____
R P2 ~  k / kr[R ][C e 4+] +  1c/kTk i[R ] [M ]

T h e  p lo t o f  [M ]2/-Kp2 against [C e4 + ] “ 4 (F ig . 4 ) and a p lo t o f 
against [M ] _1 (F ig . 4 ) w ere linear w ith in tercepts on  the ordinates. T h e 
effects o f  increasing [H + ] or fx on  — d [M ]/cZ f were sim ilar to  those on  
—d[Cei+ ]/dt. T h e  increase o f  — d[lVI]/cft w ith  increasing [H 2S 0 4] at con 
stant yu, independence o f rate w ith  increase in [H 2S 0 4] w hen n was n ot 
m aintained  constant, the decrease o f  rate w ith  increase o f n b y  add ition  
o f K H S 0 4 at con stan t [H 2S 0 4], etc., w ere all ind icative that neutral species, 
C e (S 0 4)2, w ere indeed the active  species.
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TABLE I

the C
Effect of [M], [Ce4+], and [Malonic Add] on Chain Length for 
eric Ammonium Sulfate-Malonic Acid Hedox System in Sulfuric Acid“

[Ceric] 
X to3, 
mole; 1.

[Malonic 
acid] X 103, 

mole/l.

M M  A MA

[M],
mole/l.

n
(PM'MA)

1-Ml,
mole/l.

n
(PMA)

0 5 0.0846 65 0.133 1779
r> .') 0.0940 132 0.177 2320
5 5 0.1034 320 0.221 2819
f> o 0.266 4339
5 5 0.354 5164
f) r> 0.399 5636
5 0.1 0.004 815 0.221 16,550
r> 0.2 0.004 624 0.221 14,370
5 0.4 0.004 398 0.221 9759
5 0.0 0.004 313 0.221 9072
5 0.8 0.004 0.221 7785
5 1.0 0.004 281 0.221 7381
0.2 5.0 0.004 0.221
0.3 5.0 0.004 0.221 12,720
0.4 5.0 0.004 1005 0.221 —
0.6 5.0 0.904 511 0.221 10,750
0.8 5.0 0.004 409 0.221 S984
1.0 5.0 0.094 347 0.221 —
2.0 5.0 0.004 — 0.221 6646
2.0 5.0 0.094 — 0.221 6646
3.0 5.0 0.094 137 0.221 —

1 [HoSOd = 0..W ; ii = 0.6.1/; 15°C.

TABLE II
Rate Parameters for Ceric Ammonium Sulfate-Malonic Acid 

Redox System (Sulfuric Acid Medium)

Value of kp(k,-/kokt)'#k Value of kp/k,1/1

F rom From From F rom F rom
plot of plot, of plot of plot of plot of
A'p vs.. ([M ]/ /? „ ) ’ ( [M l// / , />2 (l-M i

Monomer [M l1-* vs. [M] -i vs. [Ce4+] h/ki v s .[M ]± vs. [Ce4+]->

MM A 0.073 0.0.82 0.077 60 0.596 0.600
MA 0.205 0.242 0.285 70 1.532 1.100

to  w ith in  ± 0 .1% , and therefore the order o f  m agnitudes o f  the param eters 
m a y  be considered accurate to  w ith in  ± 1% .

Polymerization of Acrylonitrile in Sulfuric Acid Medium Initiated by Ce4+-  
Cyclohexanone (CH) Redox System

Rate of Monomer Disappearance. U n der the con d itions, [C H ] /  
[C e4+] ~  6 , the experim ental results were fou n d  to  be expla ined  b y  the sam e 
m echanism  as the one proposed  for the system , ceric am m onium  su lfa te -
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m alon ic a c id -M A  (or M M A ) in  su lfuric acid. T h u s the rate w as p ro 
portional to  [M ] 1-5 (F ig . 2) and to  [C H ] '/ !  (F ig . 3 ). S im ilarly, va lues of 
the com posite  constants, k v(k kjc I:a/ku and  kp/k^' were evalu ated
(T a b le  I I I ) .

U n der the con d ition s [C H ] / [C e 4+] 1, it w as fou n d  that the rate was
dependen t on  [M ]1-7; an increase in  [C e4+] keeping [C H ] con stan t was 
thus fou n d  to  change the n atu re  o f  the term in ation  m ech an ism  from  one o f 
pure m u tu al ty p e  to  m u tu al plus linear term ination  typ es  [eqs. (4a ), (4 b )].

CL
O

aC

O

0  2 4 6 8  1 0  1 2 —► B, C

A - [M](m/£) j b ; [ch ]  » io3(m|£); c. [ c « 4 '] l  io 4j'm|t)2

Fig. 5. Plots of: (A )£?p/[M ]>vs. [M], [Ce4+] =  [CH] = 1 X 10~ W ; ( B) Rp/[M]i 
[R] vs. [RJ, [CeJ+] = 4 X 111 3.U, [AN] = 0.4767M; (C) /¿„[Ce44] / [M ]2 vs. [Ce4+]^ 2, 
[CH] =  2.5 X 10” 2fR, [AN] =  0.47G7A7. For all cases, [HjSO<] = 0.5M; fi = 0.64/; 
T =  15°C.

A bsence o f p o lym eriza tion  w ith ou t the reducing agent, even  after 1 hr., 
in d ica ted  th at in itiation  was purely  b y  the p rim ary  radica l p rodu ced  from  
the reaction  o f C e4+ w ith  cycloh exan one. R p fo r  pure linear term ination  
w ou ld  have been  p rop ortion a l to  [M ]2 and for  pure m u tu al term ination  to  
[ M ]1-5, w hereas experim entally  it w as p rop ortion a l to  [M ]1-7. H ence 
linear term ination  alone or pure m u tu al term ination  did  n ot con form  to  the 
experim ental results. A  schem e consisting o f in itiation  b y  the primary- 
rad ica l term ination  byr m utual as w ell as b y  C e 4+ w as fou n d  to  explain  all 
the results satisfactorily  in this particu lar case. — d[Cei+ ]/di w ou ld  still be 
g iven  b y  eq. (5 ), bu t R p w ou ld  be given  b y  eq. (1 2 ):
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— d [M ] k v
dt / c / [ C e 4+]

{/C i'[C e4 + ] j

k„k

T h u s a p lo t o f 7f„/[AI]2 against [M ] w as linear w ith  a negative slope S 
and an in tercept /  (F ig. 5 ), and the param eter k tkvk t =  S/I2 w as ca lcu 
lated . T h is  value w as also obta in ed  from  p lots  o f / ? P/ [ M ] 2[R ] versus [R ] 
and  h 'p [C e4+] / [ M P  versus [C e4 + ]~ 2. T h e  order o f  m agn itudes o f  variou s 
param eter (T a b le  III) m ay be considered accu rate w ith in  ±  1%  for reasons 
stated  earlier.
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Electron Spin Resonance Study of Polyglycols

F . C . T H R Y I O N , Department of Chemistry, and AI. D . B A IJ A L , 
Department of Chemical Engineering, Lavai University, Quebec, P. Q., Canada,

Synopsis

Polyethylene glycols and polypropylene glycols were irradiated with gamma-rays from 
ft 60Co source at 77°K. Electron spin resonance spectra of the free radicals produced 
were recorded. It was found that the rupture in the polymer chain takes place at *C— C 
and C— 0  bonds. The radicals identified were — 0 — GIL in polyethylene glycols and 
mainly

II
I

—O—CH,—C ■
I

CIL

in polypropylene glycols. Thermal decay of these radicals followed a second-order law, 
and the decay constant calculated was k =  2.32 X 10s cm.3 mole-1 sec.-1 A complete 
discussion of the results is presented.

INTRODUCTION

Irrad ia ted  polyolefin s (p o lyeth y len e1-6 and p o lyp rop y len e6-8 h ave been 
stud ied  w id ely  b y  electron  spin  resonance sp ectroscop y  (E S I l) . In  these 
system s scission generally  takes place at the C — H  bon d . T h e resulting- 
radicals have been  well identified.

P oyo le fin  oxides (p o lyg ly co ls ) w hich  have som e structural resem blance 
w ith  polyole fin s h ave n ot been  given v ery  m u ch  atten tion  b y  E S R  yet. 
I t  w as th ou gh t th at it w ou ld  be  interesting to  fo llow  the character o f 
radicals in polyg lyco ls .

In  this stu dy  E S R  spectra  were recorded  o f p o lyeth y len e  g lyco ls  (P E G ), 
and p o ly p rop y len e  g lyco ls  (P P G ). Id en tifica tion  o f radicals suggested 
that the rupture takes place at C — C and C — 0  bonds. T herm al d ecay  
was also studied. D eta ils  are g iven  in  the fo llow in g  sections.

EXPERIMENTAL

P E G -2 0 0 ,9 P P G -4 2 5 ,9 and P P G -1000  (U nion  C arbide) were v iscou s liqu id  
polym ers, while P E G -4 0 0 0  (E luka A G ) was a crysta lline solid  polym er. 
T h e  sam ples’ p u rity  was ch eck ed  b y  in frared sp ectroscop y  and gel perm ea
tion  ch rom atograph y . W eigh ed  sam ples were loaded  in Suprasil tubes and 
then  evacu ated  at 10 -4  torr fo r  several hours. Irrad iation  w as a ccom -

505
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Fig. 1. ESP, spectra of PICO: (a) PEG-200 at 123°K .j (b) PEG-200 (------ ) and PEG-
4000 (------ ) at, 173°K.

plished w ith  a typ ica l gam m a cell consisting o f a 6nC o source h avin g  an 
energy ou tp u t o f  1.78 X  10'-° e.v . liter“ 1 m in . “ 1 (determ ined  b y  dosim etry  
w ith  ferrous su lfate). T h e  sam ples w ere irradiated  for  5 hr. at 7 7 °K .

T h e  free-radicals spectra  were obta in ed  w ith  a V arian  (M o d e l 4500-10A , 
X -B a n d ) E P R  S pectrom eter, w h ich  was equ ipped  w ith  a variab le-tem pera 
ture ca v ity  and coo lin g  system . T em p eratu re  con tro l was m aintained
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w ith in  ± 0 .5 ° C .  T h e  first-derivative spectra  were obta in ed  w ith  an X - Y  
recorder.

T h e  radica ls ’ con cen tra tion  was determ ined  by ca libration  w ith d iph en yl- 
p icry lhyd razine  in benzene.

RESULTS AND DISCUSSION 

Polyethylene Glycols
W ith  an increase o f  tem perature the P E G -200 spectrum  changes in an 

irreversible m anner; see F igure 1 (a and b). T h is change m ight have been

Fig. 2. Thermal decay of radicals in PEG-200 at 203°K.; relative concentration vs
time.
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caused b y  the reorgan ization  o f the v itreous m atter dam aged  b y  radiation . 
I t  m ay  be n oted  here that P E G -4000  did  not show  this behavior. T here
fore, the identification  o f the radicals is based on the spectra  given  in F igure 
16.

W ill) regard to  F igure 16, then, one sees that the cent ral line o f  P eg-4000 
is less b road  than  th at o f  P E G -200 . T o  explain  this, one m igh t th ink  o f 
superposition  o f a singlet and a dou b let, but this seem s unlikely if one co m 
pares the distance betw een  the lines o f the so-ca lled  dou b let and the p roton

Fig. 4. See caption p. .'>09.
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coupling constant for hydrocarbons of this kind. A triplet with the inten
sity ratio 1: 2.2: 1, which is very close to that observed for the interaction of
an odd electron with two equivalent protons, suggests that a -O-CH2

radical is responsible for these spectra.
In support of such assignment the triplet spectrum of irradiated meth

anopO,ll may be mentioned. The radical identified was HO-CH2• The
triplet splitting was 180,11 as compared to 17.2 ± 0.20 for PEG.

Further support may be derived from the spectrum of polyoxymcthyl
ene12 - 15 (PO:\'1). In PO:\1 the singlet was assigned to -CH2-O', the
doublet to -O-CH':"-O-, and the triplet to -O-CH2• Triplet splitting
was reported to be 19012 and 17 to 180. 14

If, as suggested above, a -O-CH2 radical is produced, then the other
radical formed by the same bond rupture should be located close by,4 owing
to the cage effect. This should give a second-order thermal decay, as such
was observed experimentally; see Figure 2.

The greater intensity of the central line of the triplet might have been
caused by traces of a singlet due to -CH2-O' radical.

The narrowness of the central line in crystalline PEG-4000 should be due
to antiparallel orientation of the nuclear magnetic moments of the two
hydrogen atoms. It is well known that the anisotropic broadening is partly
quenched in this case. This property is less evident in the vitreous state,
where the broadening is larger.

The spectrum shown in Figure 3 is not sufficiently well resolved to explain
the changes observed when the temperature was raised to the disappearance
point of radicals.

(
/

(c)

Fig. 4. ESR ~'Pectra of PPU: (a) PPG-42:> at 123°K; (b) PPG-l000 at (--) 143°K.
aml (---) lS;jOK (e) PPU-lOOO at 213°K.
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Polypropylene Glycols

PPG-425 and PPG-lOOO give different spectra, as shown in Figure 4.
The marked similarity between the spectra reproduced in Figures la
and 4a may be noted here.

Since it is difficult to obtain information from the PPG-425 spectrw11, the
following discussion is based on the PPG-lOOO spectrum.

PPG-lOOO gives a well-resolved seven-line spectrum [Fig. 4(b)] with a
15.5G proton hyperfine constant. The radical

H
I

-O-CH2-e·
I

CH,

where the interaction between an odd electron with six equivalent protoni:i
lead to a i:ieven-line spectrum, satisfies the experimental observation. How
ever, the possibility of other kinds of radicab is not ruled out. From Figure
4b in the broken-line spectrum it is evident that, as the temperature is in
creased from 14:3 to 183°K., the lines neighboring the central line have super
imposed spectra. It seems likely that additional radicals,

--o-CH2 (triplet, as observed previou~ly in PEG)

H
I

·C--o- (quintet)
I
CR,

are produced as a result of C-C bond rupture. The abovc discussion and

I
the possibility of a singlet (-C-O· ) may now be used to explain the greatei'

I
intensitici:i of the centrallincs (-: 7: lG. 2::m. 4: Hi. 7: 7:-) in the PPG-1000
spectrum.

With the incrca;;e of temperature the spectrum of PPG-1000 [Fig. lb
and 4(;] change:> from an odd to all evcn lIumber of linc;;. Thii:i indicat.ei:i
that the radicals pOi:ilulated are i:iecondar.r radicab, produced whcn the
temperature ii:i raised.

Disappearance and Decay of Radicals

The temperatures of disappearance of radicals were found to be >323°K.
(PEG-4000), 203°K. (PEG-200), and 213°K. (PPG-42;j and I'>PG-1(00).
They are in good agreement with data available on heat-capacity measure
ments, Jr. dilotometry, J7 and glass-transi tion points. I8

Thermal decay of radical:> in PEG and PPG wa...; found t.o be second
order with a decay constant of k = :!.:3:! X 10" cm.:1 mole-I ;;cc. -I (Fig. 2).
It, i:ieem;; likely that diffusion is lIot the main procei:i::;. Furt.her, the radicab
formed as a result of bond rupture probably lie close to each other without
recombining. As the temperature is increased, the molecular fragments
orient thCll1i:iclves and thui:i start the decay process.
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The G(R) values calculated were low, 0.2 to 0.5. The minimal value was
that of PEG-4000.

The authors wish to thank the National Research Council of Canada for postdoctoral
fellowships. Special thanks are due L. P. Blanchard for his continued support, J. L.
t\avard for research assistance, and J. Herman for encouragement. AHsistance from
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The Synthesis of Some Optically Active C-Methylated
2-0xohexamethyleneimines

c. G. OVERBERGER* and GORDON l\'I. PARKER, Department
oj Chemistry, Institute oj Polymer Research, Polytechnic Institute

of Brooklyn, Brooklyn, New York 11201

Synopsis

Three new, optically active, met.hyl-substituted 2-oxohexamethyleneimines were pre
pared by cyclization of the respective optically active C-methylated 6-aminohexanoic
acids. The active forms of the amino acids used for the preparation of ( - )-3-methyl-2
uxohexamethyleneimine and (- )-7-methyl-2-oxohexamethyleneimine were obtained by
resolution of their diastereomerie quinine salts. s-(+ )-5-methyl-2-oxohexamethylene
imine was synthesized without racemization from optically pure 2-isupropylidene-5
methylcyclohexanune (pulegone).

INTRODUCTION

Wallach 1 was the first to report on optically active C-methylated
2-oxohexamethyleneimine. He synthesized a mixture of 4-methyl- and
6-methyl-2-oxohexamethyleneimines from naturally occurring, optically
active 2-isopropylidene-5-methylcyclohexanone (pulegone) by hydrolytic
cleavage of the double bond followed by oxime formation and Beckmann
rearrangement. The 4-methyl-2-oxohexamethyleneimine was separated in
pure form from mixture by repeated recrystallization, whereas the more
soluble 6-methyl-2-oxohexamethyleneimine was obtained in a somewhat
pure form from the mother liquor.

Our preparations reported here include the synthesis of the previously
unreported, optically active 3-methyl-, 5-methyl-, and 7-methyl-2-oxohexa
methyleneimines.

To prepare optically active 3-methyl-2-oxohexamethyleneimine it was
necessary first to obtain the racemic 6-amino-2-methylhexanoic acid and
to resolve and, then, after cyclizatioll to (- )-3-methyl-2-oxohexamethyl
eneimine, to remove some racemized product by recrystallization. The
synthetic procedure for preparing the resolved 6-amino-2-methylhexanoic
acid was developed by Jabloner. 2

4-Bromobutylphthalimide (I) was prepared by a standard Gabriel syn
thesis from 1,4-dibromobutane and potassium phthalimide. This was
condensed with diethyl methylmalonate to give ethyl-2-carbethoxy-2-

* Present :uhlretis: Department uf Chcmititry, Univer:sity uf J'vlichigan, Ann Arbor,
~lichigan 48104.
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m eth y l-6-p h th a lim idoh exan oate ( I I ) .  C leavage o f the ph th a lim ido  and 
ester groups w ith  h yd roch lor ic  acid, fo llow ed  b y  the rem oval o f  H CI from  
the am ino acid  h yd roch lorid e  w ith  an exchange resin, gave a g o o d  yield  o f  
the racem ic 6 -am in o-2 -m ethylh exan oic acid  (I I I ) .

P rior  to  resolu tion  the am ino acid  (I I I )  w as con verted  to  6-ph th a lim ido-
2 -m eth ylh exanoic acid  (IV ) b y  being heated  in bu lk  w ith  ph thalic an hy
dride and a diastereom eric salt prepared  b y  d issolving (IV ) w ith  qu inine 
in eth y l acetate. T w en ty -e ig h t recrysta llizations o f  the qu in ine salt (V ) 
gave a single diastereom eric isom er, w h ich  was h yd ro lyzed  to  ( + ) - 6- 
ph th a lim ido-2 -m eth y lh exanoic acid  (V I) b y  treatm ent w ith  aqueous h y 
droch loric  acid.

A dam s and F ie 3 have show n fo r  the p reparation  o f 4 -am in o-2 -m eth y l- 
b u ty ric  acid  th at the ph th a lim ido  group  m a y  be rem oved  w ith  hydrazine 
w ith ou t racem ization  o f the cen ter o f  a sym m etry  ad jacen t to  the acid  
fu n ction . T h is  p rocedu re w as useful in preparing op tica lly  pure ( + ) - 6- 
am in o-2 -m eth y lh exan oic acid  (V I I )  from  the ph th alim ido acid  ( V I ) . T h e  
optica l pu rity  o f  the recovered  am ino acid  m a y  be dem onstrated  b y  recrys
tallizing from  a 1 0 :1  e th a n o l-w a ter  solu tion . T h e  racem ic 6 -am in o-2 - 
m ethylhexan oic acid  is m ore soluble in this solu tion  than  the op tica lly  
active  form  (V I I ) , and  if any racem ization  had occu rred  during the re
m ova l o f  the ph th a lim ido group  w ith  h ydrazine, it cou ld  have been  observed  
in a change o f ro ta tion  fo r  (+ )-6 -a m in o -2 -m e th y lh e x a n o ic  acid  (V I I )  on  
recrystallization , and no such change was observed .

E sterification  o f the am ino acid  (V I I )  w as carried ou t under v e ry  m ild  
con d ition s so as to  p reven t a n y  racem ization  o f the asym m etric center. 
T h e  am ino acid  (V I I )  w as reacted  w ith  th ion y l ch loride in  m ethanol at — 10° 
and  m eth y l-6 -am in o-2 -m eth y lh exan oate  (V I I I ) ,  was obta in ed  b y  treating  
the am ino ester h ydroch loride  in term ediate w ith  a basic ion -exchange resin.

C yc liza tion  o f m eth y l-6-am in ohexan oate to  2-oxoh exam eth ylen eim in e b y  
add in g  the am ino ester slow ly  to  ethylene g lyco l m aintained  at 180° has 
been  reported  b y  S a otom e .4 T h e  tem perature used in the sim ilar cyc liza tion  
o f m eth y l-6 -am in o-2 -m eth y lh exan oate  (V I I I )  to  ( — )-3 -m eth y l-2 -ox oh ex a - 
m ethyleneim ine ( I X )  w as redu ced  to  155°, b u t even  at th is tem perature 
a p prox im ately  1 3 %  o f the asym m etric centers are racem ized in 4 hr. T h e  
op tica lly  active  ( — )-3 -m eth y l-2 -oxoh exam eth y len eim in e ( I X )  w as m ore 
soluble than  the racem ate in the on ly  suitable recrysta llization  solven t 
fou n d , i.e., hexane, and  the op tica lly  pure ( — )-3 -m eth y l-2 -oxoh exa m eth y l- 
eneim ine ( I X )  cou ld  be isolated  on ly  b y  recov ery  from  the m oth er liqu or 
a fter recrysta llization .

O p tica lly  active  5 -m eth yl-2 -oxoh exam ethyleneim in e w as prepared  from  
op tica lly  pure 2 -isop ropy liden e-5 -m eth y lcycloh exan on e (pu legon e). T h e  
synthesis o f  c itron elly l b rom ide  (X )  w as carried  out. a ccord in g  to  the 
procedu re  o f Lukes et a l.5 T h e  rem ainder o f  the synthesis is ou tlin ed  below .

C itron elly l b rom ide  (X )  was ozon ized , and  the ozon ide  w as ox id a tiv e ly  
d ecom p osed  w ith  perform ic acid  to  g ive  4-m eth yl-G -brom oh exan oic acid  ( X I ) .



516 C . G . O V E R B E R G E R  A \ D  G . M . P A R K E R

O p tica lly  a ctive  citronello l, the im m ediate  precursor to  citronelly l b ro 
m ide in L ukes’ synthesis, is availab le com m ercia lly ; it has been  show n b y  
P in o ,6 how ever, th a t it is on ly  7 5 %  op tica lly  pure. T h e  synthesis o f 
op tica lly  pure citonello l from  a know n 100%  o p tica lly  pure starting m ate
rial, e .g ., pu legone, w as therefore necessary.

T h is  is an unstable acid  w hich , on standing at room  tem perature, w ou ld  
slow ly  lose h ydrogen  brom id e  and form  either the lactone  or low  m olecular 
w eight polyester. T h e  acid  (X I )  was con verted  to  r - (  — )-e th y l-4 -m eth y l- 
0-brom oh exan oatc (X I I )  fo r  increased stab ility  b y  a standard Fisher 
esterification . T h is  ester, a fter reaction  w ith  potassium  phthalim ide in 
d im eth ylform am ide, gave a 4 8 %  yield  o f s - (  — )-e th y l-6 -p h th a lim id o -4 - 
m ethylhexan oate (X I I I ) .  C om p lete  h ydrolysis o f  (X I I I )  w ith  con cen 
trated HC1, fo llow ed  b y  the rem oval o f HC1 from  the am ino acid  h y d ro 
ch loride interm ediate w ith  an exchange resin, resulted in a g o o d  yield  o f 
k- (  — )-6 -am in o-4 -m eth y lh exan oic  acid  (X I V ) .

M eth y l-6 -am in o-4 -m eth y lh exan oate  (X V )  was prepared  from  (X I V )  in 
the sam e m anner th at m ethv l-6 -am in o-2 -m ethy lhexan oate  (V I I I )  was 
prepared from  6-am in o-2 -m ethylh exu n oic acid  (V I I ) . C ycliza tion  o f the 
am ino ester (X V )  was accom plish ed  b y  slow ly  adding the ester to  hot 
ethylene g lyco l. T h e  p rod u ct, s -(+ )-")-m eth y l-2 -ox oh ex a m eth y len e im in e  
(X V I ) ,  was v ery  h ygroscop ic  and v e ry  soluble in all com m on  solvents. 
P urification  was effected  b y  preparative vapor-phase ch rom atograph y.

C H ;,

rS
CH,Br

COOH

( XI )

EtOH
H+

( X V I )  O E t

( XI I )

A n  alternate route to  the op tica lly  active  G -am ino-4-m ethylhexanoic acid 
(X I V )  was also available. 4 -M eth y lcycloh exa n on e  m a y  be con verted  to  
the ox im e, fo llow ed  b y  a B eckm ann  rearrangem ent to  the single p ro 
du ct, racem ic 5 -m eth yl-2 -oxoh exam ethyleneim in e. T h is  cy c lic  am ide 
m a y  be h yd ro lyzed  to  6 -am in o-4 -m ethylh exan oic acid , and G -phthalim ido-4- 
m cth y lh cxan oic  acid  is prepared by  heating the am ino acid  in bulk  w ith 
ph th a lic  anhydride. W ith  the excep tion  o f the p osition  o f  the m ethy l
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group this is the sam e m olecu le  th at after reaction  w ith  quinine served  
as the m eans o f preparing the active  ( + ) - 6-a m in o-2-m eth ylh exan oic  acid
(V II ) .

T h ree  diastereom eric salts were prepared from  (i-ph th a lim ido-4 -m eth yl- 
hexanoic acid  using quinine, ephedrine, and dexadrine. E ach  o f these is 
p rob a b ly  suitable for  the resolution , bu t the sm all rotation  o f the a ctive  eth y l 
ester o f  6 -ph th a lim ido-4 -m eth y lh exan oic acid, [a]|? =  — 3 .37° and  the even  
sm aller rotation  o f a single isom er o f 6-am in o-4 -m eth ylh exanoic acid, 0 .9 ° , 
m akes it d ifficult to  dem onstrate  the com pleteness o f such a resolution .

O p tica lly  active  7-m eth y l-2-oxoh exam eth vlen eim in e was prepared  from  
( + ) - 6-a m in o-6-m eth ylh exanoic acid . T h e  initial step in this synthesis 
was the preparation  o f racem ic 7 -m eth yl-2 -oxoh exam ethyleneim in e 
(X V I I I )  from  2 -m eth ylcycloh exan on e b y  reaction  w ith  sod ium  azide in 
p o ly  (ph osph oric acid ) as sh ow n :

NaN,
poly (phos

phoric acid)

C on ley7 had reported  that th is reaction  gave on ly  one prod u ct (X V I I I ) ,  
bu t a secon d  isom er was also isolated. T h e  single isom er (X V I I I )  was o b 
tained on ly  after the distillation  p rod u ct w as recrystallized  from  hexane.

Schaffler and Ziegenbein8 p rov ed  that the B eckm an n  rearrangem ent o f 
2 -m eth ylcycloh exan on e oxim e gave b o th  (X V I I )  and (X V I I I )  b y  tak in g  
advan tage o f the slow er rate o f the sapon ification  o f (X V I I ) .  T h is  
techn ique p roved  to  be  useful here too . P art o f the m ixture o f p rod u cts  
was refluxed w ith  aqueous base for  2 hr., and a sm all yield  o f pure 3 -m eth y l- 
2 -oxohexam ethyleneim ine (X V I I )  was isolated  b y  ether extraction . T h e  
substance (X V I I )  show ed no m eltin g -p oin t depression  w hen m ixed  w ith  a 
sam ple o f 3 -m eth y l-2-oxohexam ethyleneim ine, prepared  b y  the usual cy c li- 
za tion  procedu re from  racem ic 6-a m in o-2-m eth ylh exanoic acid  (I I I ) .  T h e  
synthesis was qu ite  sim ilar to  the synthesis o f ( — ) - 3-m eth y l-2-oxoh exa - 
m ethyleneim ine ( I X ) .

CM.,

C H ; intermediate

1 L HC1
l

H ,N C H (C H ,)4COOH
steps

( resolution)

l [ 0 ( X I X ) (XX) to (XXIV)

( X X V )

R acem ic 7-m eth y l-2-oxoh exam eth ylen eim in e (X V I I I )  w as first h y d ro 
lyzed  w ith  con cen trated  h yd roch lor ic  acid , and  the am ino acid  h y d roch lo 
ride was con verted  to  racem ic 6-am in o-6-m eth ylh exanoic acid  ( X I X )  w ith  
an ion -exch an ge resin. 6-P h th a lim id o -6-m etliy lh exanoic acid  ( X X )  was 
prepared b y  heating ( X I X )  in bu lk  w ith  plithalic anhydride. A  crystalline
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diastereom eric salt ( X X I )  readily  form ed  w hen  ( X X )  was m ixed  w ith  
qu inine in ethyl acetate. T h ir ty  recrystallizations o f the quinine salt 
( X X I )  gave a single d iastereom eric isom er, w hich  was hydrolyzed  to  
( — ) - 6-ph th a lin h d o-6-m eth ylh exanoic acid  ( X X I I )  b y  treatm ent w ith  
aqueous h yd roch lor ic  acid. T h e  phthalim ido group  was rem oved  through  
the reaction  o f ( X X I I )  w ith  hydrazine h yd rate  in refluxing ethanol, g iv ing  
( + ) - 6-a m in o -6-m eth yih exan oic acid  ( X X I I I ) .  C yc liza tion  to  the desired 
( — )-7 -m eth y l-2 -oxoh exam eth y len eim in e ( X X V )  w as carried ou t in  the 
sam e m anner as has been  described  for  the preparation  o f ( — )-3 -m eth y l-2 - 
oxoh exam eth ylen eim in e ( I X ) .  T h e  am ino ester h yd roch loride  and the 
am ino ester ( X X I V )  w ere n ot characterized , b u t the h y g roscop ic  c y c li
zation produ ct ( X X V )  was purified b y  preparative vapor-ph ase  ch rom a
tograp h y  for  characterization .

EXPERIMENTAL

A ll m elting  poin ts are corrected . T h e  analyses (w ith  tw o exceptions, 
n oted  below ) were m ade b y  A lfred  B ernhardt, M ikroanalytisches L abora - 
torium , M u lh eim , W est G erm any.

Ethyl 2-Carbethoxy-2-methyl-6-phthalimidohexanoate (II)

T his m aterial was prepared  a ccord in g  to  the procedu re o f M anasse 
and G abrie l9 under the con d ition s em p loyed  fo r  a m alon ic ester synthesis on 
a related com p ou n d .

F rom  295.7 g. (1 .70 m oles) o f d ieth y lm eth y l m alonate and 455 g. (1.61 
m oles) o f  4 -brom obu ty lp h th a lim id e  (I) w as obta in ed  374.2 g. (6 2 .5 % ) o f 
eth y l 2-ca rb e th o x y -2-m eth y l-6-ph th a lim id oh exan oate ; b .p ., 212 to  216° 
(0.65 m m .) ; m .p ., 46 to  47 .5 °.

A n a l . Calcd. for C20H25NO6: C 63.97%, II 6.37%. Found: C 63.75%, II 6.42% 
(obtained by Jabloner, who first prepared this material2).

Racemic 6-Amino-2-methylhexanoic Acid (III)

E th y l 2 -ca rbeth oxy -2 -m eth y l-6 -p h th a lim id oh exan oate  (I I ) , 370 g. (0.99 
m ole ), was suspended  in 2100 m l. o f  con cen tra ted  h yd roch lor ic  acid , and 
the h yd roch lor ic  acid  was refluxed for  48 hr. A t  this poin t the o ily  phase 
w as com p lete ly  gone, and a large qu an tity  o f  w hite crystals o f ph th alic  acid  
h ad  settled  ou t o f  solu tion . T h e  solu tion  w as coo led , and the phthalic 
acid  was rem oved  b y  filtration . T h e  v o lu m e o f the liqu id  was reduced  to  
600 m l., and the solu tion  w as stored  at 0 ° fo r  several days. T h is  procedu re 
y ie lded  an add itional crop  o f ph th alic  acid , w h ich  also was rem oved  b y  
filtration. T h e rem aining w ater was rem oved  under vacu u m , y ie ld in g  a 
ye llow  oil, w hich  crysta llized  after several days under vacu um . T h e  crude 
yield  o f  this h yd roch loride  w as 9 9 .5 % , w hich  was n ot characterized b u t 
was con verted  to  the am ino acid  b y  the procedure o f M eyers  and M ille r10 
for  the p reparation  o f 6-am in o-h exanoic acid, except that A m berlite  IR -4 5  
resin was used instead o f IR -4 b .
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T h e  am ino acid  h yd roch lorid e , 176 g. (0.97 m o le ), was d issolved  in 2 
liters o f w ater and passed through  a resin-filled colu m n  24 in. in length  and 
2 in. in  d iam eter. T h e  am ino acid  was elu ted  w ith  an add itional 3 liters 
ol w ater. T h e  vo lu m e o f the solution  was reduced to  300 m l., and 900 m l. 
o f  absolu te  eth an ol and 1,500 m l. o f  ether were added  to  g ive  a w hite 
crysta lline p ro d u ct ; to ta l y ie ld , 128.5 g. (9 1 .3 % ); m .p ., 225 to  227° (l it .8 
m .p ., 228 to  230°, prepared  from  3-m eth vl-2 -oxoh exam eth y len eim in e b y  
acid  h yd rolysis).

Racemic 6-Phthalimido-2-methylhexanoic Acid (IV)

6 -A m in o-2 -m eth y lh exan oic  acid  ( I I I ) ,  120 g. (0 .83 m o le ), w as m ixed  
w ith  127 g. (0 .86 m ole) o f p h th a lic  an hydride, heated  s low ly  in an open  
vessel to  2 2 0 °, and  th en  slow ly  a llow ed to  coo l. V acu u m  distillation  o f the 
p rod u cts  y ie lded  196.3 g. (9 0 % ) o f the desired racem ic 6 -ph th a lim ido-2 - 
m eth y lh exan oic  a c id ; b .p ., 209 to  211° (0 .35 m m .) ; m .p ., 89 to  91 °.

A n m „  Calcd. for CioHnXOu C 65.43%, I I  6.24%, N 5.09%. Found : C 65.56%, 
II 6.24%, N 5.11% (obtained by Jabloner, who first prepared this material2).

(+ )-6  Phthalimido-2-methylhexanoic Acid (VI)

R a ce m ic  0 -p h th a lim id o-2 -m eth y lh cxan oic  acid  (IV ), 200 g. (0 .73 m ole ), 
w as d issolved  in 6 liters o f bo ilin g  eth y l acetate, and to  this so lu tion  was 
a dded  236 g. (0.73 m ole) o f quinine. A fter  the d issolv ing  was com plete , 
the so lu tion  w as coo led  and a llow ed  to  stand in a refrigerator fo r  2 days. 
T h e  crystalline precip ita te  w eighed  384 g. (88% ) ;  m .p ., 141 to  145°. 
T w en ty -e igh t recrysta llizations from  eth y l acetate  gave 65.1 g. (3 3 .8 % ) 
o f  the resolved  diastereoisom er (V ) ; m .p ., 152 to  153°.

T h e  quin ine salt (V ), 65.1 g. (0.10S m ole ), w as d issolved  in 870 m l. o f 
bo ilin g  benzene and shaken w ith  775 m l. o f 1 2 %  aqueous h yd roch lor ic  acid  
in a separatory  funnel. T h e  aqueous layer w as separated an d  tw ice  
extracted  w ith  150 m l. portion s o f benzene. T h e  com b in ed  benzene ex
tracts were evap ora ted  to  dryness, and the residue was d issolved  in 210 m l. 
o f h ot benzene and  filtered. A d d itio n  o f a large excess o f  hexane (b .p ., 
66 to  6 9 °) to  the filtered solu tion  y ie lded  a w hite, floccu lan t precip itate , 
(+ )-6 -p th a lim id o -2 -m e th y lh e x a n o ic  acid. T h e  yield  after filtration  was 
28.96 g. (9 6 .5 % ); m .p ., 83 to  8 4 ° ; [a]|f =  9 .77° (c 4 .5 0 , ch loro form ) [5 1 % ; 
m .p ., 89 to  9 0 ° ; [a ] f f  =  + 5 .1 °  (c  3.21, ben zene) ] . 2

T h e  infrared spectrum  o f the resolved  p rod u ct (V I) is a p prox im ately  
equ iva len t to  th at o f the racem ic 6-p h th a lim id o -2-m eth ylh exanoic acid  (2).

( +  ) 6-Amino-2-methylhexanoic Acid (VII)

T h e  procedu re used w as sim ilar to  th at o f A dam s and F ie3 fo r  the 
preparation  o f 4 -am in o-2 -m eth y lbu tyric  acid.

(+ )-6 -P h th a lim id o -2 -m e th y lh e x a n o ic  acid  (V I ), 28.9 g. (0.105 m ole ), 
w as d issolved  in 270 m l. o f  w arm  ethanol, and 6.91 g. (0.138 m ole) o f 
h ydrazin e h yd rate  in  30 m l. o f ethanol w as added . R e a ctio n  w as im m e
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eneimine. The structure was confirmed by racemization to the known 
racemic 3-methyl-2-oxohexamcthyleneimine of m.p. 94 to 9G°.

Racemization of ( —)-3-Methyl-2-oxohexamethyleneimine (IX)

Partially resolved ( — )-3-mcthyl-2-oxohexamethjdeneimine (IX), 0.5 g. 
(0.00392 moles) [a]^  = —22.S0° (c 5.0, chloroform), was mixed in a poly
merization tube with 4.8 mg. (0.0001S9 mole) of a 54.1% dispersion of 
sodium hydride in mineral oil under a nitrogen atmosphere. The tube was 
partially evacuated and heated to 120°, so that the reaction forming the 
salt of the ( —)-3-methyl-2-oxohexamethyleneimine would take place. 
Hydrogen was evolved rapidly, and the reaction was complete in 2 min. 
The tube was flushed with nitrogen, sealed with a serum cap, and heated to 
145° for 30 min. After cooling, the solid product was broken up in a small 
sublimator and sublimed at 65° and 3X10~4 mm. to give 0.45 g. (90%) of 
racemic3-methyl-2-oxohexamethyleneimine; [a]ff = — 0.08°(c 4.5, chloro
form) ; m.p., 95 to 96°. This material showed no melting-point depression 
when mixed with an authentic sample of racemic 3-methyl-2-oxohexa- 
methvleneimine.

r-( — )-Citronellyl bromide (X)

This was the procedure of Lukes.6 Since our physical constants differ 
slightly from those reported, a typical experiment is outlined.

From citronellol, 85 g. (0.54 mole), and phosphorus tribromide, 85 g. 
(0.31 mole), in the presence of pyridine, was obtained on distillation 65.G g. 
(56.5%) of citronellyl bromide (X ); b.p., 75 to 76° (2.1 mm.); [a]n’  = 
-6 .8 3 °  (neat); ni° =  1.4739 (lit.:6 43%; b .p , 111° (12 mm.); [a] =
-6 .93° (neat); no = 1.4756).

Vapor-phase chromatography of citronellyl bromide (X) on a poly
glycol column shows it to be at least 99.7% pure.

Anal. Calcd. for CiolImBr: C 54.80%, H 8.74%, Br 36.46%. Found: C 54.72%., 
IT 8.76%, Br 36.77%.

r-( —)-Ethyl 4-Methyl-6-bromohexanoate (XII)

r- ( - ) - C itronellyl bromide (X), 55.9 g. (0.26 mole), was dissolved in 820 
ml. of methanol, and the solution was cooled and maintained at —68°. A 
stream of oxygen containing approximately 6%  ozone by weight was 
bubbled into the solution at a rate of 0.06 ft.Vmin. for 3.5 hr. The 
methanol was immediately removed, while cold, at a pressure of 0.5 mm. 
The remaining clear viscous oil was dissolved in 270 ml. of 88% formic acid, 
and 116 ml. of 30% hydrogen peroxide was added dropwise at room tem
perature. The solution was warmed slowly to 55° while being vigorously 
stirred and then increased spontaneously in temperature to 93°, when the 
solution refluxed. The spontaneous reaction was over in 10 min. and the 
temperature was maintained above 90° for an additional 15 min. with 
applied heat. The crude product was recovered by removing the water and
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formic acid at 40° (0.5 mm.). An infrared spectrum of flic product showed 
(lie characteristic absorption of saturated aliphatic acids at 1700 to 1725 
cm.-1. This acid (XT) was not characterized further but was dissolved in 
(¡00 ml. of absolute ethanol. To this solution were added 10 drops of con
centrated sulfuric acid, and the solution was refluxed for 48 hr. After cool
ing, the ethanol solution was washed with 30 ml. of a saturated aqueous 
solution of sodium bicarbonate, and the ethanol was removed under vacuum. 
The crude ester was dissolved in ether, washed with water, and dried over 
anhydrous sodium sulfate, and the ether was removed under vacuum. Dis
tillation of the product through a 10 in. column packed with glass helices 
yielded 37 g. (62%) of r- (—)-ethyl 4-methyl-6-bromohexanoate (X II); 
b.p., 76° (0.70 nint.).

Analysis on an analytical vapor-phase chromatograph with a succinate 
polyester column at 174° showed several impurities boiling close to the 
ester. A small sample of the ester was separated on a preparatory vapor- 
phase chromatography column (succinate polyester) for characterization: 
[a]o =  —3.58° (c 4.5, chloroform), nff = 1.4590.

A n a l . Calcd. for C9HnO»Br: C 45.58%, H 7.23%, Br 33.70%. Found: C 4.5.88%, 
IT 7.24%, Br 33.51%.

r-( — )-6-Amino-4-methylhexanoic Acid (XIV)

The use of dimethylformamide as a solvent for this Gabriel synthesis was 
similar to several syntheses carried out by Sheehan.11

r-( —)-Ethyl 4-methyl-6-bromohexanoate (XII), 24.22 g. (0.102 mole), 
was dissolved in 90 ml. of dimethylformamide, and 18.90 g. (0.102 mole) of 
potassium phthalimide was added. The rapidly stirred mixture was heated 
at 100° for 24 hr., cooled, and diluted with 130 ml. of chloroform. The 
resulting solution was poured into 400 ml. of water. The chloroform phase 
was separated and combined with two 60 ml. chloroform extractions of the 
aqueous phase. The chloroform solution was washed with 70 ml. of 0.2N 
aqueous solution hydroxide and 50 ml. of water and dried over anhydrous 
sodium sulfate. The solution was fdtered, the chloroform removed under 
vacuum, and the crude product vacuum distilled. The yield was 14.55 g. 
(47.7%) of s-( —)-ethyl 6-phthalimido-4-methyl hexanoate, (X III ); b.p., 176 
to 177° (23 mm.). This material was hydrolyzed without further purifica
tion. Compound (XIII), 14.37 g. (0.0484 mole), was refluxed with 105 ml. 
of concentrated hydrochloric acid for 48 hr. The volume of the solution was 
reduced to 20 ml. by removing the condenser and allowing most of the water 
and hydrochloric acid to escape. After cooling, the precipitated phthalic 
acid was removed by filtration, and the filtrate was reduced to dryness under 
vacuum. The crude yield of the solid amino acid hydrochloride was 95%. 
This was not characterized but was dissolved in 100 ml. of water and passed 
through an ion-exchange column containing Amberlite IR-45 resin. The 
column was flushed with 200 ml. of water. The water solution of amino 
acid was reduced in volume to 15 ml. under vacuum, and the amino acid was
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Effect of the Initiator Solvation on the Change 
in Polymerization Rales of Dioxolane and 

T elrahy droluran
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Synopsis

The cocalalytical effects of water and ethanol on the cationic polymerization of dioxo
lane and tetrahydrofuran were studied. The ion pair 'v'vSiffiIIS04e or ^Si®C104e 
were used for initiating the polymerization. The dependence of the polymerization 
rate on the concentration of cocatalyst was examined with various temperatures, con
centrations of monomer, solvents (heptane, tet rachloroethane, tetrachloroethane- 
heptane mixtures, and 1,4-dioxane), and concentrations of initiator. The abscissa of 
the maximum of the reaction rate in the dependence mentioned above was the criterion 
for evaluation of the effect of the reaction variables. The changes observed are small; 
nevertheless, they prove the share of all components of the polymerizing system in 
establishing solvation equilibria, which determine the number and the reactivity of 
active centers and, in fact, the reaction rate.

INTRODUCTION

In previous work1-7 the polymerizations of trioxanc (TOX), dioxolane 
(DOX), and tetrahydrofuran (THE) were shown to be conditioned by the 
initiator solvation. The solvating compound, i.e., the compound activating 
the initiator, can be a special substance present in the polymerizing medium 
or be a solvent and a monomer, or be a combination of these.7 The poly
merization rate is a function of the state of the solvation equilibria formed 
in the given case.

The changes in the kinetics of the polymerization that are due to the 
initiator solvation entitle us to speak about a solvating agent as about a 
cocatalyst. Except for the case in which monomer or solvent is a “ co- 
catalvst,”  the course of the polymerization depends very much on the char
acter of a compound that activates the initiator. If a cocatalyst acts as 
a transfer agent at the same time, its concentration changes during poly
merization. The whole process becomes nonstationary and, further, the 
molecular weight distribution of the product broadens.

In this communication we wish to point out the possibility of shifting 
the maximum in the cocatalyst concentration reaction rate curve or of 
influencing quantitatively the dependence by a choice of polymerization 
conditions, or both.
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great scattering of the values measured and because of small differences 
in the measured quantities.

RESULTS

The dependence of the reaction rate on the cocatalyst concentration 
(the term “ dependence” is used instead of the full expression in the fol
lowing text) has been measured under simplified conditions so far (water 
only was always used as a cocatalyst, the rate was determined at one tem
perature and in individual solvent, etc.). Therefore, it will be necessary 
to increase the number of experiments that cover further variables.

Polymerization of Dioxolane

The shifting of the maximum in the “ dependence”  with the concentration 
of DOX has been already described.6 Let us compare the quoted “ de
pendence” with that measured at 30°C. (I'ig. 1). The results were ob
tained by using *~Si®HSC>4e as initiator.

It was interesting to find out the effect of temperature on the shifting 
of the maximum with a more acid (more effective) initiator; the results 
with ■~'Si®ClO40 are summarized in Figure 2. The maximum of the de-

Fig. 2. Effect of DOX concentration on position of maximum in “dependence” with
A%vyi®ci04® as initiator.

Concentration

Curve Point
Temp.,
°C.

DOX, 
moles/kg.

Heptane,
moles/kg.

Initiator,
mmoles/kg.

1 O 70 1 : >. 7 () 1.1
2 a 0 Li. 7 0 0. IS
3 • 0 S. 4 .'!.!) 0.54
4 0 0 5.4 5.1) (3.3
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Fig. 3. Dependence of rate of DOX polymerization on ratio cocatalysl/initiator; 
DOX concentration, 13.7 moles/kg.

Curve Point Cocatalyst

Initiator concn., 
mmoles/kg.

Temp.
°C.^Si®C1049 — Si®HS04®

1 O H,0 114 70
2 • HsO 1 .1 70
o a EtOII 100 30

pendence is shifted in both the sulfate and the perchlorate initiator poly
merizations.

The displacement of the maximum with temperature is not very ap
parent. The effect of the temperature, however, may be masked by a factor 
that changed in consequence of the change of temperature and that, un
fortunately, can be eliminated only with difficulty: namely, the concen
tration of the initiator. The effect of the initiator concentration on the

Fig. 4. Effect of THF oil polymerization of DOX. DOX concentration, 13.7 moles/ 
kg. Temperature, 30°C. Initiator concentration (mmoles/kg.): (curve 1) —Si®IIS04e, 
100; (curve 2) ''''Si'hZlOa9, 0.088. Initial water concentration (mmoles/kg.): (curve 
1)2.2; (curve 2) 2.3.
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Fig. 5. lifted of initiator concentration on course of “dependence” in polymerization of
TIIF at <)°C.

Concentration, moles /kg.

Curve Point THF Heptane Initiator

1 O 11.1 2.1 0.5
2 • 11.1 2. 1 0.1

abscissa of the maximum measured is not expressive. This is illustrated 
by Figure 3, in which the dependence of the polymerization rate on the co- 
catalyst/initiator ratio is shown.

Water, however, is only a model of a cocatalyst; the same effect can be 
observed in the presence of ethanol (Figs. 3 and 4).

Fig. 6. Effect of temperature on position of maximum in the “dependence” in poly
merization of TIIF.

Concentration, moles/kg. 

Tetra-

Curve Point
Temp.,

°C. THF
chloro- 
et Itane Heptane Initiator

1 O :il) 8.6 2.4 0.09 (1.27
2 <» 0 8.6 2.4 0.00 0.43
o • -7 8 8.6 2.4 0.00 1.20
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From this point of view it was interesting to know whether THF could 
act as a cocatalyst. Yet THF was shown to be able to activate the initi
ator by itself.7 Its influence can be studied with —Si®HS04® as initiator, 
with which THF does not polymerize, but it is also possible to use ^ S ie- 
ClOi®, which initiates the polymerization of THF. The results of these 
experiments arc shown in Figure 4.

Polymerization of Tetrahydrofuran
Unfortunately, it is not possible to study too fast or too slow reactions 

by means of our present experimental technique. For that reason we 
could not measure the polymerization rates of THF at such different 
initiator concentrations as would be desirable for determining the position 
of the maximum. Within the concentration range of '~Si®C104e studied 
the maximum does not shift considerably (Fig. 5).

If the amount of the initiator has no great influence on the shifting of the 
maximum, it is possible to measure the effect of temperature on the course

Fig. 7. Effect of solvents on course of “dependence" in polymerization of THF at 0°C.

Concentration, moles/kg.

Tetra-
cliloro-

Curve Point Tl IF ethane I Ieptane Dioxane In i liator

1» s. 6 2.4 0.09 _ 0 43
2 i j .) .0 3.7 0.14 — 0.85
3 • 11. 1 - 2.05 — 0.5
4 O 8.0 — 4.3 — 0.5
5b 13.8 — — — 0.32
6 © 10.0 — 3.2 0. 15

1 See curve 2 in Fig. (1.
’ See curve 2 in Fig. 3 of Kucent ct ill.7
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Fig. 8. Effect of the cocatalyst on “dependence’ ’ in the TTIF polymerization at 0°C.

Concentration, moles/kg.

Curve Point Ooeatalyst THF Heptane Initiator

1 O h 2o 11.1 2.05 0.5
2 • Eton 111 2.05 0.27
3 o 1,4-dioxane 13.8 0.25

of the “ dependence”  almost without any difficulty. In the measured in
terval of the temperature this effect is small (Fig. 6).

It is necessary to assume that a solvent also can influence the position 
of the maximum. The polymerization rates of THF in the presence of 
heptane or of mixtures of heptane and excesses of 1,1,2,2-tetrachloroethane 
were compared under the same conditions. In heptane the maximum of 
the “ dependence” lies at lower concentrations than in the mixture. On the 
other hand, a small shifting of the maximum to the right may be observed 
in the case of 1,4-dioxane. The position of the maximum seems not to 
depend on the concentration of the monomer in the polymerization of 
THF. These assertions follow from the curves in Figure 7.

Likewise, other polar compounds than water, e.g., ethanol, are active as 
cocatalysts even in the polymerization of THF in the presence of a solvent 
(Fig. 8); the cyclic 1,4-dioxane, however, is entirely inert.

DISCUSSION
The course of the “ dependence”  changes quantitatively under the con

ditions investigated. These changes, however, are not great; the posi
tion of the maximum displaces only slightly. A greater change may be 
observed merely with a change of the whole affinity of the medium to 
water.

Now let us discuss the individual factors influencing the position of the 
maximum.

Temperature
In DOX and THF polymerizations the maxima shift slightly with de

creasing temperature but definitely with increasing concentrations of water.



M. KUCKRA AND K. MAJEROVA5 3  I

The shifting may be observed at all concentrations of the monomers 
(Figs. 1 and 6). This finding is unexpected. Considering the reactions 
in which the solvation equilibria are established,

s s s
Ac®Be ^  Ac®l|B9 Ac®SBe ^  Ac® +  B® (1)Ki  Ki  K,

(the position of this equilibrium corresponds to the observed reaction rate), 
the dependence of the equilibrium constants K  on the temperature may be 
described by the Van’t Hoff reaction

(d In K)/dT =  AII/RT- (2)

Solvation is an exothermic process, a lower temperature corresponding 
to a higher K ; lower concentrations of a solvation compound— a cocatalyst 
—should yield the maximum reaction rate at lower temperatures. The 
dependence found is quite the reverse. For the present we cannot explain 
this disagreement. It is not excluded that at higher temperatures the less 
solvated units become the initiating centers. This view would be sup
ported by a high activity of some initiators (catalysts) at high tempera
tures (in reactions in gaseous phase), at which the activation by solvation 
is questionable. The processes mentioned are opposite, so that they could 
compensate the effect of the temperature on the position of the maximum.

Concentration of Monomer
The shift of the maximum at the polymerization of DOX initiated by 

'~Si®HS04e  is shown in Figure 1 (see also Kucera et al.6) ; by ~Si®C104e , 
in Figure 2. At DOX concentrations above 5.5 moles/kg. the position of 
the maximum is constant with decreasing concentration of the monomer of 
the water concentration at which the maximum rate is observed decreases. 
The shifting of the maximum was not ascertained in the polymerization of 
THF. The measurements, however, were carried out in mixtures with 
a high content of THF.

The explanation of the change in the position of the maximum with the 
concentration of DOX is evident from eq. (1). However, it is necessary 
to take into account that the equilibrium constants K\, /v2, and K :i are func
tions of the affinity of the system to the cocatalyst S. The equilibrium 
constants are expected to be lower, the higher the solubility of S in the 
reacting mixture; the ratio is probably not the same with all constants. 
These conclusions are demonstrated by the DOX polymerization. DOX 
is unlimitedly miscible with water; heptane and tetrachloroethane used as 
solvents have much less affinity to water. It is therefore evident that the 
part of the analytical concentration of S (H20), which can be used directly 
for activating the initiator, increases as the hydrophobic solvent substitutes 
for the hydrophilic monomer. The amount of water necessary to reach 
the maximum rate is smaller, the smaller the concentration of DOX in the 
mixture.
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Solvent

The effect of the studied solvents or their mixtures on the course of the 
“ dependence”  corresponds chiefly to their greater or lesser affinity to water. 
The explanation is substantially the same as that one offered under “ Con
centration of .Monomer.” The effect of the solvents has been studied 
mainly in the polymerization of THF. The maximum shifts to smaller 
concentrations of water with the increase of the content of hydrophobic 
heptane in the mixture. A higher concentration of water was necessary 
to reach the maximum rate in the presence of hydrophilic 1,4-dioxane. 
The observed changes are very small (Fig. 7); the value of the abscissa of a 
maximum is loaded with a considerable relative error, which does not allow 
the derivation of quantitative relations from the results. Qualitatively, 
however, the shifting of the maximum is indisputable and proves the valid
ity of the views given under “ Concentration of Monomer.”

Concentration of Initiator
The shifting of the maximum with the amount of the initiator was not 

observed in the concentration range studied (Fig. 5). Nevertheless, it 
cannot be excluded that the maximum of the reaction rate shifts with the 
concentration of the initiator; more exactly speaking, the abscissa of the 
maximum depends on the initiator/cocatalyst ratio. This would be sup
ported by the measurements in Figure 3. In accordance with these results 
the position of the maximum would be a function of the quality of the 
initiator as well.

Type of Cocatalyst
There is no qualitative difference between water and ethanol, as shown 

in Figures 3 and 8. THF itself can activate the initiator.7 Therefore we 
studied the polymerization of DOX in the presence of THF; the results 
are summarized in Figure 4. TH F retards polymerization when an initiator 
with which THF does not polymerize is used. With ^Si®C104e , how
ever, it acts as a typical cocatalyst; a clearly expressed maximum may 
be observed in the “ dependence.”

The retarding effect of THF with ~ S i!l'HS049 may be related to the 
formation of relatively stabile oxonium complexes from THF and the initi
ator, and the cocatalytical effect of THF with ■—S i: ( 4< h may be related 
to its share in the establishment of solvation equilibria according to eq. 
( 1 ).

CONCLUSION
The variation of experimental conditions under which the DOX and THF 

polymerizations were performed caused neither a marked change of the 
maximum position in the “ dependence” nor a qualitative change of its 
course. It provides proof of equilibrium processes by which the number
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and the reactivity of initiation and growth centers and, hence, the reaction 
rate are determined.
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Solution Properties of Cellulose Triacetate.
II. Solubility and Viscosity Studies

P. HOWARD and R. S. PARIKH,
University of Surrey, London, England

Synopsis

The solubility of eellulose triacetate in a range of solvents was measured, and the 
results for tetrachloroethane, chloroform, and acetic acid were compared with those 
from initial phase separation in solvent-nonsolvent mixtures and viscosity-concentration 
studies. The correlation found between solubilities, precipitation values, and values of 
the Huggins viscosity constant is discussed with reference to the type of polymer-solvent 
interaction proposed previously to explain fractionation behavior. A qualitative com
parison of solubility-swelling behavior was also made for a very low molecular weight 
cellulose triacetate sample in a wide range of solvents. Results are compared with 
those for higher molecular weight samples and discussed with regard to the cohesive- 
energy densities of solvent and polymer. Some attempt has been made to predict 
suitable solvents for cellulose triacetate, based on consideration of their molecular 
structures.

INTRODUCTION

It has been suggested earlier1 that cellulose triacetate (not less than 62% 
AcOH content) dissolves in chloroform, tetrachloroethane, and acetic acid, 
forming hydrogen bonds with these solvents, the extent of such polymer- 
solvent interaction accounting for the poor fractionability observed in 
these systems. If such interaction is indeed a prerequisite of solubility, 
then this should be reflected in other solution properties of cellulose tri
acetate; the magnitude of these properties should be dependent on the 
proton-donating ability of the solvent. It was therefore thought desirable 
to carry out solubility, phase-separation and viscosity-concentration studies 
in tetrachlorethane, chloroform, and acetic acid, the results of which are 
described in the present work. An attempt has also been made to provide 
a theoretical basis for predicting suitable solvents while accounting for 
differences in solubility behavior between cellulose triacetate and other 
polymers of similar chemical nature.

The marked change in solubility behavior shown by cellulose acetate as 
its acetic acid content increases from 59 to 62.5% (triacetate), requiring 
the replacement of protophilic or amphiprotic solvents with protogenic 
ones, seems well established2-4 and is in keeping with the type of polymer- 
solvent interaction suggested. Certain anomalies, however, still exist, 
such as the reported solubility of cellulose triacetate in nitrobenzene5 and
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polymer and solvent enough to bring about insolubility. Ethyl ether, on 
the other hand, would be a much more effective precipitant since, because 
of its protophilic nature, it could effectively compete with cellulose tri
acetate in forming hydrogen bonds with the solvent as well as be a diluent. 
Limited support for an increase in precipitation value (and solubility) as 
the x value decreases comes from osmotic pressure measurements in tetra- 
chloroethane17 (x = 0.29) and chloroform1 (mean value, x = 0.34), but so 
far a value for acetic acid solution has not been reported.

Results of initial phase-separation studies of cellulose triacetate, obtained 
by Moore and Russell,18 are consistent with those reported here for chloro
form and tetrachloroethane; their higher precipitation values reported for 
the more acidic solvents o-cresol and m-cresol would be predicted from the 
type of polymer-solvent interaction proposed. It is interesting to note 
that higher precipitation values were obtained by these workers (loc. cit.) 
when hexane was replaced with toluene as precipitant. This behavior is 
clearly in keeping with the tendency of toluene to swell low molecular 
weight cellulose triacetate and the ineffectuality of hexane in that respect 
(Table II).

If a parallelism between precipitation value and solubility of cellulose 
triacetate in hydrogen-bonding solvents is accepted, then the present 
results, together with those of Moore and Russell (loc. cit.), would suggest 
that solvents can be listed as follows, in order of decreasing solubility of 
cellulose triacetate and decreasing order of thermodynamic solvent power 
(increasing x values): m-cresol i> o-cresol »  tetrachloroethane (> methy
lene chloride >  chloroform »  acetic acid.

It seems clear that in any attempt to predict suitable solvents for 
cellulose triacetate their abilities to form hydrogen bonds with the polymer 
must be taken as necessary conditions. The useful classification of acidic 
(or electron acceptor) groups in order of increasing activity, made by 
Spurlin,19 might be used as a guide in selecting the best type of solvent for 
cellulose triacetate. For normal solvents containing substituent atoms or 
groups P̂ , R i, and R 2, where the inductive effect of group R is the same as 
the Ri +  R 2 combination, the ability of solvents to swell or dissolve cellulose 
triacetate should be in the order RS02H > RCOOH >  RC«H4OH >  R4R2- 
CHCN >  RdLCHNO, >  RTUJIIOXO, >  RCHC1, >  IblLCHCI, which 
is in fair agreement with the order of solubilities suggested above on the basis 
of precipitation values.

Viscosity-Concentration Relationship

The results obtained from viscosity studies in tetrachloroethane, chloro
form, and acetic acid (Fig. 1 and Table IV) show that neither the limiting 
viscosity number nor the initial slope of the r]sp/c versus c is related in a 
simple manner to the precipitation value or solubility of cellulose triacetate 
in these solvents. While the values of the slope and [)?] are comparable 
for the better solvents, tetrachloroethane and chloroform, those for acetic 
acid are very much higher (Table IV) for both molecular weight samples.





JOURNAL OF POLYMER SCIENCE: PART A-I VOL. 6, 517-557 (1968)

Linear Molecules Based on Dimethylgermanium 
and Dimethylsilicon Groups Bridged with Oxygen 

Atoms and Terminated with Chlorine Atoms

KURT M0ED1ÜTZER and JOHN It. VAX W AZER, 
Central Research Department, Monsanto Company,

St. Louis, Missouri (>3166

Synopsis

This article deals with the equilibrated system (CHs)jSiCl2-(C Il3)jGeCL-[(CHj)jSiO]- 
[(CH3)2GeO], which consists of a range of various chain, and some ring, molecules 
resulting from scrambling of the bridging oxygen with the monofunctional chlorine 
atoms between the dimethylgermanium and dimethylsilicon moieties. The proton 
nuclear magnetic resonance of the methyl groups (which do not exchange appreciably 
under the conditions employed) bonded to t he germanium and silicon atoms shows that 
there is a strong preference of the chlorine atoms for being on the dimethylgermanium 
and the bridging group for being on the dimethlysilicon moiety at equilibrium. This 
means that thermodynamic factors alone cause the germanium atoms to be found as 
“unreacted” dimethyldichlorogermane with siloxane polymers or to be preferentially 
arranged at the ends of the chain molecules in the case of the mixed germoxane-siloxanes. 
The NMR fine structure is interpreted in these terms, and it is shown that the experi
mental data may be fitted by appropriate calculations based on only four equilibrium 
constants, which define the arrangement of neighboring atoms about any given atom in 
a molecule and the size distribution of the linear molecules.

INTRODUCTION

Although there is considerable literature1'2 dealing with the “ poly- 
metallosiloxanes,”  little if any quantitative work has been done on such 
systems. Further, it is not at till clear from reading the literature whether 
the reported chemical reactions were kinetically or thermodynamically 
controlled. In the work described here particular effort was made to 
ensure that the system was at equilibrium and, hence, that the reactions 
were thermodynamically controlled. The system (CH3)2SiCl2-(C H 3)2GeCl2 
-[(C H 3)2SiO]-[(CH3)2GeO] described in this paper has as limiting cases the 
(CH3)2SiCl2-[(C H 3)2SiO] system3 and the (CH3)2GeCl2-[(C H 3)2GeO] sys
tem4 each of which by itself represents an entire family of compounds. 
These limiting-case systems have been described in previous publications3’4 
from our laboratory and should be referred to for a lull picture of the 
overall system.
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EXPERIMENTAL SECTION

The reagents, preparation of equilibrium mixtures, and use of proton 
nuclear magnetic resonance (NMR) are the same as previously described.3'4 
However, a new computer program6 has been developed to handle the 
statistical calculations underlying the evaluation from the equilibrium 
constants of the relative amounts of the various molecular fragments 
(graphs6) corresponding to the observed NMR peaks.

In this study we shall use the notation for segments of molecules that 
has been employed in recent publications3'4'6'7 from this laboratory, with 
the additional feature of the use of subscripts, subscript 1 referring to silicon 
and subscript 2 to germanium. Thus, the neso molecules will be rq = 
(CH^'iSiCR and n-> =  (CH3)2GeCl2; the endgroups, ei = (CH3)2Si(Oi/!-—)CI 
ande2 = (CH3)2G e(0Vi,—)C1; and the middle groups, nq = (CH3)2Si(0./2—)2 
and ni! - (CH3)2Ge(Oi/,—)•>. In these formulas 0 . /2-— stands for half of an 
oxygen atom which bridges between two silicons, or a silicon and a 
germanium, or two germaniums. Also following prior usage,7 boldface 
type indicates which group bears the pair of methyl groups causing the 
observed resonance, and italics indicate the neighboring groups that affect 
the exact chemical shift of this resonance. For example, e2miaqm2 indicates 
that the resonance is attributable to the encircled hydrogens in the following 
assemblage of atoms:

c h 3 c ® 3 c h 3 c il
I I I I

Cl—Ge—D— Si—O— Si—O— Ge— O—  (1)
I I I I

c h 3 c ® 3 c h 3 CIL

Considering only nearest neighbors, it can readily be shown that there 
may be as many as four different endgroup resonances based on silicon 
ends, four on germanium ends, ten on silicon middles, and ten 011 ger
manium middles, corresponding to a total of 28 possible such structure 
fragments. The stoichiometry of the overall system bounded by the four 
compounds (CH3)2SiCl,, [(CH3)2SiO], (CH3)2GeCl2, [(CH,)2GeO] may be 
represented by two parameters. We have chosen as the two parameters 
the mole ratios It =  [Cl]/([Si] +  [Ge]) and R' =  [Si]/([Si] +  [Ge]); see 
Table 1 and Figures 2 and 3.

RESULTS AND INTERPRETATION 

NMR Assignments

The initial tentative assignment of the various resonances observed in 
the spectra was carried out by comparison with the previously evaluated 
spectra on the all-neso system, in which chlorine atoms were scrambled 
with methoxyl groups between dimethylsilicon and dimethylgermanium 
moieties.8 The positions of these resonances, referred to tctramethylsilane, 
are shown as part B of Figure 1. I11 the families of compounds studied here
the resonances appear as the two pertinent neso peaks plus three sets of
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partially overlapping peaks. As shown in Figure 1, the set at —0.47 through 
— 0.60 ppm consists of two overlapping groups of resonances. This was 
demonstrated by the fact (see experiments 1 to 13 in Table I) that this set 
first diminished nearly to zero and then went through a high maximum, 
as would he expected from two different sets of overlapping peaks. The 
assignment of these groupings of peaks was verified quantitatively by 
material-balance calculations, as shown by the comparison between the val
ues of R =  [C l]/([S i]+  [Ge]) and of 11' =  [Si]/.([Si]+ [Ge]) calculated from 
the ingredients and those calculated from the NMlt spectra (second and 
third columns of Table I). It should be noted that the overlapping of the 
ei and m, resonances in the region of —0.47 to —0.60 ppm in the X.MR 
spectra causes no problems, since these resonances never appear simul
taneously.

—
 f

>

Si neso

" l l ,  *

Simons G mjM.es

T i  1
-12 -0 .8 -  0.4 ppm 0

B ICH IjSiClj ,-CH}i,5iCII0CH}l, .(CH^SilOCH^

iOy,GeC.i, ¡ICH

____ !L
i,CeCI(0CH 1 J <CH 1 GelOCH 1 j

! 1 i
-1.2 -0 .8  -0 A  ppm 0

Fig. 1. The approximate NMR chemical shifts, in ppm from (CHj)<Si, for (.4) the 
(CHshSiCWCHsLGeClHtCIbkSiOHtCHdîGeO] system and ( B )  the related all- 
neso system, in which methoxyl groups replace the bridging oxygen atoms.

The detailed assignment of the individual resonances making up each 
of the four groups e>, m5, ei, and mi could be approximately estimated on 
the assumption that a building unit having a resonance lying upheld (or 
downfield) would, as a nearest neighbor, tend to move the particular 
resonance proportionately upheld (or downfield). For example, from 
inspection of Figure 1 it would appear that the e2e2 resonance should be 
downfield of e2»t2, which in turn should be downfield of eu/q. In most 
cases, the assignments of the individual resonances could be made by a 
comparison with the values calculated from the equilibrium constants 
(given in parentheses underneath the appropriate experimental values in 
Table I).

Equilibrium Constants

It has been shown that, the molecular size distributions observed in the 
all-silicon3 and all-germanium4 families of compounds can be interpreted to 
a good approximation on the basis that the only equilibrium constants 
deviating from randomness are those dealing with the arrangement of 
nearest-neighbor groups about a given group. I11 other words, the 
reorganization heat order6 is unity. On this basis we shall assume that 
the same treatment may be applied to the mixed system described herein. 
Therefore, we should expect that the kinds and proportions of noncyclic
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molecules would be described in terms of the following four equilibrium
constants:

K Si =  [Si neso][Si middles in chains]/[Si ends]2 (2)

K Ge =  [Ge neso][Ge middles in chains]/[Ge ends]2 (.3)

K 0 =  [SiOSi ] [GeOGe ] / [SiOGe ]2 (4)

/Vi =  [Si middles] [Ge neso]/[Si neso] [Ge middles] (5)

The values of K s; and K (te were taken, from our previous work,3,4 to be 
0.110 and 0.020, respectively. It would be expected that these values will 
apply throughout the entire system being reported here. The value of 
A'o was shown to be 0.35 in the exchange of silicon with germanium about 
an oxygen atom in the bromine system9 analogous to the one reported here. 
A preliminary approximation of the value of K i was given by a study in 
which chlorine atoms were exchanged with methoxyl groups instead of 
with bridging oxygen atoms between the dimethylsilicon and dimethyl- 
germanium moieties. For this case, exchanging methoxyl with chlorine 
atoms, the value of K\ was found7 to be equal to 1013.

Compositions Studied and Time for Equilibration

This complicated system was studied by taking three different cuts 
through it, as shown in Figure 2. Cut A corresponded to mixtures of various 
proportions of (CH3)2SiCl2 and [(CH3)2GeO]; cut B, to various propor
tions of (CH3)2SiCl2 plus (CIi3)2GeCl2 with [(CH3)2GeO[; and cut C, 
to various proportions of (CH3)2GeCl2 with [(CH3)2SiO[. The various 
mixtures corresponding to cut A (experiments 1 to 7) showed noticeable 
heat evolution upon mixing, and the AM R pattern taken 5 min. after 
mixing corresponded to essentially stoichiometric transfer of the chlorine 
atoms to the germanium and of the oxygen atoms to the silicon. With 
Cut B (experiments S to 13) a similar rapid reaction was observed. On the 
other hand, the various mixtures corresponding to cut C showed no heat

Fig. 2. Compositions in the (CHshSiChRCHshGeClr-KCIhhSiOl-UCHakGeO] 
system for which experimental data were obtained in this study. The numbers accom
panying the points are the experiment numbers of Table I, in which experiments 14 
to 20 were not included for the reason given in the text. The axes of this plot are 
R  = [Cl]/([Si] +  [Ge]) and R '  =  [Si]/([Si] +  [Ge]).
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evolution and exhibited NMR patterns consisting of little more than the 
unchanged reagents even after either several weeks at 150°C. with 2% by 
weight of AlC’la as catalyst or several months at room temperature with 
or without catalyst. Equivalent results are to be expected with other 
Friedel-Crafts catalysts, such as FeCls, ZnCb, and similar compounds.

These findings show that the scrambling of chlorines with oxygen atoms 
between the dimethylsilicon and dimethylgermanium moieties is rapid and 
that there is strong preference of the chlorine atoms to be on the dimethyl- 
germanium and of the oxygen atoms to be on the dimethylsilicon. This 
is in accord with the prior work on the all-neso system, in which the 
chlorine atoms were scrambled with methoxyl groups between dimethyl
silicon and dimethylgermanium. Although the chlorine-oxygen exchange 
occurs rapidly at room temperature, this does not mean that the resulting 
molecules will represent an equilibrium distribution. Rather, complete 
equilibration is expected to take a considerably longer time, since it has 
generally been found10’11 that the exchange of a halogen with an oxygen is 
rapid compared with the exchange of one oxygen for a differently sub
stituted oxygen. Because of this the equilibrium runs reported in Table I 
were all carried out at 120°C. with 2% A1C13: for 12 days in the case of cut 
A, 7 days in the case of cut B, and 17 days in the case of cut C. Pilot 
samples held at temperature for twice these lengths of time showed no 
change in their NMR spectra. It should be noted that the exchange of 
chlorines with bridging oxygens on germanium is rapid at room tempera
ture,4 so that the experimental data reported here must correspond to 
equilibrium of the silicon parts of the molecules at 120°C. and of the ger
manium parts at 25°C.

Evaluation of Experimental Data
The intersystem equilibrium constant K i depends solely upon the areas 

of the NMR peaks corresponding to the silicon and germanium neso 
compounds and the total areas of middle-group peaks corresponding to 
silicon and germanium, respectively. A range of large positive values of 
Ki near the preliminary value (see above) of 10u were tested, and it was 
found that the best lit with the experimental data resulted when K i was 
set equal to 10ln. It should be noted that this value is completely indepen
dent of the value selected for K 0 when K o exhibits the random value of 
0.25. The assumed value of K 0 =  0.35 is sufficiently close that assump
tion of independence is probably applicable.

The experimental findings (except for the data of cut C) are summarized 
in Table I along with the calculated values (in parentheses) for the relative 
proportions of the various structural arrangements obtained from the best 
set of equilibrium constants: Tisi =  0.11 (at 120°C.),/vOe = 0.02 (at25°C.), 
K 0 = 0.35 (at 120°C.), and K x =  1 X 10,n (between 25 and 120°C.). Ex
periments 14 through 21 (cut C of Fig. 2) were omitted from Table I, since 
along this cut the products were essentially identical with the reactants. 
In Table I agreement between the theoretical and experimental values is
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gratifying and demonstrates the general correctness of the interpretation of 
the NAIR spectra presented here. Considerably more detail was available 
in the NMR spectra than is shown in Table I. Tor example, in the spec
trum of experiment 3 the epniC, and epupni resonances were clearly dis
tinguishable (they are combined in Table I as epui), as were ampuiei and 
eimiVRTOi. However, in other spectra (particularly experiment 6) the over
lapping between the various Ge middle-group resonances or Si middle- 
group resonances was so extreme that even qualitative resolution into 
individual peaks was suspect. When resolution was good, the areas of 
the resolved peaks agreed quite well with the appropriate values calculated 
from the four equilibrium constants of eqs. (2)-(5).

In accord with the theory previously presented,6 one can now calculate 
the distribution of linear molecules for any stoichiometry within the system 
(corrected for the presence of any ring molecules) . For values of R greater 
than about 0.2 the amount of cyclic molecules is small and can be ignored. 
The compositions for R = 0 have been considered in a related study,9 in 
which bromine, instead of chlorine, atoms were scrambled with bridging- 
oxygens between dimethylsilicon and dimethylgermanium.

DISCUSSION
It is interesting to note that the literature12-14 dealing with inorganic 

polymers either implies or states that for oligomeric structures in which a 
number of different atoms can replace each other the replacement atoms 
will be found more or less randomly scattered throughout the molecule. 
This paper demonstrates that for at least one system this is not the case. 
Since the equilibrium favors the placement of chlorine on germanium and 
bridging oxygen on silicon, the germanium atoms will occur with a strong- 
preference at the ends of the chain molecules. This preferential place
ment is attributable to thermodynamic causes, being due to the fact that 
the intersystem equilibrium constant AT deviates by 10 orders of magnitude 
from its statistically random value of unity.

Such a large deviation from the random value of the equilibrium constant 
K\, controlling the exchange of two kinds of substituents between two 
polyfunctional moieties based on different elements, is expected to be much 
more commonly occurring than the situation in which the constant K\ is 
not far from its random value. This follows from the fact that the free 
energy for the exchange of substituents Z and T between two different 
kinds of polyfunctional moieties, Q and M, must involve the difference 
between the sum of the bond energies of Q — Z plus M —T and the sum of 
the bond energies of Q —T plus i\I — Z, and it is likely that this difference 
corresponds to more than about 5 kcal.

In Figure .3 we have plotted the various arrangements of building units 
with their nearest neighbors as they exist in the overall system (CHs^SiCb- 
(CH3)2GeCl2-[(C H 3)jSiO]-[(CH;i)2GeO], as calculated from the four equi
librium constants As¡, K Ge, Ao, and AT (assuming no cyclic molecules, the 
presence of which will cause a small perturbation in the regions for 0 <  R <
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Fig.3. Variations in concentration throughout entire composi
tion range of the molecular fragments discussed in text, as calcu
lated for linear molecules with Ai = It)10, A'si = 0.11, Koe = 0.02, 
and K o  =  0.35. The particular fragments are as follows: A,
n2:B ,n i: C, e2e2: D, es»»*; E, ej/m; F, ei«j; G, H, e a a t t o ;  

I, e j m - m i ;  J, e2m2mi : K, m2m2m2; L, m m i i n t ;  M, N,
c2itiie2; O, cmici; P, e2mim2; Q, e2mi»i,; U, Cimrmi; S, m2mim2; 
T, m2mi»ii, and IT, The composition is established by
the parameters A' = [Cl]/ ( [Si] +  [tie]) and A" = [Si]/ ( [Si] -f- 
Kiel).
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ca. 0.2 with an appreciable one for R = 0). It should be noted that certain 
of the 28 possible arrangements of building units with their nearest neigh
bors do not appear in appreciable concentration in any part of the overall 
system. These nonappearing arrangements are ean, e2Ci, eim>, GUiiti, 
e-.npei, eimiw->, eim2m2, eim2ei, and Cim2aR. Graph A of Figure 3, representing 
the neso compound (CH3)2GeCl2, shows an abrupt change at the diagonal 
leading from R =  0 with R' =  1 to R =  2 with R' = 0. On the lower 
left side of this diagonal this compound is obviously in equilibrium with 
oligomeric and polymeric structures containing dimethylgermanium groups, 
whereas on the other side of the diagonal it is apparent that all the dimethyl- 
germanium is to be found as the (CH3)2GeCl2 molecule. Graph B shows 
that the silicon neso compound appears only above the diagonal, so that 
in the region below the diagonal, where we had inferred from graph A that 
germanium is involved in the larger molecules, there is no (CH3)2SiCl2. 
Graphs C to E demonstrate that germanium end groups appear only below 
the diagonal. Likewise, graphs F and G show that the opposite is true of 
silicon end groups. From graphs FI to AI it is apparent that germanium 
middle groups are to be found only below the diagonal. On the other 
hand, graphs X to U show that silicon middle groups are found throughout 
the diagram.

The quantitative data given in Figure 3 may be summarized by pointing 
out that in the upper right-hand portion of the diagrams (above the 
diagonal) siloxane polymers are dissolved in dimethyldichlorogermane. 
This represents the situation in which the latter acts as an “ inert” solvent, 
even though it is at equilibrium with respect to exchange of its chlorine 
atoms with either the chlorines or bridging oxygen atoms of the siloxanes. 
In the lower left-hand portion of the graphs mixed germoxane-siloxane 
molecules are to be found (see graphs E, .1, L, VI, X, P, Q, S, and T). 
The interesting behavior of this system, in which the diagonal line is a 
simple mixture of (CH3)2GeCl2 and [(CFI3)2SiO]„ (see graphs A and U) is 
attributable to the very large positive value of the equilibrium constant K\.

We wish to thank Raymond E. Miller for the NMR measurements and Leo C. I), 
(¡roenweghe and David W. Matula for the mathematical apparatus employed in this 
work.
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Lithiatiou of Diene Polymers

YUJI MINOURA, KYO SHIINA, and HIROSHI HARADA,
Department of Applied Chemistry, Faculty of Engineering, 

Osaka City University, Kiiaku, Osaka, Japan

Synopsis

It was found that the metallation of diene polymers with re-but.yllit.hium in re-heptane 
takes place in the presence of a tert amine, i.e. .Y,.Y,A?',A"-tetramethylefhylenediami]ie. 
Butyllithium was added to the diene polymer in re-heptane in the presence of an equi
molar amount of the amine, and the mixture was allowed to react at 80°C. for 60 min. 
under nitrogen. As a result, ‘2 7 %  and 9% per monomer unit for polybutadiene and 
polyisoprene, respectively, were metallated. The effects of the concentrations of the 
diene polymer, butyllithium, and the amine on the reaction were studied at 80°C., and 
the reaction mechanism was discussed. The overall rate of metalation was propor
tional to the diene polymer concentration and to the square root of the butyllithium 
concentration. The overall activation energies of metalation were 6.6 and 8.4 keal. /  
mole for polybutadiene and polyisoprene, respectively. Many kinds of polymer 
derivative were obtained by treating the metalated polymers with various reagents, 
such as carbon dioxide, Michler’s ketone, trimethylchlorosilane, triphenylchlorosilane, 
benzaldehyde, and pyridine.

INTRODUCTION

The reactions of vinyl polymers such as polystyrene and poly (vinyl chlo
ride) have been widely investigated. As regards the metalation reactions of 
polymers, examples of polystyrene1 and some others are known, which are 
used for synthesizing polymer derivatives. However, the reactions of poly
mers of the diene t3rpe are sometimes accompanied by undesirable secondary 
reactions, such as gelation, so that no extensive study has been made of 
these reactions. In particular, there has been no example of the metalation 
of diene polymers.

We have investigated the direct metalation of diene polymers, such as
1,4-cis-polybutadiene and 1,4-cis-polyisoprene, using an organolithium com
pound, w-buthyllithium, and then producing polymer derivatives or anionic 
graft copolymers with vinyl monomers, using the lithiated diene polymers 
obtained. So far the metallation by n-buthyllithium of hydrocarbons 
having noneonjugated double bonds, such as diene polymers, has been re
garded as difficult. Recently, however, Ebcrluirdt and Butle2 reported that 
the metalation of hydrocarbons having an extremely weak acidity, such as 
toluene or benzene, was possible by making a strong Lewis base, such as a 
tertiary amine, coexist in »¡-butyllithium.

559
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Knowing that tertiary amines are effective for the metallation of aromatic 
hydrocarbons, we investigated in this work the metallation of diene poly
mers, using /¡-butyllithium in the presence of a tertiary amine, i.e. N,N,N'N'- 
tetramethylethylenediamine. Then we tried synthesizing polymer deriva
tives by making the lithiated polymers thus obtained react with various 
reagents, such as carbon dioxide, Michler’s ketone, trimethylchlorosilane, 
triphenylchlorosilane, benzaldehyde, and pyridine.

EXPERIMENTAL

Materials

1,4-cis-Polybutadiene (Phillips Cis4) and 1,4-cis-polyisoprenc (Cariflex 
.405), which hereinafter are designated PB and IT, were used after reprecipi
tation and drying. Squalene was distilled under vacuum; b.p., 203°C. at 
0.15 mm. Hg. Commercial butyllithium (BuLi) solution in //-hexane was 
used after the concentration had been determined by Gilman’s double 
titration.3 N,AI,AP,AP-Tetramethylethylenediamine (TMEDA) was syn
thesized from ethylene diamine by the Eschureller-Clarke reaction;4 b.p., 
121°, n™ = 1.4189.
ir ,N C ir,c ir ,x ir2 +  4 c n ,o  +  4HCOOH —(CH3)2NCH2CH2N(CIia)2 +  4CO, +  4H20
The solvent //-heptane was refluxed with sodium wire and distilled, after 
traces of aromatic hydrocarbons and olefins had been removed by nitration. 
Benzene was similarly dehydrated, lo r  carbon dioxide, Dry Ice was used 
in the form of a slurry in tetrahydrofuran (THE).

Michler’s ketone, trimethylchlorosilane, triphenylchlorosilane, benzalde
hyde, pyridine, and other reagents were obtained from several commercial 
sources.

Reactions

Lithiation of Polymers. An //-heptane solution of the polymer and 
TMEDA were placed in a reaction tube, which had a nitrogen inlet, and 
which was cooled in a Dry Ice-methanol bath, and the inside of the tube 
was degassed and then filled with dry nitrogen. A given amount of BuLi 
was injected from a syringe during flushing with nitrogen, and tlie reaction 
was carried out in an oil bath at a constant temperature under a nitrogen 
atmosphere.

Several minutes after the start of the reaction the color turned from a 
light yellow to a red and then to a dark red and, as the lithiation progressed, 
part of the polymer was deposited. The reaction mixture was cooled with 
ice immediately after the reaction and thereafter subjected to the following 
reactions.

Carbonation o f Lithiated Polymer. The reaction mixture was poured 
on to a slurry of Dry Ice and THE and agitated violently. The reaction 
polymer was dissolved or swelled in THE or water and hydrolyzed by formic
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acid. The carbonated polymer was reprecipitated with a THP-water 
system and dried.

Lithiated PB and M ichler’s ketone. A 0.54 g. amount of PB (0.01
mole of monomer unit) was dissolved in 25 ml. of n-heptane in a 100 ml. 
three-necked flask, to which was added I’ M PDA (0.01 mole) and BuLi 
(0.01 mole) from a syringe during flushing with nitrogen. The reaction 
was carried out under a nitrogen atmosphere at 80°C. for 1 hr. After the 
reaction the temperature was reduced to room temperature, and a solution 
of Michler’s ketone (0.01 mole) in benzene was added under stirring. 
After 90 min. it became a green, homogeneous solution, which was poured 
into methanol, and the product polymer was reprecipitated by means of a 
benzene-methanol system. The yield was 0.9 g. of a yellowish-brown 
powder. Then 0.12 g. of the reaction polymer was dissolved in chloroform, 
to which was added a chloroform solut ion of iodine, and immediately the 
characteristic malachite green developed. The dark-blue precipitate was 
filtered and washed repeatedly with water. The yield was 0.18 g.

Lithiated PB and Trimethylchlorosilane and Triphenylchlorosilane. 
Lithiated PB (0.01 mole) obtained under the same conditions as those 
mentioned above (2.2.3.) was allowed to react with 2 g. of trimethylchloro
silane (0.018 mole) and 5 g. of triphenylchlorosilane, respectively, each in 
30 ml. of benzene. In each case the system turned from a dark red to a light 
yellow and became a homogeneous solution. After 2 hr. the reaction mix
ture was precipitated in methanol and filtered. The product polymers were 
dissolved in toluene and, after the small quantity of insoluble residue had 
been filtered off, were reprecipitated in methanol.

Lithiated PB and Benzaldehyde. A 1.6 g. amount of benzaldehyde 
(0.015 mole) in 20 ml. of benzene was allowed to react with the lithiated PB 
(0.01 mole) obtained under the same conditions as those mentioned above. 
The product polymer was hydrolyzed by water and then reprecipitated with 
a benzene-methanol system.

Lithiated PB and Pyridine. A 1.2 g. amount of pyridine (0.01 mole) 
in 20 ml. of benzene was permitted to react with lithiated PB (0.01 mole), 
obtained under the same conditions as those described above. The reaction 
product, which was precipitated in methanol, washed repeatedly 
and dried, was an insoluble light-yellow polymer.

Analysis Method

Degree o f Lithiation. Since it is not possible to measure the degree of 
lithiation of lithiated diene polymers directly, the carboxylic group content 
of the polymers obtained by carbonation of the lithiated polymers was used 
for estimating the degree of lithiation. In the estimation 150 mg. of the 
carboxylic polymer was dissolved in 30 ml. of dry pyridine and titrated with 
O.lfV alcoholic IvOH.8 Phenolphthalein was used as the indicator.

Degree o f Unsaturation o f Polymer. The double-bond content in the 
polymer was determined6 by means of the addition reaction of iodine 
monochloride.
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TABLE I
Analyses of Reaction Products of Squalene and BuLi“

Mol. wf.'>
Unsatura

tion, %

Neutral
ization
equiv. Character

Original squalene 417 98 0 oil
Ilydrolized product 410 ill! 0 oil
Carbonated product — — 174' wax

* Reaction conditions: squalene, 0.01 mole; BuLi and TMEDA, 0.06 mole; solvent, 
»-heptane; temperature, S0°C.; time, 60min.

>’ Determined by the eryoscopie method in benzene. 
c 1.3 of COOH group per squalene molecule.

of the polymer. Thus, squalene was lithiated 1.3 per molecule of squalene. 
The same may be considered in the case of PB and P I :

IJB: ~vCH2— C H =CH — CH2
(Li) (Li)

CH3(Li)
I

IT: -vCir2— C =C H — CIL-v
(Li) (Li)

Lithiation of Diene Polymers
Effect of Polymer Concentration. Reactions were carried out keeping 

the [BuLi]0 and [TMEDA]0 (initial concentrations of BuLi and TMEDA, 
respectively) constant and changing [PB]0 (initial concentration of PB), at 
S0°C. Carbonation of the lithiated polymers was carried out after the re
quired reaction time. The reaction degrees were determined from the 
COOH contents of the carbonated products, the results of which are shown 
in Figure 2.

S o 10 '¿o  >0
0)

reaction time (min)

Fig. 2. Conversion of PB in lilhiation as a function of time. Concentrations (moles 
per liter); [PB]* (O) 0.10; (X ) 0.20, (A) 0.52 at S0°C., (□) 0.78; [BuLi]* 0.26; 
[TMEDA]U; 0.20.
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0 (mole/1)
Fig. 3. Initial rate of lithiation versus initial concentration of PB at 80°C. Initial 

concentrations (moles per liter): [BuLi]0, 0.26; [TMEDAJo, 0.26.

0 10 20  60 

reaction cime (min)
Fig. 4. First-order consumption plot of PB. Initial concentrations (moles per 

liter): [PB]0, 0.26; [BuLi]«, 0.26. Reaction temperature, 80°C.; A', concentration of 
lithiated PB.

The initial reaction velocity R,l0 at each concentration was obtained from 
the tangential gradient at the origin in Figure 2, and by plotting Rp0 against 
[ PB ]0 Figure 3 was obtained. From Figure 3 it was found that Rp0 was pro
portional to the first order of [PB ]0. Moreover, as is clear from the relation 
between the first-order consumption velocity of PB and the reaction time 
(Fig. 4), up to about 10 min. after the reaction started, or up to the lithia- 
tion of about 11% per monomer unit of PB, the first-order relation was 
maintained relative to [PB]o, but thereafter a sudden deviation of this
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IO;;: (.U, x) o

Fig. 5. Logarithmic plot of initial lithiation rate versus initial concentration of BuLi 
at 80°C. Initial concentrations (moles per liter): [PBio, 0.26; [TME1)A]0, 0.26; 
[BuLi]o, 0.078 and 0.52.

0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  1 . 2  1 . 4  1 . 6

■ ¡jN( = [TMEDA'Ja /  (BuLi)0 )

Fig. 6. Hate constant K a of lithiation, versus initial concentration of [TMEDA]«. 
Initial concentrations (moles per liter) at 80°C.: [PB]n, 0.26; [BuLi],,, 0.26.

relation was observed. This phenomenon agreed well with the time that 
the separation of lithiated PB started. Thus it is thought that this is 
caused by the polymer precipitation. As a result, after BuLi had been 
added to diene polymers in /i-hept.ane in the presence of an equimolar 
amount of TMEDA, and the mixture had been allowed to react at S0°C. for 
60 min. under nitrogen, it. was found that 28 and 9% per monomer unit for 
PB and PI, respectively, were metalated.
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l/T X  105

Fig. 7. Arrhenius plot for lithiation of PB. Initial concentrations (moles per liter): 
[PB]„, 0.41; [BuLi]0> 0.42; [TMEDA]„, 0.42.

Effect of BuLi Concentration. The effect of the BuLi concentration on 
the lithiation when [PB]0 and [TMEDA]0 were maintained constant was 
investigated. Figure 5 shows log Rpo in relation to log [BuLi]0. It was 
found from the slope of the straight line obtained that Rp0 is proportional to 
about a half-order of [BuLi0]. As a result, the kinetic formula of this 
reaction is represented as follows:

Rp =  /Y„[PB][BuLi]'/2 (1)

But ka changes, depending upon the TMEDA concentration.
Effect of TMEDA Concentration. To determine the effect of the 

TM EDA concentration, the lithiation of PB was carried out with [PB ]0 and 
[BuLi]0 constant and various [TMEDA]0. The relation between ka and y = 
[TMEDA V  [BuLi]0 is shown in Figure G. From Figure 6 it was found that 
the relation between y and ka was a straight line passing through the origin. 
Therefore, it was confirmed that no lithiation took place with BuLi alone 
and that the amine definitely participated in the reaction.

Eastham and his co-workers7-9 and others explained that BuLi was dis
sociated into the solvated dimer in the presence of small quantities of a 
Lewis base as (amine or ether) and associated to hexamer in hydrocarbon 
solution:

(Bu,Li,)„ +  n B ->- n(Bu2Li,)B (2)

where B is a Lewis base and n is equal to 3. Further, they confirmed that 
in the case of a diamine, such as triethylene diamine (TED), a complex with 
alkyllithiunii. (R2Li2-TED- R2Li2) was produced quantitatively.10

The fact that R„ is proportional to the square root of the BuLi concentra
tion in the lithiation of diene polymer is explained by the existence of BuLi
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2 .6  2 .6  3 .0  3.2  

1/2 x  103

F ig . 8 . A r r h e n iu s  p l o t  f o r  l i t h ia t io n  o f  P I .  I n i t ia l  c o n c e n t r a t io n s  (m o le s  p e r  l i t e r ) :  
[ P i l e ,  0 .3 8 ;  [B u L i jo ,  0 .3 8 ;  [ T M E D A ] „ ,  0 .3 8 .

as the dimer in the presence of TM EDA and of the equilibrium between the 
dimer and monomeric BuLi, which attacks the diene polymers, as follows

B u j L i 2 ^  2  B u L i  ( 3 )

In this case it is not clear how TMEDA is coordinated to (BuLi)2, but since 
the deviation of ka from the straight line became large at the place where 7 
was in the range 0.2 to 0.3, it is considered that, as in the case of TED, the 
TM EDA and BuLi form a 1 :4 complex.

Effect of Reaction Temperature. The lithiation velocities of PB and PI 
at various temperatures were investigated. When log ka was plotted against 
l/T, a straight line was obtained (Figs. 7 and 8), and from each gradient the 
overall activation energy of lithiation was calculated. As a result, 6.6 and 
<8.4 kcal./mole for PB and PI, respectively, were obtained.

Characterization of Hydrolyzed Product of Lithiated Polymers

Lithiated PB and PI were hydrolyzed by ethanol, and the products were 
compared with the original polymers. Tables II and III show the changes

T A B L E  I I
H y d r o l y z e d  P r o d u c t  o f  L i t h i a t e d  P B "

R e a c t i o n  t im e ,b 
m in .

L i t h i a t i o n ,
c;c

U n s a t u r a t io n ,
cr. 0

b ]  a t  3 0 ° C .  
in  t o lu e n e

0 0 0 7 . 8 2 . 4

1 0 12 0 6 . 3 0 . 5

3 0 IS 9 5 . 7 0 . 2

6 0 27 9 2 . 3 0 . 1

" I n i t i a l  c o n c e n t r a t io n s  ( m o l e s /1 . ) :  [ P B ] 0, 0 .2 6 ;  [B u L i ]o , 0 .2 6 :  ( T .M E D A ) o ,  0 .2 6 . 
b R e a c t i o n  at 8 0 ° C .
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TABLE III
Hydrolyzed Product of Lithiated PI“

R e a c t i o n  t im e ,1’ 
m in .

L i t h ia t io n ,
0/
Zo

U n s a t  o r a t io n ,

%
[>,] a t  3 0 ° C .  

in  t o lu e n e

0 0 9 S . 2 4 . 1 0

1 0 3 . 0 9 7 . 0 1 . 1
3 0 5 . 9 9 7 . 5 0 . 5 5

6 0 S.9 9 5 . 0 0 . 6 8

1 2 0 1 2 . 5 9 5 . 0 0 . 5 0

“ I n i t ia l  c o n c e n t r a t io n s : [ P I ] »  =  [ B u L i ]o =  [ T M E D A l o  = 0 . I S  mole/1.

b Reaction at S()°C.

of lithiation degree, unsaturation percentage, and intrinsic viscosity with 
reaction time for PB and PI, respectively. In this case there was no 
change in the infrared spectrum of the hydrolyzed polymer. It was found 
that in all the cases the changes in unsaturation percentage were small. 
From the decrease of unsaturated bond it was considered that a reaction of 
the double bond with Buhi took place slightly, too. The intrinsic viscosity 
decreased with the progress of the lithiation, and the chain scission of PB 
was more than that of PI. This phenomenon was especially noticeable, 
but the reason for the chain scission was not clear.

Characterization of Carbonated Polymers
It is thought that the carboxylic polymers obtained by the carbonation of 

the lithiated PB have the construction shown by (I) below:
~ C H r -C II= C II— CH,~vCII— C H = C H — CIL~v

LI
CO; II
-----------> ™ CIL— C II=CIT—-CIL—CIT— CII=CIT— CII—  (4)

I
COO II

4000 3200 2400 l ‘J00 1700 I5OO 1300 1100 900 7OO

w. ve number- cm” ^
Fig. 9. Infrared sped ra of carboxylic polymer: (---- ) original PR; (I) carboxylic polymer.
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TABLE IV
Characterization of Carboxylic PB

COOIi
content,

cr
/ o

Pyridine 
Benzene or THF DM F

aq-
N at) H Character

[17] in THF 
at

30°C.

7.2 sol. sol. ins. ins. rubberlike —

19.2 sol. sol. sol. mass —

28.6 Sol. sol. sol. powder 0.1

a Sol., soluble; insol., insoluble.

The infrared spectrum of the carboxylic polymer shown in Figure 9 showed 
bands characteristic of the carboxylic group in the neighborhood of 3400, 
2600, 1710, 1290, and 930 cm.“ 1. The properties of the carboxylic polymer 
obtained are given in Table IV. As the COOH content increased, the 
polymers changed from a viscous rubber to a thermoplastic powder. The 
solubility of the polymer also changed according to the COOH group con
tent. Thus, the polymer having a low COOH content was soluble in 
benzene and chloroform, but the polymer having a high COOH content was 
insoluble in benzene and soluble in THF, pyridine, dimethylformamide, and 
aqueous alkali.

Characterization of Reaction Product with Michler’s Ketone

The deep-green color (malachite green) obtained from the reaction with 
Michler’s ketone, followed by the oxidation of the derived fert-carbinol with 
iodine, is a most useful and familiar means of identifying organoalkali com-

wave number cm”

Fig. 10. Infrared spectra of reaction products with Michler’s ketone: (---- ) original poly
mer; (II) to’i-carbinol polymer; (III) malachite green polymer.
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pounds. A light-yellow powdery polymer was obtained from the reaction 
of Michler’s ketone with lithiated PB, which was changed to a deep-green or 
deep-blue powder by iodine. These results afford evidence of the existence 
in the reaction mixture of a polymeric lithium component, by which 
Michler’s ketone was attacked, as shown in eq. (5):

H f

(CtUN ~  v  N(CH3),

(II) carbinol polymer

(5)

Figure 10 shows the infrared spectra of (II) and (III). In (II) a band 
characteristic of OH at 3500 cm.-1, aromatic ring absorption at 1610, 1520, 
and cS10 cm.-1, and N = C H 3 absorption at 1290 cm.-1 were observed. 
Moreover in (III) a strong band due to C = N + was observed at 1580 cm.-1. 
The reaction conditions and results of the analyses for (II) and (III) are 
given in Table V. The carbinol polymer (II) had a nitrogen content of
o.83%, which corresponded to 25.6 units of malachite green per 100 mono
mer units of PB. This value coincided well with the COOH content (27.0) 
of the carboxylic polymer obtained by lithiation under the same conditions. 
Product (II) was soluble in benzene and chloroform, but (III) was insoluble 
in nonpolar solvents, owing to its salt construction, and soluble in a THE 
methanol system. However, this polymer was insoluble in water, which is 
a very good solvent for malachite green.

TABLE V
Results of Reaction Between Lithiated PB and Michler’s Ketone

Analyses of polymer, %
[77] toluene 

30 °C. AppearanceC II N

II 80.6 7.31 5.83 0 .1 light-yellow powder
III 76.6 5. oo 2.98 — dark-blue powder, dark

green in solution
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Characterization of Reaction Products Between Lithiated PB and 
Trimethylchlorosilane and Triphenylchlorosilane

It is known that organolitIlium compounds react with organosilicon com
pounds of the type It3SiCl and produce condensation products. When 
trimethylchlorosilane and triphenylchlorosilane, respectively, were allowed 
to react with lithiated PB, polymers having the constructions (IV) and (V) 
in eq. (6), respectively, were expected:

*'vCH>— Cir=CH — CfL----- CH— CH=CFI— CHs-vw +  ILSiCl
I

Li

— « v e i l— c n = c i r — cit2~vCii— c h = c h — cit>-v (o )
I

Si
/ l \

R R R

(IV) R =  CH3—

(V) R = C&I I.,

Infrared spectral studies of (IV) showed absorptions of S i=CH 3 at 1259 
and 840 cm .-1, and studies of (V) showed absorptions of Si=C6H5 at 1780 to

wave number cm”
Fig. 11. Infrared spectra of reaction products with (IV) trimethylchlorosilane and (V) 

triphenylchlorosilane; ( - - - )  original PB.

1970, 1592, 1120, and 700 cm.-1; see Figure 11. Substance (IV) was a light- 
yellow viscous polymer, and (V) was a yellowish-brown polymer. They 
were both soluble in benzene and chloroform.
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-lv/uvt numoei- cm

Fig. 12. Infrared spectrum of reaction product with (VI) benzaldehyde; (— (original
PB.

Characterization of Reaction Product Between Lithiated PB and
Benzaldehyde

When lithiated PB was allowed to react with benzaldehyde, it was 
thought that the polymer having the construction (VI) in eq. (7) was ob
tained. The infrared spectrum of (VI), shown in Figure 12, showed an OH 
absorption at 3500 cm.-1 and aromatic ring absorptions at 1603, 1495, 830, 
and 700 cm.-1. The product polymer was brown and viscous.

— CH —  CH=CH— CH2— CH—  CH=CH— CH2—  +  

Li

H*

— CH2— CH=CH— CH2— CH— CH=CH— CH2—

(VI)

Characterization of Reaction Product Between Lithiated PB and
Pyridine

The reaction product between lithiated PB and pyridine was a light 
brown and was a crosslinked polymer insoluble in organic solvents. The 
analysis of this polymer showed a nitrogen content of 2.3%.
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effects were found in copolymerization studies of styrene and allyl chloride,2 
acrylonitrile and allyl alcohol,3 maleic anhydride and allyl acetate,4 and 
ethyl acrylate and allyl chloride.6 In examples from the patent literature, 
ally lie comonomers were used to control molecular weight in copolymers6'7 
and to produce telomers.8'9 Using a more quantitative approach to allylic 
transfer, several authors have determined transfer constants for selected 
vinyl monomers in the presence of allyl monomers considered as solvents. 
In this way, vinyl acetate was studied in allyl chloride, allyl acetate, and 
methallyl chloride;10 and ethylene," methyl methacrylate,12 and styrene13 
in 1-olefins. In general, the magnitude of the constants increased with 
vinyl radical reactivity.

As part of a general investigation of the use of long-chain vinyl monomers 
in homopolymerization and copolymerization, apparent transfer constants 
were determined for several vinyl monomers using Af-allylstearamide as the 
solvent. AT-Allylstcaramide was selected because its homopolymerization 
characteristics14 and copolymerization parameters15 were known, and 
because of its ease of preparation.16 Four vinyl monomers, namely, 
styrene, methyl methacrylate, vinyl acetate, and diethyl maleate, were 
chosen because of their large differences in reactivity in vinyl copolymeriza
tion. Each occupies one of the four quadrants of the Price-Alfrey Q and e 
map.17 Calculated16’18" instant copolymer compositions and reactivity 
ratios for each system investigated (Fig. 1) illustrate the reactivity differ
ences. Since AT-allylstearamide melts at So°C., all polymerizations were 
conducted at 90°C. A useful and general empirical expression was 
derived which provides an estimation of molecular weight of copolymers 
containing allylic comonomers based on knowledge of the reactivity ratios 
for the system and the molecular weight of one or two copolymers of known 
allylic content.

0  0 2 0 4 0.6 0.8 1.0 0 0.2 0 4 0.6  0 8  10

Fig. 1. Plots of mole fraction amide in the feed (/,) vs. tlie initial mole fraction of 
amide in the copolymer (/A) for vinyl acetate (YA), diethyl maleate (l)E.M), methyl 
methacrylate (MMA), and styrene (STY).
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EXPERIMENTAL

Monomer Preparation and Purification

iV-Ally Istear amide was prepared from 99% pure methyl stearate. The 
amide was made in batches from 174 g. portions of ester. The reactions were 
run in crown-capped bottles at 70°C. for 24 hr. by using the procedure of 
experiment 2, previously described.16 The crude reaction product was 
isolated as in the reference procedure and crystallized from acetone (10 
ml./g.) at 0°C. The yield was 80.69% of a product with m.p. 84.0-85.0°C.

A n a l . Calcd.: C, 77.95%; H, 12.77%; N, 4.33%. Found: C, 
78.21%; H, 12.84% N, 4.30%. The amide was 99% pure by gas-liquid 
chromatography.

All of the vinyl monomers were of the purest grades available commercial
ly and were distilled before use, usually at reduced pressure, through an 
efficient column in a nitrogen atmosphere.

Copolymerization and Kinetic Procedure

iY-Allylstearamide was charged by use of a long-stem funnel and weighed 
analytically into either a 25- or 50-ml. round-bottomed flask having a long 
neck (neck length 25.5 cm., I.D. 10 mm.). The vinyl monomer was 
introduced by use of a nitrogen-filled syringe fitted with a long needle and 
was weighed analytically. In general, 4 g. of vinyl monomers and 3-25 g. 
of JV-allylstearamide were used for each series. The initiator, when used, 
was weighed into a small glass cup (length 15 mm., O.D. 9 mm.) and placed 
in the flask neck on a Teflon-coated bar magnet, held by a similar magnet 
strapped to the outside neck of the flask. The “ elevator” so formed was 
lowered to the bottom of the neck, the flask was out-gassed five times at 
—80°C. and at reduced pressure, and sealed after filling with nitrogen. 
The elevator was then raised to the top of the neck while the amide was 
allowed to dissolve in the vinyl monomer at. 90°C. At equilibrium, the 
outer bar magnet was removed, permitting the initiator cup to fall into 
the flask, thus initiating the polymerization. This time was noted as t0. 
During the solution and equilibrium period (30 min.) some thermal homo
polymerization of styrene and methyl methacrylate occurred, but was 
experimentally determined to be negligible (<0.5%  conversion). Some 
precipitation of polymer occurred with styrene and methyl methacrylate, 
but the vinyl acetate and diethyl maleate systems were homogeneous. 
Polymerizations were stopped at approximately 10% conversion in most 
instances (see Table I); the polymers were isolated by precipitation in 
excess hot methanol, extracted free of amide with hot methanol (except 
for vinyl acetate, with which petroleum ether, b.p. 63-70°C., was used), 
and were dried in a vacuum oven at 50°C. to constant weight. Rates 
were computed by assuming a linear relation for the conversion-time 
curve between i0 and t. Quantities in grams were converted to moles 
per liter by determining, in separate experiments, density at 90°C. as 
a function of mole fraction for styrene, and methyl methacrylate, at
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TABLE I
Molecular Weights and Compositions of the Copolymers

Experi
ment
No.

Amide in Amide in Conversion, %

M n 1/,V.. X 101
[8]
[M]

feed
f t

copolymer 
F -i Found“

Ilomo-
polymerb

Copoly
mer“

Styrene,
1

no added initiator 
1,230,000 0.847 0 0 0 0 4.78 4.78

2 348,300 3.07 0.234 0.190 0.013 0.017 5.36 3.24
3 286,400 3.84 0.534 0.348 0.027 0.032 4.17 1.69
4 173,300 6.58 0.930 0.482 0.045 0.025 3.15 0.93
5 99,800 13.27 2.49 0.713 0.121 0.026 5.32 0.87
6 56,250 25.14 3.96 0.798 0.170 2.79 0.33

Styrene,
7

initiated with benzoyl peroxide'1 
128,200 8.12 0 0 0 0 12.24 12.24

s 100,000 10.74 0.250 0.200 0.015 0.020 12.81 7.44
9 74,850 14.79 0.537 0.349 0.030 0.030 12.26 5.07

10 71,500 16.10 0.981 0.495 0.050 0.046 14.52 4.17
11 51,200 24.84 2.16 0,684 0,105 0.041 9.78 1.73
12 34,700 40.11 3.69 0.787 0.160 5.14 0.66

Methyl methacrylate, 
13e 5,555,000

initiated w 
0.18

ith benzoyl peroxide 
0 0 0 0 10.53 10.53

14 2,640,000 0.38 0 0 0 0 11.57 11.57
15 777,500 1.35 0.250 0.199 0.021 0.012 10.89 6.01
16= 433,200 2.44 0.252 0.201 0.026 0.020 10.10 6.04
17 282,300 3.87 0.520 0.342 0.042 0.024 8.07 3.42
1S= 374,150 2.93 0.536 0.349 0.043 0.011 6.21 2.58
19 270,500 4.31 0.982 0.496 0.075 0.025 9.33 2.71
20= 322,350 3.62 0.989 0.492 0.075 0.031 4.76 1.52
21 179,500 7.39 2.19 0.687 0.146 0.033 8.19 1.59
22e 179,850 7.41 2.18 0.686 0.149 0.087 9.26 1.84

Vinyl acetate, initiated with benzoyl peroxide1 
23 244,500 3.52 0 0 0 0 14.95
24 53,600 17.49 0.022 0.021 0.032 0.020 11.59
25 32,600 30.74 0.042 0.040 0.060 0.034 11.01
26 24,500 43.60 0.063 0.060 0.087 0.046 10.92
27 21,150 54.20 0.086 0.079 0.121 0.060 10.93
28 17,050 69.00 0.102 0.093 0.133 0.079 18.58

Diethyl 
29 "

maleate, initiated with bisazoisobutyronitriled
9,875 248.3 0.344 0.256 0.482 0.403 2.42

30 9,430 262.8 0.495 0.331 0.500 0.405 3.76
31 9,605 260.4 0.658 0.397 0.515 0.393 4.23
32 9,390 269.6 0.993 0.498 0.535 0,440 4.42
33 9,325 273.9 1.34 0.573 0.550 0.454 3.69
34 8,995 287.9 1.87 0.651 0.573 0.433 3.23

a From % nitrogen determinations on the copolymer.
b Calculated as [g. polymer — (g. polymer X weight fraction of amide in polymer)] X 

100/initial weight of vinyl monomer. 
c Calculated as g. polymer/g. total monomer X 100.
d [Initiator]/[styrene] =  3.50 X 10~4; [initiator]/[diethyl maleate] =  5.0 X 10~3. 
e No added initiator.
f Initiator amount necessary to yield 10% conversion calculated by use of constants of 

eq. (3).
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several amide concentrations. Densities were read off of the smooth 
curve. During the density measurements, added hydroquinine (0.1 
wt.-%) was experimentally determined to inhibit polymerization. 
Monomer and initiator (benzoyl peroxide) concentrations used for the 
vinyl acetate (Table I) experiments were [VAc] =  10.82, 9.96, 9.20, 8.52, 
7.91, and 7.36 mole/1. and [I] = 0.196, 0.951, 2.19, 4.42, 7.35, and 18.96 
mmole/1. for experiments 23, 24, 25, 26, 27, and 28, respectively. The rate 
of polymerization and i2j,/[M ]2 for experiment 23 were 17.97 X 1(R4 
mole/1.-sec. and 15.34 X 10-6 l./mole-sec. ; the rate of copolymerization 
and of Æ „/[M ]2 for experiment 27 were 4.30 X 10-4 mole/l.-sec. and 
5.82 X 10~6 l./mole-sec. The rate of copolymerization for experiment 32 
of the diethyl maleate series was 0.14 X 10~4 mole/l.-sec. The comonomer 
concentration was 3.6 mole/1.

Solution Properties

Osmometric molecular weights were determined with a Meclirolab 
membrane osmometer, Model Number 501, and Schleicher and Schuell 
type 0-S membranes. Duplicate determinations were made at 37°C. in 
toluene at four concentrations; when diffusion was noticed, extrapolation 
to zero time was attempted. The instrument was frequently checked on 
X.B.S. polystyrene $705, and only membranes yielding values within 3% 
of the standard were used.

Statistical Analysis

Regression coefficients, intercepts, and the mean deviation, s, of the 
regression coefficients for the data fitting eqs. (3), (4), and (5) were obtained 
on an IBM 1130 computer by using program designation IBM POLRG.

TABLE II
Mean Deviations at the Slopes

Monomer Equation no. s X 10s

Vinyl acetate 3 ±130
Styrene, thermal 4 ±0.037
Styrene, initiated 4 ±0 .4 3
Methyl methacrylate 4 ±0 .2 8
Diethyl maleate 4 ±0 .32
Vinyl acetate 4 ±2 .01
Styrene, thermal 5 ± 1 .3
Styrene, initiated 5 ± 1 .4
Vinyl acetate 5 ±0 .2 8
Diethyl maleate 5 ± 5 .0

In all cases the data did not deviate significantly from a one degree poly
nomial, so that a linear regression was allowed. The mean deviations s 
at the slopes are listed in Table II.
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RESULTS AND DISCUSSION 

Experimental Results and Rate Data

Experimental results are listed in Table I. Because copolymerization 
occurred together with transfer, the table lists the monomer feed composi
tion as mole fraction of amide fi, and the initial copolymer composition as 
mole fraction of amide in the copolymer Fo, together with the JV-allylamide 
to monomer mole ratio, [S ]/[M]. Conversions reflect both vinyl monomer 
and comonomer disappearance. The amide content of the copolymers 
F -2 was computed from the reactivity ratios (Fig. 1), which were estimated 
from Q and e parameters determined for three copolymer systems.16

Log [ i ]  m l"1 Log[M] ml"'

Fig. 2. Plots of log vs. log [I] and log [M] for styrene polymerized in .Y-allylslear-
amide at 90°C.: (------ ) as rates of styrene homopolymerization in amide “solvent” and
(— ) as rate of styrene-amide copolymerization. Peroxide initiated (Init.) and thermally 
initiated (Therm.) data included. Allyl amide content increases from right to left.

These values were considered to be more reliable than the values found by 
nitrogen analysis (column 7, Table I) because of the very low nitrogen 
content of IV-allylstearamide (4%) and its low incidence in some of the 
copolymers studied. In any case, the found value tended to support the 
calculated values, although they were generally lower. Molecular weights 
M„ declined rapidly with increase in allylamide content, the effect being 
most pronounced with vinyl acetate. Relatively constant composition 
and low molecular weight were found for the diethyl maleate system regard
less of feed composition.

Rate data are shown in Table III for both styrene and methyl methacry
late, with and without added initiator. Both homopolymerization and 
copolymerization rates are given. In these two systems, where little 
amide enters the copolymer even at high dilution, rates of homopolvmeriza- 
tion might be expected to resemble rates in simple solvents. However, the 
ratio /?P/[M ]2 tended to rise and then fall to low values for homopolymer
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ization and to rapidly drop for copolymerization. This ratio, should be 
constant with dilution in thermal polymerization and in initiated polymer
izations1911 when the initiator to monomer ratio is constant. It would 
appear that complex kinetics accompanied by marked rate retardation 
characterized these two systems.

In the absence of retardation, rates of vinyl homopolymerization are 
often proportional to the 0.5 power of the initiator concentration and to 
the first power of the monomer concentration:

R p  =  T O - 8 (1 )
R p  =  K ' [ \ l ]  (2)

In Figure 2, log Rp for homopolymerization and copolymerization (Table
III) is plotted as a function of log [I] and log [M] for the styrene system. 
As the concentration of iV-allylstearamide increases, a continuous rise in 
the exponential dependence of both initiator and monomer concentration 
can be seen by comparison with the 0.5 and 1.0 power slope indicated in

TABLE III
Rata, of Ilomopolymerizatiou and Copolymerization for Styrene 

and Methyl Methacrylate in iY-Allylstearamide at 90°C.

Concentration,
mole Initiator

R „  X 
mole/l.

104,
-sec. A V A !' 2 X 10®,

Experi
ment
No.

Vinyl
mono
mer

Comono
mer

concn. 
X 103, 

mole/l.

Homo-
polymer
ization

Copoly
meriza

tion

1./mole-sec.
Homopoly- Copolymer- 
merization ization

Styrene
1

, no added initiator 
8.09 8.09 0 0.215 0.215 0.328 0,328

2 4.64 5.73 U 0.126 0.094 0.584 0.286
3 2.99 4.60 “ 0.020 0.078 0.225 0.368
4 2.04 3.93 “ 0.021 0.012 0.504 0.077
5 0.91 3.17 “ 0.0067 0.004 0.810 0.038
6 0.60 2.96 0.0031 0.001 0.870 0.012

Styrene, initiated 
7  8.09

with benzoyl peroxide 
8.09 2.87 2.75 2.75 4.20 4.20

8 4.31 5.63 1.61 1.38 1.00 6.7S 3.16
9 2.99 4.59 1.07 0.661 0.420 7.40 1.99

10 1.96 3.89 0.701 0.309 0.176 8.03 1.16
11 1.03 3.25 0.348 0.046 0.026 4.34 0.246
12 0.64 2.99 0.215 0.009 0.005 2.20 0.056

Methyl
13a

methacry
8.39

late, initiated with benzoyl peroxide 
8.59 0 5.02 5.02 6. SO 6.80

14 8.39 8.59 0.070 5.52 5.52 7.48 7.48
1.3 4.30 5,48 0.393 2.23 1.57 12. 1 5.23
16a 4.18 5.23 0 0.469 0.351 2,69 1.28
17 3.12 4.75 0.251 0.140 0.902 14.4 4.00
18a 3.07 4.71 0 0.264 0.169 2.81 0.76
19 1,99 3.95 0.424 1.55 0.891 39.0 5.72
20s 2.11 4.19 0 0.186 0.118 4.18 0.67

No added initiator.
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the figure. In the methyl methacrylate system, initiator was varied 
somewhat, so that a similar comparison could not be made for the initiator 
concentration. Similar results, however, were obtained for the thermally 
initiated polymerization with respect to the monomer concentration. 
These data indicate that rates fall off rapidly as amide content increases. 
Both thermal and initiated data are moving toward very low rates as 
iV-allylstearamide homopolymerization is approached with dilution. It 
would seem that degradative chain transfer is effectively controlling rate in 
these systems by removing active centers. However, a cross-termination 
effect19b is not excluded. It is pertinent that rates of copolymerization of 
styrene and vinyl stearate were observed in this laboratory to be extremely 
low. Here degradative effects are excluded.

In contrast to the two previous copolymerizations, initiator consumption 
was very large in the vinyl acetate system, implying that rates were high 
because of induced peroxide decomposition.14 Actually, the limited rate 
data given in the experimental section for the vinyl acetate system indicate 
that the rates of copolymerization had been somewhat lowered. The 
derivative of monomer to peroxide consumption, dM/ dP,20 declined rapidly 
as the amide concentration increased. The variation of dM/dP as a 
function of mole fraction of amide in the copolymer was observed to follow 
the empirical relation

dM/dP =  (dM/dP)mUt (F2)~‘  (3)

where F2 is the mole fraction of amide entering the instant copolymer, 
(dM/dP)amide is the derivative for the A-allylstearamide homopolymer, 
and a is a constant. A plot of log dM/dP as a function of log F2 was 
linear (Fig. 3), yielding the parameter, a =  —1.89, as the slope and {dM/ 
dP)amide = 2.02, as the intercept. dM/dP for the homopolymer had 
previously14 been found to be about 2.0, in close agreement with the 
extrapolated value of eq. (3). Use was made of eq. (3) to calculate the 
initiator needed to obtain a 10% conversion at reaction times exceeding 
the whole life of the peroxide (17 hr.). These initiator concentrations are 
given in the experimental section. The initiator dependence for diethyl 
maleate was much less than for vinyl acetate but was still considerable 
(Table I).

The difference in rates and in initiator dependence between styrene and 
methyl methacrylate on one hand, and between vinyl acetate and diethyl 
maleate on the other, is probably related to differences in vinyl monomer 
reactivity. The reactive monomers, styrene and methyl methacrylate, 
add radicals from the peroxide rapidly to initiate chains, while degradative 
chain transfer lowers both rates of copolymerization and the degree of 
polymerization. In contrast, the relatively unreactive monomer vinyl 
acetate is reluctant to add radicals, thus encouraging induced decomposition 
of the peroxide by amide “ solvent” radicals.14 Although rates are appar
ently still lowered, considerable wastage of peroxide occurs. Hence, 
decreasing values of dM/dP were found as amide content was increased.
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Log F 2

Fig. 3. Relation between log d M / d P  and the log of the mole fraction of amide entering 
the copolymer ( I '\ )  with vinyl acetate.

Induced peroxide decomposition and initiator wastage were particularly 
severe in the homopolymerization of tV-allvlstearamide.14 Results with 
diethyl maleate are a little surprising. Olefins 1,2-disubstituted by 
electron-withdrawing groups, when copolymerized with allylic monomers, 
characteristically display high rates and induced peroxide decomposition.4 
Rates for the present system seem a little low on the basis of very limited 
data (see the Experimental section).

Determination of the Apparent Transfer Constants

Apparent transfer constants were determined for all four vinyl monomers 
by using the relation of Mayo:21

l/Xn = 1/Xtu +  Cs [S]/[M ] (-1)

where [S] is the A^-allylstearamide concentration, [M] the vinyl monomer 
concentration, X n the degree of copolymerization, X n0 the degree of poly
merization of the vinyl comonomer, and Cs the transfer constant. Because 
of the variation found in E j,/[M ]2 and the marked lowering of rates already 
discussed, as well as the complications caused by the entrance of amide 
“ solvent” into the polymer chain, values of Cs are considered to be only 
apparent values and are designated by primes. This follows a modification 
of the usage employed by Clark.10 A plot of l/Xn versus [S]/[M ] is 
shown in Figure 4 for all of the systems studied, and the regression coeffi
cients and the intercepts are listed in Table IV. The transfer coefficients 
increased in the order: methyl methacrylate <  styrene <  diethyl maleate
<  vinyl acetate, which is the approximate order of decreasing monomer 
reactivity. This general order had previously been observed for monomers 
of similar reactivity.10’12-13 However diethyl maleate, which has nearly 
the same reactivity as vinyl acetate, has a much lower transfer constant. 
The lower slope together with the large extrapolated intercept found for 
this monomer (Fig. 4) are seen to reflect the small variation in copolymer 
composition caused by the alternation characteristic of ethylenes 1,2-disub-
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0 1.0 2 0  3.0 4.0
[s] /  [M]

Fig. 4. Plots of 1 / X n  against [S]/[M] for (ALMA) methyl methacrylate, (STY-T) 
thermally polymerized styrene, (STY-I) styrene initiated by benzoyl peroxide, (YA) 
vinyl acetate, and (DEM) diethyl maleate in jY-allylstearamide at 90°C.

stituted by electron-withdrawing groups when copolymerized with allyl 
monomers. Because CM for diethyl maleate is unknown, the real curve for 
the relation between l/X n and [S]/[M ] for 1,2-disubstituted olefins cannot 
be drawn. However, it is of interest that a literature value4 of X „ for 
a 1:1 maleic anhydride-allyl acetate copolymer was 54, as determined in 
water, close enough to the value of 37 found in this work at the same 
composition to suggest a common relation for the two systems.

An increase was found in the value of (V  for styrene initiated by benzoyl 
peroxide over the value obtained by thermal copolymerization (Table 
IYT; Tig. 4). This is frequently observed in transfer studies.22 Corrections 
for initiated systems, such as used by Palit,22 could not be used here because 
of the variable dependence of rate on the monomer and initiator concentra-

TABLE IV
Regression Coefficients for Transfer of the Vinyl Monomers in 

.V-Allylstearamide at 90°C.“

Comonomer CS'X  10*1 (1/X„0) X10* (1 /X,i) X 10" 1 K , X 102 AY X 102

Styrene, no initiator 0.582 0.090 0.056 1.32 8.67
Styrene, peroxide ini

tiated 0.830 0.857 0.768 1.91 8.01
Methyl methacrylate 0.301 0.101 0.074 0.46 9.53
Vinyl acetate 62.01 0.389 0.291 4.65 5.32
Diethyl maleate 2.24 24.6 6.28 3.89 5.48

a Mean deviations of the slopes are listed in Table II.
b The degree of polymerization ( X n) estimated from the copolymer composition based 

on F t  of Table I.
c Intercept of the Mayo equation, eq. (4). 
d Intercept of eq. (5).
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tion. In contrast, the methyl methacrylate data were apparently insensi
tive to initiator concentration because the regression line fitted both the 
thermal and initiated experiments equally well.

Although increasing and rather substantial amounts of initiator (see 
the experimental section) had to be used in the vinyl acetate copolymeriza
tion to obtain a 10% conversion, curvature was not observed in the transfer 
regression line (Fig. 4). It appears that chain transfer in this instance 
terminates all chains because chain length was dependent on the amide 
concentration only, and was independent of initiator concentration. This 
resembles allylic homopolymerization,1'20 where: X „ is independent of 
initiator concentration.

Estimation of the Degree of Polymerization of Allylic Copolymers
When the reciprocal number-average degree of polymerization (l/X n} 

Table I) was plotted as a function of the mole fraction of amide entering 
the copolymer F2 for all five systems, the relation was found to be linear:

\ j X n = 1 A ,a +  A iF- (5)

where 1/A’ „i is the reciprocal degree of polymerization for the vinyl co
monomer l :/XM of the Mayo equation, eq. (4) , and A / is a constant. This 
equation is therefore related to the copolymerization equation, since

F 2 =  \  —  A \ =  1 — (i 'i  / r  +  +  2/1/2 +  r2/ 22) ((j)

When eq. (5) was extrapolated to the limit F2 =  1, the reciprocal number- 
average degree of polymerization for A-allylstearamide (IjMm =  0.1) 
was not obtained in any experiment.14 Values were always considerably 
less than the true value and varied with the vinyl monomer. An empirical 
equation was derived which extended the relationship of eq. (5) to the 
limit of unity in F2. This was done by adding a term of higher degree 
in F -2 modified by a coefficient representing the difference between the value 
of the linear regression through F->, (I /Â /2 — l/W Hl), and the experimental 
value of Ki, to give

1/J?„ =  1/A %  +  K 1F 0 +  A" 2 ;/"'•»):! (7)

where A/ and l/X ni are the coefficient and intercept, respectively, of eq. 
(5) and K% = [(1 /X „2) -  (l/X ni)\ -  K x. The regression coefficients for 
Ki and values of AN and l/X nl are given in Table IV for all five systems, 
while the mean deviations are given in Table II. Plots of eq. (7) 
for three of the systems studied are shown in Figure 5. The solid 
lines representing the experimental slopes, Ah of eq. (5), are extended 
beyond the experimentally determined portion of the abscissa F-i, to 
clarify the calculated curves. The dashed lines define the calculated 
curves and can be seen to fit the experimental data fairly well. The 
curvature required by eq. (7) was fixed by the available experimental data; 
terms of higher degree in F-2 would, of course, lower the slope. Because 
data were not available at higher values of F-2 to more clearly define the
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Fig. 5. Empirical relation between l/ X n and F2 [eq. (7)], dashed line, compared with 
the initial slope [Ki of eq. (5)] for (M M A) methyl methacrylate, (VA) vinyl acetate, and 
(DEM ) diethyl maleate in jV-allylstearamide at 90°C.

curvature, eq. (7) represents an upper limit for the rat e of decrease in molecu
lar weight resulting from allylic copolymerization. The intercepts l/X n\ 
and l/J?„o (Table IV) are significantly different, suggesting that curvature 
actually present in eq. (5) distorted the fitted linear regression line and

TABLE V
Transfer Constants from the Literature for Vinyl Monomers in Allyl Monomers

Vinyl
monomer

Allylic
monomer

Poly
meriza

tion
temp.,

°C. C s X 103
( 1 / X )
X 103 Ki X 102 K, X 102»

Ref
erence

Styrene Allyl Chlo
ride

1 . 51b 0.75 5.45 6.07 2

Ethyl acry
late

Allyl Chlo
ride

30 0 . löb 0.05 0.37 11.23 5

Acryloni
trile

Allyl alco- 
hol

30 o.595b 0.15° 0.16 19.82 3

Vinyl ace
tate

Allyl Chlo
ride

60 310.0 0.25° 15.1 -3 .54 1 0

Vinyl ace- Allyl ace- 60 90.0 0.25° 1 2 .7 -7 .73 1 0
I'M Lt?

Vinyl ace
tate

Methallyl
chloride

60 40.0 0.25' 1.50 8.48 1 0

Styrene n-IIexene- 1 60 0.25 0 .25b 0.76 9.22 13
Methyl

meth
acrylate

n-Butene-1 0.51 0 . 1 0d 1.58 8.40 1 2

“ 1/X „2 of allyl chloride =  0.11626; of allyl alcohol =  0.2s; of allyl acetate =  O.0520; 
for other monomers, a value of 0 . 1  was assigned. 

b Estimated from the experimental data given in the reference.
0 Cm =  1/Xni assumed from the reference data. 
d Assumed to be the same as 1 /X „0 of Table IV.
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caused a lowering of the intercept, l / X nJ. The parabola expressed by 
eq. (7) probably does not describe the true slope of the theoretical curve for 
the diethyl maleate systems. This might be expected to be sigmoidal for 
0 <  Fi <  1.0 in analogy with the slope of the instant copolymer-composition 
curve (Tig. 1). However, because only copolymers between F° = 0.4 
and 0.6 can usually be made with olefins 1,2-disubstituted by electron- 
withdrawing groups, the parabolic expression comes fairly close to predict
ing experimental values even in this limiting case.

Literature data were used to estimate the parameters C's, Ki, AC, and 
l/X ni for several vinyl monomers copolymerized with various allylic 
comonomers. Data are shown in Table V. The parameters Ki were 
calculated from given values of C g and 1/Xni and low values of F 2 (<0.1). 
Allylic content F2 was computed from reactivity ratios derived from the 
respective Q and e parameters.1 a When C's was not available, this 
constant was estimated from X n taken from experimental intrinsic viscosi
ties (by using an appropriate Mark-Houwink relation181’) and the polymer- 
composition data provided in the paper. While these can be considered to 
be only rough estimates, the agreement with the data in Table IV is 
fairly good, if the parameters for vinyl monomers of similar reactivity are 
compared. When transfer constants are particularly large, K\ exceeds 
[(1/W„2) — (1/X„i)], and A 2 is then negative. This occurred for allyl 
acetate and allyl chloride in this series.

Equation (7) can be used for estimating the molecular weight of an 
allylic copolymer, when the reactivity ratios and Cmi and C*M2 are known 
and when molecular weights of one or two copolymers of low allylic content 
are available. Because the copolymerization equation [eq. (6)] holds 
only for chains of fairly high degree of polymerization,23 both this equation 
[and eq. (7) ] may fail at high F2, where the degree of polymerization is low. 
Mixtures containing homo-oligomers might result from attempts at 
copolymerization, especially where monomer reactivity differences are 
great.

The authors express their appreciation to Dr. C. Roland Eddy of the Mathematical 
Evaluation Section for the computer evaluation of some of the data.
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Photochemical Crosslinking of Polypropylene

C. KUJIRAI, S. HASH IYA, H. FURUNO, and X. TERADA, Textile 
Research Institute, Faculty of Engineering, Fukui University, Fukui .Japan

Synopsis
A study was carried to determine experimentally the crosslinking of irradiated poly

propylene by ultraviolet rays in vacuo. Three methods of detecting crosslinking were 
used: measuring the degree of swelling in decalin at room temperature, measuring the
gel fraction in a tetrachloroethylene solution of the irradiated sample, and comparing the 
infrared spectra before and after irradiation. It was found that as the time of irradia
tion increases, the degree of swelling decreases, whereas the gel fraction in tetrachloro
ethylene solution increases. This shows that the crosslinking reaction proceeds with 
time. On the other hand, the infrared spectra of the irradiated sample remained al
most unchanged, which shows that different bond species can hardly be formed by ir
radiation in vacuo. From these facts it may be concluded that the measurements amply 
confirm the hypothesis. Furthermore, it is demonstrated that ash residue in poly
propylene plays an important role in photocrosslinking; that- is, the photochemical 
primary process of t he reaction is the absorption of light by the ash residue.

It has been reported that unmodified polypropylene may be erosslinked 
by ultraviolet rays or radiation sources only in the presence of some sensi
tizer and with the use of an appropriate bridging molecule.1 Contrary 
to this report, we have confirmed experimentally that in vacuo poly
propylene can be directly erosslinked without a bridging molecule by 
ultraviolet irradiation. The experimental methods and results are given 
below.

Experimental

Unmodified polypropylene was prepared by using a modified Ziegler- 
Natta method on a laboratory scale. The sample was supplied in pellet 
form by Asahi Chemical Industry Co. Ltd., Takatsuki, Osaka, Japan. 
Most of the experiments were carried out with the polymer in powder 
form. The powder was prepared by precipitation from 1% hot xylene 
solution by gentle cooling, filtering, drying, and screening to uniform size 
(0.3-0.5 mm.) with standard sieves. As occasion demanded, the sample 
was used in the form of a film of 20 u thickness, which was prepared by 
solvent (tetrachloroethylene) casting over mercury. The tacticity of the 
polypropylene was estimated at about 81% by Luongo’s infrared absorp
tion method.2
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Our previous studies3 have shown that the photodegradation of polypro
pylene is a photosensitization reaction caused by the ash remaining from 
the Ziegler-Xatta catalyst. The same effect of ash could be expected in 
this case. To perform the experiment for confirmation of this point, 
samples containing various contents of ash were prepared by extraction 
with methanol for different periods of time, which removed the ash to vari
ous degrees. T i02, one of the main constituents of ash, was intentionally 
added to the hot xylene solution, and the polymer was precipitated. The 
ash content was determined by gravimetric analysis; see Table I.

TARLE I
Ash Contents of Samples

Sample" Ash cuntent, ppm

1 422
2 512
3 15S0

“ Sample 1, methanol extraction for 300 hr.; sample 2, original sample; sample 3, 
TiO> added to sample,

The apparatus for exposure consisted of a light source, light filter, reac
tion vessel, and light thermostat. The light source was a low vapor- 
pressure quartz mercury lamp (10 w.). The filter was a Toshiba UV25, 
which can cut the wavelength to less than 2100 A. The reaction vessel 
was of quartz in tubular form, 40 mm. in diameter and 6 cm. long; it 
was set horizontally in the light thermostat so that half of its diameter was 
immersed in the water of the bath, and it was rotated at the rate of 100 
rpm. Thus special regard was paid to mixing and uniform illumination of 
the powder sample as well as to keeping the temperature constant (30°C.) 
during exposure.

The film sample was irradiated in the same reaction vessel, in which it 
was wound around the inner surface of the wall.

The light source was of tubular form and had almost same diameter and 
length as the reaction vessel. The distance between the center of the 
source and that of the reaction vessel was about 6 cm.

Two measurements of the degree of crosslinking were used: one was the 
gel fraction, and the other was the degree of swelling.

For determining the gel fraction a powder sample was used because of 
the difficulty of obtaining films having uniform thickness. A film sample 
may be used, however, for determining the degree of swelling, since ob
servations may be made over the whole sample.

The gel fraction of the irradiated sample was determined in the following 
way. The irradiated sample was first extracted in tetraehloroethylene at 
100°C. for 30 min. Then the solution was filtered free from the gel frac
tion with a glass filter, and the filtrate, which contained uncrosslinked 
polymer, was subjected to infrared absorption analysis. In this case the 
2915 cm.“ 1 band was used as the analytical line, being transparent to the
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Fig. 1 . Calibration curve for determining weight of uncrosslinked polypropylene in
filtrate.

quartz cell and the solvent (tetrachloroethylene). A calibration curve of 
the extinction at 2915 cm.-1 versus the concentration of polypropylene in 
30 cm.3 of tetrachloroethylene was constructed as shown in Figure 1. 
Then from the measurement of the extinction at 2915 cm.-1 of the filtrate 
of the partially crosslinked sample solution the weight of uncrosslinked 
polymer in 30 cm.3 of solvent was easily determined. The gel fraction, 
then, is given by

gel fraction (%) = (LF0 — W)/W0 X 100

where IT0 is the total weight of the partially crosslinked sample, and W  is 
the weight of uncrosslinked polypropylene dissolved out in tetrachloro
ethylene.

The degree of swelling was determined by measuring under a low-power 
microscope the change in length of the polypropylene film on immersion 
in decalin for 20 hr. at room temperature. The degree of swelling may be 
obtained from

degree of swelling (% ) =  (l — l«)/k X 100

where l0 and l are the lengths of the film before and after swelling, respec
tively.

These two measurements were made at various times of exposure.
The infrared spectra were taken by a Shimadzu Infrared Spectro

photometer, type RI-27.

Results and Discussion

As shown in Figure 2, the degree of swelling in decalin decreases with 
time of irradiation, suggesting that the crosslinking reaction proceeds 
with the time of exposure. On the other hand, the gel fraction of the sample 
extracted in tetrachloroethylene increases with time of exposure, as shown 
in Figure 3. These two experimental facts emphasize that polypropylene 
is crosslinked by exposure to ultraviolet rays in vacuo.
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Fig. 2. Relation between degree of swelling and time of exposure.

Fig. Relation between gel fraction and lime of exposure.

Fig. 4. Effect of ash content on photochemical crosslinking. Curve numbers corre
spond to sample numbers given in Table I.

It is necessary to recollect what the light absorber is in this photochemical 
crosslinking. Polypropylene itself is transparent to light of a wavelength 
longer than 2000 A .3 An interesting fact, which may be pertinent here, 
is that ash accelerates photochemical crosslinking, as shown in Figure 4. 
Now, the main components of the ash probably are TiO> and A120 3. 
Examination of the absorption spectra of these compounds shows that 
T i02 absorbs at wavelengths shorter than 4000 A. and AbCh at wavelengths 
shorter than 3000 A .4 Therefore the primary process of photochemical
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crosslinking by means of ultraviolet rays is mainly the absorption by ash, 
which contains these inorganic compounds:

(ash) +  hv -+  (ash)* (1)

The resulting excited ash collides with the polypropylene molecules and 
so possibly diives the hydrogen atom attached to tertiary carbon out of the 
molecule :

(ash)* +  ^vCH,—ClI— CIL-v
I

CII»
-*  (ash) +  -vCIL—C—CIT2— +  -II (2)

I
CHs

If two such polypropylene radicals collide with each other, there may be 
formed one crosslink:

2 - C I L — C— CM,-
I

CH,

ch3
I

v C I I , — C — C I i - 2 '

’ CII2—C—CIL.
!

c h 3

Experimental evidence that supports this reaction mechanism is the 
infrared absorption spectra. The difference between the spectra of 
polypropylene film before and after irradiation in vacuo could not be de
tected qualitatively. This fact suggests that different bond species cannot 
be formed by irradiation, and this seems to support eq. (2).

It is still necessary that the mechanism described above be experi
mentally examined more precisely. Furthermore, the physical and chem
ical (especially the photochemical) properties of photochcmically cross- 
linked polypropylene are very interesting, and studies of them are now in 
progress and will be published.

The authors wish to express their thanks to Asahi Chemical Industry Co., Ltd. for 
kindly suppling the sample for this study.
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Direct Determination of Crosslinking and 
Chain Scission in Polymers

D. I. C. KELLS, 1YL KOIKE,* and J. E. GUILLET, Department of 
Chemistry, University of Toronto, Toronto, Canada

Synopsis

A direct met,hud has been developed for determining ©(crosslinks) for irradiated 
polymers using the analytical ultracentrifuge. The sedimentation velocity technique is 
employed to follow changes in the molecular weight of a narrow distribution poly
styrene sample irradiated in vacuum with 60Co 7 -rays. It, is shown that ©(crosslinks) 
can be determined at low doses before significant structural changes have occurred in the 
polymer. At about one-fifth of the gel dose ©(crosslinks) was found to be 0.019 com
pared to a value of 0.040 obtained from gel-sol fraction measurements. It is concluded 
that ©(crosslinks) may increase with dose due to processes such as the addition of 
radicals to double bonds formed during the irradiation.

Introduction

When hydrocarbon polymers are subjected to high-energy radiation, 
two reactions occur which cause considerable change in the physical prop
erties of the polymers. These reactions are crosslinking and chain scission.

I11 the past, estimation of the extent of reaction has been made by 
measurement of solution viscosity, gel-sol fraction, swelling ratio, etc. 
With these procedures high doses of radiation usually must be used in order 
to obtain a measurable effect. Consequently, the material undergoes 
significant structural changes during the irradiation, and determination of 
the radiation sensitivity of the original material is difficult. The develop
ment of improved techniques for studying molecular weight distributions 
has made it possible to determine crosslinking and chain scission by direct 
measurement on samples that have received only low radiation doses and 
hence have not undergone substantial structural change.

We wish to report some preliminary studies made on irradiated “ mono- 
disperse”  (M w/Mn ~  1.01) polystyrene which illustrate the simplicity and 
precision with which such measurements can be made, using the analytical 
ultracentrifuge to follow changes in molecular weight.

Experimental
Polystyrene samples were irradiated in solid chip form under high vacuum 

by using a 60Co 7 -ray source (0.S lVIrad/hr.). Sedimentation velocity ex-
* Present address: Reactor Chemistry Laboratory, Japan Atomic Energy Research

Institute, Tokai, Japan.
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perimeats were performed on cyclohexane solutions of the polymer at 
34.5°C. in a Spinco Model E ultracentrifuge at (>0,000 rpm. Figures 1, 2, 
and 3 show representative Schlieren photographs of the starting material ( I), 
material irradiated to low dose (12.7 Mrad) (II), and material irradiated to 
a higher dose (25.1 Mrad) (III), respectively.

Fig. 1. Schlieren photograph of starting material (I).

Fig. 2. Schlieren photograph of material irradiated to 12.7 Mrad (II).

Computer programs based on the methods proposed by Uedc et al.1 
were used to determine t lie integral molecular weight distributions of the 
starting material (I) and the material irradiated to low dose (II). Figure 4 
shows these results.

In order to use a simple calculation procedure proposed by Flory2 to 
calculate (/(crosslinks) it was necessary to assume that the starting material 
was strictly monodisperse. (/(crosslinks) can then be determined from a



C R O S S L I N K I \ G  A N D  C H A IN "  S C I S S I O N 507

Fig. 3. Schlieren photograph of material irradiated to 2.5.1 Alrad (III).

measurement of the weight fraction of material uncrosslinkerl in the 
irradiated sample. That is:

Wi =  e-""' (1)

where lly is the weight fraction of uncrosslinked material, q is the proportion 
of units crosslinked in the sample, ui is the degree of polymerization of the 
starting material.

(7(crosslinks) = 0.48 X 106( 1/il/r) In (1/TFi) (2)

Here M is the molecular weight of the starting material and r is the radiation 
dose in megarads.

Fig. 4. Integral molecular weight distributions of materials I and II.
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The weight fraction of uncrosslinked material was determined from the 
same set of ultracentrifuge results by three procedures.

Method 1. Inspection of the calculated integral molecular weight dis
tributions shows that there is no material in the starting sample having a 
molecular weight greater than 363,000. Hence material in the irradiated 
sample with molecular weight greater than this must have been formed by 
crosslinking. From Figure 4 the weight fraction of uncrosslinked material 
is 0.88. This result yields (r(crosslinks) =  0.017 for a number-average 
molecular weight of 278,000 as the molecular weight of the starting sample.

Method 2. It is assumed that all material under the large peak in Figure 
2 is uncrosslinked while the smaller peak contains only crosslinked material. 
Hence the leading edge of the main peak can be extrapolated to the solvent 
baseline, and the weight fraction of uncrosslinked material can be deter
mined from the relation:8

Wi
r-ön/ ördr

r2dn/drdr + r2dn/drdr
(3)

where is the radial distance from the axis of rotation to the start of the 
7th peak, rP is the radial distance from the axis of rotation to the end of 
the 7th peak, dn/dr is the refractive index gradient (i.e.. the curve height in 
the Schlieren photographs).

The integrals in eq. (3) were evaluated numerically by using a computer 
program.

The results obtained from a series of six different concentrations, each 
having a time sequence series of five Schlieren photographs, are summarized 
in Table I.

TABLE I
G(crosslinks) by Numerical Integration of Schlieren Peaks

Concentration of 
solution (w /v ), %

Weight fraction of 
main peak (IPi)11 G(c,rosslinks) / 1 0 0  e.v.

0 . 2 2 0 0.S4, 0.023
0.293 0.S49 0 . 0 2 2

0.420 O.SOo 0 . 0 2 0

0.517 0.89, 0.016
0.617 0.87s 0.018
0.750 0.87, 0 .0 1 S 

Mean 0.019 
a- 0.003

* Average of five Schlieren patterns for each concentration.

Method 3. The Schlieren peaks obtained from the five photographs made 
at a single concentration (0.750%) were magnified ten times on a Nikon 
Shadowgraph and traced onto sheets of ordinary graph paper. The traced
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T A B U ’ II
G{crosslinks) by Weighing of Schlieren Peaks

Total weight of 
both peaks, g.

Weight of main 
peak, g.

Weight fraction 
main peak (JTi

of
) G( crosslinks;)

0.1466 0.1266 0 .8 6a 0.019
0.1490 0.1289 O.865 0.019
0.1495 0.1306 0.874 0.018
0.1373 0.1217 0 .886 0.018
0.1472 0.1284 0.87s 0.018 

Mean 0.018

curves were then cut out and weighed to determine the weight fraction of 
uncrosslinked material. Table II summarizes the results of this experiment.

Gel-Sol Fraction Measurements

G(crosslinks) was also determined by the conventional method from 
measurements of the sol fraction for a sample which had been irradiated 
beyond the gel dose. From these measurements G(crosslinks) was found 
to be 0.040, which is in good agreement with the results of Wall and Brown4 
and Charlesby.5

Measurement of Chain Scission

The extent of chain scission can be determined in a similar manner by 
inspection of the low end of the molecular weight distributions. From 
Figure 4 it can be seen that there is very little irradiated material having 
molecular weight less than 204,000 (the lowest molecular weight material 
found in the starting sample). Further direct evidence for the small 
amount of chain scission in irradiated solid polystyrene can be seen by 
comparing Figures 1 and 2. These two Schlieren photographs were taken 
at the same sedimentation time for approximately equal concentrations of' 
materials I and 11. The two main peaks can be superimposed, indicating 
that very little chain scission has occurred.

Comparison with GPC Measurements

Samples of material II and III were analyzed on a Waters gel permeation 
chromatograph with the use of tetrahydrofuran as solvent by Air. .T. 
Duerksen of AlcAfaster University, Hamilton. The GPC trace for 
material III is shown in Figure 5. The resolution of the GPC is not satis
factory for branched samples, as expected from theoretical considerations.

Discussion

The integral molecular weight distribution curves (Fig. 4) clearly show 
that the material in the crosslinked peak can be characterized by an 
approximate median molecular weight of 5)70,000. The median molecular 
weight of the starting material is 283,000. Hence the crosslinked molecules
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must be essentially “ dimers”  of the original starting material. Similarly, 
the three peaks in Figure 3 for the higher dose sample can be attributed to

Our studies confirm that the principal structural change which occurs on 
irradiation of solid polystyrene is crosslinking, with very little chain scission. 
Using the direct method described in this paper, a G value of 0.019 is 
obtained, whereas methods involving irradiation above the gel dose, both 
with our polymer and from the data of Wall and Brown4 and Charlesby5 
give values about twice as high. We conclude from this that the G value 
for crosslinking may increase with dose due to processes such as the addition 
of radicals to the double bonds formed in the polymer by the hydrogen

abstraction reaction which is taking place concurrently. If this proves to 
be the case, our method should give a more reliable estimate of the G value 
for crosslinking of the unchanged polystyrene molecule.

Benoit et al.6 have demonstrated that the GPC technique separates 
molecules on the basis of their hydrodynamic volume rather than on the 
basis of chain length or molecular weight. Thus in spite of an increase in 
molecular weight by crosslinking the actual volume of such branched mole
cules in solution may be quite similar to that of the linear parent molecules. 
Separation of these crosslinked and linear molecules on the basis of hydro- 
dynamic volume is then impossible. The ultracentrifuge separates compo
nents on the basis of molecular mass and density. Since the solution 
density of a branched molecule will be greater than that of a linear molecule, 
the sedimentation rate is increased for these components, thus improving 
the resolution of the branched components.

CO

Fig. 5. GPC trace of material irradiated to 25.1 Mrad (III).



CROSSLINK 1\G AND CHAIN SCISSION 601

We wish to thank the Polymer Corporation Ltd., Sarnia, Ontario, for furnishing us 
with the polystyrene used in this investigation. The financial assistance of Polymer 
Corporation, the National Research Council of Canada, and the Province of Ontario 
is gratefully acknowledged.

References

1. T. Homma, K. Kawahara, H. Fujita, and M. Uede, Makromol. C’hem., 67, 132 
(1963).

2. P. J. Flory, ./. Am. Chan. Sor., 63, 3006 (1941).
3. II. Fujita, Mathematical Theory of Sedimentation Analysis, Academic Press, New 

York, 1962.
4. L. A. Wall and D. W. Brown, ,/. Phys. ('hem., 61, 129 (1957).
5. A. Charlesbv, Polymer Sci., 11, 513, 521 (1953).
6 . H. Benoit, Z. Grubisic, P. Rempp, 1). Decker, and J. Zilliox, paper presented at 

Third International Seminar on Gel Permeation Chromatography, Geneva, Switzer
land, 1966.

Received March 16, 1967 
Revised June 26, 1967



.lOUn.VAL dl' I’OI.YMLII SCIENCE: |>AHT A-l VOL. (>, 603-60« (106ft)

Liquid Carbon Dioxide as a Solvent for the Radiation 
Polymerization of Ethylene

MIYUKI HAGIWARA, HIROSHI MITSUI, SUEO MACHI, and 
TSUTOMU KAGIYA, Japan Atomic Energy Research Institute, 

Takasaki Radiation Chemistry Research Establishment,
Takasaki, Gunma, Japan

Synopsis

The usefulness of liquid carbon dioxide as a solvent for polymerization of ethylene 
was studied. The effect of liquid carbon dioxide on the polymerization was investigated 
under conditions of the pressure of 400 kg./cm . 2 over the temperature range 20-45°C. 
by using 7 -radiation and A1BN as initiators. The infrared spectrum of the polymers 
showed that carbon dioxide had little effect on the polymer structure. The polymers 
contained no combined carbon dioxide and only small amounts of vinylidene unsatura
tion. rl’he methyl content of the polymers was 0.5-4.0 CIL/IOOOC. The polymer 
yield and molecular weight were found to be decreased by the addition of carbon dioxide 
in both polymerization by 7 -radiation and AIBN. The number of polymer molecules 
formed per unit time increased with the content of carbon dioxide in the 7 -rav poly
merization, and was constant in the case of AIBN. The advantages of the use of liquid 
carbon dioxide as a solvent in this polymerization were also considered from the view
points of the continuous process, the separation of polymer, the stability of carbon 
dioxide to radiation, and commercial applications.

INTRODUCTION

The 7-ray-induced polymerization of ethylene has been widely investi
gated with the use of various organic solvents.1-3 Liquid carbon dioxide 
is expected to be a suitable solvent in the radiation process because of its 
high stability to ionizing radiation. However, no investigation on the 
ethylene polymerization in liquid carbon dioxide has been reported.

This is the first of a series of papers on the radiation polymerization oi 
ethylene in the presence of carbon dioxide, and the purpose of this note is 
to investigate the usefulness of liquid carbon dioxide as a solvent.

EXPERIMENTAL

The reaction vessel was a stainless-steel autoclave of 100 ml. capacity. 
The ethylene monomer used was 99.9% pure (free of CO and H2S) and con
tained less than o ppm of O.,. Carbon dioxide was 99.99% pure and its 
major impurities were II>0 (37 ppm), CH< (20 ppm), and O2 (2 ppm). 
Before starting an experiment, the system was evacuated and flushed
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three times with carbon dioxide. A definite amount of carbon dioxide was 
charged into the vessel, which was cooled in a methanol-Dry Ice bath. 
Ethylene was then fed to the reaction pressure. The reaction temperature 
was maintained constant within ± 0 ..r>°C. during the course of the reaction. 
Cobalt-60 (6000 curies) was used as the 7-ray source. The radical 
initiator, azobisisobutyronitrile (AIBN) was purified by recrystallization 
from acetone. The amount of monomer polymerized was determined by 
direct weighing. The molecular weight was calculated by Tung’s equa
tion4 from the measured solution viscosity in tetralin at 130°C. The 
density was determined by the gradient-tube method at 25°C., with the 
use of a water-methanol solution, and the degree of crystallinity' X  was 
calculated from the density d by using the equation:

d = 2.0 X 10-AY +  0.803

The methyl content in the polymer was determined by the method of 
Bryant and Voter,6 and the unsaturation according to Cross7 and Cernia.8

RESULTS AND DISCUSSION 

Effect of Carbon Dioxide on Polymer Structure

In order to investigate the effect of carbon dioxide on polymer structure, 
the infrared spectra were obtained for the polymers formed under three 
different conditions; these are shown in Figure 1. The polymer giving

WAVE NUMBER (CM)
Fig. 1 . Infrared spectra of polymers: (.4) CO2/C 2II4 (molar ratio) = 0.31, pressure =

400 kg./cm .2, temperature = 20°C., dose rate = 2.5 X 104 rad/hr., time = 2.0 hr.; (B) 
CO2/C 2H4 =  0.31, pressure =  400 kg./cm .2; temperature = 45°C., [AIBN] = 4.3 
mmole/1., time, 8 .0  hr.; (C) C 0 2 free, pressure =  400 kg./cm .2; temperature = 20°C!.; 
dose rate =¡2.5 X 104 rad/hr., time =  1.0 hr.
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spectrum A was obtained by using y-rays and that giving B by AIBN 
in liquid carbon dioxide; that giving spectrum C was obtained with y-rays 
in the absence of carbon dioxide. No marked difference is observed among 
these spectra. The absence of the peaks near 1700-1750 cm.-1 ascribed to 
carbonyl group in the polymers formed in liquid carbon dioxide indicates 
that the polymers have no combined carbon dioxide. Also, as can be seen 
in Table I, in which the number of short chain branches and various types 
of unsaturation of these polymers are summarized, there are no essential 
differences among the structures of three polymers. The methyl content in 
the polymers is 0.5-4.0 CH3/1000C, and the polymers have only small 
amounts of vinylidene unsaturation.

TABLE I
Molecular Structure of Polyethylene"

Methyl Double bonds/lOOOC 
Crystal- co n te n t ,-------------------------------------------

Polymer
Molecular
weight

Density,
g./cc.

linity
%

C H ,/
1000C

R R C =
c h 2

R C H =
CHR

R C H =
CHo

A 204,000 0.934 66 2 . 0 0.051 0 0

B 198,000 0.932 65 4.0 0.060 0 0

C 360,000 0.946 72 0.5 0.031 0 0

" Polymerization conditions: A: CO2/C 2H4 (molar ratio), 0.31; pressure, 400 kg./cm .2; 
temperature, 20°C.; dose rate, 2.5 X  104 rad/hr.; time, 2.0 hr. B: CO2/C 2H4, 0.31;
pressure, 400 kg./cm .2; temperature, 45°C.; AIBN, 4.3 mmole/l.; time, 8.0 hr. C: 
CO2 free; pressure, 400 kg./cm .2; temperature, 20°C.; dose rate, 2.5 X 104 rad/hr.; 
time, 1 . 0  hr.

I11 view of these results, it is concluded that liquid carbon dioxide has 
little effect on polymer structure.

Effect of Carbon Dioxide on the Rate of Polymerization 
and the Molecular Weight of Polymer

Figure 2 shows the variation of the rate of polymerization and the molecu
lar weight of polymer with respect to the molar ratio of carbon dioxide to 
ethylene monomer. The rate of polymerization in liquid carbon dioxide 
solution is lower than that in bulk polymerization. This decrease in rate 
may be caused by a decrease in the rate of initiation and/or propagation 
or an increase in the rate of termination. On the other hand, the polymer 
molecular weight is depressed by the addition of carbon dioxide. However, 
a polymer of high molecular weight is obtained even in the presence of a 
large amount of carbon dioxide. This may indicate that carbon dioxide 
does not terminate the growing radicals. By using the experimental 
results given in Figure 2, the rate of formation of the polymer molecule, 
defined as the ratio of the amount of polymerized monomer to the degree 
of polymerization in unit time, is shown in Figure 3. It can be seen that 
the rate is independent of the amount of carbon dioxide in the polymeriza-
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Further, in tire flow system, they are well transported in the reaction mix
ture. The liquid carbon dioxide process has other advantageous features, 
namely, the polymer is easily separated from the reaction mixture by simple 
degassing, and carbon dioxide is quite stable even in the radiation field. 
No increase in 0 2 and CO which might be produced by the radiolysis of 
carbon dioxide was observed in the residual gas.

From the commercial point of view, carbon dioxide has an additional 
advantage because it can easily be obtained in a highly pure form as a by
product in several industrial processes.

References

1 . K. J. Henley and C. Chong Ng, J. Polymer Sci., 36, o i l  (1959).
2. S. S. Medvedev, A. D. Abkin, P. M. Khomikovskii, G. X. Gerasimov, V. F. 

Gromov, Yu. A. Chikin, Y. A. Tsingister, A. L. Auer, M. K. Yalovleva, L. P. Mezhirova, 
A. Y. Matveeva, and Z. G. Bezzubuik, Polymer Sci. USSR, 2, 467 (1961).

3. It. H. Wiley, N. T. Lipscomb, C. F. Parrish, and J. E. Guillet, J . Polymer Sci. A, 
2, 2503 (1964).

4. L. H. Tung, J. Polymer Sci., 24, 333 (1957).
5. S. Machi, T. Tamura, S. Fujioka, M. Ilagiwara, M. Gotoda, and T. Kagiya, 

J . Appl. Polymer Sci., 9, 2537 (1965).
6 . W. M. D. Bryant and It. C. Voter, J . Am. Chem. Soc., 75, 6113 (1953).
7. L. H. Cross, It. B. Richards, and H. A. Willis, Discussions Faraday Soc., 9, 235 

(1950).
8 . E. Cernia, C. Mancini, and G. Montaudo, J. Polymer Sci. B, 1, 371 (1963).
9. S. Machi, M. Ilagiwara, and T. Kagiya, J. Polymer Sci. B, 4, 1019 (1966).

Received March 9, 1967 
Revised June 13, 1967



J O U R N A L  O F  P O L Y M E R  S C I E N C E :  P A R T  A - l V O L . (>, 6 0 9 - 6 2 1  (1 9 6 8 )

Kinetics of the 7-Radiation-Induced Polymerization of 
Ethylene in Liquid Carbon Dioxide

A1IYUKI HAG 1 WAR A, HIROSHI MITSUI, SUEO MACHI, 
and TSUTOMU KAGIYA, Japan Atomic Energy Research Institute, 

Takasaki Radiation Chemistry Research Establishment,
Takasaki, Gunma, Japan

Synopsis

The -y-radiation-induced polymerization of ethylene with the use of liquid carbon 
dioxide as a solvent, was studied from the viewpoint of kinetics. The polymerization 
was carried out at conversions less than 1 0 %  under the pressures ranging from 1 0 0  to 
400 kg./cm .2, dose rates 1 . 8  X 10M .6 X  105 rad/hr., and temperatures of 20-90°C. 
The concentration of carbon dioxide varied up to 84.1 mole-%. The polymerization 
rate and the polymer molecular weight were observed to increase with reaction time. 
This observation, however, becomes less pronounced with increasing concentration of 
carbon dioxide and with rising temperature. The exponents of the pressure and the 
dose rate were determined to be 2.3 and 0.85 for the rate, and 2 .0  and —0 .2 0  for the 
molecular weight, respectively. From the kinetic considerations for these results, 
the effect of carbon dioxide on the initiation and termination reaction in the poly
merization was evaluated.

INTRODUCTION

In the previous paper1 of this series, the effects of carbon dioxide on the 
polymer structure, the rate of polymerization, and the molecular weight 
of polymer were investigated. Carbon dioxide was found to have many 
advantages as a solvent for the radiation polymerization of ethylene.

The purpose of this paper is to determine the effects of reaction conditions 
such as irradiation time, pressure, dose rate, and temperature on the poly
merization, and to discuss the role of carbon dioxide from the viewpoint 
of kinetics.

EXPERIMENTAL

The reaction vessel, materials (ethylene monomer, carbon dioxide), 
irradiation facilities, and experimental procedure have already been 
described.1 In all experiments, the reaction pressure remained essentially 
constant during the course of the reaction, since the polymerization was 
carried out to low conversion (less than 10%).

609
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RESULTS AND DISCUSSION 

Effects of Irradiation Time

Polymer yield and molecular weight at various concentrations of carbon 
dioxide are summarized in Table I, and, in Figure 1, the polymer yield is 
plotted against reaction time. It is clear that the rate of polymerization 
is accelerated, since the polymer yield increases rapidly with the time in 
all scries of experiments, and that the yield decreases with increasing 
concentration of carbon dioxide in whole period of the reaction. Another 
effect of the time is observed in molecular weight of polymer. As can be 
seen in Figure 2, the molecular weight increases with the time and reaches 
a high value (over 10;’). These observations are very similar to those in 
the bulk polymerization at normal temperature with the use of y-radiation2'3 
or azobisisobutyronitrile.4 It should be noted, however, that the rate 
acceleration and the increase in the molecular weight with the time become 
less pronounced at higher concentrations of carbon dioxide.

TABLE I
Effect of Reaction Time on Polymer Yield 

and Molecular Weight“

Concentration of 
carbon dioxide, 

mole-' c

Reaction
time,

hr.

Polymer
yield,

g-

Molecular 
weight 
X io->

0 0.50 0.140 19.0
1 . 0 0.537 30.0
1.5 1 .245 53.2

5.7 0.50 0.106 14.0
1 . 0 0.349 2 0 . 0
2 . 0 1.283 38.5

23.0 0.07 0.131 1 0 . 0
1 . 0 0.248 13.0
1.3 0.304 10.7
2 . 0 0.080 20.4
3.0 1.340 24.0

34.2 1 . 0 0 . 2 0 1 0 .2
2 . 0 0 .4.20 1 0 . 1
3.0 0.700 1 2 . 0
4.0 1 , 1 2 0 13. 1
5.0 1 . 0 0 2 15.1

7)7.3 5.0 0.570 5.1
S4.1 8 . 0 0.074 0.31

* Reaction pressure, 400 kg. cm.2; temperature, 20°C.; dose rate, 2.5 X 10'1 rad/hr. ; 
reactor volume, 10 0  ml.

To show the extent of the time dependency of the polymer yield and 
the molecular weight, the time-yield and time-molecular weight relations 
in Figures 1 and 2, respectively, are plotted in logarithmic scale in 
Figures 3 and 4, respectively. From the slopes of the lines, the time expo
nents at carbon dioxide concentrations of 0, 5.7, 23.9, and 34.2 mole-% are
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Fig. 1 . Polymer yield vs. reaction time at various concentrations of carbon dioxide: 
(O) 0; {©) .5.7 mole-%; (• ) 23.9 mole-%; (9 ) 34.2 mole-%. Reaction pressure, 40(1 
kg./cm .2; temperature, 20 °G .; dose rate, 2.5 X  104rad/hr.

REACTION TIME (HR.)

Fig. 2. Molecular weight vs. reaction time. Reaction conditions and symbols arc the
same as in Fig. 1.

Fig. 3. Logarithm!® plot of polymer yield vs. reaction time. Reaction conditions and
symbols are the same as in Fig. 1.
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6.0  - --------------------------  -------------------------------- 1
S L O P E  -

- 0 . 4  -0 .2  0 0.2 0.4 0.6 0 8

LOG. ( REACT I ON TIME) (HR.)

Fig. 4. Logarithmic plot of molecular weight vs. reaction time. Reaction conditions and 
symbols are the same as in Fig. 1.

found to be 2.0, 1.8, 1.6, and 1.3 for the yield and 1.0, O.X, 0.6, and 0.3 for 
the molecular weight, respectively. The significance of these results will 
be fully discussed below from the viewpoint of kinetics.

Effects of Reaction Pressure, Dose Rate, and Temperature

In order to elucidate the effects of the reaction pressure on the polymer 
yield and the polymer molecular weight, the polymerization was carried 
out under various pressures at constant concentration of carbon dioxide of
23.9 mole-%; the results are given in Table II. Figure 5 shows the plot 
of the yield and the molecular weight against the pressure, where all values 
were normalized to unit reaction time by using the time exponents of 1.6 
for the yield and 0.6 for the molecular weight, respectively. It can be seen 
that both the yield and the molecular weight increase rapidly with the 
pressure. From the logarithmic plot, the exponents of the pressure are 
found to be 2.3 for the yield and 2.0 for the molecular weight, respectively.

Table III contains the results of the experiments run at different dose 
rates. The yield and the molecular weight normalized to unit time are 
plotted on a logarithmic scale against the dose rate in Figure 6. From the

TABLE II
Effect of 1ieaction Pressure on Polymer■ Yield and Molecular Weight“

Reaction Reaction Polymer Molecular
pressure, time, yield, weight
kg./cm . 2 hr. g- X 10 -“

1 0 0 2 2 . 0 1.792 4.7
150 2 2 . 0 2. S31 9.4
2 00 7.0 1 .414 13.0
300 4.0 0.942 11.5

a Reaction temperature, 20°C.; dose rate, 2.5 
dioxide, 23.9 mole-fid reactor volume, 100 ml.

X HP rad/hr.; concentration of carbon
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crXJ .1 0

PRESSURE (KG./CM8)

Fig. 5. Effect of reaction pressure on (O) polymer yield and (• ) molecular weight 
Reaction temperature, 20°C.; dose rate, 2.5 X 104 rad/hr.; concentration of carbon 
dioxide, 23.9 mole-%. Large circles show mean values at different react ion times.

Fig. 6 . Effect of dose rate on (O) polymer yield and (• ) molecular weight. Reaction 
pressure, 400 kg./cm .2; temperature, 2<>°C.; concentration of carbon dioxide, 23.9 
mole-%. Large circles show mean values at different, reaction time.

slopes of the lines, the dose rate exponents are obtained as O.Sf) for the 
yield and —0.20 for the molecular weight, respectively; these values do not 
follow the square-root law for a stationary-state polymerization with 
bimolecular termination.

In Table IV, the yield and the molecular weight are summarized for the 
polymerization at various temperatures. The time-yield and the time- 
molecular weight curves are shown in Figures 7 and 8. It can be seen
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TABLE III
Effect of Dose Rate on Polymer Yield and Molecular Weighta

Dose React ion Pc >lymer Molecular
rate, time, yield, weight

rad/hr. hr. g- X 10“ 4

1.6 X UP 1 . 0 0.959 8 . 8

4.5  X 104 1 . 0 0.390 9.7
1.3 X  It)4 2 . 0 0.312 24.5

a Reaction pressure, 400 kg./cm .2; temperature, 20°C. ; concentration of carbon diox-
ide, 23.9 mole-' , ; reactor volume, 1 0 0  ml.

TABLE IV
Effect of 1 i(■action Temperature on Polymer Yield and Molecular Weight’1

Reaction Reaction Polymer Molecular
temperature, t ime, yield, weight

°c. hr. g- X  10“ 4

45 1 . 0 0.247 13.0
2 . 0 0.079 20.7
3.0 1 . ">77 25.8

00 1.5 0.104 0.4
3.0 0.3SS 8.4
5.0 0.725 9.5

90 1.5 0.159 2 . 1

3.0 0.314 1 . 8
5.0 0.576 1.4

a Reaction pressure, 400 kg./cm .2; dose rate, 2.5 X It)4 rad hr.; concentration of car
bon dioxide, 23.9 mole-0, ; reactor volume, 100 ml.

that the acceleration in the rate of polymerization and the increase in the 
molecular weight with the time become less pronounced with rising 
temperature; namely, the polymerizations at 20 and 45°C. are characterized

R E A C T IO N  T I M E  (HR.)

F ig .  7 . P o ly m e r  y ie ld  v s .  r e a c t i o n  t im e  a t  v a r io u s  t e m p e r a t u r e s :  ( • ) 2 0 ° C . ;  ( -  - )
4 5 ° C . ;  ( O )  6 0 ° C . ;  (© )  9 ( ) ° C . R e a c t i o n  p r e s s u r e ,  4 0 0  k g . / c m . 2; d o s e  r a t e ,  2 .5  X  1 0 4
r a d / h r . ; c o n c e n t r a t i o n  o f  c a r b o n  d io x id e ,  2 3 .9  m o le - % .
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R E A C T I O N  T I M E  (HR.)

Fig. S. Molecular weight vs. reaction time. Reaction conditions and symbols are the
same as in Fig. 7.

by a rapid increase in rate and in molecular weight with the time, while, 
in the polymerization at higher temperature (90°C.), the rate is only 
slightly accelerated, and the molecular weight is almost independent of 
the time.

In these observations of the effects of the pressure, dose rate, and tem
perature on the yield and the molecular weight, there is no marked difference 
between the polymerization in liquid carbon dioxide and in the bulk 
polymerization3’5 where the yield and the molecular weight increase rapidly 
with pressure, and the dose rate exponents are 0.9 for the yield and almost 
zero for the molecular weight.

Kinetic Considerations on the Role of Carbon Dioxide

Rate of Polymerization. Since the kinetic features similar to the bulk 
polymerization were observed in the polymerization in liquid carbon 
dioxide, the reaction mechanism given in eqs. (l)-(5 ) which was proposed 
by us for the bulk polymerization3 is also assumed for this polymerization.

Initiation:
*1

M ---------- > 11, • (1)

with

Ethylene excitation

with

Ri — kiPwl

Al . ■ AI*
K r

AI +  A I *  "* .AI»*

f\U* — Re f  M2 (2)
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Propagation:
kl>

• +  M2* --------- * lb

k!>
.,+ Mo* > R„

with

R /i =  ^ [R 'l /lT j»

Termination:
*•11

l '„  • +  Z ---------- > P„

!!„• + l 'm----— > P„.t
with

Transfer :

with

R, = /¡„[Z l[It-l +  lb ]2

k tr
W ,r +  Y ----------♦ P H +  V

R lr = 7cir[R-][Y]

(3 )

(4)

(5)

Here M represents the ethylene monomer; [R-], the total concentration of

all the active polymer chains, irrespective of size^i.e., [R v ]^ ; hi* is the

excited ethylene monomer; 1\I2* is the excited ethylene dimer; Y, the sub
stance to which the activity of R„- is transferred; Z the substance by which 
R„- is deactivated; P„, a dead polymer composed of n monomers; Ru R„, R tr, 
and Rt, the rates of initiation, propagation, transfer, and termination, re
spectively; At. kp, ktr, and At, the rate constants of these reactions; pM) the 
density of ethylene; 7, the dose rate; / m, the fugacitv of ethylene; / M.*, 
the fugacity of the excited ethylene dimer, and K e, the equilibrium con
stants of the reaction between the ethylene monomer and excited one to 
form the excited dimer.

Continuous increase in the polymerization rate and molecular weight 
with the time indicates that nonstationary-state kinetics should be applied 
for the polymerization. The overall rate of polymerization R with no 
termination is given by:3

R =  dM Jdt ~  R„ =  lc¡,kiKePwfm“7/ ((»)

By integrating, the polymer yield M v is:

d A p =  (■l/i)kpkiKepi,ifu2It2 ( 7 )

Equation (7) shows that M„ should increase proportionally with the square 
of the time. As shown in Figure 9, where M v is plotted against i2, this 
requirement is realized in the absence of carbon dioxide. When carbon
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dioxide is added, however, the plots deviate from this proportionality, 
and the deviation becomes marked at higher concentrations of carbon 
dioxide. This fact and similar features in the molecular weight (Fig. 2) 
indicate that the termination reaction is brought about by the addition 
of carbon dioxide.

Fig. 9. M v vs. IK Reaction conditions and symbols are the same as in Fig. 1 .

In order to determine the rate of termination, the following graphical 
method6 was used for the polymerization. The concentration of growing 
radical [R • : at time t is given as the difference between the total number of 
radicals produced and the number of radicals disappearing as a result of 
termination.

(8)

Since the termination by recombination of growing radicals is thought from 
the high dose rate exponent of the polymer yield to be negligible, the rate of 
termination can be represented by:

R t  =  /o[Z][R-] (9)

where [Z] is the concentration of a terminating agent (which may be 
carbon dioxide or its radiolysis products).

From eqs. (1), (9), and the relation, M p ~  I R„ dt, eq. (<S) becomes:
Jo

[R • ] = kjpult — {hi[Z]/kpKefM2}Mp (10)

where [Z] is assumed to be independent of the time. By combination of 
eqs. (3) and (10), the rate of polymerization is given as:

R ~ R „  =  kikpKepufsrlt  -  kt[Z]M (11)
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Hence, both sides of eq. (11) is integrated with respect to the time and 
rearranged to give:

K , . A i ,M J  I M„dt j- = (yU)ktkvK,.Puf,rI ’f i  I M ”dt(  -  *<[Z] (12)

Consequently, the plots of <M versus v 2 M pdt} give a

straight line, and an apparent first-order termination rate constant, k, [Z], 
can be obtained from the intercept on the ordinate.

CONCENTRATION OF C02 (MOL. %)

F ig .  11 . kt\Z] v s .  c o n c e n t r a t i o n  o f  c a r b o n  d io x id e .  R e a c t i o n  p r e s s u r e ,  4 0 0  k g . / c m . 2;
t e m p e r a t u r e ,  2 0 ° C . ;  d o s e  r a t e ,  2 .5  X  1 0 4 r a d / h r .
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Fig- 12. \/P„ vs. l/M,,. Réaction conditions and symbols are the sanie as in Fig. I.

0  2 4 6 8 10

ELECTRON DENSITY x |0 "2 (MOL./L.)

Fig. 13. 7?, vs. electron density. Reaction pressure, 100-400kg./cm .2; temperature, 
20°C.; dose rate, 2.5 X 104 rad/hr.; concentration of carbon dioxide, 0-84.1 mole-%. 
Large circles show mean values at different reaction times.

According to the above procedure, the plots are made in Figure 10, and 
the values of kt [Z] are then determined for the various concentrations of 
carbon dioxide as listed in Table V. Further, in Figure 11, they are

TABLE V
Effect of (he Concentration of Carbon Dioxide on the Apparent First- 

Order Termination Rate Constant“

Concentration of carbon 
dioxide, mole-% kt(Z), hr.-1

0 0
5.7 0.6

23.9 1.6
34.2 2.5

“ Reaction pressure, 400 kg./cm.2; temperature, 20°C.; dose rate, 2.5 X 104 rad/hr.
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plotted as a function of the concentration of carbon dioxide. The fact 
that the value of kt [Z] increases proportionally with the concentration of 
carbon dioxide leads to the conclusion that carbon dioxide participates in 
the termination reaction.

Degree of Polymerization. The reciprocal degree of polymerization, 
1/P„, is given by eq. (13) for the polymerization without bimoleeular 
termination.3

1/P„ = km iI{l/M p} +  ktr{Y]/kvKefu2 (13)

By plotting 1 /Pn against t/Mv according to eq. (13), linear relations were 
obtained for various concentrations of carbon dioxide, as shown in Figure 12. 
F'rom the fact that all lines go through origin, it is concluded that the 
transfer reaction does not take place in this system. In addition, the slope 
of the line (/.'¿pm/ )  slightly increases with the concentration of carbon 
dioxide. This indicates that the rate of initiation is increased by the 
addition of carbon dioxide.

Since the termination by recombination of growing radicals and the 
transfer reaction are absent, the increase in number of polymer molecules 
is due solely to the initiation reaction. The rate of initiation, therefore, 
is calculated by using eqs. (14) and (15),7

R t = dNJdt (14)

R t =  d(M p/P„)/dt (15)

where N v is the number of moles of polymer chain per unit volume. For 
various concentrations of carbon dioxide, the rates of initiation are calcu
lated as listed in Table VI. This shows that the rate of initiation increases
with the concentration of carbon dioxide as well as the electron density of
the reaction mixture. As can be seen in Figure 13, the increase in the rate 
of initiation is proportional to the electron density of the mixture.

T A B L E  V I  
B a l e  o f  I n i t i a t i o n “

Reaction
pressure,
kg./cm .2

Concentration of 
carbon dioxide, 

mole-%

Electron 
density X 10-2, 

mole/i.

Rate of
initiation X 103, 

mole/l,-hr.

100 23.9 4.50 1.73
150 23.9 5.30 1.37
200 23.9 5.60 1.62
300 23.9 5.90 1.46
400 0 5.20 1.43
400 5.7 5.14 1.51
400 23.9 6.05 1.82
400 34.2 6.65 2.15
400 57.3 7.79 2.26
400 8 4 .1 9.80 2.98

» Reaction temperature, 20°C.; dose rate, 2.5 X 104 rad/hr.
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Effect of Temperature. The rates of initiation and the apparent 
termination rate constants were determined at various temperatures 
ranging from 20 to 60°C., by the above procedure and by using eqs. (13) 
and (12) ; the results are listed in Table VII. It is found that the activation 
energy of the initiation reaction is zero since the rate of initiation nor
malized to unit electron density (Æ,/pEieo) is almost independent of 
temperature. Further the fact that all the values of Rj/pEtec are almost 
same irrespective of the presence of carbon dioxide shows that the radiation 
energy absorbed by carbon dioxide is also effective in initiation of the 
polymerization, as is the energy absorbed by ethylene monomer.

TABLE VII
Effect of Reaction Temperature on the 

Rates of Initiation and Termination“

R e a c t io n
te m p e ra tu re ,

° C .

A ,J pEiec, hr. 1 k h r . - *

N o  C O ,
2 3 . 9  m o l e - ' . 

C 0 2 N o  C O ,
2 3 . 9  m o l e - %  

C O ,

20 2 . 7 5 3 . 0 1 0 1 . 6
45 — 3 . 0 9 — 1 .6
60 3 . 4 1 b 3 . 0 9 1 . 5 b 2 . 8

“ Reaction pressure, 400 kg./cm .2; dose rate, 2.5 X 104 rad/hr. 
b From the literature data5 at 58°C.

The apparent termination rate constants of the polymerization in liquid 
carbon dioxide are found to be larger than those in the bulk polymerization 
at every temperature investigated, and they increase in both cases. This 
means that the contribution of carbon dioxide to the termination reaction 
is significant. The role of carbon dioxide in the initiation and termination 
reaction is not clear, but radiolysis products of carbon dioxide such as 
carbon monoxide and oxygen may play an important role in these reactions.
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Emulsion Polymerization. I. Recalculation and 
Extension of the Smith-Ewart Theory

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

Synopsis

The most important assumptions underlying the Smith-Ewart theory are that the 
locus of chain propagation is the monomer-swollen latex particle, polymeric chains are 
initiated by radicals entering from the water phase into the particles, chain termination 
is an instantaneous reaction between two radicals within one particle, and particles are 
nucleated by radicals absorbed into monomer-swollen soap micelles. Right or wrong, 
these and other assumptions used by Smith and Ewart are retained in this paper. The 
newly derived and experimentally verifiable equations contain only such parameters 
which can. be determined by experiments not involving emulsion polymerization. The 
proportionality constant between the particle number and the appropriate powers of soap 
and initiator concentrations is defined in terms of these independent parameters. Abso
lute rate equations are presented for the intervals before and after the completion of 
particle nucleation. To calculate these rates it is not necessary to have prior knowledge 
of the experimental particle number. The conversion at which particle nucleation is 
complete is calculated. The molecular weight is defined in terms of independent param
eters. Predictions are made for the particle size distribution. It is shown that the 
validity of the theory is confined to specifiable intervals of conversion, to a certain range 
of monomer/water ratio, and to soap concentrations whose upper and lower limits 
are given.

INTRODUCTION

It is convenient to distinguish three intervals in isothermal, single-charge 
emulsion homopolymerization. All particles are formed iu interval I. 
In the absence of aggregation, the number of particles is constant in inter
vals II and III. In intervals I and II the reaction mixture consists of 
three phases: monomer-swollen latex particles, droplets of monomer, and 
the aqueous phase. When the conversion has proceeded far enough, the 
monomer droplets disappear, and the reaction mixture becomes a two- 
phase system of monomer-swollen latex particles and aqueous phase 
in interval III. In other words, the particle number is increasing and mono
mer droplets are present in interval I, the particle number is constant and 
monomer droplets are present in interval II, and the particle number is 
constant but there are no monomer droplets present in interval III. This 
distinction among the three intervals will be justified by theory and 
experiment in this series of papers.1-5

623
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In a mathematical theory of homogeneous polymerization, the rates of 
at least three processes have to be specified: initiation, propagation, and 
termination of polymeric chains. For heterogeneous emulsion poly
merization a fourth process must be specified, the nucléation of particles. 
The simplest available mathematical theory is that of Smith and Ewart,6 
which provides a complete description of intervals I and II.

In their paper, Smith and Ewart provided only two experimentally 
verifiable equations. They predicted that the final particle number 
should be proportional to the 0.4 power of the initiator concentration and 
to the 0.6 power of the soap concentration. The proportionality constant, 
jli in their theory, is not defined in terms of independent parameters. The 
other experimentally verifiable equation gives the absolute reaction rate 
during interval II in terms of the particle number, the propagation rate 
constant, and the monomer concentration in the particles.

One possible limitation of the Smith-Ewart theory is that the basic 
assumptions are not applicable to all monomers and to all experimental 
conditions. This paper will not take issue with the basic assumptions, 
though some will be replaced in subsequent papers (Parts III, IV and V ).2-4 
The present paper will establish the limits of validity of the Smith-Ewart 
model and derive new, experimentally verifiable formulae. Right or 
wrong, the Smith-Ewart assumptions are the basis of all derivations 
presented here although the mathematical approach followed is different 
from that of Smith and Ewart.

CALCULATION OF THE FINAL NUMBER OF PARTICLES 

Derivation of the Differential Equation of Particle Nucléation

To illustrate the problem let us assume a monomer/water ratio of 40/60 
and about 0.75% sodium lauryl sulfate (SLS) on monomer. If there arc 
about 50 soap molecules in a micelle, the initial charge contains about 2 X 
1017 micelles/cc. of water. When the polymerization is complete, 1014 to 
1012 latex particles are usually found in 1 ce. of water. It is evident that 
not every micelle becomes a latex particle, although it is the general 
experience that the particle number increases and the particle size decreases 
with increasing soap level.

In the initial charge the monomer can be found in three loci: in the 
micelles, whose diameter is about 25-50 A., in the monomer droplets whose 
diameter is much larger, 104 1 05 A., and dissolved in water. The total 
surface of the micelles is very large, being perhaps 100 times larger than 
that of the droplets though they contn.il only a small fraction of the mono
mer. As polymerization proceeds, many new particles are formed whose 
total surface soon becomes much larger than that of the droplets. The 
primary radicals are formed only in the aqueous phase and are all irrever
sibly absorbed into the monomer swollen micelles and particles. Only a 
small fraction of the radicals are absorbed into the droplets so that poly
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merization in droplets is negligible. Even if some initiator radicals combine 
with monomers dissolved in the aqueous phase, the thus formed oligomeric 
radicals never grow large enough to precipitate out from the aqueous 
phase; they became absorbed in micelles or particles and continue to grov 
there. This matter is further discussed in the Appendix.

The number of radicals produced in 1 cc. of water per second is R (equal 
to p in the original Smith-Ewart theory). Its value can be calculated 
from kd, the decomposition rate constant of initiator, [I], the initiator 
concentration in water, and NA, the Avogadro number:

R = 2NAkd[l] (1)

For persulfates it is justifiable to assume a constant value of R because 
the half-life of such initiators is long. The data of Kolthoff and Miller7 
give half-life values of 41 days to 2.4 hr. at pH 4 and temperatures of 40 
and 80°C. At pH 1 the half-lives are shorter at these temperatures, 3.9 
days and 0.8 hr., respectively.

As a particle grows, its surface remains saturated with soap and the area 
per soap molecule is the same on the micelle and particle surfaces. It 
follows that as long as there is micellar soap available, the total oil phase 
(micelle +  particle)/water interfacial area is constant. This constant 
area is introduced into the theory by the parameter S, the square centi
meters surface area of soap molecules present in 1 cc. of water. It can be 
calculated from A s, the area of a soap molecule, [S], the soap concentration 
in water, and N A, the Avogadro number:

S = N aA,[S] (2)

In the Smith-Ewart paper asS stands for the symbol S used here. To be 
exact, [S] should stand for the difference between actual soap concentration 
and CMC, the critical micelle concentration. However, in most 
expenimeuts [S] »  CMC.

It is shown in the Appendix that each particle absorbs radicals at a rate 
proportional to its surface, 47D',2. If n, is the number of particles per cubic 
centimeter of water whose radius is r,, 4 ir' 2̂nir{i is the total surface of all 
particles at any given instant. The radicals entering into particles do not 
nucleate particles, the rest of the radicals enter into micelles and thus 
nucleate new particles. If N, is the number of particles per cubic centi
meter of water at time t. the differential equation of particle nucléation is:

AN,/At = dN,/dtt = R[ 1 -  (4 x /S ) (E « /* 2)«] (4)

It is assumed here that micellar soap is consumed by two mechanisms: 
either it is absorbed onto growing polymeric particles, or it becomes 
“ nonmicellar”  when a micelle absorbs a radical to become a particle. 
When the micelles disappear because all soap is absorbed onto the particles, 
particle nucléation stops. Thus the validity limit of eq. (4) is 8  ^ 47r]>jjniri2.
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Rate of Growth of a Single Particle

Since polymerization in the aqueous phase and in monomer droplets is 
negligible, the sole loci for chain propagation are the monomer swollen 
particles. There is no polymerization in micelles because a micelle stung 
by a radical is considered to be a particle.

The radical in a particle continues to grow, and the particle absorbs 
more monomer to keep the particle growing and also to keep the polymer 
in the particle swollen. The water phase is saturated with monomer, so 
that the monomer flux into the particles originates from the monomer drop
lets and perhaps from other micelles. Thus the monomer droplets act as 
an inert reservoir of monomer. The chain propagation in the particles 
can be described by the laws of bulk polymerization; in other words the 
growth rate of the particle depends on the propagation rate constant kv and 
upon the monomer concentration in the particle. The diffusion of monomer 
into the particle is extremely fast, so that even while the particle grows, 
the amount of monomer in the particle corresponds to a thermodynamic 
equilibrium. It is assumed that this equilibrium monomer concentration 
in the particle is not a sensitive function of particle size. Thus the mono
mer concentration in the growing particles is about constant and indepen
dent of conversion.

The bulk and solution polymerization kinetics depend upon the monomer
and radical concentrations:

—d[M]/dt =  fc„[M][R] (5)

To apply this equation for emulsion polymerization, it must be trans
formed. We define: If as the number of converted moles of monomer in 
the system, 1' as the volume of the system, q as the number of radicals in 
the container, 4>m as the monomer volume fraction, Fm as the molar volume 
of monomer; NA is Avogadro’s number.

dtl/dt = -Vd[Sl]/dt (6a)

t-Q II (6b)

0m = 1'mi-MJ (6c)

Substitution into eq. (5) gives:

dti/dt =  (kp/N AVm)4>mq (7)

This equation is equally valid for solution (bulk) polymerization where V, 
the solution volume, is constant and for polymerization in an emulsion 
particle where V, the volume of particle, changes with time.

The molar volume of a converted monomer unit is V mdm/dv, where 
dm, dp arc densities of monomer and polymer, respectively. The volume 
of polymer in the particle is:

ilVmdm/dp = I (1 — 4>m) = (-t7r/fl)r:i(l — <f>m)
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Differentiation and substitution into eq. (7) gives the rate of volume growth :

d(r*)/dt =  lr) d;,(l — =

(3/4ir) (kpj  N a) (dm/dpjqÿtj (1 — <£,„)

It is assumed that in interval I each particle grows as if it contained one 
radical only; q = 1. Furthermore, <pm is constant. A new constant, K, 
is defined:

r/ir) (Il = K

K  =  (3/• 1 7t)(kt, ' A ,tj(//,:. 1 -  </>..,) (s)

The parameter g of the Smith-Ewart paper is equal to 4tt/v/ 3. Equation 
(S) is consistent with an analogous equation presented by Flory.8

A particle is nucleated at time r after the polymerization starts and is 
assumed to have zero radius at r. Its cubed or squared radius at time l 
(i >  t) will be:

r> = K(t -  r) (9)

r2 = K v \t -  t ) 2/3 ( 1 0 )

Variation o f Total Particle Surface with Time in Interval I

At time t the number of particles nucleated during A t is A N t. Each of 
these particles will have a value of r* equal to K v3 (t — t ) ~'3 at time t. At a 
fixed t the total area of all particles divided by d-n- is:

(DbD2), = -  tY/3a n t
t  =  0

Substitution from eq. (4) gives:

(E « A i2)( = /D 'fffE U  — çItt. — r)VîAr
7" — 0

= A " /»' f  ,1 -  (4;r/N)Q>dV2),](/ ”  D </r (11)
J  0

The validity of these equations is limited lo the interval 0 ^ 4ir ( E nir«2) ^ »S'. 
When = A, particle nucléation stops and there are no more mi
celles.

New variables, the dimensionless total surface y, the dimensionless times 
x and I, are now introduced and substituted into eq. (11).

y = (4 /N )(X >,rr) (1-)

x/t = S/t = (lLW/.-))" 7vV6(/f/N )J/l (13)

Vx =  (">,■•'!) f  ((1/ tt) ~ v/{]D -  i) 'hd%
J  0

(14)
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The limits of validity of this equation are 0 ^ t /^ (l/ir ). Particle nu
cléation stops when y = (1/ tt).

This integral equation belongs to the class of the Volterra equations. 
It was solved by using a Bendix B-15 computer by the conventional numeri
cal methods9 and by the conventional series expansion method.10 These 
two independent calculations give the same results as the very simple way 
of solving this equation, outlined below.

If F (£) = /  (£) d%, the definite integral between limits a and b is given 
by the Simpson rule:

F(a) F a m  = lia) +  i f ( ^ ) + m

This rule gives an exact solution if /(£) is of third order or less. To apply 
this rule to eq. (14), we set ,/’(£) = (5/3) [(1 /7r) — //(£)] (x — £)'/l, F (a) =  
y (x), F{b) =  y (0) = 0, f(x) =  0, / ( 0) = 5*v’/3,r, and Rx/2) =  
(5/3) [(1 /tt) -  y(x/2))(x/2)!/\

Substitution and rearrangement gives the following recursion formula:

y{x) = 0 .318a/A -  Q.W \x,'y{x/'2) (15)

To start the calculation, one chooses a sufficiently low value of x = x-i 
so that the second term on the right-hand side is negligibly small. If one 
aims for better than 1% accuracy, Xi ^0.1 satisfies this requirement. For 
the first step one calculates y(2xS) =  0.31S(2mi)6/s — 0.701 (2xi)S/3y(xi). 
The values of y (4.Ci), yiSxi), etc. are calculated in analogous manner.

An important result of these calculations is that nucléation stops (y =  
1 /tt) when x = x „  and t = t„, where the subscript cr refers the quantity to 
the point when particle nucléation is just complete.

* „ =  1.232 (16)

tCT =  0.365(iS/if)0,6/-K°'4 (17)

As will be shown in Part II,1 the theoretical and experimental values of 
lcr are about few minutes.

Solution of the Differential Equation o f Particle Nucléation

The integral form of eq. (4) is:

N t =  R f  [1 — ±w(52niri2) T/S]dT (18)
Jo

The new dimensionless variable v for the number of particles is defined:

vx = 4 (5 /1 2 ff) ,/,Æ T ,AG ff/ « ) ,/W f (19)

Combination of eqs. (12), (13), (18), and (19) gives:

vx = (5/3) f  (1/ tt -  y m
J  o

(20)
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Conventional numerical integration8 with the aid of computer and the 
recursion formula obtained with the aid of the Simpson rule give the same 
values of vx. The Simpson rule solution is given below and should be 
handled in a manner discussed in conjunction with eqs. (14) and (15).

** = 0.279.rll.91 -  y{x) -  y(x/2)\ (21)

Particle nucléation stops when x = 1.232 according to eq. (16). At this
point v = v „  and N, = N, where N is the final number of particles in 1 ce. 
of water.

vcr =  0.3717 (22)

N  = 0.208,S°-6(R/K)0A (23)

This is the exact mathematical equivalent of the corresponding Smith- 
Ewart solution.* As will be shown in Part II,1 this equation predicts 
1012-1015 particles/cc. of water, in good agreement with experimental 
findings.

VARIATION OF CONVERSION WITH TIME IN INTERVAL I

The amount of polymer formed is proportional to the total volume of 
the particles, or to X tsU3- A particle nucleated at time r has a cubed 
radius of K(t — r) at time t, in accordance with the previous assumptions. 
The number of particles nucleated in A t at time t is AN „  and the total 
volume divided by 47t/ 3 is

( I > , »-,*), = Z W  -  t)ANt (24)
r = 0

Substitution from eq. (4) and replacement of summation by integration 
yields:

(Z n ir li), =  RK  f  [1 -  4r/SCZnf,*)M f ~  r)dr (25)
Jo

The new dimensionless volume z is now introduced:

= 4(12 W ^ S - ^ R / K Ÿ ' ^ n s Ÿ ) ,  (26)

Combination of eqs. (12), (13), (25), and (26) gives:

2* = (5/3) f (  1 /x  -  yt)(x -  m  (27)
Jo

The conventional numerical and the Simpson rule solutions of this 
integral equation can be fitted with the following analytical formula with 
better than 1% accuracy within the validity range O^.r^ 1.232:

2 =  0.265.Ï2 -  0.047a.-3-66 (28)

* Equation (26a) of the Smith-Ewart paper reads: N  = 0.37(a,iS)°-e(p/M)°-4.
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When particle nueleation stops, x =  1.232 and z =  z„:

zcr = 0.3010 (29)

It is convenient for the analysis of experimental data, and also for the 
new mathematical derivations of Part III,2 to express the amount of 
converted monomer in terms of volume of polymer per unit volume of 
water. The symbol P is assigned to this quantity.

P  = (1 -  K ) (4 t/3 ) ( ! > # / )  (30)

Combination of cqs. (13), (26), (28), and (30) gives the variation of 
conversion with time in interval I.

P = 1.47(1 -  0m)P P f2[l -  (31)

For very short times, t^0.18(S/R)0SK -° A =  0.5tcr, the second term in 
the bracket is much less than unity. Substitution from eq. (8) gives the 
initial part of the conversion-time curve:

P = 0.351 (kv/Na) (dm/dp) 4>m Rt2 (32)

It follows that for a very short initial time, while particles become 
nucleated, the conversion is proportional to the initiator concentration and 
to t- and is independent of the soap concentration. Initial proportionality 
between conversion and i2 was also predicted by Baklcer.11

Particle nueleation stops at P = P cr, at a value corresponding to z„:

P cr = 0.20SS'-^K/R)0 * (1 -  0m) (33)

It is likely that one of the reasons for the occasional deviations from the 
Smith-Ewart predictions is that in the experiments either the soap concen
tration was too high or the monomer/water ratio was too low, so that no 
well defined transition from interval I to interval II was obtained, and the 
reaction entered interval III directly from interval I without an inter
mediate interval II stage.

The quantity P „  is not a fractional conversion, but an absolute value. 
It will be shown in Part II1 that its value is about 0.05-0.1 cc. polymer/cc. 
water. On the other hand, the transition between intervals II and III, 
P ii-iii, is defined by a fractional conversion, and its value depends upon 
the monomer/ water weight ratio (m/w) in the initial charge. The equilib
rium weight fraction of the polymer in the monomer swollen latex particles 
is equal to the critical fractional conversion at which transition between 
intervals II and III takes place. It follows that:

P i i - i i i  =  (m/w){ 1 — <t>m) d v a m / d p [1 — (¡>m +  ( d m/ d p )  <£,„] (34) 

where dwater is density of water.
This equation is valid only if the monomer solubility in water is negligible.
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GROWTH HISTORY OF INDIVIDUAL PARTICLES 
DURING INTERVAL I

Number of Radicals Absorbed by Latex Particles During Interval I

In interval I the interfacial area between oil and water phase is constant 
and equal to S square centimeters per cubic centimeter of water. The 
number of radicals entering into this interface is R per second. The surface 
of a particle is 4wr2, and the number of radicals entering it per second is:

where «  is the number of radicals captured by a particle.
For sake of simplicity it is assumed that a newly nucleated particle 

has zero initial radius and the particle age *1 is measured from the point of 
nucleation. At time *t the radius of the particle is (K *t) '‘ 11 by eq. (9). 
It follows that:

We define *th the average time needed for a single radical to enter a 
particle which contains only one growing polymer chain, and obtain this 
value by setting w = 1 in the defining equation. In eq. (35) *U is com
pared to tcr, the time when particle nucleation stops [cf. eq. (17)].

As can be seen, the dimensionless time scale x in eq. (13) was so chosen 
that x = 1 at *t\.

Actually *k is overestimated here because the proper lower boundary 
condition for integration should express the fact that at *t =  0 the radius 
of the particle is not zero but equal to the radius of a micelle. This error 
is ignored at present.

All particles nucleated within the interval from (tCT — *k) to t„  are hit 
within interval I only by those radicals which nucleated them. The 
number of these particles can be calculated from eq. (21) and is 67.3% of 
the final number of particles.

It is now assumed that when a radical enters into a particle containing 
a growing chain, it terminates growth instantaneously. The average 
radius of particles containing a single terminated chain is (K  These
“ dead” particles do not grow till a third radical enters them. The rate 
of radical entry into such “ dead” particles is:

From Aw = 1, *h, the average length of time while the particle is “ dead” 
is obtained:

du/d*t = 47t/'2 R/S

du/d*t = 4tt(R/S) (K*t)'/l

w = 4ttK 1/i (.R/S) *t!/>d*t =  (12tt/5 )K l/' (R/S) *f

*h = ( 5 /1 2 * - ) (S/R)°-6/K0A =  0.81<„ (35)

du/d*t =  Aw/A*f = 4x (R/S)(K*h)'-/s

(36)* k  =  0.486ffr
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It is evident that {%  +  */■>) > t„. On the average, within interval I none 
of the particles is hit by more than one radical in addition to the one that, 
nucleated it. Only 32.7% of the particles are hit by such a second radical 
and are “ dead” when particle nucleation stops. In this context it is of 
interest to establish a material balance for radicals. The number of 
particles which absorbed only one radical in interval I is 0.673iV, and the 
number which absorbed two radicals is 0.327N. The total number of 
radicals absorbed is calculable from eq. (23):

(0.673 +  2 X 0.327)N = 1.3277V = 0.275S0-6 (R/K)ttA

The total number of radicals formed in interval I can be calculated from 
eq. (17):

Rt„ = 0.36 »S°\R/K)0A

There is a 25% discrepancy in these numbers; this is the maximum error 
in N and is due to ignoring the effect of second radical entry upon particle 
growth rate in the derivation of eq. (23).

It also follows from these calculations that at the completion of particle 
nucleation the average number of radicals per particle is 0.673.

Initial Molecular Weight

The initial molecular weight is calculated from the average volume of a 
particle with one terminated chain in it, (4tt/3 ) /v*/]. The number- 
average molecular weight of the “ dead” chain is obtained by multiplying 
this volume by the volume fraction of the polymer in the particle (1 — 4>,«), 
polymer density, dp, and Avogadro’s number, NA. It is convenient to 
present the result of this multiplication after rearranging it in terms of 
eqs. (8), (23), and (35).

hi initial = 1.44 kp 4>m dm N/R (37)

As will be shown this value is 44% higher than calculated for interval II. 
However, it is not likely that in reality the initial molecular weight is 
higher than the interval II value. The error in *6 used to calculate 4 / initial 
can be quite serious. It makes a difference whether a particle grows from 
initial zero size or initial micellar size. It can only be said that according 
to the theory the initial molecular weight should not differ significantly 
from the interval II molecular weight.

DESCRIPTION OF INTERVAL II 

Conversion Rate in Interval II

In eq. (7) the value of fi, the number of moles of converted monomer 
per particle, is given. From it the total volume of polymer present in 
1 cc. of wafer P can be calculated:

P  = Si VmNdJd,
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To obtain the overall conversion rate, eqs. (7) and (38) are combined 
and q, the actual number of radicals per particle, is replaced by Q, the 
average number of radicals per particle.

dP/dt = (.kp/NA)(dm/dv)N<t>mQ (39)

The validity of this equation rests only on the one assumption that the 
monomer swollen latex particles are the sole loci of chain propagation. To 
make better use of this equation N, <f>m, and Q must be specified.

By restricting to P  >  P „  [cf. eq. (33)] N is constant. This implies, 
following the interval I assumptions, that all radicals originating in the 
aqueous phase are now absorbed into the monomer-swollen latex particles. 
If they were not, new particles would be nucleated.

As in interval I, <pm is assumed to stay constant. At this point, this 
arbitrary sounding approximation requires explanation. Even if the 
monomer and the polymer are miscible in all proportions in bulk, i.e., 
even if the monomer is a good solvent for the polymer, only a limited 
amount of monomer can enter a latex particle from the monomer saturated 
aqueous phase. This is equally true for a polymerizing or for a “ dead” 
latex particle. The reason was given by Morton et al.12 The free energy 
of mixing would favor the entry of monomer into the particles without 
limitation as long as the water is kept saturated with monomer from an 
external reservoir. However, the specific surface of the tiny particles is 
very large; on swelling, the surface of the particles increases, and the total 
surface energy change obtained when these tiny particles swell has the 
same order of magnitude as the free energy of mixing but of opposite 
sign. Thus each particle can swell only to the extent where the free energy 
of mixing and the surface energy change on swelling exactly compensate 
each other and there is a well-defined swelling equilibrium analogous to the 
swelling equilibrium obtainable with crosslinked polymers. The theory 
predicts that, for a given monomer-polymer system, the swelling, i.e., 
4>m, should increase with increasing particle size and with decreasing inter
facial tension between particles and water.

This matter will be analyzed in detail in Part VI.5 It should suffice to 
say now that according to the theory <£„, is a relatively insensitive function 
of particle size in the particle size range encountered during emulsion 
polymerization. While this in itself favors the approximation of constant 
4>m in interval II, additional factors make this approximation plausible.

The surface of the particles is saturated with soap only during interval I. 
In interval II the total surface of monomer-swollen particles present in 
1 cc. of water becomes larger than S and increases with conversion. Thus 
the water -particle interface becomes less and less completely covered by 
soap molecules; the interfacial tension rises and this, by itself, would 
depress </>,„. This effect may just about compensate the effect of increasing 
particle size which by itself, at constant interfacial tension, would cause 
an increase in 4>m■
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For </>m to be actually independent of conversion during the reaction it is 
necessary that the monomer diffusion into the particle from the monomer 
saturated water phase should be much faster than its consumption in the 
particle by polymerization so that the </>,„ corresponding to thermodynamic 
equilibrium should be maintained. Experimental evidence to be reviewed 
in Part VI5 indicates that this is indeed so.

It is evident that <f>m can be maintained at the saturation equilibrium 
value only as long as there is enough unconverted monomer present in the 
reaction mixture to saturate the aqueous phase and the latex particles. 
This requirement is satisfied by the criterion P < Pu-iu  fcf. eq. (34)].

To determine the value of Q, the termination rate has to be specified. 
Here we restrict ourselves to the Smith-Ewart case 2 and assume infinitely 
fast termination. Accordingly, no two radicals can coexist in a particle. 
If a radical enters a growing particle, it immediately terminates the growth 
of the chain. The particle is “ dead” till hit by another radical which 
starts new chain growth. The average interval between radical entries is 
N/R, assumed to be constant. Thus each particle contains one radical 
half of the time, no radical the other half of the time. Since the process 
is random, at any time only half of the particles contain radicals and 
throughout interval II Q is constant, equal to half, and independent of 
conversion. It will be shown in Parts III and IV'2'3 that this assumption 
holds only as a limiting case for latexes of very small particle size made at 
low initiation rates. In such small particles two radicals can meet very 
fast for cross-termination, and the interval between radical entries, N/R, 
is much larger than the time needed for cross-termination. Restriction of 
the validity of the instantaneous termination assumption to such systems 
is also consistent with the Stockmayer13 theory.

Since Q = 0.5 and since N  and 4>m are also independent of conversion, 
the conversion rate in interval II given by eq. (39) is constant. This 
constant rate in interval II will be called the “ Smith-Ewart rate” and the 
symbol B is assigned to it:*

B = 0.5 (kp/NA) (dm/dP) 4> JV  = dP/dt (40)

This equation is not explicit in k„ and <f>m since N  is a function of these 
parameters. Combination of eqs. (8), (23), and (40) gives:

B = 0.\S5(k„(j)mSdm/dpNA)0(i [fl(l — ̂ m) ]0'4 (41a)

or

B = 0.435(1 -  <f>m)(KS)a c' RI) A (41b)

Equation (40) can be written in terms of the dimensionless variables 
[cf. eqs. (3), (13), (22), (20), and (30)].

dz/dx = 0.5c„ = 0.186 (42)
’ Equation (40) is equivalent to eq. (1.5) of the Smith-Ewart paper.



EMULSION POLYMERIZATION. I

The conversion rate in interval I can be calculated by differentiating eq. 
(28). At the completion of particle nucleation (x = 1.282), dz/dx = 0.373 
is obtained. This would he the conversion rate just before and at the 
transition between intervals I and II if all particles contained one growing 
radical, as was assumed in deriving eq. (28). If the steady-state termina
tion were reached after the second radical entry, so that the average number 
of radicals per particle should become half at t iC tcr, the interval I kinetics 
[eq. (28)] would predict exactly the same conversion rate at t = tcr as 
given in eq. (42). If, as shown in the previous section, the average number 
of radicals per particle is 0.623 at t = l„, the conversion rate may tem
porarily exceed the Smith-Ewart interval II rate by 26% at t = icr but 
this would probably be unnoticeable experimentally.

Thus the combined interval I and interval II models [eqs. (28), (31), 
(40), and (42)] predict the conversion rate to rise from zero at t =  0 to 
about the value of R at / = tCT, From here on the rate is predicted to be 
constant and equal to B within interval II.

The variation of conversion with time in interval II. has to satisfy the 
boundary condition P — P „  when t = tcr. It follows that:

P  =  Bt +  (Pc, -  Btcr) (43)

The value of the extrapolated intercept of the conversion-time plot of 
interval II is calculable from eqs. (17), (33), and (41):

PCT -  Bicr = (0.051 +  0.158<£m) (K/R)°-2 S 1-* (44)

Thus the linear portion of the conversion-time curve should not extrapolate 
exactly to the origin. However, the intercept on the conversion axis is 
very small this can be ascertained by putting into eq. (44) experimental 
K, R, and S values given in Part II .1 It is likely that this intercept is 
too small to be experimentally observable.

Molecular Weight in Interval II

The volume of polymer produced in one second in a single growing particle 
is 2B/N; the factor 2 is here to take into account that only half of the 
particles are growing at a given time. The interval between the entry 
of two radicals into the particle, N/R, is the growth time of a single polymer 
chain, assuming instantaneous termination. It follows that the number-
average molecular weight in interval II is:

T/se = (2B/N) (N/R) Na dv = 2BNAdJR  (45)

This value will be referred to as the Smith-Ewart molecular weight. By 
substituting from eqs. (8), (23), and (40) alternate expressions for il/SE 
are obtained:

d/sE = kji<t>mNt(lm/R (40)

M su = 0.318 [NAdp(l -  </>,„)]"4 (dmkv <f>m S/R)nAi (47)
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These equations predict molecular weights in the several million range, 
consistent with experiments. It is noteworthy that il/ss is proportional to 
the 0.6 power of soap concentration and is inversely proportional to the 
0.6 power of initiator concentration by eqs. (1), (2), and (47). An equation 
analogous to eq. (46) was also presented by Vanderhoff et. al.14

It is customary to determine the particle size distribution of latexes only 
at full conversion. It is evident that no prediction can be made con
cerning the size distribution of a fully converted latex based on the Smith- 
Ewart model since this model is valid only for intervals I and II. For 
example, about the last 55% of styrene emulsion polymerization lies outside 
the validity limits of the Smith-Ewart model, i.e., within interval III. In 
interval III the monomer concentration within the particles decreases. 
Termination is known to be a diffusion-controlled process so that the 
termination rate constant must decrease with increasing conversion during 
interval III; this is due to the Trommsdorff gel effect.15 It would follow 
that the Smith-Ewart assumption of instantaneous termination becomes 
a very questionable approximation for interval III, even for small particle 
sized latexes with low initiation rates. Part IIP  will show that slow ter
mination rates lead to an accumulation of radicals in the particles and to a 
broadening of size distribution. These limitations should be borne in mind 
in the interpretation of experimental particle size distribution data.

The Smith-Ewart model predicts that with increasing conversion the 
particle size distribution should broaden in interval I and should become 
progressively narrow in interval II. The mathematics leading to this 
conclusion are presented below.

In interval I a broad particle size distribution might be obtained for 
two reasons. One reason is that the growth of particles is often terminated 
earlier or later than the average by a second radical entry and that “ dead”  
particles are often reinitiated earlier or later than the average by the entry 
of a third radical. Thus the and */2 values of eqs. (35) and (36) arc 
averages only, the actual times of second and third radical entries are 
distributed around *h and *t2 by the Poisson distribution. This effect is 
ignored here and the degree of polydispersity is underestimated.

The second reason for polydispersity is that particles nucleated at differ
ent times have different growth times and the particles nucleated earlier 
are expected to be larger in size. The value of X X g 4 and at t = t„
is needed to calculate the effect on polydispersity. Two new dimensionless 
variables are defined:

The derivation and solution of the integral equations which describe the 
time dependence of these quantities during interval 1 is analogous to the

PARTICLE SIZE DISTRIBUTION

p = 4(5/12t) ,/‘ (A /A ),/sS - ,/s 5 > fr, (48)

(49)u =  4(127r/5)2/‘ (Ii/K)2/,S ~7/5 X > ,A 4
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treatments involving eqs. (14), (IS), and (27). The integral equations to 
solve are:

p = (5/3) f  (1/7r — iJt) (x -  £)‘ 
Jo

/J dt (50)

u = (5/3) f *  (1 A  -  y() (.r -  {)*/3 (R (51)

thesie equations at the completion of•' particle nucleation is:

prr = 0.3429 (52)

Ucr =  0.2898 (53)

Polydispersity at the completion of particle nucleation is measured by the 
ratios of the appropriate averages of particle sizes: r„, the number-average 
radius; rm, the weight-average radius; and r5P, the surface to volume-average 
radius. The dimensionless variables, y, v, and z defined and evaluated in
eqs. (12), (19), (22), (20), and (29) are also used:

1'« = Z » ,r t/N = (5/12tt) ,a CKS/R)'hP/v (54)

7'« = E7tp'<VZ«i)'i2 = ('T/127r) 1/6 (KS/R)'/i z/y (55)

i‘w =  E « i''i4/X « P 'i :i =  (5/12?r) ,/s (KS/R)'/b u/z (50)

From the critical values of the dimensionless variables the following ratios 
of the radius averages at the completion of particle nucleation are obtained:

(lw/l/t)cr UcrVcr/zcr Per 1.04 (o^)

(‘ sv/ln)cr ZCI VCT/ycr pcr 1.03 (5b)

0ir/)sv)cr =  Mcr!J cr/(Zcr) ~ 1.01 (o9)

The polydispersity which would be due solely to differences in particle
growth times, is independent of the monomer properties, of the methods 
of initiation, and of the nature soap. The ratios of different radius averages 
are quite close to unity; it follows that the particle size distribution at the 
completion of particle nucleation would be quite narrow if only differences 
in growth times contributed to polydispersity. Part IV3 will show that 
the experimental (rm/r„)„ is about 1.2, higher than predicted in eq. (57). 
This is not unexpected, since in the theory the effect of random entry of 
radicals into particles was neglected.

As to interval II, the theory predicts that the rate of volume growth of 
each particle should be independent of its size. This should hold even if 
radicals did not always enter the particles at intervals equal to N/R, but 
instead at intervals having a Poisson distribution with N/R as average. 
If each particle undergoes a sufficiently large number of cycles of initiation 
and termination within interval II, the average growth rate of each should 
be about equal. It follows from the model that:

d\A/di = 'Sr- dr/dt = 0.5/v = constant (00)
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It can be shown that this equation is approximated by the following 
simple function with better than 1% accuracy over the whole range of 
interest, i.c., 0 <  L/r <  :

dw/dt = tty2 LR { [2.5 +  (L /r )] /[  10 +  (L /r)] j

It follows that

0.25 < (du/d$ftwi*L R) 1

Since the particles and micelles in interval I are very small, we can assume 
that L > r. For this case we have:

dw/dt- = 7rr2 L R — 0.25 (particle surface) LR (02)

According to the Smith-Ewart assumptions, the total surface of all 
particles plus all micelles stays constant during interval I. This surface 
equals S square centimeters per cubic centimeter of water. The rate at 
which radicals are absorbed by the micelles and particles present in 1 cc. 
of water is, according to eq. (62), equal to 0.25SLR. Since it is impossible 
to absorb more radicals than the number of radicals formed, all radicals 
formed in the aqueous phase must be absorbed into the oil phase if:

0.25SL ^ 1

For the Smith-Ewart model to be valid, it is not enough that the soap 
should be present at a concentration above the critical micelle concentra
tion. It is also required that the value of S should be equal to or larger 
than 4 /L  at this concentration. For the case where these conditions are 
not fulfilled, all the equations based on the Smith-Ewart model can be 
validated by replacing A' in them by 4/L.

It is likely that the order of magnitude of L is influenced by the soap 
present. By solubilizing monomer into the homogeneous aqueous phase, 
the soap can decrease L. This would happen if the monomer at higher 
concentration polymerizes faster and reaches its critical size for precipita
tion faster. Alternately, by solubilizing the growing oligomeric radicals 
themselves, the soap present may cause the critical precipitation size of 
the oligomeric radicals to increase so that L should increase.

The calculations on the computer were carried out by Mr. L. DeFonso.
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Synopsis

Tables are presented for convenient calculation of the basic parameters of the revised 
Smith-Ewarl theory. For the methyl methacrylate (M M A)/sodium lauryl sulfate 
(SLS)/K*StOb, and for the styrene/SLS/KîSsOg reaction mixtures parameters are pre
sented from which the absolute values of the following quantities can be conveniently 
calculated for any temperature, soap, and initiator concentration: particle number, 
particle radius, conversion where particle nucléation stops, rate and molecular weight, in 
interval II, the interval after completion of particle nucléation and before the dis
appearance of monomer droplets. The theoretical predictions are compared to new 
experimental data and to those from the literature. The available data confirm the 
theoretical prediction that particle nucléation stops after a very small amount of polymer 
is formed, of the order of 0.01 cc. polymer/ce. water in most recipes. The theory and 
experiments are in good qualitative agreement for the conversion rate prior to comple
tion of particle formation: the conversion rate rises with time and, when particle nucléa
tion stops, it levels off. Excellent quantitative agreement can be obtained between 
theoretical and experimental particle size values. In the experiments of this laboratory 
the SLS concentration was varied 60-fold, the KiS^O» concentration was varied 140-fold 
and the difference between theoretical and experimental poly(M M A) particle radii was 
always less than about 20%. Similar good agreement w'as obtained for polystyrene over 
the temperature range 30-90°C. Some polystyrene data from the literature with car
boxylic soaps give just as good fit as the data with SLS of this laboratory. The pre
dicted proportionality between particle number and the product of 0.6 power of soap 
concentration and of 0.4 power of initiator concentration was observed for several 
monomers. The theoretical predictions for the rate and molecular weight obtained in 
interval II are valid only for relatively low initiator and high soap recipes. For recipes 
for M M A and styrene the rate data are in good agreement, with those calculated from 
(he theory. The theory also correctly predicts the order of magnitude of the experi
mental molecular weights. For several monomers t he rate and molecular weight vary 
with initiator and soap concentrations in a manner close to theoretical predictions.

INTRODUCTION

In flic first paper of this series (Part. I),1 new experimentally verifiable 
equations were derived based on the Smith-Ewart model2 and the validity 
limits of this model were established. It was also found convenient to 
define three intervals of emulsion polymerization. In Interval I the 
particles are nucleated and there is monomer present in excess to that needed

643
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to saturate latex particles and water. In intervals II and III the particle 
number is constant but in interval II there is still a separate monomer phase 
present while in interval III the conversion proceeded far enough so that 
unconverted monomer is present only dissolved in latex particles and in 
water.

Most of the experimental data reviewed below in relevant to interval I. 
Experimental data for intervals II and III obtained in this laboratory will 
be described in Part IV.3

EXPERIMENTAL VALUES OF THE PARAMETERS 

The Initiator Parameter

The influence of the initiator upon the outcome of the polymerization 
can be expressed by the single parameter R, the number of radicals produced 
in 1 cc. of water per second. Its value can be calculated from the mole/cc. 
concentration [I], the decomposition rate constant k,h and the Avogadro 
number N A:

R =  2k,iNA [ I ] (1)

The factor 2 takes into account the fact that two radicals are formed from 
a single initiator molecule. The parameter R is in units of reciprocal cubic 
centimeter-seconds.

For the commonly used persulfate initiators, k,i was determined by 
Kolthoff and Miller.4 They found it to increase with soap concentration 
and with decreasing pH. As will be shown, satisfactory agreement be
tween theory and experiment is obtained without taking into account the 
effect of soap upon initiator decomposition. This effect is small during 
emulsion polymerization or there are compensating errors in the calculations. 
In using eq. (1) 100% initiator utilization efficiency was assumed. Perhaps 
the initiator decomposes faster than calculated without taking the soap 
effect into account but it is not 100% efficient.

Above pH 4 the value of kd is independent of pH, but it increases with 
decreasing pH below pH 4. If the experiment is started neutral, the effect 
of pH can be ignored initially. However, persulfates have acidic decompo
sition products and the pH of the reaction mixture decreases with increasing 
time.

TABLE I
Values of the Parameter R  of KjfchOs Solutions at pH 3.5 and al Concentration Ci

Temperature, °C. 1 ( R / C i )  X 10->3
40
45
50
55
GO

1 . 14
2.07
5.8

12.5
24.5
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It is convenient to make a small deliberate error concerning the pH 
dependence ot kd and use a single R value for describing the whole conversion 
process. To minimize the error at (he beginning and at the end, the it 
values arc calculated for pH 3.5. These are shown in Table I in a way to 
be easily calculable for any per cent concentration C, based on water.

The Soap Parameter

The soap effects can be expressed by the single parameter S, the area at 
an oil-water interface occupied by a monolayer the soap molecules present 
in 1 cc. of water. Its value is calculable in units of reciprocal centimeters 
from A s, the area per soap molecule and [S], the concentration in moles/ 
cubic centimeter.

S = N aA s [ S] (2)

The S values of several soaps are given in Table II in a way that they 
should be easily calculable from the per cent soap concentration in water, 
Cs■ Since it is customary to formulate reaction mixtures on a per cent 
basis, the effectiveness of soaps in reducing the particle size is greatest if 
their surface area per gram is large. The S/Cs values of Table II measure 
of this efficiency. It may be noted that an extensive tabulation of ,4.s 
values and critical micelle concentrations is given by Gerrens.11

The data of Table II are based on .4 s values determined either by x-ray 
measurements or by applying Gibbs adsorption isotherm to the dependence 
of interfacial tension on [S], or by soap titration of latex samples. The last 
method involves addition of small increments of soap to a latex of known 
particle size. At the point where the surface tension of the latex starts 
to drop, the latex particles are covered by soap. These methods give 
reliable d s values which are relevant to emulsion polymerization. It 
should be noted that- A s determined for the air-water interface from the 
variation of surface tension with concentration can differ significantly from 
that determined for the oil-water interface.

TABLE II
Values of the Parameter S for Aqueous Soap 
Evaluations at C,s Per Cent- Concentration

S/Cs X 10 Ref. for

Na lanryl sulfate 1.25 5, 6
K laurale 1.26 7
Na laurate 1.06 8
Na mvristate 0.77 S, 9
Na palmit-ate 0.53 S
Na oleate 0.50 8
Na stearate 0.46 8
Na deeylbenzene sulfonate 0.59 10
O PE«“ 0.18 5

Adduct of octylphenol and 40 ethylene oxide units.
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When using the S values of Table II, which are determined at room 
temperature, one must assume that As is independent of temperature. 
This assumption is probably an adequate approximation. Crook et al.12 
found only up to 20% increase in the As of octylphenol ethylene oxide 
adducts at the air-water interface when the temperature was increased 
from 25°C. to 100CC.

The Monomer Parameters

To predict the outcome of an experiment, the monomer and polymer 
densities, dm and clv, the propagation constant kv, and the monomer volume 
fraction in the particles <j>,„ have to be known. These values are shown 
for several monomers in Table III. For some calculations it is also con
venient to combine these into a single parameter, the volume growth rate 
constant K, defined as the rate of increase in the cubed radius of a particle 
containing one radical.

K =  (3/47r)(r/m/dp)(fc%A%)</>ni/ ( l  — cf>m) (3)

It should be noted that the units of dm and dp and of kv are so chosen 
that the units of all parameters are internally consistent. The densities 
of Table III are taken either from a handbook13 or from Schildeknecht.14 
Table IV gives the numerical values of K  for styrene (St) and methyl 
methacrylate (MMA).

The values of <pm are known to depend on particle size and soap concen
tration. Nevertheless, it is an insensitive function of these variables 
because latexes polymerized at high soap levels have small particle sizes. 
The high soap levels cause decrease in the particle-water interfacial tension. 
In terms of the theory of Morton et ah,27 lower interfacial tension in
creases tf>m■ A low particle size at a given interfacial tension causes 
reduction in <bm. Thus the effects of the soap used at polymerization upon 
4>m are partially self-compensating. Similarly, the effect of temperature 
upon <t>m is also relatively small; this was demonstrated by Van der Hoff28 
and Gerrens29 for styrene/ polystyrene. Part V I80 will show that it is 
justifiable to assign the typical <j)m values to each monomer-polymer 
system of Table III. Using these values, one hardly commits more than

TABLE IV
Values of K  X 1020 at Different Temperatures

K  X 1020, em.3/sec.
Temperature, . .— ■—— A ,. ■- ---------— —---- — .

°C. St, M M A

40 4.2 16.4
45 5.17 19.4
50 (). o 22.8
55 7.5 26.5
00 8.84 30.8
05 10.0 34.1
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20% error. At this point it should be mentioned that <f>m is usually 
determined either from the equilibrium swelling of nonpolymerizing latex 
samples with their monomers or from the conversion where the monomer 
droplets disappear during polymerization. The agreement between these 
two methods is usually very good.

The values of k„ shown in Table III were all determined by homogeneous 
photopolymerization; no kp determined by emulsion polymerization is 
presented in this table.

The kinetic equations derived in Part I 1 are all independent of the 
monomer concentration in water, so long as the monomer is in sufficient 
excess to saturate water and the latex particles. When the excess monomer 
is used up, the reaction enters interval III in which the theory is no longer 
valid. This upper validity limit is reached when the fractional weight 
conversion 7 becomes equal to the equilibrium weight fraction of polymer in 
the monomer saturated particles. At this point 7  is equal to 711- m .  

This value can be calculated if the solubility of monomer in water is 
assumed to be negligible:

7 H-III = (1 ~  — 4>m +  (dm/dp)<l>m] (4)

For styrene, 100 7 n .n 1 is about 45%, and for MMA it is about 25%.
The conversion in the kinetic equations of Part I 1 is measured by P, 

the volume of polymer present per unit volume of water. This is relatable 
to the fractional weight conversion with the aid of the monomer/water 
weight ratio in the charge, m/w, and the water density, rlw ~  1 :

P = {m/w) (dvr/dp)y  (5)

Specifically, at the transition between intervals II and III the value 
of P is:

P i i - i i i  =  (m/w) (ffiv/dp) 7  11 111 (0)

CONVERSION UP TO COMPLETION OF PARTICLE NUCLEATION 

Definition of the Critical Conversion

This value is reached when the total surface of all monomer-swollen 
latex particles present in 1 cc. of water becomes equal to S so that formation 
of new particles is completed. At this point the volume of polymer per 
unit volume of water is PCT.

Pn =  0.209S1-2 (K/R)'-*( 1 -  *,„) (7)

For recipes with sodium lauryl sulfate (SLS), K2S20s, and styrene or 
MMA, the values of Pcr can easily be calculated from the values in the first 
two rows of Table V. This table also gives the corresponding values of 
per cent conversion, 1007cr, for m/w =  40/60. Experimental ycr data can 
bo interpreted only if m/w is known.
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TABLE V
Particle Size, Conversion, and Molecular Weight Calculated for 

the Systems M M A /SL S/K 2Sj03 and St/SLS/K 2S2Osa

40°C. 45 °C. 50°C. 55 °C. 60 °C. 65°C.

(PcrCf 2/Cs'-2) X 102 
MM A 3.02 2.60 2.32 2.02 1.85 1.56
St 3.62 3.70 2.86 2.54 2.35 1.93

non ycrCp t/Cs'-2)
M M  A 5.37 4.64 4.14 3.60 3.29 2.78
St 5.75 5.08 4.54 4.03 3.78 3.06

(N Y V -T Y  J) X 10-15
MM A 1.27 1.71 2.18 2.88 3 . 4 3 4.74
St, 2.23 2.90 3.64 4.62 5.56 7.62

(r C,s°-2C/0133 ) X 10'
M M A 4 . 7 4 4.28 3.84 3.60 3.40 3.05
St 4.16 3.80 3.53 3.25 3.07 2.45

(B /CV -'C /01) X 105
M MA 11.2 17.3 26.0 39.9 55.4 85.5
St 7.85 12.5 19.1 28.6 41.0 67.5

(b/CY-'CY-4)
M M A 1.20 1.85 2.79 4.27 5.83 9.15
St 0.75 1.19 1.82 2.75 3.82 6.45

(A /seC/0VC's0-6) X 10
M M A 11.8 7.8 5.4 3.73 2.72 1.76
St 8.3 5.62 3.96 2.77 2.02 1.30

"C,s (% ) is concentration of SLS in water; Ci (% ) is concentration of K 2S2Os in water; 
P cr is volume of polymer (cc.) per cc. of water when particle nucleation stops, calculated 
from eq. (7); 100ycr(% ) is fractional conversion, where particle nucleation stops calcu
lated from P cr by eqs. (5) and (7) assuming a monomer/water (m/w) weight ratio of 
40/60; AT (cm .-3) is number of particles per cc. of water calculated from eq. (11); r(cm.) 
is root-mean-cube particle radius at m/w = 40/60 and 100% conversion calculated from 
eq. (12); B (sec.-1) is interval II rate in cc. of polymer produced in 1 cc. of water per sec. 
calculated from eq. (16); 6 (% /m in .) is interval II rate at m/w =  40/60 calculated from 
B ; M be (g./m ole) is interval II molecular weight calculated from eq. (18).

It is evident that P „  is very insensitive to the monomer properties and to 
the initiation method since the monomer and initiator parameters, R and K, 
enter into eq. (7) by a very low power. The effect of temperature on Pcr is 
also expected to be small, because in eq. (7) only K  and R are temperature- 
sensitive. The value of Pm is sensitive to the soap concentration. In most- 
practical recipes the SLS concentration is less than 1% or the concentration 
of other soaps is so chosen to give S <  105 cm.-1 (cf. Table II). In such 
recipes Pcr should have veiy low value, in the order of 0.01. This would 
correspond to a low fractional conversion at technically used m/w values. 
The experimental data, reviewed below, are consistent with this prediction.

Variation of Particle Number and Particle Size with Conversion

The most obvious way to determine PCT is to monitor the particle number 
as a function of conversion. The data of Van der Hoff28 for styrene suggest 
PCT ~  0.1 but this investigator used an oil-soluble peroxide initiator so that
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the present theoretical model is not strictly applicable to his results. 
Peggion’s31 vinyl chloride data indicate P „  ~  0.04. The results obtained 
with vinyl acetate by French32 show P „  ~  0.0S at low soap concentrations. 
As the soap concentration is increased, P„  rises to about 0.25. Finally, 
Morris et al.33 found very low P„  (<0.003) for methyl acrylate in the 
absence of soap.

The particle number per cubic centimeter of water, N, cannot be deter
mined directly. Some average of the particle radii is measured instead, 
from which N is calculated. It has to be realized that the calculated value 
of N  should depend strongly on the nature of the average used if the 
particle size distribution is broad. Since N  refers to the subdivision of the 
total polymer volume present in unit volume of water, it cannot be related to 
the number-average radius, but to the number-average volume. Thus the 
correct radius average to use for calculating N  is the root-mean-cube 
average:

? r m c (ZHpyySn,)'7' (8)

TABLE VI
Variation of Particle Size with the Conversion of MMA*

100 7,
( ’/
Zo

r n  X 10®, 
cm.

i’rmc X
106 cm.

V rmc
T Vs

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

12.75 2 .7 6 2 .9 5 5 .8 7  \

19.10 2 .9 2 3 .2 6 5 .7 6
3 6 .05 4.21 4 .4 0 6 .1 5
45 .65 4 .6 6 4 .8 4 6 .3
93 .60 5 .1 8 5 .3 7 6.12
9 8 .60 5 .2 4 5 .4 9 5-52

Standard 
devia- 

Txmc/y1̂  tion X 
X 10s, cm.b I06, cm.

Average
of

1 /3

95%
Confi
dence Theoretical 
limits rr,„c/V ! 

X106, cm.b X106, cm.0

. 95 0.91 ±2.311 6.25

“ Procedure: MM A/water =  40/60, 55°C., 0.242% SLS, 0.164% KsSjQ» on water. 
The reaction was in a three-necked flask, under nitrogen blanket. Mild stirring 
was used. At different conversions aliquots of latex were removed, poured into a mix
ture of ice water, hexane, and hydroquinone, and extracted cold with hexane to remove 
unreacted monomer. After about 95% conversion the latex was treated at 80°C. for 0.5 
hr. tc stabilize it. The thus treated latex samples were submitted for electronmi- 
crography.

b Only samples with conversion higher than 12.75% are taken in calculating this 
average because above this conversion there is no significant trend in the 
values. The confidence limits are calculated with Student’s i for five degrees of free
dom. It follows from this analysis that particle nucleation continues at a 95% probabil
ity level if rrmc/ 7 ,/a exceeds (5.95 +  2.33) X 10"* = 8.28 X 10- * cm. Thus at 2.56% 
conversion particle nucleation still takes place. It is uncertain whether at 5.25% conver
sion there is particle nucleation or not,. The r „ J y x/* at this conversion is about one 
standard deviation higher than (.he mean.

0 See Table V.
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Here /?; is the number of particles counted whose radius is rt. The value of 
)'r„,c is larger than the customarily used number-average value r„:

It is evident that the volume of each particle is proportional to the 
fractional conversion 7 if N  is constant . A criterion for the constancy of N 
is the constancy of the ratio rimc/ y /\ Such data are shown for MMA in 
Table VI and suggest -ycr <  0.05 corresponding to Pc, <  0.03 ; the theoretical 
value of Pcr is 0.000. Considering the experimental uncertainties in de
termining very low particle sizes, the agreement between theory and experi
ment is acceptable.

Variation of the Conversion Rate with Conversion

A second method to determine Pcr is the measurement of the variation of 
conversion rate (the time derivative of conversion) with time or conversion. 
A consequence of the model is that the conversion rate, dP/dt, should 
initially increase sharply with time and then should, at P = P „, reach a 
value approximately equal to dP/dt in interval II. The calculated interval 
I conversion rate is

dP/dt = 2.94 (1 -  <t>m)KRt -  6.44 (1 -  <fc„) K 1™ (10)

This equation has not yet been quantitatively verified because it is difficult 
to obtain precise data at very low conversions. However, the reported con
version rate data of Van der Hoff,28 Gerrens et al.34-36 and Hummel et al.37 
show sharp rise in dP/dt at low conversions and leveling off in the value of 
dP/dt at intermediate conversions, as predicted by the theory. The con
version values, where Hummel et al. observed this transition, define Pcr 
0.005 for styrene and 0.02 for MIMA.

Variation of Surface Tension with Conversion

The soap micelles should disappear at the end of particle nucleation. 
Consequently, the surface tension of the latex should increase sharply at 
P  ~  PCT. Indeed, Gerrens et al.36 observed a sharp rise in surface tension 
which coincided with the break in the conversion rate-time curve. Thus a 
third experimental method to determine P „  is to observe the fractional con
version at which a sharp increase in surface tension occurs. Such iso- 
prene-styrene copolymerization data, obtained by Harkins,38 suggest Pct ~  
0.06. Yeliseyeva et al.39 found that the excess soap disappeared at very 
low conversion in methyl acrylate-butyl acrylate-acrylic acid copolymeriza- 
tion and that the particle number was constant in the measured ranges 
of conversion.
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FINAL NUMBER AND RADIUS OF PARTICLES 

Absolute Values of N  and of Final Particle Radius

The most important consequence of the model is that N, the final number 
of particles per cubic centimeter of water, can be calculated from the inde
pendent parameters R , S, and K. The derived equation is:

N = 0.208/S0-6 (R/K)a i (11)

The value of N  is independent of the monomer/water ratio as long as Pcr 
Pn_iu fcf. eqs. (6) and (7)]. The final particle radius is a function of 

m/w, since the volume of each particle at 100% conversion and at constant 
N is proportional to m/w. The theoretical root-mean-cube radius at 100% 
conversion is:

f'rmc = 1.05 (:m/w)o m  (</w/tfp)"-83* .S"0 2 (.K/R)om  (12)

It is evident that according to this theory N  is proportional to CS0 6C /L4 
and that r is inversely proportional to the cube root of this product. Table 
V presents parameters from which the theoretical N  and rrmc values can be.

TABLE VII
Final Particle Size Values Obtained with AIMA*

r X 10®, cm.
Concentration in water, %

Theory
Electron Light 

microscopy scattering Cs Ci ĈNaSO*

2.4 3.2 — 4.88 1.54 0
2.8 3.6 3.44 0.905 0
3.0 4.3 2.00 0.035 0
5.2 5.1 0.514 0.206 0
0.2 7.35 0.323 0.107 0
6.2 5.2 0.302 0.117 0
6.2 5.25 6.8 0.242 0.164 0
7.85 6.3 7.9 0.256 0.029 0
7.85 7.1 8.7 0.256 0.029 0.05
7.85 —  8.6 0.256 0.029 0.15
7.85 8.25 9.9 0.256 0.029 0.30
7.85 8.8 0.192 0.044 0
7.85 8.15 0.158 0.059 0
7.85 S.5 0.128 0.081 0
9.0 8.85 0.203 0.0065 0.05
9.9 8.65 9.5 0.152 0.010 0
9.9 — 9.6 0.152 0.010 0.025
9.9 8.75 10.3 0.152 0.010 0.05
9.9 9.55 0.100 0.0184 0

12.42 10.05 0.12 0.0023 0.05
12.42 12.0 0.08 0.0042 0.05

a Procedure: soap, SLS; initiator, K 2S20 s; m/w = 40/60. Salt, (Na2S04) was added
to low initiator recipes to reduce viscosity. All experiments were run in three-necked
flasks, with gentle stirring, under nit rogen at 40°C.
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conveniently calculated at any temperature or SLS and K>S20 8 concentra
tion for MMA and styrene. If the values of these parameters outside the 
temperature range of Table V are needed, it is convenient to obtain 
them by extrapolation from an Arrhenius type plot.

In interpreting experimental results it is important to use the correct 
average of radii. Strictly speaking, only rrmc [cf. eq. (8)] should be used in 
the context of this theory; other averages are applicable only if the particle 
size distribution is narrow. The most convenient average calculable from 
electron micrographs is the number-average, r„, defined in cq. (9); this 
average is reported in Tables ATI and VIII. It was obtained by counting 
at least 300, but often as many as 900 particles. The value of rrmc is quite 
close to rn and is also calculable from the electron micrographs. In the 
literature occasionally averages higher than rniic are used in calculating N, 
and this might cause some deviations from the Smith-Ewart predictions. 
The tables also present some data obtained by dissymmetry light scatter. 
This method gives a veiy high average radius, defined below:

n  . =  (S n p V y S H P ’i6)0-5 (13)

Tables AT, VII, and VIII demonstrate that, for methyl methacrylate, the 
theoretical predictions and data agree within experimental error when 
SLS is the soap and A'2S20 8 is the initiator. Table ATI is of particular 
interest because it demonstrates that if the initiator concentration is in
creased and the soap concentration is decreased so that Cs°-6 C/ 1'4 remains 
constant, the particle size also remains constant within experimental error. 
Constancy in the Cs°-6C / )'4 product is indicated in this table by the con
stancy of the theoretical radius values. In this table the theory is proven 
to be correct when the soap concentration is varied 60-fold, the initiator 
concentration is varied 140-fold, the particle radius is varied 5-fold and the 
particle number is varied 125-fold. Table VIII shows that the theory is 
valid at 40 and 55°C. for MMA.

In Table IX  experimental and theoretical radius values for polystyrene 
are compared. This table includes experimental data obtained by Smith40 
with carboxylic soaps. The agreement is again within experimental error. 
It is noteworthy that these data cover the temperature range from 30 to 
90°C., two different soaps, a tenfold change in initiator concentration, a 
threefold change in radius, and a 27-fold change in particle number.

Smith41 estimated the volume growth rate constant from interval II data 
and calculated N with the aid of this estimate. He obtained excellent 
agreement with the experimental data, just like in the present study where 
the volume growth rate constant was taken from independent parameters.

Unfortunately not all available data which can be interpreted quantita
tively give such good agreement. Gerrens has extensive data on poly
styrene35 and poly (methyl methacrylate)42 obtained with IMSjOs initiator 
and a sulfonatedCis olefin soap. This soap has S/Cs = (5.4 X 104cm._1/% .4:i 
If one calculates the particle numbers using this characteristic surface area 
of the soap, the theoretical values are consistently two to three times larger
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than the experimental values. In other words, the theory underestimates 
the particle radii by 25 to 45%. A similar discrepancy was also observed 
by Van der Hoff44 for a styrene-K^Os-potassium laurate system. This 
author, like Smith,41 estimated the value of the particle volume growth rate 
from interval II data and calculated N with the aid of this estimate. 
Van der Hoff’s theoretical values of N  were up to three times higher than 
the experimental values. Van der Hoff thought that this discrepancy was 
caused by inefficiency in radical utilization. Perhaps the possibility of 
estimating the absolute particle size to 40% accuracy from completely 
independent parameters is in itself quite satisfactory and indicates that the 
model is a reasonably good approximation of the truth. However, the 
data of Tables VI -IX show that the theory can give much more accurate 
predictions; indeed the agreement between theory and experiment shown in 
these tables cannot be fortuitous.

Variation of N with Soap and Initiator Concentration

While the most stringent test for the validity of the theory involves the 
prediction of absolute particle sizes, it is of interest to test its other impli
cations. The most obvious aspect of the theory is the prediction that N is 
proportional to Cs°-6 and CI0A Approximately correct values for either or 
both power exponents were obtained for styrene by Gerrens et al.,35 
Smith,41 and Manyasek et al.;43 for MM A by Gerrens;42 for chloroprene by 
Manyasek et al.;43 for vinylidene chloride by Wiener46 and Hay et al.;47 for 
vinyl caproate by Okunmra et al. ;48 for butadiene by Morton et al. ;49 and 
for vinyl acetate by Dunn et al.30

There is also a large body of data indicating power exponents for the Cs 
and Cj dependence of N which differ significantly from those of the Smith- 
Ewart theory. An interesting case is vinyl chloride, which gives N inde
pendent of C/ and proportional to C's°'6 according to Gerrens et al.36 
Peggion et al.31 also found an exponent of 0.6 for Cs for vinyl chloride with 
some soaps, and higher than 0.6 with other soaps. Power exponents for 
Cs less than 0.6 were found for acrolein by Chedron et al.;61’32 for acrylo
nitrile by Chedron51 and Thomas et al.;53 and for vinyl acetate by Okumara 
et al.54 Finally power exponents for Cs in the 0.7-3 range, usually coupled 
with power exponents for CT less than 0.4, were found for vinyltoluene and 
vinylxylene by Gerrens;29 for ethylene by Stryker et al.;35 for vinyl acetate 
by French;32 for styrene by Ewart et al.56 and Vanderhoff et al.;57 and for 
MM A and butyl methacrylate by Brodnyan et al.58 Some of these data 
can probably be dismissed as being irrelevant because either particle aggre
gation in intervals II and III was not taken into account, or the data do not 
fall within the validity limits of the theory or they are based upon the wrong 
averages of radius values. It should be remembered here that for the 
applicability of eq. (11) it is important that P „  should be smaller than 
l ’ ii—hi, that the soap should be in micellar form over the whole range of
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measurement, and that S should be larger than 4/L, as defined in the 
Appendix of Part I ,1 where L is the free mean path of a radical growing in 
water. If particles do not form by radical absorption into monomer- 
swollen micelles but. by precipitation of radicals growing in the aqueous 
phase, L is the mean distance from their origin through which these radicals 
move by Brownian motion before they precipitate. It is possible that, in 
some of these experiments, particles were nucleated by precipitation of 
growing radicals, and the power exponent for Cs reflects the effect of soap 
upon L. Finally, some of the experiments indicating deviations from the 
Smith-Ewart interval I model can be explained only by admitting that this 
model is not applicable to the investigated systems. There can be many 
causes for this. For very polar monomers, such as acrylonitrile, the soap is 
likely not to adsorb well on the newly formed particles. Some soaps may 
adsorb well at equilibrium but not adsorb fast enough to comply with the 
Smith-Ewart model. In some systems there may be a barrier to free 
radical absorption into particles or micelles. Some soaps may not satisfy 
the criterion of having the same area per soap molecule on the micelle and 
on the particle surfaces. In some systems the solubility of monomer in 
particles is too low, so that the polymerization locus is not inside the par
ticles but at their surface. Any of these phenomena can cause significant 
deviations from the predictions of eq. (11). It should be emphasized that, 
while the Smith-Ewart interval I model gives excellent quantitative 
predictions for some monomer-soap-initiator systems, it is not valid for 
every system.

Temperature Dependence of N

The only temperature sensitive parameters in eq. (11) are R and K, pror 
portional to kd and kv, respectively. For an activation energy of initiato- 
decomposition of about 32 kcal./mole by the data of Table I and an activa
tion energy of monomer propagation of about 8 kcal./mole by the data of 
Table III, the apparent activation energy of particle formation can be 
calculated to be about 0.4 (32-S) = 9.6 kcal./mole, by eq. (11). Smith41 
found that at identical recipe composition the N of polystyrene was 2.4 
times larger at 50°C. than at 30°C. This corresponds to the predicted 9.6 
kcal./mole apparent activation energy. A similar apparent activation 
energy is defined by the particle radius data of Table IX  obtained at 
60°C. and 40°C.

An interesting case is initiation by high-energy irradiation. In this case 
the effective value of R is independent of temperature, and the temperature 
dependence of N is determined solely by that of K. In this case N would 
be associated with a negative activation energy about equal to 0.4 X 8 =
3.2 kcal./mole. Vanderlioff et al.57 found that, with increasing tempera
ture, N increased at KgSgOs initiation and decreased at initiation by 
irradiation.
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CONVERSION RATE IN INTERVAL II 

Relationship Between Particle Number and Rate

In the conversion range P „  ^ Pii_m the conversion rate is predicted 
to have the following constant value:

dP/dt = 0.5 (kp/NA) (■dm/dp)N<t>m (14)

Here N is the final, time-independent value, and <j>m is the time-independent 
value corresponding to the swelling equilibrium. The validity of eq. (14) 
does not depend upon the validity of the Smith-Ewart interval I model; the 
final number of particles need not be identical to that given in eq (1 1 ).

An equivalent form of this equation is often quoted in the literature. It 
expresses the rate in terms of [M], the molar concentration of monomers in 
the particles at swelling equilibrium:

moles of converted monomer per cubic centimeter of water per second =

0.5 (kv/NA) N [M] (15)

There are numerous reports in the literature indicating that in interval II 
the conversion is not linear with time as these equations predict. The con
version-time curve is often convex to the time axis. There are also 
numerous reports showing that if the particle number is reduced by reduc
ing the soap level, the rate per particle, (dP/dt)/N, increases and does not 
remain constant. These matters will not be discussed here further, they 
are the subject of Parts III and IV of this series.3'59

For low particle size systems at low initiation rates, the conversion in 
interval II is indeed found to be linear with time and the rate per particle is 
found to be independent of N. With such data the theory can be put to a 
very stringent test. One determines the linear rate, the particle number, 
and monomer concentration in the particles and calculates from these the 
propagation constant which should be identical to that value determined by 
homogeneous photopolymerization. Reasonably satisfactory agreement 
was obtained for MMA by Gerrens42 and for styrene by Van der Hoff,28 
Smith,41 Manyasek et ah,45 Gerrens et al.,29-35 Burnet et al.00'61 Pastiga 
et al.,62 Morton et ah, 63 and Paoletti and Billmeyer.64 Some of these data 
gave kj, values up to threefold higher than those of homogeneous photo
polymerization. This discrepancy will be explained in Parts III and IV .3,59

Equations (14) and (15) give a very convenient method for determining 
unknown propagation constants by emulsion polymerization from the ex
perimental particle number, the monomer concentration in particle and the 
linear rate. As will be shown in Parts III and IV ,3'69 this procedure can 
lead to some error if the rate per particle is not constant when the particle 
number is varied. Data obtained with seven monomers are presented in 
Table X ; they are not very reliable because no proper checks for the validity 
of eq. (14) and (15) were made. It can be concluded only that the kv 
values and activation energies obtained appear to have the right order of
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TABLE X
P r o p a g a t i o n  C o n s t a n t s  C a l c u l a t e d  f r o m  P a r t i c l e  N u m b e r ,  M o n o m e r  C o n c e n t r a t i o n  in  

P a r t i c l e s ,  a n d  L in e a r  I n t e r v a l  I I  R a t e  o f  E m u ls io n  P o l y m e r i z a t i o n

Monomer
Temp, for
h i>) v-/-

k„ X 10-5, 
cm.3/ mole 

sole

Activation 
energy 
for kp, 

kcal./mole Reference

Butadiene 60 I 0 9.3 49
Dimethylbutadiene 60 1.2 9.0 65
Isoprene 60 5.0 9.8 63
Vinyltoluene 60 o . o(3 13.4 64
o-AIethylstyrene 60 1.38 13.9 64
p-Methylstyrene 60 2 . 18 7.66 64
Chloroprene 40 2.20 — 45

magnitude so that the Smith-Ewart interval II model cannot be grossly in 
error for these monomers.

The Absolute Value of Rate in Interval II

Assuming that both interval 1 and interval II models ¡ire valid, eqs. (3), 
(11) and (14) can be combined to obtain the interval II rate in terms of 
independent parameters:

dP/dt = B = 0.185 [(k„/NA) (f/ra/c/p) (1 -  <t>m)S]a-* (R 0,ll)"-4 (1G)

The constant B is defined as the Smith-Ewart rate. In Table V some 
parameters are presented allowing convenient calculation of B for ALMA 
and styrene when the soap is SES and the initiator is ILS-iOs. This table 
also gives the corresponding rate, b, in per cent per minute. As can be 
seen, the predicted values of b are a few per cent per minute, i.e., of the 
order of magnitude generally found in experiments.

The parameter B will be used in Part IV of this series.3 Almost all con
version-time curves of interval II were convex to time axis in the experi
ments conducted in this laboratory. Thus, these data are not suited for 
testing eq. (14) or eq. (1G). However, a linear conversion-time plot was 
obtained with methyl methacrylate in the experiment described in the first 
line of Table VIII. The slope of this line defined an experimental value of 
B equal to 4.Go X 10-5 sec.-1. The theoretical value is 4.8 X 10-5 sec.-1.

Effect of Soap, Initiator, and Temperature upon Interval II Rate

If both interval I and interval II models are correct, the interval II rate 
should be proportional to C ,s.0-6 and CPA. Approximately theoretical 
power exponents (+  0.1) for either Cs or Cr were obtained for styrene by 
Gerrens et al.,35 Bovey et al.,66 Price et al.,67 Kolthoff et ah,68 Okumara et 
al.,68 and Medvedev et al.;70'71 for MMA by Gerrens et ah,42 Brodnyan et 
ah,58 and Medvedev et al.;72 for vinylidene chloride by Wiener;46 for buta
diene by Morton and Salatiello;73 and for the copolymerization of butadiene
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and styrene by Kolthoff and Medalia.74 Again, there are numerous data in 
the literature with quite different power exponents. The theory of Part 
IIP9 will explain why the rate is often more sensitive to initiator concen
tration and is less sensitive to soap concentration than predicted by eqs. 
(1), (2), and (16).

In eq. (16) the temperature-sensitive parameters are k„ and It, the former 
to the 0.6 power the latter to the 0.4 power. As for calculating the temper
ature dependence on N, activation energies equal to <S and 32 kcal./mole for 
kp and R, respectively are assumed. The predicted activation energy for 
the overall interval II conversion is (0.6 X 8) +  (0.4 X 32) = 17.6 kcal./ 
mole. For styrene Medvedev66 found 14 kcal./mole. Data on vinyl- 
toluene and vinylxylene obtained by Gcrrens et al.29 also show about 
14-15 kcal./mole for the overall activation energy.

MOLECULAR WEIGHT

If termination is an instantaneous reaction between a long molecular 
chain and a primary or an oligomeric radical, the distinction between 
termination by disproportionation and termination by combination can be 
disregarded. Even if termination occurred between a long chain and an 
oligomeric radical by disproportionation, the oligomeric terminated mole
cule would be lost in the purification process.

The interval II molecular weight calculable from the Smith-Ewart model 
is Msk:

-17 s e  =  kv<t>mNclm/R (17)

If both interval I and interval II models are valid, substitution from 
eqs. (3 ) and (11) gives AIse in terms of independent parameters:

71/se =  0.31S(/p7Va(1 -  *„)<>■« (cLk^S/R)"-« (18)

Since S is proportional to the soap concentration and R is proportional to 
the initiator concentration, M s e ( C i / C s ) 0'6 is constant for a given monomer- 
soap-initiator system at a given temperature. This quantity is tabulated 
in Table V for MMA, styrene, SLS, and K..S2Os.

Due to chain transfer to monomer, there is a theoretical upper limit for 
the molecular weight. If the above equation predicts molecular weights 
higher than about 10 million, it is not likely that the exprimental facts will 
correspond to theory. The chain transfer coefficients to monomer are 
about 10_ii for MMA75-83 and St.84-86 This means 1 out of 10s double bond 
reactions will not be monomer addition to a growing chain but rather 
radical transfer to the monomer. The highest possible molecular weight 
would be about 105 times the monomer molecular weight, or about 10 
million.

Tables VIII and IX  present the final (high conversion) experimental 
molecular weights and the interval 11 theoretical molecular weights for 
MMA and styrene. The agreement is very good for all cases in which the
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theoretical molecular weight is lower than 10 million. This good agreement 
is unexpected because the final molecular weight includes the molecular 
weight of the polymer formed in interval Til for which the Smith-Ewart 
model does not make predictions. As will be shown in Part IV,3 the good 
agreement bet ween ilisio and the final experimental molecular weight is due 
to two compensating factors. In reality the interval II molecular weight is 
higher than Msb and the molecular weight of the polymer produced at the 
end of the interval III is lower than Mse- The reason for higher molecular 
weight in interval II is slow termination. The reason for low molecular 
weight in interval III is that the monomer concentration in the particles is 
low, resulting in slow propagation rates. These two effects happen to com
pensate in these experiments so that the final molecular weight is about 
equal to Mse. It should be noted that according to the theory the interval 
I molecular weight is about the same as M s e .

Schulz et al.87 found excellent quantitative agreement between the 
theoretical molecular weight of eq. (17) and the experimental value ob
tained with styrene up to 39% conversion, i.e., within intervals I and II. 
The final molecular weights were lower than 7 1 / s e - Part IV will show final 
molecular weights higher than Msn, for poly (butyl methacrylate). Simi
larly, Vanderhoff et al.57 found final molecular weights higher than .Use 
for polystyrene.

The Smith-Ewart model gives a number-average molecular weight but 
t he data of Tables VIII and IX  are viscosity averages. The poly (methyl 
methacrylate) molecular weights were calculated from the intrinsic vis
cosities in acetone by the equation, [>?] =  /3 (MW)“ , where 0 = 7.7 X 10-5 
and a = 0.70, given by Fox et al.88 For polystyrene the [rj] values were 
determined in benzene and Green’s parameters89 of 0 = 11.2 X 10-5 and 
a =  0.73 were used. The experimental molecular weights taken from 
Smith in Table IX  are those reported by this author. The theoretical 
values are newly calculated by eq. (18).

It is well known that in solution and bulk polymerization an increase in 
the initiator concentration causes reduction in the molecular weight. The 
present theoiy and the available experimental data 35,40,42,70,71,90—92 indicate 
that this is also true for emulsion polymerization.

The present theory predicts that the molecular weight should increase 
with the soap concentration in isothermal, single-charge recipes because N 
increases with Cs°-6 and MSe is proportional to N/R. This expectation is 
confirmed for methyl acrylate by Hummel;37 for MIMA by Gerrens;42 and 
for styrene by Gerrens et ah,35 by Smith,40 by Vanderhoff et al.,67 by 
Medvedev et al.,70'71 by Mateo et al.,93 and by Hummel.94

If termination is instantaneous, the molecular weight should remain con
stant throughout interval II. Such data for styrene were obtained by 
Medvedev et al.72 and by Price et al.91 However, there is a large body of 
data, including results obtained in this laboratory, which show an increase 
in molecular weight with conversion during interval II. These data will be 
discussed in Part IV of this series.3
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The polymerization experiments were carried out by Mr. C. Killmeier and Mr. E. M. 
Young. Dr. R. Wilkins made the electron micrographs. Mr. E. Mason and Mrs. E. 
Ginsberg carried out the dissymmetry light-scattering and intrinsic viscosity determina
tions. The polystyrene data obtained at 80°C., shown in Table IX, were supplied by 
Dr. N. Shachat.
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Emulsion Polymerization. III. Theoretical Pre
diction of the Effects of Slow Termination Rate 

within Latex Particles

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

Synopsis
The Smith-Ewart theory predicts that there is an interval during an isothermal 

homopolymerization when the conversion varies linearly with time. This prediction 
rests on the assumptions that, during this interval II, the particle number is constant, 
the monomer concentration in the particles is constant, and the termination rate within 
the particles is instantaneous, so that the average number of radicals per particle Q is 
half. In this paper this latter assumption is abandoned. If the termination rate is 
slow, two or more radicals can coexist in a particle. The termination rate within a 
particle becomes a function of the particle size because of the decreased probability 
that two radicals meet for termination in a given time when the volume in which these 
radicals are located increases. It follows that with increasing conversion the termination 
rate decreases. Stockmayer’s calculations based on this model neglected the variation 
of particle volume with time, and it was assumed that a steady state of radical concentra
tion in particles exists. In the present calculations these restrictive assumptions were 
not used. Stockmayer calculated only how Q should vary with conversion. In the 
present paper several experimentally verifiable consequences of the model are shown. 
The new calculations show that the interval II conversion-time curve can be represented 
by the formula A t 2 +  B t, where B  is the Smith-Ewart rate and is proportional to the 
particle number and the parameter A  is independent of the particle number and depends 
mainly on initiation and termination rates. From A  and B  and propagation and 
termination rate constants can be calculated. With the aid of parameters .4 and B  
the conversion dependence of molecular weight and of Q can also be predicted for 
interval II. In the theoretical calculations the distribution of radicals among particles 
is established. It is shown that for a given value of Q this distribution is unique, 
independent of the experimental conditions leading to this Q. This distribution was 
derived solely from kinetic considerations and is analogous to the statistical Poisson 
distribution. With increasing Q, i.e., with increasing conversion, this distribution 
broadens. Since each particle grows proportionally to the number of radicals in it, 
particles must grow at greatly varying rates if there is broad distribution of radicals 
among them. It follows that the particle size distribution has to broaden with increasing 
conversion, contrary to predictions based upon the Smith-Ewart model. At present it 
is not yet possible to predict quantitatively the shape of the conversion-time curve in 
interval III, the interval following the disappearance of monomer droplets. The reason 
for this is that the functional dependence of the termination rate constant upon monomer 
concentration in the particles is not known. However, once the conversion-time curve 
is experimentally determined, it is possible to calculate from it the interval III values 
of Q and of molecular weight.
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INTRODUCTION

A crucial assumption of the Smith-Ewart model1 is that termination is 
an instantaneous reaction between two radicals in the particle. It follows 
from this assumption that after steady state is reached, only half of the 
particles can contain a radical at a given time, the other half of the particle 
is “ dead” and the average number of radicals per particle is half.

The present paper retains all assumptions of the Smith-Ewart model 
except that concerning instantaneous termination. This change in the 
model has no significant effect upon what happens in the interval in which 
particle nucleation takes place. Within this interval I few particles absorb 
radicals in addition to the one that started their growth. Since particle 
nucleation is completed at relatively low conversion, few termination 
events can take place during interval I ; this was shown in the first paper of 
this series,2 referred to hereafter as Part I.

In all but the last section of this paper the so-called interval II will be 
discussed. The particle number is constant in interval II and monomer is 
present in excess of that needed for saturating water and the particles. It 
is assumed that particle swelling by monomer is independent of particle 
size throughout this interval; that the polymerization locus is exclusively 
in the monomer-swollen particles; that the propagation step can be de
scribed in terms of the propagation constant of homogeneous polymeriza
tion; that radicals form in the aqueous phase at a constant rate and are 
irreversibly absorbed into the particles. All these assumptions also under
lie the Smith-Ewart interval II model. This model is presently modified 
by assuming that the termination of radicals in the particles proceeds at 
a finite rate. It follows that polymerization in the particles is not an 
“ on-off”  process. In their case 2, Smith and Ewart stated that when a 
particle containing a growing radical absorbs an additional radical, the 
two radicals immediately terminate and the particle contains no growing 
chain till an additional single radical enters it. If, as now assumed, termi
nation between the two radicals proceeds at a finite rate, two radicals do 
not necessarily cross-terminate before a third radical enters the particle. 
Thus particles can contain any number of radicals and the average number 
of radicals per particle is not equal to half but can be larger than half and 
is a function of time.

Right or wrong, it is also assumed that radicals are completely trapped 
in particles. There is no chain transfer taking place from the particles 
to aqueous phase and there are no means available for exchanging radicals 
between particles.

RECAPITULATION OF SOME OF THE RESULTS OF PART I*

Conversion Rate
The classical rate equation for homogeneous polymerization gives the 

rate in terms of monomer and radical concentrations ([M], [It]) and the 
propagation kv:

- d  [ M  } / d t  =  k v [ M ]  [ R ] (1)
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The equivalent equation for emulsion polymerization for the case where 
the polymerization locus is exclusively in the monomer-swollen particles is:

dP/dl = (kp/NA)(dm/dp) <t>m N Q (2)

Here P is volume of polymer per unit volume of water, t is time, kv is the 
propagation constant, NA is the Avogadro number, dm and dp are monomer 
and polymer densities, respectively, 4>m is the monomer volume fraction in 
the particles, N is the number of particles per cubic centimeter of water, 
and Q is the average number of radicals per particle.

It is assumed that 4>m and N are independent of conversion and that </>„, 
corresponds to the saturation swelling of the particles by monomer. Under 
these conditions the conversion rate is equal to B, to the Smith-Ewart 
rate, if the termination is instantaneous resulting in Q =  0.5. If Q is not 
equal to 0.5, then

dP/dt =  2 QB (3)

The Smith-Ewart rate is defined as:

B = 0.5(kp/NA)(dm/dp) <f>mN (4)

For the purposes of this paper it is not necessary to assume the validity 
of the Smith-Ewart interval I model so that in eqs. (2) and (4) N can be 
any constant number of particles. If N is that predicted by the Smith- 
Ewart interval I model, it is calculable from the parameters K, R, and S. 
Here K  is the volume growth rate constant and equals the increase in 
cubic centimeters per second of the cubed radius of a particle which con
tains only one radical:

K = (3 /4r) (kp/NA) (d jd p) 0m/ (  1 -  <A,„) (5)

The parameter R, is the number of radicals produced per cubic centimeter 
of water per second and is calculable from the decomposition rate constant 
k„ and the concentration of the initiator in water [I ]:

R =  2kdNA[I] (6)

Finally, the parameter S is the area which the soap molecules present in
l cc. of water would occupy at an oil-water interface. It is defined by the 
area per molecule A s and the soap concentration in water [S]:

S = A sNa [S] (7)

The Smith-Ewart interval I model gives:

N = 0.20S S ° -W X )0-4 (8)

Substitution into eq. (4) gives:

B =  0.435(1 -  <j>m)(KS)0 e,R0A

= 0.18517c, 0m S d jd p Na)°-fi [R (1 -  4>m)]"'4

(9)
(10)
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The Limits of Interval II

According to the Smith-Ewart interval I model particle nucleation stops 
at time t„ when the conversion corresponds to Pa:

t„ =  0.3H5(.S R)"K;K " '  (11)

Per =  0.209 S (1 -  0m) (12)

Evidently, P = PCT is the lower validity limit of equations describing 
interval II. The upper validity limit is where the monomer droplets dis
appear, Pii_m . If it is justifiable to assume that the solubility of monomer 
in water is negligibly low, Pn-m  is calculable from the monomer/water 
weight ratio m./w and from the weight fraction of polymer in the particles 
corresponding to </>«,;

PlI-III = (m/w) (1 — 0m) (hsete.r/d;, [1 — 4>m +  (dm/dp) 0m] (13)

Dimensionless Variables

In Part I most of the calculations were carried out with dimensionless 
variables; two of these, z, the dimensionless conversion, and x, the dimen
sionless time will be used here. In the definitions below, % is the number 
of monomer swollen particles per cubic centimeter of water whose radius is i\.

z =  5.9SS-1-2 (P//v)«-2 Y .W ?  (14)

Since

(4r/3) =  P / (  1 -  0m)

substitution from eqs. (S) and (9) provides this dimensionless variable in 
a form useful in this paper:

a =  0.1297 (R/NB)P (15)

Another convenient form of z gives it in terms of the average volume of
the monomer-swollen particle V:

V = P/N( 1 -  4>m) (16)

s = 0.2594 (R/N) (NA/k„) (dp/dm) [(1 -  p,,) V (17)

The dimensionless time was defined in Part I;

*  =  §M&K0-i{R/S)°H ( I S )

Substitution from eq. (S) gives:

x = 0.m(R/N)t (19)

The conversion rate in dimensionless variables is obtained from eqs. (3), 
(15) and (IS):

dz/dx =  0 .372Q ( 2 0 )
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The values of z and x at the point where particle nucléation stops were 
given in Part 1:2

= 0.3016 (21)

= 1.232 (22)

SPECIFICATION OF THE TERMINATION RATE

In homogeneous polymerization the following equation holds for the 
radical concentration:

d[li]/dt = 2M I] -  A:,[HP (23)

The present paper retains the phenomenological significance of the 
termination rate constant A*. It must be emphasized that kt of emulsion 
polymerization differs in its numerical value from that of bulk or solution 
polymerization. The termination process is diffusion-controlled, and k, 
depends upon the viscosity of the medium. The particles contain at high 
concentration a very high molecular weight polymer and the viscosity in 
them is much larger than is encountered at low conversions in kinetic 
experiments involving solution or bulk polymerization.

In the interval II of emulsion polymerization 4>m is constant, hence the 
viscosity in the particle is independent of conversion. It follows that 
throughout interval II k, is a conversion-independent constant. Because 
its value is not the same as in other polymerization processes, A, is not an 
independent parameter; it can be determined only by analyzing emulsion 
polymerization data.

It is convenient to express termination rates in terms of the number 
of radicals per particle, q:

q = VNa [R] (24)

Here V is the volume of the monomer swollen particle. Since each 
radical can only react with (q — 1) radicals, the termination rate is not 
proportional to q2, as predicted by the second term on the right-hand side 
of eq. (23) but is proportional to q(q — 1). To define the first term on the 
right-hand side of eq. (23), the present model assumes that radicals are 
generated outside the particles. The average rate of entry of radicals into 
a given particle is R/N. Thus the equation for emulsion polymerization, 
which is equivalent to eq. (23), has the following form:

dq/dt = R/N — (kt/VN A)q{q — 1) (25)

The termination rate, given in the second term above, decreases as the 
particle volume increases. This is not due to the Trommsdorff effect3 of 
homogeneous polymerization because in interval II there is no change in k, 
with time. The decreasing termination rate with increasing conversion is 
solely due .to the increase in particle volume.
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STEADY-STATE SOLUTION

It is convenient to calculate N„, the number of particle« containing q 
radicals. It is evident that:

N =  I X  (20)

Q = HqN'/N (27)

Particles containing q radicals are created when particles containing 
(q — 1) radicals absorb a radical and when termination takes place in parti
cles containing (g +  2) radicals. The rate of the former process is 
(R/N)N9- i and the rate of the latter process, by eq. (25), is (lc,/VNA)(q+ 2 ) 
(q +  l)N ,,+■>. Similarly, particles with q radicals are destroyed by radical 
absorption at a rate of (R/N)N„ and by termination at a rate of 
(kt/VAN)q(q — 1) IV,. It follow's that:

dNJdt =  (.R/N)(Nf_i -  Nq) +  (k JN A V)

X [N„+2(q +  2)(g +  1) — N , g(g — 1)] (28)

The fact that larger particles may absorb radicals at a rate greater than 
the average rate, R/N, is ignored. Differences in the size of particles are 
also ignored, so that instead of the true particle volume V the average 
volume V is used.

Haward4 and Smith and Ewart1 assumed a steady state of equal termina
tion and initiation rates so that for each q value dNJdt should be zero. 
They also ignored the variation of V with time. These assumptions lead 
to the following recursion formula:

(<1 +  2)(g +  l)AT(9+2) +  aN ,_i = Nv[q(q — 1) +  a] (2(J) 

a =  (R/N)(NAV/k,) (30)

Smith, Ewart, and Haward solved this recursion formula only for the 
limiting case when a = 0, i.e., when either E ~  0 or k, ~  «>. They found 
that No =  Ni = 0.5N and that Q = 0.5. It was shown in Part I that this 
is an obvious result if very fast termination is assumed.

A general solution of eq. (29) has been provided by Stockmayer5 and 
by O’Toole.6 Stockmayer’s solution is:

a2 = 8a (31)

Q = (a /4 )/0(a)//i(a ) (32)

where I0(a) and IJa) are Bessel functions of first kind and of zeroth and 
first order. This is the final form of the steady-state theory presented in 
the literature. Its theoretical implications upon the shape of the con
version-time curve, the molecular weight-conversion curve and the 
variation of particle size distribution with conversion were not explored.

The authors1’4-6 dealing with the steady-state solution also considered 
radical desorption into the aqueous phase. Equations (29)-(32) represent
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the case of interest from the standpoint of the present paper where the 
radical desorption is assumed to be negligible.

It is of interest to represent eq. (32) in a form comparable to the non
steady-state solution of the present paper. The dimensionless termination 
parameter 'F is introduced.

d' =  (kt/kp)(dP/dm)( I — <t>m)/<t>m (33)

Fig. 1. Variation of the average number of radicals per particle with number-average 
particle volume or conversion in interval I I ; either of these two variables is proportional 
to z . The parameter 'Sr defines the termination rate.

and eqs. (30), (31), (33), and (17) are combined:

a = 5.52(z/*)0-5 (34)

Stockmayer’s solution in terms of the dimensionless conversion, z, is 
shown in Figure 1. This curve is obtained by combining eqs. (32) and (34).

SET OF EQUATIONS DESCRIBING THE NON STEADY STATE

It is desirable to recalculate this model for estimation of the error 
involved in assuming a steady state and in ignoring the variation of V 
with time. More importantly, it is also desirable to deduce some experi
mentally verifiable implications from the model by deriving explicit ex
pressions for the variation of conversion and molecular weight with time. 
Finally, the implications of the model upon particle size distributions should 
also be explored.

It is acknowledged that dN Jdt is not zero and that V is a function of 
time. It is expedient to eliminate the variables t and V from eq. (28) with 
the aid of eqs. (3) and (lb):
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(2Q)(dNt/dP) -  (R/NB) (N„-i -  Nt) +  [ktN( 1 -  <j>m)/NABP]

X \X,A<l +  2)(g +  1) -  N ,q(q -  1) ] (35)

Equations (35), (27), (26), and (3) completely define the system. For 
solving this set of equations, it is convenient to change to dimensionless 
variables in terms of the dimensionless time x, the dimensionless conversion 
z, and the dimensionless termination parameter 'h, defined in eqs. (19), 
(15), and (33), respectively. A new variable ft the fraction of particles 
containing q radicals is:

ft = NJN  (36)

After these substitutions, the variation of Q with z is defined by the 
following set of equations:

Qdfo/ch = 3 .S1(—/o) +  (¥ /z)( 2ft)

Qdfi/dz = 3.81 (/0 -  di) +  (*/z)(6ft)

Qdft/dz = 3.81 (ft -  ft) +  (^/ft(12ft -  2ft)

Qdfjdz = 3. S1 (ft i — ft) +

W * )I(?  +  2)(q +  1 ) f t +2 -  q(q -  1 )ft] (37) 

E / s =  1 (38)

Q = Ef/ft = ft +  2ft +  3ft +  4ft +  . .. (39)

If the particle size was very small, termination would be instantaneous 
and all ft values with q >  2 would be zero. Thus half of the particles 
would be terminated and would contain no radical and half would contain 
one growing radical.

It follows that the boundary conditions for solving combined eqs. (37), 
(38) and (39) are:

? = 0 

ft = 0.5 

ft = 0.5 

Q = 0.5

ft = ft = ft =  ft = . . .  = 0

These boundary conditions express only the mathematical properties of 
the functions; they have no physical significance since the lower limit of 
the physical validity of these equations is z = 0.3016 by eq. (21).
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The numerical solution of eqs. (37), (38), and (39) gives Q as a function 
of conversion, z. The conversion-time curve can be obtained by sub
stituting the calculated Q values into the dimensionless conversion rate 
equation:

dz/dx = 0.372Q (20)

Tor solving this equation, the boundary conditions defined by eqs. (21) 
and (22), i.e., 2 =  0.3010 when x =  1.232, are used. The value of Q at this 
boundary depends on the value of the parameter 'I' and is defined by the 
solution of eqs. (37), (38), and (39).

The numerical integration by the point-slope forrhula7 was carried out 
with an IBM 1620 computer with T having values 1, 4, 10, 40, or 100 and 
with 0 <  z <  100. It can be shown that it is very unlikely that 2 >  100 
would be needed to evaluate experimental data.

After the numerical solutions were tabulated, analytical equations were 
fitted to them by trial and error. These equations represent the true 
solutions with a precision that can be estimated. Subsequently, dimen
sionless variables in these analytical equations were changed to experi
mentally meaningful variables and parameters.

SOLUTION OF THE NON STEADY-STATE SOLUTION 

Variation of Conversion with Time

The results of the numerical solution of combined eqs. (37), (38), (39), 
and (20) are shown in Figure 2. The first three columns of Table I give 
excerpts of the computer results for the variations of z with x. The follow-

X (variable proport iona l to t ime)

Fig. 2 .  ¡Shape of conversion time curves. Here ^ is a parameter having the same 
order of magnitude as the ratio between termination and propagation rate constants. 
The curve with T = =» corresponds to the Smith-Ewart interval II theory.
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iug equation was found to lit these results with better than —8 and +0 .5%
accuracy:

2 = ( O .O o d O V * 0-91) x* +  0.186.C +  0.0721 (1 -  l .ld /+ »-81) (40)

The z values calculated from this equation are shown in the last column 
of Table 1.

TA OLE I
Precision of the Approximate liquations for the Interdependence of z ,  Q , and x

'I'

Results of the 11\ unerical integral ion Approximate equations'

z X Q Q, eq. (46) z , eq. (40

1 0.3010 1.2320 0.8543 0.851 0.3117
1.000 2.9239 1.3669 1.352 1.002
3.000 5.8914 2.2554 2.230 2.984

10.00 11.8931 4.0146 4.000 9.933
30.00 21.7024 6.8703 6.890 29.78

100.0 41.1812 12.4526 12.53 100.3
4 0.3010 1.2320 0.6238 0.615 0.2957

1.000 3.7793 0.8524 0.822 0.9198
3.000 8.7621 1.3064 1.238 2.777

10.00 10.3409 2.2491 2.130 9.152
30.00 37.1268 3.7932 3.620 27.42

100.0 72.5959 6.8180 6.560 91.77
10 0.3010 1.2320 0.5540 0.587 0.3012

1.000 4.3144 0.6660 0.657 1.000
3.000 11.0968 0.9217 0.890 2.901

10.00 26.5892 1.5076 1.432 9.545
30.00 53.4337 2.4951 2.380 27.92

100.0 107.6950 4.439 4.260 92.85
40 0.3010 1.2320 0.5141 0.514 0.3013

1.000 4.7779 0.5459 0.546 0.9971
3.000 13.9311 0.6302 0.630 2.992

10.00 39.0499 0.8708 0.862 9.983
30.00 87.6240 1.3420 1.330 29.21

100.0 190.5193 2.3127 2.278 97.51
100 0.3016 1.232 0.5057 0.505 0.3102

1 .000 4.9009 0.5187 0.521 0.9990
3.000 14.9261 0.5549 0.558 3.008

10.00 45.0966 0.6697 0.676 10.07
30.00 112.9968 0.9305 0,935 30.28

________ 100.0 266.0760 1.5269 1.529 100.4

“ d4ie value of Q  by eq. (46) was calculated from * values shown in the second column 
of this table. The value of 2  by eq. (40) was calculated from the x  values shown in the 
third column.

Equations (4), (15), (19), and (33) are used to change from dimension
less variables to experimental variables and parameters. The following 
conversion-time relationship corresponds to eq. (40):

1J —  A i 1 +  Jil  +  C ( 4 1 )
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Here B is the Smith-Ewart rate defined in the equivalent expressions of 
eqs. (4), (9), and (10). The parameters A and C are defined in eqs. (42) 
and (43):

A  = 0 . lQ 2 ( k pl-n /k t ' - 'M) ( d m/ d p N A) [0m1-94/ (1 -  </>,„)”•'■"]It (42)

C = 0.0503(1 -  1 .14/f°-9)) ( l  -  (43)

From the parameters given in Part II,8 the value of C can be estimated. 
For most practical recipes it is of the order of 10-2 cc. polymer/cc. water. 
This means that it can be safely disregarded at the interpretation of 
experimental data. Thus the following equation represents the theory 
with adequate accuracy:

P  =  A t 2 +  B t  (44)

It is of interest that steady-state homogeneous polymerization rate is 
proportional to (k/kn/k,)0-*. The corresponding term in eq. (42) is 
( V - 94 kd/ k , ° - 9i) .  The power exponents 1.94 and 0.94 came from the curve 
fitting and are sufficiently close to 2 and 1 to indicate analogy. The At2 
term of eq. (44) is analogous to homogeneous polymerization while the 
Bt term comes from the classical Smith-Ewart model of emulsion poly
merization. It is important that the theory predicts a conversion-time 
curve convex to the time axis. In general, there is therefore no rate 
independent of conversion and time in emulsion polymerization. It should 
be emphasized that the validity limit of eq. (44) is Pcr < P <  F n -m  by 
eqs. (12) and (13).

From the experimental B, N and <f>m data, kp can be calculated by eq. (4). 
The same parameters combined with the experimental .4 and It values 
define k,  through the following equation:

k , / k p =  0 A o 8 ( R B / A N ) l-M2<t>m/ ( l  -  0 m )

The Average Number of Radicals per Particle
The numerical solution of combined eqs. (37), (38), and (39) gives the 

variation of Q with z. Excerpts of the computer results are shown in the 
first, second, and fourth columns of Table I. The following equation fits 
the numerical solutions with better than .8% accuracy:

Q =  0.5(1 +  G.3z/*°-94)0-5

Values of Q calculated from this equation are shown in the fifth column 
of Table I. This equation is also plotted in Figure 1. It can be easily 
ascertained that it gives results very close to Stockmayer’s steady-state 
solution to which, for all practical purposes, it is equivalent. It follows 
that the mathematical approximations involved in the steady state solution 
are justifiable as long as it is realized that the results of the steady-state 
solution are inconsistent with the assumptions on which it is based. Since 
at steady state Ar„ of eq. (28) is assumed to be independent of time, (J 
should also be independent of time, by eq. (27). This is true only as long



6 7 6 J. L. GARDON

as the change in the average particle volume is negligible. However, 
with increasing time the particle volume increases, and Q also must 
increase so that the steady-state exists only momentarily, not over the 
time interval of an actual experiment. In homogeneous polymerization 
there can be a steady state of equal initiation and termination rates for 
extended times so that a linear conversion-time relationship can be 
obtained. By contrast, steady state exists only momentarily in emulsion 
polymerization and the number of live radicals increases with time even 
before the onset of the Trommsdorff effect. The only possibility for a steady 
state in emulsion polymerization occurs when termination is instantaneous, 
so that Q = 0.5 and is independent of conversion. At finite termination 
rates Q increases with conversion during interval II.

The value of Q can be calculated from the experimental variable P and 
the parameters A and B. The appropriate equation is obtained by sub
stituting from eqs. (15), (33), and (42) into eq. (40).

Q = 0.5 [1 +  (4A/JS2)iJ]0-5 (47)

This equation defines the validity limit of the Smith-Ewart interval II 
theory: 4AP/B2 «  1. Since A is proportional to R and B is proportional 
to N, the Smith-Ewart interval II theory is valid if the latex particle size 
is small and the initiation rate is low.

Distribution of Radicals among Particles
This distribution is defined by the values o f / , ,  the fraction of particles 

which contain q radicals. Inspection of the numerical solution of eqs. 
(37)-(39) revealed that this distribution depends solely on Q, and therefore 
only on the ratio of z/'J'004 or on the ratio of AP/B2.

Typical distributions are shown in Figure 3. As can be seen, the distri
bution broadens with increasing Q, or in terms of eq. (47), with increasing 
conversion. Since each particle grows proportionally to q, this distribution 
also defines the distribution of growth rates. In principle, from this 
growth rate distribution the particle size distribution could be calculated 
but this was not attempted. Here we confine ourselves to qualitative 
interpretation. It is clear that, with increasing conversion, more and more 
particles will be found which grow much slower or much faster than the 
average. The particle size distribution must therefore broaden with in
creasing conversion. It also follows from the curves of Figure 3 that the 
particle size distribution should become skew: with increasing conversion 
the population contains few very small particles and many large particles.

It is likely that the calculated breadth in the distribution of growth 
rates is too low. In the derivation it was assumed that the average rate 
of radical entry into each particle is R/N. As the particle size distribution 
broadens because of slow termination, the broadening is further enhanced 
by the fact that the larger particles capture radicals at a rate larger than 
the average, while the smaller ones capture radicals at a rate lower than 
the average. Furthermore, in the derivation all particles were assumed
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to have average volume. In particles with larger than average volume the 
termination is slower than average, and in smaller particles it is faster. 
These effects are disregarded here.

One would intuitively expect that the distribution of the radicals among 
particles should follow the Poisson distribution, in which the average and 
the variance are equal. The variance of computer solutions of eqs. (37)- 
(39) was calculated from eq. (48):

variance = X!?2/« -  Q~ (48)

This variance was found to be exactly 0.75Q at Q >  4 and exactly O.nQ at 
Q — 0.5. The variance over the whole range of Q values fits the following 
approximate formula:

variance = 0.75 Q -  0.051/Q1-28 (49)

Distributions analogous to the Poisson type but with a variance unequal 
to the mean, were described by Greenwood and Yule.9-11 A Greenwood- 
Yule distribution with a mean equal to Q and a variance equal to 0.75Q 
is defined for 0 <  q <  4Q +  1 by eq. (50):

/„ =  (0.75)40

fi =  1-333/oQ

h = h  (4Q -  l) /6

/ .  = ft (4Q -  2)/9

f(q +  1) =  f ,  (4<? -  q +  l ) /3 q (50)

Table II shows that this Green wood-Yule distribution gives an excellent 
fit to the numerical solution of eqs. (37)-(39). Thus these kinetic equa
tions define a statistical distribution whose significance is known. The 
Poisson distribution would give th e /, values if the expected mean of any 
sample taken from the population was independent of the sampling method. 
The Greenwood-Yule modification of the Poisson distribution gives th e /, 
values when the expected sample mean depends on sampling, and thus Q 
is not the expected average of any sample population; it is the grand average 
of the total population. The present theory predicts that the particle size 
distribution broadens with increasing conversion. If only the largest 
particles were sampled, the expected average number of radicals per par
ticle in this sample would be larger than Q. Conversely, a sample of 
smallest particles would contain on the average fewer number of radicals 
than Q. Since the expected sample average of q values can be influenced 
by the method of sampling, the distribution of radicals among particles
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0 = 1.03

0 2 4 6 8 10 12 14 16 18 20 22 26 28

q= number of radicals per particle

Fig. 3. Distribution of radicals among particles at different average number of radicals 
per particle Q  Since the growth rate of each particle is proportional to <■/, each of curve 
also gives the distribution of growth rates per particle.

cannot be of the Poisson type, it must be of the Greenwood-Yule type. 
While this explains why eqs. (37)-(39) give a distribution which is almost 
identical to that of Greenwood and Yule, it does not explain why it is 
narrower titan the Poisson distribution. The likely reason for this is that 
with increasing conversion the distribution is generated from a very narrow 
one. In solving eq. (37)-(39) the boundary condition of f 0 =  =  0.5
was assumitd at zero conversion.

It is assumed that termination is by combination of two radicals. If A 
is the average number of terminated polymer molecules per particle, 2A is 
the number of radicals absorbed from the aqueous phase which were used 
to create this number of terminated chains. At time t, on the average, 
(RfN)t radicals were absorbed by a particle. It follows that:

It is easy to show that in all practical cases Rt »  NQ. Thus the following 
approximation is justifiable:

Since the average volume of polymer per particle is P/N, the number- 
average molecular weight of all terminated chains in a single particle is:

Molecular Weight

(R/N)t = 2A +  Q (51)

A = 0.5(R/N)t (52)

Mn = (P/N) Na dp/A
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Combination of eqs. (52) and (53) gives the interdependence of the 
three variables P, t and Mn:

Mv =  (2dp NA/R)(P/t) (54)

The validity of this equation is not confined to interval II, it is also 
valid for interval III. For interval II the time as a variable can be readily 
eliminated by combining eqs. (54) and (44):

Mn = (4ANa dp/BR) P/{ [1 +  (4A/B>) P f b -  l }  (55)

This equation gives Mn as a unique function of P in terms of the indepen
dent parameters A, B, dp, and R and thus can be experimentally tested.

Another molecular weight value of interest is that of the polymer formed 
at any given instant, ilf inst. The following relationships hold by definition:

M n = (1/0 f  M mstdt (56)
J 0

(bMn/dt)t +  Mn = M ¡„si (57)

Combination of eqs. (57), (54), (47), and (.3) gives:

M imt = (2 dp Na B/R) [1 +  (4A/B*)Py > (58)

Equations (54), (55), and (58) are valid even if the radicals enter into 
larger particles faster and into smaller particles slower than the average 
radical entry rate R/N, and even if the actual time lapse between the entry 
of two radicals into a particle is not the average value, N/R, but is some
times shorter or longer. These deviations from the assumed model would 
have no effect upon the number-average value of the molecular weight. 
In calculating any other average, these effects could cause some error. 
In calculating an average which should be close to the viscosity average 
we choose to ignore these effects.

Since in practical emulsion polymerization the molecular weights ob
tained are in the million range, the intrinsic viscosity is the most convenient 
method of molecular weight determination; the number-average molecular 
weight is very difficult to determine. The viscosity-average molecular 
weight is between the number average and weight average. We can 
approximate its value by averaging the instantaneous number-average 
molecular weights by weight:

M v = (I /P ) f  M instdP (58)
J 0

M v = (B» Na dJZAR) {[1 +  (4A/B”-) P ]' = -  1 }/P (59)

It is of interest that if the approximations used in deriving eq. (59) are 
correct, we have:
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Fig. 4. Variation of the number-average molecular weight with conversion in intervals 
I and II. .l/inat is the molecular weight of the polymer formed at the instant when z  

reaches a specified value, M n is the molecular weight averaged over the interval 0 to z .  

Mse is the molecular weight that would be obtained with \p =  00 in interval II. The 
variable z  is proportional to particle volume or conversion. The parameter ip  defines 
1he termination rate.

The upper limit of this ratio would be reached at infinitely slow termination. 
It follows that the viscosity-average and number-average molecular 
weights in emulsion polymerization can be quite close.

In Part I2 instantaneous termination was assumed. A consequence of 
this assumption was that the molecular weight in interval II should be 
independent of conversion and be equal to .1 /s e , the Smith-Ewart molec
ular weight.

i l fsE  = 2 dvNaB/R

= kpdm4>mN/Ii (GO)

Universal molecular weight-conversion curves giving Mn/MsE and 
d/inst/d/sE as functions of the dimensionless variable z and of the dimen
sionless termination constant T are given in Figure 4. As can be seen, 
the actual interval II molecular weights can be much higher than that of 
the Smith-Ewart model. In drawing the curves of Figure 4, it was 
assumed that the molecular weight does not, change with conversion in in
terval I and equals that obtained from the interval II theory at P = P„.

Effect of Post-Added Initiator

If the Smith-Ewart assumption of instantaneous termination was valid, 
post-addition of initiator during interval II would have no effect upon the
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rate since Q would remain equal to 0.5. Experimental data to be re
viewed in Part IV 12 show that the rate is increased when the initiator level 
is increased after completion of particle nucleation.

l ’or calculating this effect, the parameter e, the ratio between initiator 
concentrations after and before post-addition is introduced. It follows 
that after post-addition the radical production rate is e/f. By replacing 
R in eq. (35) with t/i, the new experimental conditions are described.

The calculations were carried out in terms of the dimensionless variables 
z and x. In eq. (37) the term 3.SI(/<,_! — )\) was replaced with the term 
3.81 e (/,_ i — /„) and the thus modified equation was combined with eqs. 
(38), (39), and (20).

Fig. ">. Effect of post-added initiator.

The new set of equations contains two parameters, \p and e. As earlier 
'P was taken to be 4, 10, 40, and 100. The parameter t was used at two 
values: 17.66 and 5, so that the solutions shovdd be useful in analyzing
some of the experimental results obtained by Gerrens and Kohnlein.13 
To fit these experimental results with reasonably good accuracy, it was 
assumed that the initiator concentration was increased at a conversion 
corresponding to z = 1.25.

Typical results of the numerical solutions are shown in Figure 5. Ac
cording to these calculations the distribution of radicals among particles 
is the same unique function of Q as determined earlier for « = 1.
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Fig. 6. Calculated ratio of apparent linear interval II rates obtained after and before 
post-addition of initiator. The initiator level is assumed to be increased .5 or 17.66-fold 
at a conversion corresponding to z  = 1.23. Interval II is assumed to span to 2 =  3. 
Note that ip = (kt/kr)(djdm)(\ — <t>m)/<t>m.

In their experiments, Gerrens and Kohnlein13 did not take into account 
the curvature in the conversion-time curves and reported the ratio of 
rates before and after initiator post-addition. For the purpose of reana
lyzing these data, the same rate ratios can be calculated from the numerical 
solutions of the present equations. The average slope of the z versus x 
plots was determined in the range z = zcr = 0.3016 to z = 1.25 with e =  1 
and 'L varied. In addition, the average slopes were determined in the 
range 1.25 <  z <  3 for the same T  values but with e equal to either 5 or 
17.66. The results of these calculations are shown in Figure 6.

In Part IV 12 Figure 6 will be used for determining the kt/kp ratio. The 
experimentally found ratio of rates at a given experimental e value is indi
cated on the ordinate. The corresponding T' value defines kt/kp by eq. 
(33). It will be shown that the kt/kp ratios thus determined are of the 
same order of magnitude as the values determined from A, B, R, <f>m, and N 
values [cf. eq. (4.5)] taken from independent experiments in which no 
initiator was post-added.

DESCRIPTION OF INTERVAL III

After the monomer droplets disappear at Pu m conversion [cf. eq. (13) ], 
most of the unconverted monomer is present in the monomer-swollen latex 
particles, and a small fraction of it may also be dissolved in water. During
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interval II the conversion proceeds at an approximately constant monomer 
concentration in the particles and the particle volumes increase with time. 
In interval III the conversion proceeds at the expense of monomer concen
tration in particles and the monomer-swollen particle volume may actually 
shrink due to contraction at polymerization.

It is justifiable to assume that kv is independent of conversion because 
propagation is generally not a diffusion-controlled process. However, as 
the monomer concentration in the particles decreases with increasing con
version in interval III, the viscosity within the particles increases and the 
value of kf is bound to decrease, as predicted by Trommsdorff et. al.3 Thus 
the shape of the interval III conversion-time curve is determined by two 
processes whose effects oppose each other. If the value of k, stayed con
stant, the conversion rate and the molecular weight would have to decrease 
uniformly with increasing conversion because the propagation rate is pro
portional to the decreasing monomer concentration in the particles. 
However, with increasing conversion, the termination rate decreases and 
this, by itself, would cause an increase in rate and in molecular weight by 
the Trommsdorff gel effect.

It was shown earlier that in interval 11 the value of clP/clt should increase 
with conversion, not because of the Trommsdorff effect, but because of the 
retardation of the termination rate caused by increasing particle volume. 
In interval III the value of dP/dt may continue to increase for a short 
time after Pn-xn, if the Trommsdorff effect is more important than the 
effect of the decreasing rate of propagation. At high conversion, however, 
dP/dt and the molecular weight is bound to decrease with increasing con
version because here the slowT propagation can be expected to predominate. 
It is of interest in this context that, as will be shown in Part V ,14 there is a 
theoretical limit to the lowest possible value of the k jk v ratio.

At present the functional relationship between kt and the monomer 
concentration in the particles is not known. For this reason it is not 
possible to develop a predictive, quantitative theory for interval III. In 
this work it was assumed that kt decreases either linearly or quadratically 
with the monomer concentration and that the shrinkage at polymerization 
is negligible, so that the particle volume in interval III remains constant. 
With the aid of these assumptions, equations in many respects analogous 
to eqs. (37) and (20) were derived and solved numerically. The only 
interesting result of these calculations is that the distribution of radicals 
among particles was found to be the same unique function of Q as the one 
found for interval II. It would follow that if the experimental data 
suggest an increase in Q with increasing conversion, the particle size 
distribution is bound to broaden with increasing conversion.

While at present it is not yet possible to predict the shape of the conver
sion-time curve in interval III, it is possible to calculate from the experi
mentally determined curve the variation of Q and of molecular weight with 
conversion. The equation for molecular weight was presented earlier, it is 
eq. (54). As to Q, it is noted that dP/dt equals B if Q = 0.5 and if the



EMULSION POLYMERIZATION. Ill 685

effective volume fraction of monomer in the particles, fa¡¡, equals the equi
librium value, <j>m. The more general relationship is given in eq. (61):

clP/dt =  (2B/fan) fan Q (61)

For determining fan, it is convenient to assume that the solubility of 
monomer in water is negligible. Thus all unconverted monomer is present 
in the latex particles during interval III and the weight fraction of polymer 
in the particles equals the fractional conversion 7 . It follows that:

fan = (1 — 7 )/| l -  y [1 — 0dm/dp)]} (62)

From the experimental interval II parameters, B and fan, and from the 
absolute value of the conversion rate and the fractional conversion, the 
value of Q in interval III can be calculated in terms of these equations.

The author is greatly indebted to Mr. L. DeFonso for finding a method to solve the 
combined eqs. (37), (38), (39), and (20) and for carrying out the calculations on the 
computer.
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Emulsion Polymerization. IV. Experimental 
Verification of the Theory Based on Slow 
Termination Rate within Latex Particles

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

Synopsis

A large body of data shows that the time dependence of conversion fits the equation 
P  =  A t 2 +  B t  in the interval where, according to the Smith-Ewart model, the relation
ship should be linear. For latexes of very small particle size the Smith-Ewart linear 
relationship ( P  —  B t )  is often observed, and for latexes of very large particle size the 
conversion was found to be proportional to t2. The experimental value of parameter B  

was in good agreement with independent theoretical predictions. From A  and B  the 
ratio between termination and propagation constants was calculated and was in the 
5-200 range. Independent estimates of this ratio give the same order of magnitude. 
These independent estimates are from the literature and are obtained from the increase 
in conversion rate at catalyst post-addition during emulsion polymerization or from 
emulsion polymerization initiated by intermittent irradiation or from homogeneous 
polymerization in the presence of inert polymers of high viscosity. The conversion- 
time curves describing the whole conversion process generally have sigmoid shape. 
The molecular weight is often found to pass through a maximum as the conversion 
increases. In one experiment this maximum coincided with the calculated maximum in 
the average number of radicals per particle Q . The variation of experimental molecular 
weights with conversion accurately followed the theoretical predictions. The deviation 
from the Smith-Ewart model was often significant. The value of Q  was not 0.5, as the 
Smith-Ewarx model requires it to be, but often reached values much larger, as large as 10. 
The particle size distribution broadened with increasing conversion and became in
creasingly skew. Numerous data taken from the literature are in good quantitative or 
qualitative agreement with the theory proposed in Part III and for these data the 
observed deviations from the Smith-Ewart theory are readily explainable. The new 
data obtained with styrene, K-butyl methacrylate, and methyl methacrylate are also in 
quantitative agreement with the new theory. One experiment involving methyl 
methacrylate is analyzed in great detail. The variation of time, of Q , of molecular 
weight, of average particle size, and of particle size distribution with conversion are 
reported. The molecular weight distribution is also calculated from the conversion 
dependence of molecular weight.

INTRODUCTION

One of the basic assumptions advanced by Smith and Ewart1 is that in 
emulsion polymerization the sole loci of chain propagation are the monomer- 
swollen latex particles, and that the diffusion of monomer to these loci is 
not rate-controlling. If the monomer cannot swell the latex particles 
because it is a poor solvent for the polymer, because stirring is inadequate,
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or because the monomer is gradually added during the reaction, the Smith- 
Ewart theory cannot apply. Under such conditions the locus of propaga
tion could be the particle surface, and the propagation could be diffusion 
controlled, as advocated by Medvedev.2'3 This possibility was disregarded 
in the proceeding theoretical papers of this series, Parts I and H I .4,5 The 
evidence reviewed in Part II6 and in the present paper suggests that 
experimental deviations from the Smith-Ewart model are not due to 
diffusion-controlled propagation when the monomers are good solvents 
for their polymers, all monomer is charged to the reactor at the beginning 
of the reaction, and stirring is adequate. It follows that under such 
conditions the propagation rate is proportional to the monomer concentra
tion in the particles and to the propagation constant, kp.

For describing what happens after the particle nucléation is complete, 
Smith and Ewart in their case 2 assumed that termination is an instantan
eous reaction of two radicals in the particles and showed that, as a conse
quence of this assumption, the average number of radicals per particle Q 
should be half. One can visualize either negative or positive deviations 
from this prediction.

If the predominant mode of chain termination is chain transfer from 
the particles to the aqueous phase or crosstermination of radicals located 
in different particles, Q could be significantly lower than 0.5. Several 
authors7-10 consider that this can occur, but since no mathematical theory 
has yet been advanced for quantitative experimental test of this assump
tion, the available evidence for its validity is at best circumstantial. 
Actually, it is quite possible, and even likely, that radicals can desorb from 
particles. However, as will be shown in this paper, many experimental 
data obtained with persulfate initiators can be explained with adequate 
accuracy by the theoretical model of Part III ,5 where radical desorption 
was assumed to be negligible. Termination by radical desorption may be 
important in radiation-initiated reactions.7-9

Part III assumed that termination takes place solely within the particles 
and proceeds at a finite rate. A consequence of this assumption is a 
positive deviation from the Smith-Ewart model in that Q can assume values 
larger than half. Several other consequences of this assumption were 
derived for interval II. In this interval the particle number is constant, 
there are monomer droplets present and the monomer concentration in the 
particles is approximately constant. The predictions made in Part III 
are as follows: (a) the interval II conversion-time curve is convex to the 
time axis; (b) even if the conversion-time curve appears to be linear, the 
conversion rate is not proportional to the particle number; (c) when initia
tor is post-added during interval II, the conversion rate increases; (d) the 
molecular weight in interval II increases with conversion; (e) the particle 
size distribution broadens with increasing conversion.

These predictions are contrary to the Smith-Ewart interval II 
model. Experimental verification of these predictions is described in the 
present paper.
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EQUATIONS DESCRIBING AN EMULSION 
POLYMERIZATION EXPERIMENT

The effects of initiator and soap are introduced into the theory by the 
parameters R and S, respectively. The number of radicals produced per 
cubic centimeter of water per second is R; S is the area at the oil-water 
interface occupied by the soap molecules present in 1 cc. of water. These 
quantities are calculable from the decomposition rate constant and molar 
concentration of the initiator, k„ and [I], the area per soap molecule and 
molar concentration of soap, A s and [S], and Avogadro number, N A:

R = 2kaN A [I] (1)

S = A sNa [S] (2)

It is often convenient to measure the initiator and soap concentrations in 
per cent based on water and the symbols Cj and Cs will be used for them. 
In Part II the values of R/Ci at various temperatures are tabulated for 
persulfate initiators and the values of S/Cs are tabulated for various soaps.6

The most important parameters describing the monomer are the mono
mer volume fraction in a monomer-saturated latex particle <j>m, the propa
gation constant kv, and dm and dv, monomer and polymer density, respec
tively. These values are tabulated for numerous monomers in Part II. 
In Part II the parameter K, the volume growth rate constant, is also 
tabulated for styrene and methyl methacrylate (MMA) at various tem
peratures. This parameter is defined in eq. (3):

K  = (3/471") (kp/NA) (din/dp)$m/(1 -  0m) (3)

From these parameters it is possible to calculate the final number of 
particles N, the volume of polymer Pcr formed in 1 cc. of water when 
particle nueleation stops, and the Smith-Ewart rate B, which would be 
equal to the polymer volume production per second in 1 cc. of water during
interval II if termination were instantaneous.

N = 0.20 HSu\R/K)aA (4)

Per =  0.209S'-'-iK/R)0-* (1 -  <*>„,) (5)

B =  0.o(kp/NA)(dm/dp) <t>mN (0)

= 0.185 (,kp<t>mSdm/dp N.4)“-6 [R( 1 -  4>m) f 4 (7)

The theoretical values of the quantities AI/Cs0,6 Ci#-4, Per Ci0'2/Cs1'2, 
and R/Css' Cia i are tabulated in Part II for styrene and MMA monomers, 
persulfate initiator, sodium lauryl sulfate (SLS) soap, and various tem
peratures.

The roc t-mean-cube average radius at 100% conversion can be calcu
lated iron the monomer/water weight ratio, m/w, in the initial charge:

/W  = 1-05 [(in/w)(dntm/dp)]"-333 .S'"6-2 (K/R)UAU (8)
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The theoretical values of rrmc (7s0-2 C V 133 for the system styrene, M M A - 
SLS-K2S20 s, m/w =  40/00 are tabulated in Part II.6

The conversion is conveniently expressed in terms of P, the volume of 
polymer present per unit volume of water. Interval II is defined to span 
in the conversion range P „  ^ P  ^ P n-m . At the conversion corresponding 
to Pii_m  the monomer droplets disappear.

I II—III “  (jn/W) (1 0m) dWatur/dp [1 0m T  idm/dp) 0ni] (0)

In interval II the monomer concentration in the particles is about 
constant, and it is justifiable to use a single, conversion-independent 
termination rate constant klt for describing the interval II kinetics. This 
constant is introduced into the theory via the parameter A, defined below:

.1 = 0.102 (/>y 'A  l:i'Aii)i<L,/dv A',,) 1 -  0m)0-94] «  (10)

The variation of conversion with time during interval II is predicted to 
fit the equation:

P = At2 +  Bl (11)

Since kt is dependent upon the monomer concentration at the polymeri
zation locus, its value cannot equal that of homogeneous polymerization at 
high dilution. It follows that A cannot be predicted from independent 
parameters. However, from the experimental values of A, B, N, and R 
the value of kt can be calculated:

k,/kt =  0Ao8(RB/AN)i m2 0m/ (  1 -  0m) (12)

With the aid of parameter A one can predict the variation of molecular 
weight with conversion during interval II. Below, Mn is the number- 
average molecular weight andM„ is an average close to the viscosity-average:

M n = (4AN a dJBR)P/{ [1 +  (4A / B ^ P f*  -  l| (13)

M u =  (B*Na dJSAR) {[1 +  (4A/B*)P]1* -  1 }/P (14)

The variation of the average number of radicals per particle Q with 
conversion during interval II is given by eq. (15):

Q =  0.5 [1 +  (4 A /5 2) P p  (15)

This equation measures the deviation from the Smith-Ewart model. If 
1 »  (4A/B2)P, the Smith-Ewart interval II model is valid, and the number- 
average interval II molecular weight is:

,1/sK -  /r„0,n -V d.M.’ R (10)

= 0.31 S \dvN A( 1 -  0„,)1"-4 (dinA'„0n, S '/«)"-1'’ (17)

In interval III, when P > P n -m , it is possible to calculate the variation 
of Q and M n with conversion from the shape of the conversion-time 
curve. If the monomer solubility in water is negligible, the monomer
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volume fraction in the particles after the monomer droplets disappeared, 
0 „tf, is calculable from the fractional conversion, 7 :

<t>eff =  ( 1  -  7 ) / { l  —  T  [1 — ( d m / d p )  ] ( ( I S )

The variation of Q and M n with conversion in interval III is:

Q = (dP/dt) <t>J2 *otf B (19)

.17,, =  (2dp N J R )  (P/O (20)

In using the last equation, l should be measured from the start of the 
reaction.

These equations arc valid only for isothermal, single-charge homopoly
merization in the presence of water soluble initiators and micelle forming 
soaps. Equations (l)-(9 ) and (10) and (17) were derived in Part I,4 while 
eqs. (10)-(15) and (17)-(20) in Part III.5 The molecular weights given 
in eqs. (13), (11), (10), (17), and (20) are valid only if termination is by 
combination of two radicals in the absence of chain transfer.

EXPERIMENTAL METHODS

Some of the experiments were run in three-necked flasks under nitrogen 
blanket and good stirring. For determining the variation of conversion 
with time, aliquots of the reaction mixture were weighed into a methanolic 
hydroquinone solution. The thus inhibited dispersion was dried, and the 
amount of polymer was determined by weighing. The molecular weight 
of this polymer was also determined in some instances.

In one experiment the conversion dependence of particle size distribution 
was also determined. A small fraction of the reaction mixture was poured 
over ice and hydroquinone to stop the reaction. This slurry was extracted 
with ice-cold hexane to remove the monomer and then allowed to come 
to room temperature to obtain a stable nonpolymerizing latex which could 
be handled by the conventional techniques of electron microscopy.

On several occasions the conversion-time curve was determined in auto
matic, self-recording dilatometers. The reaction chamber was of about 
100 cc. in size, of oblate spheroid shape, and equipped with a magnetic 
stirrer. It was connected through a water-filled capillary to one leg of a 
U-tube containing mercury. O11 contraction in the reaction chamber, the 
mercury in the open end of the U-tube was pulled downwards and a pencil 
lead electrode immersed in the mercury became increasingly exposed. A 
constant current of 0.4 ma. was passed through the pencil lead electrode 
into the mercury. In this arrangement, only the exposed part of the 
pencil lead electrode contributed to the electrical resistance of the circuit. 
The current intensity was continuously recorded on the chart of a volt
meter. The increase in voltage was found to be exactly proportional to 
the distance through which the mercury meniscus moved and hence to 
the conversion. The whole dilatometer assembly was immersed in a 
constant temperature bath. The connecting glass joints in this assembly
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contained Teflon gaskets. Teflon stopcocks were used so that the reaction 
mixture was not in touch with stopcock grease. The mixture of monomer, 
water, and soap was allowed to come to thermal equilibrium before the 
initiator was added in concentrated solution. Prior to its introduction to 
the reaction chamber by a syringe, the initiator solution was brought to 
reaction temperature. The arrangement was such that measurement 
could be started in less than 1 min. after the introduction of the initiator. 
Though only boiled water and purified monomers were used, the induction 
times were found to be longer than that, ranging from several minutes to a 
quarter of an hour. In spite of careful initial degassing, gas bubbles may 
develop during the reaction. To prevent this, in all experiments the 
dilatometer was put under 14 psi pressure, applied through the open end 
of the mercury-containing U-tube.

One problem in dilatometrie measurements is that the monomer/water 
ratio continuously changes as more water is sucked into the reaction 
chamber. To minimize this error, the reported Cs, Cj, and m/w values 
are based upon the average water content of the reaction chamber during 
the reaction. For example, if the chamber was 105 cc. and 40 cc. of 
monomer was charged to it, it initially contained 65 cc. of water. If the 
monomer contracted on reaction by 20%, i.e., by 8 cc., at the end of the 
reaction 73 cc. of water was in the chamber. Under these conditions 
b's, Ci, and m/w were based on 69 cc. of water.

To determine the interval II parameters A  and B, measurements ob
tained below 45% conversion for styrene, 25% conversion for methyl 
methacrylate, and 30% conversion for n-butyl methacrylate were used. 
For each of these monomers Pcr was also calculated by eq. (5) and only 
data at conversions higher than this were used. In this interval, at least 
ten pairs of conversion-time data were obtained in experiments involving 
three-necked flasks. In dilatometer experiments more numerous data 
points were read from the voltmeter charts.

It is convenient to measure conversion in per cent and time in minutes. 
We define 7 to be fractional conversion, IOO7 to be per cent conversion, 
and T to be time in minutes. The time is measured from an arbitrary 
point during the induction period. From this point to the start of the 
reaction, the time elapsed is To, so that the total experimentally determined 
time is the sum of the reaction time, T,  and this To, whose exact value is 
calculable. The interval II data are fitted to the following equation by 
the least-square method:

IOO7 = a* (T  +  To)'2 +  6* (T +  T„) -  c* (21)
If eq. (11) is valid, the following relationship has to hold:

IOO7 =  aT- +  bT (22)

b = (b*- +  4tt*c*)";’

It is easy to show that:
(23)
(24)
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The units of a and b are per cent per minute squared and per cent per
minute, respectively. From these parameters A and B in reciprocal
square second and reciprocal second are calculated by eqs. (25) and (26):

A =  2.778 X 10-6 (m/w) (cGator/dp) a (25)

B = 1.667 X 10-4 (m/w) ( d w« t o r /d P) b (26)

The molecular weights were calculated from the intrinsic viscosities by 
the equation:

fo] =  P& .a (27)
The intrinsic viscosities were determined for polymer samples purified by 

several rcprecipitations. The solvent for polystyrene was benzene, with 
d = 11.5 X 10-r’ and a =  0.73, given by Green.11 Later in this paper 
data given by Smith1- will also be discussed. The presented polystyrene 
molecular weights were calculated from Smith’s published fo ] values obtained 
in benzene. The [77 ] values of poly (methyl methacrylate) were determined 
in acetone and of poly(n-butyl methacrylate) in methyl ethyl ketone. 
Values of /3 = 7.7 X 10-5 and a = 0.70 were used for the former, ¡3 = 
1.56 X 10- “ and a = 0.S1 were used for the latter; these values were 
determined in the laboratories of the Rohm and Haas Co.

DEPENDENCE OF CONVERSION UPON TIME 

Shape of the Conversion Time Curve in Interval II

The conversion-time curve is usually not linear in interval II and it is 
not justifiable to assign a constant rate to emulsion polymerization. Linear 
conversion-time curves are obtained only for latexes of small particle size 
at low initiator rates; in this limiting case the Bt term is much larger than 
the At2 term of eq. (11). This limiting case was already discussed in 
Part II .6 In the more general case, the conversion-time curve is convex 
to the time axis by eq. (11). If not enough data points are obtained, or if 
the conversion range investigated is too narrow, the curvature in the 
conversion-time relationship may be overlooked and the data can fit a 
linear relationship. However, the thus determined apparent rates may 
not equal the Smith-Ewart rate, B, because the At2 term also influences 
the results. Since this term is independent of particle size, the rate per 
particle, (dP/dt)/N, is often found to increase with particle size when the 
soap concentration is reduced in single-charge recipes, or when the particle 
size is increased in seeded recipes. Such results are inconsistent with the 
Smith-Ewart interval II model and have been reported for styrene,12-16 
methyl methacrylate,16-18 n-butyl methacrylate,18 vinyltoluene,19 vinyl- 
xylene,19 vinyl chloride,20 chloroprene,16 and vinyl acetate.16

Conversion-time curves convex to the time axis in interval II are shown 
in Figures 1 and 2. Such curves fit well the P = At2 +  Bt equation, as 
indicated by the A and B parameters shown in Tables I, II, and III and
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by the linear time dependence of the difference between conversion and 
the second-order term in Figure 2. Similarly shaped conversion-time 
curves were reported for styrene,7' ‘a.ai.23—25 butadiene,14'25'26 isoprene,22 
methyl methacrylate,7'26-31 methyl acrylate,32,33 vinyl acetate,34-36 chloro- 
prene,37 vinylideue chloride38'3U and vinyl chloride.40

An interesting case arises when the conversion-time curves are deter
mined in various recipes in which the temperature, initiator concentration 
and monomer/water ratio are kept constant but the final particle size is 
varied by changing the soap concentration or by salt addition. According 
to the theory [cf. eqs. (6), (10), and (11)] the At- term is the same for the 
interval II conversion-time curves of all such recipes, while Bt decreases

Fig. 1. Interdependence of conversion, time, and average number of radicals per par
ticle. The arrows indicate where the monomer droplets disappear. The methyl 
methacrylate and styrene curves correspond to the experiments in the last columns of 
Tables I and II, respectively; the n-but.yl methacrylate experiment is described in the 
middle column of Table III. The value of Q  is calculated from eqs. (15) and (19). 
The molecular weight results obtained in this methyl methacrylate experiment are shown 
in Table V and Fig. 4. Particle size distribution data of the same experiment are 
shown in Table VI and Figs. 5 and 0.

with increasing final particle size. Thus for latexes of small particle size 
the Bt term dominates the conversion-time curves in interval II, the 
conversion is linear with time, and the rate is relatively high. As the 
particle size is increased, the At2 and Bt terms become comparable, the 
conversion at a given time is reduced, and the conversion-time curves 
become curved, convex to the time axis. Finally, for latexes of very large 
particle size, the conversion becomes proportional to the square of time 
because here the At2 term predominates. Such families of conversion-time 
curves were obtained for methyl methacylate,28 vinyl acetate,34 butadiene,26 
vinylideue chloride,39 vinyl chloride,40 and the copolymerization of buta
diene and styrene.26 The predicted proportionality between conversion
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TABLE II
Interval II Kinetic Data Obtained with Styrene“

Data of Smith12 This work

Reaction conditions
Temperature, °C. 30.5 50 60
711/ w 37/G3 37/63 40/00
C .s uf SLS, % — — 0.67
C s  of SF Flakes, % 0.5 0.5 —-
C i  of KaSjOa, % 0.17 0. 17 0.24

r  X 10° at full conversion, cm.
Experimental (elec, micr.) 7.0 5. S 4.0
Theory [eq. (S)] 8.3 5. S 4.2

B  X 10s, sec.
Experimental 0.01 2.07 10.2
Theory [eq. (7)] 0.50 .3.55 8.5

A  X 109 (experimental), sec.-2 0. 17 1.52 10.0
Quantities calculated for experimental 

A ,  B ,  and N

k i / k p [Eq. (12)] 15 150 141
Q  at 50% conv. [eq. (15)] 1.3 1.0 1.3

Coefficient of variation, %
Experimental B 30.8 00 8
Experimental A 04.5 100 35

“ Smith’s two experiments were run in test tubes; in this laboratory a three-necked 
flask was used. Additional experimental results are shown in Table VIII of Part II. 
Table V of this paper shows the variat ion of molecular weight with conversion for the last 
two experiments. Figure 1 of this paper shows the conversion-time curve of the experi
ment. of the last column. The SF Flakes used by Smith are a mixture of sodium stearate, 
oleat.e, and palmitate with S / C s  =  5 X 104 cm.~V% (cf. Part II). The high coefficient 
of variation in the A and B  values of the first two columns is due to the fact that Smith 
gave only few data points in his tables.

and the square of time for large particle sized latexes is demonstrated in 
Figure 3.

The Value of Parameter B

The most rigorous test of the theory is the comparison of the experimental 
value of B [determined from the least-square fit of eq. (11) to the experi
mental conversion-time curve] to the theoretical value of B [calculated 
from independent parameters by eq. (7)]. For styrene and methyl meth
acrylate the propagation constants are known and in Part II the theoretical 
B values are given. These values are in satisfactory agreement with the ex
perimental values, as shown in Tables I and II and in the caption of Figure 2.

For butyl methacrylate the available information41 on propagation con
stants may not be reliable and is outside the temperature range of the 
experiments of Table III. As shown in Table III, the propagation con
stants calculated for this monomer from the experimental B and N values 
by eq. (6) are of the right order of magnitude, comparable to the values of 
other monomers presented in Part II. This indicates that these experi-
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know is that its value decreases with decreasing f a n  [cf. eq. (IS) ], i.e., with 
increasing conversion and time. Thus at present it is not possible to 
predict the shape of the conversion-time curve and the variation of Q with 
conversion during interval II. If the Tronuusdorlf gel effect42 is very 
strong, as it is for methyl methacrylate, Ic, may decrease very rapidly as 
fait decreases at the onset of interval III, with the result that Q increases 
further, beyond the highest value reached in interval II. Actually, Q

Fig. 2. Analysis of styrene data of Roe and Brass21 and isoprene data of Harkins.52 
Roe and Brass determined the number-average particle volume (P/N) as a function of 
time but did not give the fractional conversion to which these values corresponded. 
These data fit well the equation, P / X  =  (A / X ) t 2 +  (B / N ) t . From the least-square fit 
values of A / N  and B / X ,  Q  was calculated and is shown above. The experiment at 70°C. 
is expt. 4 of Roe and Brass. It gives an experimental B / N  = 3.44 X 10-21 cc./sec., 3.2 
times the theoretical value calculated from eqs. (4) and (7). Their expt. 2 at 40°C. 
gives a pattern of results very similar to that shown above, with experimental B / N  =  

3.8 X 10—20; the theoretical value is 3.5 X 10~20. Harkins did not report the particle 
number or the monomer water ratio. The value of Q  was calculated here from the 
equation: Q  =  0.5(1 +  (4a/f>2)->-]°-5. The y is per cent conversion; in the text, y 
stands for fractional conversion.

increases for this monomer faster than fa„ decreases and the conversion- 
time curve remains convex to the time axis even after interval II, up to 
relatively high conversions within interval III. This is shown in Figure 1. 
Table I shows that Q can reach values as high as 10.3 for methyl meth
acrylate at 80% conversion. Only at around 80% conversion is there an 
inversion point in the conversion-time curve of methyl methacrylate. 
Gerrens26 and Hummel7,31 also found that dP/dt for methyl methacrylate 
increases not only in interval 11. but also in the first part of interval III and 
decreases only at the very end of the reaction.
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T IM E  ( h r )

Fig. 3. Time dependence of the square root, of conversion for relatively large particle 
size emulsions: (A) butadiene, data of Wall et al.;26 ( 0 )  butadiene-styrene copolymer, 
data of Wall et al.,2S (•) vinyl acetate, data of Napper and Parts;34 (♦) vinylidene chlo
ride, data of Hay et al.;39 ( A )  methyl methacrylate, data of Zimmt.28 The time is 
expressed in hours for St/Bu and Bu and in minutes for VAc, VC1>, and MMA. The 
data refer to the largest size particle emulsion of each quoted publication.

For styrene and butyl methacrylate there is an inversion point in the 
conversion-time curve at the onset of interval III, where the monomer 
droplets disappear. This is shown in Figure 1 and also in the styrene data 
of Hummel7 and Gerrens.43 The existence of an inversion point here 
indicates that, for these monomers, the reduction of the propagation rate in 
interval III as <£eff decreases is more important than the Trommsdorff effect. 
If Q increases with increasing conversion, it does so only to a small extent. 
The present results indicate that for styrene, Q decreases uniformly with 
increasing conversion within interval III. This is contrary to the findings 
of Gerrens.43 who found that Q increases with conversion within interval III.

The fate of radicals in the particles at high conversions is of some 
interest. The data of Figure 1 and Table I suggest that in methyl meth
acrylate polymerization several radicals can be trapped within each particle 
at full conversion. To verify this, methyl methacrylate was polymerized 
isothermally in a three-necked flask at 40°C. by the first recipe of Table I. 
After having been kept for several hours at 40°C., the fully converted 
reaction mixture was cooled and treated with an excess of zinc formaldehyde 
sulfoxylate to destroy the remaining catalyst. This reducing agent prob
ably did not enter the particles and did not affect the radicals existing in
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them. Subsequently the latex was diluted with water and more monomer 
was added to it. After several days standing at room temperature the 
polymer content of the latex increased 1.d-fold, presumably as a result of 
polymerization initiated by radicals trapped in the particles.

Ratio between Termination and Propagation Constants in Interval II
The ki/kp ratio is calculable by eq. (12) from the easily accessible experi

mental quantities A, B , N, R, and </>,„. Since B, N, and </>m define the 
value of kp by eq. (6), the interval II portion of the conversion-time curve 
yields enough parameters to calculate both fundamental constants, k„ 
and k,.

Tables I, 11, and III show that the ratio kt/k„ is of the order of magnitude 
of 10 to 100 for methyl methacrylate, styrene, and «-butyl methacrylate. 
The precision of the thus calculated values of kt/kp is low because each of 
the five experimental quantities used in the calculation has limited preci
sion. The present theoretical analysis of emulsion polymerization data 
gives k,/kp ratios which arc 102 104 times smaller than found for homo
geneous polymerization at low conversion.44'45 Similar orders of magnitude 
of k jk v for emulsion polymerization were obtained by Van der Hoff,40 
Vanderhoff et al.,47 and Gerrens et al.43 for the emulsion polymerization of 
styrene; and by Gerrens17 for the emulsion polymerization of methyl 
methacrylate. However, these results from the literature cannot be con
sidered to be independent confirmation of the presently found kt/kp values 
because these authors used Stockmayer’s49 theory in their analysis; and 
this theory is based on a model which is in many respects similar to that 
of Part III.5

The following independent data indicate that the k,/kp ratios presently 
found for emulsion polymerization are of the correct order of magnitude:

(a) It will be shown below that kt/ k determined from the increase in 
rate when initiator is post-added, is of the same order of magnitude as 
kt/kp calculated from eq. (12).

(b) The parameters B, N, R, and <f>m used in eq. (12) can be checked by 
independent measurements, as shown in Part II. If independent measure
ments can also prove the reality of parameter A too, our confidence in the 
reported kt/kp ratios should increase. It will be shown below that the 
molecular weights calculated with the aid of the parameter .4 agree with 
experimental values.

(c) The value of kt/kp can be estimated from the increase or decay of 
conversion rate when emulsion polymerization is initiated by intermittent 
irradiation. The analysis of such data does not involve a mechanistic 
model of emulsion polymerization. Using this approach Hummel et al.7'9 
found kt/k„ values in the range of 10-100 for several monomers.

(d) It is likely that the relatively low values of k,/k„ are the result of 
very high viscosity within the particles, and this in turn is due to the high 
molecular weight of the polymer and the relatively low concentration of 
monomer in the particles. Since termination, unlike propagation, is
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diffusion-controlled, kt must be low. Indeed, North et al.45"50 determined 
kt of homogeneous polymerization in viscous reaction mixtures obtained by 
dissolving m them inert polymers. Homogeneous methyl methacrylate 
polymerization at 40°C. and at 120 cp. viscosity yielded kt/k„ =  21.1, 
not too different from k jk v results of Table I.

(e) It will be shown in Part V61 that kt/kp has a lowest theoretical limit 
for very viscous reaction loci; this limit is of the order of 10. The present ly 
found kjkp  ratios are often close to this theoretical limit.

Effect of Post-Added Initiators

If Smith and Ewart’s assumption of instantaneous termination were 
correct, the rate in interval II could not be increased by post-added initiator 
since the value of Q would be half and independent of the initiation rate. 
Several authors increased the initiation level after the reaction was already 
in progress and found that the conversion rate was thus increased. Such 
data were published for butadiene by Morton et al.,62 for chloroprene by 
Morton et al.,37 for vinylidene chloride by Hay et al.,39 for vinyltoluene, 
vinylxylene, and styrene by Gerrens and Kohnlein.48

TABLE IV
Analysis of the Effects of Post-Added Initiators on Styrene 

Polymerization Based on the Data of Gerrens and Kohnlein“

Temperature,
°C.

Rate i
(cah

■atio k j k p 

■ulated)b Rate ratio (exper¡mental)0

e = 5 e =  17.66 e = 5 e = 17.56 0m (avg.)

35.3 60 75 1.3 2.0 0.49
40.3 43 — 1.44 — 0.49
45.4 49 68 1.47 2.14 0.52
50.6 41 — 1.48 — 0.47
55.7 42 79 1.5 1.87 0.47

a In all experiments m / w  -= 1/15 and sulfonuated dodecane soap at C a = 0.57%  were
used. The K2S20 8 initiator level was increased e-fold at about 20% conversion. The 
original C i  was 0.0488%. The reported rate ratio is the apparent linear rate after post- 
addition divided by that prior to post-addition. 

b Calculated from Fig. 6, Part III.
0 Experimental data of Gerrens and Kohnlein.48

Some of the styrene data obtained by Gerrens and Kohnlein48 are shown 
in Table IV. The k jk p ratios calculated from these data (with the aid of 
Figure (i of Part III) have the same order of magnitude as the independent 
k,/kp data of Table II. Gerrens and Kohnlein48 used the steady-state 
theory of Stockmayer49 to calculate k, and obtained kt/k„ values somewhat 
lower than those shown in Table IV. The main reason for this discrepancy 
is that in their theoretical analysis Gerrens and Kohnlein disregarded the 
variation of particle volume with time.
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MOLECULAR WEIGHT RESULTS 

Variation of Molecular Weight with Conversion

The theory of Part III predicts that the molecular weight should increase 
with conversion during interval II and decrease at the end stage of interval
III. Such data were published in the literature for styrene12,29'53 and 
met hyl methacrylate,28’29 and these data were obtained under experimental 
conditions consistent with the theoretical model of Pait III. Maxima in 
molecular weight-conversion curves were also obtained26,54-57 in recipes 
containing either redox catalysts or chain transfer agents, i.e., under experi
mental conditions outside the scope of the theory.

The polystyrene data of Table V show excellent agreement between the 
calculated and experimentally found molecular weights at increasing con
version. For poly(methyl methacrylate) the calculated molecular weights 
are 1.5 ±  0.0G times higher than the experimental values. At this point 
it should be remembered that in the model, and hence in the derivation of

TABLE V
Variation of Molecular Weight with Conversion 

in Styrene and Methyl Methacrylate Polymerization“

M ,  X ltr 6
calculatedX 10 6,

0 /
/ c Exptl. [eq. (14)] Eq. (13) Eq. (20)

Styrene, 50°C. 5.1 2.66 3.85 3.49 —

14.0 3.84 4.35 4.24 —
31.9 4.68 4.90 4.72 —
44.0 5.05 5.40 5.17 5.17
61.0 5.38 — — 5.62
73.0 5.28 — — 5.61
SO. 5 5.12 — — 4.62

Styrene, 00°C. 3.7 1.53 2.34 2.29 —
12.4 2.3 2.48 2.32 —
21.2 2.9 2.59 2.54 —
30.7 3. 1 2.72 2.62 —

MMA, 55°C.
33.7 3. 3 2.82 2.70 ----

9.8 3.22 4.77 4.10 —
12.75 3.38 5.22 4.80 —

1G.75 3.70 5.35 5.20 —
21.40 3.70 5.96 5.35 5.35
36.05 4.36 — — 6.3
59.85 4.65 — — 7.0
87.90 4.82 — — 8.2
93.3 4.65 — — 7.25
93.6 4.11 — — 6.20

“ The styrene experiments are the ones described in the last two columns of Table II. 
The methyl methacrylate experiment is the one of the last column of Table 1. In calcu
lating the theoretical interval II molecular weights the experimental values of the param
eters A  and B  were used.
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eqs. (13), (14), and (20), termination by combination was assumed. The 
available data58 indicate that combination is indeed the overwhelmingly 
predominant mode of termination for polystyrene, but not for poly(methyl 
methacrylate). The difference between viscosity-average and number- 
average molecular weights may be disregarded and termination by dispro
portionation can be assumed gives molecules of a weight half of that obtained 
by combination. If the molecular weight obtained by combination alone 
(calculated by the theory) is 1.5 times higher than the experimental 
molecular weight (which is the result of both combination and dispropor
tionation), the fraction of molecules that are formed by combination is 
33%. This value, calculated from the present data, compares favorably 
with the tracer results of Bevington et al.59 who found that at 55°C. the 
fraction of termination events due to combination is 18%.

In Part II data were quoted in which the experimental final molecular 
weights were about equal to M Se, the interval II molecular weight that 
would be obtained if termination was instantaneous. It was argued that 
agreement between M SE and the final molecular weight can be the result 
of fortuitous compensation between slow termination effects during interval 
II leading to molecular weights higher than il/se, and slow propagation 
effects due to low monomer concentration in particles during interval III 
leading to molecular weights lower than M se■ This argument is confirmed 
by the data of Table V.

In Part II it was also shown that the theoretical M se was often higher 
than the final experimental molecular weight, and this was explained by 
chain transfer to monomer. The n-butyl methacrylate final molecular 
weights at 65 and 00°C. are considerably higher than the theoretical M se 
values, as shown in Table III. Evidently this is the opposite of the 
expected result if the discrepancy was caused by chain transfer. With this 
monomer the slow termination effects are overwhelming, even at high 
conversions. Table III shows that the theoretical molecular weights 
calculated from eq. (20) for high conversions are in good agreement with 
the final experimental values.

It is noteworthy that the effects of slow termination become more 
pronounced at larger particle sizes. It follows that if slow termination is 
important, the final molecular weight should increase with the monomer/ 
water ratio in the charge. This was indeed found for polystyrene.3'19’47

Molecular Weight Distribution at Persulfate Initiation
! There can be several reasons for molecular polydispersity in polymers 
formed by emulsion polymerization at constant initiation rates.

(/) Due to variation of propagation rate and of termination rate with 
conversion, (lie average molecular weight of the material formed at any 
given instant also varies with conversion. The results shown in Table Y 
reflect this effect.

(2) The material formed at any given instant may be polydisperse 
because the growing polymer chains can terminate at the same time by
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% OF POLYMER WITH MOLEC. WT. $  ORDINATE VALUE

Fig. 4. Molecular weight distribution of the poly(methyl methacrylate) sample ot 
Table V at 93.3% conversion, calculated from (he experimental variation of molecular 
weight with conversion. Method of calculation: let M i ,  M ->, and M u  be the molecular 
weight of polymer formed up till 71 and y2 conversion and in the interval between 71 and 
7 2 , respectively. Then M u  = ( 7 ..1T — y \ M  1) /( 7 2  — 7 1). One-third of the material 
formed in the 72 — 71 interval terminated by combination and has a molecular weight of 
l.."id/i2; the remainder terminates by disproportionation and has a molecular weight of
0. 75M 12. More data on this polymer sample are given in Figs. 1, 3, and 6 and in Tables
1, V, and VI.

different modes to give different molecular weights. For example, MMA 
can terminate by disproportionation and by combination, as discussed 
earlier.

(3) Molecules formed at the same instant by a given mode of termination 
may vary in chain length because they may be located in particles of differ
ent sizes. Particles larger than average absorb radicals on the average 
faster than the grand average rate, R/N. This by itself could cause 
lowering of the molecular weight. However, if larger than average par
ticles contained about average number of radicals, the termination rate in 
them would be slower than average, since the probability that two radicals 
meet and crosstenninate in a given time is inversely proportional to the 
particle volume. Thus in larger particles the termination rate is slower 
than average and this by itself would increase the molecular weight. This 
could partially offset the, effects of faster than average radical absorption. 
I11 fact, Morton et al.r’° found that the molecular weight was the same for 
each fraction of a polystyrene emulsion polymer fractionated according 
to particle size.
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(4) Though different particles of equal size should absorb radicals at 
the same mean rate, the actual intervals between the entry of two radicals 
can vary due to the random nature of collisions between radicals and 
particles. Molecules terminated in different equally sized particles by the 
same termination mode and at the same instant may therefore vary in size.

If the mechanisms (3) and (4) were important, the M v values calculated 
from the theory could not agree with the experimental values as well as 
shown in the results of Table V (after suitable correction for dispropor
tionation and combination in the MMA data). Though the results quoted 
here provide circumstantial evidence for the hypothesis that mechanisms
(3) and (4) are not important, this matter is by no means settled. Schulz 
et al.61 reported molecular weight distributions of polystyrene emulsion 
polymers. Their experimental distributions are significantly broader than 
the distribution calculated from the present poly(methyl methacrylate) 
data when in these calculations the contribution of mechanisms (3) and
(4) are neglected. The distribution calculated from the poIy(methyl 
methacrylate) data of Table V is discussed below.

It was shown in Part III that the M„ values can be at most 1.333 times 
larger than the M v values, if the variation of the average molecular weight 
with conversion is caused only by changes in termination rate and if this 
is the sole cause for molecular polydispersity. In calculating the molecular 
weight distribution at 93.3% conversion from the variation of M v with 
conversion it is assumed that the experimental M , values of Table V ap
proximately equal M„ and that 33% of the molecules terminate by com
bination, the rest by disproportionation. The thus calculated distribution 
and the methods of calculating it are shown in Figure 4. Approximately 
half of the polymer is found to have molecular weights between 3.6 and 
4 X 10r>. Material terminated by disproportionation at very high conver
sion (fraction “ h” ) has a much lower molecular weight, 1.5 X 106. About 
8 X 106 is the molecular weight of the fraction G, terminated by combina
tion in the 60-88% conversion range. Figure 1 shows that in the 60-88% 
conversion range Q passes through a maximum, so that high molecular 
weights are expected here. One can conclude from the data of Figure 4 
that a quite broad molecular weight distribution can be obtained, even if 
this is caused only by changes in termination and propagation rates and 
by two different simultaneously occurring termination reactions.

Molecular Weight Distribution at Initiation with Intermittent Irradiation
If the Smith-Ewart assumption of instantaneous termination was gen

erally true, emulsion polymers initiated by suitable intermittent irradiation 
should be homogeneous in molecular weight since chains would grow only 
during the dark periods and would be either initiated or terminated during 
irradiation. This was postulated by Zimm et al.19 Schulz ct al.62 investi
gated polystyrene samples prepared by this method and found several 
peaks in the differential molecular weight distribution curves. These 
peaks clearly indicated that radicals could survive several cycles of irradia
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tion and dark periods. These data provide additional evidence for the fact 
that the Smith-Ewart instantaneous termination assumption is not tenable.

PARTICLE SIZE DISTRIBUTION 

Parameter Defining the Skewness of the Distribution Curve

All particle size distributions of the present work were mononodal. 
They could be fitted to a Gaussian distribution if a certain power of the 
radius was used. The appropriate power exponent s defines the skewness 
of the distribution. Its value can be conveniently determined from the 
median radius, rm and from the size distribution defined by nu the number 
of particles having rt radius:

r,n =  Z'h gYXX (2S)
It is evident that if s =  1, the radii have symmetrical differential distribu
tion. If s >  1, the distribution is skew, in that relatively small number of 
particles have small radii and the rest of the particles are in the large 
particle radius range. If s <  1, the opposite is true.

Below different averages of particle radius will be used. These were 
defined in Part I.4

Variation of Size Distribution with Conversion

In Part IIP the distribution of radicals among particles was calculated 
to be a unique function of the average number of radicals per particle, Q. 
This distribution was found to be quite broad. For example if Q =  4, 
only about 20% of all particles should actually contain 4 radicals. About 
1% of the particles should be “ dead”  containing no live radicals, about 5% 
should contain one radical; while at the other extreme, 5% should contain 
7 radicals, and 0.2% should contain as many as 10 radicals.

It was also shown in Part III that t lie distribution of radicals among 
particles broadens with increasing Q; the variance of this distribution is 
about 0.7oQ at (J >  1.

Each particle grows proportionally to the number of radicals in it. Slow 
termination rates cause Q to rise to values significantly larger than 0.5, and 
this broadens the distribution of radicals among particles so that the 
distribution of particle growth rates also broadens. It follows that as Q 
increases with conversion, the particle size distribution has to broaden.

The theory of Part III also predicts that, as the distribution of radicals 
among particles broadens, a decreasing number of particles should contain 
no radical so that they do not grow at all and also a decreasing number of 
particles should contain few radicals so that they grow slowly. At the 
same time, more and more particles should contain a relatively large number 
of radicals so that they grow very fast. With increasing conversion the 
size distribution should therefore become skew, in that most of the par
ticles should become large while few arc small. In other words, the breadth



EMULSION POLYMERIZATION. IV 707

Fig. 5. Variation of differential particle radius distribution with the conversion of 
methyl methacrylate in the experiment of Table VI. The polymerization details are 
shown in the last, column of Table I. Particles with radii differing by no more than 1.7 
to 1.9 X 1 0 cm. were pooled. The points represent the average size of these pooled 
particles.

of the particle distribution (the standard deviation of the radii), and the 
skewness factor s of eq. (2S) are predicted to increase with conversion, if Q 
increases with conversion.

Table VI and Figure 5 show that the standard deviation and the breadth 
of particle size distribution indeed increase with conversion. However, 
the particle size distribution broadens only in absolute terms, not in relative 
terms. The ratio of <r/r„ does not vary systematically with conversion; 
this coefficient of variation is 20-31%. Similarly, the ratio between

TABLE VI
Variation of Particle Size Distribution Parameters with Conversion’

Conversion, r „ , X 1 o 6, r w X 106, V X 10«,
c y cm. cm. Cl[11. •S'

2 .57 2 17 2 57 0. 55 O.63
5..25 2 27 2 89 0. 71 1 . 25

12 75 2 76 3. 27 0. 76 1 .4
19 1 2. 92 3. 75 1. 08 1 . 57
36 . 05 4. 21 4. 69 0. 94 2 .69
45 65 4. 66 5. 11. 0. 98 3 .04
93, 6 5. 18 5. 67 1. 03 2 .57
98. 6 5. 24 5. 89 1. 26 2 .12

a The data describe the methyl methacrylate polymerization experiment also shown in 
Figures 1, 4, 5, 6, in Table V and in the last column of Table L Table VI of Part II also 
gives relevant data.

The data shown below were determined by counting at least 700 particles in the electron 
micrographs. The averages of radius values are either number (rn) or weight averages 
( r w) . The standard deviation is a . The parameter s is the skewness defined in eq. 
(28).
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Fig. 0. Variation of cumulative particle size distribution with conversion. The or
dinate is probability scale; perfect Gaussian distribution would give straight lines. In 
the abscissas, r  is the particle radius in millimicrons (10-7 cm.), and s is the exponent to 
eliminate skewness, defined in eq. (28). The same data are plotted in Fig. 5.

weight and number-average radii range from 1.09 to 1.28 without any 
systematic trend.

The variation of skewness with conversion runs parallel with the average 
number of radicals per particle, Q. The skewness factor s increases from 
0.67 to 3.04 below 46% conversion by the data of Table VI. It is shown 
in Figure 1 that in this conversion range Q increases. At very high conver
sions s decreases to 2.12, but here Q also decreases. When the cumulative 
distribution of rs is plotted on a probability chart, the curves are almost 
straight lines as shown in Figure 6. This indicates that rs has Gaussian 
distribution.

CONCLUSIONS

Slow termination in emulsion polymerization can cause very significant 
deviations from the theoretical predictions of the Smith-Ewart model. The 
new nonsteady-state theory proposed in Part III, which takes slow termi
nation rate into account, fits the experimental dependence of conversion 
on time and also fits well the experimental conversion dependence of 
molecular weight and of particle size distribution.
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NOTE

Preparation and Polymerizabilily of Substituted 
a, 0,13-TriJluorost yrenes

The oxidative instability of polystyrene and its copolymers has been the subject of 
many reviews and publications for the past three decades. Alternate molecules similar 
in structure but having greater oxidative resistance (e.g., elimination of benzylic hydro
gen) have been sought as replacements for polystyrene, and it is the purpose of this note 
to review research work directed toward this goal.

Although still expensive, poly-a,|3,£!-trifluorostyrene is one such alternate material 
offering good oxidative stability. The monomer a,/3, -̂trifluorostyrene was first synthe
sized by Cohen1 in 1941) and was successfully converted to high molecular weight poly
mer by Prober,2 who described several conversion difficulties encountered. Livingston3 
evaluated copolymerizations of «,/9,f3-trifluorostyrene with styrene and chlorotrifluoro- 
ethylene.

This note presents data on the preparations, polymerizability, and copolymerizabilitv 
of substituted c*,/3,/3-trifluorostyrenes.

Dixon4 synthesized a,/3,/3-trifluorostyrene by reacting phenyl lithium and tetrafluoro- 
ethylene, thus discovering a general reaction between organolithiums and fiuorinated 
olefins. We used the Dixon method to prepare the fluorostyrenes listed in Table I. 
These monomers were then subjected to variable catalysis and medium experiments to 
determine their polymerizabilities (for both homo- and copolymers). Table II is a sum
mary of the homopolymerizations attempted. Polymers having an intrinsic viscosity of 
0.5 dl./g. or higher (measured in benzene at 30°C.) were sought, and those not meeting 
this requirement are listed as low molecular weight materials.

By heat-induced persulfate decomposition in an emulsions system using 100 g. mono
mer, 11.69 dodecylamine hydrochloride, 0.44 g. potassium persulfate, all in 600 ml. of 
distilled water, attempts were made to copolymerize a,d,/3-trifluorostyrene with the fol
lowing monomers: /3-chloro-<*,/5-difluorostyrene, 1-phenylperfluoropropylene, 2-methyl- 
a,/3,/3-trifluorostyrene. In each case, only the homopolymer of a,/3,/3-trifluorostyrene 
was found, regardless of the ratios of comonomers.

On the other hand, copolymerization of an equimolar mixture of 4-methy l-or,£,/3- 
trifluorostyrene and a,/3,/3-trifluorostyrene yielded a random copolymer in 80% conver
sion. No attempt was made to determine reactivity ratios for this copolymerization.

It appears from the results shown that steric hindrance, exerted by groups on or near 
the substituted vinyl side chain, is the primary factor influencing the ring- 
and side-chain-substituted fluorostyrenes. The conversion of substituted per- 
fluoro alkyl styrenes to macromolecules by emulsion polymerization is directly related to 
the size of substituent groups on both the vinyl chain and the ring. For instance, al
though styrene and «,/8,/S-triflunr».«t.yrene homopolymerize readily by emulsion tech
niques, the substitution of even one chloro group for a fluoro group in the 0  position ren
ders the monomer inactive to free-radical 'polymerization. Only unreacted monomer 
was recovered after attempted emulsion polymerizations using this monomer with the 
larger chloro substituent on the vinyl group.

Also, attempts to bulk polymerize the above monomers by free-radical initiation again 
showed that the monomers exhibited marked differences in reactivity, a,/3,/3-trifluoro- 
styrene was converted principally (60-70%) to its dimer (1,3-diphenylperfluorocyclo- 
butane). Dimerization also occurred during attempts to bulk polymerize 4-methyl- 
a,/3,/3-trifluorostyrene or 4-fluoro-a,/3,/3-trifiuorostyrene. In contrast, attempted bulk 
polymerizations of 2-methyl-a,/3,/3-trifluorostyrene, 1-phenylperfluoropropylene, or
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a,0,/3-trichlorostyrene yielded only unreaeted monomer. Table II is a summary of these 
reactions.

Clearly, <*,/3,/3-trifiuorostyrene is a monomer which is close to being nonpoly merizable 
because of steric hindrance, having just enough spacial volume to add monomer and form 
a high molecular weight linear polymer in a free-radical emulsion system. The substitu
tion of Cl, CF3, and presumably any other bulky group larger than II or F on the vinyl 
group totally inhibits free-radical polymerization in emulsion systems. Such large sub
stituents also prevent dimerization in attempted bulk polymerization by free-radical in
itiators. The presence of a bulky group on the aromatic ring ortho to the perfluorovinyl 
group also inhibits emulsion free-radical polymerization as well as bulk free-radical di
merization. However, the same bulky group, when substituted on the aromatic ring in 
the position para to the perfluorovinyl group, does not interfere with either free-radical 
emulsion polymerization or free-radical bulk dimerization.

The conversion of substituted perfluorovinylbenzenes to high molecular weight poly
mers (emulsion system) or dimers (bulk system) is extremely sensitive to steric effects.
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BOOK REVIEW

Die Synthese von einheitlichen Polymeren. J. H. W in t e r . Springer- 
Verlag, Berlin, Heidelberg, New York. Mit 71 Abbidlungen. XIV, 415 
Seiten Gr. —8 °, 1967.

This book is devoted to recent progress in a field which has experienced some unex
pected and spectacular developments, namely the synthesis of polymers which are 
homogeneous in respect to structural details and to molecular weight,

The first two (brief) chapters serve as general introduction to the core of the presenta
tion which starts with radical initiated addition polymerization of vinyl type monomers 
(pages 63-84) and emphasizes essentially structural uniformity such as linearity, t.act- 
icity, and stereoregularity. The following discussion (pages 85-222) of ionic and 
Ziegler catalysts adds to it the facts of narrow molecular weight distribution. Poly
condensation processes are treated with equal thoroughness together with an account of 
the uniformity of natural polymers (pages 223-288). Next comes a discussion of chem
ical reactions and changes with individual polymers (pages 289-310) and the preparation 
of uniform systems by elution, fractionization, diffusion, and permeation (pages 313— 
332). Chapters 4 and 5 contain detailed information on the synthesis and analysis of 
uniform polymers.

The text is concise, clear and encompassing; there are no omissions or bypasses; the 
emphasis is on completeness and thoroughness. The book makes even interesting 
casual reading but its real merit and almost indispensable value becomes obvious if 
one uses it during the work in the laboratory. It is a most welcome time saver and a 
thoroughly reliable guide through the maze of preparative polymer chemistry.

H. Mark

Polytechnic Institute of Brooklyn 
Brooklyn, New York 112Ü1
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