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Emulsion Polymerization of Ethylene. V. Kinetics 
and Mechanism 
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& Development Company, Kansas City Division, llIerriaiii, Kansas 66204 

Synopsis 

The solubility of ethylene was measured in water, water-tert-butyl alcohol, water- 
emulsifier, water-tert-butyl alcohol-emulsifier, and water-tert-bntyl alcohol-emulsifier- 
polyethylene. The polymerization of ethylene in an emulsion system differs from that of 
other vinyl monomers in several ways: the rate of polymer formation is inversely propor- 
tional to the emulsifier concentration and to the number of particles, the molecular 
weight of the polymer increases as the particle size increases, the polymer contains 
bound emulsifier whose concentration depends inversely ou  the particle diameter. These 
peculiarities are attributed to a transfer reaction between polymer radicals and emulsifier 
adsorbed on the surface of the polymer particle. In the preseuce of a fatty-acid soap, 
the transfer probably occurs primarily a t  the carbon LY to the carboxyl group. 

INTRODUCTION 

The Smith-Ewart equation appcars to describe satisfactorily many 
aspects of the emulsion polymerization of vinyl monomers. There are, 
however, frequent reports of departure from theory which appear to be 
linked to specific properties of the monomers.’ The exponent of rate 
dependence on emulsifier concentration, for example, decreases as the 
solubility of the monomer in the aqueous phase increases. Owing to the 
observed transfer reaction obtained when vinyl acetate was polymerized in 
a solution containing poly(ethy1ene oxide) dodecyl ether, Okamura and 
,Ilotoyama2 tried to relate differences in kinetic behavior in emulsion 
polymerization between styrene and vinyl acetate to differences in radical 
reactivity. Comparative studies with vinyl caproate, however, showed 
that the differences were due to solubility rather than to  radical reactivity. 

Although ethylene resembles vinyl acetate in solubility, its radical reac- 
tivity is much greater. Indeed, the high reactivity of the radical gives rise 
to intramolecular transfer 1c:ding to short-c*h:h branching3z4 and to telo- 
nicrizstion with vompountls containing active J~ydrogeris.~,~ This paper 
undertakes to explain the uiiusu:d twliavior of cthylcne in emulsiori poly- 
merization by the high reactivity of thc ethylene radical. 

* Present address. Ail Products a i d  Chemicals, IIIC., Allentown, Pa. 
1 
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EXPERIMENTAL 

Materials 

A typical analysis of ethylene used in this work is: ethylene, 99.69; 
carbon dioxide, 0.156; nitrogen, 0.009 ; oxygen, 0.001 ; ethane, 0.132; and 
methane, 0.018 mole-%. 

Lauric and myristic acids were obtained from lllatheson, Coleman and 
Bell and stearic acid (U.S.P. powder) from Nallinckrodt a t  calculated acid 
contents of 96.6, 97.3, and 105.9%, respectively, based OIL titration with 
standard solutions of sodium hydroxide. 

The polyethoxylated alkylphenol and sodium lauryl sulfate emulsifiers 
were obtained from Rohm & Haas arid duPont, respectively. 

Potassium persulfate, potassium phosphate, and potassium hydroxide 
were materials of analytical reagent grade from lllallinckrodt. 

The technical grade teyf-butyl alcohol, which contained small amounts of 
water and isobutylene, was obtained in 99+% purity from Shell Chemical 
Company. 

Distilled water was used to prepare all recipes and solutions. 
All materials were used without further purification. 

Preparation of Latexes 
The polyethylene latexes were made by the procedure for the emulsion 

polymerization of ethylene described by Helin et al.’ lllost of the experi- 
ments were carried out with 2 kg. of materials in a 1-gal. stainless steel 
Nagne-Dash autoclave weighing nearly 100 lb. and having a wall thick- 
ness of about 1.5 in. Owing to the mass of the autoclave, the amount of reac- 
tants, and the high heat of polymerization, the reaction temperature was 
difficult to control and generally varied through a range of 8°C. Other 
experiments, particularly those in which the solubility of ethylene in the 
polymer was measured, were carried out in a stirred, 1s-gal. stainless steel 
autoclave. 

The conceiitrations in the recipe are given as parts of an ingredient per 
100 parts of aqueous phase, which can be either water or water plus tert- 
butyl alcohol. The concentrations in the latex of monomer and polymer 
are also given in this manner. The expression “parts of polymer’’ is useful 
as a substitute for the concept of per cent conversion, which is meaningless 
in this system because ethylene is supplied a t  a constant pressure. 

Sampling 
The amount of ethylene dissolved in the latex at, operating conditions 

was determined by withdrawing a 200-g. sample of the unagitated latex 
through a clip-tube extending to thc bottoni of the reactor. (Because thc 
ethylene W:LS above its critic:d tempcr:iture, :L foam, rathei t h m  nn emulsion 
formed. Although the foam coiitained about 13-20 wt.-% ethylene, a latex 
phase separated as soon as agitation was stopped.) The latex was caught 
in a 3-liter, tared flask coriiiected to a wet test meter through a11 ice-cooled 
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condenser. When the sample was collected a t  a rate limiting the flow of 
ethylene through the wet test meter to 180 l./min., the one condenser was 
adequate, as in preliminary experiments a Dry Ice-cooled trap downstream 
from the condenser collected only 0.5 g. of material. The amount of 
latex collected was obtained by reweighirig the flask, the volume of ethylene 
measured by the wet test meter was reduced to standard conditions (dry), 
arid the solids content of the latex was determined by evaporating a sample 
on a moisture balance. If only the solids were to be measured as a check on 
the progress of the polymerization, the sample was limited to a weight of 
l(r20 g. 

The polymer was isolated and analyzed as described in an earlier paper.* 
Its  concentration in the latex was calculated from the solids content cor- 
rected for noripolymeric solids as measured before polymerization or as 
calculated from the recipe. The amount of ethylene dissolved in the 
polymer was obtained by correcting the measured volume (S.T.P., dry) 
by the volume equivalent to the amount of ethylene dissolved in the as- 
sociated aqueous phase as measured a t  reaction conditions prior to poly- 
merizat ion. 

Carbonyl Absorbance 
The emulsion polymers of ethylene prepared with potassium myristate 

as the emulsifier contained bound emulsifier whose concentration was 
measured quantitatively by infrared absorption of the carbonyl band at  
5.85 I.(. The absorbance per mil of polymer A is related to the number of 
carboiiyl groups per gram of polymer I3 by eq. (1) : 

A = X-E (1) 
The cell constant k was determined on mulls of Sujol arid myristic acid, 
whose absorbance over the concentrations studied obeyed the Beer-Lam- 
bert law, arid was found to have a value of 5.29 X g./niolecule/mil of 
film. 

Particle Diameter and Number 
A modificationg of Alaron's methodlo was used to measure the amount of 

soap that was adsorbed by the latexes arid to determine the average surface- 
to-volume diameter D. The number of particles per milliliter of aqueous 
phase N ,  was calculated from the polymer coiitcrit of the latex arid thc 
average particle diameter as determined by soap adsorption. The samples 
that contained tert-butyl alcohol were first evaporated to one-half volume 
in a rotating flask to remove the alvohol and then diluted with water to 
their original volume. The surface tension of the latexes was measured 
with :I ring t,ensiometer. 

Molecular Weight 
The frumhc.r-:Lvrr:bgc molec*ult~r wcight AT,& W:L\ c:~l~~ul:ite~l from tlic reh- 

tioii 
+IT,& = 3.1 x 1 0 4 ~  - ciwo ( 2 )  
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whcru q is thc rclativc viscosity detcrmiiicd on 2.0 g. of polynicrjl. i i i  

tctraliii a t  135°C. and tlic constuits arc I~sc t l  011 el~ullionictrically mcas- 
urccl valucs of 

Experimental Design 

The effects of various components of the recipe on polymer inherent vis- 
cosity, polymerization rate, and particle number were measured in a statis- 
tically designed experiment" consisting of a randomized block of 28 com- 
binations comprised of a 3 X 23 arrangement of factors: three fatty acid 
soaps and two concentrations each of emulsifier, kit-butyl alcohol, and 
initiator, regularly interspersed with four "center-point" combinations. 
These data are given in Table I, where the variables, except for the center- 
point replicates, are listed in conventional order under each emulsifier. 
In  this form, the data do not divulge their maximum information, especially 
in view of the wide variation appearing in the replicate determinations; 
therefore, statements and values derived from Table I are based on average 
values. In  Table 111, for example, the average rate of polymerization 
obtained with 2 parts of emulsifier is 14.7 parts of polymer per hour, which 
is '/I2 of the sum (12.0 + S.2 + The limits attached to those 
averages are based on a measure of experimental error as established by the 
pooled variances of the center-point replicates and the three- and four- 
factor interactions and indicate the range within which the true average 
has a 0.95 probability of falling. All experiments of this series were carried 
out a t  80°C. and 3000 psig. 

+ 17.3). 

DATA AND DISCUSSION 

Solubility of Ethylene 

The solubility of ethylene at  4500 psig. in various solvents is shown in 
Figures 1 and 2, which represent the amount of ethylene that can dissolve 
in the aqueous phase at various stages of polymerization. As Figure 1 
shows, the solubility of ethylene in water at S0"C. is about 9 g./kg. of 
solution (0.3 molal) and can be increased to about 15 g./kg. by the addition 
of potassium myristate. The solubility, however, increases abruptly 
between emulsifier concentrations of 0.3-0.5 parts, but thereafter remains 
relatively constant. Henre the invrease is probably associated less with 
ethylene dissolving in micelles than with the aqueous phase forming a stable 
foam that persisted into the sampling period. 

Figure 2 shows that the solubility of ethylene at 54°C. in an aqueous 
phase containing 20yo tert-butyl alcohol is similar to that in water a t  
SO'C., but the rise in solubility as emulsifier concentration increases is less 
abrupt. At SO'C., however, the jump in solubility with increased emul- 
sifier concentration disappears in favor of a steady increase that is in keep- 
ing with the results expected when the solubility depends on the presence 
of micelles. The amount of dissolved ethylene, whether in micelles or not, 
is at best doubled by the addition of 3 parts of emulsifier. Because the 
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3.0 
0 
0 1 .o 2.0 

EMULSIFIER- G./IOOG. 

Fig. 1. Effect of emulsifier concentration on the solubility of ethylene at 4500 psig. 
in water at, 80°C. : (0) potassirlm myristate; (A) polyethoxylated (9.5) octylpherrol. 

I I I I 

I I I 
0 1 .o 2.0 3.0 

EMULSIFIER -G./lOOG. 

Fig. 2. I’Wect of emrilsifier concentration on the solubility of ethylene at, 4500 psig 
it) an 80,420 solution of water and tert-biityl alcohol: (0 )  potassium myristate a t  54°C. 
(0) potnssiiim myristate at 80°C.; (A) polyethosylated (9.5) octylpheiiol at 80°C. 

emulsifier is removed from solution by adsorption on the polymer surface 
during the course of polymerization, the solubility of ethylene in the aquc- 
ous phase must revert to < l . O %  as the polymerization progresses. 

During polymerization, the solubility of ethylene in the latex increases 
owing to the additional amount that dissolves in the growing polymer 
phase. The data in Table 11, which are corrected for ethylene dissolved 
in the aqueous phase prior to polymer formation, show the monomer solu- 
bility in the polymer during polymerizations made a t  two pressures and 
with various emulsifiers. Except for a few values associated generally 
with low polymer concentrations, the ethylene/polymer ratios within a run 
are substantially constant. Although the variation in solubility assign- 
able to differences aniong emulsifiers is not significant compared with the 
standard error in the measurements of 0.016 g. of ethylene/g. of polymer, 
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the difference between the average solubility of 0.17 g./g. a t  2500 psig and 
of 0.21 g./g. at  3300 psig is significmit and, whcri cxtrapolated, indicates 
that the solubility a t  4500 p i g  is 0.27 g./g.  Arcsording to a prcssure- 
enthalpy diagram for ethylcrie, 0.27 g. of cthylcrie at SOo(;. and 4500 psig 

TABLE I1 
Soluhilitya of Ethylene in Polyethylene Latex Partirles During Polymerizationb 

Emulsifier 

Sodium 
lauryl 
sulfate 

Sodium 
lauryl 
sulfate 

Potassium 
stearate 

Polyethoxyl- 
ated (9.5) 
octylp henol 

Ethylene 
Ethylene Emulsifier Polymer concentration, 
pressiirc, concentration, concentration, g./g. of 

psig partse partsC polymer 

2500 1.2 2.9 
6.2 
8 . 4  

11.1 
14.4 
17.2 

25nn 2.0 3.8 
8.3 

11.9 
15.2 
17.0 
18.4 

2500 3.4 0.9 
3.7 
6.0 

9.7 

14.2 
16.7 

3300 3.0 2.6 
6.0 
9.0 

11.3 
13.2 
14.3 
15.6 
15.9 

8.0 

10.9 

18.0 

0.17 
0.16 
0.17 
0.16 
n. 17 
n. 17 

n. 17 

0.16 
0.14 

0.16 
0.18 
0.18 
0.11 
0.19 
0.18 

0.19 
0.21 
0.18 

0.27 
0.22 
0.23 
0.17 
0.12 
0.22 
0.21 

n. 18 

n. 18 

0.23 
n. i n  

8 Soliihility corrected for ethylene dissolved in the aqueous phase. 
At 80°C. in an aqiieous phase consisting of 85 parts of water and 15 parts of tert-hntyl 

alcohol. 
c Per 100 parts of aqueous phase. 

occupies a volume of about 0.78 ml. which, when added to the 1.1 ml. 
volume of 1 g. of polymer, yields a monomer concentration in the growing 
particles of 5 mole/l. This value places the solubility of ethylene in it,s 
polymer well within the concentration range of 4-9 mole/l. reported‘ for 
seven vinyl monomers commonly used in emulsion polymerization. 
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Surface Tension 

The variation of surface tension during the emulsion polymerization of 
ethylene is given in Figure 3 for two concentrations of potassium myristate 
in the presence and absence of tert-butyl alcohol. (The tert-butyl alcohol 
was, of course, removed from the samples before the surface tension was 
measured; otherwise, there would have been substantially no variation 
from sample to  sample.) Initially, the surface tension was that associated 
with the critical micelle concentration (CNC) of the emulsifier. Although 

6 0  
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50 
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i 
0 
v) z 
W 
k 

W 
V 

40 

i 
a 
2 
v) 

30 

I I I 1 
0 100 200 30 

REACTION TIME, MINUTES 

Fig. 3. Effect of reaction time on surface tension: (0) (run 716) 3.72 part,s potassium 
myristate and 10 parts tert-butyl alcohol; (0) (run 718) 3.72 parts potassium myrist,at,e 
and no tert-ht,yl alcohol; (V) (run 719) 5.58 parts potassium myristate and 10 parts 
lert-biityl alrohol; (A) (ran 720), 5.58 parts potassium myristate and 110 tert-hutyl 
alcohol. 

the expected increase with time occurred, two aspects of the curves require 
comment. First, in the absence of alcohol, the early and precipitous rise 
reflects the rapid formation of many small particles whose total surface 
area is large. Secondly, in the presence of alcohol, the rise is slower, 
especially a t  the higher emulsifier concentration. Indeed, the drop in 
surface tension followed by a rise suggests the existence of competing 
polymerization processes. One is the process of solution polymerization 
that can result in the formation of alkyl sulfate oligomers capable of lower- 
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iiig the surface tension through their surfact:uit properties. Thc other, 
whose full appcaraiice c*oincidcs with the rise i l l  surface tension, is the 
normal emulsion proccss resulting in polymcr surf:wc on which ciiiulsificr 
is adsorbed from the squcous phase. 

Particle Number 

Average values for the number of particles per milliliter of aqueous 
phase N ,  are given in Table I11 for latexes prepared a t  the given concentra- 
tions (parts per 100 parts of aqueous phase) of emulsifier CE, initiator CI, 
and tert-butyl alcohol CA. The polymerizations were made a t  80°C. 
and 3000 psig and carried to a final solids concentration of 2530%. Of 
the several recipe changes that altered the number of particles by amounts 
significantly larger than the experimental error, those associated with the 
emulsifier are the most pronounced. Polymerization in the absence of 
tert-butyl alcohol produced latexes9 in which the particle number followed 
the relation N ,  cc f 2 ~ I . l .  When tert-butyl alcohol was present, however, 
the dependence of particle number on emulsifier voncentration changed 
according to the amount of alcohol. When CA was held constant at  5 parts, 
N ,  cc CE2.8; but when C A  was fixed a t  10 parts, N ,  a CEi.8.  Depending 

TABLE I11 
A4verage Effect of Recipe Composition on Polymerization Rate and Particle Niimber 

Produced in the Emiilsion Polymerization of Ethylene at 80°C. and 3000 ps ig  

Niimber of 
Component I’olymerizatioii particles/ml. 

concentration, rate, of aqiieoiis 
Recipe component part> parts/hr. phase x 

teit-Bntyl alcohol 

I’:mnlsifierh 

Potassinm laiirate 
Potassiiim myristate‘ 
Potassium stearate 

Potassiiim persulfate 

fert-Butyl alcohol 

kit-Biityl alrohol 

tert-Bntyl alcohol 

tevt-Butyl alcohol 

Emulsifier 

Emulsifier 

Emnlsifier 

Emiilsifier 

10.0 f 5 . 7  
15.3 f 5.7 
14.7 f 5 .7  
10.6 f 5.7 
11.8 f 7 . 0  
13.5 f 7 . 0  
12.5 f 7 . 0  
10.4 i 5 . 7  
14.9 i .i.i 

10.0 f 8.1 

1 0 . 0  f 8.1 

19.2 f 8.1  

11.4 =I= 8 . 1  

!) .2 f 2 . 9  
6 . 5  f 2 . 9  
4 . 4  f 1.9 

11.3 f 2 . 9  
10.2 f 3..5 
7..i f 3 . 5  
6 . 0  f 3 . d  
8 . 6  f 2 . 9  
7 . 2  f 2.9  

4 . 8  f 4 . 1  

13.7 f 4 . 1  

4 . 3  f 4 . 1  

8.9 f 4 . 1  

8 The appropriate values from Table I were averaged in  sets of  6, 8, or 12 to obtain 

The concentration is meastired in parts of potassium stearate eqiiivalent t o  whichever 
these entries. 

acid was used. 

The ranges represent the 95yo confidence interval. 

c The center-point data were riot used to obtain the listed averages. 



I<MIJI,SIOT\I I'OLYMISR IZATION OF ETI IYLISNR. V 11 

011 the aniouiit of alcohol, the cxponciit (Y in tlic rclatiori N," a C,v" appcars to 
assume values of 1-3. 

As a corollary, N," C A " . O  wlicii CP; was fixed at, 2 part's, and N," a C'A-'." 
when C ,  was fixed at, 3 parts. The ability of tert-butyl alcohol to reduce 
particle number was also evident a t  emulsifier concentrations of 3.4 and 
5.1 parts, especially during the initial period of polymeri~ation.~ At these 
emulsifier concentratioris in the absence of alcohol, N ,  was initially about, 
1OIs, which agrees well with the 10l8 micelles/ml. of aqueous phase expected 
from that amount of emulsifier. The initial average particle diameters, 
moreover, were micellar in size, as they were in the range 30-90 A. (The 
determination of particle diameters less than 100 A. contains many un- 
certainties, and the real diameter could well be larger. The rapid rise in 
surface tension shown for runs 718 and 720 in Figure 3, however, coincides 
with the formation of so little polymer that the particles could reasonably 
have diameters of mieellar dimensions.) If 10 parts of tert-butyl alcohof 
were added to the recipe, N ,  would be initially about 10l6. The ability 01 

2 ";pl 
2 7  
? 6  
2 
[L 20 24 28 32 36 40 ' APPARENT MOLECULAR AREA, H' 
c 

Fig. 4. Effect) of apparent. molecular area of fatty-acid snaps on the fiiisl niimber of 
latex particles/ml. of  aqrieoiia phase. 

the alcohol to reduce the number of latex particles produced by a given 
amount of fatty-acid soap could be explained if the alcohol were to in- 
crease considerably the CAIC of the soap. Such an increase in CMC would 
require, however, an inversion at 80-8Fi°C. of the depression of CAIC ob- 
served by ShinodaI2 on adding alcohols to solutions of potassium soaps a t  
lo-180C. 

The differences among the emulsifiers are also of importance, especially 
the increase in particle number obtained by using potassium laurate. 
Although the myristate soap formed more particles than the stearate, the 
difference is not much larger than that which could occur through experi- 
mental variation. As shown in Figure 4, however, the number of particles 
produced does increase in accord with the apparent molecular area of the 
soap. 

The data included in Table I11 also show that particle number is in- 
dependent of initiator concentration. Although the range of initiator 
concentration studied is narrow (0.2-0.3 part), another studys over the 
range of 0.01&0.32 part also demonstrated that particle number does not 
depend on initiator concentration. 
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Polymerization Rates 

The conventional method of following an emulsion polymerization 
consists of plotting monomer conversion against time. Because the emul- 
sion polymerization of ethylene was carried out a t  a constant pressure, the 
extent of reaction was measured in parts of polymer produced rather than 
in per cent of monomer converted. Typical plots of parts of polymer 
versus time are shown in Figure 5 .  The rate during the batch polymeriza- 
tion of a vinyl monomer generally passes through three well-defined stages: 
an initial stage of increasing rate during which particles are formed; a 
second stage of constant rate beginning with the disappearance of micelles 
and ending with the depletion of the emulsified monomer phase; and a 
final stage of declining rate accompanying the consumption of the remain- 
ing monomer dissolved in the polymer particles. Although the rate in the 
emulsion polymerization of ethylene generally exhibits these three stages, 
the first and last are not well defined, and the stage of constant rate is oc- 
casionally missing. The initial stage is often characterized by an induc- 
tion period during which very little polymer forms, especially in runs made 
with less than about 1 part of emulsifier, but the middle period then shows 
a rapid rate of polymerization. A poorly defined terminal period is under- 

10 

0 60 120 180 240 3 0 

[REACTION TIME   MINUTES^ 
Fig. 5. Typical polymer-time curves at 85°C. and 4500 psig: (0) (run 718); (0)  (run 

720); (0) (run 724); (A) (run 732); (0) (run 733); (A) (run 735). 
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Fig. G. Effect of initiator concentration (parts) on rate of polymer formation (partslhr.) 
at 85°C. and 4500 psig. 

standable, because the concentration of ethylene in the particles is constant 
throughout the run and does not decline so long as the pressure is main- 
tained. Any decline in rate that does occur, therefore, must arise from 
factors other than a decrease of monomer concentration in the particles. 
The rates R presented here were taken from the linear part of the plots arid 
are expressed in parts of polymer produced per hour. In the few plots 
lacking a linear portion, the rates were taken from a tangent near the mid- 
point of the plot. 

The effect of temperature arid pressure on the rate of polymerization was 
not studied extensively enough to establish quant3tative relationships. 
Qualitatively, however, an increase in either causes the rate to rise. A 
recipe yielding solids of 25y0 after a polymerization of 3 hr. a t  85°C. arid 
4500 psig, for example, required 10 hr. or more to reach 10% solids a t  a 
polymerization temperature of 50°C., even with a redox initiator system; 
or, if the pressure were raised to 1.5,OOO psig, the rate of polymerization a t  
S5"C. became so rapid that the temperature rose beyorid control and the 
latex coagulated. 

Table I1 includes data which show the average rate of polymerization at  
S0"C. and 3000 psig obtained a t  the indicated concentrations of tert- 
butyl alcohol, potassium persulfate initiator, and fatty-acid soap emulsifier. 
By comparison with the experimental error, the only rate change large 
enough to be statistically significant is the increase obtained by raising the 
concentration of tert-butyl alcohol. This increase iri rate, however, ap- 
pears to occur primarily a t  the lower emulsifier concentration. The 
average influence of these components of the recipe indicates that R cc 
cAO.ficCrO. ocEJ --u.s. 

The rate of polymerization of c%hylerie a,t S5'C. : i i i (I  4500 psig was mens- 
ured over a wide range of initiator c,oiic:cntr:Lt,ioii in thc ahsence of tei't- 
butyl alcohol. The data appear in Figure G as a plot of logarithm R 
versus logarithm CI. The slope of the line indicates that R 0~ CIO.~. 
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Fig. 7. Effect of emulsifier concentration (park) on rate of polymer formation (parts/ 
hr.) a t  85°C. arid 4500 psig. 

Although the exponent of rate dependence is in good agreement with the 
0.5 value required by AIedvedev '~~~ theory, the variation in the data is 
such that the Smith-Ewart value of 0.4 is equally reasonable. 

The polymerization rate of ethylene at  85OC. and 4500 psig at  an initiator 
concentration of 0.16 part of potassium persulfate was measured at  seven 
different concentrations of potassium myristate. These data appear in 
Figure 7 as a log-log plot which suggests that R a CE-O.~. Because N ,  a 
C ~ l . l ,  the rate of polymerization also appears to depend inversely on the 
0.5-0.6 power of the particle number. The high correlation between N ,  
and CE, however, obscures their independent behavior. 

The variation in the rate data is admittedly too large t.0 give a reliable 
numerical value to the exponent of rate dependence a on the concentration 
of alcohol, initiator, or emulsifier. The data do support, however, that 
R 0: CAa>oCIa>oCEa<o. The strong, inverse dependence of rate on con- 
centration of potassium soap that is consistently observed in t,he emulsion 
polymerization of ethylene sets its behavior apart from that of substituted 
vinyl monomers. 

Transfer with Emulsifier 

Emulsion polyethylene made in the presence of a fatty-acid soap con.- 
tains carbonyl groups that are an integral part of the polymer owing to 
chain transfer with the emulsifier. Suceh transfer results from t,he high 
react,ivit,y of the polymer r:ulical arid is unusu:d in cmulsioii polymerizn- 
tion. Infrared spectrograms of emulsion polyst.yreiie prepnretl with po- 
tassium myristate or oleate as emulsifier did not absorb at. thc frequencies 
assigned to the carbonyl group. Vinyl acetate, whose radical activity lies 
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between that of the ethylene and styrene, is reported2 to chain transfer 
with polyethoxylated dodecylphenol in bulk polymerization, but not in 
emulsion polymerization when this phenol is used as the emulsifier. The 
absence of transfer in the emulsion system is interpreted to mean that the 
vinyl acetate radical grows within the particle away from the emulsifier. 
The chain transfer reaction between the growing polymer chain arid the 
emulsifier present during the emulsion polymerization of ethylene appears, 
therefore, to be unique among the vinyl monomers. 

Locus of Transfer 

The number of carbonyl groups contained in 111 granis of polymer iso- 

nd3 = E ,  + E,  + E, 

where Bal E,, and Bs are the number of transfers yielding bound emulsifier 
arid occurring, respectively, in the aqueous phase, within the particles, arid 
on t,heir surfaces. 

lated from a liter of latex is given by the expression 

(3) 

Solving for E aiid substituting in eq. (1 )  gives 

A = k(E, + E ,  + f i s ) / 1 / ~  

E, = EaO(lOOO - ~/?,/p) 

(4 ) 

(5) 

However, 

where 
is the polymer density. 

is the number of transfers per milliliter of aqueous phase and p 
In addition, 

B, = l$$hL/p (6) 

where EVo is the number of transfers per milliliter of polymer. E'inally, 

I$% = ESomasNo X (7) 

where E,O is the number of transfers per square ceritimet.er of polymer sur- 
face, a is the apparent molecular area of the emulsifier in square Angstroms, 
s is the total moles of emulsifier per gram of polymer at surface saturation, 
and N o  is Avogadro's number. Maron showed that the average particle 
diameter D in Angstroms is given by the expression 

L) = 6 X 1024/psaN,l  

s a ~ o  = B x 1024/~n 

( 8 )  

(9) 

Therefore, 

and substitution in eq. (7) gives the relation 

E ,  = 6/I?I<? x 108/pll 

Appropriate substitution into q. (4) of cqs. ( 5 ) ,  ( G ) ,  arid (10) yicltls 

d = (/;/p)[J$,0(1000p///~ - 1)  + Bvo + BE2 X 10*/DI (11) 
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TABLE I V  
Dependence of Frequency of Transfer on Inherent Viscosity and Absorbance a t  5.85 p 

5.85-p In herent Freqitency 
absorbance, viscosity, of 

Run8 mil-1 dl./g. transfer, f ____ _ -  
7162 0.071 0.50 0.26 

-3 0.068 0.49 0.23 
-4 0.060 0.52 0.23 
-5 0.048 0.60 0.23 
-G 0.048 0.62 0.24 
-7 0.043 0.70 0.26 
-8 0.049 0.79 0.39 
-9 0.048 0.79 0.38 
-10 0.040 0.8.5 0.34 

718-2 0 :227 0 . 2 5  0.12 
-3 0.288 0.29 0.32 
-4 0.216 0.33 0.36 
-5 0.135 0.34 0.22 
-6 0.149 0.37 0.3fL 
-7 0.118 0.43 0.3.3 
-8 0.123 0.37 0.23 
-9 0.123 0.37 0 . 2 j  

a Conducted at 85OC. and 4300 psig. 

which relates carbonyl absorbance to the number of transfers occurring 
at  the three loci. If transfer occurs orily in the aqueous phase, within the 
polymer, or on its surface, the logarithm of eq. (11) reduces, respectively, 
to 

log A = log (kE','/p) + log (1000pln~ - 1) 

log A = log (kEy0/p)  

(12) 

(13) 

LOG [*-I] 1000 

Fig. 8. Relation between absorbance a t  5.85 p arid the volume of aqueous phwe/g. 
of polymer: ( 0 )  (run 716); (0) (run 718). 
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LOG[AVG PARTICLE DIAMETER, i] 
P’ig. ‘3. 1:elatiou between absorbance at 3.85 p and average volume-surface particle 

diameter. 

or 
log A = log (6kE’d’ X 1 0 B / p )  - log D (14) 

If transfer were to occur in the polymer, absorbance would assume a 
constant value. We know from the data in Table IV, however, that ab- 
sorbance decreases as the amount of polymer increases; the locus of trans- 
fer, therefore, is either the aqueous phase of the polymer surface. If trans- 
fer were to occur in the aqueous phase, a plot of log A versus log (1000p/ni - 
1) should have a slope of +l. Figure 8 reveals, however, two separate 
lines each having a slope of about +1/3. This obviously disqualifies the 
aqueous phase as the locus of transfer and suggests that log A is inversely 
proportional to the cube root of the polymer volume. If transfer were to 
occur on the surface of the polymer particle, a plot of log A versus log D 
should have a slope of -1. Inasmuch 
as the slope of the line is -0.95, which is in excellent agreement with the 
-1  predicted by eq. (14), the locus of transfer appears to be the surface of 
the growing monomer-polymer particle. 

The distribution of particle diameters, however, suggests that the mech- 
anism of polymer formation is volume-controlled. Brodriya~i’~ deduced 
that a surface-controlled mechanism of polymerization produces particles 
whose radii are normally distributed, but that a volume-controlled mech- 
anism results in radii that are log-normally distributed. Inasmuch as the 
emulsion polymerization of ethylene yields latex particles whose diameters 
are distributed log-normally, the mechanism of polymer growth appears 
by this criterion to be surface-controlled. 

Such a plot is shown in k’igure 9. 

Extent and Frequency of Transfer 
The ratio of bound cmulsifier to total emulsifier is of value in establish- 

Thc intercept of the least-squares line (Fig. 9) ing the extent of transfer. 
of eq. (14) has a value of 1.23; hence 

log (6/iESo X 1 0 B / p )  = 1.25 (15) 
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which, for k = 5.29 X gives an E ' , O  value of 4.5 x 10l2 bound carbonyl 
groups/cm.* of polymer surface. On this basis, the bound emulsifier 
represents less than 1% of the recipe emulsifier. 

It is also of interest to examine the bound emulsifier in terms of the 
frequency of transfer f in a particle during the period between successive 
entries of radicals. The sequence of reactions in this period or cycle is: 
(1) initiation by radical entry (2)  propagation-transfer-propagation-etc. , 
(3)  termination by radical entry. 

The number of chain ends per cycle c,  which will consist of two initiator 
fragments I according to steps ( I )  and (3) and equal numbers of abstracted 
hydrogen atoms H and emulsifier fragments G according to step (a), can be 
expressed as 

c = I + H + G  

In  a cycle during which p polymer molecules are formed, 

c = 2p = I  + 2G (17) 
The number of initiator fragments, of course, has a constant value of 2 ,  
which can be written as 

I = 2 p / ( j - +  1) (1s) 
where 2 p  is the total number of chaiil ends arid l/(f + 1) is thc fraction 
consisting of initiator fragments. Performing the indicated substitution in 
eq. (17) and solving for f yields 

f = G / ( P  - G) (19) 

The value G for 1 g. of polymer, however, is equal to E of eq. (1). 
the average number of chains per gram of polymer p is given by 

Also, 

where 
The appropriate substitutions in eq. (19) show, therefore, that 

is the number-average molecular weight defined by eq. ( 2 ) .  

f = ADn/(31S5 - AAITn) (21) 

which is an expression for the frequency of transfer 111 terms of the number- 
average molecular weight and the carbonyl absorbance of the polymer. 
As shown in Table IV, the values off calculated by eq. (21) generally fall 
in the range 0.30, f 0.08. Such values suggest that only one cycle in 
three or four results in emulsifier becoming bound in the polymer, and 
their constancy implies a balance among the factors affecting transfer. 
Because of the inverse dependence of the rate of polymer formation on 
emulsifier concentration, the transfer react ion must o ( w r  by a mechanism 
that interferes with the formation of polymer. There are two ways this 
might happen. In one, the emulsifier ratlicnl might Iw slow to initiate 
another polymer radical. Indeed, the reactivity of the emulsifier radical 
toward ethylene is probably less than that of the polymer radical owing to 
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resonance structures similar to those contributing to the stability of the 
ally1 radical.’j In the other, the emulsifier radical might diffuse from the 
particle into the aqueous phase where it could terminate, undergo a rel- 
atively slow solution polymerization, or even enter another particle. Dif- 
fusion from the particle is reasonable, as van der Hoff points out that a 
radical having a molecular weight of several hundred can diffuse a distance 
of 1000 A. in lo-: sec. The observed retardation in rate, therefore, might 
well result from the combined effects of diffusion and low reactivity of the 
emulsifier radical. 
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Dependence of Polymer Properties on Transfer 

The molecular weight of polymer formed during the emulsion poly- 
merization of ethylene depends on the size of the latex particle. This 
dependence is evident from Figure 10, which establishes that 7 0~ Vo.2 or 
Do.6. Because of this dependence, polymer formed early during polymer- 
ization when the particles are small has a low molecular weight. Thc 
presence of this low molecular weight fraction in the polymer is probably 
responsible for the low elongation that is characteristic of emulsion-made 
polyethylene.* 

A limiting case in the dependence of molecular weight on particle di- 
ameter is reached by the “emulsion polymerization’’ of ethylene in the 
absence of added emulsifier. As shown in Table V, the average particle 
diameter under these circumstances is about 3000 A. The polymer, more- 
over, is insoluble or forms gels rather than solutions and when heated 
becomes rubbery instead of fluid. Such behavior suggests that the poly- 
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mer has a high molecular weight and is to some extent crosslinked. In  
addition to earlier reports of this type of polymer,‘ Kurz16 recently described 
some emulsion polyethylenes that had a highly ramified structure and con- 
tained high molecular weight, spherical molecules of diameters comparable 
with those of the latex particles. As the amount of emulsifier is increased, 
the particle size and molecular weight of the polymer decline. However, 
when an emulsifier is used which is incapable of transfer, as in run 729, the 

TABLE V 
EBect of Potassium Myristate Concentration on Particle Uiameter 

and Inherent Viscosity 

Potassium Particle Inherent 
myristate, diameter, viscosity, 

ltm1= parts cm. X 1W dl./g. 

728 
723 
724 
727 
725 
726 
729 
718 
720-9 

0 
0.26 
0.50 
0.73 
1 .2;i 
1.75 
3.180 
3.38 
5.07 

3000 
620 
620 
420 
280 
260 
378 
285 
235 

Insoluble” 
Iiisoliibleh 
Insoliibleb 

0.79 
0.41 
0.42 

Iiisoliible” 
0.37 
0.42 

a Conducted a t  83°C. and 4500 psig. 
The polymer formed gels in tetralin at 135OC. a t  a concentration of 0.2 g./dl. Wheu 

The potassium myristate was replaced with an emulsifier incapable of transferring 
heated on a hotplate, the polymer softened and became riibbery. 

with the growing polymer radical. 

polymer produced resembles that obtained with little or no emulsifier, 
even though the particle size is small. In  the absence of chain transfer 
with emulsifier, the polymer radical can apparently grow without inter- 
ruption by transfer when it reaches the particle surface or adsorption layer; 
hence the high molecular weights expected from emulsion polymerizatiori 
are actually realized. 

CONCLUSION 

The data do not furnish a basis for a quantitative explanation of the 
emulsion polymerization of ethylene, but they certainly establish a quali- 
tative picture which shows that the complexity of the system transcends 
that of most substituted vinyl monomers. This complexity arises from 
the high reactivity of the ethylene radiral in  c:ompnrison with that of most 
substituted vinyl radicals, which are to various degrees resonawc stabilized. 
Because of the high reactivity of this simplest of vinyl radicnls, emulsion 
polymerization of et,hylerie is dominated by a chain-transfer rcaction with 
emulsifier adsorbed on the polymer surface. In  essence, this transfer 
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react,ion is a special case of telomerieation of ethylene in which the chain 
transfer agent is the emulsifier adsorbed on the polymer surface. Recog- 
nition of the role of the reactivc et>hylene radical explains riot only the 
unusual inverse dependence of rate or1 particle number (polymer surface) 
and the positive correlation between molecular weight and particle diam- 
eter, but also the presence in the polymer of bound emulsifier and the 
complicated molecular structure obtained in the absence of transfer with 
emulsifier. 

The authors thank the hlanagement of Girlf Research & Development Company for 
permission to publish this paper and Dr. Maurice Morton, Director of the Institiite of 
Polymer Science at the University of Akron, Akron, Ohio, for his many helpfid disciis- 
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Resume 
La soliibilite de 1’6thykne a dtP mesurCe dans l’eau, dans l’eaii-alcool butyliqne ter- 

tiaire, I’eaii-i.rniAifiant, I’eaii-alcoool butylique tertiaire-Pmiilsifiant, et l’eau-alcool 
biityliqiie tertiaire-Cmiilsifiant-polykthylkne. La polymerisation de 1’6thylkne dans [in 
systPme en Cmiilsion differe de celle des autres monomkres vinyliques de plusieurs fapons: 
la vitesse de formation dii polymkre est inverskment proportionnelle A la concentration 
en Pmdsifiant e t  aii nombre de particules, le poids moltkilaire du polymkre croit lorsqiie 
la grandeiir des particriles croit et le polymkre contierit de l’kmiilsifiant lik dont la con- 
rentratioti depend inverskment du diamktre de la particiile. Ces particulairtks sont at- 
tnbiitkes B line rdaction de transfer entre les radicaiix polymeriques et 1’6mulsifiant 
absorb6 B la surface de la particule polym6riqiie. En presence d’un savon d’acide gras le 
transfert de passe probablement toiit d’abord ail carbone LY par rapport zii groiipe car- 
boxyliqne. 
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Zusammenfassung 
Die L(islicl1keit VOII  At,lryclcii wiirdo in  Witsscr, Wu~~cr~-tcrt-l~ri(ylItlkohol, Wusscr- 

Emiilgator, Wasser-tert-~i~l~ylalkoliol-~~iir~lgal~or iind Witsser-tert-UiitylaIkohol-Emrrl- 
gator-Polyathylene gemessen. I)ie Yolymerisation von Athylen in einen Emulsioris- 
system unterscheidet sich von der anderer Viiiylmonomerer auf mehrere Arten: Die Poly- 
merbildungsgeschwindigkeit ist. der Emrilgatorkonxentration und der Teilchenzahl umge- 
kehrt proportional, das Molekiilargewicht des Polymeren nimmt mit. steigender Teil- 
chengrosse zn und das Polymere enthalt gebrindenen Emrilgat.or, dessen Konzentration 
dem Teilchendurchmesser rimgekehrt proportional ist. Diese Besonderheiten werden 
einer Ubertragungsreaktion zwischeii Polymerradikalen rind an der Oberflache des Poly- 
merteilchens adsorbiertem Emirlgator zugeschrieben. In Anweseriheit einer Fetts- 
aureseife findet die Uhertragring wahrscheinlich primar am I<ohlenst,off in d3tellirrig zrrr 
Carboxylgrnppe stat t. 
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