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ABSTRACT

The Kolbe electrolysis as a free radical source for
the initiation of addition polymerizations of methyl meth-
acrylate 1ln dimethyl sulfoxide was investigated with zinc
acetate labelled with Clu in the Cy and C, positions, From
the number average molecular weight and activity of the poly
(methyl methacrylate) produced by zinec ac<~3ta‘i:e«===l«ac.‘u‘L as
electrolyte, the average number of acetoxy initiator frag-
ments per polymer molecule could be determined, Likewise,
the number average molecular welght and activity of polymer
produced with zinc ace‘i;ate~=2-==cll’P yielded the average number
of methyl and acetoxy initiatbr fragments per polymer mole-=
cule, |

The number of fragments per polymer molecule was deter-
mined for several polymerizations differing only in the
initial monomer feed concentration, The fraction of acetoxy
inlitiator fragments per polymer molecule to acetoxy and
methyl initlator fragments per molecule was plotted as a func-
tion of monomer feed concentration, The graph was linear with
. a siope shown by simple kinetics to be given by the ratio of
the rate constants for acetoxy free radical decomposition
and monomer capture, The Intercept at infinite monomer con-
centration did not have the value of unity predicted for the

simple anode process postulated for the Kolbe electrolysis,

A more complex anode process was proposed,
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Acetic acid was used in place of zinc acetate to det-
ermine the effect of hydrogen atoms on the polymerizations,
The same approach as in the zinc acetate case gave a linear
graph with the same intercept but a different slope. This
was attributed to transfer to inlitiator, hydrogen atom
extraction from molecular acetic acld by polymer free radil-
cals,

To determine the effects of solvent on the free radl-
cals produced by the Kolbe electrolysis, dimethylformamide
and dimethylacetamlde were used instead of dimethyl sulfoxide,
The efficiency of initiation by Kolbe electrolysis products
was Tound to be considerably less in these solvents over that

in dimethyl sulfoxide,
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INTRODUCTION

The addition polymerization of unsaturated organic
compounds is known to proceed via an ionic mechenism, free
radical mechenism, or occasionally both, depending on whether
the active centers capable of chain reactions are positively
charged (carbonium ions), negatively charged (carbanions),
or contain an unpaired electron (free radical), Since an
lonic mechanism was not encountered in this study, the dis-
cussion will be restricted to free radical mechanisms,

The free radical mechanism of addition polynmerization
cen be divided into three stages, initiation, propagation,

and termination,

INITTIATION

The initiation of free radical polymerization is intimately
connected with the production of the free radical species, These
'free radicals provide the energy necessary to rupture the double
bond of monomer molecules and thus initiate polymerization,
Neglecting high energy radiation or mechaniqal methods, the
radical production methods most often encountered are: (1) ther-
mal, (2) oxidation and reduction, (3) photochemical and (4)
electrolysis,

1, To produce free radicals at relatively low tempera-
tures by thermal diSsooiation, the initisting species must con-
tain a relatively weak bond such as the oxygen=cxygen single

1



bond in peroxides or the nitrogen-nitrogen single bond in
azo compounds, Compounds such as the dialkyl peroxides, ROOER,
or diacyl peroxides, Rgoogaa are the most commonly used per-
oxides, The diaslkyl peroxides decompose thermally into
alkoxy radicals which are then capable of initiating polymer-
ization:
ROOR ——> 2ROe
The diacyl percxides decompose thermally to aroyloxy

radicals which can themeelves initiate polymerigzation or dis-

sociate to alkyl radicals and carbon dioxide:

0O O Q
RCOOCR —> 2RCO°

Q
RCOe —> 2R° + 2C0;

Azo compounds decompose thermally according to the
reaction:

RNNR — 2R°® + Ny

Azoisobutyronitrile (CH3)ZC(CN)NNC(CH3)ZCN is the best
known of the azo initiators,
Other thermal initiators sre the monosulfides and the

. gisulfides BSR and RSSR.

2, Peroxides are often involved in oxidation-reduction
free radical production, The free radicals are produced by a

one electron transfer process:



+2

Hp0, + Fe™? —> HO® + HO™ + Fe™>

The HOe radical is capable of initiating polymerization,

3. Photodissociation of stable molecules contalning
weak bonds by ultraviolet light is another important method
of free radical production, Generally speaking, most sub-
stances that are sultable for thermally induced decomposition
are also suitable for free radical production by photodis-
sociation, However, the radicals produced by photodissoc-
iation may not be in their electronic ground states and as
& consequence their reactivities may differ from those radi-

cals generated thermally,

4, Free radical production by electrolysis has received
little attention as a method of polymerization initiation,
This method offers the advantages of molecular welght and
yield programming,

The simplest free radical species produced electroly-
tically and capable of chain initiation is atomic hydrogen,

In 1949 Wilson et al 1 in attempting to reduce acry-
lic acid and methacrylic acid on a mercury cathode with sul-
furic acid as electrolyte in an agueous solution, found small
amounts of the expected reduction product and falrly large
yields of polymer, They presented evidence to show that this
polymerization was a direct result of current passage and was

a cathodic process uninfluenced by any anode process, The



authors suggested that the polymerization mechanism was

free radical, Their investigation of polymerization initia-
tion efficlency for various cathode materials suggested that
the initisating species was atomic hydrogen, The efficiency
increased with increasing hydrogen overvoltage due to the
decreasing binding energy of atomic hydrogen with increasing
overvoltage,

Go Parravano? in 1951 showed that hydrogen chemisorbed
on metal surfaces or liberated during electrolysis can
initiate the polymerization of methyl methacrylate when a
0,1 N sulfuric acid solution was used as electrolyte and
metals such as platinum, palladium, lead, and mercury were
used as cathodes, He concluded that the majority of hydrogen
atoms released at the cathode escape as molecular hydrogen,
Only a small fraction leave the electrode surface as atomic
hydrogen and initiate polymerization in the body of the sol-
ution,

In 1953, Kern and Q,uast3 were able to polymerize
methyl methacrylate, acrylic acid, methyl acrylate  and
acrylonitrile in aqueous solutions by cathodic hydrogen,
They also found the order of effectiveness of the cathode
materisl to increase with increasing hydrogen overvoltage of
the cathode materisl,

Fioshin and Tomilovu feel that Wilson and Kern and

Quast are not justified in assuning the same mechanism for



cathodes with high hydrogen overvoltage and low hydrogen
overvoltage, They agree that the Wilson mechanism probably
proceeds at cathodes of low hydrogen overvoltage such as
platinum, but for cathodes of high hydrogen overvoltage such

as lead they propose a different mechanism:
CHy = CHCN + H' + e ——s «CH,CH,CN

Recently Tsvetkov5 studied the heterogeneous system
methyl methacrylate, water, hydrochloric acid electrolyzed
at lead electrodes, He found polymer product only at the
cathode and an increasing polymer yield with increasing tem-
perature, This he attributed to the fall in cathode hydro-
gen overvoltage with increasing temperature,

One interesting observatlion of Tsvetkov was that
methyl methacrylate continued to polymerize for many hours
after the current was shut off, This "after polymerization"
was also noticed by Parravano and Kern and Quast, This is

almost certalnly not due to hydrogen atom initliation sincé

this free radical species cannot be expected to exist in

solution for several hours, A much more likely explanation

is that initiation gives rise to radicals of long lives which

are capable of adding monomer units over perliods of hours,
The latest work on cathodic hydrogen initiation is

that of Tsvetkov and Glotova6o They attempted to polymerize

styrene by the electrolysis of a 0.4 M hydrochloric acid solu=



tion at lead electrocdes, The results of their experiments
showed that the polymerization of styrene does not occur
under the influence of radicals formed at the electrodes,
Theyattribute this to the low solubility of styrene in the
aqueous solution, as a result of which there is not an
efficient contact of monomer and free radicals. In order to
test this conclusilon, the authors made a number of experi-
ments in which the monomer solubility was increased by
using an alcohol, water mixture as solvent, Polymerization
of styrene under the influence of cathodic hydrogen was
observed when alcohol was introduced in the systen,

The last method to be discussed involves the production
of free radicals by the Kolbe electrolysis,

Tn 1849, H, Kolbe ! while atempting to isolate the
methyl radical by the electrolysis of aqueous potassium ace-
tate solution, discovered that ethane zmd small amounts of
methyl acetate and carbon dioxide were released at the anode,
Several theories have since been proposed to account for
the products obtained, The first theory, the peroxide theory,
wag proposed by Schall and FiohterBo Thesge investigators
were of the opinion that the acetate ions were discharged at
the anode, and the resulting free radicals reacted to form

the diacetyl peroxide, which then decomposed to form The

alkyl radicals and then the hydrocarbon:



0 Q
CH3CO: CH380° CHBCO CH3°
CHBCO: CHBCOQ CH380 CHBe

The peroxide thebry is unable to explain the effects of
anode material and added sglts that are observed in the
Kolbe electrolysis,

Another theory is the hydrogen peroxide theory, pro=
posed by Glasstone and Hickling90 They suggest that hy-
drogen peroxide, which is first formed at the anode from
hydroxyl radicals, or these hydroxyl radicals themselves
prior to combination in pairs, react with the acetate lous
to form acetate radicals, These then combine, possibly with

the intermediate formation of diacetyl peroxide, to yleld

ethane and carbon dioxide:

-

O - .

CHBCO: + oQH ~——m> CH38Oe o+ sOH
o OR

ZCH3CO: + HZOZ———ﬁ£CH38Oa + 2:0H

——a

0 0
2CH4C0° — (CH4CO0) , —> CH3CHq + 2C0

The final theory is that of Brown and Walkerlos that

the acetate lon is oxidized to the acetoxy free radical,
which then decarboxylates to yield methyl free radicals and

carbon dioxide:

Q - 8 -
CHBCO: — CH3 O + e
CH38O°~—~—% CH3@ + COZ



In nonaqueous medium, no hydroxyl lons are present
and so neither hydroxyl radicals nor hydrogen peroxide can
be formed, Therefore, the hydrogen peroxide theory is
inapplicable, The remaining two theories differ only in
the peroxide intermediate, There is no strong evidence

11 and most workers

to suggest such an intermediate exists
in the.fieid12’16’19 have accepted the free radical theory

of Brown and Walker. The ethane and methyl acetate products
of the Kolbe electrolysis can then be explained on the basis

of primary radical termination:
CH3° + CH3@ —_— CZH6
8 0

CHz® + CH3 Oe —= CH3COCH3

The Kolbe electrolysis was later found to be effective
for other aliphatic carboxylic acids, It soon became 2
novel method of symmetrical alkane synthesis from carboxylic
acids as well as for the production of olefins, dienes and
esters from unsaturated dicarboxylic acids,

Many workers investigated the nature of the free radi-
cals produced during the Kolbe electrolysis of acetaﬁés@
Fleser and Clapp13 reported that the electrolysis of sodium
acetate in an acetic acid solution of trinitrotoluene leads

to the formation of trinitro-m-xylene,



Fichter and Stenze114 found U4-phenylpyridine in the

products of electrolysis of a benzoic acid, pyridine solu-

0 _
CO: ° _
. Q +CO, + e
N

O - 10 Q@

1 | |
Wilson and Hayashi 5 reported a 30% yield of ortho

tion,

and para acetoxyanisol formed by the electrolysis of potas-
sium acetate in acetic acid and anisol, Thisg is particu-
larly interesting since it suggests a finite lifetime for

the acetoxy free radical,

OCH3 OCH3

0
+ CHBCO SN, <::>

0CCH
573

1
Goldschmidt and Stockl 6 also used product analysis to
investigate the free radical species produced during the

Kolbe electrolysis, They electrolyzed potassium acetate in
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anhydrous acetlc acid solution of acrylonitrile, They
obtained products whose formation can only be described on
the assumption that methyl free radicals are generated

and then react with acrylonitrile,

dinmerize CNCN
CH3CHZCHCN-——~——~—%>CHBCHZCHCHCHZCH3

CN CN

CH,=CHCN + CHge . CH3CH20HCHZCHCH3
) CH3 imerize gg

°CH CHCN CHBCHCHZCHZ CH3

With styrene as monomer, they obtained products prov—
ing that both the methyl and acetoxy free radicals attacked

styrene molecules then dimerized,

¢§ = CH, + CH3° ——>CHBCH2§§CHZCH3

H
C

- Q
¢C = CHp + CHye + CH380e~——e CH3COCH2§0H3

They also obtained similar products with propionie
acid salts as electrolytes,

In 1959 Smith and Gilde17 investigated the products
obtained by the electrolysis of potassium acetate in methyl
alcohol using butadiene as monomer, Two intermediate resonance

stabilized radicals are possible:
CH3° + CH2 = CHCH = CH2~>CHBCHZCH = CHCHgye

CH380° + CHy, = CHCH = CHZ-A%CH38OCHZCH CﬂCH2°
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By considering all possibilities for methyl and
acetoxy free radical attack on these two intermediates,
it was shown that only twenty-one products are possible
(intermediate radical attack of but®diene was neglected),
The authors were able to identify most of the twenty-one
compounds in the electrolysis products by vapor phase chrom-
atography.

Realizing that the Kolbe electrolysis was a useful
source of free radicals in solution, Palit and Dasl8 in
1950 attempted the polymerization of unsaturated monomer
by free radicals generated by the Kolbe electrolysis,

They obtained poor yields of poly (methyl methacrylate)
using a propylene glycol solution of sodium acetate, They
found, however, that the polymer was produced at the cathode,
They attributed the polymerization to hydrogen atom or
sodium atom initistion,

Smith and Gilde +9 were successful in polymerizing
vinyl acetate and methyl methacrylate by the electrolysis of
aqueous and methanol solutions of potassium acetate, Smith
and Manningzo obtained good yields of poly (acrylic acid)
by the electrolysis of aqueous solutions of acrylic acid and
potassium acetate,

Smith and Gilde<t

s @8 part of their study of the Kolbe
electrolysis, examined the polymerization of vinyl acetate,

methyl methacrylate, and vinyl chloride by the electrolysis
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of their aqueous solutions using potassium acetate as an
electrolyte, They found poly (vinyl acetate) formed only
in the anode compartment and that the poly (vinyl acetate)
and poly (methyl methacrylate) produced using potassium
acetate—zzclu as electrolyte wereradioactive, Unfortunately
some doubt exists as to the reliability of this tracer work
since calculations on the values of polymer activity and
molecular weight give over five hundred methyl and acetoxy
end groups per polymer molecule, Since this value is |
unreasonable, the suthor suggests that the activity of the
polymer was largely due to contamination,

22 showed the free radical

Breitenbach and Srna
nature of methyl methacrylate polymerization by the electroly-
sis of an acetic acid solution of lithium acetate. This was
accomplished by copolymerization studies with styrene and
inhibition work with diphenylpicrylhydrazyl,

Funt and William323 were able to polymerize vinyl
pyrrolidone in a methanol solution of potassium acetate,

They investigated initiation efficiency as a function of
current density and found the efficiency to decrease as cur=
rent density increased, This is consistent with the obser-
vation24 that efficiency of methyl radical dimerization
increases with current density.

Recently, Funt and Yu25 investigated the Kolbe elec-

trolysis in homogenous media in which both monomer and polymer



were soluble, This permitted a study of the electrolysis
kinetics uncomplicated by polymer plating out on the elec=
trodes, They used a dimethyl sulfoxide solution of zinc
acetate and methyl methecrylate and obtained kinetics
indicating s free radical mechanism,

One interesting property of the Kolbe electrolysis
is the existence of a critical electrode current such that
the reaction occurs significantly only above 2 certain limit-
ing value of electrode current, This_has been investigated
by Conway and Dzieciuch26 on the gsystems trifluorocacetic acid-
potassium trifluoroacetate and formic acid-potassium formate
using platinum electrodes, They found that a critical current
was reached at 1072 amps om™2 and 105@ amps em™% for the
tpifluoroacetic acid and formic zacid systems resgpectively.

The suthors have attributed this critical current to the
formation of pessive films of mebtal "oorboxylatest on the
anode and the removal of this film is a prerequisite for

subsequent steady-state occurance of the Kolbe decarboxylation,

= e

TERMINATION

The propagsation stage in radical addition polymer-

szation merely consists of the polymer free radical attack

upon 2 monomer molecule, forming a polymer free radical with

an additional monomer unit:
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Pne + M —> Pntl

Where M is the monomer molecule and Pn°® the polymer
free radical, This process continues until the growing
chain is terminated,

Except 1n a few cases, termination is by mutual deacti-
vation of two free radicals, This deactivation can occur by
combination or disproportionation,

If termination is by combination, the two polymer free

radicals combine to give a single polymer molecule:
Pne + Pme —> Pnim

If initiation is entirely by initiator free radical
attack, then each polymer free radical will contain one init-
iator fragmente Iif termination.is now exclusively by com-
bination, each resulting polymer molecule will contain two
initiator fragments (end groups).

If termination is by disproportionation, a hydrogen
atom is transferred between the polymer radicals to yield omne

saturated polymer molecule and one unsaturated,
Pne + PmCHoCHgpe ——— PnH + PmCH = CHp

In this case, if initiation is entirely by initiator
free radicals and termination entirely by disproportionation,

the resulting polymer molecule will contain one initiator
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fragment per molecule,
One further method of growing radical termination

is chain transfer. A polymer free radical removes &n atom,

usually hydrogen, from a solvent molecule, monomer molecule,

or dead polymer molecule,

Pne + SH —> PnH + Se

The growing polymer molecule has been terminated and
in this case, a solvent free radical has been produced. This
solvent free radical may or may not be reactive enough to
add monomer units,

From this discussion it is obvious that the mode of
termination can be determined by an analysis of the number
of initiating groups per molecule of polymer, This, however,
is based on the assumption that chain transfer does not occur

to any appreciable extent,



NATURE OF THE BESEARCH

Becognizing that the great majority of free radicals
generated by the Kolbe electrolysis either dimerize or trans-
fer to the solvent, an attempt was made to determine the fate
of the free radicals that escaped dimerization and traunsfer
reactions, With the help of labelled acetate ions, the
relative efficiencies of the methyl and acetoxy free radicals
to initiation could be determined as well as the total number
of each incorporated in the polymer molecules, It was decided
to investigate this as a function of monomer feed concentra-
tion,

From the previous discussion, it was establlished that
methyl and acetoxy free radicals are generated at the anode
during the Kolbe electrolysis, These free radicals can react

with monomer:
0] Q
CHBCOe +M_—?CH3COMQ © 0000060 GD0606060 08 °5G00OCOD0 (l)

CH3°+M_'VCH3M° © 0090000600006 C0G60C0CCEOC SOCQY (2)

In addition, acetoxy radicals which escape reaction

(1) are capable of dissociation:

0]
CHBCOQ }CH39+COZ © 0600080060000 CGCQEE 00000 OCE O (3)

If x is the fraction of acetoxy radicals captured by

monomer, then

% = rate of reaction (1)
- rate of reaction (1) + rate of reaction (2)

16
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Therefore

0
kq (M) (CH3COo)
X = _O 3 O 00060000 (Ll')
kl(M)(CH3C00) + kB(CHBCOB)

Where (M) is the concentration of monomer, (CH380°) is the
stationary concentration of acetoxy free radicals, ki, ko,
and k3, are the rate constahts for reactions (1), (2), and
(3) respectively,

Simplifying expression (4) and inverting, we find
k
i —_—
X l+kl(T{I) B 02O Q60060000060 00CDOSOS 60060060 (5)
If we now consider all the methyl free radicals to be
captured by monomer in the steady state, then fthe rates of
reactions (2) and (3) are equal and
rate of reaction (1)

X = rate of reaction (1) + rate of
reaction (2)

or

Average number of acetoxy and groups per polymer molecule
Average number of methyl and acetoxy end groups per
polymer molecule

It is a simple matter to determine the factor x by the
use of two labelled acetates, The activity of’gg¥§mer produced
from acetate=la014 ag electrolyte is a measure of the number
of acetoxy end groups per polymer molecule while the activity
of/%giymer produced from acetatew2«014 is a measure of the
number of both methyl and acetoxy end groups per polymer mole-

cule,
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Inspeotion of expression (5) shows that a plot of
1/x vrs, 1/M should yield = straight line of intercept omne
end slope k3/kq,

An approach of this type for thermally initiated
polymerization wag uged by Bevington27 and AyreyZS with

labelled peroxides,
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inhibitors added by the manufacturer to prevent polymerization
during storage and handling, The monomer was then distilled
under reduced pressure, The middle portion wasg collected
and stored at -25°C until used,

Methyl ethyl ketone used in viscometry and osmometry,

was distilled at atmospheric pressure,

14

Sodium aoetate-lwcl@ and sodium acetate-=2-C were Ob-
tained from New England Nuclear Corp,, and converted to
acetic acld by allowing acetate exchange between sodium acé==
tate and anhydrous acetic acld then distilling off the acid,
Zinc aoetate=l-=cl4 and zinc acetateaZ@Cln were prepared by
the action of acetic acid=l=014 and acetic acid=2a014 on zinc
carbonate, All salts were carefully dried before use,
Diphenyl oxazole (PPO) and 1,4 di(2-{5-phenyloxazdyl))
benzene) (POPOP) scintillation grades were obtained from
Nuclear Enterprises in 1962 and used in the liquid scintilla-

tors without further purification,

POLYMERIZATION

All polymerizations were carried out in a pair of poly=
merization cells (Figure 1), The platinum electrodes were
0,7 cms, apart, 2,5 ocms square and sealed into glass capil-
lary tubes, The electrode assembly was fitted with a ground

glass stopper to form an air tight seal with the polymeriza-



FIGURE 1, Polymerization Cell,

(a) Mercury contacts,

(b) 35/45 ground glass joints,
(¢) Platinum electrodes,

(d) Teflon stirring bar,
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EXPERIMENTAL
MATERIATLS

Dimethyl sulfoxide was dried over calcium hydride
overnight, decanted, and distilled under vacuum, The middle
portion was collected in a dry round bottom flask and stop-
pered in such a manner that volumes of dimethyl sulfoxide
cpuld be removed with a syringe, This prevented the hygros-
copic solvent from absorbing moisture from the air,

Dimethylformemide?? was mixed with 10% benzene which
had previously been dried with calcium hydride, The mixture
was allowed to stand twenty-four hours, then the benzene-
water azeotropewas distilled off at a temperature of 80°¢C
or less to prevent the decomposition of the dimethylformemide,
The dimethylformamide was then distilled at atmospheric pres-
sure and the middle portion boiling at 152°C collected, This
was dried over barium oxide overnight, decanted, and distilled
under vacuum, The middle portion was collected in a round
bottom flask and stoppered in the same manner as dimethyl
sulfoxidée

N,N-dimethylacetamide, rated at 0,006% water, was used
without further purification but precautions were taken to pre=
vent absorption of atmospheric mbistufe@

Methyl methacrylate was first passed through Fisher

adsorption alumina in a chromatographic column to remove

19
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tion vessel,

The cells were always used in pairs, both contalining
identical concentrations of monomer, solvent, and electrolyte,
The only difference was in the labelled position of the ace-
tate electrolyte., The cells were commected in series SO
the same current passed through both for the same length of
time, Nitrogen was bubbled through each cell before electro-~
lysis to remove atmospheric oxygen which would act as a
retarder, Both cells were stirred vigorously and uniformly
by means of teflon magnetic bars and thermostated at 30° ¥
0.29C, The same weight of electrslyte was usged in all polymerizations,

The length of electrolysis was adjusted SO that the
percentage of monomer converted to polymer did not exceed 10%
and the electrolyte concentration would not drop to zero,

The power supply used in this research was a highly stable

constant current supply specilally designed by W.C. Hoyle of
the National Research Council of Canada, It was capable of
furnishing constant current of 15 ma, t 0.,04%, A comstant

current of 15 ma was used in all polymerizations,

The polymer solution after electrolysis was precipi-
tated in methyl alcohol and filtered by suction onto Whatman
#50 filter paper, The polymer was then dissolved in methyl
ethyl ketone and reprecipitated in methyl alcohol, The pro-
cedure . was repeated a third time to remove as much impurity .

as possible, The efficiency of the purification procedure
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was checked for each system by mixing inactive polymer with
active electrolyte for twenty hours and purifying, This
polymer was then counted to ensure that 2ll activity was
removed, Polymer products, éfter purification, were dried

overnight at 80°C in a vacuum desiccator., The activity of

},,Jo

the purified polymer was determined by liquid scintillation
counting and the molecular welight determined by viscomebtry and

ognometyy,

MOLECULAR WEIGHTS

Tn addition polymerization, the polymer chain length
depends upon the number of monomer units a polymer radical
can 2dd before termination, Since termination 1s purely a
random process, the polymer product will contain many mole-=
cules representing many different chain lengths., Any deter-
mination of molecular weight on such a polymer will give
rise to sn average molecular weight, Two guch average mole-
cular weights are of importance; the number average and the
weight average molecular welight,

Any method of molecular weight determination that
depends upon & colligative property (osmotlc pressure, freez-
ing point lowering) will count the number of molecules in &
tmown mass of material, Through the use of Avagadrofs
Number, this information vields a number average molecular

welght Mn,
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On the other hand, many methods (ultra-centrifuga-
tion, sedimentation) depend upon properties in which the
total effect of the molecule is a function of its weight,This
will favor heavy molecules over light and yield a weight
average molecular weight Mw,

From the nature of these molecular weights, Mw must be
equal to, or greater than, Mn, The ratio Mw/Mn is a measure
of the breadth of molecular weight distribution., Values of
this ratio for typical polymers range between 1.5 to 2,0 and
20 to 50@

The molecular weight determination methods used in

this research were viscometry and osmomebtry,

Viscometry

The viscosity of a solution is & measure of the size
in space of the solute molecules, As such, any molecular
welght determination based on solution viscosity will not
yield Mn or Tiw, However, it is found experimentally that solu-
tion viscosity is related to NMw by the Staudinger equation,

The apparatus used to obtain solution viscosity was the
Ubbelohde viscometer (Figure 2), This viscometer has the
advantages over other common viscometers in that measurements
are independent of the volume of solution in the viscometer
and that measurements at a series of concentrations can be
made easily by successive dilutions in the viscometer, The

viscometer was thermostated at 25 x OQOZOCe
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The efflux time t, for the meniscus to pass between the
two marks on the center tube was recorded for a series of
solutions of different polymer concentration ¢, expressed
in grams per 100 ml of solvent, The reduced viscosity Nr,
was then calculated for each concentration by the expression

Ne = t/to = 1
c
Where to is the efflux time for pure solvent, Nr as a funo=
tion of ¢ was then plotted for each value of ¢ and the linear
graph extrapolated td zero polymer concentration, The inter-
cept was taken as the intrinsic viscosity N, A typical vis-
cosity curve is shown in Figure 3,

The intrinsic viscosity measures solution viscosibty
when polymer molecules behave independently of each other
and effects of solvent-polymer interactions are minimized,

As such, it is the quantity of interest and used in the
Staudinger equation to determine weight average molecular

weights Tiw,
a

sy

N = KMw

Where K and a are empirical constants derived for every
combination of temperature, solvent, and polymer type.

The values of K and a used in this research were

K = 6.8 x 1070 a = 0,72



FIGURE 2., Ubbelohde Visgcometer,

{2) Reference marks,
{(b) Capillary tube,
{e) Filling tube,
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FIGUBE 3, Viscosity Curves for Polymer Product "AM
Produced in the Zinc Acetate Systemn,
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These valuesg apply at 25°C$ methyl ethyl ketone as

solvent, and poly (methyl methacrylate) with a weight ave-

rege molecular weight in the range 3.5 X 104 to 10 x lO6 30,
31,32,

Osmometry

The apparatus were modified Zimm Myerson OSmoO=

meters (Figure 4), They consisted of a chamber contalning
the polymer solution and separated from pure gsolvent by a
membrane permeable only to the solvent, The osmometers were
operated byestatic method whereby they were filled then
'allowed to come to their equilibrium osmotic height., The
difference in height of the meniscus in the measuring and
reference capillaries was taken as the osmotlc height, and
measured with a cathetometer to ¥ 0,01 oms,

A series of five osumometers, each contalning a differ-
ent concentration of polymer solution, were thermostated at
25 £ 0,02°C, The osmotic pressure ji , in centimeters, div=
ided by concentration ¢, in grams polymer per 100 ml, solvent,
was plotted against ¢ and the curve extrapolated to zero
polymer concentration, The number average molecular weight
¥n was then determined from the value of the intercept (7f/c)O
by the use of Van't Hoff's equation for dilute solutions:

¥, = . BT

(w/¢),

A typical osmotic pressure curve is shown in Figure 5,



FIGURE 4, Modified Zimm Myerson Osmometer,






Osmotic Pressure Curve for Polymer
Product "A"™ Produced in the Zinc Acetate Sys-
tem,
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Counting

Of all the methods avallable for radiocactive polymer
assay, the most useful in this research at least is that of
liguid scintillation counting, This technique offers the
advantages of simplicity in sample preparation, negligible
beta particle self absorption, and 4 77 geometry. Sample
preparation consists simply of dissolving about 0,5 gms
polymer in 20 ml of liquid scintillator contained in a spe-
cial glass vial, Beta particles emitted by the sample will
excite the liquid scintillator to fluorescence., It lg the
intensity of this fluoresence that is observed by the photo-
multiplier tubes and recorded as a measure of the beta
particle activity of the sample,

The liquid scintillator itself is always at least a
two component system counsisting of solvent and solute., The
term "solvent!" includes not only substances whose purpose is
to solvate the sample and the solute but it also includes
those substances that aid in the energy transfer process from
solvent tghgolutee The "solute" is the substance whose
fluorescence emigssion is actually measured by the photo-multil-
plier tubes, Therefore, the emission spectrumof the solute
must correspond to the sensitive region of the photomultiplier
tube,

Normally, liquid scintillators are composed of two sol=
vents and two solutes, called primary and secondary solvents

or solutes depending on their relastive concentrations. The
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liguid scintillator found most useful for this study con-
sisted of toluene and nsphthalene as primary and secondary
solvents respectively, and PPO (diphenyl oxazole) and POPOP
(1,4 ai (2-(5-phenyloxazoyl))benzene) as primary and secon-

dary solute respectively.

Va1l

\ o
PP

The naphthalens was added as a secondary solvent because

OV

0 POPOP

of its excellent energy transfer cheracteristics end its low
sensitivity to most external quenching agents such as water
and oxygen, Even sonaphthalene could not serve as a primary
solvent gince it is a solid at room temperature, POPOgﬁgzded
as a secondary solute to shift the spectral band of fluores-
cence to longer wavelengths, This allowed a more efficient
mateh of fluorescence spectra to the sensitive region of the
photomultiplier,

The composition of the liquid scintillator found most
suitable in this research was

100 gms naphthealene
9 gms PPO

0,15 gms POPOP
5000 ml toluene
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Since the above scintillator was incapable of solvating
the zinc acetate, it was necessary to develop another scin-
tillator which would be able to solvste g small amount of
water, The labelled zinc acetate could then be dissolved in
water and a small amount of this added to the scintillator,

The composition of the water solvating scintillator was
35 gms nzphthalene
3 gms PPO
0,05 gms POPOP
300 ml ethyl alcohol 95%
500 ml para dioxane
1000 ml toluene

The ethyl alcohol was necessary to solvate the water but was
responsible for the relstively low efficiency of 45-50% as agali-
nst 60-70% for the former scintillator,

It was found that the water sclvating scintillator was
capable of dissolving up to 0,1 ml of water at the temperature
of the Tri Carb sample changer,

The concentrations of PPO and POPOP are lower in these
scintillators than that normally found in the literature, This
resulted from our observation that, with normal solute con-
centrations, sample activity decreased rapidly for two or three
hours and then continued a less rapid decrease for seversl
days. It was found that decreasing the concentrations of the

solutes and increasing the temperature of the Tri Carb Bample

changer from -10°C to 0°C resulted in constant counting rates,
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Since all samples were prepared at room temperature and
counted at -10°C, the decrease in counting rate was attri-
buted to the precipitation of one or both of the solutes at
~10°9C, All measurements in this research were made at OOC0
A similar decrease was noted by Lohmann and Perkin833
also using a Trl Carb and a scintillator with the normal
concentrations of PPO and POPOP. They concluded that temper=
ature effects and adsorption of radicactivity on the glass
were responsible for the decline in counting rates,

Their explanation of these effects was not that of sol-
uté or sample solubility but rather that due to rupture of
the weak interactions between the tritiated sample and the
solvent, They confirm their theoretical interpretation by
showing that counting rates no longer decline with time after
the samples are irradiated with ultraviolet light before
counting,

The counting system employed in this research was a
Packserd Series 314E Tri Carb Liquid Scintillation Spectro-
meter,

The Tri Carb has the advantages of two photomultipliers
as well as two separate counting chamnels, The two photomultipl~
iers snd associated amplifiers allow coimcidence counting
whereby only light pulses recelved simultaneously by botn
photomultipliers will be counted, Since light pulses due

to phosphorescence and cosmic rays will not be received in
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coincidence except by accident, this results in a much lower
background activity., The advantage of the two separate count-
ing channels lies in the fact that the upper and lower energy
discriminators are completely independent, permitting the
counting rate of a sample to be determined for two different
parts of the beta particle energy spectrum,

One disadvantage to 1lidquid scintillation counting 1is
that certain substances such as water and oxygen are capable
of absorbing fluorescence radiation and degrading it to nheat,
In addition, coloured samples can increase the optical den-
sity of the liquid scintillator resulting in some absorption
of the fluorescence, Whatever the cause such "quenching!
results in a decrease of fluorescence emission and & corres=
ponding decrease in counting efficlency,

Since the liquid scintillation counter is & proportional
counter, the output energy distribution from the amplifiers
has a shape that is proportionsl to the input beta spectrum,
When quenching occurs, the average energy of the light pulses
is decreased and the output energy spectrum shifts to lower
energy (Figure 6a),

If the discriminators are set so that one channel, the

"red" chamnel on the Tri Carb, counts the total beta energy



FIGURE 6ba, Effect of quenching on the output
pulse-spectrum

FIGURE 6b, A/B ratio vs.counting efficiency,
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spectrum (after biasing out most of the elesctronic noise

and high energy cosmic ray pulses) and the remaining channel
the "green" channel on the Tri Carb, counts a fraction of
the spectrum, then any shift in beta spectrum wWill change
the count rate in each charmel, The ratio of the two count
rates, called the A/B Ratio, can then serve as & measure of
counting efficiency,

In this laboratory, A/B ratios as a function of percent
counting efficiency have been determined for the Tri Carb
discriminator settings used in this research (Figure 6b), The
efficiencies of all counts were determined Dy means of this
correctlon curve,

Semple preparation involved weighing out 0,1 to 0,5
gms of polymer and adding this directly to 20 ml of liguid
scintillator conbtained in a specilal, low K@O, glass sample
bottle, After the polymer had dissolved, the samples were
arranged in the Tri Carb sample changer SO that the Cl@
sealed standard was always counted first. This was to leave
a permenent record of the Tri Carb stability as well as to
51llow sufficient time for all light induced phosphorescence
in the sample to decay, At least five ten-minute counts
of coch semple were taken, the counts per minute in each
channel averaged for each sample, and the A/B ratio calcu-
1ated. From the correction curve, the counting efficliency

was found for each semple, The disintegration rate was then
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calculated from the counting rate minus background on the
red channel by multiplying the latter by the reciprocal

efficiency,

DPM = CPM X z==



RESULTS AND DISCUSSION

4INC ACETATE SYSTEM

The zinc acetate, dimethyl sulfoxide, methyl metha-
crylate system was previously studied by Funt and Yu25° On
the basis of divided cell and inhibitor studies, they con-
cluded the polymerization mechanism was predominately free
radical,

Before begimming the tracer study, a blank was performed
to check that the purification procedure was satisfactory on
this system, Inactive poly (methyl methacrylate) was mixed
with dimethyl sulfoxide, methyl methacrylate and active zinc
acetate for twenty hours, The polymer activity after success -
ive purifications is shown in Table I,

TABLE I, Results of successive precipitations on

the polymer activity of the zinc acetate,
dimethyl sulfoxide, methyl methacrylate

systemn,
Number of
Precipitations Polymer Activity
One 1540 CPM/gm
Two 55
Three 60

Five polymerizations were attempted on thls system each
with different monomer concentration, For each polymer pro-

39
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duct the weight average molecular welght was determined by
viscometry following the procedure previously outlined, The
results of the welight average molecular weight determination
of polymerization "A" polymer are shown in Figure 3,

The number average molecular weight was attempted for
each polymer product by osmometry. However, partial success
was achieved only for polymerization "A" polymer since the
other polymer products were of higher molecular weight and
therefore gave a lower osmotic pressure, The results of
the number average molecular weight determination of poly-
merization "A' polymer are shown in Figure 5.

From the results of these two molecular weights, the

ratio Vw/fn was calculated for polymerization "A" polymer.

Hw _ 140,000 _ ; ¢
fn 89,000 °

On the assumption that the molecular weight distri-
bution is essentislly the seme for each system and each poly=-
merization, the factor 1/1,6 was applied to the welight
average molecular welght of all polymer products to obtain
o rough estimste of the number average molecular welght,
These values were used in the calculation of the average
number of initiator fragments per polymer molecule,

Sample calcoulations on polymerization "&" volymer

6

Aetivity of zinc acetate =2n014: 5,08 x 10~ DPM
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Weight of zinc acetabe used: 1,51 gms,

Specific activity of polymer obtained: 11380 CPM/gm.,
Sample counting efficiency: 69%.,

Number average molecular weight: 89,000,

Disintegrations per minute per polymer molecule:

11380 CPM y 100 DPM x

gus
gn 69 CPM 89,000

mole polymer

= 1,47 x 109 DPM
mole polymer

Disintegrations per minute per mole acetate ion:

5,08 x 106 DPM 183,5 gms
X
1,51 gms mole zinc acetate

1 mole zinc acetate
X 2 moles acetate ion

= 0,309 x 107 DEM
mole acebate ion

Average number of methyl and aceboxy end groups per polymer
molecule:

Q
1,47 x 109 _ 4,76 moles CHge and CH5CO®
0,309 x 107 mole polymer

activity of zinec acetateal—clﬂz

1,40 x 107 DPM/
Weight of zinc acetate used: 1,51 gms.
Specific activity of polymer obtained: 4300 CPM/gnm.
Sample counting efficiency: 69%.
Number average molecular weight: 89,000,

Disintegrations per minute per polymer molecule:

4300 % 100 x 89,000 = 5,55 x 10% DPY
69 mole polymer

WERBY
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Disintegrations per minute per mole acetate lon:

1.40 x 107 L 8 DPM
1,51 x 183.5 % 2 " 8,51 x 10 mole acetate ion

Average number of acetoxy end groups per polymer molecule:

8 0
5.55 x 10~ _ moles CH3COe
.51 x 10 0,652

mole polymer

Average number of acetoxy end groups per polymer
% = molecgule,
Average number of methyl and acetoxy end groups
per polymer molecule,

moles acetboxy
0,652 moles polymer

X = =Oe
L, 76 moles methyl and acetoxy 137

mole polymer

1/x = 7,30

The results for the zinc acetate system are shown in
Table ITI,

The results show that the average number of methyl
and acetoxy end groups per molecule vary from 2,4 to 4.8,
This is higher than expected even if termination was exclus-
ively by coumbination, However, values such as these can be
explained in terms of hydrogen atom extraction from dead
polymer, As polymer;zation'pPOCeeds and polymer accumulates
in the system, there is an increased probabllity that trans-
fer will take place between free radicals in solution and

dead polymer, The resulting polymer radicals can then terminate



TABLE 11, Molecular weights and activities of polymer produced
in the system zinc acetate, dimethyl sulfoxide,
methyl methacrylate,

Pol Igitiator
olymer - = Polymer iroup 8 *
Sample Activity Mw Mn Yield  Dber M 1/M x 1/x
Molecule
DPM gms moles
gm liter
ACq 6,230 140,000 89,000 1.1 0,65 2,87 0,348 0,135 7.30
AC, 16,490 140,000 89,000 1.0 4,8
BCq 3,830 126,000 80,100 1.3 0.43 p
BC 13,020 110,000 70,000 1,0 2,8 3.33 0,300 0,153 6.53
CCy 5,640 135,000 85,000 1,0 0,57
ccy 9,910 164,000  10k,000 1.2 3.3 3083 0.261 0,174 5.75
ne L, 470 200,000 127,000 1,7 0,59
DCs 15,980 200,000 127,000 1.7 2.9 Ho78 0,209 0,202 W9k
ECy 2,900 300,000 190,000 2,6 2,6 6,70 0,149 - -
FC1 2,440 350,000 222,000 1.3 0,63 . )
FC, 3400 350,000 222,000 W, 2oy 7.69 0,130 0,260 3.84

*Monomer -concentration, 1.5 grms of zinc acebabe was used in each polymerization,

e
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by combination or primary radicsl attack to increase the
average number of initistor fragments per polymer molecule,
The fact that 2 uniform trend exists between total groups
per molecule and molecular weight substsnt iates this view
since Schultz, Henricl, and 0live ¥ have found that the
reactivity of poly (methyl methacrylste) as a transfer agent
can depend on molecular weight,

The polymer product labelled "E" in Table IT was the
result o f one polymerization in which the rate of stirring
was much slower than in the other polymerizations& The

f any effect on

fde

rate of stirring eappears to have little

molecular weight or number of initistor groups per molecule,
Table IT 2lso shows that the molecular welghts of the

two polymer products BCq and BCZ and also CCl and 002 are not

identical although zpparently the same conditions existed

for each pair, An experiment was performed to see if this could

be explained by a smell smount of water in one cell =nd not

the other,

A polymerization was repeated in which the ssme con-
centrations of zinec acetatea2=01“, dimethyl sulfoxide, and
methyl methacrylste were uged in both cells, but 0,5 ml of
water was introduced in one cell only, The results appear
in Table III,

The presence of weter, therefore, appesrs to explain

the molecular weight differences in this system., The small
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amounts of water necessary to decrease the molecular weight
could have been presept in an incompletely dry zlinc acetate
galt, It is interesting that the number of initiator end
groups per polymer molecule did not change appreciably,
" This is an indication that hydrogen atoms are not discharged
at the cathode due to the hydrogen overvoltage on platinium,
Since the molecular weight decreased; it is probable that
polymer radicals are able to extract hydrogen atoms from
water and thus terminate the growing chains,

TABLE III, The effect of small amounts of water on

' molecular welght and end groups per mole-

cule in the zinc acetate, dimethyl sul-
foxide, methyl methacrylate system,

Initiator

Cell Polymer Yield NMw Groups per Molecule
Dry 2,0 gus 257,000 2,0
Wet 0.8 190,000 1.9

The values of 1/x and 1/M from Table II are plotted
in Pigure 7,
It is obvious from Figure 7 that the value of the

intercept is not unlty as expected from the expression:

To explain this, it is proposed that the anode process

does not proceed by simple oxidation of the acetate ioms to



FIGURE 7. 1/x vs 1/M for the zinc acetate,
dimethyl sulfoxide, methyl methacrylate
system,
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acetoxy radicals:

T

it is proposed that the acetate

ions are oxidized to a2 mixture of acetoxy and methyl radi-

o _ 0 )
CHBCO: (1wy)CHBCO& + yCHB6 + yCOs + €

Then, the fraction of acetoxy radicals produced ig
{(l1-y) where y is the fraction of methyl radicsls produced,
In this case, x, the fraction of acetoxy radicaels captured
by monomer, will be (l-y) times the value of x if the scetate
iong wWere simply‘oxidized to acetoxy radicals,
1.(1)
%3

¥

inverting:

P -

-
T-y = E(I-y) ()

From Figure 7 the value of the intercept is 1,7,

Therefore il§ = 1,7 and y = 0,41
- k

From the slope 5 _ moles

¥y = 93 Titer

It should be noted that these results are not incon—
sistent with the peroxide theory of the Kolbe electrolysis,
for & peroxide could be formed 2t the electrode and decome

rose into a mixture of methyl =nd acetoxy free radicals:

0 0 0
CHBCOOCCHBUM~% Z(lmy)CHBCO@ 4+ ZyCHBQ + 2yCOo
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Again, however, there 1s no real jus

’“(‘)'
,J

ting the existence of such & peroxide,
. 25 . - .

Funt and Yu found that dimethyl formamide sppeared
to be & sultable solvent for the polymerizetion of methyl
methacrylate by the Kolbe electrolysis of zinc acetate, When
dimethyl sulfoxide was replaced by dimethylformamide for

ly, 1t was found that the polymer product was
virtually inactive (less then 150 CPM/gm), This was also

noticed in the acetic acid system and will be discussed there,

ACETIC ACID SYSTEM

One further system studied was that of dimethyl sul-
foxide, methyl methacrylate, =nd anhydrous acetic acid, Since
this system had not been investigated previously, 1t was nec-
essary to prove that the polymer produced by the electrolysis
was not being polymerized thermally and that the polymeriza-
tion mechenism was free radical,

Attempts were made to produce po Lymer by heating 50
volume percent of methyl methacrylate in dimethyl sulfoxide
and acetic acid at 3500 for twenty=four hours and by electro-
lyzing such a mixture in the presence of 0,2 gms free radical
retarder para benzoquinone, A polymer was not obtained in
either case indicating that the polymer formation in this

system ocourred via a free radical mechenlism initiated by

electrolysis,
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In keeping with the general procedure the purifica-
tion technique was tested with inactive polymer andw?gund te be
satigfactory,

Table IV lists the results of three polymerizations
on this systen,

The acetic acid system shows the same trends of molecu-
lar weights and total groups per molecule with monomer con=
centration as did the zinc acebatbe system,

The values of 1/x'and 1/M from Table IV are plotted
in Figure 8,

The value of the intercept is again 1,7 as expected,
however, the slope is definitely not the same as in Figure 7
and in fact is negative, This is surprising since the only
apparent difference between the zinc acetate and acetic
acid systems i1s in the source of acetate ions,

This observation can be explained on the basis of pri-
mary radical termination or transfer to linitiator,

Consider the following reactions:

He + CHge —- CHy
0 0
He + CHy00e ——> CH3COH

The hydrogen atoms are provided by the reduction of
hydrogen ions furnished by acetic acid, Undoubtedly a high
hydrogen atom concentration existed at the cathode and in a well

stirred solution it is possible that such primary radical ter=-



TABLE IV, Molecular weights and activities of polymer produced in
the system acetic acld, dimethyl sulfoxide, methyl

methacrylate,
— — Initiator
Sample Polymer Mw . Polymer Groups M 1/M X 1/x
Activity : Yield per
Molecule
Moles
DPM/gm gms Liter
ACq 22,240 170,000 108,100 0,9 3.51
AC) 36,870 130,000 82,640 0.9 L.35 2,87 0.348 0,806 1.24
BCy 16,950 220,000 140,000 1,7 3,45
BC3 21900 220,000 140,000 1ok Loul 3.83 0,261 0,781 1.28
CCy L4 240 300,000 190,700 0,9 1.78
cCs 70420 250,000 159,000 1.1 2. 50 h.78 0,209 0.699 1.43

2,1 gms of acetic acid was used I each polymerization,

0g



FIGURE 8, 1/x vs 1/W for the acetic acid,
dimethyl sulfoxide, methyl methacrylate
systemn,
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mination can occur, The effect of this termination is to
lower the concentration of methyl radicals since the ter-
mination of methyl radicals yields methane which escapes
from solution as a gas, The acetoxy radicals, however,
yield molecular acetic acid on terminatlion which can ionize
to acetate ions and be oxidized at the anode to methyl and
acetoxy radicals,

It is reasonable that as the monomer concentration
increases, more methyl and acetoxy radicals will initiate
polymerization rather than engage in primary radical ter-
mination, Thig would make the effect of primary radical
termination less pronounced until at infinite monomer con-=
centration it is negligible and the value of the intercept
is the same for both systens, This would explain the negative
slope,

Primary radical termination is motfgwfgggiy
process, A better explanation for the different slope of
the acetic acld system seems to be gilven by transfer to
initiator whereby a polymer radical extracts a hydrogen atom

from molecular acetic acid to form an acetoxy radical:

0 0
Pe + CHBCOH > PH + CHBCoe

Many acetoxy radicals produced in this mammer would
become incorporated in polymer molecules either by initiation

or recombination since the transfer occurs in the bulk of the
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solution where the concentration of monomer and polymer 1is
high and the probability of dimerization is small, This would
decrease the factor 1/x, Again, the effect of transfer to
initiator would become less pronounced as monomer concentra-
tion increases, for termination'by combination or dispropor-
tionation is much more likely than transfer to initiator,

In an attempt to understand better why some solvents
are effective in promoting polymer production by the Kolbe
electrolysis amnd some not, the acetic acid system was invesg=
tigated with dimethylformemide amd dimethylacetamide as
solvents, Both have essentially the same dielectric comstant
(36,7 and 37.8 respectively at 25°C), and appear to have the
same solvating ability as dimethyl sulfoxide,

Table V lists the yields,molecular welghts and groups
per molecule for polymer produced with the three solvents in
the acetlic acid system,

TABLE V, Molecular weights and activities of poly-

mer produced in the acebic acid system
using three different solvents,

Solvent Polymer - gms “98%8555
Activity Mn Yield per Molecule

Dimethylformamide 250 DPlM/gn 860,000 0.4 0,31

Dimethylacetamide 52 3,800,000 2.0 0,28

Dimethyl sulfoxide 4900 150,000 1.1 2.4
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The results shown in Table V suggest that initiation
in the case of dimethylformemide and dimethylacetamide is
by an indirect process in which the primary radicals pPro=
duced by the Kolbe electrolysis extract hydrogen atoms from
the solvent to give the initiating species. This would
explain the higher molecular weights of the polymer produced
with these two solvents, for the concentration of primary
radicals in solution is lowered and chain termination by
primgry radical attack is less likely, Ayrey35 found that
much less radioactivity appeared in polymer produced by
thermal dissoclation of labelled peroxides when dimethyl-
formamide was used as solvent, He concluded from this that
initiation was by solvent free radicals,

It is reasonable that dimethylformamide and dimethyl-
acetanide are relatively reactive towards loss of a hydrogen

atom in view of the resonance stabilization available to the

resulting radicals:

.0 CH3 0 _CHs
¢ =N fo— 2 ¢ - N
CHy CHs
0 CH 0° CH
Y ,
»CHp~ ¢~ =N/ P = ¢ - N, ’
CHy ‘ CHq

However, dimethyl sulfoxide would also be expected to

be reactive towards loss of a hydrogen atom,for resonance
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structuresare possible:
0 0

CH3¥SH29 ;::ﬁ;CHB% = CHop

It sppears then that despite such resonance stablli-
zation, dimethyl sulfoxide is less reactive towards loss of
hydrogen atoms, This is probably associated with the in-
ereased difficulty of hydrogen atom removal from a2 primary
carbon over that from either a secondary or tertiary ca::.“bon37e

In addition to methyl methacrylate, styrene was used
as o monomer in five polymerizations, The results wWere not
encouraging as shown in Table VI,

Obviéusly, no uniform trend exists bebtween 1/x and
monomer concentration, This can be explained by polymer
fractionation during purification since the molecular weights
are low and difficulties were experienced in recovering the
polymer product, It is interesting that the average number
of end groups per poly styrene molecule are signifilcantly less
then that for poly (methyl methacrylate). This is reasonable
since poly {(methyl methacrylate) has more lablle hydrogens
available for extraction than has poly styrene,

Considerable time was devoted to an investigation of an
interesting phenomeneh observed in the dimethylformamide,
acetic acid, methyl methacrylate system, It was originally
decided to prepare the labelled acetic acid by mixing 2 ml

inactive acetic acid and 0,1 ml aqueous active sodium acetate



TABLE VI,

lMolecular weights and activities of polymer produced

in the system acetic acid, dimethyl sulfoxide,

styrene,
Initiator
Polymer - - Polymer Groups
Sample  Activity Mw Mn Yield per M 1/M X 1/x
Molecule
AC, 3,120 32,000 20,300 0,45 0.19
L .00 0,200 0,11 9.2
AC, 10,760 83,000 52,800 0,15 1,72 5 ?
BC 2,430 105,000 66,700 0,13 0.26 500
BCy 19,800 89,000 56,600  0.13 1.78 5.00 0.200  0.15 6.8
ccy 5,390 40,400 25,700 0.4 0.19
cc, 13,5400 107,000 68,000 0.2 1.27 5.95 0.162  0.15 6.8
DGy 2,550 168,000 107,000 0,40 0.75
DC; L7920 152,000 97,000  0.55 1,27 6.9k 0.1k 0.59 1.7
EC1, 4,140 200,000 127,000 0,47 0.78
BCy 12,860 176,000 112,000  0.43 2.10 8,00 0.125  0.37 2.7

2.1 gms of acetic acid was used in each polymerization

9%
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solution of high specifilc activity in dimethylformamide
and allowing acetate exchange to take place between sodium
acetate and acetic acid, When inactive poly (methyl metha-
crylate) was disSolved in this mixture and reprecipitated
as with other blanks, the polymer was'found to be very ac-
tive even after a numbe: of reprecipitationg, The results
of two such purification attempts are shown in Table VII,

TABLE VII, BResults of successive precipitations
on the activity of poly (methyl metha-

crylate).,
© Number of N
Precipltations Trial I ’ Trial II

One = -

Two L4200 CPM/gm 2544 CPM/gm
Three 3800 ' 1860

Four 3550 1120

Five 3600 930

Six 3550 970

The inactive polymer, the solvent, and acetic acid
were checked for activity before mixing and were found to
be inactive; | |

Various purification technidues were employed, all
of which were unsuccessful in reducing the activity,

Four possibilities were counsidered in an attempt to

explain these resulis:
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1, Contamination by active polymer from some exter-

nal source,

2, BRadiolysis, the breaking of carbon-carbon bonds

by beta particle bombardment and subsequent free
radical combination resulting in active polymer,

3, Acetate exchange between acetic acid or sodium

acetate and poly (methyl methacrylate),

L, Contamination of active acetic acid or sodium

acetate in the purified polymer,

The first possibility was discounted by carrying out
the purification in different laboratories using different
equipment, The activity could not be removed in this manner,

Radiolysis was eliminated by proving that methyl
methacrylate could not be polymerized by the amount of acti-
vity used in the blanks and that addition of para benzoguinone
to the blanks did not improve the purification,

The third possibility was considered unlikely, in any
event, active polymer from one blank was decomposed back to
the monomer by heating the polymer in a vacuum system, The
resulting methyl methacrylate was found to be inactive, This
suggested that exchange was not taking place,

The last possibility was the most likely, however it
was easily proven that the polymer was not contaminated with
active acetic acid., This was done by mixing insctive acetic

acid in the methyl ethyl ketone solution of polymer before
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precipitation, This would allow acetic acid exchange
between any conteminated azctive acetic scid in the polymer
and 1lnactive acetic acid and thus reduce the count, Fur-
thermore, the purified polymer was dried overnight in a

vacuum dessicator at 80°C to distill off any contaminated

<

acetic acid, Nelther procedure resulted in a significan
decreasgse 1in polymer activity.

The conclusgion then was that the polymer was contam=
inated with active sodium acetate, This is quite reasonable
since the specific activity of the sodium acetate used was

about 5 x 1010 DPM/gm then only 6 x 1077

gmg would be nec-
egsary to give the observed activity of 3000 DPM/gm polymer,

This requires that acetate exchange between sodium
acetate and acetic acid not take place completely in dimethyl-
formemide under the conditions used in this research, This
was not investigated further since a contamination problem
did not exist if active acetic acld was used instead of
an inactive acetic acid-active sodium acetate mixture,

From the average number of methyl and acetoxy end groups
per poly (methyl methacrylate) molecule, it is possible to
calculate the fraction of these initiator fragments that
find their way into the polymer, Using "A" polymer from
the zinc acetate system as an example, from the polymer yield
(1 gm,), current passed (15 ma, for 20 hours) =nd molecular

weight of methyl methacrylate (100), it can be calculated
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that 1,1 molecules of monomer sre polymerized per acetate ion
discharged, From the molecular welght of the polymex (89,000}
end the average number of labelled end groups per polymer
molecule (4,.8) one finds that 180 monomer molecules are
polymerized per initiator fragment incorporated. Thus only

one initiator fragment in every two hundred becomes incor=

porated in the polymer,



ESTIMATION OF ERROR

The main scurces of error in the determination of
average number of initisztor groups per molecule were polymer
loses durilng purification and errcrs in the number average
molecular weight determinstions, Other sources of error
such as lsgotope effects, counting errors, and measurements
of volumes and weights sre négligible compared to these,

For example, the balance used in thls research was capable

of weighing to 0.,0002 gmeg, Since most polymer samples

weighed 0,5 gmsg, the error in weighing is about 0,04%,
: ]

Likewlse, the statistical error in counting is given by nE
where n is the total number of counts, The polyﬁer actlvity
was never less than 1000 CPM representing a 1% error for a
10 minute count,

In tracer studies of this nature, it ig essential
that the low molecular weight polymer product makes its
proper contributions and therefore it should not be losgt dur-
ing purification, Since low moleculsr welght product con=
tains polymer cheins that have terminated mostly by dispro=-
portionation or chain transfer, such losses would result
in high velueg for the number of initiator fragments per
polymer molecule, It hag been estimated2® that poly (methyl
methacrylate) recovered by precipitation in nmethyl alcohol
results in losses of up to 2% if the number average molecular
welght is about 5 x 1056 logses are larger 1f the molecular

weight is lower, In this research, the number aversge molecu-

6L
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b

lar weight was &g low as 9 x 107, A rough estimate would
place the error in the number of initiator groups per molecule
due to fractionation at 10%,

Molecular weights have been measuring independently by
osmometry at a number of laboratories and the deviations
determined, It was thus established that the osmotic mole-

cular weights could be determined with an error of 10% (36).



CONCLUSION

o 0 o ¢ o -
Zinc acetate and acetlic acid were both used as elec-
trolytes in the polymerization of methyl methacrylate by
the Kolbe electrolysis, The results from the study indi-

cate:

1. The average numbers of methyl and acetoxy end groups
per poly (methyl methacrylate) molecule vary between
2 end 5 depending upon the Iinitial monomer concentra=
tion. Calculations basged on these values show that
less than 0,5% of the initiator fragments discharged

find their way into the polymer,

2, Appreciable hydrogen atom extraction from dead poly
(methyl methacrylate) takes place as evidenced by the
incorporation of 2 to 5 initiating groups per polymer
molecule, In the case of noly styrene, the number of in=-
itiating groups per pblymer molecule was between 1 and
2, This indicates that hydrogen atom extraction from

dead poly styrene is less lmportant,

3. The anode process of the Kolbe electrolysis is not the
simple oxidation of the acetate ilon to acetoxy free
radicals but rather acetate ion oxidation to a mixture
of scetoxy and methyl free radicals, Under the condi-
tions employed in this research 41% of the acetate lons
are oxidized directly to methyl free radicals amd

63
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carbon dioxide,
The ratio of rate constants for acetoxy redical decom-
position to methyl radicals over that for acetoxy radi-

cal capture by monomer ig about 9 under the conditions

of this research,

s

¢

\ppreciable transfer to initiator is probably taking
place in the acetic acid system resulting in a rate
constant ratio differing widely from that of zinc ace-

tate,

Dimethyl sulfoxide is 2 sultable solvent for the initia-
tion of polymerization by primary radicals generated
during the Kolbe electrolysis, Dimethylformamide and
dimethylacetamide are not effective due to hydrogen

atom extraction by primery radicals,
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