-

MICHIGAN

€2

Mo:

L

3

eporah

¥
£ 1
s

Helen



T~ Feoio et e e R e e e

e e e B DGR S TR e - i




This is to certify that the

thesis entitled

Some Studies on the Emulsion
Polymerization of Styrene

presented by

Deborah Morgan

has been accepted towards fulfillment
of the requirements for

_M. S. _ degree in_Organic Chemistry

J

Major professor

Date__August 30, 1946

A : Tt T T

Sl e Y WL )



SOME STUDIES OF THE EMULSION POLYMERIZATION OF STYRENE

b
Helen Deborah Norgan

A THESIS

Submitted to the Scheol of Graduate Studies of Nishigan
State College of Agrieulture and Applied SBcience
in partial fulfillment of the requirements
fer the degree of

MASTER OF SCIENCR

Department of Chemistry

1946






ACKEOWLEDGEMEN?

The author wishes te express her appreciation fer the
hclpm eounseling of Dr. R. B. Guile and Dr. R. C. Husten
which they se willing gave during the eourse of this inves-
tigation.

s
)
N
)
i
~- s
-
ad




TABLE OF CONTENTS
Introduction
Historieal

Page

Part I: Preparation of folynors in Emulsicn 4

Part IX: Characterization of the Product
Viscosity Relationships
Precipitability Relationships

Theeretioal

Expcrinontal

" Part I: Preparation of the Polymer
Naterials
Equipment
Procedure

Part iI: Characteriszation of the Polymer
Yileouity determinations
Precipitability determinations

Discussion
Conelusions

Bibliography

6
6
'8
10

21
21
21

34
24
29
o2
38
36



IKTRODUCTION:
' In recent years the investigation of polymerizatiom re~

actiens has besome of utmest impertanece from the commereial
as well as the theoretical aspeet. The products ef these

reactions have widespread ussge in the preparation of ayn-
thetic rubber’*”
proof films for packaging foed and machinery, and many sther

o Shatterprecf transparent windows, water-

products. It is necessary in the preparation ¢f these mate~
rials to have a .unitou produet. The properties of the final
produet derived from a polymer "ﬁ dependent primarily upen
the molesular weight of thc_ polymer, and the moleeunlar weight
varies greatly with the method of preparation. It is desire
able te produes a polymer in an easily handled form whieh
will have the proper molesular weight to give the desired
properties in the finished produet.

Attempts to accomplish this by use of mass and solutien
polymerisations led to produets in the form ef sticky cements
or large hard lumps, diffieult to handle.’*® It was founs
that threugh the use of om;hion polymerization products
eould be obtained in a latex form which could then be preecipe-
itated to form a fine powdered polymer which was eaay te
lmnuc."5 %he use of an emulsien system, however, intre~
duced more variables into the process. This made it more
diffieult to determine the effeet ecach variadble had upen
the final product. The rate of formation of polystyrene in
an emulsion system and the meleeular weight ef the produst

are dependent upon the following: Type and amount ef
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satalyst, type of atmosphere, type and amount of emulsify-
ing agent, ratio of monomer to water, temperature and rate
ef stirring. To determine the effest of all of theses vari-
ables would be a task toe great for the seope of one inves-
tigatien. %his study was confined to the investigation ef
the effect of two different types of eatalytic systems in
two atmoapheres, namely, nitrogen and air. 4ll ether con-
ditiens were kept as constant as was practieally possible
iz laberatory precedurs.

The analytical proooduril for follewing the rate of
reaction have beer isslation of the polynor’, titratien of
the menemer by bdromine, echange in volume, and mest resently
the ehangs in retation of pelymerisation of optically ae-

10,12 One methed which has been widely applied

tive monomers.
is the running ef duplieate reaetions in sealed tubdes, re-
moving the tubes at variocus 1n§orva1: and isolating the
produst. Nany veriations ef the sealed tude Seshnique have
been reported. ZThis method has not bdeen toe satisfactory
as small differences between the tudes leads to ineonsistent
results.”*®

In this investigation the rates of polymerization were
determined by withdrawing samples from a homegeneous poly-

merising mixture at various time intervals and preeipitating
the samples. immediately with alechol. %he preeipitated
polymer was centrifuged, washed thoroughly, dried and weighed.

Phe melecular weights of the various polymeric samples were
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determined by viscosity methods using Staudingers rale,12,13
Some estimate of the loloouiu weight Qiotrﬂntioi
within a sample may dDe made by titrating a solutien of the
ssmple with a nonsclvent and messuring the eshange in trams-
mission ef light from s constant light souree through the

solution by means of a photuon.‘u

This prosedure was
éarried cut en Rumerous samples and showed observadle dif-

ferences in eemposition between them,



HISTORICAL:
Part I: Preparation of Polymers in Emulsien:
ihc field of emulsion polymerisation is one ef the
newer fields of polymerisation, yet it is widely applied.
I% is espeeislly important im synthetie rudder manufaeture,lsd
It s a eonvenient method for obtaining an easily handled
jrodnot whieh is in the form of a latex, in contrast te the
sticky ecements and solid lumps odtaimed as produestis from
umemulsified polymerizations. IS is more rapid and the
rate of reastien is more easily eontrelled then in either
bulk or solution polyncri:ation.‘vls
Mark and Raff® give a 1ist of the ingredients meces-
sary for an emulsion polymerisation as: basic phase or
emulsion medium, the main monemer, additional monomers,
emulsifying agent or agents, stabilizer, regulator of sure
faee tension, eatalyst, and ehain regulator. The mere im~
portant ef these ingredients are the monomer, eatalyst, and
emulsifying sgents. | '
The material to0 be polymerized may eonsist of one or
more menomers. The main menemer builds up the main part
of the polymer and is usually 60-80% of the fimal polymer,
the remainder being any additienal monomer whieh is te de
espolymerized 'ithuthu main monomer. If only one monomer
is to be used it makes up 30-35p of the emulsien qyltcn.‘
The eatalyst accelerates the formation of polymerisza-
tion nuelei without affeeting prepagation. Most substanees
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which have a eatalytie effeoct alse react toward the termin-
ation reaction, thus the addition of teo mueh scatalyst re-

sults in & low molecular weight productc4 1t has been shown

by the experiments ef ¥ryling and Harringtom,® Fikentscher,l®
and alse by Mark and othorc"°’17 that in systems catalysed
by water aolub;. catalysts such as; inorganie perexides,
persulfates, percarbonates and perborates, the astivation
sscurs in the agueous phase rather than in the meonemer phase
or &t the interface.

Fryling and Hnrringten‘

believe that with arganie per-
oxides the 1n1tiafion probably takes place in the organie
phase and suggest that the leeus of initiation of polymer-
ization may provide an useful method of elassifiecation fer
various types of emulsion polymerizations. |

The olnlnitying'ag.nt is an important ingredient of
the emulsien system for polymerization. lf may in some
cases catalyse the reaction as well as form the emulsioxn
nodiul.z The polymerization velocity of some systems of
low seap consentration is alnolt.linoarly preportional teo
the concentration of the soap. This catalytic effect ape
pears to favor the theory of initiation of polymerization
in the aqueous phtl..‘ The more useful emulsifying agents
for polymerizations are those that exhibit sonsiderabdle
solubilization of the monomer. Some of the more e¢ffective
emulsifying agents are: aliphatie long ehaim carbexylie
and sulfonie acids, sulfonated long chain aloohols and
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and amines and aromatic alkyl sulfonie acidas. The emulsie
fying sgent consists of from 0.8-2% ef the emulsiocn system.®

rtrt_II: Characterization of the Produest:
Viccéaity Relationships:

There is a definite simple relatiomship between the
speeifie viseosity of the solutions of different materials
and their moleocular weight. lxporinontal' show that with
solutions of polymer homologs of the same congentration the
specific visaosity varies greatly with the moleeular weight,
and that a few long molecules cause & much higher viseosity
than numerocus short ones. Using hemi eoclleidal and normal
hydrocarbon products with known molecular weight °N°

Staudinger arrived at the followimg simple relatidnihipxlz'l.
1%22. gk X

In this equation *¢* is the eoneentration of the solu-
tion in meles per liter of the basic unit of the polymer,
'k* is a characteristic constant for each series of polymer
homolegs, ')1.,' is the speeific visgosity which is She vis-
eosity of the ablutien divided by the viscosity of the sol-
vent minus ene. This equation is valid only if applied te
dilute solutiems 1a which the imdividual chains, branched
er not, are present as 1ndopond§nt kinetic units and deter-
lin; the charaecter of the selutiom., Sueh selutioms usually

oxhibit the propertiy of nermal viseosity, free from signs
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of elastioc ananaliol.‘

Every material whieh consists of
threadlike molecules has in dilute solution a definite
Nepl's value, this value 1is dependent upen the same char-
scteristies and essentially em the molecule lemgth. ¢This
value is practieally independent of the type of solvent
uicd.lz

In some cases the behavior of dilute solutions is alse
s help in distinguishing between straight and branehed
chains and is 80 used. The 'k’ value, as calcoulated frem
the Staudinger viseesity cqnition. usually assumes its high-
est value for straight echaine and deeresses gradually as
braneching 1nnro.loc.1’ Polystyrene fractions of identical
moleculxr weight prepared at low temperatures (20°C) show
'k* values around 1.5 x 10", while eorrespending molecular
;oight fractions for samples prepared at high fc-pcraturcl
(160°C) show values as low as 0.5 x 10~%, Apparently this
means that the eapsbility of a long straight ehain to pre-
duce viscosity in a solutien is greater than that of a
branched system.

There is a great desl of controversy as to the validity
of the Staudinger equation and many correction fasters have
been applied to 1t.3°'21-23023 Hhcginl" &ives a eompre~
hensive report on the development of several relationships
between viscosity and molecular sisze, namely those of
Einstein, Xuhn and Eisenschits. It is generally recognised,

however, that the Staudinger equation is a valuable and esen-
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venient teol for the eomparison of different polymer samples

- ander similar conditions of prcparationsl3

Precipitability Relationships:

The fast that polymers of different molecular weights
have different soludilities has been used te fractionate
polymer samples and thus determine the molecular weight dis-
tridution within the sample. This is a time consuming job

and is impractfcal for a large number of aa-plcl.z°

Adams and Potaru,l‘ using a method described by Mo ENally
at the Gibson Island Conference 1942 for measuring the trans-
missfon (-log I/I ) ef light through a solution ef a sym-
thetie r;lin dﬁrin& precipitaticn by a nonselvent, developed
a rapid method for estimating molecular weight distridutien.
A photroniec eell was used to ncaliro the transaission, whieh
varied inversely with the amount of resin precipitated.

They determined that the distridbution of polymers in a resin
eould be estimated if the transmission during precipitatien
and the eoncentration of nonsolvent were known. %o sorre-
late titration data with polymer distribution a resin counld
be fractionated by partial solutiom amd the melesular weight
¢f eaeh fraction determined. The amount of nonsolvent neces~

sary to precipitate a known molecular weight fraction eould

then be determined.



§ohn1:zs developed the follewing relationship:
' Y* s a+3/x
J*® . comeantration of nomsolvent

X g degree of polymerization

A and B are constantis
which shows that the anénnt of nonsolvent required to pre=-
eipitate a polymer is a measure of its degree of polymerie
sation. By use of this Sechuls oqgation the range in which
& polymer frasction will be presipitated may be estimated.
The amount in each fraction may be estimated dy the differ-
ential of -leog I/I,. ,

Adams and Powersl* also found that this method would
measure small differences in the compoesition of similary
resin samples. 7That is samples that have the same average
molecular weight dut with different distridution of moles~
ular weights within the individual samples would give dif-

ferent precipitadility eurves.
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THEORETICAL:

The ecurse of any polymerisation resction and the type
ef produet formed is dependent upon three rate fastors, nu-
sleus formation, propagation and termination; whieh will be
designated as k;, k3, and ky respestively.

Dostal and larka' have formulated and solved the general
differential equations for a echaim-polymerization whish
eacurs without breaking ef the eshain.

Hucleus formation is a relatively slow proeess whieh
requires a definite amount of energy. In a homogeneous
system there exist molesulea of the monomer °*H®* which ean,
by 8 eertain precess, form aetive nuclei. The formation
of nuclei is esharasterised by a velosity constant kl‘ Poly-
mers may be formed by either meno or dinolooﬁlar reactions ¢
The relative amount of astivation depends upen the numder
of monomers and the amount ¢f heat added.

If the formation of nueclei is monemolesular the pessi-
bilities of acstivation are photeshemiocal, eatalytieal, or
purely thermal. The photochemieal formation of nuelel, k11
is a measure both of the adserpticn of active radiation by
the molecule *H®, and of the quantum yield of the irradiated
11ght in respeet %o mucleus fermation. Experimentally ne
menomolecular thermal activation has been definitely observed.
However, in the ease 0f large molecules, the interference
of internal vibrations may accumulate sufficient energy te

preduce & polymerigation nueleus.
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It is thought that the bdimolecular formation eof nuclei
is aliayl the result of an activation due to cellision
between monomer moleeules or monomer and catalyst moleoculs.
These eollisions are imduced by thersal agitation and are
represented by the eonatant ‘13"

Catalysts greatly influence the bimoleesular nusleus
formatiom and it is doubtful whether an uneatalysed thermal
nucleus formation has been obtained. The types of sud-
stanees which aet as eatalysts are metals (Na, X, Ni, Pe),
halides (BF;, 41Cly, SiFg, 2nClp], and exygem eompounds
(HgOyp, perexides, persulfates, pircarhonntcl, osonides}.

- Bnrkz points ocut that in the presence of these sub-
stances the first step in nuclear formation is the additien
of the satalyst to the monomer. Chalmers®® suggests that
the metal of the catalyst unites with the alpha earden of
vinyl derivatives to give a half-addition produet sueh as
c‘nscnxsnio. This could act as a starter toi & polymerisa-
tion chajin reaction. The evolution of the polymerie mole-
sule may be regarded as a chain reaction of the sert in
which the units produeed combine instead of maintaining
separate existence. |

If a polyreaction consists of nucleus formation, growth,
and termination without brenching of ehains, the following
relationships between tin; and c¢onsentration of monomer may

be dcrivod.‘
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For nuelear formation:

%%‘8 kll. ¢

de*
TF = ryzee®

L 3
3’ ® k) g6’

'g? designates the molar eoncentration of the inactivated
monomer ‘H®, e** the eoncentration of the activated nuclei
Hyo Hps ﬁa; If it is assumed that the aetivation always
proceeds in one definite mamner, the possibility ef the
simultaneous oscurrence of two activation reactions of dif-
ferent orders being exeluded, the precess of growth is rep-
resented bdy:

- %% % kopee®eo
This is a seocond order reaction bdetween nuelei or shains
e* and the monomer a.

The growth proeess uses up monomer but the soncentra-
tion of nuelei remains unaltered. This condition is ae-
eounted for by the fact that the activity of the nuelei,
{.0. the veloeity eonstant of the growth reaction, is inde-
pendent of the length of the nuelei.

The chain-bdreaking reaetion, which consumes nueclei,
ean be of the first or the seeond order. in the former case
it can oconsist of the migration of a hydrogen atom aleang
the chain to eause saturation of free valences. 1In the

latter case, it ean consist either of a reactiom between
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& nueleus and a molecule of monemer or between twe nuclei:

_ 4

® kzye*

de*

= %g' k31 08"

If there is a possibility of termination reactioas ef
the first and seeond erder odeurring simultanecusly, then
the former would predominate at lew concentrations and the
laster at high eoncentrations,

These reactions describe the total conversion of mome~
mer into polymer in the following way:

The starting reaction uses up monomer and produees
astive centers (or nuelei) in the system.

The prOpagitien usos'np more monomer, but leaves the
number of the astive centers unehanged deecause of the faet
that the growth is of a type whieh regenerates the reactiv-
ity of the ehain end after the addition of each new link.

The termination reaction destreys the active centers.
It may or may noet use up monomer for this purpose, dut it
does use up the nuelei.

The veloeities of the different steps contribute te
the rate of the total eonversiom. If k;<k;Kk, each nusleus
produced by the slew reaction k) will be caught immediately
by the fast propagation proeess kg and extended inte a leng
chain until this ehain is stabilized by kz. The rate of
the conversion will depend only on kl and kz; the distribu-



tiom curve of the polymer will be determined by tz and kj.
The average molecular weight will remain practieally eon-

stant during the reaction because the average life-time of
the ehains does not ehange; it is determined by the ratie

ot kg and k This ease has been observed in the thermal

3°
polymerisation of different vinyl derivatives. It has been
ealled the radieal ehain meshanism.

It x> kz>>k3 nuclei are rapidly produced by k,, only
slowly extended into chains by kp and slowly used up by |
Thus due to the ever growing number of agtive centers, no
high polymerie material ean be produced. It is possible
by photeshemical eor catalytiecal acstion to preduee very rap-
idly a certain number of active centers, and then to observe
how they are gradually extended into chains by kg, and hew
these ehains are slowly converted into inactive molecules
by kz‘ The average life-time o6f the growing chains is long;
the mean moleeular weight of the material inereases as the
reaetion proceeds; the distribution eurve depends upon the
interaction of kg and k; and the rate of total eemversion
is given by kz. This type of polymerization follews the
double bond ehain mechanism.

fhe double bond mechanism is highly insensitive to all
kinds of disturbancesa; it leads to extremely leng ehains,
but the growth is very slow. The free radical mechanism is
much faster, the high polymerie state is reached more rapidly,

but the highly reactive intermediate preducts are very sensi-
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tive to extermal influences and chains are easily terminated.

Norrish and Brockman,29 upen investigatiom of the cat-
alysed thermal polymerisation of styrene and methaorylate,
drew the following eonclusions. The molecular weight of
the polymer obtained will be proportional to the time of
the reaction, and inversely proportiomal to the coneentra-
tion of the catalyst. This substantiates the earlier eon-
elusions of Mark and Rarf,®0

The compounds which undergo chainm polymerisation reac-
tions are those whioh eontain umsaturatien. The types o2
unsaturation which may produce pelymeriszation are -CsC-;
«C8N; -C2C-; 2C=0; and =CzN. The preximity of two or mere
ef suech groups is arn important faetor in determining the
ease with which a eompound will polymerise.

The analysis of the -C2C- double dond according to
guantum mechanics gives rise te the following eoneept: each
valence dash of this linkage represents a pair of electroms
in the semse of the Lewia valence theory. TFer each of these
electren pairs thoro>i: a eorresponding charge distridution
whieh ean be mathematically ropiolontoa by suitable eigen-
funotions.% The eigenfunctions ¢f the two elestron pairs
ean be characteristically distinguished. Te¢ make the dis-
tinetion between the two eclear, the terms; electromns or
eigenfunetions of the first order (0" - functions), and elec-
trons of the second order (77 - functions) have been intre-

duced.



The@” eigenfunetion is that of the inner electrons,
and elosely sorresponds to a normal single ocarbom te eardenm
bond. The T eigenfunction is that of the outer slectrons,
and is the decisive factor im the behavier of the deuble
bord during polymerization,

The eigenfunctions of the seesond order may correspond
te elecetrons of either anti-parallel or parsllel spin. Iﬁ
the former ease the dcuble bond is elosed and represents
the fundamental state of ethylene; in the latter, the double
bond is epen and represents an exeited state of ethylens.
The double bond may be represented by the fellowing symbel
P 3 €< in whieh the electroms of the Lirst order are des-
ignated by points and those of the seeond order dy small
sireles.

For thermal polymerisation in the absence of added
catalytic agents, it has been suggested that the activatien
process might comsist im the formation of a biradieal?
either unimoleocular or bimolesular.

>c§c< -0 &:C 0

1.1

J, 26ze<
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Nechanism I

0

2

® 0
Y + I

For the bemzoyl peroxide satalysis of the polymerisa-
tions e¢f styrene, Schuls amd Husemann? eonclude that the

propagation and termination resetions remain unaffected by
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the eatalyat. The catalyst serves merely to inerease the
rate of the initiationm reactiom. Sohitlz suggests a mechan~
}- for the initiation reation in the presense of peroxides
invelving the equilidrium feoermation of a complex detween
the eatalyst and styrene, this then decomposes to give an
astivated styrene moleculs. His data shows the rate te dbe
proeportional te the wquare roet of the catalyst sonsentra-
tioms Price and n111° poatulate that the speecifis nature
of this unimolecular chain-initiating reaction of perexides
is mest prodadly their decemposition inte free radieals.
This suggestion effers an exeellent explanation for many
ef the unusual eatalytic effects of perexides,

The free-radieal mechanism ef peroxide catalysis may
be illustrated by the fellowing simple equations, in which
'K' represents the mememer molesule, and the cirecle indieates
the odd electron 8f the free radieal;ll

Initiation; '

' (arc0g} == 2 ArCOg o

"AXCOg ® == COp + Az o

FPropeagation: | i

A 0 + X =3 Ar-N o
Ar-N o4+ M —3 kr-N, o
Ar-K, © 4 M o= Ar-l, ;0
Termination: é
. . 11 _ 1
Ar-Ny ® +u-l,~§-? ® -9 Ar-N -E + Ar-N -C2C<
or
RAYE; 0 =3 Ar-N M -Ar
Nechanism II



The nature of addition polymerization in the presence
of sueh eatalysts as boron fluoride, alumimum chlorids,
stannie chloride, or antimony pentachloride involve s dif=-
ferent sort of mechanism,

rolynerisati;n under these conditions may involve a
pelar chain mechanism, initiated by reaction of the catalyst

with a monemer molecule. Hunter and Yohczl

have suggested

that the echaim-initiating astion of such eatalysts depends

wpon their electrophilic nature, and consists in the acqui-
sition by the catalyst of a pair of electrons from the

doudle dond ¢f the mencner.

- { I 4

MC1, +>c el - aauycc
[ 1 R T 1
[ '+ L4 - ° +
Glxl.fz? fn?:ﬁ }‘cll."cx}?)n-?zlc

nc1+c1, -(c :c) c e

Mechanisa III
This mechanism is analogous te the one suggested by White
more®2d gor acid-catalysed polymeriszation, in which the
electron-deficient catalyst econsists of a preton. Under
eonditions in which propagatien is rapid eompared with the
loss of a proton from the active polymer, lomg-chain pely-
mers will result; under cenditions in whieh the reverse is
true, dimers and trimers will be formed.

In general, there have been two essentially different
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viewpoints on the nature of Eho propagation roiction [ 3 ¢
polymer formation. That originally proposed by Standingoraz
and supported by othnralO indicates a specific mechanism
inveolving addition of an active free radical to the double
bond of a monomer molecule generating a new free radical,
whioh ean in tura add again to another monomer moleculs.
(See mechanisms I and II) As a free radieal chain reaction,
ﬁol;neris;tions of this fypo should be subdject to strong
inhibition by small amounts of such substances as hydre-
quinone or diphenylamine. These substances are capable of
pioaorving such monomers as methyl methaerylate, styrene,
vinyl aeetate, and dienes.

The seeond viewpoint regards the propagation reaction
as an "energy chain,® in which an "sctivated®™ monomer mole-
eule .&ll to a nornai molecule yioiding an a&tivated dimer
whieh can add anether monomer molescule the precess eontinu-
ing until the activation {8 nullified in some manner. (See
mechanisa III)

Individusl active polymerie chains may be terminated
into stable polymer molecules in several waysy The free
radical may lose a hydrogen atom frem the adjacent carben
ator to give a polymer molecule terminated by a doudble dend,

oy it may acquire a hydrogen atom from some other molecule
in the resetion mixture to give a saturated polymer. Either

of these processes, is merely a transfer of the active free

radieal, not its destruetion, sinee one of the products in
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each case is a radical capable of generating a new active
ehain, Other ways by whisch termination may cceur are; by
the reastion of one chain end with another chain end, (see
mechanism 1X} the reaction of a ehain end with impurities,
and the toiﬁition of polynnnbeiod rings in the nelocnlcoll
The observation of Willisms,®® that the rete is direetly
dopondont upon eatalyst econcentration, while the degrees of
polymerization is independent of catalyat concemtratien,
would be acsounted fer if the termination reaction were the
unimolecular loss of a proton. The polymer would de an
erganometallic compound, which might ascount for the diffi-

culty encountered in freeing suech polymers from the catalyst.
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EXPERIMEETAL:
Part I; rriparation of the polymer:
ﬁltoriall:
Aerosocl OF
Polyvinyl aloochel (Dupent 52&-22)
Duponel & ‘
Potassium persulfate
Sodjium bisulfite
Ethyl aleohol 95%
Styrene (Eastman B.P. 33-35°/éam)

The styrene was distilled fronm hydroqﬁinono inte a
receiver oontaining hydroquinone cclleeting the frastiem
143-144%C/743 nm. This fraetion was then uninhibited by
washing with eeld 6% sodium hydroxide solution until the
wash selution was colorless. The styrene was then washed
until neutral with distilled water, dried with anhydreus
sodium eardonate and stored in a refrigerator. The unhid-
ited monomer was not allowed to stand for more than three

days defore use.

Bquipment:

The polymerization reaction was ecarried eut in a three
neeked round-bottom flask with 24/40 ground glass joints.
The flask was equipped with a water sealed mechanigal stir-
rer, & vaeuum sampler, a thermometer and reflux cendensgr,
whieh were attached toe the same neek 0f the flask by means
of an offset adaptor. The flask was set in a constant temp-
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erature water bath whish was kept at 40°C by means of a

knife blade heater and a thermoregulator,

Procedures:

!hoAlauio ingredients of the emulsion system, which
were kept eonstant, consisted of a water to monomer ratie
ef eight te ene, and an emulsifying system consisting of
0.%% Aeresel 0%, 0.3% polyvinyl aleohol and O.$% Duponel G.
This system was selested from many whieh were tried because
it seemed to give the best emulsion througheut the reactien;
that is, it kept both the monomer and polymer phases in anm
emulsified form. 4ill percentages were based upen the water
content of the system. The temperature was kept standard
at 40° and all resotions were stirred contimuously during
the polymerisation reaction.

The emulsifying agents were added to 6320 ec. of dis-~
$illed water in the flask and the mixture stirred until a
slear solution was odbtained. ‘lighty eubic centimeters of
styrene were then added and the mixture stirred until an
emulsion was formed. The catalyst was dissclved in twenty
eubiec esentimeters of distilled water and added immediately
to the emulsion. Time of reaction was measured frem the
iaaitien of the oaialyut. Samples were withdrawn at various
intervals during polymerization by means of a vasuum sampler.
The samples were precipitated immediately by pouring thes
into 95% ethyl aloohel. They were then eenirifuged, washed
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at least six times with water and six times with aleohel,
filtered by suction and dried. The precipitation was ear-
ried out directly in graduated fifty ocubic centimeter cen-
trifuge tubes. The tubes were filled to thirty-five eubie
centimeters with;ulcohol and fifteen cubie centimeters of
the emulsion poured into theme. ZEach sample taken has a
volume of sixty qubia centimeters so four tubes were used
for each sample. Affer the samples were dried they were
then weighed and the pereent polymeriszation caloculated.
Total polymerization would give & yield of six grams of
polymer in sixty cubie centimeters of emulsion.

The variations in conditiens used were: 1% petassium
persulfate (0.023 moles/640 ce water} in an atmosphere of
air, 1% potassium persulfate in an afnospherc of nitrogen,
1% potassium persulfate with an equal molar quantity ef
sodium bisulfite (0.023 moles] in an atmosphere of air, and
1% potassium perlﬁlfate with ind equal molar quantity of
sodium bisulfite in an atmosphere of nitrogen. A few runms
were made using smaller amounts of the catalytic systems
anl"cro recorded in Table 1i.

In the use of the nitrogen atmosphere the nitrogen 'Il‘
bubbled through an aqueous solution of pyrogalliec aeid te
remove all traces of oxygen and thean imto the reaction mix-
ture through the sampling tube. The nitrogen was bubdled
through the reasction mixture before addition of the monomer

for approximately fifteen minutes and continuocusly during



the reaetion peried.

Part 1I: Charaeterization of the Polymer:

| fho dried samples were ground in a mortar and sifted
through & fine screen in order toc make them ge into solutien
more readily. Seolutions of the polymer samples were made

up in volumetric flasks at a ceoncenrration ef 0,02 molar
(0.24%) in toluene whieh had beem redistilled and eollected
at 108-109°C at 743 mm. The viscosities were determined at
20°C dy means of a Cannon-Fenske-Ostwald viscosity pipette
and the molecular weights were calculated according teo the

Staudinger equation:

In whieh
M 2 molecular weight
Nl ap = specific viscosity

¢ = conceniration in moles per liter of the
basie unit of the polymer.

k = eonstant s 1.8 x 104
The specifie viscosity was determined by dividing the
time of flow of the solution by the time of flow of the pure
solvent and substracting one.
The molecular weights determined are tadulated in

Tadble I.
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An example of data and calculation of molecular weight
of a typieal sample.
Sample: Runf V - 50,.8% polymerization.

Time in See.

Solvent Selutien Relative Viscosity - 2,3628
2.8 11,6 Specific Viscosity = 1.8628
‘ 32.6 77.4 Concentration z 0,02 X
32.7 77.5 K =1.8 x10"¢
32.8 77.5 Mz Neps___1.3628
52.8 7.5 ks 1.8 x 10-%x 0.02
32.8 77.5 = 378,800

77.5



Pable I
R;n Catalyst Qé:: % Polymer., lo%;::t::g;%;ht
I KgS,0 1% 1 10.0
“ in 5 27.8 6,500
Air 17 62.6 37,200
20 65.3
II Xp8,0 1% 2 8.0
 inm 3 9.6
Ay 9 1/4 27.1 23,600
23 57.6 27,000
26 76.3 33,800
III KgS50g 5% ¢ 3/4 3.0
T am 10 . 8.8
Alr 23 1/4 51.0 28,700
28 64.1 33,116
33 3/4 90.0
IV  KpS$g0p 1% 2 1/e 64.0 498,000
- 1n 2 3/4 65.5 345,500
Eitrogen 4 87.0 261,300
7 98.0 182,000
——iben e ——— -
¥  Kg850g 1% 3/4 17.5 160,000
in 11/2 50.8 378,500
Hitrogen 2 1/4 6€7.5 531,900
Some small lumps formed in the emulsion
6 90.0 159,100

LK X X 4 T X T X X X X X X J ‘--------------Q----------------------’--0.



2=
fable I (Con®t)

TR catalyst ¢ f polymer, Nopyouler Welght
VI K,S,0p 5% 1 6.1 | |
. inm 11/2 19.0
Eitrogen 2 25.6 165,000
3 43.3
4 63.3 239,500
5 86.0
51/2 26.6 182,000
VII Kg8,0, 1f 1 20.0 15,800
 wite 2 26.0 ,
NaHSO, .5% 3 41.3 17,000
in 5 56.1 18,600
Air 6 88.3
T 83.3 58,200
VIII Kp8,05 1§ 11/6 11.7
" with | 21/2 19.7
FaHBO, 5% 4 39.7 22,700
in 5 1/2 51.7 25,400
Aty T 93,5
9 94,3 85,500
IX Kp3Sp0g 6% s/6 23.0 64,800
| ;:;gbz .355 1 1/2 41.3 71,100
in Lumps formed and the reaction d4id net

Aly remain in an emlsion,

- - e S - e
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Table I (Con't)

Run Time T 4 Lo Holecular Weight
# Catalyst Hr. 4 Polymer. (Visocosity)
XII Kg8,0g .126% 1 5.0
' with
HeHSOz 06256 = 70,000
in Lumps fermed and the reaction aid
Al» not remain in an emulsion.
XIII KgSp0g +0625% 1 0
... .with
x:;:soa 0212 2 0
;. § .
Alr 4 91.6 131,900
X  KpSg0q 1 /2 1041
with )
BaESOp .55 11/2 21.8 24,600
in
Nitrogen 4 3/a 81.6 30,400
6 1/¢ 96.7
7 1/4 97.5 30,400
XI  XgS,0, 1f /6 14.5
: with
NeHSOg .53 3 1/3 7.1
B1trogen 31/3  43.0 47,400
4 1/3 84.5 51,400
51/3 96.3 45,700

One run made with 1% sodium bisulfite resulted in only
12% polymerization in 30 hours. The produet was stiecky and
very hard to filter and wash as it adhered to the filter
paper.

One run made using 1% KpS;0g in an atmosphere of oxygen
gave very little poly-or'in 20 hours. The product was stiecky
and very diffiocult to handle.



Precipitability measurements were made on the varicus
samples following a proseedure described by Adams and Pouu‘?M
fhe apparatus used econsisted of a light source, a specially
eonstrueted cell, a photocell, and a galvanemeter.

The cell was constructed of stainless ateel and measured
seventeen centimeters in height, and was appreximately four
centimeters square. There were windows om two eppesite
sides which were held in place by special brass fittings,
one of which fitted the lems of the light souree and the
other fitted the photocell. The other two sides and the
bottom were enclesed with a water Jjacket Shrough which water
was ¢ireulated from a constant temperature bath which was
kept at 20°C. When in use the light passed through the
solution in the c¢ell and struek the photecell on the eppe-
aite s8ides The photecell was connected to a galvanome Ser
by means of a variable resistance so that the deflection
of the galvanometer eould be ad juated to stay on the seales.

Through the top of the cell was inserted a mechanieal
stirrer whioch was ad justed 8o that it gave thoreugh mixing
but caused mo bubdbling in the selution; a thermometer, and
the tip of a siphon burette whish contained the nonsolvens,

Samples of the same solutions whiech Ieri made up for
the determination of viscosity were used. One hundred lixty‘
cubie centimeters of the solution were ilacod in the cell,
the light passed through and the galvanometer adjusted to
& deflection of approximately one hundred by means of the



variable resistance. Upon the addition of nonsolvent, 95%
ethyl aleohol, an immediate turdidity occured which was
due to the mixing of the alecohol and toluene alone and net
due to the precipitation of any of the pelymer. Lttei
Qpproxinatelj tyenty cubie centimetersz of alcohol were
added the solution again became clear and the galvanometer
was read justed to approximately one hundred and the 1.
reading takeny The solution was then titrated with the
nomnselvent and defleotions of the galvanometer resorded,
which were the I readings. The factor -log I/I, was thenm
ealeulated and plotted against the percent nonsolvent, this
resulted in the precipitability curve of the sample.
Tangents were then drawn to these curves at numerocus
fointa and these tangents plotted againat percent nonsolvent.
The tangent curves formed a peak at that percent nonsolvent
which represented the greatest inorease in extinetien per
unit of nonsolvent added, that is where the greatest amount
of polymer precipitated with the addition of ene unit of
nonsolvent, Differemt molecular weights would precipitate
at different concentrations of nonsolvent therefore, these
peaks indiicate the point at which the largest molecular
weight fraotion of the sample precipitated.
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An example of the data obtained from a typical preeip-
itation of a toluene solution of the polymer with 95% ethyl
sleohol.

Sample: Run # VIII - 51.7% polymerization

Solution eoncentration: 0.02X

C,H.O0H Deflesction
25p e - log 1/1, % CyHLOR

49 9% = I, 30.62
80 9% +00459 31,28
52 92 «01393 32,50
54 88 « 03324 83.7d
56 79 «08009 35.00
58 71 12646 06.25
60 66 »15817 67.50
62 60 19957 38.75
64 55 23726 40.00
66 50 27870 41.25
68 47 20862 42.50
70 45 «32451 43.76
73 41 « 56494 45.63
76 38 039794 47.50
7% 35 43365 49.37
82 o2 47257 51.25
86 29 515632 53.78
920 26 56278 56.25
95 24 «59751 59.57
100 22 «63630 62,50
110 22 «63530 68.78

120 22 «63520 75.00
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DISG?SSIOK:

' From a study of Table I and Fig. I it develops that
there is a great difference in rate of reaction among the
different eatalyiio systems. Sodium bisulfite alone has
very little oataiytie effect dbut inoreases the rate of poly-
merization greatly when used with potassium persulfate.

The r‘placunent of aiyr with an atmosphere di nitrogen in-
ereases the rate even further. The moleculay weights of

the final products however are of the sams order of magni-
tude.

Nitrogen atmosphere, used with potassium persulfate
without the presence of sodium bisulfite, gives the most
rapid reaction. The molecular weight of the final product
is many times greater than that formed in the other systems.

It is alse interesting to note that in the fermatien
of very large molecules the greatest average moleculay
weight occurs at approximately fifty pereent polymerizatien.
This would seem to indicate that the decrease in the ameunt
ef monomer available toward the end of the reaction causes
the formation of lew moleculsar weight ecompounds which reduese
the tetal average molecular weight of the final preduect.
This type of maximum dees not seem to eceur in the fermatien
ef the lower moleocular weight compounds. This eould dbe
explained by the fact that although there is the same decrease
in the amount of monomer avajilable, the chain length threugh-

out the reaction is low so that there is not the econtrast
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between the molecules formed at the beginming and end eof
the reaction.

Fig. VIII shows the molecular distribution curves eof
the samples taken from a run using potassium persulfate in
nitrogen. 1% agrees with the molecular weight determina-
tioms in that the first and last samples which have apprex-
imately the same moleeular weight have alse almost identical
distribution curves. 9The intermediate sample, however, whiesh
has a larger molecular weight has its peak at a amaller per-
eentage of nonsolvent.

If an atmosphere of molecular oxygen is used with
petassium persulfate practically ne polymerization ocoeurs
over a long period of time.

The faet that an atmosphere of nitrogen gives rapid
polymerization with the formation of long echains indicates
that oxygen acts as an inhibiter and possibly a chain term-
inator. The running of a reaction under an oxygen atmosphere
esonfirmed this idea.

The rapid rate of polymerization using potassium per-
sulfate with sodium bisulfite oculd be ascounted for if the
sodium bisulfite, acting as a reducing agent, toek up the
oxygen present in the emulsion. This would remove the
inhibitory and chain terminating effeet of the oxygen. The
presence of the sodium bisulfite in the system, however,
eould aoct as a chain terminater so that low meolecular weights
would be obtained.
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The fast that placing this system under a nitrogen
atmosphere gave little increase in the rate of polymeriza-
tion seemed to support this conclusion.

By examining Fig. 1II it is apparent that there is little
eorrelation between proéontago polymerigation and molecular
distridbution. This is not surprising eensidering the dif-
ferent rates at which the products were formed.

By pletting the molecular distridbution curves of samples
haveing approximately the same molecular weight on the same
axis as in Fig. III, it can de seen that samples of the
same moleoular weight may net have the same molecular dis-
tridbution, However, the peaks for these curves all oceur
at approximately the same percentage of nonsolvent.

By studying the various graphs on precipitadility and
molecular distribution it can be seen that the molesular
weight and the molecular distribution ehange considerabdly

a8 polymerization proceeds.
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CONCLUSIORNS:

l. Potassium persulfate catalyst in an atmosphere of
air gives slew polymerization and a product with a moleeular
weight of approximately %5,000.

2. Potassium persulfate catalyst in a nitrogen atmes-
phere gives rapid polymerigation and a produet with a molee-
ular weight of approximately 200,000at total polymerization.
At fifty pereent polymerization it gives a produst of approx-
imately 280,000 molecular weight.

3« Potassium persulfate with sodium bisulfite in an
atmosphere of air gives rapid polymerisation and a produet
with a molecular weight of approximately 40,000,

4. Potassium persulfate with sodium bisulfite in an
atmosphere of nitrogen gives rapid polymerization and a
product with a molecular weight of approximately 40,000,

5. Sodium bisulfite alone is ineffeetive in the eat-
alysis of polymerization.

6. Molecular oxygen has an inhibitory effect upen
polymerization in this system.

7 The smaller the amount of catalyst used in the
potassium persulfate - sodium bisulfite system the higher
the molecular weight of the preoduct.
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