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Abstract - Kinetic models for formation of CH3Cl branch units based
on head to head addition and the first order interruption of the
growing chain with formation of Cl. and H. radicals are discussed.
Some features of the formation and stabilization of primary particles
in bulk and suspension polymerization are reviewed.

Different kinetic models for bulk and suspension polymerlzatlon are
critically reviewed.

Particle formation in emulsion polymerization below and above CMC

is treated, due consideration being given to the desorption and
reabsorption of radicals.

The kinetics of emulsion polymerization is discussed in detail.
Desorption and reabsorption of radicals are discussed as well as the
possibility of termination in the aqueous phase. Steady and non
steady state treatments in seed polymerization are discussed.
Thermodynamic principles for the formation and stability of monomer
emulsions are treated. Initiation in monomer droplets with direct
formation of latex particles in the 0.2-1.5 pm range as well as
monodisperse particles in the 2-5 um range are described.
Spontaneous emulsification with formation of relatively stable
monomer emulsions with different mixed emulsifier systems and sub-
sequent polymerization with initiation in the monomer droplets ig
discussed.

Polymerization under conditions corresponding to sub-saturation
pressures can be achieved by addition of a low molecular weight, water
insoluble compound to the monomer phase.
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INTRODUCTION

The intention of the present paper is to review critically some of the more
recent investigations which have been published on the kinetics and mechanism
of vinyl chloride polymerization. Some earlier papers which have not
previously been subject to a critical examination are also included. Recent
methods and results of measurements of PVC structure have shred new light on |
a number of experimental results which have previously not been clearly
understood or even misinterpreted.

Important contribution to new understanding of the kinetics and mechanism of
vinyl chloride polymerization have come from the recognition of the dominating
role of short chain branches, i.e. CH,Cl groups in the PVC and that these
groups probably stem from a head to head addition (1). The concept of head
to head addition has also founded the basis for a new mechanism for the
interruption of the polymer chain with a simultaneous formation of a small
radical. This reaction was formerly ascribed to a normal chain transfer to
monomer with the polymer radical acting as the acceptor of a chlorine or
hydrogen atom given off by the monomer, transferring the monomer to a
radical.

The present paper discusses the new explanation of "chain transfer to monomer"
which involves head to head addition followed by a splitting off of Cl. or H-.
radicals and shows that this mechanism may be more in accordance with some of
the previously publlshed results on the kinetics of vinyl chloride polymeri-
zation.

The paper further deals with the mechanism and klnetlcs of particle formation
in bulk, suspension, micro suspension and emulsion polymerization. 1In all
cases the main features of the PVC, namely the insolubility of polymer in the
monomer, the limited swelling of polymer by monomer and the interruption of
the growing chain by a first order reaction with respect to the radical with
a simultaneous formation of small active radicals play an important role in
the processes and is responsible for the fact that in the case of VC there
are so many similarities in the kinetics and mechanism of the different
polymerization processes.

1. CHAIN TRANSFER REACTIONS IN VINYL CHLORIDE POLYMERIZATION

In the discussion of the mechanism of vinyl chloride polymerization it has
generally been accepted that the main interruption reaction of the growing
polymer chain is first order with respect to the growing chain. This was
supposed to result from a chain transfer to monomer, the monomer acting as
donator. While Ayrey et al. (2) considered only abstraction of a chlorine
atom, Breitenbach et al. (3) took into consideration all three types of
radicals which could result from the transfer .reactions, resulting in the
radicals -CH=CHC1l, CH2=Cl or CHy=CH.. Although it is recognised that the
growing radical in VC polymerization, -CHZ-CHCI is highly active and readily
transfers to a number of substances, it has been questioned whether the
reaction of polymer radicals with monomer creating the very reactive monomer
radicals shown above, would be energetically feasible. Moreover NMR studies
of PVC have not revealed any unsaturated end groups of the type CH2=CCl~CH3-
-CHCl-, CHCl=CH-CH-CHCl-, CHCl=CH-CHC1-CHz-, or CH»=CH-CH,-CHCl- which
would result from chains started from the radicals given above. The more
recent assumption on the nature of the first order chain 1nterruption stems
from the recognition of the importance of the head to head addition in the
radical polymerization of VC. The head to head addition was originally
suggested by Rigo et al. (1) as an explanation of the presence of a
relatively large number of CH2Cl groups in PVC. Rigo and other authors did
not originally combine this reaction with any polymer chain interruption
process. .

The scheme suggested by ngo went as follows:

(Re) . (B-)
' —CH2-<|:H + CH2~—(|2H -—-R—> -CHZ—C|:H—CH-CH2 (1)
Ccl cl ' Cl Cl
(B+) k. (D*)
l .
CHz—(‘ZH—?H—CH2~ —=— -CH,-CH-CH-CH,Cl (2)

Cl Cl 1
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The radicals B+ and D+ may add monomer and continue the polymerization:

kl
Be + CH,=CH —ZL-» -CH.-CH-CH-CH,-CH,-CH- (3)
T2 2 079 2 2
c1l Ccl Cl c1
kll
D- + CH2‘=C'H —E -CH,-CH~-CH~CH,,~CH> (4)
cl 1 CH)Cl Cl

The experimental determination of CHCl groups was carried out by reduction
with LiAlH, followed by IR measurements of the -CH3 content. The reorgani-
zation of radical B- into D+ was found probable from an energetic point of

view.

Rigo estimated that the value of an equilibrium constant for the reaction:

(B+) . (0+)
1 .
-CH2-C|3H--ClIH-CH2 —-—k——> -CH 2-([3H-CH-CH2C1 . (5)
ClcCl -1 Cl

would be about 110 at 50 °c.

The authors consider the reaction scheme (1-4) together with the "equilibrium"
(5) and derive an expression for the ratio of CH2Cl branch units to the
total monomer units in the polymer.

The final expression for the ratio of CHCl groups to total monomer units is:

7 = ‘ka/kp)/(l+k§/kg Keq) (6)

where Koq = kj/k-1 = [D-]/[B-]. Introduction of Keq, which necessitates
that one has a rapid established equilibrium between [B-] and [D<] radicals,
is obviously open to doubt. A necessary condition for this to be the case
is that k_p >> kg[Nﬂ. Equation (6), which would seem to indicate that 2
should be independent of conversion, is claimed to be in accordance with
experimental evidence.

Quite recently Park et al. (4) have discussed several possible routes (1,5,6)
for the formation of CHpCl branches and conclude that the kinetic evidence
supports the route of reactions (1-4) given by Rigo. Park applies steady
state equations for the different species involved, but contrary to Rigo

he does not consider the reaction B —sD- to be reversible.

a[Bs-] /ét

kogRIIM - kp[B] - ki[B1M =0 (7)

a[p]/at = ky[B] - k;[D;J M =0 , (8)

From (7) and (8) one obtains for the rate of CHpCl formation:

k koo [Re][M]

= k"D MM] = —PE- — =
Py = Kp 0 K +k ! [M]
. P
= ka[R.]/(l/[M] + ké/kl) ' ' 9)

The number of chloro methyl groups per monomer unit, Z, is given by:

= rCH2c1/rp = Oepy/kp)/ (1 + [MIkL/Kg) - (10)

and accordingly

1/%2 = kp/ka + [M] kl')kp/klka (11)



326 : : J. UGELSTAD et al.

Park finds that Z is independent of initiator concentration which is in
accordance with Eq. (10). Park plotted 1/Z as a function of [M]. Although
there is considerable scatter, the data appear to support the mechanism of
Rigo (1). The regression line drawn through the points has an intercept of
75 and a slope of 19 dm3 mol~1l, From Eg. (11) these values would give:
kp/kpH = 75 and kl')/kl = 0.25 dm3 mol-l, which means that there should be

about one head to head addition for every 75 propagation steps and that in a
4 molar monomer about half of the head to head additions would lead to
chloromethyl side chains.

The mechanism suggested by Abbds et al. (5) involves a rearrangement by
hydrogen transfer of an ordinary polymer radical formed by head to tail
addition: :

k

. < .
CH2-$H-CH2—?H — CHz-?H-CH—CHZCl (12)

Ccl Cl Cl
It follows that in this case the value of 1/%Z would be:

1/2 = k,[M] /k, (13)

Park's treatment is based upon the assumption that radical B- may rearrange
to radical D+ and both radicals B- and D+ add monomer in the usual polymeri-
zation reaction. No other possible reactions of the two radicals like
splitting off of Cl- or H- radicals with formation of double bounds, are
included. Park's assumption of values of kp and k; which are of the same
order of magnitude would involve that there should also be present in the
polymer a considerable number of -CHCl-CHCl- structures. Detection of such
groups by iodometry has been claimed (7), although as stated by Starnes et
al. (8), this interpretation has not been supported by 13C NMR spectra of
numerous PVC samples (5,9,10). Also it is pointed out (8) that rearrange-
ments of similar radicals as B+ to structures of D- type are so fast that
it would seem to preclude the addition of monomer to the B+ radical.
Assuming this to be the case the mechanism of Park would lead to:

1/2 = kp/ka (14)

i.e. the degree of branching would be independent of the monomer concentration.
Lyng&s-Jgrgensen (11) found 4 to 7x10~3 branches per monomer unit independent
of conversion, Carrega (12) 4 to 6x10™° branches per unit for the conversion
range 0.08 to 0.86,which would indicate that the degree of branching was
relatively independent of monomer concentration. It should be pointed out,
however, that in bulk polymerization the monomer concentration at the -
reaction center, the swollen polymer particle, is approximately constant
up to77% conversion. Any noticeable contribution of splitting off of Cl-
and/or H- radicals from Be and D- radicals would lead to modifications in
the equation for Toy and Z.

2C1

1 a 13

A number of papers have applied "H an C NMR studies in the studies of the
structure of PVC, especially for determination and characterization of
branches and of double bonds (5,8-10,12-14). 1In order to be identified by
NMR, however, the proposed structures must be present in sufficiently high
concentration (above 2%). However, it is known that unsaturated structures
in PVC are expected to be present in much lower concentrations. To overcome
this the investigations have sometimes been carried out on fractionated
samples containing an accumulated amount of low molecular weight material
where the fraction of end double bonds necessarily will be higher. Also
PFT-NMR techniques have proved to give clearly observable signals of
unsaturated structures in PVC.

In some papers Caraculacu et al. (13,14) have described the determination of
structures of different PVC samples. They consider the head to head
addition to be the primary step in the scheme leading to the formation of
double bonds with splitting off of Cl. or He radicals. They consider the
following possible schemes for the reaction of the very reactive radical
stemming from a head to head addition:
(Be) k (D-)
1 .
-CHZ-CH-CH—CH ¢ ———w -CH,~-CH-CH-CH
[ 2 2y

Clcl Cl

,ClL (2)
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(B*)

-CHZ—CI:H-CH-CHZ- + CH2—CH —-E> CH2—CH—CI:H-CH2-CH2—CH~ (3)
Ccl Cl &1 c1cl cl
(+) -

-CH2-CH—CH-CH2C1 + CHy=CH —E -cnz-cn-cn-cnz-cn- (4)
1 &1 &1 cnzc1 cl
(%) X (F) |

2 = .

CH,=CH-CH-CH,* —=—» CH,-CH-CH=CH, + Cl : (15)
Cc1 Cl c1
(B+) Ky (K)

~CH,-CH-CH-CH,* ——% -CH,=CH-C=CH, + H- (16)
cl cl Cl Cl
(D} k, (L)

-CH_Z—Cl:H-CH-?Hz —— -CH,~CH=CH-CH,CL + Cl- (17)
cl c1
(D-) . ke (F)

~CH,=CH-CH-CH,Cl —>— ~CH,-CH-CH=CH, + C1- (18)
cl cl

Caraculacu et al. (13) claim to have provided evidence for structures F and
K from PFT-NMR spectra, although tEgy seem to make the reservation that the
signals for F may be given by the CHC1 proton. Also they report the
presence of a structure -CHy-CH=CCl-CH2Cl which may have been formed by
rearrangement of structure K. On energetic grounds Caraculacu finds it
improbable that any chain transfer by reaction of R+ with monomer will take
place, the R+ radical acting as an acceptor with formation of monomer
radicals like CH2=CH., CHCl=CH. . and CH,=CCl. This assumption is supported
by the lack of presence of end groups with the structure CHy=CH-CH2-CHCl-,
CHC1=CH-CH2-CHC1l- or CH2=CC1-CH2—CHC1-.

Apparently Caraculacu does not take into account the possibility that the
reaction of the monomer radical may take place through attack on the -CHCl
end of the monomer. For instance, structure F may formally be formed by a
mechanism starting out with transfer to monomer according to the scheme:

k

- £ — - P
~CH,~CH: + CH,=CH ——s =CH,-CHCL + CH,=CH (19)
c1 c1 c1
k"' B
CH,=CH- + CH,=CH —B CH,y=CH~GH~CH,* V€ o F (20)

Cl Cl

Schwenk et al. (15) investigated bulk PVC extracted with methanol. The
molecular weight of the extracted polymer was 1500. They interpreted their
results to show that the molecule contained 0.5 units of structure (L) and
0.25 units of the structure -CHC1l-CH=CH-CH3Cl (M). Contrary to the more
accepted hypothesis for formation of double bonds accompanied by chain
interruption, Schwenk assumes that the structures (L) and (M) result from

a head to tail, respectively tail to head structure by rearrangement of
ordinary radicals, followed by formation of double bonds by splitting off
Cl., respectively H. radicals which then initiate new chains.

A comprehensive discussion of the PVC structure has recently been given by
Starnes et al. (8). They accept the head to head addition as the primary
step and discuss the rates of possible subsequent reactions of this compound
by comparison with the rate of model reactions. They expect the reaction

B- —» D+ to be so fast that it is improbable that there would be any
noticeable polymerization of B. to give -CHZ-CHCl-CHcl-CHZ-CHCl- structures
in the polymer.

From considerations of the type of chain ends formed in the presence of
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cyclohexane, which is an effective chain transfer agent, they conclude that
Cl- radicals is formed by an intramolecular reaction during polymerization
and consider this to be the reaction D+ —sL given in Eq. (17). Also
Starnes et al. abandon the previous mechanisms of chain transfer to monomer.
Starnes and Caraculacu both consider the head to head addition to be the
primary step in the route leading to termination of the chain. While Starnes
limits the possibility of chain termination and double bond formation to the
-k k
reaction B- ~—l——— D- -—A——-L + Cle, Caraculacu in addition includes a
series of possible reactions leading to chain termination, i.e.

ks ks = k1 ks
B+ ——» F+Cl:, Be ——» K+H:, Bs —=—p D* ——p F+Cl-,

A complete set of steady state equations in accordance with the possible
reactions discussed by Caraculacu would be as follows:

afs-J/at = k y[RI[M - k3[BIM - k;[B-] - k,[p-]
- k3[BJ =0 (21)
a[p-]/at =k, [B-] - ky[o-1[M] - x,[p] - kg[p-1 = 0 (22)
From (21) and (22) one obtains:
[B] = H[R_'] [M]/ (k;+ky+k 3tkp MD) (23)
[p-] = pu "] » (24)
(kl+k2+k3+kl') ™M (k4+k’5+k£;[M] )
and et e A (25)

r =
CH,Cl -
2 (kl+k2+k3+kp[M] ) (k4+k5+kp ™M)

In order to arrive at an expression for rCHZCl and l/Z which is similar in

in form to the one obtained by Park, the condition
kI';[Mj > ky + kg (26)

should be fulfilled. This leads to

k. k_..[RM]
Togocl = 1 pH : } (27)
2 kl+k2+k3+kp[M] _
k,+k k k'k_[M]
1z = 1+ 52 By RER - (28)
-1 pH 17pH

The condition (26) may probably be approximately correct in view of the fact
that there is a considerably higher number of CH7Cl groups than there are
double bonds in the polymer molecule.

The rate for formation of small radicals (Cle + H*) is given by:

Yooy = (Kot [B] + (k 4+kg) [D7]
IR*] [M] ky (ky+ke)
_ _ Ypu (kytky + —id 5, (29)
ky+ky+kgrk) [M] kgtkgtky ] :

According to the previous accepted mechanism for chain transfer to monomer,
which assumed a reaction between R+ and monomer to give a monomer radical,
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the rate of small radicals is given by:

re = kf[R-] [M] (30).

that is, a first order with respect to monomer concentration, while the new
scheme for "chain transfer" (Eq. (29)) would tend to give an order less than
unity. A first order reaction with respect to monomer may, however, be
obtained from Eqg. (29) if certain conditions are fulfilled. Before consider-
ing these, it may be convenient to establish some gqualitative relations
between various rate constants. As the formation of Cl. and H- radicals
leads to 1nterrupt10n of the growing chains, one must obviously have that

k1 > k2+k3 in order to obtain polymer chains with xn in the range of 1000, ..

containing about 6 CH,Cl branch units per chain. For the same reasons,
[MJ > k4+k5 .

Introducing the conditions

)k k'IM] and b) k,+k 1 ks
a >> M| an + >> == =
p
Egq. (29) reduces to
r _ kEH [ﬁ'] [M] , (31)
(Ci+ + He) — ’
1+kl/ (k2+k3) -

i.e. a first order reaction with respect to monomer concentration.

Formally, a first order may also be obtained if the condition k“Dﬂ << 'kg+ksg
is substituted for condition b) above. This would give the rate expression

r(C]_. + H-) = ka].-R':l [M] » (32)

As discussed above, however, the fact that the number of CH2C1 groups per
molecules is considerably higher than the number of double bonds means that
k“[M] > k4+k5. Thus the condition leading to Egq. (32) is not realistic.

Another limiting case arises if it is assumed that radical B: immediately
isomerizes to give radical D., other possible reactions of B+ being completely
negligible. This would seem to be consistent with the views of Starnes et al.
8). In this case one obtains from Eq. (29):

kg [R] [M]

oy = - (33)
(C1-) L4k [M] / (k4 +k )
If now kEEMI >> ky+kg, Eq. (33) reduces to

i.,e. the rate of formation of Cl: radicals is independent of monomer concen-
tration. This, however, is contradictory to experimental results which show
that the "chain transfer" is approximately proportional to the monomer
concentration. *

In conclusion, the experimental chain transfer constant should be determined
by Eq. (31), that is

k. = — PH (35)
I+ e
2 73

* ' . )

Starnes (95) has shown that his scheme may also lead to the conclusion that
the rate of "chain transfer" is first order in monomer if the splitting off
of C1 (Eqg 17) is an equilibrium reaction with a cage effect.
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2. BULK AND SUSPENSION POLYMERIZATION

2.1. Particle formation

Kuchanov and Bort (16) in a comprehensive discussion of bulk and suspension
polymerization of vinyl chloride list about 60 papers that have been
published on this subject prior to 1973. This large number reflects not

only the great interest in, and extensive practical use of PVC, but also that
the hetero-phase polymerization of VC is a very complex process. The authors
list several characteristic features of the bulk polymerization of VC, some
of which are referred below.

The process is considered to take place in three stages. During the first
and third stage the reaction mixture consists of a single phase in which
polymerization conforms to the conventional relations of homogeneous
processes. During the second stage, two phases are present simultaneously.
In the first stage globular polymer particles are formed by precipitation .
from the solution. This stage was considered completed at a_conversion of
about 0.5%. According to Cotman et al. (17) at least 25x10ll particles/g

VC is formed during the very early stage of polymerization at 50 €Cc. At a
conversion of a few tenths of a per cent this number drops to ca. 5x1011/g vc,
independent of the initiator concentration. During the second (hetero-phase)
stage which lasts to about 77% conversion, a constant monomer concentration
in the growing particles is upheld by diffusion of monomer from the liquid
phase. Within the second stage, four typical ranges of conversion were
distinguished, up to 1%, 1-10%, 10-20% and 20-77%. In the first range the
polymer particles grow by aggregation of finer formations. Towards 1%
conversion a certain concentration and morphology of particles are established
which are then considered to remain unchanged during the process. According
to Bort et al. (18) the number of particles increases from 5x1010 to 5x10ll
per cm3 when the average rate of polymerization in the initial range is
increased from 2 to 200 mole/l sec. In the range of 1-10% conversion the
globular particles are characterized by stability against aggregation.
Between 10-20% conversion secondary structures form by coalescence. This
secondary structure formation seems to be complete at about 20% conversion.
The system now consists of a three-dimensional arrangement of loosely packed
globules which has lost its fluidity. 1In the third stage, above 77%
conversion, the monomer phase has disappeared and conventional homogeneous
polymerization takes place in the monomer swollen polymer phase.

A number of papers on the mechanism of particle formation and the morphology
of the polymer in dependence of various process parameters for both mass and
suspension polymerization have appeared during the last decade. .
Boissel and Fischer (19) in a study of the nucleation phase of bulk poly-
merization found that PVC formed at_the start of polymerization has a solu-
bility in its monomer less than 10-3%, This is significally lower than the

' values obtained by other authors (16,20) for samples of "normal"” PVC
obtained after 70% conversion. The first particles (called granules) appear
at a conversion of approximately 10-3% and their number remains constant up
to a critical conversion T¢ which depends on agitation and decreases when
the intensity of agitation increases. Hence under the experimental conditians
employed, a value of 1, % 0.12% was observed with a peripherial agitation
speed of 0.7 m/sec, whereas with a speed of 2 m/sec T, < 0.05%. Above the
critical conversion a second nucleation seemed to take place. The authors
suggest that this observation may explain the main differences between
formerly published (16,17,20,21) data, which were obtained in non-agitated
media, and their own results. In the absence of agitation the critical
conversion is likely to be very high. The number of granules was also found
to depend on the rate of_ formation of free radicals. In the region investi-
gated (pj n(0,2-200) -10™10 mo1/dm3,sec, the following relationship was
observed:

N = 2.7x1013 (pixlolo)B particles/dm3
where p; is the rate of radical formation and the exponent B varied as a

function of temperature (8) in accordance with the equation: :
log (1-B) = a+bé

It is seen that for any value of p;, the number of particles formed decreases
with increasing temperature.

Behrens (22,23) found that the polymer chains formed in the early stages of
polymerization aggregate to nuclei of about 10 nm diameter, each nucleus
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" consisting of from 5-10 macromolecules. He notes that this process is
independent of whether polymerization is carried out in bulk or suspension.
These nuclei grow uniformly to so called microglobules (primary particles) in
the size range of 0.1 - 0.3 um, : .

According to Bort at al. (16,18,24,25) the monomer swollen microglobules are
the main loci of polymerization from between 6 to 10% conversion onwards.
Macroglobules with diameters of 1-2 um are formed from the microglobules,
either by polymer growth or by aggregation. These macroglobules further
agglomerate to form the final 100-150 um particles.

In an investigation of the suspension polymerization of VC, Tregan and
Bonnemayre (26) found that 0.1 um microglobules existed at conversions below
1% and that macroglobules were formed above 5% conversion. They concluded
that the phenomena observed by Bort et al. in bulk polymerization also take..
place inside the droplets in the suspension process.

Zichy (27) studied the morphology of a polymerizing vinyl chloride droplet
suspended in water by means of a spinning drop apparatus. He observed that
the nascent polymer appeared as spherical particles in various stages of
aggregation and pointed out that inp the absence of a repulsive force between
the primary particles, each Brownian collision should lead to coagulation. .
Using Smoluchowsky's theory of diffusion controlled flocculation he calculated
the expected average particle diameter at 2% conversion to be 10 um, whereas
the observed particle diameter was in the order of 0.1 um. Zichy therefore
concluded that some repulsive force must exist in order to account for the
apparent lack of coagulation.

In some recent papers, Zichy and coworkers (28-30) studied the highly mono-
disperse and colloidally stable primary particles (radius 0.15 pm) formed

in the early stages of suspension polymerization. It was demonstrated that
the particles carried a negative charge and electrophoretic measurements
revealed zeta potentials of about -80 mV, corresponding to approximately 40
elementary charges per particle. The charges were attributed to ionized
hydrogen chloride formed by decomposition of vinyl chloride peroxides.

The presence of a negative charge on low conversion suspension PVC particles
has recently been comfirmed by Davidson and Witenhafer (31). Using dark field
optical microscopy on an unagitated polymerizing vinyl chloride droplet at
low conversion they found that the PVC grains (sub micron particles) inside
the droplet appeared to form regular arrays suggesting a stabilizing force
acting over long distances. The authors therefore assumed that the grains
were electrically charged since particles stabilized by entropic or
mechanical means would not be likely to exhibit this behaviour. The
assumption was verified by studying the motion of the particles in an
electric field. The authors also found that mass polymerized PVC particles
precipitated in the monomer became negatively charged at low conversions.
The charging species was assumed to be chloride ions producing by some
unknown dehydrohalogenation reaction.

Davidson and Witenhafer also investigated the effect of agitation conditions
on the morphology of the PVC inside the suspension droplets. At conversions
below 2%, stable micro-size aggomerates of PVC grains were formed both in
agitated and quiescent polymerizations. In the agitated system, these grains
coagulated between 2 and 4% conversion to give an irregular structure in the
interior of the droplet, while in quiescent systems they served as growth
centers for further polymerization to give final particles possessing a
uniform internal bead morphology. The authors note that the formation of
these stable growth centers appear to be unique to PVC.

Davidson and Witenhafer also investigated the structure and formation of the
pericellular membrane or skin which completely surrounds the polymerizing
droplet after 1-2% conversion. They assumed that this membrane served as a
barrier to the diffusion of the charging species out of the polymerizing
droplet. i

Summing up, it seems fairly well established that the unusual stability of
the primary particles can be attributed to a negative surface charge,
probably due to Cl~ ions. Although the surface charge density of the' PVC
particles is only about 1/100 th of that of a stable aqueous dispersion (30),
the countercharges will be very diffusely distributed and extend far from
the particle surface in a non-aqueous system. Therefore, as two equally
charged particles approach each other, electrostatic repulsion due to double
layer overlap will arise at far larger interparticle distances than in
aqueous systems. Another feature of low permittivity solvents is that
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minute surface charges are sufficient to produce appreciable potentials (32).

From the Gouy-Chapman theory (34) the characteristic thickness of the double
layer is equal to 1l/k where

Kk = (2e2NAczz/skT)%. Here e is the electron charge, Np is Avogadro's number,
c is the "concentration of electrolyte, z is the charge of the electrolyte
ions and € is the permittivity (equal to dielectric constant times the
permittivity of vacuum). 1In apolar solvents, only minute amounts of
dissociated salts can be dissolved. Therefore, « becomes very low and the
double layer very thick. Rance and Zichy (30) estimate that_in vinyl
chloride, 1/x > 10 um as compared to l/k = 0.003 ym in a 102 molar 1:1
electrolyte solution. )

The general expression for the repulsive energy, Vi, which results from the
overlapping of the diffuse double layer, are very complex. Verwey and
Overbeek (33) have given solutions for various limiting cases. For low
potentials and low values of k-a, where a is the particle radius,

4nea2wi

VR —R®

-kH

where R is the distance between the centers of the spheres, Y, is the
surface potential and H = R-2a. : .

In non-aqueous systems the surface potential is usually equated to the
electrokinetic (zeta) potential (z) and the expression for Vi for very low
values of k may be written:

- 4ﬂea2c2

VR R

The Van der Waal's attraction at short distances of separation is given by:

o _ _A
VA= " 12

a
H

where A is the Hamaker constant.
The total interaction energy is- then given as

VT =V, +V

R A

Rance and Zichy made an approximate calculation of the total potential energy
as a function of interparticle distance for PVC particles in vinyl chloride
and compared the result to a similar calculation for polystyrene particles
in an agqueous solution of 102 molar 1:1 electrolyte. . For both systems a.
zeta potential of -80 mV and a particle radius of 0.15 um were used. The
results are illustrated in Fig. 1. It is seen that the potential energy
maximum for the PVC/VC system are much lower than for the PS/H30 system,
reflecting the much lower permittivity of VC as compared to H,O0. However,
due to the far greater thickness of the electrical double layer in vinyl
chloride, the potential energy decays much less rapidly with increasing
interparticle distance than it does in aqueous solution.

The rate of slow flocculation relative to fast (no electrostatic repulsion)
is usually expressed by. Fuchs' stability ratio W,

W =2a f exp (Vy/kT)dR/R?
2a

Because of the slow decay of Vp with R, W may have a considerable value even
in a non-aqueous system. An interesting feature with such a system is also
that W may be decreased with increasing particle concentration because the
particles already have surmounted a part of the energy barrier at their
largest distance of separation (integration limit less than «).



Kinetics and mechanism of vinyl chloride polymerization 333

B
150}
&
S0
A
50
o 0 26 %

He (nm)

Fig. 1. Diagram of total potential energy (Vgq) against distance
of particle separation (H,) for spherical particles of radius
0.15 pym and ¢ potential -80 mV. (A)_PVC particles in VCM, (B)
polystyrene particles in 10-2 mol/dm3 1:1 electrolyte solution.
Reproduced from Rance, D.G. and Zichy, E.L., Polymer 20, 268

(1979) by permission of the publishers, IPC Business Press Ltd.
().

2.2, Kinetics of polymerization

There has in the past been presented a vast number of papers on the kinetics
of radical polymerization of vinyl chloride in bulk and suspension, and
different mechanistic models have been advanced in order to describe the
experimental results. Thesepapers have been described in detail in previous
review papers (16,35,36) and are only referred to in cases where they are
relevant to the discussion of more recent models.

The models which more recently have most often been applied in the discussions
of the bulk and suspension polymerization are the models of Talamini et al.
(37,38), Ugelstad et al. (35,36,39), Kuchanov and Bort (16) and Olaj (40,41).
The present paper gives a short summary of these models with reference to
more recent applications and modifications. Also a model which involves a
more drastic difference in view on the mechanism of the reaction is discussed.
The main feature of the models presented by the above mentioned authors is
the assumption that the reaction takes place in two phases, the liquid phase,
consisting of practically pure monomer (denoted the L phase) and the polymer
phase consisting of polymer particles swollen with monomer (denoted P phase)
The P phase has a constant composition up to about 77% conversion where the

L phase disappears as a separate phase. Kinetically we therefore have three
main stages. Up to a conversion which is < 1% we have a homogeneous reaction.
From the point where polymer precipitates and to about 77% conversion we have
a heterogeneous system and from then on we have a homogeneous system of
polymer particles swollen with monomer with a declining concentration of
monomer as the reaction proceeds. The general expression for the rate of
polymerization is:

_ d(ML+MP) :
-aM/dat = T = kp([M]L[R] VLt ]:M'_]:P[R] pVp) (36)
where and M_, respectively " and RP»are the number of moles of monomer
and radicals in the two phases, and V. and V_ are the volumes of the two
phases. ‘ L P - :

- _ — 2 2
Py = PyptPyp = 2ki[I]LvL + 2ki[IijP = 2ktL[R]LvL + 2ktP[R] 2Vp (37)
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where p, is the rate of radical formation, ktL and kip are the termination

constant in the two phases. It is assumed that the production of radicals

may take place in both phases. For the sake of simplicity, the effectivity
factor is set equal to unity.

The model which differs most from the others is the one given by Talamini

et al. It states that the reaction takes place in the two phases but does
not take into consideration any radical transfer between the two phases.
Radicals are formed in the L phase and terminates there. In the same way,
radicals formed in the P phase terminate there. Polymer is only transferred
from the L phase to the P phase as dead molecules or aggregates of dead
molecules. In the discussion of this model and the subsequent ones, one
point should be made clear. When a molecule is formed in the L phase it
will polymerize rapidly and at a certain stage precipitate as a coiled
radical of say 20 monomer units. It is a question of terminology whether we
will consider this single molecule as a particle or still consider it as a
dissolved molecule. In the treatment of Talamini we still consider it as a
single radical which may terminate in the L phase by reaction with a radical
in a dissolved state or by collision with another single precipitated radical.
This latter process will take place with a rate given by 16mDr Rgr o) *Np.
The term 167DrN, is of the same order of magnitude as the bimole ufar
termination constant, ki;. The important point is that radicals will be
absorbed in the polymer phase, but only after having terminated in the L
phase by a bimolecular process. Talamini furthermore assumes that the
distribution coefficient for the initiator between the two phases is equal to
unity. Accordingly we have that the ratio of radical concentrations in the
two phases is given by:

[Rp/[R]y = (kyp/kep)® = 0 (38)

and accordingly for the rate of reaction:

—aw/at = K Oy [1] /ey ) ® 0y + Qi) (39)

In terms of conversion C:
= % -C-
dc/dt = (ki[IJL/ktL) kp(l C-AC+QAC) (40)

where A is the weight ratio of monomer to polymer in the particle.
Talamini finds that with a value of Q ~ 15, Eq. (40) describes well a series
of bulk and suspension polymerization experiments up to quite high conversims.

The model of Talamini has been further developed and refined by Abdel-Alim
and Hamielec (42,43). They take into account the change in volume:

v = vO(1-BC) (41)

where B (dp dm)/dp »

This relation was also used to calculate conversion from dilatometric
measurements., It should be noted that Eq. (41) involves that there is no
change in volume by mixing. Abdel-Alim also takes into account the decrease
in initiator with time. Also the authors include in their model Interval III
where one has a homogeneous reaction in the polymer particles. The value of
kyp is expected to decrease in this region and the value of ky(k;/k¢ )% is
set proportional to (1-C) in this upper region, the proportiogallty actor
is adjusted to fit the experimental results. The authors have found that
their model most accurately describes the kinetics of bulk polymerization of
vinyl chloride to high conversions with a number of different initiators.

The model given by Ugelstad et al. (36,39) also assumes production of radicals
in both phases. However, quite contrary to the model by Talamini it is .
assumed that there is a rapid established equilibrium distribution of radicals
between the L and P phase so that we have:

[Rlp/[R] = k/kge = Q (42)
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Combining Egs. (36), (37) and (42) gives for the rate of reaction:

~am/at = [ky1/ (Vpky +02Vpk o101 % K (Mp+0My) (43)
where
kI =k [T] vy + k [T] v, | (44)

In terms of conversion:
- 2 s —C-
ac/at = [k;I/(V ke + Q°Vpk, )] k,, (1-C-AC+QAC) (45)

Assuming that the volumes of the polymer phase is additive and expressing
VL and VP by V-, one obtain:

%

k,I ‘
dc/dat = [T 1 5 } k. (1-C-AC+QAC) (46)
VO (1-C-AC) k  + (A+(dp/dp) @°Ck )] P

Again it should be stressed that it is formally of no importance whether k L
represents a bimolecular termination in the L phase between soluble radicafs,
between a soluble and a precipitated radical or a flocculation with rapid
termination between two precipitated radicals in the L phase. One could
also take into account that the absorption may involve dissolved and single
precipitated radicals in the L phase. )

The average absorption constant (kz) in the absorption term ka[R]L may then
be written: ’

ka = (kas [RJ Ls + kaprec [R] Lprec.)/[:R]L (47

In the discussion of Eg. (46) Ugelstad applied a value of k = 5x109 dm3/moL
seg and a value of kyp, based upon results of emulsion polynerization, of
dm3/mol sec. The value of Q which gave the best fit to the experimental
curves was found to be ca. 200, but the fit was rather insensitive to the
value of Q if it was increased beyond this value. The conclusion drawn by
Ugelstad was that even at low conversion the termination takes place mainly
in the polymer particles: at 5% conversion, 98% of the total termination and
85% of the conversion takes place in the particles. The contribution of
these reactions in the particles will increase with increasing value of Q.
Ugelstad claimed that his model would explain the experimental fact that
addition of a chain transfer agent like CBrs increases the initial rate but
at the same time leads to disappearance of the auto acceleration. The
addition of CBry leads to a decrease in the ratio of ky/kgc = Q, and it is
easily seen that this should have the above effects. Also the model may
explain that precipitation leads to a decrease in rate, which has been
observed experimentally in precipitating solvents (44,45). These experimental
results, which have been obtained by dilatometric measurements, have been
criticized by Bort (46) who suggests that the apparent drop in rate is caused
by the precipitation process which is accompanied by a volume increase. Bort
claims to have shown that such an increase takes place by comparing the
volume of a diluted solution of PVC in THF with the volume of the same amount
of PVC and THF before dissolution. Also he claims that if the reaction is
followed thermometrically, there is no reduction in the rate at the point of
phase separation. The desorption of radicals from the particles obviously
will be restricted to small radicals stemming from the chain transfer process
which will desorb at a steadily slower rate as they grow in size. Setting
the rate of desorption equal to kdc[R-] does not involve the assumption that
all radicals in the particles may desorg, but rather that the number of such
radicals is proportional to the total concentration of radicals, and further
that an average value for kgc. may be applied for those radicals that are
able to desorb. The low value of k4, as compared to k, reflects the fact
that only a fraction of relatively small radicals formed by chain transfer
to monomer may desorb. They will do so with decreasing rate as they grow.
The critisism brought forward by Kuchanov and Bort, namely that Ugelstad's
model should involve that all radicals may desorb, is incorrect. So is the
critisism presented by Abdel-Alim and Hamielec who claim that the value of
kd most certainly is too low to have any influence on the radical concen-
tration. As stated in a previous paper (36), this calculation was based upon
the assumption that the effective diffusion constant governing desorption of

PAAC 53:2 -8B
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radicals from the particles would be the same as that found in emulsion
polymerization. Obviously it will be higher, because the solubility of the
organic radicals in the L phase will be more favourable than is the case in
emulsion polymerization with water as the continuous phase. It is probable
that the value of Q will not be constant as the reaction proceeds.

However, it will be obvious from Eq. (46) that already from low conversion
on the absolute value of Q, if high, loses its significance. The reaction
will take place completely in the P phase, the rate being:

K. T "
dc/dt = Lr—o i A kpC% (48)
VO (Bt (d,/a) ) Kk yp

A comprehensive study of the kinetics of bulk and suspension polymerization
has been given by Kuchanov and Bort (16). In their discussion of the
kinetics of the polymerization they are extremely careful in taking into
account the changes in volume which take place when one goes from homogeneous
to heterogeneous systems and claim that several authors using a dilatometric
method for following the reaction have drawn wrong conclusions as to the
apparent abrupt change in rate as precipitation takes place.

Kuchanov and Bort also consider that the reaction takes place in two phases.
The volumes of the two phases are given by:

V. = v M + VPP V, = v

L=VL Myt v Py Vp M, + Vp P (49)

PP P

where v and vo are partial molare volumes of monomer in the L and P phase
respectively, Vv and vB are partial molar volume per monomer unit of reacted
monomer in the two phases, M, and Mp are number of moles of unreacted monomer,
Py, and Pp number of moles of monomer already converted to polymer in the two
phases. Up to 77% conversion the fraction of polymer U should remain
constant in the two phases:

U = P /(M + P) and U, = PP/(MP + Pp) (50)

In the dilatometric formula which relates the volumetric variations of the
polymerized product to conversion, the value v = (Ypvp-U vL)/(UP—UL) should
be substituted in place of the ratio of monomer and polymer density. v, and
vp are the ratios of the partial molar volumes of polymer and monomer in the
L phase and P phase, respectively.

The rate of reaction is given by:

d(ML+MP) d(PL+PP)

a® - g = kp (MR, + [MpRp) (51)
M, = L [0°, D], = prEerr [° (52)
L= woomem MY M - mea

Bearing in mind that U_. << 1 we get:

L
k 1-U

=-P —_—
dc/dt S (RL + 175 =D RP) (53)
v PP ’
This equation is claimed to take care of the volume change accompanying the
formation of a polymer phase in a correct way.

The main difference between the model of Kuchanov and Bort and that of
Ugelstad lies in the derivation of R and Rp. Kuchanov does not accept any
equilibrium distribution of radicals between the phases. He furthermore
assumes that the desorption of radicals can be completely neglected and
accordingly gets the steady state equations for the radicals in the two
phases: .

= - R2 -
dR /dt = py; = 2k Ry/Vp = KR /V) (54)
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=05 - 2
dRP/dt = Pip 2ktPRP/VP + kaRL/VL (55)
where the absorption constant ka is given by

ka = 4nDLrPN

(56)
From Egs. (54) and (55) one obtains:
V. F :
% L
= (p../k, ;) — 1 (57)
Ry it/ %er) l+(1+F2VL)
%
A"/ 20,
P iL
= (p + — I (58)
o T K (Pur 1+ (1452 )
where
- b
F = b k) */2mDLrpN (59)

" (The expressions for RL and RP given in the English translation of the paper
is incorrect.) )

On the basis of the Egs. (49-59) Kuchanov calculates the rate of reaction and
conversion as a function of time. The values of k and D. were found from
comparison of the theoretical values of dC/dt with experim&ntal results for

a wide_range of different polymerization conditions. Values of D. of ca.

103 dmz/sec, and of ktL/ktP of about 250 is said to be in accordance with
experimental results up to 10% conversion. The value of kt /kt ~v 250
corresponds to a value of kip Vv 107 dm3/mol sec, while»Uge&sta found a
value of k¢p = v 108 dm3/mo sec. From 20-77% conversion when the polymerized
product is a continuous porous unit, the expression for interphase flow
cannot be described by a simple equation. As is the case with the model of
Ugelstad, however, this will only lead to a very slight error in the calcu-
lation as at such high conversions the whole reaction takes place in the
polymer particles.

Kuchanov and Bort find that the P phase is the main locus for polymerization
already at low conversion (< 10%), and that up to about 30% conversion, the
chain growth in the:particles takes place mainly on radicals which have
entered the particles from the monomer phase. They also make an estimate of
the rate of diffusion of radicals out of the particles compared tg the rat
of termination in the particles. For a particle Y er of 2.8x1014 per dm
and with a rather arbitrarily chosen value of 10~ dm?/sec for the effective
diffusion constant, they conclude that the loss of radicals by transport out
of the particles may be neglected compared to the loss by termination. It
will appear that the treatment of Kuchanov and Bort is rather similar to the
one suggested by Ugelstad. The assumption of a considerable effect of
radical desorption in the Ugelstad model may well be true at start when there
is a great number of particles. Also the Ugelstad model proclaims that the
desorption of radicals loses its significance at conversions above v 10%.

In some recent papers Olaj (40,41) has discussed the kinetics of bulk
polymerization. Olaj definitely takes into account the formation of precipi-
tated radicals. Radicals are formed in both phases. Radicals formed in the
monomer rich phase will add monomer and form precipitated radicals before any
noticeable termination takes place. At start these precipitated radicals
will flocculate to  form particles. However, Olaj considers only the case
where so many particles have been formed that the precipitated radicals will
absorb preferentially in these. Thus he neglects termination of dissolved
radicals, which may be justified. He also neglects absorption of dissolved
radicals and most important he neglects pairwise termination by flocculation
of precipitated radicals with themselves, which seem to be doubtful in the
start of reaction.

Olaj applies the following steady state expressions:

dr /dat

prec = Pip T kaprec Rorec = 0 (60)



338 J. UGELSTAD et al.

= - 2 =
dRp/At = Pip + Koprec Rorec ~ Kep[Rlp Vp = 0 (61)

and arrives at the following expression:

2
ﬂ:i]ﬂk(¢*_ci‘fl‘)+k(ﬁ.fﬂ-£“.)% (62)
dt kaprec p''m ¢pdp P ktP dp. ¢p-

where ¢_ and ¢ _ are volume fractions of monomer and polymer in the P phase
and ¢§ Ts the Yolume fraction at the site of reaction in the L phase.

0Olaj concludes that even at low conversion the last term will be the
dominant one. This term is the same as the expression which results from
the Ugelstad model from low conversion on. ~Olaj states that both models
lead to expressions of the form;rate = a+bCZ. 1In the Ugelstad expression
the term a is proportional to I!‘5 while in Olaj's model a should vary with I.
Olaj findes that the intercept of d4dC/dt versus bC% is proportional to[I]0-57,
indicating that the truth lies somewhere between the two assumptions.

Boissel and Fischer (19) investigated the kinetics of bulk polymerization at
very low conversion in stirred systems. They found that conversion could be
expressed as: )

c = k-tt*?
The finding of an order with respect to time that is larger than unity
already at such low conversions (v 0,1%) seems to indicate an autocatalytic
reaction from very low conversions on (almost from start). ©Olaj's model,

and even more so the models of Ugelstad and of Kuchanov would predict a
linearity with time at such low conversions. The value of K varies with the
critical concentration and with temperature. The latter variation correspords
to an activation energy of. 30 kcal/mole. At a constant temperature, log K
versus log pj was found to give a straight line with a slope of unity,
indicating a first order with respect to initiator. Thus the results seem

to support the expression of Olaj for the low conversion case.

A number of recent papers have described experimental results of bulk and
suspension polymerization. Most of them have applied one of the mechanisms
discussed above for the discussion of the experimental results, although

with some modifications, one has given a completely different mechanism.

Bulle et al. (47) investigated the kinetics of suspension polymerization of
vinyl chloride with a number of initiators and mixtures of initiators.

They compare their experimental results with kinetic models, one of which

is similar to the one of Talamini, with no exchange of radicals between the
particles, the other similar to the one by Bort, taking into account diffu-
sion of radicals from the L phase to the P phase. They find that both models
give a reasonable agreement with the experimental results, with a slight
preference for the Bort model.

Modified modelsboth assuming reaction in two phases and including transport
of radicals between the phases have recently been suggested by Thiele et al.
(48) and by Kafarov et al. (49). Ray et al. (50) have considerd a different
model. They claim that primary polymer particles of about 1 um, which are
formed at low conversion, swell to such a low degree that one may neglect
polymerization inside these particles. The reaction takes place in the
monomer phase and, as the conversion increases, to an increasing degree in
the monomer phase in the pores of the polymer bead formed by coalescence of
the primary particles. It is claimed that the autocatalytic effect stems
from a decrease in the value of the diffusion controlled termination
constant in the pores. To the present authors the assumption of non-swelling
primary particles seems doubtful. Also it seems unclear why the termination
constant in the pores should decrease, as the reaction zone according to Ray
is also in the second stage a pure monomer phase, although present in pores.
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3. ORDINARY EMULSION POLYMERIZATION

3.1. Particle formation

3.1.1. Below CMC. Below CMC one will have so-called homogeneous particle
formation which implies that the particle formation takes place by precipi-
tation in the aqueous phase. 1In the case of VC, polymerization without
emulsifier is easily carried out and leads to higly monodisperse latexes
(51). ’

Fitch and Tsai (52) have suggested a general mechanism for homogeneous
particle formation. 1In their model it is assumed that each growing radical
initiated in the continuous phase formes a fresh polymer particle if it
reaches some treshold degree of polymerization before being captured by
preexisting polymer particles. The quantitative theory they have developed
based upon this model has been critisized by a number of authors (53-55).

Hansen and Ugelstad (55-57) recently described in detail a model where one
applies a steady state for all types of radicals up to the critical chain
length and take into account the different factors which will influence the
capture of each type of radical by the particles. A similar approach with
steady state equations have also been applied by Barret (53).

In the previous model no desorption of radicals was included. If this is
taken into account and one moreover distinguishes between active particles
containing one radical (Nj), and particles with no radicals (Ny) , the steady
state equations for the different radicals in the aqueous phase may be
written:

d[Rp]/at = py-k RO G, - keyp RO TR - kapg (RGN,
= ko Rl Ny = 0 (63)

d 1:RM_-l w/dt = del-kthRNIJ w[M:l w-kth [RN;J w[R] w-kaMl ER]‘:&] le
= Kamo Ryl yNo = 0 : (64)

aBygd/at = kool 0, g Rgrd [0 ey D] [T,
= Yo Ry = %oy Ryd®, = 0 (65)
afr,; 4] W/t = ka [RI‘_[WEM:[ w-kp [Ri i] w M] wKew [Rilj w[R]w
= kainn Ryl N kas10 RN, = 0 s (66)

d[Rij?]w/dt = klp]:Ri(j_]slw[M]w -ERij'_]w(kp[M]w + k. [Rl,

N) =0 o (67)

+ k + kaijo °

aijiM

alRy3y/de = K Ty, 4] . DRag ] O [+ e [F

+ k + k N)=0 . (68)

anlNl aMjo o

where R, and Ry are the radicals produced from the initiator and by chain
transfer respectively, R,. and . radicals of chain length j originating
from the initiator and tBé chain Jtransfer reaction respectively, [R] _ is
the total concentration of radicals in the aqueous phase, kaijl and kaijo

the absorption coefficient of radical of chain length j originating from &n
initiator radical in an active particle and in -an unactive particle respec--
tively, kanl and kano are the corresponding values for the radicals

stemming from the monomer radical formed by chain transfer (which in the
case of VC possibly is a Cl* radical).
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In the equations above we have made the simplification that all termination
constants and propagation constants, except for the Ry and the Ry radicals,
have the same value. Note that we have here explicitly expressed that the

rate of radical absorption is proportional to N.

The rate of particlé formation is given by:

an/at = kp[M]w(Dzijicr_I]w+ [RMchr_l]w (69)

The rate of formation of Nl particles is given by:
Jicr_l JMcr-l

any/at = av/de + Nt T karsdRiglut Mo 0 2 Koo Ty

Jjer™t . Imer™? :

B kassi Ry s 4o1 kamjoRuslw = ¥aM1 (70)

Rate of formation of No particles is obviously:

dNo/dt = dN/dt - le/dt

The total rate of particle growth,vdvp/dt, is given by:
= 3 - |
de/dt = (kp/NA)¢mp/(l ¢mp)(dm/dp)Nl+v (an/dat) (71)

The last term in Eq. (71) gives the volume increase caused by the precipi-
tation of particles. From V, one gets r, needed for the value of k.

In the expression for dv_/dt we do not differentiate between N, and Ni
particles as the particlgs rapidly change from being an active to inactive
and vice versa.

By expressing Ry by Rs_j,Eqs. (64-69) give the following equation for the
rate of particle formation:

anjat = oL, 1
- A 3, -1
r k R k_...N k_ .. N
J'ﬁ: 1+ twrll + aijl’l 4 _aijo oy
=1 kD, kM, kM,
e N 1 (72)
B Juer ™t k. [R]. k.y.iN, k_,.:N ‘
;r 1+ tw Ry + aMjl’l aMjo 03
o1 KL TETMILT T RSIMIY
where A = l+k, . [Rl/kaIM]w-bkaIlNl/ka M) wHkar oNo/ka[M:]w
(73)

and B = l+kth [Rl/kpMLNn w+kaMlNl/kpM [M:I w+kaMoNo/kpM £M] w

The expression given in Eq. (72) differs from the expression for particle
formation in previous papers by the additional second term with particle
formation due to desorbed radicals.

For the further discussion of Eq. (72) one will have to follow the same lines
as in the previous paper by Hansen and Ugelstad (55). The value kyj was set
equal to- 4mDyr (which represents the case of irreversible absorption)
multiplied with an effectivity factor which was made up of the electrostatic
repulsion and the reversibility factor. The latter took into account that
the radicals which were absorbed might desorb again, this would be more
probable to happen the lower the value of j. In the discussion of the
influence of the reversibility factor it was also taken into account that
radicals of any chain length may be more readily trapped in particles
containing a radical than in particles not containing a radical, i.e.

kajl 2 kajo'
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The reversibility factor (as well as the electrostatic repulsion) would be
expected to have the largest influence on the absorption of the charged
radicals. The uncharged radicals formed by chain transfer have a higher
tendency to be irreversibly absorbed. This would tend to diminish the
importance of the second term. On the other hand we would expect that jc
might be considerably lower for these uncharged radicals. 1In any case

the effect of chain transfer would be to increase the number of particles
formed. One possibility of particle formation has been neglected in the
above discussion, namely the one that may result from a termination by
coupling of radicals, each of which has a chain length below jcr but which
by coupling reaches a sufficient chain length to precipitate. Such a
particle formation mechanism has been included in a recent study by Arai et
al. (54) in discussion of particle formation in the case of methyl metha-
crylate. Particle formation by this process might seem to be more likely to
take place with this monomer than with VC.

Eg. (72) does not take into account any flocculation of particles which most
certainly will be of importance if one work with no or very little emulsifier.
This is evident from the fact that in the presence of emulsifier, one has a
marked increase in the number of particles formed even below CMC.

Especially with VC one often experiences that there is no drastic change in
the slope of the curve of log (particle number) as a function of log (emulsi-
fier concentration) at the CMC (58). The flocculation is clearly evident in
experiments with VC without emulsifier from the effect of ionic strength on
the number of particles formed (51).

3.1.2. Particle formation above CMC. The formation of particles above CMC
may possibly be treated in the same was as done by Nomura et al. (59) for
VAc. They applied a non steady treatment. Quite recently Hansen and
Ugelstad (60) have applied a very simplified steady state treatment in order -
to reveal the most significant features of the effect of radical desorption
on particle formation.

The rate of particle formation was expressed as:

b'4
SN, r
an/at = p, ——H— (74)
GNMrM+Nrp
where N, and ry are the number and radius of micelles, N and r,as before the
number and radius of particles, x is the order of absorption te with
respect to radius,which in the present very approximative treatment is
assumed to be the same for particles and micelles. The efficiency factor
for absorption in a micelle relative to a particle of the same size, §, is
assumed to be independent of the type of particle.

In Interval I where the particles are very small the rate of termination will
usually be much faster than the initiation and desorption. The value of n is
in this case when n < 0.5 given by (61,62):

nn {(pi/2de)2 + pi/szd}’5 - py/2Nky | (75)
which in the case of VC where n << 0.5 reduces to:
Rn (pg/2Nkg) ! . ©(76)
The total absorption rate of radicals is given by

=p; +k nN (77)

Pa d

From Egs. (74) and (77):
- N r x|-1
dN/dt = (p; + kgON) |1+ Sﬁ"‘?ﬁ) (78)
M M

In the case of VC the value of kd may probably be expressed as:
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where kgy is the desorption constant for the monomer radicals, kg the
"transfer" constant and kthhe propagation constant for the radical formed
by the chain transfer.

The value of kdm is given by:

3D, Dw

2
k, = ————-E——7 = 3D _/r , (80)
dm o “p
+
(aDp Dw)rp

where D, and D,, are diffusion constants in the polymer particles and in the
aqueous phase respectively, a is the distribution coefficient for the monomer
radical between the particle and water, D, may be defined as the effective
dissociation constant for the monomer radical. :

The increase in volume Vp is given by:

k_¢ d ,
_ m m, = dN
de/dt = E—h;r ('a';) nN + vy FF ’ (81)

where wy is the micelle volume. The last term will usually be negligible.
The value of Ip calculated from the value of Vp and N at any instant is:

= % .
r, = (3V/4mN) (82)

The particle area A, is obtained from rp ahd Np, and the number of micelles
is then found from Bhe equation:

Ny = NMo(l—Ap/asSO) (83)

where Ny, is number micelles, So concentration of micellar emulsifier
at start. Furthermore one has for the case that the specific area of the
emulsifier ag has the same value on a particle as in a micelle:

2 =
4wrMNMo =a.S, ‘ (84)

Values for Dp for VC (63) and styrene (56) were calculated from experimental
results of emulsion polymerization with the monomer. The details of the.
procedure of calculation of N and the value of the other parameters are
given in the original paper.

The calculations show that the order with respect to pj and S, for styrene
is close to the ones predicted by the Smith-Ewart theory, namely 0.4 and
0.6, respectively.

In the case of VC, the calculated orders with respect to p; and S, are zero
and unity, respectively, which are in accordance with experimental results.
Also the value of N is much higher in the case of VC than for styrene.

This deviation from the Smith-Ewart theory in the case of VC is caused by the
higher value of Dp. Desorbed radicals will take part in particle formation
which will increase the particle number. At the same time this will lead to
that the order with respect to pj will decrease. The rgsults indicated that
the value for § for VC is very low, in the order of 107°.

It is interesting to note that the above simplified steady state treatment
leads to that the sum of the orders of N with respect to pj and So is always
equal to one, so that

z 1-2z
N « S0 0y (85)

where 0.6 < z <1

The value of z increases with increasing desorption. Eq. (85) was first
obtained by Nomura et al. (59) from a non steady state treatment of the
particle formation process.
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3.2, Kinetics and mechanism

In the present paper, attention will be focused on some specific points in
the kinetics of emulsion polymerization which are essential in connection
with the emulsion polymerization of VC. 1In the case of VC under ordinary
polymerization conditions the average number of radicals per particle, n, is
usually less than 0.5 due to desorption and reabsorption of radicals formed
by "chain transfer". Considering only particles with zero (N,), one (Nj) and
two (Ny) radicals and assuming that N, >> Nj >> Ny, that the water phase
termination might be neglected and that © ~ Nj/N, the following expression
for n was derived (58,64): ’

y Vv %

- 1 N
n==op, (—FB_ + ) (86)
N "i 2 tp §Ed

where p; is the rate of radical production in the aqueous phase, V, the total
volume of the particles and N the number of particles per unit volume of
water, k¢p is the termination constant in the particles and kd the desorption
constant. Molecular units are applied in Eq. (86) and subsequent equations
in this chapter. The rate of desorption of radicals from a particle with n
radicals was set equal to nkg.

Assuming that only monomer radicals formed by chain transfer are able to
desorb, it was shown that one had to distinguish between two cases (60). If
the monomer radicals which are desorbed become reabsorbed in another particle
before adding any monomer in the aqueous phase, kg may be expressed by:

ke [M]

k =k E——D———%— (87)
d dm oM M wh B kg

This expression was also derived by Harada et al. (62) and Nomura et al.(65).
In case the monomer radicals add at least one monomer unit in the aqueous
phase before reentering another particle,

ke [M]

k. = k .___Ifj——il——- (88)
d dm kpM M w+ kdm

Experimental results obtained with VC seem to indicate that the value of kd
is given by (58):

ke
kd = kdm = (89)
pM

In the above expression kgny is the desorption constant for monomer radicals,
kg is the rate constant for chain transfer to monomer, k Mthe propagation
rate constant for the monomer radical. It should be kept in mind that in
‘case of vinyl chloride the monomer radical may be a Cle radical and the chain
transfer constant a constant given by Eg. (35). This does not change the
mathematical treatment. )

From Eg. (80) the value of kqm is given by:

3D_D,
kdm=_._E_v’__2
(aDp+Dw)rp v
where D, and D, are the diffusion coefficients for the monomer radical in the
polymer particYes and the aqueous phase respectively, rp is the particle
radius and a is the distribution coefficient for the monomer radical between
the particle and the aqueous phase.
From Egs. (80), (86) and (89) one obtains:

_ 1 \ v N1/3 v 2/3 % :
n=zxp, 7 (—E& + P (90)
N TR o 2k !
tp d

where ké is a constant given by:

e 2/3 ‘
ky = kf{3(4ﬂ/3) Dpr}/kpM(aDp+DW) (91)
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where k . is the propagation constant for the radical formed by the transfer
reactlogvI

The rate of reaction in mol monomer reacted per unit volume of water is
accordingly:

] 1/3 , 2/3
k M o, N v 5
- = a - _p--p’i p P
dM/dt kp[mjpm/nA N (2kt + i3} ) (92)
P

Eg. (92) has been found to describe the emulsion polymerization of VC over a
wide range of initiator and emulsifier concentrations.

Friis and Hamielec applied Eq. (92) for the discussion of experimental
results obtained with both VC and vinyl acetate (VAc). They pointed out (66)
that at the same conversion there seemed to be a discrepancy in the value of
k§ obtained for VC and VAc. The value of k) was 120 times higher for VC than
for VAc. If we accept that k,,is equal to for both vinyl chloride and
vinyl acetate, we should from Eg. (80) expecg a value of 6 for the ratio'of
k§y between VC and VAc. In this calculation we accepted a value of "a" in
Eq.(80) of 35 for VC and 28 for VAc as estimated by Nomura and Harada (62,65)
on the assumption that in both cases one had to deal with a monomer radical,
that is a monomer molecule from which is abstracted a He or Cle radical.

The new evidence pointing to that the chain transfer reaction in the case of
VC leads to a Cl: radical obviously ‘will imply that the value of "a" in Eq.
(80) should have a much lower value for VC, which in turn will lead to a
higher rate of desorption. Thus it seems that the results from emulsion
polymerization may support the suggestion that the "chain transfer" reaction
in the case of VC leads to formation of Cl+ radicals. It should be pointed
out that the propagation constant for the Cl* radical may have a lower value
than that of the growing chain. Also, this would tend to increase the value
of k§ for vinyl chloride.

A general problem in the discussion of the kinetics of emulsion polymerizatim
with water soluble initiators like persulphate is that the radicals origi-
nating from the initiator are charged and therefore will be expected to have
to add a certain number of monomer units before they are absorbed by the
already formed polymer particles, due to an unfavourable equilibrium distri-
bution for small charged radicals between particles and aqueous phase. This
point was discussed in the chapter on particle formation.

A reduced rate of capture of radicals by the particles will generally tend to
increase the chance of radical termination in the aqueous phase.

The situation is, however, more complex in cases where one has chain transfer
processes with formation of small uncharged radicals. 1In principle one would
then have to take into account two different steady state equations, one for
the charged radicals originating from the initiator (denoted Rj), and one for
those originating from the chain transfer reaction (Rf). Note that Rj and Rg
here include all radicals stemming from the initiator and the chain transfer
reaction respectively, also those that have added some monomer. The two
steady state equations for the reactions in the aqueous phase are as follows:

dI-—Ri:l w/dt pi'-kai I:.Ri:[ w-Zktw l:-Ri--] w-ktwi l:Ri—-] w l:Rf—:' w=0 (93)

2 T =
d [Rf] w/dt andNn-kaf [Ri;-] w_Zktwf l:Rfjl -ktwi L_Ri] w ERfJ w o 0 (94)

where kg4 and k, ¢ are the two different absorption constants.

It is expected that the value of k_ . will increase with increasing chain
length (j) and likewise that unchar&ed radicals are more readily captured

than charged radicals of the same chain length, so that k

To make it complete, the possibility that the termination cgnstantg may differ
is also included, although this point is probably not essential for the

difference in the net rate of absorption of the two types of radicals.

In the discussion below we will first consider the original treatment by
Ugelstad and Hansen (61), namely the case that one does not distinguish
between various types of radicals. Then is discussed in more detail a
recent and probably much more correct treatment first presented by Ugelstad
et al. (67), where the difference in capture of the two types of radicals is
taken into account.

By not distinguishing between the radicals we get:
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- - 2 _
a[r] /dat = p +InkgN -k [R] -2k  [R] “ =0 (95)
The rate of adsorption, Ppr is given by:
= k,[R], (96)

0'Toole's solution (68) of Smith-Ewart's (69) recursion formulae gives n as
a function of a = pavp/Nzktp and m = kdvp/thp'

Ugelstad and Mgrk (64) combined these expressions with the equation

- _ ~ 2
Pp = Py + Enden Zktw[le 97)
and obtained a solution for n as a function of the independent variables

= 2 = =
a' = pivp/N ktp' m = kdvp/thp and Y = 2N ktp tw/(k V ) (98)

A comprehensive discuss1on of the contribution of aqueous phase termination
as a function of a', m and ¥, and the effect of these variables on @, the
average number of radicals per particle, has recently been published (61).
In the case that fi << 0.5 the value of §i is given by:

. P, k (Nk, +V K g) L

i v - Lo’ @l/m/@emm 117 (99)
]_ZN (kakdktp+kdktw(Nk p+v kq)) ‘

Note that in the case that n << 0.5, the order of n with respect to o' and
thereby p; will always be 0.5 independent of the value of m and Y.

In this case the condition for neglecting the aqueous phase termination is
Ym(l+m) << 2, i.e.

Keyka (1 gV /Nky ) << kz/N ' (100)

and Eq. (99) reduces to

- / A y
= {(a'/2) (141/m }E = & o % (’ZEE_ + _2%1_) .
P

which is identical to Eq. (86). The excellent correlation of Eq. (86) with
experimental results seems to justify the neglection of aqueous phase
termination.

A more general expression for the case that water phase termination is
neglected, which is valid for n < 0.5, was also derived (61):

R o= (@'/2) (h-1/m)+{(a'/2) (141/m) + (o' /2 (+1/m) 2% oy

In some recent papers it has been found that under certain conditions and
with some monomers, one may have a reduced rate of absorption of radicals
into the particles. This may result from some sort of hindered absorption
caused by special emulsifier systems. Such effects have beén discussed for
the case of VAc by Napper and coworkers (70-73) and for VC by Ugelstad et al.
(63) in seed polymerizations. One point should be made clear before the
discussion of the effect of a possible reduced rate of capture of radicals
by the particles. Napper and coworkers assume that in any case the maximum
rate of capture is given by:

Pa(max) = Pi SO that ey <oy (102)
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Consequently they do not take into consideration any reabsorption of radicals
which have desorbed from the particles. They do not give any reason for this
surprising assumption. Accordingly, they look upon pp as an independent
parameter. ;

Contrary to this Ugelstad et al. apply the expression:

- _ 2
Py = Py + InkgN. Zktw[R]w | (103)

This involves that p, may be larger or smaller than p, depending upon the
rate of termination én the aqueous phase and the rate of desorption of
radicals from the particles, the latter also being dependent upon the rate
of termination in the particles. Therefore Pa is not generally an
independent variable.

As pointed out by Ugelstad et al. (61,67) there is one special case where p
is an independent variable, namely in the case that the termination in the
aqueous phase is the dominating one. In this case one gets:

o = k [E], = ky(p3/2k, )" _ (104)

Note again that in this first treatment we do not distinguish between the two
types of radicals. ) -

As long as this condition is fulfilled, the treatment of O'Toole giving n as
a function of a and m gives a complete description of the system at any value
of n, giving N as a function of the independent variables:

& = pAVp/Nzktp - (pi/zktw)”vp/uzktp and m = kaV/Nky (105)

As is always the case when n << 0.5 and no distinction is made between
various types of radicals, the order of n with respect to p; is also in this
case equal to 0.5. (As N increases above 0.5, the order wili approach 0.25.
This value is reached at lower values of p; the lower the value of m.)

With B << 0.5 and the water phase termination dominating, B would be given
by:

(pi/2ktw)% k /kg (106)

2=

n =

As discussed previously (61), this would seem to imply that the rate of
polymerization is independent of N. Therefore Eq. (106), which is the other
extreme case derived from the general equation (99), is as distinct from Eq.
(86) not at all in accordance with experimental results. It is clear that
situations where termination in the aqueous phase is dominating will be more
likely to be observed the lower the value of k5 and the higher the value of
m. Also, an increase in pj will tend to increase the importance of aqueous
phase termination.

Quite recently Ugelstad et al. (67) pointed out that the above treatment,
where the two types of radicals, the charged and uncharged, are considered
equal with respect to their chance of absorption, is unlikely to be true.
Ugelstad also suggested a kinetic model where the difference in the type of
radical was taken into account.One may assume that uncharged radicals will
travel forth and back between the particles with a certain chance of being
terminated, but that they will not -at all terminate in the aqueous phase.
This is quite likely to be true as the uncharged radicals stemming from the
chain transfer reaction will be much more likely to be absorbed in the
particles without having to add monomer in the aqueous phase. VC may be an
exceptional case because the radical formed by the chain transfer process may
possibly be a Cl+ radical with a relatively high water solubility. Also in
this case, however, addition of only one monomer unit will suffice to make
the particle a much more favourable residence for the radical. The charged
radicals originating from the initiator will be hindered in being absorbed by
the particles until they have grown to a certain chain length in the aqueous
phase. They may therefore to a certain degree terminate in the agqueous phase
but do so only by reaction with themselves.
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Restricting ourselves to systems consisting of particles with zero, one and
two radicals, we have the steady state situations:

_ _ 2 _ '
le/dt —pAi NO/N 2del/N + 4de2N0/N =0 (107)

Nl/N + del/N -2k N,N /N -2(ktp/v)N2 =0 (108)

sz/dt a¥2No

= Pai

where Pij is the rate of absorption of radicals originating from the initiator
The second term on the right side of Eq. (107) states that if a radical which
desorbs from a particle with one radical is reabsorbed in another particle
with one radical, 2 Nj particles are lost. When the radical is reabsorbed

in a Ny particle, the number of N; particles is unchanged. The third term
states that if a radical is desorbed from a Ny particle and is reabsorbed in
a Np particle, 2 N) particles are formed. The rate of the process is 2kgNj,
therefore the factor 4. If the radical desorbed from a Ny particle is
reabsorbed into a Nj particle there is obviously no change in the number of
Nj particles. The second term on the right side of Eq. (108) says that a N3
particle is formed if the radical desorbed from a N; particle is reabsorbed
in a N; particle. The third term states that N, particles are only lost
when t%e radical desorbed from a Ny particle is reabsorbed in a N, particle.
By reabsorption in a Nj particle there is no change in the number of Nj
particles. Setting: N = No—Nl-N2 we obtain:

2 2
le/dt pAi(1-2N1/N-N2/N)-2del/N+4de2-4de1N2/N—4de2/N

]
o

(109)

2 2 _
AN, /At = pp Ny /N+K N} /N=2K N+ 2k gN) Np /N+2K N5 /N=2 (K /VIN, = 0 (110)

da’l

If we look at the case of n << 0,5 which involves that No >> Nj >> Np, Egs.
(109) and (110) may be simplified and it is easily derived that

v
R N 7]-‘2—% : (111)
2Ky a

Applying a steady state for radicals Ry in the aqueous phase we have:

- 1
novN/N=F o0

-, - - 2 _ '
alRgl/at = py=ky; R, = 2k RIS =0 o (112)
giving
[r.] 204 (113)
R, =
o (8piktwi+k§1)%+kai

As p,; = k,;[R;] we obtain from Eqs. (111) and (113) when § << 0,5:

20, V.
5 Lo R (114)
(80 k, i +h2,) 4k _, tp “Ka

- _ 1
n = gekai

Eg. (114) may be looked upon as a general equation for the case that n << 0,5
provided the above assumption regarding absorption of the two types of
radicals is accepteg. The following special case may occur:

1f kai << (8piktwi)

\Y

=-_1.% 1/4 N %
B=gki (p,/2k ) (mi; * %) (115)
which represents the lower limit with a strong reduction in the rate of
capture of Ri radicals. The order with respect to initiator is in this case
0.25

.25, %
If kai>> (Bpik ) “:

twi

: V.
R R e =i
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which is identical to Eq. (86). The above treatment may be looked upon as:
an alternative and more general method for deriving n at low values of the
same.

A reduction in the rate of capture of R; radicals to the extent that termi-
nation of these radicals in the aqueous phase become noticeable would lead
to an order with respect to p; lower than 0.5. The good correlation of Eq.
(86) with experimental data therefore seems to bring strong support for the
mechanism previously outlined. With "ordinary" emulsion systems that do not
form a surface layer which reduces ka; considerably, even charged radicals
will be almost completely captured by the particles.

The rate of capture of radicals in the particles has been outlined in the -
chapter on particle formation. The method involves formulation of steady
state equations for the aqueous phase concentration of every type of radical,
taking into account formation by addition of monomer to a radical one unit
smaller, disappearance of the radical by addition of a monomer unit, the
rate of capture of the radical and the rate of termination. 1In the present
discussion it is assumed that only radicals originating from the initiator
may have a chance of terminating in the agqueous phase.

d[Rp],/at = oy =k [REIDM -k r (R IR] w-kaI RN =0 (116)
afr/at = ko [&] M)~k [RO M) -k IR D] ke TRODN = 0 (1)
d [Rj'_] /at = kg [Rj M wkp [Rj] wM ke [R w (K] w¥a3 [Rj] N =0 (118)

where Ry denotes the primary radicals formed by decomposition of the initi-
ator, and Ry is the radicals of chain length j. [R]_ is the total concen-
tration of radicals in the aqueous phase. w

By successively expressing [Ri] by Rj-i] one obtains:

- _1 1
[Rj]w TR’ '3-1 R ] k_.N (119)
Ml+k, v 2l
- k .
j=1 pMy kM

w

where R: is the radical produced from the initiator after addition of j

monomer-units. A is defined by Eq. (73). No distinction between N, and Nj.
The total rate of absorption would be given by:

rate of absorption = Zkaj[kijN (120)

It is obvious that it is very difficult even to estimate the total rate of
absorption relative to the rate of radical production from Egs. (119) and
(120).
Several attempts have been made to simplify the expressions. One method is
to state that all radicals below a critical chain length will not be absorbed
at all (9¢). Radicals with a critical chain length jo, will spontaneously
be absorbed. Assuming for sake of simplicity that ka and ki1 is equal to
ktw' this assumption would lead to:
0,

rate of absorption = = Sor (121)

(1+ (ktw[R]w/kp[M] )

which means that the fraction of radicals formed that will become absorbed
is given by

1
J
(1+k,, [R] W M) cr

where [R]  is the concentration of radicals that will not become absorbed but

(122)
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will terminate in the aqueous phase.

It will be obvious from Eq. (122) that the highest ratio would be encountered
in the case that one had a low ratio ky,/k,[M],, and moreover had a low value
of jor. Also we will expect that the ratlg would be higher the lower the
rate of production of radicals, which would mean a lower value of [R]y.

One may estimate that in the case of VC with a relatively high value of k D@
there will usually be a relatively small degree of termination in the
aqueous phase in case one does not have any specific hlndrance of absorption
at the surface of the particles.

It will appear, however, from the above discussion that one should bear in
mind that a high initiator concentration will increase the chance of termi-
nation in the aqueous phase. If one want to prevent the formation of the
small molecules resulting from termination in the aqueous phase, it might be
preferable to use initiators which even if they are water soluble,give
radicals which are not charged or, if they are charged, in themselves are

of a nature (so large) that they will be absorbed as such or after addition
of a small number of monomer molecules.

3.3. Seed polymerization

Seed processes are very often applied in PVC latex production, especially
when preparing relatively large particles.- Also it has proved a useful tool
in the study of the kinetics and mechanism of the polymerization. This has
not been restricted to VC emulsion polymerization but applies to emulsion
polymerization in general. Problems which are studied by seeded polymeri-
zations include attempts to study the effective rate of absorption of
radicals into the particles, the effect of specific emulsifier systems on
the absorption rate and studies of competitive growth of seed particles of
different size.

Attempts on measurement of the rate of absorption of radicals into the
particles have been connected with investigations on the approach to the
steady state value of n.

It is in itself obvious that in seeded polymerizations, the time needed to
establish a steady state value of N may be increased almost at will by
applying a large number of seed particles and/or a sufficiently low concen-
‘tration of initiator. It is important to note that this form of non steady
state is a different problem from that discussed by Gardon (74,75) which
involved the possibility that one during an ordinary polymerlzatlon possibly
would not be able to establish the steady state value of N corresponding to
the steadily growing value of the particle volume.

Also, in the non steady state treatment of seed polymerization one might
preferably distinguish between two different models, one with no distinction
between the radicals and one where Rjj radicals and Rg4 radicals are treated
separately and where Rij radicals are subject to hindetred absorption.

As discussed by Ugelstad and Hansen (61) one may in the first case express
Nj and N; as a function of time and the parameters pg,, kg and k at low
values of 1 < 0.5 from the non steady state equations: tp

dN,/dt = pp (N-N;)/N = p, Ni/N - kgNy (123)
dN,/dt = paN;/N-- 2kgN, - 2(ktp'/v)N2 ©(124)
which gives:

Ny = [pp/ (kq*2p,/M] (1-exp [~ (ky*20,/M) €]} (125)
N, = K, (K,+Ky) ’ | (126)

= 0.3 :
where Ky = 0,7[N(kg+20,/N) (2kg+2k, /)]

K 1- [_‘(2kd+2ktp/v) / (kd+2ktp/v—2 Pp/N)]exp (- (kg+20,/N) t)

Lk g+20,/N) / (kg+2k, /v-sz/Nflexp(-(2k‘+2ktp/v)t)

2
K

3

In case that N1 << N the term 2ppN; /N in Eq. (123) may be neglected. It
follows that the term 2pp/N will then disappear from Egs. (125) and (126).

It will appear that the establishment of the steady state values of N; and

Ny will be faster the higher the value of kg. As pointed out by Ugelstad and
Hansen the above equations are only unambigously applicable in the case that
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pp is an independent variable. This will as stated earlier be the case if
tﬁe termlnation in the aqueous phase is dominating, in which case pp = ka*
/2k . As discussed above, in the case of VC such a situation is only

kely to be observed in cases with special hindrance of radical absorption
by the surface layer. It should be pointed out that the above treatment
differs from the treatment of Napper and coworkers on seed polymerization
of VAc with hindered absorption. They do a priori accept that pp is an
independent variable and also assume that radicals which are desorbed from
a particle do not under any circumstances reenter the particles. As stated
in previous papers it is the opinion of the present authors that the treat-
ment of Napper is not a general treatment of a case with radical desorption
but a mathematical model for a case where kg represents a first order loss
of radicals from the system.

One may also apply a non steady state treatment for the other extreme case of
hindered absorption discussed above, namely that the charged radicals Rj,
originating from the initiator, may be noticeably hindered in the absorption
and may partly terminate in the aqueous phase, but then only with themselves,
while radicals stemming from the chain transfer reaction travel forth and
back between the particles without termination in the aquous phase. In this
case we would have to consider the non steady state form of Egs. (109) and
(110). Simplifying these equations by assuming No >> N; >> N, we have:

) .
le/dt Pai deNl /N + 4de2 (127)

2 ,
dN,/dt pAiNl/N + del/N - 2kgN, - 2(ktp/v)N2 (128)

which can be integrated numerically.

In case one operates under conditions where the termination in the particles
may be considered to take place spontaneously, Eq. (127) reduces to:

- _ 2
le/dt = Pas deNl/N (129

which gives:

: ]

. N exp{ (8p, k3/N) “t}-1
Bo= gt = (o, /2Mky) " AL (130)

exp{ (8p, ky/N) “t1+1
The value of Pai is generally given by:

2k_.p
ops = ai"i T (131)
(8py ktw1 + kai )+ kal

Also in this case the system is unambigueously determined at a given value of
kai as paj is given by the independent variable pj, the rate of radical  _
production. It will appear from Eqg. (130) that the steady state value of n
should be established faster the higher the value of kg, and it will appear
that we in the case of vinyl acetate and vinyl chloride would expect a very
rapid establishment of the steady state value of N under ordinary conditions.
The reduced rate observed with special types of emulsifiers (70-73) is most
likely due to a decrease in the value of paje However, it should be pointed
out that a reduced rate with a special emu151fier system does not in itself
imply non steady state conditions. A lowering of the value of k, for the
first case or k ai for the second case may lead to a drop in the steady state
value of fi even 1f this value is rapidly established.

It will be seen from Egs. (130) and (131) that at conditions of strongly
hindered radical absorption, so that ppy = (pi/2kgyi) %, the steady state
value of i = N1/N is given by:

R o= (py/2ky, M

/(28K ) % (132)
i.e. a 0.25 order with respect to Py

A very much applied method in latex production make use of seeds of different
sizes.s In this case one has a competitive growth, a problem which was first
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. studied for styrene (76). A comprehensive theoretical study of competitive
seed polymerization for the case of VC has been given by Ugelstad et al. (63).
Denoting the two different particle sizes "a" and "b", we may write for the
ratio of the differential volume growth (76):

dav d_ X
a a

where d, and dj, are the diameters of the particles. Also the ratio of
differential growth in the two particles is simply given by the ratio of the
mean number of radicals and monomer concentration in the particles.

av, ) Dﬂana
dv. =

b [M]yn,
In the case of vinyl chloride the monomer concentration is independent of
particle size and Egs. (133) and (134) give:

(134)

n /n

The special situation with VC is of course that n is dependent not only upon
p;j and ky,/v, but also upon the rate of desorption. The reader is referred
to the orgginal literature for the rather complicated evaluation of this
system. It turns out that the value of X for VC experimentally lies between
2 and 3 as is expected from a mechanism involving desorption and reabsorption
of radicals. Also it was found that the value of X decreased with increasing
initiator concentration as expected from the theoretical calculation. It is
interesting to note that in the case of PVC it was found that addition of a
given number of large particles to a seed with very small particles lead to

a decrease in the rate of polymerization. Calculations show that this is what
would be expected in cases where the radicals desorb from the particles, and
what is important in relation to the discussion above, are again reabsorbed
in the particles.

Desorption and reabsorption of radicals in the particles are also clearly
shown in a recent patent (77) where one starts out with seed particles
containing a completely water insoluble organic initiator and then add another
seed containing no initiator. When monomer is added and polymerization
carried out, it turns out that not only do the seed particles with initiator
grow, but also the seed particles without initiator grow considerably during
the run. This of course strongly supports the assumption that the desorbed
radicals are again reabsorbed.

4. EMULSION POLYMERIZATION WITH INITIATION IN MONOMER DROPLETS.
THERMODYNAMIC TREATMENT OF FORMATION AND STABILITY

Latexes with relatively large particles may be obtained by initiation in
monomer droplets. A common method to achieve this is the so -called micro
suspension method where one homogenize the monomer with water and emulsifier,
using an oil soluble initiator. Other methods where one do not at all
homogenize the monomer but prepare fine dispersions of the monomer by other
means have been described in a series of papers by Ugelstad et al. The micro
suspension method as well as the other methods have certain thermodynamic
principles in common. These principles, which concern mixtures of monomer,
low molecular weight water insoluble compounds and polymer and transport
between phases have been treated in several papers by the present authors
(67,78-80). A review of these papers have recently been published (81).

In the authors' opinion these principles are of great and general interest

in the field of VC polymerization in emulsion, micro suspension and suspension
polymerization. Therefore a relatively detailed description of these
principles are given below.

Consider a system of three compounds "1", "2" and "3" which exist in a phase
x consisting of emulsion droplets of radius ry. If one chooses pure "1" in.a
bulk state as the reference state one has for the partial molar free energy
.0of mixing for compound 1 = AG1 = (88G,/6Ny) ppy. = AGP

lx+ 2V MY/r where
AGp refers to a phase x with r, =« (plane sur%ace).

PAAC 53:2-C
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AG,. = RT(Ing, +(1=3,/3,) 0, +(1=31/93) b5 +02_x. +02
1x 1x 17327 ®2x 31733793500 X127P35X1 3
* g3y [X12+X1 37 (31/32) Xp3] + 27y 1/, RT) (136)

where ¢ are volume fractions, jj, j, and j3 the number of segments in the three
components, xj2 and X33 are interac%ion energy per mol of "1" with compound 2
and 3 respectively, X;3 the interaction energy per mol of 2 with compound 3,

Viy the partial molar volume of "1" and y the interfacial energy. Note_that
jlyj are equal to the ratios of molar volumes, j1/j, = Viw/Vom, 31/3 =V1M/V3 .
Eq. %136) may be apllied in calculation of transport of "1" between pﬁases an
of possible semi equilibrium distribution between phases in various cases of
interest in emulsions and suspensions. The driving free energy for transport
of compound 1 from phase b to phase a is AGjpH-AGy,. With equal composition of
the phases one will initially have:

_ S 1 _1 .4
AGy -8G,, = v[zleY(-l;; r—a)J (137)

As a first case one may look upon a bidisperse system of droplets of pure "1"
with droplet radii r, and ry, r, < ry. In this case the composition of the
droplets will not change with time. If the solubility of "1" in the continu-
ous phase, say water is low and one may ‘set the activity in water proportional
to concentration, one obtains from Eg. (136) the Kelvin equation Cyy = Cje X
exp (2V1MY/ryRT) where Cjeand Cy, are concentrations of "1" in water in
equilibrium with pure 1 in bulk (plane surface) and in droplets of radius r,
respectively.

Higuchi and Misra (82) discussed the kinetics of transport of "1" from b to a
for such systems. The rate was expressed by the change in the radius of
droplets b with time and was derived to be:

DC, K N_(r_-r,)
-ar,/dt = 1 a_ab (138)

dlrb Nara+Nbrb

where K = 2yﬁl /RT, dl is the density of "1", D is the diffusion constant of
"1" in the continuous phase and N, and Ny, are the number of droplets with
radius a and b respectively. It will appear that the rate of degradation is
directly proportional to the solubility of "1" in the aqueous phase. The
rate of change in the radius of the small droplets expréessed as -drb/rb is
inversely proportional to the cube of Iy when r, >> ry.

Hallworth et al. (83) and Davies et al. (84) compared the stability of
emulsions of a number of different compounds and found that the stability
increased with decreasing water solubility in accordance with Eq. (138).
The system would kinetically be "completely" stable in case "1" was
"completely" insoluble in water. Note that we in the present discussion of
stability of emulsions assume that the droplets are stabilized towards
degradation by flocculation and coalescence. ‘

Vinyl chloride has a solubility in water of about 6 g per dm3. From Eq. (138)
it is easily calculated that a heterodisperse emulsion of vinyl chloride with
droplets in the micron and submicron range will rapidly degrade by diffusion.

Higuchi and Misra also suggested that addition of even small quantities of a
highly water insoluble compound to a slightly water soluble compound before
.the preparation of the aqueous emulsion of the mixture would result in a
stabilization of the emulsion, as the rate of degradation will be determined
by the diffusion rate of the compound with the lowest water solubility. This
prediction has been verified experimentally by Hallworth et al. (83), Davies
et al. (84) and Azad et al. (85). A thermodynamic treatment of this
stabilizing effect was first given by Ugelstad et al. (67, 79).

Consider an aqueous emulsion made up by emulsification of a mixture of "1"
and "2" forming droplets of radii ry and r, where ry < ry. Obviously, as
the composition of all droplets is the same, the presence of "2" will not
initially change_the driving free energy for transport of "1" from b to a~
droplets, AGlb'AGiar which at start will be given by Eq. (137). If the
solubility of "2""is comparable to that of "1", one would not experience any
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stabilizing effect. If compound "2" has a very low solubility in water, much
lower than "1", so that one in the time scale of the experiment may neglect
any transport of "2", the transport of "1" from b to a droplets caused by the
term 2Vymy (1/rp - 1/x,) in Eq. (139) below will create a counteracting
concentration potential as ¢j;, increases and 92a decreases. One will soon
reach a semi equilibrium state where AGjp = AG;,. From Eq. (136) the semi
equilibrium state is determined by:

1n(01,/61 )+ (1=31/35) (bg07 )+ (83,63 ) X12+2 Y (1/7=1/x,) /R = 0 (139)

where ¢, r and y are the volume fractions, radii and interfacial tension at
equilibrium. Knowing the values of the droplet radii at start, one may from
Eg. (139) combined with a material balance calculate the changes taking place
in the system until the semi equilibrium state is established. Such calcu-
lations verify the experimental results, namely that even small amounts of
"2" will lead to that the amount of "1" which will be transported from b to a
will be very small. '

Two points should be kept in mind when applying Eg. (139). First of all that
it represents a semi equilibrium state. The emulsion is in principle thermo-
dynamically unstable. When compound 2 is absolutely insoluble in the
continuous phase, the emulsion will be completely kinetically stable after
the semi equilibrium state is established. Again it should be stressed that
we do not take into account any other processes that may lead to destruction
of the emulsion. Even with relatively water insoluble compounds 2 the
emulsion will in the course of time degrade by diffusion with a rate which is
determined by the diffusion of "2". The necessity of having a highly water
insoluble compound 2 for stabilization of vinyl chloride emulsions is an
important factor when considering micro suspension polymerization. It is a

. well known experimental observation that micro suspension processes do not
work satisfactorily with relatively water soluble initiators like azo-iso-
butyronitrile and benzoyl peroxide while for instance the highly water in-
soluble initiator lauroyl peroxide gives good results. The latter functions
both as an initiator and as a water insoluble stabilizer while the other
initiators mentioned are to water soluble to have any stabilizing effect.

The second necessary property for a compound 2 to be an effective stabilizer
is that it has a relatively low molecular weight. This point is perhaps not
so easily visualized from Eg. (139). It is an experimental fact that with a
low molecular weight, water insoluble compound 2 like hexadecane, one can
prepare stable emulsions of low molecular weight compounds in the micron and
submicron range containing 100-500 times more of compound 1 than of "2".

This means that the compound 2 due to its low molecular weight behaves quite
different from a polymer which, when present as micron sized particles in
water, is only capable of absorbing 1-5 times its own volume of low molecular
weight compounds. This observation has lead to the methods of preparation of
emulsions by diffusion and subsequent polymerization by initiation in monomer
droplets which is described below. :

4.1. Polymerization of monomer emulsions formed by the diffusion process.

If one starts out with an emulsion of pure "2", which is water insoluble, and
add to this emulsion a slightly water soluble compound, "1", the latter will
diffuse through the water phase and become absorbed in the droplets of "2",
The semi equilibrium state between the phases that one has to consider in
this case is the one between a phase of droplets containing "2" and "1", and
that of the reference state, pure "1" in the bulk state. In accordance with
Eg. (136) the equilibrium will be described by (78,81):

Ing; + (1-3,/3,) 0, + ¢§x12 + 20, Y/rRT = 0 (140)

where the terms on the left side represent values for the droplets at
equilibrium swelling.

Fig 2 gives the results of calculations based upon Eq. (140) for swelling of
droplets of pure "2" with "1", The total volume of "1", V,, absorbed per

unit volume of "2", Vy, is plotted as a function of y/r, where
r, = r(vz/vl+v2)l/3 is the initial radius of the droplets of "2".



354 J. UGELSTAD et al.
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Fig. 2. _Swelling capacity as a function of y/r.for various values
of jo = VZM/Vl as calculated from Eq. (140). rg is the initial
radius of_the groplets of compound 2, y = interfacial tension,

X = 0.5, ¥y = 10f4 m3, T = 323 K.

For the sake of simplicity, j1 is set equal to unity so that jp = sz/VlM-
The arbitratily chosen values for Xj3, Y and T are given in the figure.

It will appear that Eq. (140) predicts that the swelling capacity of a
compound 2 with say j, = 5 will be enormously much higher than that of a
polymer particle with the same value of y/ry, and that the ratio of swelling
increases with decreasing values of j; and of y/r,. The influence of the
value of xj2 on the swelling becomes smaller the ?ower the value of y/ro and
the lower "the value of j3. When j, is equal to 5, there is no difference in
swelling with Xy, = 0.5 and 1.0 before the value of Y/r, increases beyond

~ 109 Nm~2,

In applying this method to practical processes, one may use an oil soluble
initiator which may be added together with compound 2 in the first homogenizing
step. One may, however, also apply water soluble initiators. The fact that
one produces large monomer droplets involves that a major part of the emulsi-
fier becomes absorbed on the droplets, leaving little emulsifier in the
aqueous phase to facilitate initiation there. All the emulsifier may be
added at once with little danger of formation of new particles. Also the
droplet size and size distribution may be varied considerably by variation

in the conditions of homogenization of compound 2 in the first step.

An interesting question arises when considering the processes taking place
inside the droplets of vinyl chloride as the polymerization proceeds.
Obviously one will inside the separate droplets have a situation similar to
that in suspension and bulk systems.

Separation of small microglobules swollen with monomer and a minor part of
compound 2 takes place inside the droplets. The liquid phase within the
droplet consists of monomer with a small amount of compound 2 and with negli-
gible amounts of polymer. Note that this situation is different from that
which has previously been discussed by the authors (78-81), namely the
swelling of polymer particles containing compound 2 with compound 1 with
formation of homogeneous particles of the three compounds "1", "2" and polymer
"3". The latter case represents a rather simple system as one has a phase of
pure "1" which also serves as reference state.

In the present case we start out with a homogeneous mixture of "1" and "2"
and obtain droplets consisting of two phases, both of which contain all three
components. An adequate thermodynamic discussion of this system would
require the use of equations for the partial free energy of mixing for both
compound 1 and compound 2. For each compound the reference state is the pure
compound in bulk (plane surface). One has for compound 1 at equilibrium
between the two phases: .
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1n¢ +(1- il)¢ +¢2 X = 1ln¢, +(1- 2l)¢' +(1- Zl)¢
1L 3, f2r7%2nX12 1p 3, '2p 35 *3p
+ 92 + 2 + (Xq-+ -(il) Y+ 2V, y/rRT (141
$2pX12 3pX13 * P2p®3p (X12%X137 (370 X23 MY/ , )

where subscript L refers to the liquid phase and p to the particles (micro-
globules) within the droplets. Note that the interfacial tension in this
equation is that between the particles and the liquid phase inside the drop-
lets, not the interfacial tension between the droplets and the aqueous phase.
Also, radius r refers to the microglobuls formed inside the droplets.

The expression for the equilibrium distribution of compound 2 between the
phases will be:

1o, + (1= 2y6 +(2)620x,, = Ing, +(1- 22yg) +(1- 2y
R AR RAS VAR FUASE AT 2p 3, Y1p 3, %3p
12 2 2 P! -

It is assumed that no polymer is present in the liquid phase and Egs. (141)
and (142) together with a material balance allow the calculation of the
composition of the two phases. In cases where one applies a compound. 2 which
is very little soluble in the polymer phase the equation will be very much
simplified as one will then have to consider only the partial free energy of
"1" and may neglect any content of “2“ in the particles?

Ing, + (1~ *—)¢2L+¢2LX12 = lng) +(1- *~)¢3p+¢3pxl3+2v MY/TRT (143)

Fig, 3. PVC latex prepared by initiation in monomer droplets.
The diffusion process.

In Fig. 3 is given an example of a latex prepared by the method described
above. In this special case, 1 part of hexadecane, 5 parts of water and 0.05
parts of emulsifier was homogenized to give a stable emulsion of hexadecane.
One hundred parts of water containing 0.5 parts of emulsifier and 100 parts
of vinyl chloride were then added. After ordinary stirring for 30 minutes,
potassium persulphate was added and the pdilymerization carried out in 8 hrs
at 50 ©C to give a latex with 48% solids and with particle diameters in the
range 0.3 to 1.2 um,

Recently Ugelstad et al. (80-81) developed the so=-called two step method for
preparation of latexes with large particles including monodisperse particles.
The method is also applicable for PVC. One starts out with a polymer latex
which may or may not be a PVC latex. In the first step there is introduced
into the particles a low molecular weight highly water insoluble compound 2
in an amount corresponding to a v:v ratio of 1:1 to 5:1. The particles
prepared in the first step contain both "2" and polymer. Because of their
high content of "2" these particles have a capacity of absorption of monomer
("1") which is comparable to that of pure compound 2. In case a homogeneous
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mixture is formed by the swelling with monomer, the swelling equilibrium will
be determined by: ' i

Lngy+1m 22y 64 (Lm ) 6106200 46250 2400 (0 040 2= ) xs)
1 3, %2 35 %3 2%127%3%137%203 X127 X137 157 Xa3

+ 2V1My/rRT =0 (144)

Calculations based upon Eq. (144) lead to similar curves as thoseshown in
Fig. 2.

Vinyl chloride is added in the next step in a v:v ratio to the particles made
in the first step of ca. 100:1 and is rapidly absorbed into the particles.
Polymerization is carried out with an oil soluble initiator. It is an
essential point in this process that the compound 2 is introduced into the
particles in a first step. The reader is referred to recent papers by
Ugelstad et al. (80,81) for a more detailed discussion of the theory and
practice of the two step process.

‘In Fig. 4 are shown pictures of relatively monodisperse particles prepared by
this method.

Fig. 4. PVC latex preparedrby‘the two step method.

In these experiments polystyrene is the mother seed which in the first step
has swollen with compound 2 and then with VC in an amount 100 times the
original volume of polystyrene. The difference in particle shape is brought
about by application of different emulsifiers.

4.2. Polymerization of monomer emulsions formed by "spontaneous"
emulsification with mixed emulsifier systems.
Ugelstad et al. (67,85-88) have in a series of papers described methods
whereby ‘a finely dispersed emulsion of monomer could be prepared by moderate
stirring. The process involves that® one in a first step mix fatty alcohol
and ionic emulsifier with water at about 70 ©C. A system containing mixed
micelles, liquid crystals and also larger crystal structures is then formed.
When monomer is added to this water-emulsifier-fatty alcohol system under
mild stirring, a monomer emulsion with droplets in the size range 0.2 to 1.5
um is "spontaneously" formed. The amount of ingrediants is about 0.5 parts
emulsifier, 1 part fatty alcohol, 100 parts of water in the first step and
90 g of VC in the second step. It is essential for the process that the
procedure described above for the formation of the emulsion is followed.
The process will not work in case the fatty alcohol is mixed with the monomer
on beforehand. It is tempting to ascribe the mechanism of this process to
some sort of diffusion process like the one described above. There are,
however, certain distinct differences. Most important, the mixed micelles
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are certainly much smaller than the droplets of hexadecane formed in the

first step in the method described above. Still, the size of the final
droplets of monomer are practically the same in both cases. If therefore a
diffusion process is involved one must imagine a mechanism where the monomer
diffuses to the neighbouring micelles and swell these to a limited degree.
These swollen micelles may absorb unswollen micelles from the surroundings
and thereby be supplied not only with emulsifier but also with fatty alcohol
which in the present case also plays the role as “"compound 2". A mechanism
following these lines has been suggested by Ugelstad and Fitch (89).

Chou et al. (90) discussed several mechanisms for the process which also
involved some kind of diffusion of monomer. Another suggested mechanism
involves that one in the course of the transfer of fatty alcohol from the
micelles to the large droplets of the organic compound intermediately will
get a high fatty alcohol concentration in the outer layer of the droplet,
leading to a spontaneous emulsification. It seems that a number of questions
regarding this process are still unexplained.

It is essential for the process that the fatty alcohol is of a certain minimum
chain length, and the process does not work satisfactorily with fatty alcohols
of shorter chain length than that of cetyl alcohol, indicating that the fatty
alcohol after the emulsification also functions as a "compound 2".

As with the diffusion method it is an essential point in the process that.one
after the preparation of the monomer emulsion has a system where the droplets,
because of their large surface, have bound sufficient emulsifier to prevent
initiation in the aqueous phase. In judging what type of emulsifier is the
best one in the fatty alcohol process one has to take into account two factors
which will be illustrated by comparing Na-dodecyl sulphate and Na-hexadecyl
sulphate. Na-dodecyl sulphate has the highest CMC, ca. 2 g/dm3 Hp0 and a
little less than this emulsifier concentration may be tolerated in the
aqueous phase. However, adsorption of this emulsifier on the droplets is not
especially high, and what is important, the adsorption is not effected by the
fatty alcohol. Na-hexdecyl sulphate has a much lower CMC, ca. 0.2 g/dm3 Hy0.
However, as shown by Hallworth and Careless (83), and as is also easily
verified in experiments on preparation of emulsions of the type described
above, the fatty alcohol has a marked effect on the efficiency of the
adsorption of this emulsifier, increasing the amount of emulsifier adsorbed
per unit surface of the droplets. Therefore, better results are usually
obtained with Na-hexadecyl sulphate than with Na-dodecyl sulphate.

In Fig. 5 are shown latexes prepared by fatty alcohol emulsifier systems.

Fig. 5. PVC latex made by initiation in monomer droplets.
Monomer emulsion made by spontaneous emulsification with
fatty alcohol - anion, i.e. emulsifier mixtures.

a) Cetyl alcohol - sodium lauryl sulphate

b) . Cetyl alcohol - sodium cetyl sulphate

In 5a one has in addition to the large particles got a considerable

formation of new particles initiated in the aqueous phase, leading to
latex instability. Fig. 5b shows a latex with Na-hexadecyl sulphate and cetyl
alcohol. The latex is free from new particles and much more stable. 1In both
cases potassium persulphate has been used as initiator.
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5. POLYMERIZATION AT SUB SATURATION PRESSURE

Polymerization at sub saturation pressures was used by Ugelstad et al. (58)
as a method of studying the gel effect in VC emulsion polymerization. After
a certain conversion, the VC pressure was dropped below the saturation
pressure and the polymerization continued, keeping the pressure constant by
supplying VC from a second vessel kept at a temperature below that of the
reaction vessel. The rate went through a maximum as the pressure decreased.
The increased rate was supposed to be due to a reduction in the value of ktp
and possibly also in kg. Liegois (91) came to similar conclusions in his
study of kinetic models for emulsion polymerization of VC. He found that the
molecular weight decreased with decreasing pressure. Allsopp (92) noted that
when suspension polymerization of VC was continued at. sub saturation pressures,
the porosity of the material decreased and a more dense material was formed.

Sgrvik et al. (93,94) made a comprehensive study of polymerization at sub
saturation pressures in aqueous dispersions. They applied PVC particles
prepared by suspension and emulsion polymerization as seed. Both monomer
soluble and water soluble initiators were used. The monomer soluble initiator
was added in the form of an aqueous dispersion stabilized with emulsifier.

It is interesting to note that all the initiator apparently was captured by
the seed, no new particles were formed and the reaction took place solely in
the seed particles, comprised its total structure and reduced the porosity.
At pressures near saturation, the rate and the molecular weight increased
with conversion.. As the pressure was further reduced the polymerization rate
decreased, the amount of low molecular weight polymer increased and consider='
able long chain branching occured. With emulsion PVC as seed, application of
oil soluble initiator led to crust formation. Water soluble initiator worked
much better in the latter case but they did not experience any maximum in
rate at reduced pressures.

In accordance with the theory of swelling outlined above, one might also
reduce the concentration of monomer in seed particles by addition of a water
insoluble compound 2 to the monomer, Compound 2, if highly water insoluble,
will not diffuse through the water phase to become absorbed by the particles
as the reaction proceeds, but will remain as a separate phase containing
monomer, The resulting decrease in the concentration of monomer in the
particles will be more pronounced the higher the concentration of compound 2.
Therefore one may with a given amount of monomer and compound 2 expect that
the degree of reduction in the concentration in the particles will increase
as the reaction proceeds, as long as one operates in Interval II.
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Fig. 6. Effect of hexadecane (HD) added to the monomer on the rate
of seeded emulsion_polymerization of VC.

|K2S20g| = 2.7%x1073 mole dm~3 H,0.

Seed: 3.6x1016 part. dm~3 H,0.

A: Without HD. B: 20% HD.
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In Fig. 6 is shown an example of the effect of addition of "2", in this case
hexadecane, to the monomer in a seed polymerization. The predicted increase
in rate which, as explained above, is most probably ascribed to a decrease in
the concentration of monomer in the particles, is clearly observed.

The equilibrium swelling of the polymer particles will in this case be given
by: Eg. (143) as we here have an equilibrium between a phase of monomer 1 and
"2" and a phase of polymer 3 and "1".

LIST OS SYMBOLS

a - particle radius
a - distribution coefficient for radicals between particles and water
ag - specific surface area per molecule of emulsifier
A - Hamaker constant
A - weight ratio of monomer to polymer in particles
- total particle surface area
c - concentration of electrolyte
Clw - concentration of component 1 in the aqueous phase in equilibrium
with a plane surface of pure "1"
4, - diameter of "a" particles
dp - diameter of "b" partlcles
dn - density of monomer
dp - density of polymer
Dy, - diffusion constant for radicals in the liquid phase
Dn - effective diffusion constant for desorption of monomer radicals
D - diffusion constant for radicals in particles
Dy, - diffusion constant for radicals in water
e_ - electron charge
AG; y - Partial molar free energy of mixing for component i in phase x
) = (8MG, /8N,) poy.= AGR + 2V v/ry
AGP - partial molar freé energy of mixing of compound i in a phase x
ix where r,= © (plane surface)
H - distanceée between particles
- total number of moles of initiator
[I]L - concentration of initiator in the liquid phase
[T} - concentration of initiator in the polymer phase
j P - chain length
Jer - critical chain length where precipitation of particles take place
Jer - critical chain length where radical becomes irreversibly absorbed
Jicr - critical chain length of a radical originating from the initiator
iMer - the same for a radical originating from the chain transfer
reaction
jl - number of segments in component 1
32 - number of segments in component 2
i3 - number of segments in component 3 (polymer)
ka - absorption constant for radicals.. Note that in some equations it
includes the particle number, in others not.
ke - absorption constant for radicals originating from chain transfer
kai - absorption constant for radicals originating from initiator
kaijo - absorption constant in an unactive particle for the radicals of
chain length j, originating from initiator
kaijl - absorption constant in an active particle for radicals of chain
length j, originating from initiator
kaI - absorption constant for primary initiator radicals
kan - absorption constant for primary initiator radicals in an uncative
particle
kaIl - absorption constant for primary initiator radicals in an active
particle
kaMo - absorption constant in an unactive particle for the radical formed
by chain transfer
kaMl - absorption constant in an active particle for radical formed by
chain transfer
kaM'o - absorption constant in an unactive particle for radicals of chain
J length j originating from the radical formed by chain transfer
kaM'l - absorption constant in an active particle for radical of chain
J length j, originating from radical formed by chain transfer
kaprec - absorption constant of single precipitated radicals in the
liquid phase
kas - absorption constant of radicals dissolved in the liquid phase
kd - desorption constant
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desorption constant = kg.V

desorption constant for moRomer radicals

experimental chain transfer constant

rate constant for decomposition of initiator

propagation constant

propagation constant defined by Eg. (3)

propagation constant defined by Eq. (4)

propagation constant for the head to head addition

propagation constant for primary initiator radicals

propagation constant for the radical formed by chain transfer
termination constant in the liguid phase

termination constant in the polymer phase

termination constant in the aqueous phase

termination constant in the agueous phase of radicals originating
from chain transfer

termination constant in the aqueous phase of radicals originating
from the initiator .

termination constant in the aqueous phase of a primary initiator
radical with other radicals

termination constant in the aqueous phase of a radical formed by
the chain transfer with other radicals

total number of moles of monomer

number of moles of monomer in the liquid phase

number of moles of monomer in the polymer phase

concentration of monomer

initial concentration of monomer
concentration of monomer in the liquid phase
concentrationof monomer in the polymer phase

concentration of monomer in the aqueous phase

average number of radicals per particle

total number of particles

number of "a" droplets

Avogadro's number

number of "b" droplets

number of micelles

number of micelles at start

number of particles containing n radicals

number of moles of monomer converted to polymer in the liquid
phase

number of moles of monomer converted to polymer in the polymer
phase '

parameter defined by Q = [R] /[R]g

radius of "a" droplets P

radius of "b" droplets

radius of micelles

radius of polymer particles

concentration of radicals

concentration of radicals in the liquid phase

- concentration of single precipitated radicals in the liquid phase
concentration of radicals dissolved in the liquid phase

concentration of radicals in the polymer phase
concentration of radicals in the aqueous phase

the aqueous phase concentration of radicals originating from chain
transfer reaction

the aqueous phase concentration of radicals originating from the
initiator

the aqueous phase concentration of radicals of chain length j
originating from the initiator

the aqueous phase concentration of primary initiator radicals

the aqueous phase concentration of radicals with chain length j

the aqueous phase concentration of the radical formed by the
chain transfer

the aqueous phase concentration of the radicals of chain length j
originating frem the chain transfer reaction

distance between particle centers

initial amount of emulsifier present as micelles
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- fraction of polymer in the liquid phase
fraction of polymer in the polymer phase
particle volume

- initial volume of primary particles

- partial molar volume of monomer in the liquid phase

- particle molar volume per monomer unit of reacted monomer in the
liguid phase ‘
- partial molar volume of monomer in the polymer phase

- partial molar volume per monomer unit of reacted monomer in the
polymer phase

- volume at start

- total volume of component 1

- total volume of component 2

- partial molar volume of component 1

- partial molar volume of component 2

- partial molar volume of component 3

- van der Waal's energy of attraction

- volume of the liquid phase

- volume of the polymer phase

- repulsive energy

- total interaction energy

- 2N2 2
2N ktpktw/(ka VP)

- charge of the electrolyte ions

- order of particle number with respect to Sg

- numberzof chloro methyl groups per monomer unit

= Pp P/N k tp

- P, VP/N k tp

- interfacial tension

- efficency factor for absorption in a micelle relative to a
particle of the same size .

- permittivity

- zeta potential

- the Debye-Hiickel constant

- ratio of the partial molar volume of polymer and monomer in the
liquid phase

- ratio of the molar volume of polymer and monomer in the polymer
phase

- total rate of absorption of radicals

- rate of absorption of radicals originating from the initiator

- rate of radical formation from initiator

- rate of radical formation in the liquid phase

- rate of radical formation in the polymer phase

- critical conversion

- volume fraction of component j in phase x

- volume fraction of monomer in the polymer phase

- volume fraction at the site of reaction in the liquid phase
- volume fraction of monomer in primary particles

- volume fraction of polymer in the polymer phase

- interaction energy per mole of compound 1 with compound 2

- interaction energy per mole of compound 1 with compound 3

- interaction energy per mol of compound 2 with compound 3

- surface potential
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