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The role of both dimeric and monomeric forms of acrylamide monomer in the process of
polymerization in emulsions initiated by different type of initiators was discussed and the
reasons for the reaction order with respect to monomer greater than unity were elucidated
for acrylamide free radical polymerization in emulsions. The emulsion polymerization
mechanism of acrylamide is discussed separately for the processes initiated by water-
soluble initiator and oil-soluble initiator. The main difference in two cases is the distribution
of acrylamide and initiator in aqueous and toluene phases. In the case of using water-
soluble initiator, the initiator and acrylamide are in the same phase, whereas the molecules
of the initiator and acrylamide are distributed between different phases in the case of using
oil-soluble initiator. As a result, the participation of the dimers in the process of acrylamide
emulsion polymerization is more efficient for the system where water-soluble initiator is
used. For that system, it is suggested that both dimers and monomers of acrylamide
participate in the propagation reaction at relatively low concentrations of acrylamide,
which explains the value of the reaction order with respect to monomer greater than unity.
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Introduction

Emulsion polymerization (EP) of acrylamide
(AA) for the synthesis of polyacrylamide (PAA) with
different characteristics and with different copolymers
is a topical issue due to the application of PAA and
copolymers of PAA in different fields, especially in
pharmacy and environmentally friendly technologies
[1—8]. The main procedure for the polymerization
of AA and other non-saturated amides is free radical
polymerization that can be carried out by well-known
methods in mass, in solution, in suspension and in
emulsion [9—12]. Each method has its features which
predetermine the properties of produced polymers
and the field of their application. In particular,
polymerization in emulsions makes possible to
perform the polymerization process with a high rate
and to synthesize the polymers with a high molecular
weight [9—12].

To wunderstand the mechanism of
polymerization in emulsions, one has consider, in
which form the monomer is present in a reaction
system. It is known that AA can exist in solution
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both in monomeric and dimeric forms, which affects
the polymerization kinetics [9]:
2AAGAA,. (1)

In polar solvents, equilibrium shifts to the left,
whereas it shifts to the right in non-polar solvents.
Different factors affect equilibrium (1), in particular,
colloid-chemical propertties of reaction medium and
the presence of additives [9]. The analysis of literature
data has shown that in aqueous phase in the presence
of emulsion polymerization system (EPS)
components, monomeric form prevails at the
concentrations of AA less than 0.7 mol L™, while
dimeric form prevails at the concentrations of AA
greater than 0.7 mol L' [9]. This fact is very
important and strongly influences on the kinetics
and mechanism of AA emulsion polymerization.

This work is an attempt to disclose the role of
AA dimers in EP process and reveal the differences
in EP mechanism of AA in emulsion system (ES)
initiated by different type initiators.
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Experimental

Materials

Acrylamide (AA, CH,=CHCONH,, suitable for
electrophoresis, >99.0%, Sigma-Aldrich), initiators
potassium persulfate (PP, K,S,0O,, ACS reagent,
>99.0%, Sigma-Aldrich) and 2,2'-azobisisobutyro-
nitrile (AIBN, (CH,),C(CN)N=NC(CH,),CN,
>98.0% (GC), Sigma-Aldrich), emulsifier lecithin
(from egg yolk, type XVI-E, (TLC), lyophilized
powder, 99.0%, Sigma-Aldrich), toluene (C4H;CH;,
ACS reagent, >99.5 %, Sigma-Aldrich) were used
without further purification. The properties of the
used chemicals are listed in Table.

Methods

The rate of polymerization was determined by
dilatometric method at 323.15 K and
Viater: Viowene=1:2. The dilatometer was filled up under
vacuum after degassing (~10~* MPa). Under the
stream of high purity helium, the dilatometer was
separated from installation and placed in a
thermostat. The volume of dilatometer was 5.6 mL,
the height change in the dilatometer capillary tube
was measured with accuracy of £0.5 mm. The
temperature was controlled within +0.5 K. The
emulsion was prepared by magnetic-shaker stirring
with constant rate.

Results and discussion

It is well known that the rate of polymerization
(R;) for AA is described in stationary conditions by
the following relation:

m

R, =k[1]'[M]",

where [I] and [M] are the concentrations of initiator
and monomer, respectively; n and m are the reaction
order with respect to initiator and monomer,
respectively.

Commonly, n=0.5 and it is the constant for
many systems, but the order with respect to monomer
is varied depending on monomer concentration
[1,9,10,13]. Analysis of AA EP kinetics data allows
elucidating the mechanism of AA polymerization in
ES based on AA existing form in a reaction system.
The most important problem is to understand in

(2)

which locus elementary reactions occur and elucidate
the effect of a medium on the kinetics of reactions.
At first, it is related to initiator homolysis and
reactions of chain initiation. To establish the locus
of each elementary reaction, it is also important to
take into account the distribution of the initiator,
monomer and other components in the
polymerization system. Of course, the type of initiator
has significant importance for kinetics and
mechanism of EP, therefore the mechanisms of
polymerization of AA in emulsions initiated by water-
soluble and oil-soluble initiators should be discussed
separately.

Polymerization of AA initiated by water-soluble
potassium persulfate (PP)

It is known that homolysis of PP occurs in the
aqueous phase where AA also is present; therefore,
all elementary reactions of polymerization occur in
an aqueous medium. As was mentioned, AA is present
in an aqueous phase both in the monomeric and
dimeric forms and can participate in elementary
reactions in both forms. For the kinetics of EP, the
participation of dimers in chain growth reaction is
especially important. Let’s assume that propagation

reaction of growing radicals (P) with dimers and

m

monomers of AA proceeds simultaneously (as parallel
reactions):

NHZ___O
k
P+ HZC=CH—C/ N —ch=ct,
0----HyN
o
Pn—C—C" NH,---0
Tl Ne_ch=cH (3)
AN e 2
O""HzN
NH; H H
. / ko 1.
Pm + Hzc=CH_C\\ —_— Pm—C—C NH2 (4)
: 2%
o

Specification of the chemicals used

Chemical Source CASRN Purification method | Final purity *
acrylamide Sigma-Aldrich 79-06-1 none 299.0%
potassium persulfate Sigma-Aldrich 7727-21-1 none >99.0%
2,2'-azobisisobutyronitrile Sigma-Aldrich 78-67-1 none 298.0%
lecithin Sigma-Aldrich 8002-43-5 none >99.0%
toluene Sigma-Aldrich 108-88-3 none >99.5%

Note: * Declared by supplier.

On the mechanism of acrylamide emulsion polymerization with the participation of its dimers



52

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2021, No. 3, pp. 50-56

The reactivity of the dimer is lower than
monomer [9], therefore k,<k,. The rate of reactions
(3) and (4) can be expressed by the following
expressions:

R, =k, [P, |[M], (5)

R, =k, [P, |[M]. (6)
The overall rate of the process is summed up
from (5) and (6) as follows:

R, =R, +R, =k [P, |[M] +k,[P, |[M]. @)

Then, two extreme cases should be considered:

1) the dimers are practically absent in the system
when [AA]<0.7 mol L~', and the rate of
polymerization is expressed by the following equation:
R, =k, [P, |[M]. (8)

In this case, the reaction order with respect to
monomer is equal 1, which has been established in
a number of publications [1,10,11,13]. Our data also
confirm this conclusion (Fig. 1, curve 3).

2) the dimers prevail in the system when
[AA]>0.7 mol L™!, and the rate of polymerization is
expressed by the following equation:

As follows from Eq. (9), the reaction order with
respect to monomer is equal to 2. In practice at
[AA]>0.7 mol L', the reaction order with respect
to AA is always greater than unity, however less than
2, and can reach 2 only in the ideal case. As follows
from Fig. 1, the reaction order with respect to AA is
equal 1 at [AA]>0.8 mol L™! in an aqueous medium,
as opposed to the emulsion.

Thus, for AA polymerization, the value of
reaction order with respect to AA is greater than
unity and the behavior of polymerization rate at
[AA]>1.0 mol L™! can be explained on the basis of
the above mentioned kinetic scheme. As follows from
Eq. (3), that the dimers of AA can exist within
macromolecules of PAA, which, principally, can start
the propagation of polymer chains and, as a result,
the branched polymeric structures can be formed.
They can also be the cause of the formation of
partially cross-linked polymeric structures.
Apparently, the mentioned factors are the
fundamental reasons for PAA solubility decreasing
at relatively high concentrations of AA; thus, about
15% of PAA is not solubilized in water at
[AA]=1.5 mol L', and about 30% of PAA is not
solubilized in water at [AA]=2.0 mol L. These facts
can explain the observable gel-effect at relatively high
concentrations of AA [9]. The separation of side
monomeric molecules from the polymer chain also
must not be excluded. The probability of such
separation increases under the local influence of the

2 . . .
Rp =k, [P{n ] [M] . (9) released energy in the polymerlzatlon process. In
that case, the reaction order with respect to monomer
[AA],, mol/l
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6

o

d

ulw/%

[PP],10°, mol/!

Fig. 1. Dependence of AA polymerization rate on concentration of PP (1) and AA (2 and 3) in aqueous solution (2) and in
emulsion (1 and 3). [AA],=0.5 mol L', [PP],=5-10 mol L', [Le],=3%, T=323.15 K (curves 1 and 2)
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must not differ from unity, which is established for
homogenous polymerization of AA in aqueous
solutions [9,11,13]. Particularly, it is established that
the reaction order with respect to AA remains to be
unity in homogenous system at [AA]<2.0 mol L™,
while the reaction order with respect to AA is greater
than unity at higher concentrations of AA. It is
obviously caused by the formation of more stable
dimeric forms at relatively high concentrations of
AA in water. As can be concluded from our earlier
studies [9,2,14] and literature data [10,13], the
threshold concentration of dimerization in emulsions
is relatively low, which explains the value of reaction
order with respect to AA greater than unity at
relatively low concentration of AA.

Polymerization of AA initiated by oil-soluble
2,2"-azobisisobutyronitrile (AIBN)

As shown in ref. [9], the oil-soluble initiator
AIBN practically does not transfer from toluene (i.e.
organic phase) to aqueous phase and, at the same
time, AA does not transfer from aqueous phase to
toluene practically (AIBN is in disperse phase and
AA is in continuous phase). Thus, the homolysis of
AIBN occurs in organic phase where the molecules
of AA are practically absent. The decay of AIBN
can be presented by the following general scheme:

N B
1
H,C—C—N=N—C—CH;| —=
I CN CN !
CH3 CH3
| | ko
H3C—?—N=N. +° ?—CH3 T
CN CN 2
or o ]
H3C—?' + N2 +.$_CH3 (10)
CN CN |
o
2H3C—?. + N2
a1

k
AT B
HsC—C' + N+ (ID—CH3 cH
|
CN CN ke GHa s

H3C—(|)———IC—CH3 +N,
CN CN

It should be noted that the constant of AIBN
decay rate does not practically depend on the polarity
of a solvent [13,15]. The effect of medium on the
decay of AIBN is explained by the theory of cage
effect [11,13,15]. It is suggested that the changes in

the values of AIBN decay rate constant, which is
detected by the replacement of one solvent by other,
is a result of the cage effect on the recombination of
formed radicals. Due to the replacement of one
solvent by other, the fraction of radicals, which has
time to recombine in the «cage», changes depending
on the properties of solvent and reaction system. It
was shown in ref. [9,12] that the rate of AIBN decay
decreases with an increase in the viscosity of a solvent.
It was also reported [9,12] that the rate of AIBN
homolysis decreases in ES as compared with the
homogenous system. At the same time, the decrease
in the rate of homolysis becomes more significant
with an increase in the size of discrete particles. In
general, it is due to the effect of emulsion properties
on the cage effect. The R radicals, formed due to
AIBN decay, are more mobile and relatively easily
diffuse into the surface layer of emulsion droplets or
polymer-monomer particles (PMP), where the
molecules of AA can also exist together with
molecules of emulsifier [9,12]. It is suggested that is
where the act of initiation proceeds. At the same
time, the dependence of initiation rate (R,) on the
AIBN concentration is expressed as the first order-
like kinetic equation, regardless of the type of
emulsion [12]:
R, =k, [AIBN]. (12)
As the reaction of AIBN homolysis is slightly
sensitive to solute properties, thus, independently
the molecules of AIBN are within discrete or
continuous phase, the energetic and kinetic
characteristics of AIBN homolysis will be practically
the same. However, the efficiency of the initiation
of AIBN within discrete particles is lower than within

homogenous system [14]. The particles RM* (primary

single radicals) and RM; (oligomeric radicals) are

more hydrophilic than R and the probability of their
transfer to an aqueous phase is more realistic. The
mobility of the molecules of the adsorption (surface)
layers on discrete particles (emulsion droplets, PMP)
[9—13] and the existence of dynamic equilibrium of
the adsorbed molecules within the layer and
continuous phase will also contribute to this.

Naturally, the number of R* and RM" in a surface
layer is limited and mainly depends on the specific
surface of discrete particles and characteristics of
adsorption layer molecules. Obviously, this is a basic
reason for the independence of polymerization rate
(R,) from the AIBN concentration at its relatively
high concentrations (Fig. 2). It can be suggested
that the formed RM radicals are in the interfacial

On the mechanism of acrylamide emulsion polymerization with the participation of its dimers
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Fig. 2. Dependence of AA polymerization rate on concentration of AA (1 and 2) and AIBN (3). [AIBN]=5-10" mol L™!
(1 and 2), [AA]=0.5 mol L' (3), [Le];=3%, Vyaer:-Viowene=1:2, T=323.15 K

layer and they are not transferred into the bulk of
aqueous medium where the growth of polymer chains
mainly occurs. When carrying out the process under
constant conditions, the surface of the interface layer,
which is limited through the put of radicals formed
due to AIBN homolysis, is not practically changed,
and, thus, the detected dependence of R, on the
AIBN concentration (Fig. 2, curve 3) is quite
expected.

If we compare the data concerning the AA EP
initiated by water-soluble PP (Fig. 1) with those
relating to the AA EP initiated by oil-soluble AIBN
(Fig. 2), we can conclude that the values of R, when
applying PP are higher than in the case of AIBN
under comparable conditions. It is important that
there is no change in R, vs. [AA] curve behavior at
comparable high concentrations of AA for the ES
initiated by AIBN, which was detected for the ES
initiated by PP. Probably, the chance of a transfer
of dimer into interfacial layer for the discussed system
is significantly low than for molecules of AA.

Conclusions

The present paper reveals that the mechanism
of AA EP is highly depending on the type of the
used initiator. The dimeric form of AA prevails in
the discussed system in the case of EPS where water-
soluble PP is used as an initiator at the
[AA]<0.7 mol L™, and, as a result, the reaction order
with respect to monomer is greater than unity.
However, at the [AA]>0.7 mol L', the amount of
dimers of AA in EPS becomes lower and the reaction
order with respect to AA remains within the unity.

At the same time, as the oil-soluble initiator AIBN
and water-soluble AA are distributed in different
phases and the transfer of each components
molecules to other phase is limited, the form of AA
molecules does not play decisive role in the
participation of EP, and, as a result, the reaction
order of polymerization with respect to AA is always
equal to unity.
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ITPO MEXAHI3M EMY.JII)CII‘/IHOT TMOJIIMEPU3AILIIT
AKPWJIAMIZY 3A YYACTIO UOTI'O JUMEPIB

JI.P. Apymionan, P.C. Apymronsan

OOroBopeHo 3HaYeHHsI AMMEPHUX i MOHOMEPHUX (HopM
aKpWJIaMiTHOTO MOHOMEPY B MpOLIeci TToliMepu3allii B eMyJIbCi-
X, 110 iHillifiloBaHa pi3HUMM TUIaMU iHiliaropiB. BucsitieHi
MPUYUHYU TOPSIKIB peakilii 32 MOHOMEPOM, OiTbIITNX ONMHUIILI,
JUISl BUTBHO pagvKaJlbHOI MOJliMepu3allii akpuiaaMiny B eMyJIbCi-
six. MexaHi3M eMyJIbCiiiHOT mojliMepu3allii 00roBopeHO OKpeMO
JUISI TIPOLIECiB, iHilliiIOBAHMX BOAHO-PO3YMHHUMMU iHILLIAaTOPOM i
MacJI0-po3uMHHUM iHiliaTopoM. OCHOBHA BiIMiHHICTb B 000X
BUIIAIKAX € PO3IMOIiI aKpUjIaMiny i iHiliatopa B BOIHIM i TOTy-
oJIbHIM (azax. Y BUManKy BUKOPUCTaHHSI BOJHO-PO3YMHHOIO
iHiliaTopa iHiliaTop i aKpmjamia 3HaXOmsSIThC B OIHIM (asi,
TONi SIK MOJIEKYJIM iHilliaTopa i akpujamily po3MoIiieHi Mix
NBOMa pi3HUMU hazaMu y BUMAJKy BUKOPUCTAHHSI MacI0-pO3-
YUMHHOTIO iHilliaTopa. Y pe3ysbTari yyacTb JUMEPIB B IMpoIleci
eMYJIbCiliHOI ToJliMepu3allii akpuiaaminy OibLI AieBa ajist cuc-
TEM, Jie¢ BUKOPUCTOBYETHCSI BOIHO-PO3UMHHUI iHiliaTop. s
TaKUX CUCTEM K TUMEpPU, TaK i MOHOMEpHU akpujaminy 6epyTb
y4yacTb B PO3MOBCIOMKEHHI peakilii Mpy BiTHOCHO HU3bKUX KOH-
LIEHTpALlisIX aKpujiaMiny, 11O i MOSICHIOE BEJIMUMHY MOPSIIKY pe-
aKlIIii T0 MOHOMEPY, OUTBIITY 32 ONWHUIIIO.

KimouoBi ciioBa: akpuiamin, emMyibCiiiHa ToiMepu3atisi,
MeXxaHi3M moJjliMepu3allii, BOIHO-PO3UMHHUIA iHiLiaTOp, Kajiit
nepcyabdar, Macjao-po3UMHHUI iHiliaTop, 2,2'-a300icizo-
OYyTHPOHITPUJL.
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