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Abstract—Two kinetic schemes of the bulk radical—coordination polymerization of methyl methacrylate ini-
tiated by the benzoyl peroxide—ferrocene system are considered from the standpoint of formal kinetics. The
most likely kinetic scheme is the one that includes the reactions characteristic of classical radical polymeriza-
tion and, additionally, reactions of controlled radical polymerization proceeding via the Organometallic
Mediated Radical Polymerization mechanism, a reaction generating a coordination active site, and a chain
propagation reaction in the coordination sphere of the metal. The temperature dependences of the rate con-
stants for the reactions of this kinetic scheme at temperatures typical of commercial poly(methyl methacry-
late) production (313—353 K) have been determined by solving the inverse kinetic problem.
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Radical polymerization has a limited potential for
producing polymers with preset molecular weight
characteristics. This problem was solved by introduc-
ing, into the polymerizing mass, agents that can react
reversibly with free radicals and hamper chain termi-
nation reactions—alkoxyamines, dithiocarbamates,
transition metal halides, etc. [1—7]. This kind of
polymerization is commonly called controlled radical
polymerization and is also widely referred to as pseudo-
living radical polymerization, living radical polymeriza-
tion, and radical polymerization under living chain
conditions [1, 5—7]. In the controlled radical polymer-
ization, variation of the admixture concentration makes
it possible to change the molecular weight characteris-
tics of the polymer in fairly wide ranges [1—7]. Note
that neither radical polymerization nor various meth-
ods of controlled radical polymerization provide mean
to regulate the stereoregularity of the resulting poly-
mer [5—7]. However, it was demonstrated in some
works [8—13] that radical polymerization that takes
place in the presence of metallocenes and has charac-
teristic features of controlled radical polymerization
yields polymers with an increased stereoregularity.
Fairly extensive experimental data on the kinetics of
radical polymerization in the presence of metallocenes
and on the molecular weight characteristics and stere-
oregularity of the resulting polymer have been accu-
mulated to date [8—18]. However, the observed regu-

larities have not been considered from the standpoint
of formal kinetics. There have been only hypotheses
concerning the mechanisms of polymerization pro-
cesses, which have been formulated on the basis of
quantum chemical calculations [9, 19, 20]. According
to these hypotheses, reactions involving the metallo-
cene and components of the reaction mass can yield,
in the reaction mass, coordination sites for polymer-
ization and spin traps for chain carrier radicals. For
this reason, in this study we considered the bulk radi-
cal—coordination polymerization of methyl methac-
rylate (MMA) initiated by benzoyl peroxide (BP) in
the presence of ferrocene, found the most likely
kinetic scheme for the process, and determined its rate
constants as a function of temperature.

DETERMINATION
OF THE KINETIC SCHEME OF THE PROCESS

The kinetic scheme of the process was determined
using the following algorithm.

Initially, we left two possible kinetic schemes of the
process. Both included the reactions involved in the
bulk radical polymerization of MMA initiated by BP
[21-25]:

initiator dissociation,

[—Kis 52R(0);
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addition of the first monomer molecule to a free
radical,
R(0) + M —2r s R(1):
chain propagation,

R(n) + M—2 sR(n+1), n=1,...

chain transfer to monomer,

R(n) + M—fums SR+ P(n), n=1,...;

recombination of radicals,

R(n) + R(z)—f=—Pm+z), n=1..., z=1..;

disproportionation of radicals,

R(n) + R(z) —2—P(n) + P(2),
n=1..., z=1....
Here, 1 is the initiator; R(#) and P(n) are, respectively,
the active radical and inactive polymer chain contain-
ing # MMA units; M is MMA; n and z are the numbers
of MMA units in polymer chains; k stands for the rate

constants of reactions. The structural formulas of I, R,
P, and M are presented in Table 1.

Along with these reactions, reactions substantiated
by quantum chemical calculations [9, 19] were
included in the kinetic scheme:

formation of the BP—ferrocene complex [9, 19],
I+ Mc—Feml 5 C;
chain initiation by the BP—ferrocene complex
[9, 191,
C+M—5 SR(1) + Ad,(0);

chain initiation by the [Cp,Fe---PhCOO]" adduct
(Cp = cyclopentadienyl, Ph = phenyl) [19],

Ad,(0) + M—52 5 R(1) + Mc;
formation of the metal-centered radical
CpFe*(CpR) [9],
Mc + R(n)—22t s Ad(n), n=1,...; ()

recombination between the metal-centered radical
and the chain carrier radical, yielding the CpFe(CpR)R
adduct [9],

kadduth

Ad,(n) + R(z) —==*— Ad(n,2),
n=1,..., z=1...;
formation of the monocyclopentadienyl adduct
CpFe(MMA)(R) from the CpFe(CpR)R adduct [9],
Ad(n,z) + M—24 5 Ad,(2) + P(n),
n=1..., z=1,...;

(1)

formation of the coordination active site
CpFe(MMA),(R) via monomer coordination to the
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metal atom in the monocyclopentadienyl adduct
CpFe(MMA)(R) [9],

Ady(2) + M—teat 5 Ady(2), z=1,...; (1)

coordinative  chain  propagation on the
CpFe(MMA),(R) active site due to the addition of a
coordinated MMA molecule to the polymer chain in
the sphere of the metal atom [9],

Ady(1)—=2 S Ady(z+1), z=1,....

(1V)

Here, C is the BP—ferrocene complex, Mc is ferro-
cene, Ad,(0) is the [Cp,Fe--PhCOO]" adduct, Ad,(n)
is the metal-centered radical CpFe ' (CpR) containing
n MMA units in the chain, Ad(n, z) is the
CpFe(CpR)R adduct containing » and z MMA units
in the chains, Ad,(n) is the monocyclopentadienyl
adduct CpFe(MMA)(R) containing #» MMA units in
the chain, and Ad,;(n) is the coordination active site
CpFe(MMA),(R) containing # MMA units in the
chain. The structural formulas of Ad, Ad,, Ad,, and
Ad; are presented in Table 1.

Another kinetic scheme was composed as a compet-
ing hypothesis. This scheme is based on the assumption
that the BP—ferrocene complex is unstable and decom-
poses spontaneously into an R(0) radical and an Ad,(0)
adduct (without involving monomer molecules). In
turn, the Ad,(0) adduct can decompose spontaneously
into R(0) and metallocene. Guided by the same logic,
we assumed that the compounds Ad(#n, z), Ad,(z), and
Ad;(z) can also decompose to produce radicals. Thus,
the second kinetic scheme includes reactions typical of
controlled radical polymerization occurring via the
Organometallic Mediated Radical Polymerization
(OMRP) mechanism, in which the metal complex
serves as a spin trap for chain carrier radicals. In sum-
mary, the second kinetic scheme is comprised of the
MMA radical polymerization reactions, the reaction
yielding the metal-centered radical CpFe " (CpR) (reac-
tion (I)), the reactions that generate the coordination
active site and are responsible for chain propagation in
the coordination sphere of the metal (reactions (II)—
(IV)), and the following reactions:

interaction between the initiator and ferrocene,

[+ Mc—Lemi 5 Ad,(0) + R(0),
dissociation of the [Cp,Fe--*PhCOO] " adduct,

Ad,(0)—2= 5 Mc + R(0),

reversible interaction between the chain carrier
radical and the metal-centered radical CpFe " (CpR) as
a spin trap (in essence, this is an OMRP process; note
that, on the basis of a quantum chemical simulation of
the bulk radical—coordination polymerization of sty-
rene in the presence of ferrocene, it was hypothesized
[20] that the bond between the chain carrier radical
and the metal atom in the CpFe(CpR)R adduct is too
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Table 1. Designations and structural formulas of the compounds from the kinetic schemes

Designation Structural formula Designation Structural formula
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weak for the process to pass completely to the con-
trolled regime owing to this reversible reaction),

Kadduct2

R(2) + Adi(n) e———=Ad(n,2),
z=1...,

release of the chain carrier radical from the metal-
centered adduct CpFe(MMA)(R) and the binding of
the radical to the resulting species, CpFe ' (MMA),
i.e., OMRP equilibrium (the occurrence of this
reversible reaction is assumed by analogy with the
scheme of the bulk radical—coordination polymeriza-
tion of styrene in the presence of ferrocene [20]),

n=1,...,

Kaiss3
Ad,(z)————=R®x)+Mc, z=1,...,

release of the chain carrier radical from the coordi-
nation active site CpFe(MMA),(R) and the binding of

the radical to the resulting species CpFe’ (MMA),—
this reaction can also be considered as OMRP,

Ady() =25 R(x) + Mc", z=1,...,
adduct4
monomer coordination at vacant coordination
sites of the iron atom in CpFe ' (MMA)—the occur-
rence of this reaction was assumed by analogy with
scheme of the bulk radical—coordination polymeriza-
tion of styrene in the presence of ferrocene [20],

kaddZ

Mc'+ M——=—>5Mc".

Here, Mc' and Mc" are ferrocene fragments in
which one and two MMA molecules are coordinated
to the iron atom, respectively. The structural formulas
of Mc' and Mc" are presented in Table 1.

Poly(methyl methacrylate) (PMMA), which results
from the bulk radical—coordination polymerization
process initiated by the BP—ferrocene system, can serve
as a macroinitiator upon the addition of a new portion
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of the monomer—this is so-called postpolymerization,
or the postprocess. The kinetic scheme of the postpro-
cess consists of only reactions (III) and (IV). These
reactions appear in both hypothetical kinetic schemes
of the main process.

For either kinetic scheme, we wrote systems of
kinetic equations according to the law of mass action.
These systems were put into the following form by
using the generating function method [26—28]:

di _ ~om, e, k),
dr
dIMCe] _ £ (1, M, -..ottye K).
dr
dM
% :fé([M],...,uqs,u:;pr’k)’
du,
? = fi(1l, [Mc], [M],---,qu“’}pr’k)’

where f; designates the functions expressing the law of

mass action, W, = zw 1 n’[X(n)] is the sth moment of
n=

the molecular weight distribution (where X = R, Ad,,
Ad,, Ad;, and P at the moment numberg =1, 2, 4, 5,

and 6, respectively; u;,, = Z; 2;11” Z'[Ad(n,2)]
atg=3(p,r=0,1,2)), and ¢is time.

The systems of equations in this form are mathemat-
ical models of the kinetics of the process considered.
They provide means to calculate not only kinetic curves
for the process but also the number-average molecular
weight (M,), weight-average molecular weight (M,,),
and polydispersity index (PD) of PMMA:

M

n

= Mt Moy a0 F Mgy F May  Ws) F M

Wio + Uag + U3gp + Hag + Uso + Ueo
M. = mtiz T Mo+ lsy + 2us1) + M3 +Ug T sy + e

w

Wi+ Mpp + 310 + 301 T Mg + s T U
PD = MW/Mn,

where m is the molar mass of MMA.

In addition, these mathematical models make it
possible to estimate the stereoregularity (y) of PMMA
from the concentration of MMA that has polymerized
on each type of active site—radical site (rad) and coor-
dination (stereoregulating, st):

— Yrad[Mrad] + Ysl[Mst]

v M], —[M]
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where V., = 56% is the stereoregularity of PMMA
obtained on the radical active site [22], v, is the stere-
oregularity of PMMA obtained on the coordination
active site, the subscript 0 at the monomer concentra-
tion [M] indicates that the MMA concentration at the
initial point in time is considered, [M,,4] and [M] are
the concentrations of MMA that has polymerized on
the radical and coordination active sites, respectively:
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Fig. 1. Kinetic curves for the bulk radical polymerization
of MMA initiated by azobisisobutyronitrile ([I], =
15.5 mmol/L) at T= (1) 363, (2) 343, and (3) 323 K. The
points represent experimental data [28], and the lines
represent calculated data.

d[Mr'ld]
d?

In case the ferrocene concentration is zero, the
mathematical models developed here describe the
bulk radical polymerization of MMA with various ini-
tiators (depending on the temperature dependence of
the constant kg ; used in the calculations).

diMy] _

propl[M]H'IO’ kprop2“'50

The temperature dependences of the rate constants
of the reactions involved in the bulk radical polymer-
ization of MMA initiated by BP were taken from Refs.
[21, 23, 24]:

kass = 1181077 15 [21],
recO/kdlspO =3. 956)(1074 2060/T [23]a

Kroco + kaispo = 9.8x107e"Y" Lmol™s™ [24],
where k... o and kg, o are rate constants disregarding
the gel effect.

The increase in the viscosity of the reaction mass in
the course of the bulk radical polymerization mainly
affects the rate constants of the reactions of two radi-
cals. For this reason, using the model from Ref. [29],
these constants were expressed as a function of MMA
conversion (U) in the following way:

“UAU+AU >+ AU Lmol ‘s

k = krecO

rec b
“2AU+AU 2+ A4U° -1 -1
( 1 2 3 ) Lmol S

kaisp = Kaispo€ >

_ “2AU+AU>+A4U°) -1 -1
Kadauet2 = Kadduet20 Lmol s

b
A =ay +a,T, Ay = ay + ayT, Ay = a3 + a3T,
where a;; is a coefficient.
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Fig. 2. (V—1,0—3, 0—5, @—7) Number-average molecular
weight and (A—2, O—4, O0—6, A—S8) weight-average molec-
ular weight as a function of monomer conversion for
PMMA obtained (/, 2) by the bulk radical polymerization
of MMA ([M]; = 9.4 mol/L) in the presence of BP ([1], =
15.5 mmol/L) at 7= 343 K and (3—&) by the bulk radical—
coordination polymerization of MMA ([M], = 9.4 mol/L)
in the presence of the BP—ferrocene initiating system
([1lp= [Mc]y = 1 mmol/L) at T = (3—6) 333 K and
(7, 8) 343 K. Experimental data points: O, O, @, and A
[10, 11]; v and A [29]. Dashed lines: (1, 2) data calculated
for [Mc]y = 0. Solid lines: data calculated using the
(3, 4) first and (5—&) second mathematical kinetic mod-
els of the process.

The values of a; (4, = 31.52 — 0.074T, A, = 14.92 —
0.0597, A, = —38.66 + 0.1327) and the temperature

dependences of the rate constants ko, | (Kprop 1 = 2.5 X
10%¢=2820/T I mol~! s7') and kyans (Kyans = 2.79 X

105e734%/T 1, mol~! s~!) were derived from the follow-
ing experimental data: kinetic curves (MMA conver-
sion U as a function of time ¢, see Fig. 1) [30] and the
number- and weight-average molecular weights of
PMMA as a function of monomer conversion (Fig. 2)
[31] (processes: (1) bulk radical polymerization of
MMA initiated by BP, (2) bulk radical polymerization
of MMA initiated by azobisisobutyronitrile, for which
it was accepted that kg, = 1.053 x 10Pe=13440/T] /5 [32]).
This was done by minimizing the following functional
by the Hooke—Jeeves method [33]:

calc _ exp 2 Mcglc _Me?(p 2
o-s[er g )

i niz

calc exp
-M,
+ Z( exp j >

where i is the ordinal number of the experimental data
point, calc means a calculated value, and exp means
an experimental value.

Next, we ascertained whether there are sets of
remaining unknown constants at which the mathe-

KINETICS AND CATALYSIS  Vol. 58 No.2 2017
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Fig. 3. Kinetic curves for the bulk radical—coordination
polymerization of MMA in the presence of the BP—fer-
rocene initiating system (7= 333 K, [M]; = 9.4 mol/L,
[I]lo = 1 mmol/L) at various initial ferrocene concentra-
tions: [Mc]y= (a—1) 0.2, (¢—2) 0.5, (0—3) 1, and (O—4)
8 mmol/L. The points represent experimental data [9—
11], and the lines represent the data calculated using the
first mathematical kinetic model of the process.

matical kinetic models developed for the radical—
coordination polymerization of MMA will fit exper-
imental data within the experimental error (25% for
MMA conversion [22] and 35% for the M,, and M,, of
PMMA [34]).

The following data were considered (all of them
refer to one temperature of 333 K; otherwise, it would
be necessary to determine not the values of rate con-
stants but their temperature dependences and this
would increase the number of unknowns but would
not facilitate the construction of the kinetic scheme):

kinetic curves for the bulk radical—coordination
polymerization of MMA initiated by the BP—ferro-
cene system ([I], = 1 mmol/L, [M],= 9.4 mol/L, and
[Mc],=0.2,0.5, 1, and 8 mmol/L) [9—11];

conversion-dependent M, and M, data for
PMMA synthesized by the bulk radical—coordina-
tion polymerization of MMA initiated by the BP—
ferrocene system ([I], = 1 mmol/L, [M],=9.4 mol/L,
and [Mc], = 1 mmol/L) [10, 11];

stereoregularity (y) data for PMMA synthesized by
the bulk radical—coordination polymerization of MMA
initiated by the BP—ferrocene system ([I], = 1 mmol/L,
[M],=9.4 mol/L, and [Mc],= 0.2 and 1 mmol/L) [8];

kinetic curves for the bulk postpolymerization of
MMA in the presence of a macroinitiator, whose role
was played by PMMA samples that were obtained by
the bulk radical—coordination polymerization of
MMA initiated by the BP—ferrocene system and were
isolated at an MMA conversion of 0.05, 0.1, 0.2, or 0.6
([I]y = 0 mmol/L; [M], = 9.4 mol/L; initial weight
fraction of the PMMA macroinitiator, 3%) [12].

KINETICS AND CATALYSIS Vol 58
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Fig. 4. Kinetic curves for the bulk postpolymerization of
MMA initiated by the PMMA macroinitiator that was syn-
thesized by the bulk radical—coordination polymerization
of MMA in the presence of the BP—ferrocene initiating
system (PMMA macroinitiator synthesis conditions: 7" =
333 K, [M]g=9.4 mol/L, [I], = [Mc]y, = 1 mmol/L). The
PMMA macroinitiator was sampled at MMA conversions
of (0—1) 0.05, (A—2) 0.1, (O0—3) 0.2, and (V—4) 0.6. The
points represent experimental data [12], and the lines rep-
resent the data calculated using the fits mathematical
kinetic model of the process.

Based on available experimental data, we sought
the rate constants for the reactions of both kinetic
schemes by minimizing the functional

calc _ Uexp 2 Mcglc _ Me)'(p 2
o-g[er g )

ni

ca]c _ Mexp ‘Y(-:alc _ Yexp 2
- BT 2 (R

w1 i

by the Hooke—Jeeves method [33].

Minimization of the functional for the first math-
ematical kinetic model of the process yielded the fol-
lowing values of the rate constants: Koy
527 Lmol~'s™\ k;,,;, =6.3 % 10*Lmol~'s™!, k,,, =
1.53 x 10> L mol~!s-

1’ kadductl =4.6 X 10* L mol™! S_],

Kosguos 20 = 3.75 % 104 L mol=! s7%, k,yy, = 1.27 X
10° L mol™" s7!, kyorg = 0.118 L mol™" s7!, and k., , =
0.158 1/s.

The kinetic curves and M,, M,,, and 7y data calcu-
lated for PMMA according to the first kinetic model
of the process are presented in Figs. 2—4.

The mean relative errors in the calculations accord-
ing to the first kinetic model are the following: for U
(Fig. 1), 56%; for M, (Fig. 3), 37%; for M,, (Fig. 3),
39%; for U (Fig. 4), 37%; for v, 2%. At [Mc], =
0.2 mmol/L, the experimental value of the sterecoreg-
ularity of PMMA is Y = 59.0% [8] and the calculated



128

1.0

0.8

0.6

0.4

0.2

0 200 400 600 800 ¢, min

Fig. 5. Kinetic curves for the bulk radical—coordination
polymerization of MMA in the presence of the BP—ferro-
cene initiating system ([M]y = 9.4 mol/L, [I], =
1 mmol/L) at initial ferrocene concentrations of [Mc], =
(0—1)0.2,(¢0—2)0.5, (0—3,8—5, A—6,m—7) 1, and (O—4)
8 mmol/L and temperatures of 7= (®—)5) 313, (A—1, 0—2,
0—3, 0—4) 333, (A—06) 343, and (m—7) 353 K. The points
represent experimental data [9—11], and the lines represent
the data calculated using the second mathematical kinetic
model of the process.

stereoregularity is Y = 57.3%; at [Mc], = 1 mmol/L,
the experimental stereoregularity is y = 65.0% [8] and
the calculated stereoregularity is y = 64.5%.

Prior to minimizing the functional for the second
mathematical model of polymerization kinetics, we
reduced the number of unknown rate constants in the
second kinetic scheme. For this purpose, we initially
analyzed the experimental kinetic curves shown in
Fig. 4. Since, in the PMMA-initiated bulk postpolym-
erization of MMA, the monomer polymerizes on the
coordination active site Ads, this process is described
by the following system of equations:

d[M]
= _kcoor M s 1
ds algo[M] (1
d
% = _kcoord[M]“'4O + kpr0p2“'507 (2)
d
;LtSO = kcoord[M]M40 - kpropZ“'SO' (3)

The sum of Egs. (2) and (3) is zero, so the total
concentration of Ad, and Ad; constant:
H40|,:0 + U-50|,:0 = Uyo + Usp. (4)
According to the quasi-steady-state approximation,
0= _kcoord[M]u40 + kpropZUSO' (5)
By simultaneously solving Egs. (4) and (5), we
obtain

kprop2
kpr0p2 + kcoord [M]

Ugg = (“40|z:0 + H50|t:o)'

ULITIN et al.

Substituting this formula into Eq. (1), we obtain

dM]
:_kcoor M
py alM]
kprop2

X
k 2 + kcoord [M]

prop

(“4O|I:O + I‘L50|t:0)'

Because the kinetic curves for the bulk postpolym-
erization of MMA initiated by PMMA are rectilinear,
we have

—d[M] = COIlSt,
dr
k ro
kcoord[M] prop?

kprop 2 + kcoord[M]

X (Maol,_y + Mso|,,) = const.

This condition is satisfied at k., 2 < k¢ooral M. In
case the reverse reactions take place, releasing radi-
cals from the Ad, and Ad; structures, the resulting
radicals undergo recombination and disproportion-
ation. As a consequence, not all of the dissociated
Ad, and Ad, adducts are recovered and their concen-
trations decrease, so

kpr0p2

kpmp 2 + kcoord[M]

X (Maol,_y + Mso|,_,) # const

and the kinetic curves for the bulk postpolymerization
of MMA initiated by PMMA cannot be rectilinear.
The constants kadduct 3 kadduct 4> kdiss 3> kdiss 4> and kadd 2
were finally taken to be zero, because the correspond-
ing reactions do not occur.

Minimization of the functional for the second
mathematical model of polymerization Kkinetics
yielded the following values of rate constants: kg, =
11 L mol™! sl kg = 1.36 x 1073 1/s, kygquer 1 =
38800 L mol~!'s™!, k,uquet20 = 11 300 L mol ="' s}, kyi» =
377 x 107257 kyyq 1 =7 X 107* L mol™! s7!, kyporg =
2.79 x 10~ Lmol~'s!, and £, =237 X 1/s.

prop2 —

The kinetic curves and M,, M,,, and 7y data calcu-
lated for PMMA according to the second mathemati-
cal model of polymerization kinetics are plotted in
Figs. 2, 5, and 6.

The mean relative errors in the calculations accord-
ing to the second kinetic model are the following: for
U (Fig. 1), 22%; for M,, (Fig. 3), 17%; for M,, (Fig. 3),
32%; for U (Fig. 4), 15%; for v, 2%. At [Mc], =
0.2 mmol/L, the experimental value of the sterecoreg-
ularity of PMMA is Y = 59.0% [8] and the calculated
value is y = 57.2%; at [Mc], = 1 mmol/L, the experi-
mental stereoregularity is Y= 65.0% [8] and the calcu-
lated stereoregularity is y = 65.6%.

The computational errors for the first model of
polymerization kinetics are much larger than the

kcoord [M]
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errors for the second model. The errors for the first
model are larger than the corresponding experimental
errors (25% for MMA conversion [22] and 35% for the
M, and M,, of PMMA [34]). Therefore, the bulk radi-
cal—coordination polymerization of MMA initiated
by the BP—ferrocene system most likely takes place
according to the scheme that includes the reactions
typical of classical radical polymerization and also
reactions specific to controlled radical polymerization
proceeding via the OMRP mechanism and coordina-
tion active site formation and chain propagation reac-
tions in the coordination sphere of the metal.

Next, we demonstrated the adequacy of the mathe-
matical model of the kinetics of the process. For this
purpose, we determined the ratio of the residual vari-
ance S, (measure of the deviation of calculated data
from experimental data) to the reproducibility variance
Siepr (Which characterizes the experimental error) for all

time dependences of MMA conversion at 333 K,

Sees _ 0.0602
Seepr 0.0625

and for the time dependences of the M, and M, of
PMMA at 333 K,

Sies _ 0.063
S.or  0.123

=0.9632,

repr

=0.512.

repr

The variances were calculated from relative devia-
tion values; S, was calculated as the square of the stan-

epr

dard deviation—0.25 for U and 0.35 for M, and M,,.

The variance ratios thus determined do not exceed
the Fisher criterion values for the given number of
experimental data points and a significance level of
0.05: 1.35 for U and 1.92 for M,, and M,,. For this rea-
son, the second mathematical model of polymeriza-
tion kinetics was accepted to be adequate.

In order to extend the second mathematical model

to calculation of U, M,, M, PD, and 7y at tempera-
tures other than 333 K, the rate constants of the reac-
tions were set as their temperature dependences
according to the Arrhenius equation

k(T) = Be EIED,

where B is the preexponential factor (in 1/s units for
unimolecular reactions and in L mol~' s~! units for
bimolecular ones), £ is the activation energy (J/mol),
R=28.31 I mol~! K~!is the gas constant, and 7T'is tem-
perature (K).

The unknowns in the Arrhenius equation for each
rate constant are £ and B. However, since the values of
the rate constants at 333 K are known, F and B for

each rate constant are related as B = ke £/ B30,
Accordingly, determination of the temperature depen-
dences of the rate constants actually reduced to find-
ing F for each rate constant.
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Fig. 6. Kinetic curves for the bulk postpolymerization of
MMA initiated by the PMMA macroinitiator that was syn-
thesized by the bulk radical—coordination polymerization
of MMA in the presence of the BP—ferrocene initiating
system (MMA macroinitiator synthesis conditions: 7" =
333 K, [M]y = 9.4 mol/L, [1], = [Mc], = 1 mmol/L). The
PMMA macroinitiator was sampled at MMA conversions
of (0—1) 0.05, (A—2) 0.1, (0—3) 0.2, and (V—4) 0.6. The
points represent experimental data [12], and the lines rep-
resent the data calculated using the second mathematical
kinetic model of the process.

The FE values were determined in the same way as
the rate constants at 333 K by solving the inverse
kinetic problem. The following eight quantities were
SOUght: Ecomph Ediss > Eadduct 1> Eadduct 2> Ediss 2> Eadd >
Eo4, and E,, , (the subscripts correspond to reac-

tions in Table 1).

The following experimental data were used to
determine E:

kinetic curves for the bulk radical—coordination
polymerization of MMA initiated by the BP—ferro-
cene system ([I], = [Mc], = 1 mmol/L) at T = 313,
333, 343,353 K [9];

number-average molecular weight M, and weight-
average molecular weight M,, as a function of mono-
mer conversion for PMMA obtained by the bulk radi-
cal—coordination polymerization of MMA initiated
by the BP—ferrocene system ([I], [Mc], =
1 mmol/L, [M],= 9.4 mol/L) at 333 K [11] and 343 K.

The Ecompl’ Ediss 1> Eadduct 1> Eadduct 2 Ediss 2 Eadd 1»
E.o4, and E,, , values were determined by mini-
mizing the functional

Uf:alc _ U-exp 2 Mclalc _ Me)‘(p 2
e

i ni

Mcglc _Mexp 2
3

wi
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Table 2. Kinetic scheme suggested for the bulk radical—coordination polymerization of MMA in the presence of the BP—
ferrocene initiating system and the temperature dependences of the rate constants

Reaction designation™ k at 333 K** k(T)**
[—Has 5 2R (0) Kiigs =272 % 107° Ky, = 1.18 10715077 [3]
R(0) + M —Yrel s R(1) Kpropt = 520755 Kprop = 2.5 1050~ 2810/7
R(n) + M —Lo0t s R + 1) Kpropr = 520735 Kpropt = 2.5% 106028107

R(n) + M—Huz 5 R(1) + P(n)

Kirans = 2. 17?0‘411% x1072

Ky = 2.79%10% 7547

R(n) + R(z) —fe= 5 P(n + 2)
R(n) + R(z) —X2 5 P(n) + P(z)

3
-2) AU!
70
ke =2.85x10°e =
3 .
-2 AU'

kgisp = 5.47x10% =1
A,’ = a; + [li2333,

+0.3
an = 31 .5703,

a; = —0.07470 901 1/K,
ay, = 1492707,
ay = -0.059"050 1/K,
a3 = ~38.667133,

a3, = 0.13270003 1/K

rec

kdisp =

__3.877x10%"
3.956 x 1074227 4

-353/T
2060/T

9.8x10 e
3.956 x10%e +1
A; = ay +apT,

a = 31.5i8;§,

a = -0.074051 1/K,
ay = 14.92707°,
ay, = —0.05970103 1/K,

any = 386615

as, = 0.1327000; 1/K

I+ Mc—Zfem 5 Ad (0) + R(0)

+5.94
Keompt = 1174784

32040%500°

+0.4

kcompl =1.1 870.45 X 1066 RT

kdissl

Ad (0)—=— Mc + R(0)

+0.6

Kpropt = 1.36 9 49 X 107

750
124230155

111 16
Kpropt = 427219, x10%e AT

Kadduct1

Mc + R(n) ———— Ad,(n)

Kadduct1 = 388t(])§; X 104

k

363607509

_ +1.02 10 RT
adduct 1 = 1.97_251 X10""e

ka uct
R(z) + Ad,(n) k:> Ad(n, z)

diss2

Kagauerz = 1.1370:30 x10%,

kaissy = 3.7755x107

3

308301755, 2> AU’
+3.43 8 -
x10°e KT o =

kadduth = 7'8071.72

13016077¢5°

kgiss2 = 101t8§3 X 10]96 RT

>

Ad(n,z) + M&)Adz(z) + P(n)

+1.12

kaddl = 7.00_2.52 X 10_4

842507115,

Kaga1 = 117t8§9 X 10106 RT

Ady(2) + M —Ffeood 5 Ad;(g)*+*

keoora = 279t??; x107"

6
340807350

kcoora = 623i};; X 1046 RT

kpropZ

Ad;(z) —=2=— Ad,(z + 1)***

0.78
Kpropz = 2-3711 04

prop

340807530
+1.8 e

kprop2 = 5.29,1427 X 1056 RT

*n=1,...and z =1, ... are the numbers of MMA units in polymer chains.

** Units of measurement: rate constants of unimolecular reactions, 1/s; rate constants of bimolecular reactions, L mol~! s_l; Ein k(7),

J/mol; gas constant, R=8.31J mol ™! K’l; T, K.
*#% Reactions from the kinetic scheme of the bulk postpolymerization of MMA in the presence of the PMMA macroinitiator.
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by the Hooke—Jeeves method [33]. Here, i is the ordi-
nal number of an experimental data point, calc means
the calculated value, and exp means the experimental
value.

The calculated temperature dependences of the
rate constants are presented in Table 2.

The kinetic curves for the process and M, and M,,
data for PMMA calculated according to the mathe-
matical kinetic model with the B and FE values deter-
mined are presented in Figs. 2, 5, and 6.

The mean relative errors in the calculation of the
kinetics of the process according to the mathematical
model are the following: for U (Fig. 5, curves 3, 5—7),
8%; for M, (Fig. 2), 17%; for M,, 30% (Fig. 2). Since
these errors do not exceed the experimental errors
(25% for MMA conversion and 35% for the M, and
M,, of PPMA), the found set of E 1, Eiss 15 Eadduct 15
Eadduct 2 Ediss 2> Eadd 1> Ecoord’ and Eprop 2 is a solution of
the inverse kinetic problem. In order to pass from this
partial solution to the general solution, we deter-
mined, for each E value, the uncertainty interval that
provides a fit the experimental data without the exper-
imental error being exceeded. In the calculation of the
uncertainty interval for a particular £ or B, the other £
and B values were fixed. The results of this calculation
are presented in Table 2.

CONCLUSIONS

Thus, we have constructed the kinetic scheme of
the bulk radical—coordination polymerization of
MMA initiated by the BP—ferrocene system and have
determined the temperature dependences of the rate
constants of the reactions appearing in this scheme.
The mathematical model developed on the basis of
this kinetic scheme for the kinetics of the process pro-
vides means to calculate not only the kinetics of the
main process but also the kinetics of the postprocess—
MMA polymerization occurring on “living” coordi-
nation active sites of PMMA, which results from the
main process and act as a macroinitiator in the post-
process (i.e., the reactions inherent in the Kinetic
scheme of the post process are included in the kinetic
scheme of the main process, and this means that the
mathematical model of the kinetics of the main pro-
cess at zero values of the rate constants of the other
reactions of the kinetic scheme will describe the kinet-
ics of the postprocess). In addition, the mathematical
kinetic model makes it possible to calculate the molec-
ular weight characteristics and stereoregularity of
PMMA (which forms both in the main process and in
the postprocess).

The mathematical kinetic model developed in this
study enables can be used to perform a multifactor
numerical experiment in order to reveal the effects of
some factors (reactant concentrations and tempera-
ture) on the rates of the main process and postprocess

KINETICS AND CATALYSIS  Vol. 58

No.2 2017

and on the molecular weight characteristics and stere-
oregularity of PMMA forming in these two processes.
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