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ABSTRACT: The kinetics of the benzoyl peroxide/amine initiated free-radical cross-linking polymerization
of dimethacrylate monomers used as dental materials was studied. The monomers examined were
triethylene glycol dimethacrylate (TEGDMA) and ethoxylated bisphenol A glycol dimethacrylate (Bis-
EMA). As co-initiator to the benzoyl peroxide (BPO) the new amine 4-(N,N-dimethylamino)phenethyl
alcohol was used. The polymerization rate vs time for several initial initiator concentrations was measured
using differential scanning calorimetry. Differences in the polymerization Kkinetics of the two monomers
are discussed in connection with the chemical structure of dimethacrylates Furthermore, a mathematical
model was developed to simulate the BPO/amine initiated free-radical polymerization of dimethacrylate
monomers. In the elementary reaction mechanism besides initiation, propagation, and termination
reactions, also inhibition, primary radical termination, radical trapping, and secondary initiator chain
transfer reactions were included. Diffusion-controlled phenomena on the termination, propagation, and
initiation reactions were incorporated into the model based on theoretical equations and the free-volume
theory. Theoretical simulation results were in good agreement with the experimental data for all different

initial initiator concentrations studied.

Introduction

Tertiary aromatic amines have been used for a
number of years together with benzoyl peroxide (BPO)
as an effective initiation system in the free-radical
polymerization of acrylic resins and especially of methyl
methacrylate (MMA).! The resultant polymers have
been widely used as biomaterials in dentistry (denture
construction, repair, and relining, temporary crown, and
bridge materials) and in orthopedic surgery as bone
cements for the stabilization of metallic femoral hip
endoprostheses.2~* The role of the amine is to carry out
the reaction in a short period of time at room (body)
temperature. Many amines have been suggested as
accelerators, but esthetic and biocompatibility require-
ments have greatly limited the number of compounds,
which can be used for dental or medical applications.
The most commonly used amine is N,N dimethyl-p-
toluidine (DMT), which is a suspected, but not yet
proven, carcinogenZ. DMT belongs to the N-dialkylami-
noaromatics, a chemical class structurally alert to DNA
reactivity, and also a chromosome-damaging agent
inducing numerical chromosome alterations. For this
purpose several other amines have been proposed with
better biocompatibility than DMT.> Among them, 4-(N,N-
dimethylamino)phenethyl alcohol (DMPOH), has been
proposed as a more biocompatible® and highly reactive
accelerator for the polymerization of dental composites.”
With low amine concentration, nearly colorless restora-
tions having good color stability were obtained. In 1996,
DMPOH was been incorporated in a commercial low-
viscosity bone cement, Sulfix 60.%8 The kinetics of the
BPO/DMPOH redox system compared to BPO/DMT for
the polymerization of MMA have been recently stud-
ied.%10 A point of concern in BPO/amine-initiated poly-
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merizations is whether the maximum rate occurs when
equimolar,®1! or nonequimolar,1%12 initial initiator con-
centrations are used. In our previous publication it was
found that when the product of [BPO][amine] was equal
to 0.001 M, then the maximum rate occurs when the
ratio of [BPO]/[amine] is approximately equal to 1.5.1°
It is worthwhile noting that generally it is undesirable
to have an excess of amine remaining in the polymer,
because of possible adverse effects on its properties and
biocompatibility.

To form highly cross-linked, rigid, and glassy polymer
networks with high modulus and solvent resistance,
MMA has been replaced by multifunctional monomers
such as diacrylates and dimethacrylates. The most
widely used resin in dental composites is that based on
the copolymer prepared from a combination of 2,2-bis-
[p-(2'-hydroxy-3'methacryloxypropoxy)phenylene]pro-
pane (Bis-GMA) and triethylene glycol dimethacrylate
(TEGDMA). TEGDMA is usually added to Bis-GMA in
order to achieve workable viscosity limits, since the
latter monomer possesses very high viscosity due to the
intermolecular hydrogen bonding.’® However, since
these monomers are relatively hydrophilic, there is a
growing need to replace them by others more hydro-
phobic, exhibiting a lower water uptake. The ethoxyl-
ated bisphenol A glycol dimethacrylate (Bis-EMA) has
been proposed as such a less hydrophilic monomer.14-16
Bis-EMA has a structure resembling that of Bis-GMA,
but without the two hydrophilic —OH groups, which also
makes it less viscous. Therefore, in this work the
kinetics of the BPO/DMPOH-initiated free-radical po-
lymerization of TEGDMA and Bis-EMA are examined.
In this way, results obtained from a dimethacrylate
monomer having an aliphatic C—C chain are compared
to another dimethacrylate with a stiff central phenyl
ring in the C—C chain. The reaction rate profiles and
conversion vs time are measured using DSC for different
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initial initiator concentrations. Initiator combinations
were selected such that the reaction would be completed
in approximately 10 min since the specifications for
dental direct filling resins requires a minimum working
time of 1.5 min and a maximum hardening time of 8
min.1” The amine concentration did not exceed 50 mM
(due to material yellowing and biocompatibility rea-
sons).18

In this work, a theoretical mathematical model is also
developed to simulate the kinetics of the BPO/amine-
initiated free-radical polymerization of dimethacrylates.
In the elementary reaction, mechanisms besides initia-
tion, propagation, and termination reactions, e.g., in-
hibition, primary radical termination, radical trapping,
and secondary initiator chain transfer reactions are
included. Diffusion-controlled phenomena on the ter-
mination, propagation, and initiator reactions are in-
corporated into the model based on the theoretical
equations proposed by Achilias and Kiparisides® and
the free-volume theory.

The most prominent feature of free-radical cross-
linking polymerization reactions involving multifunc-
tional monomers is the strong influence of diffusional
effects arising due to the formation of an infinite
network. Several researchers have developed math-
ematical models for the photopolymerization kinetics of
multimethacrylate and multiacrylate monomers.20-40
Andrzejewska*! has recently reviewed most of these. In
the Kinetic mechanism of the cross-linking polymeriza-
tion, besides the conventional elementary reactions, the
effect of primary radical termination,3%3! radical trap-
ping,%® and inhibition*? have been examined. Further-
more, diffusion phenomena play an important role,
especially in the termination reaction. In cross-linking
polymerization, termination is diffusion-controlled im-
mediately from the beginning of the reaction due to a
rapid increase in system viscosity. Macroradicals and
polymer chains become entangled or cross-linked in the
network, leading thus to a suppression of the center of
mass diffusion of macroradicals used by them in order
to find one another and react. However, radicals can
still implicitly move in space and approach each other
through reaction with unreacted double bonds (reaction
diffusion). As the polymerization proceeds and the glass
transition of the mixture becomes greater than the
polymerization temperature, vitrification effects begin
to limit the mobility of even small molecules such as
the monomer or primary initiator radicals. Under these
conditions, the rate of the propagation and the initiation
reactions also significantly drop.

According to our knowledge, there is not any detailed
model taking into account all the above phenomena
(kinetic and diffusional) for the simulation of the free-
radical cross-linking polymerization of dimethacrylate
monomers using the BPO/amine initiation system.

Experimental Section

Materials. The dimethacrylate monomers used in this work
included triethylene glycol dimethacrylate (TEGDMA) (Aldrich
Chem. Co., Lot No. 461111, inhibited) and ethoxylated bisphe-
nol A glycol dimethacrylate (Bis-EMA) (Aldrich Chem. Co., Lot
No. 03514HF, inhibited with 500 ppm monomethyl ether
hydroquinone), and they were used as received without further
purification. Figure 1 shows the chemical structure for each
of these monomers. The initiators used were DMPOH (mp =
59-61 °C) (from Aldrich) used without further purification and
BPO (from Fluka) purified by fractional recrystallization from
ethanol (mp = 104 °C). All other chemicals used were reagent
grade.
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Figure 1. Chemical structures of the dimethacrylate mono-
mers studied.

Procedure. Two initial stock solutions in each dimethacry-
late monomer were prepared, one containing BPO (0.02 m)
and the other DMPOH (0.05 m). After successive dilution with
the monomer, all other initial initiator concentrations until
0.01 m (molality) were obtained. The initial monomer mixture
with the two initiators was prepared by mixing equal amounts
(approximately 0.5 g) from the two separate initiator solutions.

The polymerization kinetics of the various formulations was
studied using differential scanning calorimetry (DSC). Experi-
ments were performed in a nitrogen atmosphere using the
DSC-Pyris 1 (Perkin-Elmer) equipped with the Pyris software
for windows. Indium was used for the enthalpy and temper-
ature calibration of the instrument. In each experiment a
standard mass from the monomer mixture (15—20 mg) was
placed in an aluminum Perkin-Elmer sample pan, weighted,
and placed into the appropriate position of the instrument.
To minimize loss of monomer due to evaporation, all samples
were sealed. All polymerizations were carried out at 37 °C and
the reaction temperature was continuously recorded and
maintained constant (within +0.01 °C) during the whole
conversion range. The reaction exotherm (in normalized
values, W/g) at a constant temperature was recorded as a
function of time. The rate of heat release (d(AH)/dt) measured
by the DSC was directly converted into the overall reaction
rate (dx/dt) using the following formula

dx _ 1 d(AH)
dt  AH; dt @

where AH+ denotes the total reaction enthalpy calculated from
the product of the number of double bonds per monomer
molecule (n = 2) times the standard heat of polymerization of
a methacrylate double bond (AH, = 54.9 kJ/mol)3 over the
monomer molecular weight, i.e., AHr = nAH/MW,.

The degree of conversion was calculated by integrating the
area between the DSC thermograms and the baseline estab-
lished by extrapolation from the trace produced after complete
polymerization (no change in the heat produced during the
reaction). All the experimental results reported in the Results
and Discussion are taken from an average of at least two
experiments.

Model Development

Kinetic Mechanism. Tertiary aromatic amines ac-
celerate the free-radical decomposition of BPO, by a
complex mechanism, which involves first a Sy? nucleo-
philic displacement leading to an intermediate adduct
and finally to the formation of a benzoyloxy radical,
benzoic acid and a N-methylene radical, according to
the reaction presented in Figure 2.14344 The formation
of N-methylene radical was confirmed by electron spin
resonance (ESR),*® and the presence of the above-
mentioned radical was detected by UV analysis in the
polymer formed, indicating the efficiency of this radical
in the initiation process of polymerization.*
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Figure 2. Formation of the primary initiator radicals from the reaction of BPO with DMPOH.

If the symbols A and | are used to denote the amine
and the peroxide initiator molecules respectively, then
the following general reaction mechanism for the free-
radical polymerization of multifunctional monomers can
be written:

K
initiation: A+ 1—>1"+ A"+ inert products (2)

ki1
'+M—~P,’ 3

ki2
A+M—PS (4)

K,
propagation: P, + M — Pt (5)
termination by combination/disproportionation:
K
P, + P, —D,.n/D, + D, (6)
K
radical trapping: P, — Pop (7)
Kp

primary radical termination: 1"+ P ~—D

n n

. . K
A"+P, —D, (8)

[
chain transfer to amine: P, + A A D,+A (9

kZ
inhibition: P, +Z—D, (10)

benzoyl peroxide side reaction:
k
I+ 1 —I" + inert products (11)

In the above kinetic scheme, the symbols I* and A* are
used to denote radicals formed by the fragmentation of
the benzoyl peroxide and the amine, respectively, M is
a monomer unit, Z is the inhibitor, P,* and P, v are used
to identify the respective “live” macroradicals which are
active or trapped and containing n monomer units and
finally, D, stands for the “dead” polymer formed con-
taining n monomer units.

According to this reaction mechanism, during the
initiation step two different primary radicals are formed,
which in this work are assumed to be both capable of
reacting with a monomeric double bond and initiate
polymerization. Two populations of “live” macroradicals
are assumed: those which are “active” and take part in
the propagation and the termination reactions and those
which are “trapped” in the polymer main network and
thus do not react. Radical trapping is assumed to take
place by a unimolecular first-order reaction. Because
radical trapping is presumed to be permanent, it affects
the rate in a manner similar to unimolecular termina-
tion.® Besides the trapping, “live” radicals terminate
also by three different mechanisms (egs 8, 9, and 10).
The bimolecular termination reaction is lumped into a
single reaction with rate constant k3! The primary
radical termination (eq 8) is quite often in commercial

Table 1. Detailed Material Balances

initiators

1d(VID) _ — kI

G oat = kalIAl - k[0
d

LAVIAD — 1AL - ki PTIAT

primary initiator radicals

1 dv[I']) . P
Vgt~ fkalIA] = ki [FIM] = Ky [IP]
d(V[A”
v ( d[t D — AT — kg [ATIMI = K IATIP] + K PTAT
double bonds
d(V[M
% ( d[t b_ —kp[P1IM] = (kis[I'] + kio[ATIM]  or
d .
Gt = kelP1 =)
active “live” macroradicals
1 d(V[PT]) _ . . . .
Vo = KulMIIN + kMIIAT — 2P — K, [Z][P] -

Ko[PT — kealAIIPT] — ki, ([I] + [AT)PT]
trapped “live” macroradicals
1 d(VIPD,)
\% dt
inhibitor
1dviz)) _
Vo odt

= ky[P]

—k[Z][P]

where

P1=5 Py

=

polymerization reactions, where high initial initiator
concentrations are used in order to achieve fully cured
products in short reaction times.% Finally, chain trans-
fer to amine (eq 9) is considered as the third chain
termination reaction mechanism, since it is generally
known that tertiary amines act as chain-transfer agents
in the polymerization of methacrylates, by the standard
hydrogen abstraction mechanism.*647 Furthermore, the
monomers used contain an amount of inhibitor to
prevent premature reactions. Oxygen also trapped in
the sample pans can act as an inhibitor in the free-
radical polymerization of methacrylates. It is therefore
important to include the inhibition reaction (eq 10) in
the kinetic mechanism for a more complete description
of the possible elementary reactions taking place during
polymerization. The reinitiation process of inhibited
chains is considered negligible. Finally, it was found048
that BPO may react with its own primary radicals or
primary radicals formed from the decomposition of the
amine to form also another primary radical CsHsCOO*
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and other inactive products. This reaction has been
included as eq 11 in the kinetic mechanism.

Material Balances. On the basis of the general
kinetic mechanism presented in eqs 2—11 for the free-
radical polymerization of multifunctional monomers,
detailed material balances for all the reacting species
can be written. These appear in Table 1. In this table,
molar balances are included for the two initiators
(peroxide and amine) used, the concentration of the
double bonds, the primary initiator (BPO and amine)
radicals, the active and trapped “live” macroradicals,
and finally the inhibitor. In this work, the two commonly
used assumptions of the quasi-steady-state approxima-
tion (QSSA) for the macroradicals and the primary
radicals are not employed. Furthermore, the long-chain
hypothesis (LCH) can be used for the calculation of the
double bond conversion. The system of eight coupled
ordinary differential equations appeared in Table 1 are
numerically integrated to give the time dependence of
all reacting species. Gear’'s method is used, which is
suitable for solving stiff sets of differential equations.
The change in all the kinetic rate constants during the
reaction is considered according to the diffusion equa-
tions presented in the next section.

Diffusion-Controlled Reactions

Termination and Propagation. Several models
have been proposed in the literature in order to quantify
the effect of diffusion on the mobility of reacting species
in a polymerizing system. In this study, the theoretical
equations developed by Achilias and Kiparissides,!®
considering also the correction proposed by Zhu et al.*®
and Litvinencko and Kaminsky,%° were used. Accord-
ingly, the final expressions for the termination and the
propagation rate constants are written as

1_1 1
ke kg A7N,rDp (12)
1_1 1

D (13)
k, K, A47NAr,Dy,

where ki and kyo are the true kinetic rate constants
for termination and propagation, respectively, ryand r,
represent the effective reaction radii for termination and
propagation, and finally, D, and Dy, denote the polymer
and monomer diffusion coefficients, respectively.

Furthermore, the primary radical concentration rate
constant, kg, was considered to be diffusion-controlled
in the same manner as ky,; therefore, an equation similar
to eq 12 was employed. This assumption is correct since
the diffusion-controlled characteristics of primary radi-
cal termination and propagation both depend on the
diffusion of a small molecule (i.e., primary radical or
monomer) in order to find a “live” macroradical and
react.

Initiation. Taking into account the effect of diffusion-
controlled phenomena on the initiation reaction, a
mathematical model had been developed previously.1®
Following this model, the final expression for the
initiator efficiency is expressed as

fo C
?—1—1-5' (14)

where fp is used to denote the initial initiator efficiency
factor, D, is the diffusion coefficient of primary radicals,

Polymerization of Dental Dimethacrylate Monomers 4257

and C is a lumped constant including geometrical
features of the cage in which the primary initiator
radicals are trapped and the initial initiation reaction
rate constant.

In eq 14, the effect of possible loss of primary radicals
through the recombination reactions is considered in fo.
When D, is very large (i.e., at initial monomer conver-
sions) then f is equal to fy, however when the mobility
of the primary radicals is hindered as the polymeriza-
tion precedes, the diffusion coefficient, D, is decreased
leading to decreased initiation efficiency. In this inves-
tigation it was assumed that the two efficiency factors
of the initiating reactions, i.e., those from primary
radicals formed from the decomposition of BPO and the
amine, f; and f,, respectively, were equal (f; = f, = f).
However, this assumption needs further examination.

Radical Trapping. The radical trapping rate con-
stant, ky, is assumed to depend on the fractional free
volume of the mixture Vs according to36

1
kb - kboe*}’b/Vf

(15)
where kyo is the preexponential factor and y;, is the
dimensionless activation volume which governs the rate
at which radical trapping increases as a function of
fractional free volume.36

Calculation of Reaction Radius. For the calcula-
tion of the radius of interaction for termination, r¢, the
so-called flexible-chain limit was adopted.5-52 According
to this approach, a polymer chain is characterized by
nodes of entanglement every jo monomer units (it is
these nodes that restrict the center of mass motion of
the chain as a whole), and then r; will be given by the
distance of the chain end from the node of entanglement
closest to it, i.e., r2 = j.a?, where j. is the entanglement
spacing and a is the root-mean-square end-to-end
distance per square root of the number of monomer
units. The radius of interaction of the propagation
reaction, rp, can be approximated by half the Lennard-
Jones diameter, o, of the monomer 5152 r, = ¢/2.

Calculation of Diffusion Coefficients. In this
study, all the diffusion coefficients were calculated using
the free-volume theory, which has been proven to be
adequate in describing diffusion-controlled phenomena
in free-radical polymerization.53=55 Several diffusion
models based on the free volume theory have been
proposed in the literature.® Among them the model of
Fujita®” has been employed in this work since it requires
a minimum number of parameters.56:58 Accordingly, the
diffusion coefficients of the small molecules (monomer,

Dm, and primary initiator radicals, D,) are expressed
as:56,57

Dy = Dyo exp(— {,—m) (16)
f

D, = DIOeXp(_ \V/_f) 17)

where Do and Djo are the preexponential factors
depending only on temperature and y, and vy, are the
corresponding overlapping factors, depending only on
the size of the diffusing molecule and not on the
temperature or on the polymer concentration. The
fractional free volume, Vj, is calculated in the subse-
guent section.
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To derive an equation for the polymer diffusion
coefficient Dp, two different physical phenomena should
be considered. The first is associated with the reduced
mobility of the center of mass of a reacting macroradical,
Dy, Which can be simulated using the free volume
theory, while the second is related to the so-called
termination by reaction—diffusion, Dy 4. D, can then be
calculated as

DP = Dp,d + Dp,rd (18)

the diffusion coefficient Dy q is calculated according to
the free volume theory, using an equation similar to eqs
16 and 17, as

DpO Yt
— exp|— — (29)
M,," Vi

Dp'd =

where Dy is a preexponential factor depending only on
temperature and y¢, the overlapping factor depending
on the size of the diffusion molecule. The exponent n in
eq 19 had been set equal to 2 according to the reptation
theory.1® However, in cross-linked systems, the polymer
diffusion coefficient is not considered to depend on the
molecular weight;20:2530 thus the value of n = 0 was
adopted in this investigation

According to the reaction—diffusion termination mech-
anism, when the polymer network is formed, radicals
suspended in the backbone polymer network are physi-
cally separated in space and they are unable to termi-
nate. However, eventually these radicals may move in
a close proximity and react by propagating through
monomeric or pendant double bonds. Thus, the propa-
gation reaction is a means for physical movement of the
radical. This termination mechanism has been proven
by several authors to be the dominant mechanism even
in highly cross-linked methacrylate systems.255259-60
Accordingly, the diffusion coefficient Dyq should be
proportional to the frequency of monomer addition to
the radical chain:255152

_2

Dp,rd - §

o’k [M] (20)

Fractional Free Volume. The fractional free volume
is the sum of the equilibrium fractional free volume, Vi
and the excess fractional free volume, V2025 Vi =
Vi« t Vie. The equilibrium fractional free volume of the
mixture is expressed as

Viw = Vim(1 — §0p) + Vi@ (21)
with
Vim = 0.025 + o, (T = Typ);
Vip = 0.025 + o, (T — Typ) (22)
and

x(1 —¢€)
(LI X€, (23)
Here, the subscripts m and p refer to monomer and
polymer, respectively, ¢, is the volume fraction of
polymer, T is the reaction temperature, Ty is the glass
transition temperature, o is the volume expansion
coefficient and ¢, is the volume contraction factor
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Table 2. Induction Time, Maximum Polymerization Rate,
Time at the Maximum Polymerization Rate, and
Maximum Double Bond Conversion for the
Polymerization of TEGDMA at 37 °C

BPO DMPOH induction Rpmax time (min)  Xmax
(m) (m) time (min) (x10%s71)  at Ry™ (%)
0.02 0.05 0 6.5 1.4 65
0.02 0.02 0.6 4.7 2.9 60
0.02 0.015 1.3 4.1 4.1 61
0.02 0.01 2.3 3.7 5.6 64
0.015 0.05 0.1 6.1 1.7 64
0.015 0.02 15 4.1 4.1 60
0.015 0.015 2.2 3.3 5.4 62
0.015 0.01 3.8 29 7.8 59
0.01 0.05 0.7 5.6 2.8 64
0.01 0.02 2.1 3.3 5.3 59
0.01 0.015 3 2.8 7.7 57
0.01 0.01 4.9 2.4 9.4 60

determined by €, = (vm — vp)/vm Where v is the specific
volume of every component.

The excess fractional free volume, Ve is added in the
fractional free volume of the system in order to take into
account volume relaxation effects.2%25 According to these
authors, Vi, is calculated using the equilibrium specific
volume, v, from:

v, =) (24)

€ Ve
Ve IS determined as a function of conversion, X, the
volume contraction factor, ¢, and the monomer specific
volume, vy, according to v..

The rate of change of the specific volume, v, is
considered proportional to the deviation from the equi-
librium specific volume and the proportionality constant
is characteristic of the system and inversely related to
the relaxation time, 7, so that20.25

dv _ —(v =)
= 25
dt T (25)

Finally, the free-volume dependence of the relaxation
time, 7, is calculated from 7 = C; + Cy,/Vs.

Results and Discussion

Results on the BPO/DMPOH-Initiated Polymer-
ization of TEGDMA. The induction time, the maxi-
mum polymerization rate, R,™®, the time to achieve
RpM%, and the maximum double bond conversion of all
the experiments carried out under different initial
initiator concentrations appear in Table 2. As the initial
initiator concentration is lowered, the induction time
is increased, meaning that at low initial initiator values
the primary radicals formed were scavenged by dis-
solved oxygen. The maximum polymerization rate val-
ues are increased following increased initial initiator
concentrations. It is noteworthy, however, that the
maximum double bond conversion, Xmax, is roughly the
same in all initial initiator concentrations, showing only
a slightly increased value at the higher initial initiator
concentrations. The average value for Xmax was 61%,
which means that the average number of double bonds
reacted per monomer is approximately 1.2.

Furthermore, simulation results from the mathemati-
cal model are compared to experimental data during the
full reaction rate vs time period. All the kinetic rate
constants and the physical parameters used to model
the BPO/DMPOH:-initiated polymerization of TEGDMA
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Table 3. Kinetic Rate Constants and Physical Properties for the BPO/DMPOH-Initiated Polymerization of TEGDMA

parameter ref parameter ref
kg = 3.5 x 1073 L/(mol s) 10 ym=0.7 this study
fo=1 48 y5=0.7 36
Kpo = 1500 L/(mol s) 66 y1 =041 36
kio = 3.5 x 106 L/(mol s) this study yi=2 this study
kit = kiz = kpo 31 am = 0.0005 K1 24, 36
Kepo = 1.0 x 108 L/(mol s) 30 ap = 0.000075 K1 24, 36
kpo =1 x 10710 1/s this study Tgm = —83.4°C 62
kz = 4.5 x 107 L/(mol s) 31 Tgp = 300°C 33
ki =5 x 108 L/(mol s) this study o =0.69 nm 19, 52
kealkp = 0.1 47 0=0.79 nm 19, 52
pm = 1.092 g/mL Aldrich jo=13 this study
pp = 1.239 g/mL 61 Dmo =5 x 1076 cm?/s this study
& =0.119 calcd Dpo = 40 cm?/s this study
[M]o = 7.636 mol/L caled C/IDjg=3 x 1074 this study
are listed in Table 3. Although the developed model 710"
requires a large number of parameters, most can be
determined independently of the reaction considered. 6x10*
The initiator decomposition rate constant, kq, had been
calculated for this initiator system in ref 10. For the ;; 5x10°
chain transfer to DMPOH rate constant, ks, a value >
reported for chain transfer of a methacrylate radical to ® “
N,N-dimethylaminoethyl methacrylate (i.e., kia’k, = 0.1) Dé 4x10
was adopted.*” The effect of this value on polymerization S
reaction rate was subsequently examined. The initial 8 3x10°
concentration [M]o was calculated on the basis of a @
monomer molecular weight of 286. For the relaxation € o10°
parameters, the values proposed in ref 19 (i.e., C; = —0.5 0_?
and C, = 0.01) were used. The monomer glass transition 4
S 1x10
temperature was set equal to —83.4 °C,52 which is very
close to a value reported recently (=85 °C) in the 0 I ‘ . . . . . ‘
literature.®® The polymer glass transition temperature 000 001 002 003 004

was taken from the literature.®® It should be noted here
that it is very difficult to measure the T4 value of 100%
polymer. Lu et al.* reported a T4 value of “completely
cured” TEGDMA as 135 °C. However, there is a mis-
conception in the phrase of “completely cured TEGD-
MA”. Allen et al.®5 also measured a value of T4 for
poly(TEGDMA) as 135 °C. However, they reported that
although the polymer was postcured at 150 °C until it
showed no residual exotherm during DSC tests, it could
not be driven to full cure. Using a separate technique
(proton enhanced/magic angle spinning NMR), they?®°
estimated the ultimate degree of TEGDMA curing to
be 88%. Thus, they concluded that this must be the
ultimate state of cure even though residual unsatura-
tion was determined. This was attributed to the fact
that the oligo(ethylene glycol) links are too short to give
the networks sufficient flexibility for all vinyl groups
to react. Therefore, we think that the theoretical value
reported in ref 33, which was estimated from extrapola-
tion to 100% conversion using experimental data at
different conversion levels and the free volume theory,
reflects better the polymer glass transition temperature.

Furthermore, the two principal parameters kp and
kto, governing mainly the polymerization rate, have to
be evaluated. To calculate the best possible values for
these parameters, the experimentally measured initial
reaction rate, Rpo, was used. The procedure that we
followed for the calculation of Ry is briefly discussed
next. The polymerization rate that was measured
experimentally at a given initial initiator concentration
was plotted vs double bond conversion. After approxi-
mately 0.6% conversion and until approximately 3—4%
conversion a straight line was observed in all conditions.
The slope of this line was determined and extrapolated
to zero double bond conversion, as shown in Figure 3.

Double bond conversion
Figure 3. Calculation of the initial polymerization rate Rpo.

Thus, the initial polymerization rate estimated refers
to zero double bond conversion. It should be noted here
that from a physical point of view R, at zero double bond
conversion should be zero (as it is shown also in Figure
3). However, since the free-radical polymerization rate
reaches a steady-state value after a short time period
we used these Rpo values in order to calculate the initial
propagation and termination rate constants. Theoreti-
cally, if Ry is calculated using the QSSA, just after the
inhibition period, assuming that the contribution of the
trapping radical and the primary radical termination
reaction is negligible, then the following equation is
obtained:

k
Roo = ﬁ«n + f ko) 2(1[AL)™  (26)

Initially, all the kinetic rate constants are constant.
Hence, by plotting the experimentally measured initial
polymerization rate as a function of the product
([110[A]0)*2 for different initial initiator concentrations,
a straight line should arise with a slope of kyo[(f1 + f2)ka/
(2k0)]¥2. As can be shown from Figure 4, all the assump-
tions made are correct leading to a very good straight
line (R = 0.999) with an intercept of —8 x 1077 and a
slope of 0.033 L/(mol s). If we keep the value obtained
for (f; + fy)kq in our laboratorly,'® then the following
value is obtained for kpo/(2ki)*? = 0.56 (L/(mol s))*2.
Lovell et al.5¢ had calculated experimentally kyo and kio
values for the photopolymerization of TEGDMA. If we
use the value for kyo that they proposed, i.e., 1500 L/
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Figure 4. Calculation of the true initial kinetic rate constants
kpo and ko using the initial polymerization rate vs the product
([1o][A0])¥? at several initial initiator concentrations.

(mol s), then we calculate a value for ki of 3.5 x 10°
L/(mol s) which is very close to the value that the above
authors had also proposed. Hence, these values for the
true propagation and termination rate constants were
used.

Finally, the overlapping y factor (y: and ym), as well
as the preexponential factors, Dyo, Dmo, Dio, and jc were
estimated in this study. The values of these parameters
were obtained by fitting the simulation model results
on polymerization rate and conversion, to the experi-
mental data at initial concentrations of BPO and
DMPOH equal to 0.015 m.

Having evaluated all the parameters, the differential
equations listed in Table 1, together with eq 25 were
numerically integrated using also the algebraic equa-
tions for the diffusion-controlled phenomena (eqs 12—
24). Figure 5 shows the predicted polymerization rate
vs time, compared with the experimental data of the
polymerization of TEGDMA at 37 °C obtained under
different initial initiator concentrations. As it can be
seen the parameters obtained using the initial equimo-
lar concentration of 0.015 m without any modification,
can equally well predict the experimental data for a
variety of equal or unequal initial initiator concentra-
tions. The value and location of the maximum rate of
polymerization are both reproduced to within a few
percent with just a slight underestimation of the
experimental data at the initial reaction times. As can
be seen from Figure 5, as the initial initiator concentra-
tion is increased, the inhibition time is shortened and
greater values for the maximum rate constant are
observed (see also Table 2). By integration of the
reaction rate, the double bond conversion with respect
to time can be obtained, which is plotted in Figure 6.
Again simulation results and experimental data are in
good agreement.

The effect of diffusion-controlled phenomena on the
polymerization rate is explained next, using the curves
showing the variation of the termination and propaga-
tion rate constants, as well as the initiator efficiency
during the reaction (Figure 7). The dashed lines are
used to distinguish between the different Kinetic regions
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Figure 5. Comparison of the experimental and simulated
polymerization rate vs time curves for TEGDMA polymeriza-
tion at 37°C and at several initial initiator concentrations.
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Figure 6. Comparison of the fractional double bond conver-
sion vs time simulation results to the experimental data
measured by DSC during the polymerization of TEGDMA at
37°C (initial initiator concentrations as in Figure 4).

encountered in the polymerization. The fact that au-
toacceleration takes place almost from the beginning of
the reaction is obvious from this figure, since k; retains
a constant value only for a very short conversion period.
During this period polymerization rate is almost con-
stant together with the active radical concentration
shown in Figure 8. In the conversion range 0.5—26%,
the termination of active radicals is diffusion-controlled,
since it involves the simultaneous diffusion and subse-
guently reaction of two macroradicals, which are hin-
dered to move. The termination rate constant falls
continuously, while k, and f remain almost constant. A
decrease in k; brings about an increase in the active
radical concentration, while the “trapped” radical con-
centration is still low (Figure 8). Consequently, the
primary initiator-amine radicals, A*, formed from the
chain transfer reaction (eq 9) are also increased. At a
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conversion for the BPO/DMPOH initiated polymerization of
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Figure 8. Active and trapped radical concentrations together
with primary BPO and DMPOH radical concentrations vs
double bond conversion for the polymerization of TEGDMA
(conditions same as in Figure 6).

certain point (around 26% conversion) a plateau in the
variation of k; appears that depicts the contribution of
the reaction—diffusion-controlled termination. At this
point termination occurs only by the implicit movement
of radicals through the propagation reaction. This
transition is obvious in the reaction rate profiles as the
maximum appearing in every curve. In this region the
drop of the termination rate constant slows down while
kp is still constant. This leads to a very slow increase of
the active radical concentration, while the initiator
efficiency starts to drop due to the decrease of the
primary radical diffusion coefficient. As a result, the
number of initiator primary radicals, which are able to
initiate new polymer chains, falls. At this stage, the
polymerization rate significantly drops. This is due to
the continuous reduction of double bonds through the
propagation reaction, while termination is almost con-
stant. In summary, at this stage, two physical phenom-
ena take place simultaneously: the initiator efficiency
starts to drop and the termination rate constant be-
comes reaction—diffusion-controlled. It should be noticed
here that the approximate 26% conversion where the
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maximum in the reaction rate appears in Figure 5, is
close to the 23% corresponding value observed in the
literature concerning the photopolymerization of DE-
GDMA .3 To include the reaction—diffusion term in their
model Bowman and co-workers?427:30.31 have used the
expression ky = Rkp[M]. If we use the parameter values
obtained in this approach for the polymerization of
TEGDMA, the corresponding value for R obtained is
approximately equal to 6. This value is very close to the
value of R = 5 that was experimentally observed by
Lovell et al .5 for the photopolymerization of TEGDMA.

As the polymerization proceeds, at double bond con-
version values around 50%, the mobility of monomer
molecules is hindered, and thus the propagation reac-
tion starts to fall, leading also to a second decrease in
the termination reaction, which is already governed by
the propagational movement. During this stage, the
initiator efficiency also significantly falls and thus the
concentration of both primary initiator radicals de-
creases. At this final stage, the radical trapping becomes
severe as the active radical concentration starts to drop.
This radical trapping and the diffusion-controlled propa-
gation cause the polymerization rate to decrease much
more rapidly than the rate, which can be accounted for
by the depletion of functional groups. At a certain point,
the systems glass transition temperature reaches the
reaction temperature and polymerization ceases.

Following this, the two elementary reactions included
for the first time in this study, concerning the chain
transfer to amine (eq 9) and the side reaction of BPO
(eq 11), are examined in relation to their effect on
polymerization rate and radical concentrations. The
effects of the chain transfer to amine rate constant, Ksa,
on the polymerization rate, active radical concentration,
and primary initiator-amine-radical concentration is
shown in Figure 9. As the chain transfer to amine
reaction is more pronounced (greater values for ki) the
active radical population is lowered due to their reaction
with the amine molecules. This also leads to lower
polymerization rate values, while the primary radicals
formed, A*, are increased. Also if ksa is set equal to zero
the primary amine radicals, A*, follow the same trend
with the primary BPO radicals; i.e., they are constant
until the time where the initiator efficiency drops where
they also decrease. If this chain transfer reaction occurs
to a great extent (approximately 5k, in this study), a
great decrease in the A* concentration is observed after
a constant value period. This is attributed to a great
consumption of the amine molecules and thus a loss of
one initiator before the end of the reaction, leading also
to less final conversion values.

Furthermore, the effects of the initiator side reaction
denoted with k;, on the polymerization rate, active
radical concentration and primary initiator-BPO-radical
concentration is shown in Figure 10. As this initiator
side reaction is more pronounced (greater values for k),
lowered polymerization rate values are obtained as a
result of also lowered active radical population concen-
trations. The primary initiator-BPO radicals exhibit also
lowered values. Since explicitly the I* concentration is
not influenced by this side reaction it is the reduction
in the initial initiator (BPO) molecules caused by the
greater extent of their reaction with the I* radicals, that
gives rise to the above observations. If this reaction
occurs to a great extent (approximately k; = 108 L (mol
s) in this study) a great decrease in the initiator (BPO)
molecules is observed with a corresponding decrease in
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Figure 9. Effects of the chain transfer to amine rate constant,
kia, 0N the polymerization rate (a), active radical concentration
(b), and primary DMPOH radical concentration (c) vs double
bond conversion for the polymerization of TEGDMA at experi-
mental conditions same as in Figure 6. Straight line: ki = 0.
Dashed line: ki = 0.1 K. Dotted line: ki = 1 k,. Dash—dotted
line: kia = 5 k.

I* concentration, leading to very low active radical
concentration and thus polymerization rate.

Results on the BPO/DMPOH-Initiated Polymer-
ization of Bis-EMA. Bis-EMA has a much greater
molecular size (540) compared to TEGDMA (286) and
therefore lower initial concentration of double bonds, so
the latter at equal degrees of conversion will exhibit a
higher density of cross-linking and will form tighter
networks. The induction time, the maximum polymer-
ization rate, R,™®, the time to achieve R, and the
maximum double bond conversion of all the experiments
carried out under different initial initiator concentra-
tions appear in Table 4. According to the comments
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Figure 10. Effects of the initiator side reaction rate constant,
ki, on the polymerization rate (a), active radical concentration
(b), and primary BPO radical concentration (c) vs double bond
conversion, for the polymerization of TEGDMA at experimen-
tal conditions same as in Figure 6. Straight line: k, = 0.
Dashed line: k; =5 x 10% L/(mol s). Dotted line: k; = 10 x
108 L/(mol s). Dash—dotted line: k; = 100 x 10° L/(mol s).

made in the case of the TEGDMA polymerization, an
increase in the initial initiator concentration leads to a
decrease in the induction time and of the time to achieve
the maximum polymerization rate, while the maximum
polymerization rate values are increased. The corre-
sponding values of the induction time and the time to
achieve Ry™#, obtained in Bis-EMA polymerization are
in general greater than those measured in TEGDMA.
Furthermore, the maximum polymerization rate and the
maximum double bond conversion always presented
lower corresponding values. The average value of Xmax
was 46%, which was also lower than the corresponding
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Table 4. Induction Time, Maximum Polymerization Rate,
Time at the Maximum Polymerization Rate, and
Maximum Double Bond Conversion for the
Polymerization of Bis-EMA at 37 °C

BPO DMPOH induction Rpmax time (min)  Xmax
(m) (m) time (min) (x10%s7!)  at Ry™ (%)
0.02 0.05 0.0 2.1 1.9 50
0.02 0.02 15 0.9 7.0 49
0.02 0.015 3.8 0.5 9.6 46
0.02 0.01 6.1 0.3 14.0 45
0.015 0.05 0.0 1.6 2.1 48
0.015 0.02 4.9 0.5 11.0 45
0.015 0.015 7.4 0.2 155 45
0.015 0.01 12.0 0.1 23.5 44
0.01 0.05 0.0 1.3 2.6 48
0.01 0.02 8.3 0.2 16.0 47
0.01 0.015 9.1 0.2 18.3 45
0.01 0.01 12.5 0.1 26.9 48

in the case of TEGDMA. In this case, the average
number of double bonds reacted per monomer is ap-
proximately 0.92. These observations could be attributed
macroscopically to the greater viscosity of the Bis-EMA
monomer (approximately 3 Pa s)% compared to the
TEGDMA (0.05 Pa s).52 As it is well-known, the viscosity
is a measure of the resistance of molecules to flow and
a high viscosity value is indicative of the presence of
intermolecular interactions. These interactions can
cause a decreased mobility of monomer molecules dur-
ing polymerization (lower polymerization rate) as well
as a decreased flexibility of the corresponding polymeric
network. From a microscopic point of view the lower
maximum double bond conversion observed in Bis-EMA
polymerization compared to TEGDMA can be well
explained using the monomer glass transition temper-
atures. Bis-EMA, due to the presence of the rigid
aromatic nuclei, exhibits higher Ty (=46 °C)®? than
TEGDMA (—83.4 °C).5? This higher monomer Tg brings
about a higher T of the polymerizing system. As is well-
known, the reaction ceases as the glass transition
temperature of the reacting system approaches the
polymerization temperature. Thus, it is the greater Ty
of the mixture that causes the polymerization to stop
earlier at lower degrees of double bond conversion.

In Figure 11, the polymerization rate vs conversion
observed from the polymerization of Bis-EMA is com-
pared to the corresponding values of the TEGDMA
reaction under two different initial initiator concentra-
tions. As it can be seen always the reaction rate values
obtained using TEGDMA are greater than those of Bis-
EMA. Also the final double bond conversion from
TEGDMA was higher than that of Bis-EMA, meaning
that the aliphatic chain of TEGDMA can more easily
move in space and thus reacts to a greater extent. The
same trend has been also observed and explained in the
photopolymerization of these two monomers.52

Furthermore, to compare the experimental data on
the BPO/DMPOH-initiated polymerization of Bis-EMA
to the simulation model results the model parameters
have to be evaluated. The kinetic rate constants and
the physical properties, which have been used in this
system, are listed in Table 5. The parameters related
to the initiators (kq, fo) and inhibitor (kz) were kept the
same as in the TEGDMA polymerization. Also the same
values were used for the primary radical termination
(Ktp), initiator side reaction (k;), and chain transfer to
amine (ksa) rate constants, as well as for y,. The initial
concentration [M]o was calculated on the basis of a
monomer molecular weight of 540. The monomer glass
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Figure 11. Comparison of the polymerization rates vs double
bond conversion between TEGDMA (straight line) and Bis-
EMA (dashed line) at initial initiator concentrations of BPO—
DMPOH: 0.015-0.05 (a) and 0.015—0.015 m (b).

transition temperature was set equal to —46 °C,52 which
is close to a value reported recently (=42 °C) in the
literature.53 For the polymer glass transition tempera-
ture, the same value with TEGDMA was used since
there was not anything else available in the literature.
Furthermore, Ky and ki were estimated in a similar
way to that reported in TEGDMA polymerization. By
plotting again the experimentally measured initial
polymerization rate as a function of the product
([110[Alo)Y2 for different initial initiator concentrations,
a straight line arose, providing thus the ratio Kpo/
(k)2 = 0.22 (L/(mol s))Y2. In the photopolymerization
of the same monomer, Cook?! reported a value of 0.2
(L/(mol s))Y2 for this ratio. However, still there exists
the problem of estimating the individual parameters for
kpo and kyo. Since we were not able to provide additional
experimental data and no corresponding values were
found in the literature, we assumed a value of 106 L/
(mol s) for ke and calculated kpo = 220 L/(mol s). This
assumption was made in order for ko to be of the same
order of magnitude as the corresponding value reported
for TEGDMA. However, this assumption needs further
examination.

Finally, the preexponential factors, Dpo, Dmo, and Djo
together with v and j. were calculated in this study.
The values of these parameters were obtained by fitting
the simulation model results on polymerization rate and
conversion, to the experimental data at initial concen-
trations of BPO and DMPOH equal to 0.02 m.

Having evaluated all the parameters, the differential
equations listed in Table 1, together with eq 25 were
numerically integrated using also the algebraic equa-
tions for the diffusion-controlled phenomena (egs 12—
24). Figure 12 shows the predicted polymerization rate
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Table 5. Kinetic Rate Constants and Physical Properties for the BPO/DMPOH Initiated Polymerization of Bis-EMA

parameter ref parameter ref
kpo = 220 L/(mol s) this study yi=1.7 this study
kio = 1 x 10° L/(mol s) this study ym=0.7 this study
Koo =1 x 1079 1/s this study yp=0.7 36
kepo = 1.0 x 108 L/(mol s) 30 =041 36
ki =5 x 108 L/(mol s) this study Tgm = —46°C 62
kialkp = 0.1 a7 Tgp = 300 °C 33
pm = 1.120 g/mL Aldrich je =365 this study
pp = 1.197 g/mL 61 Dmo =25 x 1076 cm?/s this study
& = 0.064 calcd Dpo = 3.8 cm?/s this study
[M]o = 4.15 mol/L caled C/Djp=5 x 1074 this study
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Figure 12. Comparison of the experimental and simulated

polymerization rate vs time curves for Bis-EMA polymerization
at 37°C and at different initial initiator concentrations.
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Figure 13. Comparison of the experimental data and simula-
tion results on the fractional conversion vs time for Bis-EMA
polymerization at 37°C (initial initiator concentrations as in
Figure 12).

vs time, compared with the experimental data of po-
lymerization of Bis-EMA at 37 °C obtained under
different initial initiator concentrations. As it can be
seen the parameters obtained in initial concentration
of 0.02 m without any modification can equally well

Double bond conversion

Figure 14. Termination (k) and propagation (k,) rate con-
stants, as well as initiator efficiency (f) vs double bond
conversion for the BPO/DMPOH initiated polymerization of
Bis-EMA. Initial initiator concentrations [BPO]o = [DMPOH],
=0.02 m.

predict the experimental data for a variety of equal or
unequal initial initiator concentrations. The variation
of the double bond conversion with respect time is shown
in Figure 13. Again simulation results and experimental
data are in very good agreement. On comparing the
polymerization rate curves obtained for Bis-EMA with
the corresponding for TEGDMA some critical differences
are visible which can be explained in a k¢, kp, and f vs
conversion plot (Figure 14). First of all the lower
polymerization rate is explained with lower initial
values in the propagation rate constant together with
the termination rate constant. Second the plateau
observed in the variation of k; (i.e., control of the
termination by the reaction—diffusion mechanism) cov-
ers a much more broad conversion region (from ap-
proximately 16% to 42%). This means that very early
the center of mass of radicals cannot easily diffuse in
space and termination occurs only through the addition
of monomeric double bonds to the active radicals.
Finally, the initiator efficiency, f, falls much more
abruptly and sooner during the reaction.

Conclusions

In this investigation, the Kinetics of the benzoyl
peroxide/amine-initiated free-radical cross-linking po-
lymerization of TEGDMA and Bis-EMA used as dental
materials were studied. The polymerization rate vs time
for several initial initiator concentrations was measured
using DSC. To simulate the polymerization reaction a
mathematical model was developed based on a detail
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elementary reaction mechanism (included initiation,
propagation, and termination reactions, as well as
primary radical termination, inhibition, radical trap-
ping, and secondary initiator chain transfer reactions).
Diffusion-controlled phenomena in the termination,
propagation, and initiation reactions were incorporated
into the model based on theoretical equations and the
free-volume theory. Theoretical simulation results were
in good agreement to the experimental data for all
different initial initiator concentrations. Finally, it
seems that TEGDMA having an aliphatic C—C chain
results in higher maximum double bond conversions and
polymerization rates compared to Bis-EMA, which is
more viscous and includes aromatic rings in the C—C
chain.
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