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Ö. PEKCAN, D. KAYA, M. ERDOǦAN
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ABSTRACT: The steady-state fluorescence (SSF) technique was used to study the poly-
merization rate in free-radical crosslinking copolymerization (FCC) of methyl methac-
rylate (MMA) and ethylene glycol dimethacrylate (EGDM). Pyrene (Py) was used as a
fluorescent probe for the in situ polymerization experiments. The increase in Py inten-
sity was monitored during FCC. The Stern–Volmer kinetic was employed to determine
the MMA consumption rate during gelation process for various EGDM contents and at
different temperatures. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 1907–1913, 2001
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INTRODUCTION

Free-radical crosslinking copolymerization (FCC)
has been widely used to synthesize polymer gels.
Several theories have been developed in the past
half century to describe gel formation in FCC,
among which percolation theory provides a basis
for modeling the sol–gel phase transition.1–3 Also
considered has been mean-field theory, another
type of theory, which includes statistical and ki-
netic theories based on “tree approximation.” The
statistical theories originated from Flory4 and
Stocmayer5 and assume equal reactivity of func-
tional groups and the absence of cyclization reac-
tions. The critical exponents in percolation theory
differ from those found in Flory–Stockmayer. In
FCC the formation of bonds building the network
can be described using differential equations,
with reaction time or monomer conversion as the
independent variable. The kinetic approaches can
take into account all the kinetic features of copo-

lymerization and crosslinking reactions, which
may suggest a more realistic approach to the
mechanism of the gelation process.6–9 Kinetic
models have been extensively used to describe the
relation during crosslinking process between the
molecular weight of the polymer and the conver-
sion or reaction time. In the classical kinetic the-
ory the rate constant is proportional to the prod-
uct of the number functional groups in each reac-
tant. Modification of this classical kinetic theory
has been done by using a rate constant that also
depends on the structural features of the reac-
tants.10

Organic fluorescent dyes can be used to study
local environments basically in two types of ex-
periments.11,12 When the dye is simply added to
the system as a small molecule, it is referred to as
a probe, which is available commercially. As a
consequence, such experiments are easy to carry
out. If a particular experiment allows the dye to
be attached covalently to a specific component of a
system such as a polymer chain segment, such a
dye is referred to as a label. The question can be
raised that the presence of the dye perturbs the
system or perturbs its own local environments in
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the system. Perturbations are most common
where a high dye concentration leads to aggrega-
tion and in crystalline systems where the order in
the system can be affected by the dye. Perturba-
tions are much less likely when the fluorescent
dye is incorporated into an amorphous fluid or
glassy phase.

The steady-state fluorescence (SSF) technique
was employed to study isotactic polystyrene in its
gel state. Pyrene derivative was used as a fluo-
rescent molecule in order to monitor the polymer-
ization, aging and drying of aluminosilicate
gels.13 These results were interpreted in terms of
the chemical changes occurring during the sol–
gel process and of the interactions between the
chromophores and the sol–gel matrix. We reporte
here in situ observations of the sol–gel phase
transition in free-radical crosslinking copolymer-
ization using the SSF technique.14–20

This article details the quenching properties of
the excited state of the Py molecule that was used
to study monomer consumption in free-radical
crosslinking copolymerization of MMA. The rates
of polymerization were determined at different
temperatures and for various crosslinker con-
tents. Activation energy for the FCC was deter-
mined and found to be 15 kcal mol21.

Theoretical Considerations

Fluorescence Quenching

It is known that the fluorescence intensities of
aromatic molecules are affected by both radiative
and nonradiative processes.21 If the possibility of
perturbation because of oxygen is excluded, the
radiative probabilities are found to be relatively
independent of the environment and even of the
molecular species. Environmental effects on non-
radiative transitions that are primarily intramo-
lecular in nature are believed to arise from a
breakdown of the Born–Oppenheimer approxima-
tion.22 The role of the solvent in such a picture is
to add the quasi-continuum of the states needed
to satisfy the energy resonance conditions. The
solvent acts as an energy sink for the rapid vibra-
tional relaxation that occurs after the rate-limit-
ing transition from the initial state. Years ago
Birks et al. studied the influence of solvent vis-
cosity on the fluorescence characteristics of
pyrene solutions in various solvents and observed
that the rate of monomer internal quenching is
affected by solvent quality.23 Weber et al. re-
ported the solvent dependence of energy trapping

in phenanthrene block polymers and explained
the decrease in fluorescence yield with the static
quenching, caused by the solvent-induced trap-
ping states.24 A matrix that changes little with
temperature enables the study of the molecular
properties themselves without changing environ-
mental influence. Poly(methyl methacrylate)
(PMMA) has been used as such a matrix in many
studies.25

Emission of fluorescence is the radiative tran-
sition of an electronically excited molecule from
its singlet excited state to its ground state.11,12

Fluorescence quenching normally refers to any
bimolecular process between the excited singlet
state of a fluorescent dye and the second species
that enhances the decay rate of the excited state.
This process can be schematically represented as

F*O¡
kf, knr

F

F*O¡
kq@Q#

F

where F and F* are the fluorescent molecule and
its excited form, respectively; Q is the quencher;
and kf, knr, and kq are the fluorescence, nonradia-
tive, and quenching rate constants, respectively.
Many types of processes lead to quenching. Kinet-
ically, the quenching process can be divided into

Figure 1 A typical fluorescence emission of Py (a)
before and (b) after FCC of MMA in the presence of
AIBN (0.26 wt %). Py molecules are excited at 345 nm.
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two main categories: dynamic and static. In dy-
namic quenching, diffusion to form an encounter
pair during the excited-state lifetime of the dye
leads to quenching. In static quenching diffusion
does not occur (an area outside the scope of the
current study). Dynamic quenching is most likely
to occur in fluid solution, in which the dye or
quencher is free to move. If the quenching rate
can be characterized in terms of a single rate
coefficient (kq) and the unquenched decay rate of
F in terms of a unique lifetime, t0, then the
quenching kinetics will follow the Stern–Volmer
equation as follows

I0

I 5 1 1 kqt0@Q# (1)

where [Q] is the quencher concentration and I and
I0 are the fluorescence intensities in the presence
and absence of the quencher, respectively. This
equation requires that the collection of fluores-
cent probe decay occur according to monoexpo-
nential decay law and that quenching interac-
tions occur with a unique rate constant, kq.

Kinetic Model

The first step in free-radical polymerization is
decomposition of the initiator molecule with the
rate constant ki into two species carrying un-
paired electrons called free radicals. A free radical
can then react to open the double bond of a vinyl
monomer and add to it, with one electron remain-
ing unpaired. In a very short time, usually a few
seconds or less, many more monomers add suc-
cessively to the growing chain with the propaga-
tion rate constant, kp. Finally two radicals react
to end each other’s growth activity and form one
or more polymer molecules.26 This bimolecular
process is called termination reaction and is iden-
tified with the rate constant kt. During free-radi-
cal crosslinking copolymerization (FCC), the ad-
dition of divinyl monomers to the growing chain
results in the formation of polymer molecules
with reactive sites, called pendant vinyl groups.
These reactive sites on polymer chains offer the
possibility of forming polymer gels, chemical
structures of macroscopic dimensions. The rate of
consumption of monomer is usually called the
rate of polymerization and is given by the follow-
ing equation

d@M#

dt 5 2
kpki

1/2

kt
1/2 @M#@I#1/2 (2)

Figure 2 Plots of normalized fluorescence intensity,
I, against gelation time, t, during FCC of MMA in bulk
at various temperatures. Time drive mode of the spec-
trometer was employed, and the maximum intensity
peak at 395 nm was monitored for data collection.
Numbers above the curves indicate the polymerization
temperatures in degrees Celsius.

Figure 3 Plots of normalized Py intensity against
gelation time during FCC of MMA in bulk at 70°C for
various EGDM contents, listed in percent. Numbers
above each curve indicate the EGDM content.
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which is applied only under steady-state condi-
tions, where [M] and [I] are, respectively, the
concentration of monomer and of initiator. Often
the rate constant for initiation, ki, is large, and
only a small propagation of the initiator breaks
down into radicals, which means [I] stays con-
stant during the polymerization process and eq.
(2) can be written as

d@M#

dt 5 2kr@M# (3)

where kr is the composite rate constant. The so-
lution of the eq. (3) produces the relation for the
monomer consumption as follows:

@M# 5 @M0#exp~2krt! (4)

where [M0] is the concentration of monomer at t
5 0.

EXPERIMENTAL

In this work we monitored the FCC of methyl
methacrylate (MMA) by using an in situ steady-
state technique in which two types of experiments
were performed. In the first the FCC processes
were carried out separately at 50°C, 55°C, 60°C,

65°C, and 70°C and monitored against gelation
time, t. In the second type of experiment, FCC
processes were performed separately at 70°C in
EGDM contents of 0.005%, 0.001%, 0.015%, and
0.025%. The radical polymerization of MMA was
performed in bulk in the presence of 2,29-azobi-
sisobutyronitrile (AIBN) as an initiator. The
monomer, MMA (Merck), was freed from the in-
hibitor by shaking with a 10% aqueous KOH so-
lution, washing with water, and drying over so-
dium sulfate. It was then distilled under reduced
pressure over copper chloride. The initiator,
AIBN (Merck, Germany), was recrystallized twice
from methanol. Pyrene (Py) was used as a fluo-
rescent probe to detect the FCC process, in which
MMA acts as a quencher for the excited Py during
polymerization. The later formation of bulk

Figure 4 Plots of [MMA] consumption against gela-
tion time at (a) 50°C, (b) 60°C, and (c) 70°C.

Figure 5 Logarithmic plots of [MMA] versus (tg 2t0)
for the samples polymerized at (a) 50°C, (b) 60°C, and
(c) 70°C.
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PMMA provided an ideal, unchanged environ-
ment for the excited Py molecules. Naturally,
from these experiments a substantial increase
was expected in the fluorescence intensity, I, of Py
at a certain time interval.

AIBN (0.26 wt %) was dissolved in MMA, and
this solution was divided and transferred into a
round quartz cell with a 10-mm internal diameter
in order to make fluorescence measurements. All
samples were deoxygenated by bubbling nitrogen
for 10 min, and then radical polymerization of
MMA was performed in the fluorescence acces-
sory of the spectrometer. The Py molecule was
excited at 345 nm during the in situ experiments,
and variation in fluorescent emission intensity, I,
was monitored with the time-drive mode of the
spectrometer by staying at the 395 nm peak of the
Py spectra. In situ steady-state fluorescence mea-
surements were carried out using a Model LS-50
spectrometer (PerkinElmer) equipped with a tem-
perature controller. All measurements were made
at a position of 90° with slit widths kept at 4 nm.

RESULTS AND DISCUSSION

Typical Py spectra before and after gelation are
shown in 1. No shift was observed in the wave-

length of the maximum intensity of Py, and all
samples maintained their transparency during
the polymerization process. Normalized Py inten-
sities, I, versus gelation time are plotted in Figure

Figure 6 Plots of kr(T)versus temperature (T) for the
samples polymerized at 50°C, 55°C, 60°C, 65°C, and
70°C.

Figure 7 Logarithmic plots of kr(T) versus T21 for
the samples polymerized at 50°C, 55°C, 60°C, 65°C,
and 70°C. The activation dE produced from the slope of
the best fitting lines is 15 kcal/mol.

Figure 8 Plots of [MMA] consumption against gela-
tion time at (a) 0.005% EGDM, (b) 0.015% EGDM, and
(c) 0.025% EGDM.
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2 for samples polymerized at elevated tempera-
tures. Figure 3 presents the behavior of I against
gelation time for various EGDM contents at 70°C.
In Figures 2 and 3 it can be seen that all curves
present a sudden increase at a given temperature
and/or EGDM content, then reach a later equilib-
rium. These results can be explained by assuming
that the Py intensity, I, increases as polymeriza-
tion propagates. In other words, as monomer con-
sumption increases because polymerization, Py
molecules start to be trapped in the rigid PMMA
environment; as a result, I increases.

In order to quantify these results, a Stern–
Volmer type of quenching mechanism was pro-
posed for the fluorescence intensity of Py during
the gelation process in which eq. (1) can be em-
ployed as

@MMA# 5

SI0

I 2 1D
kqt0

(5)

Here it is assumed that MMA is the only
quencher for the excited Py molecules. t0 5 200 ns
was chosen for the unquenched environment
where the gelation has completed and the ideal
solid network has been reached. By knowing the
[MMA0] value as 9.4 M, kq is measured before the
polymerization is started and found to be 1.1
3107 M21 s21. Using the kq value and the I/I0
values from Figure 2 during the gelation process
at various temperatures, [MMA] values are ob-
tained from eq. (5) and plotted versus (tg 2 t0) in
Figure 4. Here t0 is the onset of gelation time,
which corresponds to the [MMA0] value. MMA
consumption curves in Figure 4 obeys the relation
in eq. (4), which are fitted and plotted in Figure
5(a–c) for the gelation temperatures of 50, 60, and
70°C, where the slope of the linear relation pro-
duce the composite rate constant, kr. The pro-
duced kr values are plotted versus temperature in
Figure 6, where it can be seen that as tempera-
ture is increased, kr values increase, which pre-
dicts that the following Arhenius relation has to
be satisfied:

kr~T! 5 kroe2~DE/kT! (6)

Figure 9 Logarithmic plots of [MMA] versus (tg 2 t0)
for the samples polymerized at (a) 0.005% EGDM, (b)
0.015% EGDM, and (c) 0.025% EGDM.

Figure 10 Plots of kr(E) versus percent EGDM for the
samples polymerized at 0.005% EGDM, 0.015% EGDM,
and 0.025% EGDM.
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where DE is the activation energy for monomer
consumption and k is the Boltzman constant. This
equation is fitted to the data in Figure 6, and the
result is given in Figure 7, where the slope of the
curve produces a DE value as 15 kcal/mol, which
is consistent with the value obtained in the liter-
ature.16

The I/I0 values in Figure 3 are use to produce
MMA values at various EGDM contents by using
eq. (5), values that are plotted against gelation
time in Figure 8. These curves obey the relation-
ships in eq. (4), which are fitted and plotted in
Figure 9(a–c) at various EGDM contents. The
slope of the linear relation in Figure 9 produces
the kr(E) values, which are presented in Figure
10, where it can be seen that as EGDM is in-
creased, kr(E) increases according to following re-
lation:

kr~E! 5 kr0 1 b~EGDM! (7)

where kr0 and b are the related rate constants.
From this it can be concluded that eq. (7) has to be
included in the kinetic modeling for the polymer-
ization of MMA and EGDM.
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