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Abstract

A novel method based on the steady state fluorescence technique was used to study the sol—gel transition in the free radical crosslinking
reaction between styrene (St) and divinyl benzene (DVB) with 2,2'-azobisisobutyronitrile (AIBN) as initiator. N-(4-(pyrenyl methylene)-oxy-
carbonyl phenyl)maleimide (Py-MI) was used as a fluorescence probe. The possible enchainment of Py-MI in alternating sequences occurred
randomly in polymer clusters produced modifications in the fluorescence spectra, namely the shift at the higher wavelengths due to the excimer
formation. The fluorescence spectra of Py-MI’s excimers allowed both to monitor the sol—gel transition and to test the critical exponents as
function of co-monomer’s concentration. The gel fraction exponent  and the weight average degree of polymerization exponent y agreed
best with the static percolation values. Although this technique was applied for St—DVB co-polymerization, it may be generalized for the other
monomers that are able to bind chemically to Py-MI monomer during the polymerization.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Even though the sol—gel transition is not a phase transition
in the thermodynamic sense, being a geometrical one, it be-
haves like a second order phase transition and constitutes a uni-
versal class by itself. An exact explanation for the sol—gel
transition was first given by Flory and Stockmayer [1,2] by
considering a special lattice, the so-called Bethe lattice, on
which closed loops were ignored. Another approach to the
problem is the lattice percolation model [3,4] where mono-
mers are thought to occupy the sites of a periodic lattice.
A bond between these lattice sites is formed randomly with
probability p. For a certain bond concentration p., defined as
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the percolation threshold, the infinite cluster is formed in
the thermodynamic limit. This cluster is called the gel. The
polymeric system is in the sol state below the percolation
threshold, p..

The predictions of these two theories about the critical
exponents for the sol—gel transition are different from the
universality point of view. For example, the weight average
degree of polymerization DP,, (or average cluster size, S) and
the gel fraction G, near the gel point, are defined as,

DPw“(Pc_P)ﬂ» p_)p(? (1)

Go(p—po)’, p—p! (2)

where the classical Flory—Stockmayer theory considers v and
§ exponents, independent from the dimensionality of the
space, v = (=1, while the percolation studies based on
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computer simulations give v and § around 1.7 and 0.43, re-
spectively, in three-dimension [3—8].

One would like to measure the values of the critical expo-
nents with sufficient accuracy to determine their universality
class and to verify that they indeed have the classical or the
nonclassical values (for percolation, computed from series ex-
pansions and Monte Carlo studies as well as renormalization
theory). But, due to the experimental difficulties and the differ-
ent nature peculiar to the monomers of each kind no general
procedure has been found, so far, for measuring the scaling
behavior at the sol—gel transition, except for recent studies
on the acrylamide polymerization [9]. Therefore, the results
of classical and percolation theories have not been tested ade-
quately for different kinds of polymer with real experiments.

Experimental techniques used for monitoring this transition
must be very sensitive to the structural changes, and should not
disturb the system mechanically. Preferably, one should have
more than one quantity measured in the gelation experiments.
Then, one can fix p. from the best fit of data and use the same
p. for the other properties [3], if the gel point is not known
accurately. If the gel point is known, in the experimentally
reasonable limits, and if one has the chance of measuring
more than one quantity in a single experiment, the reliability
of exponents corresponding to measured physical quantities
would increase greatly [3,9].

The fluorescence technique is particularly useful for eluci-
dation of detailed structural aspects of the gels. This technique
is based on the interpretation of the change in anisotropy,
emission and/or excitation spectra, emission intensity, and
viewing the lifetimes of injected aromatic molecules to mon-
itor the change in their microenvironment [10—13]. Due to
these special features, fluorescence spectroscopy has provided
some of the most sensitive and selective methods of analysis
for many compounds, typically in the fields of chemistry, biol-
ogy and medicine [14,15].

The applications of fluorescence and phosphorescence
spectroscopy as tools to study synthetic polymers have grown
in number and scope over the last decades. Originally modeled
after studies in biological sciences, these techniques were
applied first to study hydrophobic synthetic polymers labeled
with hydrophobic dyes [16]. Under these circumstances it
could be argued with confidence that, a dye, grafted in small
amounts along a macromolecule, would not modify substan-
tially the solution or bulk properties of the material.

Fluorescence probes based on chromophores of different
types are widely used for monitoring various processes and
functions on a microscopic level [17,18]. Pyrene was the first
aromatic hydrocarbon shown to exhibit excimer formation in
solution [19]. Pyrene itself and its derivatives have earned rep-
utation as versatile fluorescence probes for monitoring of pho-
tophysical and photochemical processes in various complex
systems as micelles [20,21], polymers [22,23], gels [9,24—
31,32] and biological structural units as vesicles and cells [33].

All parameters, which are sensitive to the change of the en-
vironment, might be used for this purpose. These compounds
become chromophores of choice for this application because
of the dependence of their vibrational structure on polarity,

ability to form homo- and hetero-dimers in the excited state
(excimers, exciplexes), and their long lifetimes in non-polar
media (ca. 400 ns). Pyrene has been used successfully to probe
the polarity of the medium during gelation [34,35] since the
vibronic structure of the fluorescence spectrum is dependent
on the environment [36].

By using tethered-pyrene compounds as probes of local or-
ganization and dynamics, characterization of oxidized gold,
ITO and quartz substrates was reported [37]. The substituted
pyrene derivatives were chosen because this chromophore
exhibits ‘““polarity”’-dependent changes in its linear optical
response that are mediated by dipolar coupling between its
S; and S, excited states and the immediate environment. The
S, S and S; < S electronic transitions in pyrene are polar-
ized nominally perpendicular to one another, and the extent to
which the local environment couples the coordinates spanned
by b3g vibrational modes determines the observed perturba-
tion to the chromophore linear response. For substituted
pyrene compounds, the presence of constituent(s) serves to
break the symmetry of the chromophore, but the extent to
which the excited electronic states are coupled is still deter-
mined to a significant extent by the chromophore local envi-
ronment. We have observed that the local environment of
several substituted pyrene derivatives mediates the optical
response by altering the extent of vibronic coupling between
the S1 and S2 manifolds (vide infra) [9,38].

A recent work which used pyranine as a fluorescence probe
[9] is of great importance in connection with the new experi-
mental methods developed for determining the critical
exponents at the sol—gel transition of acrylamide-N,N'-meth-
ylenebis (acrylamide) crosslinking polymerization. In this sys-
tem the probe molecules bind to acrylamide polymer chains
during polymerization, and fluoresce at different wavelengths
when they bind to polymer chains. But, the probe used in this
study [9] could not be generalized for other kind of polymers
due to its incapability of binding to other kind of monomers.

In the present study we introduce a method for monitoring the
sol—gel transition and measuring critical exponents around the
critical point of St—DVB crosslinking co-polymerization. Here,
Py-MImolecule was used as fluoroprobes. It binds chemically to
St—DVB system like a monomer in an alternating sequence in
parts of the polymer clusters, and produces modifications in
the fluorescence spectra due to the excimer formation.

2. Experimental part
2.1. Materials

1-Pyrene aldehyde, NaBH, (Aldrich) were used as
received. Maleic anhydride (Aldrich) was sublimated before
use. Acetic anhydride (Merck) and p-aminobenzoic acid
were used without further purification. Thionyl chloride and
St (Fluka) were distilled just before use. The solvent, tetrahy-
drofuran (THF) (Merck) was distilled twice over sodium.
The initiator AIBN (Merck), was recrystallized twice from
methanol. DVB (Merck) was shaken with 5% NaOH, washed
with water, dried with anhydrous CaCl,, and finally distilled
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under reduced pressure. Purity was checked by gas chromatog-
raphy. Various batches of DVB solution were used. Batch
analyses ranged between 50 and 60% DVB isomers (m-DVB:
p-DVB ratio 3.2—3.25:1), the rest being ethylstyrene.

2.2. Synthesis of the intermediates and maleimide
monomer

2.2.1. Synthesis of 1-pyrenyl methanol

This intermediate was synthesized by a reduction reaction
starting from 1-pyrene aldehyde as was reported [39].

'"H NMR (CDCl3) (6, ppm): 8.27—7.93 (m, 9H, pyrenyl),
5.29 (s, 2H, CH,), 2.21 (s, broad, 1H, OH).

IR (cm™"): 3200—3600 (broad) (OH), 1005 (C—OH).

2.2.2. Synthesis of 4-maleimidobenzoic acid

This was synthesized by the condensation reaction of maleic
anhydride with p-aminobenzoic acid followed by cyclode-
hydration using acetic anhydride and sodium acetate according
to a literature procedure [40].

Yield 85%; mp. 234 °C (mp. (lit. [37]) 244 °C); IR (cm™'):
3460—3200 (COOH); 3105-3100 (=CH); 1720 (O=CNC=
0); 1610 (C=C); 1217 (C—0); 820 (phenyl); 720 (cis
CH=CH).

2.2.3. Synthesis of 4-maleimidobenzoic acid chloride
This was synthesized according to a literature procedure [40].
Yield 73%; mp. 157—158 °C (mp. (lit. [37])168—169 °C);
IR (cm™"): 1770 (COCI); 1715 (O=CNC=0); 1600 (C=C);
700 (cis CH=CH).

2.24. Synthesis of N-(4-(pyrenyl methylene)-oxycarbonyl
phenyl)maleimide (Py-MI)

Pyrene-maleimide (Py-MI) monomer was synthesized start-
ing from 4-maleimidobenzoic acid chloride and 1-pyrenyl
methanol by a Schotten—Bauman type reaction, using a proce-
dure similar to thienyl-containing maleimide [41].

Yield 87%; mp. (DSC) =191—192 °C.

'"H NMR (DMSO-d;) (ppm): 8.5—8.03 (m, 11H, pyrenyl-
H + Ar-H ortho to CO); 7.54—7.45 (d, 2H, Ar-H, ortho to
N), 7.22—7.18 (s, 2H, double bond maleimide), 6.14-6.04 (s,
2H, CH,).

2.2.5. Synthesis of St—DVB crosslinked gels in the presence
of Py-MI probes

Gels were prepared by using various amounts of St, Py-MI,
DVB and AIBN, by dissolving them in THF (solution poly-
merization, see Sample 1 in Table 1) or in the bulk form
(bulk polymerization, i.e., no solvent was added to the samples
where St acts as solvent for Py-MI, DVB and AIBN, see
Samples 2—4 in Table 1). All samples were deoxygenated
by bubbling nitrogen for 10 min, just before the polymeriza-
tion process. Having prepared the pre-polymer samples each
shown in Table 1, they were kept at 70 °C in sample holder
of the fluorescence spectrometer, and fluorescence and light
scattering experiments (turbidity measurements) were per-
formed during the polymerization.

Table 1
Chemical compositions of the samples used for sol—gel transition and the
estimated values of y and 8 exponents for the ratio C*/C ™

Sample Reaction conditions femim+o1 C vy B

Styrene  Py-MI DVB  THF ¢
(mmol) (umol)  (pumol)  (ml)
1 8.7 2.0 0.14 3.0 41 2.7 0.6 0.52
35 0.52
43 0.52
10 0.52
1.0 1.00
2 17.4 8.1 0.28 0 20.3 2.7 1.8 0.46
35 0.46
43 0.46
10 0.40
1.0 0.90
3 13.1 8.1 0.21 0 25.9 27 1.8 047
35 0.47
43 0.50
10 0.43
1.0 0.90
4 8.7 11.6 0.14 0 73 2.7 0.6 043
35 0.43
4.3 0.38
10 0.35
1.0 1.00
5 8.7 21.0 0.14 0 9.3 2.7 1.8 0.30
35 0.30
43 0.25
10 0.15
1.0 0.80
6 8.7 271.0 0.14 0 38 2.7 1.8 0.54
35 0.54
43 0.36
10 0.30
1.0 1.05

4 All experiments were performed at 70 +2 °C.

2.3. Measurements

The fluorescence and scattered light intensity measurements
were carried out using the Model LS-50 spectrometer of Per-
kin—Elmer, equipped with a temperature controller. The concen-
trations of the chromophore, Py-MI, used in pre-polymer solutions
were in trace amounts as seen from Table 1. All measurements
were made at 90° position and slit widths were kept at 5 mm.
Py-MI was excited at 345 nm during steady state fluorescence ex-
periments (SSF), and variation in the scattered light at 345 nm,
fluorescence spectra and emission intensity of the Py-MI were
monitored simultaneously as a function of gelation time.

3. Results and discussion

3.1. Fluorescence characteristics and binding process
of Py-MI to St monomers

In the first part of this work, fluorescence characteristics of
Py-MI monomer and the binding process of Py-MI to St were
studied.

Fig. 1 shows the molecular structure, excitation and
emission spectra of Py-MI dissolved in THF at different
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Fig. 1. Molecular structure (a) and excitation/emission spectra of Py-MI solution in tetrahydrofuran (THF) (b). E: the excitation spectrum of Py-MI; L: the emission
spectrum of Py-MI at low concentration; H: the emission spectrum of Py-MI at high concentration.

concentrations. In the case of dilute solutions, only the peak
around 390 nm is observed. This peak corresponds to Py
monomer spectra [25,42—47]. For high concentration of Py-
MI an excimer peak appears around 480 nm [42—47].

To examine the polymerization process of St with Py-MI
with varying initial concentrations of St and Py-MI molecules,
both fluorescence and NMR measurement were performed on
these samples after the polymerization processes were com-
pleted. NMR measurements showed that if the initial ratio of
[Py-MI]/[St] in the pre-polymerization samples is close to
unity, the percentage of the St and Py-MI molecules on the re-
sulting polymer chains are close to each other. But, when this
ratio is decreased below unity, the percentage of the Py-MI
molecules on the polymer chains decreases.

Fluorescence spectra for three linear polymer samples dis-
solved in THF are compared in Fig. 2. As the initial ratio of
[Py-MI]/[St] is decreased the maximum intensity corresponding
to the excimer peak decreases, indicating that the number of
Py-MI pairs on the polymer chains leading to the excimer for-
mation decreases. The fact that the peak corresponding to the
monomer emission (around 390 nm peak) was also observed
in Fig. 2 together with the excimer emission (480 nm peak) in-
dicates that the Py-MI monomers both constitute some alternat-
ing parts of sequences and distributed randomly far-off the
others along the polymer chains. The excimer spectra come
from the alternating parts (paired Py’s), and monomer spectra
come from the randomly distributed Py-MI monomers (un-
paired Py’s). Fig. 2 also shows that the probability of forming
the alternating sequence, as observed by NMR measurements,
increases as the initial ratio of [Py-MI]/[St] is increased.

These observations clearly indicate that Py-MI could be used
as a probe such that it is able to make excimers in alternating
sequences. These alternating sequences should distribute over
the gelling system as parts of the polymer clusters. In the

following section, we will show that these excimer forming
fragments monitor the weight average cluster size and gel
fraction around the sol—gel transition of the system under
consideration.

3.2. Gelation experiments

In this part of the work, St—DVB co-polymerization (gela-
tion) experiments were performed with varying amounts of
Py-MI as seen in Table 1.
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Fig. 2. Fluorescence spectra from the linear polymer samples, including alter-
nating Py-M and St contents. The numbers on each curve indicates [Py-M]/
[St] ratio on the polymer chains calculated by NMR measurements.
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Fig. 3. Fluorescence spectra registered during gelation of Py-MI with St and
DVB. Numbers on each curve indicate the corresponding reaction times.

Fig. 3 shows an example for the variation of the fluores-
cence spectra registered during gelation of St and DVB in
the presence of Py-MI. As seen from Fig. 3 upon the initiation
of the polymerization a new peak first appears around 480 nm
due to excimer formation of the Py’s on the MI groups, and the
intensity of this peak increases (more rapidly compared to the
increase in the monomer emission intensity) during the gela-
tion process. Increase in the intensities of both excimer and
Py-MI monomer peaks during the polymerization is due to
both the increase in the excimer formation during polymeriza-
tion and the increase in the local viscosity around the Py-MI
molecules both free in the sample cell or bonded to the poly-
mer chains so as to be far-off the other Py-MI molecules.

Fig. 4 shows typical changes in the excimer and monomer
fluorescence intensities, and scattered intensity of excited light
at 90°, as a function of the gelation time of the St—DVB cross-
linking co-polymerization. When a critical time ¢, is reached
the samples start to form bulky materials insoluble in any sol-
vent; the gel. At the end of the reaction time the samples turn
to the glassy or rubber-like gel samples depending on the ini-
tial composition of monomers. The sample including THF
content (see Sample 1 in Table 1) turns to the rubber-like
gel sample, and the others which do not include THF (see
Samples 1—3) to the glassy materials.

Before discussing the position of the gel point, p., here we
would like to argue that the excimer intensity is directly pro-
portional to the average cluster size of the polymers below the
gel point, and the gel fraction (when the intensity from the
small clusters is subtracted from the total intensity) above
the gel point. This proportionality can easily be proven by
using the similar arguments as discussed previously [9], using
a lattice model [3,4] where monomers occupy the sites of an
imaginary periodic lattice.

100

Fluorescence Intensity (arb. unit)

2 4 6 8 10 12 14 16
Time (min)

Fig. 4. Typical fluorescence intensities of the Py-M during the gelation process
of St/Py-MI/DVB crosslinking co-polymerization. Squares, circles and triangles
represent the maximum intensities corresponding to excimer, monomer peaks,
and scattered intensity, respectively. The solid lines are given to guide the eye.

The probability, w; that the cluster (the group of the mono-
mers that are connected to each other) to which an arbitrary
occupied site (monomer) belongs contains exactly s sites
(s number of monomers) is [3,4],

Ng*S

X
> ng-s
N

Wy =

3)

where n; is the number of s-cluster (number of clusters each
including s monomers) per lattice site (or monomer). Thus,
the average cluster size, S (or weight average degree of poly-
merization, DPy, in polymer language) is calculated by the
following relation [3—6].

SZw.ysZn—xisz (4)

Now, let N, be the number of Py-MI molecules in the sam-
ple, Ny be the number of St molecules, and N,, the total
number of the other molecules (DVB, AIBN, THF) except for
Py-MI and St. Thus, the total lattice site, N = Nj, + Ng + Np,.

The probability, P, that arbitrary two Py-MI molecules
form an alternating sequence with an St molecule can be cal-
culated as

)

This simple alternating part, (Py-MI)-St-(Py-MI), which
will be called a “pyrene-pair”’, is the main unit of the excimer
forming parts of the polymer chains,

The probability, Py, that a pyrene-pair chosen randomly be-
longs to any cluster of size s (the s-cluster or a macromolecule
including s monomers) will be the product of w, and Py,
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P,-ng-s
Py=P, w,= zp:n:'s (6)
Thus, P,-s gives the total number of pyrene-pairs in an
s-cluster. The total excimer fluorescence intensity, /.y., which
is proportional to the total number of pyrene-pairs distributed
randomly infinite clusters of varying size, can be calculated as
a summation over all s-clusters,

P, ng-s SIP, s
Iexc~ Py-s= R L 7
2P S T S "

Since the concentrations of the components are kept fixed
for each sample, P, is a constant, thus can be taken out of
the summation in Eq. (7),

2 2
Lo~p=t (%) (%) ®)
Sngrs 3\N N

The last expression indicates that the total normalized exci-
mer fluorescent intensity, /.., i proportional to the average
cluster size S (or the weight average degree of polymerization
DP,,).

In the above derivation we assumed that the variation in the
viscosity of the samples, near the gelation threshold, does not
affect the excimer intensity considerably. Once a pyranine
binds to a polymer strand it is not so much free to move freely
in the sample, especially above and below — but close to — the
gel point. But, the main contribution to the monomer intensity
due to the change in the sample viscosity comes from the free
pyranines, because they are totally free to interact and be
quenched by the “sol”” molecules.

Now, we would like to argue the connection of the reaction
time with the bond formation probability, p, given by the rela-
tion in Ref. [31], given by

Vo __Vo
p=SCy=y 9)
Here, C is the total number of clusters of average size S,
vo=VIN is the volume occupied by a single monomer, and
N is the total number of monomers. The average cluster
size, S of the clusters obeys the differential equation [31]

ds(s) _
— =k -cs) (10)

over a sufficiently short time interval. Here the time de-
pendence of the reaction rate constant k due to the change in
the viscosity, and of C due to the gradual dissolution and ter-
mination of the initiators can be neglected. Thus, for relatively
short time intervals, we get a linear growth law,

S(6) — S(to) =[S — S(t)kC(t — 10) (11)

where S, = N/C, and ¢, is an arbitrary starting point. Defining
t. as the time at which the percolation threshold p. is reached,
and using Eq. (9), we have, for sufficiently small |f — 7,

)

:L |P_Pc|
kC 1—p.

|t_tc| oclp_pc‘ (12)

The last expression shows that in the critical region, i.e.,
around the critical point, |p — p.| is linearly proportional to
the |t — 2| [9,26,31,48]. Therefore, below the gel point, i.e.,
for t <t the excimer fluorescence intensity, /..., measures
the average cluster size, S (or weight average degree of poly-
mers DP). Let I be the total excimer fluorescence intensity
of finite clusters distributed through the infinite network. Thus,
Iexe — I¢ measures solely the gel fraction G, that is, the frac-
tion of the monomers that belong to the macroscopic network
[9]. Here, I.,. is the total excimer fluorescence intensity both
from the “infinite cluster’” and finite clusters distributed
through this “infinite cluster”. In summary, we have the
following relations,

lee xS =CH(t.—1)", =1 (13a)
IyxS=C (tc—1t)", t—=1tf (13b)
Ie —1qxG =B(t—1.)°, 1>t (14)

where C*, C~ and B are the critical amplitudes.

One can also measure the degree of polymerization or av-
erage size of finite clusters above the gel point in the sol coex-
isting with gel: then the critical behavior can be described by
another critical exponent v/, which has the same value with 7y
[3—6,9]. But, the critical amplitudes for the average cluster
size defined below (C*' in Eq. (13a)) and above (C~ in
Eq. (13b)) the gel point are different, and there exists a univer-
sal value for the ratio C*/C™. This ratio is different for mean-
field versus percolation as discussed in detail by Aharony [7]
and Stauffer [3]. The estimated values for C*/C~ are given in
Ref. [7].

To determine the intensity /. in Eqgs. (13b) and (14), we
first chose the part of the intensity—time curves up to the
gel points, then the mirror symmetry I, of this part with re-
spect to the axis perpendicular to time axis at the gel point
were multiplied by the ratio C/C™, so that I.,=(C)/(C ) s
[13]. Thus, I measures solely the intensity from the finite
cluster above the gel point, and I.4.—I. measures the intensity
from the gel fraction. This process is clarified explicitly in
Ref. [9].

Now, we would like to introduce our methods for determin-
ing the critical time (or gelation time), 7.. Naively speaking,
one might guess that by taking the derivatives of the intensity,
Ix(t) curves, as was done in Fig. 5, the critical point may be
obtained from the maxima of these curves. It was found that
[26] the 7. obtained from the best scaling fits, were consistently
smaller than the times #,, at which the maxima of the d/.,./dt
curves appear. Finite size scaling [4] predicts that the differ-
ence f,, — f. (z. is the critical time) vanishes as L™, where
L is the size of the system as measured in units of the lattice
spacing, and » is the correlation length exponent. Moreover,
the width of the dl.../d¢ curve (which argued that behaves
like the dP../dp curve, where P is the strength of the infinite
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Fig. 5. The first derivative di.,/dt of a typical sample, against the reaction
time . The time corresponding the maximum is consistently greater than the
critical time f.

network), measured at half height or any other conveniently
chosen point, should be proportional to f.-t;,, and scale with
the same power of L [4]. In agreement with finite size scaling,
the ratio of ¢, — ¢, to t;,>, the half width at half maximum of
the dl.,./dt curves, was found to be a constant,

t — Lo

=0.248 +0.005 (15)
5V

over the whole range of experiments, with varying Py-MI
concentrations. Therefore, the real critical point is somewhat
before the maxima of the derivative of the fluorescence in-
tensity as shown in Fig. 5. It is observed that at the same
t. the scattered light intensity measured during the gelation
experiments as demonstrated in Fig. 4 passes through a
maximum.

We performed both solution polymerization (in which some
amount of THF was added as solvent) and bulk polymeriza-
tions (i.e., the samples in which no solvent was added) as in
Table 1. Fig. 6 represents typical excimer fluorescence inten-
sity—time curves for varying St, Py-MI and THF contents. It
is observed that when the Py-MI concentration is chosen
high enough, a stepwise change occurs (as shown in plot (d)
of Fig. 6) in the intensity just at the critical point f.. It was
also observed that above a certain Py-MI concentration the
samples became highly turbid (Sample 4 in Table 1) not just
at the critical point but also below it.

Using Eqgs. (13) and (14), and the values for critical 7. we
calculated v and 8 exponents as function of St/Py-MI concen-
tration ratio, DVB concentration and initiator concentration.
Fig. 7 represents the log—log plots of some typical intensi-
ty—time data above and below the gel point, where the slopes
of the straight lines, close to the gel points, give § and vy
exponents, respectively.

Normalized excimer fluorescence intensities
!

o
L

Time (min)

Fig. 6. Excimer fluorescence intensity as a function of reaction time for differ-
ent St, Py-MI and THF content; (a) for Sample 5, (b) for Sample 3, (c) for
Sample 1, (d) for Sample 4 given in Table 1. The dashed lines indicate the
corresponding critical times.

The composition of the ingredients C~/C" dependence of
the exponents are summarized in Table 1. As seen from the
table for the samples including high Py-M and THF contents,
the v exponents deviate from the percolation results. This is
due to a considerable change in opacity as the critical point
is reached, which results in a change in the intensities entering
the gel, and thus in emission.

1,6

1,41

1,24

1,0 1

0,8 1 °

Iog10 |
o

0,6 1 o

0,4 1

0,2 1

0,0 1

10 05 0,0 05 10 15
logyg [t-t |
Fig. 7. A typical double logarithmic plot of the intensities versus |¢ — z|. The v

and (8 exponents were determined from the slope of the straight lines, near the
gel points for ¢ < ¢, and ¢ > t., respectively.
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4. Conclusion

The application of an intrinsic fluoroprobe, Py-MI, is illus-
trated for in situ monitoring of free radical crosslinking co-
polymerization of St—DVB. The probe molecules fluoresce
at different wavelengths when they are incorporated into grow-
ing polymer chains so as to form excimer. The excimer fluo-
rescence intensity of the pyrene-pairs is therefore a measure
of the degree of polymerization and gel fraction near the
sol—gel transition threshold. We are, thus, able to measure
polymerization kinetics directly without disturbing the system
mechanically, and to test the universality of the sol—gel tran-
sition as a function of the co-monomer’s concentration.

As seen from Table 1, the exponents (especially v expo-
nent) deviate remarkably from both the classical and percola-
tion results for Samples 1 and 4, but the exponents for the
other samples agree best with the percolation results
(8=0.45, y=1.8), where § is independent of the values of
C"/C™ except for its classical value C*/C~ =1. For C*/
C™ =1, the values of the 8 exponents for any composition
of the co-monomers (St and DVB), solvent (THF) and probe
(Py-MI) agree with the classical results (6 = 1) as previously
observed for the sol—gel transition of acrylamide for relatively
low concentrations [9].

The nonuniversal behavior for the sample including consid-
erable amount of solvent (THF) may be due to the fact that we
are extremely far away from the critical region for these exper-
imental conditions. It can be easily shown that the THF vol-
ume fraction Vyyp is simply proportional to the internal
lower cutoff, / (the expected minimum length of a strand
between two branching points on the incipient percolating net-
work) [ o« Vrgr (see Ref. [26]). For relatively higher THF
contents, with correspondingly larger /, the values of § and
v start to deviate markedly from their expected values.
Clearly, for larger / = aN, (where a is the average bond length
and N is the number of monomer) finite size effects become
more pronounced, driving the system further away from the
asymptotic critical region. An experimental system with
intermediate N will exhibit a crossover between mean-field
behavior far from the gel point and critical behavior, close
to the percolation threshold, in a manner similar to other con-
tinuous phase transitions [9]. For large N the critical region
in which the exponents are calculated is quite small. Thus, the
entire range of experimentally accessible |p — p.| will be in
the mean-field class and modeled by the Flory—Stockmayer
theory [1,2]. The nonuniversal behavior for extremely low con-
centrations may be due to the fact that we are extremely far away
from the critical region for these experimental conditions.

As seen from Table 1, the exponents deviate markedly from
their expected values for the sample including relatively
higher Py-MI content. As the Py-MI concentration is increased
the local heterogeneity increases since Py-MI and St mole-
cules prefer binding alternatively and form Py-MI rich regions,
and thus the high contrast for these samples. Therefore, the
deviation in both vy and 8 exponents for these samples may
be due to the loss of emission intensity as the turbidity
increases.

If the sample has a considerable opacity, the change in the
fluorescence intensity cannot be interpreted as being due
solely to the excimer intensity. Another effect on the fluores-
cence intensity is the change in the opacity through polymer-
ization. Therefore, the emission intensity at 390 nm must be
corrected by taking into account the scattered light to find
the real change in the fluorescence intensity for samples hav-
ing considerable opacity. Using the measured emission inten-
sity Iox(f) at 390 nm, and scattered light intensity S(z), the
corrected fluorescence intensity, 197 (¢), can be calculated as

€xc

IS (1) = k-1(r)-S(¢). This relation can be obtained by normal-

exc
izing the measured fluorescence intensity /...(f) with a function

f(0), as I (D)/f(1), so that f(f) keeps the scattered intensity fixed

during the polymerization, i.e., S(¢)-f(t) = 1/k, where k is a con-
stant number. Of course, the sample turbidity is controlled by
the total scattering cross section (i.e., the differential scattering
cross section integrated over all angles, S(6)), and not just by
cross section at 90°, $(90°), which is proportional to the dif-
ferential scattering cross section at 6 =90°. Therefore, we
believe that if S(f) could be measured simultaneously with
fluorescence measurements it may be possible to calculate
the critical exponents in opaque interval.

Although this technique could be seen as special to the St—
DVB co-polymerization, this method may be generalized for
other monomers that are able to bind chemically to Py-MI
monomer during the polymerization. Or, the aromatic mole-
cules having acrylate group/groups could be used as probe
molecules for many kinds of monomers. In this way there
will be two possibilities during the polymerization: either
the probe molecules will fluoresce at different wavelength
when they bonded to the polymeric systems, or they will
come close during the course of the polymerization and
form excimer. Monitoring new fluorescence band could give
the chance of monitoring the polymerization without disturb-
ing the sample.
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