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Changes in solvent viscosity due to gel formation dramatically enhance the fluorescent yield of aromatic
molecules. This effect is used to study the gelation of methyl methacrylate and ethylene glycol dimethacrylate
as a function of time, at various temperatures, cross-linker concentrations, and toluene contents. The results are
interpreted in view of percolation theory. The gel fraction and average cluster size exponents are found to be
B=0.42+0.03 andy=1.70+0.02, in excellent agreement with percolation results. The fractal dimension of the
incipient cluster is determined to be 2:8.2. The behavior of the time derivative of the fluorescence intensity
is shown to satisfy finite size scaling51063-651X98)07611-9

PACS numbsg(s): 05.70.Jk, 64.60.Fr, 68.35.Rh, 64.60.Ak

I. INTRODUCTION monomers as occupying the vertices of a periodic lattice, and
the chemical bonds as corresponding to the edges joining
Gelation is the process by which sufficiently many mono-these vertices at any given moment, with some probalplity
mers present in a solvent are joined together by chemicalhen, the gel point can be identified with the percolation
bonds such that a spanning network emerges. Once suchtlresholdp,., where, in the thermodynamic limit, the incipi-
macroscopic network is formed, one speaks of the “gel” ent infinite cluster starts to form. Identifying the gel fraction
state. The state where no such network is present is called ti@ with the probabilityP,, of an occupied site to belong to
“sol.” The chemical process by which monomers are joinedthe incipient infinite cluster, and the weight average degree
together to form much larger molecules is known as poly-of polymerization with the average cluster si3eone can
merization. The ratio of the actual number of bonds that haveredict the scaling behavior of these and related quantities
been formed between the monomers as the polymerizationear the gel point, as a function ff—p|.
progresses, to the total possible number of such bonds, is In spite of its great simplicity and obvious attraction, it
called the “conversion factor’p. This ratio is clearly a func- has not so far been possible to establish the percolation pic-
tion of time. While it can also depend on the temperature, théure of gelation in a quantitative and unequivocal way. In
concentration of monomers, or the concentration ofparticular, one would like to measure the values of the criti-
crosslinking agents necessary for bond formation, experieal exponents with sufficient accuracy to determine their uni-
mentally one usually starts with a fixed composition andversality class, and to verify that they indeed have the non-
monitors the process in time. Thus, under controlled condiclassical values for percolation computed from series
tions, one observes that there is a sharply defined thresholdxpansions and Monte Carlo studies as well as renormaliza-
the “gel point,” where a macroscopic cluster starts to ap-tion group theory. A main obstacle lies in the precise deter-
pear, signaled by the sudden, dramatic increase in the viscostination of the gel point and the critical region.
ity of the sample; this is commonly called the “sol-gel” In this paper we would like to report on an situ tech-
transition. nigue which enables us to surmount this difficulty, and
Percolation[1] offers a particularly simple and yet de- makes it possible to directly measure the critical expongnts
tailed picture in terms of which one may seek to understanénd y for the strength of the infinite cluster and the average
gelation[2]. In the language of percolation, one may think of cluster size, as well as the fractal dimension of the percolat-
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TABLE I. Experimentally determined values @, y, andt., 1.00
during the gelation of samples with different crosslinker concentra-
tions and toluene contents. The AIBN content was kept at 0.26 .
wt. % for all samples. ,
0.8 i
EGDM Toluene T+2 t, i/
Sets Gels (103 Vol%) (Vol%) (°C) (5 B v .
|
1 1 5 75 2183 0.43 1.40 0.6- ;
2 7.5 75 1435 041 1.72 1 :
3 10 75 1396 0.43 1.73 Lo !
4 12.5 75 1302 042 1.75
5 15 75 1252 045 1.77 041 s
6 20 75 1521 0.43 1.78 i
7 30 75 873 0.42 1.70
2 8 25 85 1609 0.43 1.58 0.2,
9 5 85 1395 0.47 171 |
10 7.5 85 926 0.43 1.43 |
11 25 85 791 040 1.79 —— pamar=l - -"r —— .
3 12 5 70 3072 041 1.82 1000 1400 1800 2200 2600 3000
13 5 75 2392 042 154 Reaction time [t(sec)]
14 S 85 1239 043 159 FIG. 1. Plots of pyrene fluorescence intensitys reaction time
4 15 10 0.075 75 2065 0.37 1.49 tduring polymerization. Each curve has been normalized by its
16 10 0.100 75 1714 043 1.77 Mmaximum valuel,. The numbers 3, 10, 13, and 17 correspond to
17 10 0.130 75 1775 043 1.79 samples from the experimental sets 1, 2, 3, and 4 in Table I.
18 10 0.140 75 2725 0.36 0.53
19 10 0.150 75 1874 0.24 1.77 methacrylateMMA) and ethylene glycol dimethylacrylate
20 10 0180 75 2879 035 1.00 (EGDM) using the steady state fluorescence technique.
21 10 0.230 75 3035 020 0.86 The experiments with the radical copolymerization of

ing cluster. The exponents determined in this way agree, to
few percent, with the best known values for the percolatior‘\EG
exponents in three dimensions and rule out the Flory
Stockmayei3,4] values of3=1 andy=1.

Il. STEADY STATE FLUORESCENCE TECHNIQUE

MMA and EGDM were performed in the bulk or in toluene
solutions at different temperatures, in the presence of
2,2'-azobisisobutyronitril AIBN ) as an initiator. The aro-
fhatic molecule used as the fluorescent probe was pyrene.

DM is a commonly used crosslinker in the synthesis of

polymeric networks[11]. We freed the monomers MMA
(Merck) and the EGDM(Merck) from the inhibitor by shak-

ing with a 10% aqueous KOH solution, washing with water
and drying over sodium sulfate. They were then distilled
under reduced pressure over copper chloride. The initiator
The steady state fluorescence technique is based on tWdBN (Merck) was recrystallized twice from methanol. The

effect of the environment on the fluorescence yield of aropolymerization solvent toluenéVerck) was distilled twice
matic molecules. In the sol state, the energy spectrum of thever sodium. Details of the sample compositions for all sets
linear and branched polymers in solution provides an energgf experiments are listed in Table |. The pyrene concentra-
sink for the rapid vibrational relaxation of the excited aro-tion was the same for all the samplesx40 * M. The
matic molecules, after the rate limiting transition from the samples were deoxygenated by bubbling nitrogen for 10 min,
ground state. In the gel, however, this static quenching isind the radical copolymerization of MMA and EGDM was
much reduced; the change in the absorption spectrum of thgerformed directly in the fluorescence accessory of the spec-
matrix due to the formation of the macroscopic polymer nettrometer. Steady state fluorescence measurements were per-
work results in a drastic increase in the fluorescence yieldormed using the Model LS-50 spectrometer of Perkin &
[5-9]. Elmer, equipped with a temperature controller. All measure-
The change in the absorption spectra and fluorescengeents were made at the 90° position, i.e., the emitted light
yields in solution can thus be related to the changes in solwas monitored in a direction perpendicular to the existing
vent viscosity, and, as we shall demonstrate, provides alight beam. The excitation and emission slit widths were
elegant way to monitor the sol-gel transition without disturb-both kept at 2.5 mm.
ing the sample in any mechanical way. The effect of viscos- The pyrene molecule was excited at 345 nm, and the
ity on low frequency, intramolecular vibrational energies of variation in the fluorescence emission intensitywas moni-
excited naphthalene in swollen péiyethyl methacrylate tored with the time-drive mode of the spectrometer, by stay-
(PMMA) latex particles has been reported recently by one oing at the 395-nm peak of the pyrene emission spectrum. No
us[10]. In the present paper, we study the sol-gel transitiorshift was observe@l12] in the wavelength of the maximum
in free-radical crosslinking copolymerization of methyl intensity peak during the gelation process. This allowed us to
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FIG. 3. Double logarithmic plot of data corresponding to sample
3 presented in Fig. 1. The region 18<|1—t/t¢|<10 ! above and
4.0 0.0 4.0 8.0 belowt. was fitted to the scaling laws given in Eq48) and (4) to
obtain theB andy valuesit, is chosen as that point which yields the
Injt-t | o .
best fits in these regions.

0.0

FIG. 2. The first derivativell/dt of sample 3, against reaction . L
timet. The maximum is consistently greater than the critical tijme average cluster siz8 Above the gel pOInt,. .e., for>te, .
found from the plots in Fig. 3. See text. most of the pyrene molecules are trapped in the macroscopic

network, and then measures the gel fracti@® the fraction

take data in the time-drive mode, with a frequency of up to0f the monomers that belong to the_ macroscopic ne_zt_vvork._ In
ten points per second, and thus be able to capture the ve rcolation language, th_e _ge_l fraction can be identified with
sharp rise near the critical point with great accuracy. Allthe “strength”[1] of the infinite cluster, in other words, the
samples remained transparent throughout the experimerffobability P., that an occupied site on the diluted lattice
We monitored the scattered light from the samples in thd€longs to the infinite network. In summary, we have
course of the sol-gel transition, and verified that no appre- S t<t

ciable change occurred in the total scattered intensity of the [~{ ¢ 2
345-nm light. G, t=t.

Now the scaling forms for the quantiti€&and G around
the percolation threshold, together with Ed), yields

In Fig. 1, we present our results for the normalized pyrene
fluorescence intensities as a function of the reaction times,
for different concentrations of crosslinking agents, different,, 4
temperatures, and various degrees of dilution with toluene.
The time derivative of the intensity is plotted in Fig. 2, and I~S~B(t;—1)77, t—ot, . (4)
looks like a typical critical peak13], with rounding due to
finite size effects. Indeed, we will show that we can deter-Here 8 andy are the usual critical exponents for the strength
mine the position of the sol-gel transition on the time axis of the infinite cluster and the average cluster $iize Notice

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

I~G~A(t—to)?, t—t) ®)

with great precision, assuming that we need not subtract the valuel¢f;) from I(t)in Eq.
(3), since we are assuming that, once the threshold has been
[p—pc~|t—14, (1)  crossed, the unguenched fluorescence intensity is being con-
tributed essentially by the monomers trapped in the incipient
at least in a narrow region about the gel point. infinite cluster.
We would first like to argue that for>t., the fluores- Using Egs.(2) and (4) it is possible, in principle, to de-

cence intensity monitors the growing gel fractio®, and for  termine the exponenj8 andy by making log-log plots of the
t<t. it is proportional to the weight average degree of poly-intensity data. However, such a double logarithmic plot de-
merization,S. Before the formation of a macroscopic net- mands that the data be particularly accurate near the gel
work, i.e., fort<t., the pyrene molecules are free to interactpoint. In particular, a small shift i, will result in large
with—and be guenched by—the sol molecules. In this sokhifts in the exponents. The way to find the critical point in
state, the fluorescence intensity becomes appreciable only teal experiments is to measure, and to perform the scaling
the degree that the pyrene molecules find themselves suahalysis for, more than one quantity. The critical point can
rounded by the progressively larger clusters that are formedhen be determined by varyirtg in such a way as to obtain
The number of pyrene molecules trapped in the interior of @yood scaling behavior for both quantities over the greatest
cluster, and therefore contributing ltoincreases as the num- range int—t.|. In this experiment, we fitted the double loga-
ber s of monomers belonging to this cluster. Thus the totalrithmic plots of the fluorescence intensity ¥s-t.| for t
normalized fluorescent intensity will be proportional to the>t, andt<t., to determing,. very accurately. The results
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FIG. 4. Plots of pyrene fluorescence intensitys reaction time ~ over the whole range of experiments, with varying EGDM
t for samples with different toluene contents. The labels 15—2iconcentrations and for different toluene contents.
correspond to samples in the experimental set 4 in Table |I. As can be seen from Fig. 4, there is an overall drop in the
fluorescence intensity as the toluene content is increased, be-
fause even in the gel state the pyrene molecules are not

in Table I. The agreement with the known valugs=0.41 completely shielded from the solvent, since the network is
' P Jow more open and can be more easily penetrated by the

v=1.80 of the percolation exponents in three dimensions i vent lecules. Althouah h | limi
very good, especially over the first three sets, where the corpl Vent molecules. ough we have only prefiminary re-

centration is kept constant but the crosslinker density and thgUItS here, and more data points are needed due to the greater

: . _ tter, it is still possible to make a rough analysis of the
temperature are varied. We fing=0.42+0.03 andy=1.70 sca - )
+0.02. Note that the fourth set of samples shows an inEffect of the addition of toluene. Using a Flory-type argu-

creased degree of statistical scatter. This is not difficult td]}egtgr]ér:/:;ebn;t?/\}//ezi“t\mN?)tét’)rth?cﬁ?(npeCtg?]tr;Ig;]m#]rg !ﬁg.gt.zm
understand, since the voids of random size introduced int8 Ing pot InCipt

the polymer network may be very large, even macroscopic i ercplatlng ”e‘.Work' as a function of the 'toluene' volume
size. Therefore, the measurements are no longer sel ractionvy. This length serves as an effe_ctlve lattice spac-
averaging but fluctuate from sample to sample. Improve n?, or Ithet IOWV?; cu_t|<|)ftfhof tfhe scalln_?treglr?e of thet:hpefrco-
statistics are needed for a better understanding of this dilut@""d cluster. Wve will theretore use it to determine the frac-
regime. tal dimension.

Naively speaking, one might guess that by taking the de: We f|rst_<_:ompute the branching probabilig—that is,
rivatives of thel (t) curves, as was done in Fig. 2, the critical the probability tha.t not one but at Iea_st two monomers attach
point may be obtained from the maxima of these curves. W hemselves to a given point on a chain of monomers et
found that the obtained from the best scaling fits, as above, e the probablllty of encountering a monomer at a randomly
were consistently smaller than the timggs at which the chosen point. ClearlyPn=Vn/V, Where Vim is the total
maxima of thedl/dt curves appear. Finite size scalifg] volume occupied by_ the monomers, e th_e total volume
predicts that the differends, — t, vanishes a& ~ ¥, whereL of the sample. IfP is the crosslinker density, then
is the size of the system as measured in units of the lattice N
spacing, and is the correlation length exponent. Moreover, Pg= de PR, (6)
the width of thedl/dt curve (which we argue behaves like n=0
the dP, /dp curve, measured at half height or any other
conveniently chosen point, should be proportionattot,,
and scale with the same power bf{1]. In agreement with
finite size scaling, the ratio df,—t. to t4;,, the half width at

are shown in Fig. 3, with the values of the exponents give

where the sum is over all possible linear side chains of length
n. Taking the upper limilN to infinity, since in practiceN is
of the order of the number of monomers in our sample, we

half maximum of thedl/dt curves, was found to be a con- find
stant, Vv
PB:PCI(l_Pm):PCIV_Vm. (7)
tm—te =0.248+0.005, (5 Since the crosslinker density is very small, the total toluene

ta content Vi=V—V,. Using vi=V/V, we find Pg
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=P, /vT. If we require thanyPg=1, i.e., that aften, links Fig. 5. Although there is a large scatter in the data, the fractal
on the monomer chain, a branch point is formed with unitdimensionD; was found to be 2.50.2, to be compared with

probability, we geng=v1/P,; therefore, the best valug1] of 2.53. _
An examination of Table | also shows that for relatively
a higher toluene contents, with correspondingly largethe
| = poUT (8) values of 8 and vy start to deviate markedly from their ex-
cl pected values. Clearly, for largktfinite size effects become

more pronounced, driving the system further away from the
. asymptotic critical region. Moreover, the fluctuations in the

are constant over aII_ our sa_mples, this r<_asu|t tells us that thI%cal environment of the pyrene molecules become so large
toluene volume fraction is simply proportional to the internaly,; even the monotonic behavior of the fluorescent intensity

lower cutoff. _ o with time is lost for a number of samples as can be seen from
We now note that the fluorescent intensity just above thejg. 4.

gel point () must be proportional to the number of pyrene "I conclusion, we have used the steady state fluorescence
molecules effectively surrounded by the percolating networktechnique to study the gelation process of methyl methacry-
and therefore, to the numbew( of cells, with linear dimen-  late and ethylene glycol dimethylacrylate, by monitoring the
sions of the order of the internal cutoff, contained in thefluorescent light intensity as a function of time. The intensity

Since the crosslinker concentration and the monomeraize

percolating cluster. is proportional to the average size of the polymeric clusters
This quantity scales with to the fractal dimensionD; below the gel point, and to the gel fraction above the gel

[14,1], viz., point. Its scaling behavior with respect to time yields the

critical exponents3 and vy, while, at the gel points, it scales
M~I1"Pr t=t,. (9)  with the fractal dimensioD; with respect to dilution. The

values of all the exponents are found to be in close agree-

Using Eq.(8), we find ment with percolation results.
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