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Direct test of the critical exponents at the sol-gel transition
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The steady statdluorescence technique was used to study the sol-gel transition for the solution-free radical
cross-linking polymerization of acrylamiddAm), with N,N’-methylenebigacrylamide as cross linker in
the presence of ammonium persulfate as an initiator. PyrdBiigdroxypyrene-1, 3,6-trisulfonic acid, triso-
dium sal} is used as a fluoroprobe for monitoring the polymerization. Pyranine molecules start to bind to
acrylamide polymer chains upon the initiation of the polymerization, thus the spectra of the bonded pyranines
shift to the shorter wavelengths. Fluorescence spectra from the bonded pyranines allows one to monitor the
sol-gel transition, without disturbing the system mechanically, and to test the universality of the sol-gel
transition as a function of some kinetic parameters such as polymer concentration, cross-linker concentration,
and temperature. Observations around the critical point show that there are three regimes for AAm concentra-
tion in which the exponents differ drastically. The gel fraction exporgand the weight average degree of
polymerization exponeny agreebestwith the static percolation results for higher acrylamide concentrations
above M, but they cross over from percolation to mean-figiory-Stockmayer values when the AAm
concentration is lower thanh\2. For very low polymer concentrations, below which the system can not form
the gel, the exponents differ considerably from both the percolation and the mean-field values.
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I. INTRODUCTION concentration of the nonreacting solvent. The vulcanization
of long linear polymer chainfargeN) belongs to the mean-
The exact solution of the sol-gel transition was given firstfield class. Critical percolatiofsmall N) describes the poly-
by Flory and Stockmayelrl,2] on a special lattice called a merization of small multifunctional monomef3—6.
Bethe lattice on which the closed loops were ignored. An  Some realistic features like multiple bonding, reversibil-
alternative to the chemical-kinetic theory is the lattice perco4ty, and effect of solvent are generally not considered in
lation model[3,4] where monomers are thought to occupy static percolatior{4]. By the computer simulation studies,
the sites of a periodic lattice. A bond between these Iatticepandeyet al.[108] showed that the exponenjsand 3 (also,
sites is formed randomly with probability. For a certain  , of correlation length exponenthange considerably for
bond concentratiop., defined as the percolation threshold, various solvent conditions, i.e., reversibility for physical
the infinite cluster is formed in the thermodynamic limit. gels, and the quality of solvent do affect the sol-gel transi-
This is called the gel in polymer language. The polymeriction. They also argued th40b] the sol-gel transition for
system is in the sol state below the percolation thresppld  chemical gelation seems also nonuniversal with respect to
The predictions of these two theories about the criticalquality of the solvent, degree of inhomogeneity depending
exponents for the sol-gel transition are different from theon the quality of the solvent, and rate of reaction due to
point of the universality. Consider, for example, the expo-interplay between the phase separation and cross linking.
nentsy and g for the weight average degree of polymeriza-  No real experiment measuring directly the critical expo-
tion D2 and the gel fractiois (average cluster siz8,, and  nentsy and 3 together with great sensitivity and accuracy
the strength of the infinite networR.,, in percolation lan- has been performed so far, to our knowledge, at the sol-gel

guage near the gel point are defined as transition due to the experimental difficulties. Therefore, the
result of the classical and percolation theories could not have
D (pe—p) % p—p; (1) been tested adequately with real experiments.
In order to understand the physical nature of polymeriza-
Gx(p—po)?, papc+ , (2 tion processes underlying the transitions from the sol to the

gel state, one must follow the reaction kinetics, and compare
where the Flory-Stockmayer theory tligo-called classical results with experiments directly measuring some physical
or mean-field theorygives 8= y=1, independent of the di- properties in the course of the polymerization reaction. Ex-
mensionalityd, while the percolation studies based on com-perimental techniques used for monitoring this transition
puter simulations givey and 8 around 1.7 and 0.43 in three must be very sensitive to the structural changes, and should
dimension[3-8]. not disturb the system mechanically. Fluorescence technique
These two universality classes for gelation problem ards particularly useful for elucidation of detailed structural as-
separated by a Ginzburg criteri¢8] that depends upon the pects of the gels. This technique is based on the interpreta-
chain lengthN between the branch points as well as thetion of the change in anisotropy, emission and/or excitation
spectra, emission intensity, and viewing the lifetimes of in-
jected aromatic molecules to monitor the change in their mi-
*Corresponding author. Email address: yyilmaz@itu.edu.tr croenvironmenf11-14.
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Fluorescence probes can be used in two ways for the studg 100 -
ies on polymerization and gelation. First, one can add a lu-§
minescent dye as a probe to the syst@mwtrinsic fluoru-
probe. By using this fluoroprobe it is possible to measure &
some physical parameters of the polymerizing system, suct2
as polarity [15,16], viscosity [17—20, and hydrofobicity &
[21]. In the second approach, the florophore is covalently €
attached to the polymer, and serves as a polymer-bond labeg 89

rb.u

80

(intrinsic fluoroprobe [22], where the polymer fluoroprobe §
association depends on some factors including Coulombic§
interactions, the hydrophobicity of the polymer-florophore g 40 -
pair, etc. 2
These techniques have been successfully used to perforrg
the experiments on polymerizati¢®3,24, chemical gel for- N
mation[25-27, swelling of the gel$28], slow release of the & 207
probe molecules from gdi29,30, metal ion detection via §
metal ion templated polymeric gi81], affinity of the gelsto %
the target moleculeg32], and examination of the collapsed 0 T
state phases and volume phase transition of the polymeric 400 420 440 460 480 500 520 540 560 580 600 620 640
gels[33]. These are all well-established methods. Wavelength (nm)

Recent studies, using the pyrene as an extrinsic fluoro-
probe, showed that the glass transition both for the linear FIG. 1. Emission spectra of pyranine dissolved in pure water as
bulk polymer[34] and geld35] could be described by per- a function ofpH.

colation exponents. In these studies, the fluoroprobe moni-

tors the change occurring in the rigidity of the medium neaK(APS’ Merch, was.recrystallized Fwice from methanol. The
the glass transition. Therefore, this method seems particfitiator and pyranine concentrations were kept constant at

_3 _4 . .
larly suitable for studying the abrupt changes occurring dur-/ > 10 °M and 4<10"M, respectively, for all experiments.

ing the glass transition of palgethyl methacrylatepoly- AI_I samples were deoxygengted by bubbling nitrogen for 10
merization and/or gelation. As for the sol-gel transition, for MiN, just before polymerization process.

either the solution polymerization or bulk polymerization,

there are some difficulties to be overcome. For example, the B. Gelation processes

probe can move randomly in the gel and be quenched by the First, the experiments of AAm with varying amounts
sol molecules if the polymeric system is not in the glass(Taple I|), where the number of cross linker per AAm mono-
state, therefore the intensity of the fluoroprobe will not be amer was fixed, were performed at room temperature. Then,
direct function of the monomer conversion. the experiments for different cross-linker contefitable 111)

We surmount this difficulty and studied the free-radicalgng different temperaturerable 1V) were repeated. The
cross-linking polymerization of acrylamidé&Am) using the  fluorescence intensity measurements were carried out using
pyranine (a derivative of the pyrene molecule, which hasthe Model LS-50 spectrometer of Perkin-Elmer, equipped
three functional groups on [B3]). The pyranine, added to \jth temperature controller. All measurements were made at
the prepolymerization solution in very small amount, showsgge position and slit widths were kept at 5 mm. Pyranine was
a spectral shift to the shorter wavelengths upon the initiatioraxcited at 340 nm during situ experiments and variation in
of pOlymerization. It is concluded that this SpeCtral shift iSthe fluorescence Spectra and emission intensity of the pyra-

due to the binding of pyranine to the polymer chains duringnine were monitored as a function of polymerization time.
the AAm polymerization. The pyranine, thus, becomes an

intrinsic f_Iuoroprobe while it is extrinsic at Fhe beginning qf IIl. RESULTS AND DISCUSSION
the reaction. The total fluorescence intensity of the pyranine
bonded to the strands of the polymers allows one to measure A. Prepolymerization experiments

directly the average degree of polymerization and the gel Figyre 1 shows the emission spectra of pyranine dissolved
fraction near the sol-gel transition, and thus the correspondp, pure water as a function @H. At low pH, in addition to

ing critical exponentsy and . the main peak at 508 nm a small peéike a shoulder
appears about 440 nm. AftpH 6.5, this shoulder disappears
[l. EXPERIMENT and the 508-nm peak shifts to 512 nm. This figure indicates

that the 440-nm peak corresponds to the neutralized pyra-

nines by H ions. In the whole range gfH, the ratio of the
Gels were prepared by using various amounts of AAmmaximum intensities of the shoulder and the main peak,

(Merck) and various amounts dfi,N-methylenebigacryla- 1440/l 505 does not exceed 0.2.

mide) (BIS, MercK by dissolving them in 25 cfof water in We have conducted some experiments for measuring the

which 10 ul of TEMED (tetramethylethylenediamipavere  pH of the prepolymerization solution, and the results are

added as an accelerator. The initiator, ammonium persulfatsummarized in Fig. 2. ThpH of the prepolymerization so-

A. Materials
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FIG. 2. Emission spectra of prepolymerization solutions, water-

AAM-BIS-Pyranine(@ and water-AAm-BIS-Pyranine-TEMED). FIG. 3. Typical fluorescence spectra of pyranine at different

stages during the AAm-BIS polymerization. Numbers on the spec-

. . tra show corresponding reaction times.
lution, water-AAm-BIS-Pyranine was 6, thus 440-nm peak

(the shoulderappeared. Addition of TEMED to this led to ) _ ) )
an increase in th@H of the solution, from 6 to 8, and the formed, from time to time, on the gels during the swelling
shoulder disappeared as shown in Fig. 2. Addition of th®rocess. We observed only the short-wavelength peak from
initiator APS to the solution including TEMED did not lead the washed gels, as shown in Fig. 4. This observation shows
to an extra change in theH of the solution, it still remained ~cléarly the fact that pyranine is bonded to the gel during the
8. polymerization process, since they still exist in the gel and
No shift or change in the emission spectra of pyranine hadpave the short-wavelength spectra after the washing process
been observed before the polymerization was initiated wittWas completed.
APS. Upon the initiation of the polymerization the intensity
of 512-nm peak started to decrease and a new peak appear¢
around 420 nm. Figure 3 shows a typical fluorescence spec
tra of pyranine at different stages of the AAm-BIS copoly-
merization. At the beginning of the reaction, only the 512-nm *
peak exists, then the intensity of the néhort-wavelength
peak started to increase as the intensity of the 512-nm pea
(long-wavelength pealdecreased during the course of AAm
polymerization.
Shift to the short wavelengths and increase in the intensity§
of short-wavelength peak during the polymerization should € 1o -
be due to the neutralization of SO groups of some of the
pyranines in the reaction mixture. Therefore, the disappear-§
ing of the 512-nm peak at the end of the polymerization $
reaction, as shown in Fig. 3, can only be attributed to the £
binding of the pyranines to the pdgcrylamide (PAAmM) gel
as previously observed by Yilmd33] for methacrylic acid
co dimethy(acrylamide gels. The observations from Fig. 3
indicates also that the neutralization of the pyranine cannot |
be due topH effect since thepH of the reaction did not | | | |
change considerably during the polymerization. 400 450 500 550
To show that pyranine is really bonded to the gel, we
conducted some swelling experiments. The final gels were
brought to collapsed state and then put into pure water t0 FIG. 4. Change in the fluorescence spectra of pyranine during
swell. This process was repeated with fresh water a fewhe swelling of the AAm gels. The numbers on the curves represent
times over weeks, and fluorescence measurements were peorresponding reaction times.

300s

sity (arb. unit)
&
|

ce i

Fluol

Wavelength (nm)
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The summary of the above paragraphs is that the charger @
and neutralized pyranine have two distinct spectra; the 30
charged one corresponds to 512-nm peagtat8 (and 508 &
below pH 6.5 and the neutralized one corresponds to the'g
peak around 420-nm wavelength. The neutralization of pyra-g 20 7., g

]

nine is due to the binding to the gel during polymerization.
Pyranine was also used previously as a protein binding fluo

10
rescence dyd.36]

B. Gelation experiments 0 T T T

We have conducted the experiments for different AAm 0 500 1000 1500 2000

concentrations, cross-linker concentrations, and tempera
tures. Since 512-nm pedkorresponding to free pyranines in

the sample celldoes not shift during the whole polymeriza- =
tion process, one may have a chance for real time monitoring S
of the polymerization by means of the change in the free £
pyranine intensity versus reaction time. Figure 5 shows thei";l
fluorescence intensity of the free pyranine from the reaction _& 1
mixture as a function of the reaction time for different poly-

(b)

mer concentrations, cross-linker concentration, and tempera e R e o]
ture.

As seen from the Fig. 5, the fluorescence intensity of the 0 500 1000 1500 2000
free pyranines first decreases rapidly to some véinigal 30
stage of the polymerization; the region betweeandB in ©

the inset of Fig. B then starts to increase suddenly up to
some point(gelation stageBC), and again decreases to zero
at the end of the reactiaffinal stageCE). The same behav-
ior in fluorescence intensity was also observed for different
cross-linker content$Fig. 5b)] and different temperatures
[Fig. 5(c)].

The decrease in the intensity of the initial stage depends
on the polymer concentration, as the polymer concentration

I, (arb. unit)

is increased the intensity decreases more and more. Beside 0 ' I I
the amplitude of the peakappeared in the gelation stage; 0 500 ‘1000 1500 2000
BCD) changes depending on the polymer concentration. As Reaction time (s)

the pOIymer concentration '.s In_creased fromNa. 5o .5M’ FIG. 5. Fluorescence intensity of the free pyranine at 512 nm
the amplitude of the_ peak first increases to a ma_X'mam I 51, VS reaction time for varying AAnta), cross-linker content&),

2M AAm Concemrat'om and then decreases for high poly- and temperaturéc). Numbers on curves indicate the AAm concen-
mer concentratiofiFig. 5(a)]. trations[for (a)], BIS contentgfor (b)], and temperaturesor (c)].

For determining the gel points, each experiment was rethe whole range of the variables is summarized in Tables I, IIl,
peated at the same experimental conditions, and the gghd |v.

points were determined by dilatometric technigid?]. A
steel sphere of 4.8 mm diameter was moved in the sample ugervation was that below QM6 polymer concentration, the
and down slowly by means of a piece of magnet appliecholymeric system did not turn into gel; it remained as a
from the outer face of the sample cell. The time when theviscous liquid.
motion of the sphere was stopped was evaluated as the onsetThe probe molecule fluoresces at different wavelength
of the gel pointt. . Thet, values are summarized in Table Il, only when it is incorporated into the strand of the gels or
lll, and 1V, together with the other parameters. The gelpolymer chains. Therefore, it may be expected that the fluo-
points for densely formed geldrom 0.65M to 5M, AAm  rescence intensity of the free pyranines should decrease as
concentrationscorrespond to the times before the maximathe polymerization proceeds. But, as seen from Fig. 5, the
of the peak(BC), and to the times after the maxima of the intensity of free pyranines first decreases, then makes a peak
peak (CE) for the loosely formed gelgfrom 0.50M to and later continues to decrease. This behavior in the fluores-
0.65M, AAm concentrations cence intensity of the free pyranines can be interpreted by
The steel sphere in the samples of higher polymer contaking into account the effect of the viscosity of polymeriz-
centration cannot be moved after the polymerization is coming mixture.
pleted, but it can partly be vibrated around its equilibrium  The total intensity decreases as the number of free pyra-
position for the loosely formed gels, by moving the magnetnines decreases during polymerization, but increase in the
up and down on the surface of the sample cell. Another obviscosity of the polymeric system can partly inhibit the mo-
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tion of the pyranine, which should lead to some increase in 60
the intensity[17-20,34,3h These two effects together can
lead the peak to appear in gelation stage. No peak appeare
for low concentrated cross linked and linear polymers, since
no considerable change in viscosity is observed in these
cases.

One other observation is that the maxima of the short-
wavelength peakcorresponding to the bonded pyranines, in
Fig. 3) shifted to the relatively higher wavelengths, from 400 g
to 427 nm, during the polymerization process. The time &
elapsed for the shift from 400 to 427 nm depends on the_é
polymer concentration. For example, it takes 240 s fiot,5
720 s for M, 1200 s for M, and 1620 s for 0l (at which
the gelation does not occur, a viscous solutipolymer con-
centrations.

The shift in wavelength from 427 to 400 nm was observed

—

=
c
S

during the swelling of the gels as can be seen from Fig. 4. 4

These shifts in wavelength of the fluorescence light during 0 ' ' ' '

the polymerization or swelling may also give some more 0 10 20 30 40 50
information about the microscopic nature of the polymer- Time (min)

probe interaction. FIG. 6. Typical fluorescence intensity of the pyranine bonded to

Pyranine has three functional groups which can be bondeghe gel for different AAm concentrations vs reaction time. The num-
to the polymeric network, branched or linear polymers. Theber on the curves indicates the corresponding AAm concentrations.
probability that pyranine is bonded to the system over moré&he symbols and dashed lines represent the maximum intensity of
than one functional group may increase with increasing polythe spectra and the best-fit lines to the experimental data, respec-
mer concentration, and also with the reaction time. As thdively.

pplymenzaﬂon progresses pyraniné can have a cha.nce ment[4] as follows, under the assumption that the monomers
bind the polymeric system over two or three functlonalOCCupy the sites of an imaginary periodic lattice.

groups. Shift in the short-wavelength peak spectra from 400 The probability that a site belongs to a cluster of siie

to 427 nm may be due to the increasing number of the neugiven byngs, wheren, is the number o cluster(number of
tralized SQ™ groups of pyranine during the polymerization. clusters including site9 per lattice site. The probability that
Shift from 427 to shorter wavelengths during the swellingan arbitrary site belongs to any clustepishis is simply the
can be interpreted by decreasing number of neutralized SO probability that arbitrary site is occupied. Thus, the probabil-
groups, some of SO bonds may be broken up upon swell- ity wg that the cluster to which an arbitrary occupied site

ing. belongs contains exactlysite is
Figure 6 shows the fluorescence intensities from the
. . L . ngs
bonded pyranine against the reaction time for some different W= , ©)
polymer concentrations. Since the maxima of the spectra 2 n.s
(corresponding to bonded pyranjnghifts from 400 to 427 s

nm as the polymerization progresses, one does not have a )

chance to monitor the intensity in the time drive mode of the?d thus the average cluster s2eés calculated by the fol-
spectrometef10 possible data in 1)sTherefore, we moni- 10Wing refation[3—6J:

tored the fluorescence spectra in the relatively large periods

of time and plotted the intensity corresponding to the 2 nss’

maxima of the spectra as a function of time, in Fig. 6. No S= wes=—. (4)
considerable deviation is observed when the areas under the s > nes

spectra are calculated instead of the maximum intensities.

Therefore, we had the chance to get relatively more data iyefinition of the average cluster size is the same for all di-

time, just monitoring the small pafincluding the maxima  nensions; although cannot be calculated exactly in higher
of the spectra. We, then, used these data to evaluate the Crifimensiong4]. This definition also holds for the bond per-
cal point behavior of the sol-gel transition. One can use als@g|ation.
the continuous curves calculated by best-fitting procedure to N, letN,, be the number of pyranine molecules aig
evaluate the critical point behavior of the sol-gel transition. the other moleculeéAAm, BIS, water, and APSin the lat-
Here, we would like to argue that the total fluorescenceice. Thus, the total lattice site\ will be equal to N,
intensity from the bonded pyranines monitors the weight av~+N,. The probabilityP,, that an arbitrary site is occupied
erage degree of polymerization and the growing gel fractiorby a pyranine molecule is simpN,/N. The probabilityP,
for below and above the gel point, respectively. This proporthat an arbitrary site is both a pyranine and belongs tasthe
tionality can easily be proven by using a Stauffer-type argucluster can be calculated as a productwgfand P,
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TABLE I. The estimated values for the ratio @C* (from Ref.[7]).

Percolation

Classical Direct ¢ expansion Ve exp=1.840 andB, ¢,=0.52 y=1.7 andB=0.4 Series and Monte Carlo

c/ct 1 1/2.7 1/3.5 1/4.3 1/10
Ponss tration are kept fixed, thep will be directly proportional to
Py=Ppws= (5 the reaction time. This proportionality is not linear over the

Znss whole range of reaction time, but it can be assumed that in
Thus, P,s will be the total number of pyranine molecules in the critical region, i.e., around the critical poifh—pc| is
each cluster including sites. The total fluorescence intensity linearly proportional to thet—t.| [34,35,38.

I, which is proportional to the total number of pyranines Therefore, below the gel point, i.e., foxt., the fluores-

trapped in the finite clusters, can be calculated as a summ&ence intensityl measures the weight average degree of
tion over alls clusters polymers(or average cluster sizeAbovet,, if the intensity

I from finite clusters distributed through the infinite net-
S P n.s? work is subtracted from the total intensity, then, the corrected
Ppnss pi's intensity | — 1., measures solely the gel fracti@ the frac-
'”25 Pys=§ "8= ' (6)  tion of the monomers that belong to the macroscopic net-
2 ngs 2 nes work. In summary, we have the following relations

. . pol__ ~+ - _
whereP, can be taken out of the summation since the con- lDy =C (te=) 7, 1=t (8a)

centration of the pyranine is kept fixed for our works,

lDP=C~(t—t)7 7', t—t], (8b)
2
> ngs I —14xG=B(t—ty)?, t—t}, 9)
|~Py———=P,S. (7
> ngs whereC™*, C~, andB are the critical amplitudes.

Thus, the last expression shows that the total normalizec
fluorescent intensity is proportional to the average cluster
size S Note that the proportionality factd?,, is simply the
fraction of the pyranine molecules in the sample cell. Inten- 40
sity will be linearly proportional to the average cluster size,
provided that the pyranine concentration is not so high to
quench the fluorescence intensity by excitation transfer ef-o
fect.

One important point related to E¢) should be pointed
out. The mean cluster size diverges if the percolation thresh-&
old is approached. This divergence is very plausible for there & 20 -
is an infinite cluster present above the percolation threshold—
then slightly below the threshold one already has very large
(though finite clusters. Thus, a suitable average over these
cluster sizes is also getting very large, if one is only very
slightly below the threshold4] The extremely large clusters
in the summations, therefore, must be excluded since they Time (s)
disturb the average of the cluster size. This exclusion may be 0 - : : :
taken into account experimentally as coming not extremely 0 t 200 800 1200 1600
close to the critical point, when the critical exponenis
calculated. This effect may cause the critical region+dp
be relatively far from the critical p0|r_1t, as compargdﬁo FIG. 7. Atypical intensity-time curve during polymerization of
The same problem shoulq not occur in th_e calculation of the\am_ The curve depicted by dots represents the mirror symmetry
gel fraction exponen, since it is not divergence at the | _of the intensity according to the axis perpendicular to time axis

thresholq. _ at t=t,. The intensity from the clusters above the gel point is
Gelation theory often makes the assumption that the corcajculated as.,=(C/C*)l,ns. Thus,l — I, monitors the growing

version factoip alone determines the behavior of the gelationgel fraction fort>t, . The inset figure represents the gel fraction for
process, though may depend on temperature, concentrationC=/C* =1, as an example. The intensity from the lower part of the
of monomers, and timg3,4]. If the temperature and concen- symmetry axis monitors the average cluster sizetfot,.

A e

30 +

= symetry axis

rb. un

Gel fraction

10

0 T T T
500 1000 1500

Time (s)
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TABLE Il. Experimentally measured parameters for various TABLE lll. Experimentally measured parameters for various
AAm contents. BIS contents.
AAM[M] BIS[M] tg(s) C'/C” B y AAM[M] BIS[M] tgs) C"/C” B y

5 0.032 17%5 27 0.470.02 1.8@-0.05 1.0 0.013 2225 2.7 1.14-0.02 0.8@-0.05
3.5 0.50:0.02 3.5 1.20:0.02
43 0.50:£0.02 43 1.20:0.02
10 0.470.02 10 1.20+0.02
1.0 1.00:0.02 1.0 1.00:0.02

3 0.019 3055 2.7 0.50:0.02 1.83-0.05 1.0 0.019 18%5 2.7 1.15-0.02 1.0G6-0.05
3.5 0.50:0.02 35 1.170.02
43 0.49:0.02 43 1.20:0.02
10  0.46:0.02 10 1.20+0.02
1.0 0.76:0.02 1.0 1.02:0.02

2 0.013  31&5 2.7 0.52:0.02 1.76-0.05 1.0 0.026 1955 2.7 1.19-0.02 0.8@-0.05
3.5 0.52:0.02 3.5 1.10:0.02
43 0.55£0.02 43 1.170.02
10  0.50:0.02 10 1.17:0.02
1.0 0.92:£0.02 1.0 1.0x0.02

1 0.0065 32%5 2.7 0.94-0.02 1.06:0.05 1.0 0.032 1635 2.7 1.26:0.02 0.9G6-0.05
3.5 0.94:0.02 3.5 1.40:0.02
43  0.95:0.02 43  1.40:0.02
10 1.00+0.02 10 1.40+0.02
1.0 0.94-0.02 1.0 1.06-0.02

0.75 0.0048 3315 2.7 1.06:0.02 1.06-0.05
35 0.92£0.02

43  0.92-0.02 are different, and there exists a universal value for the ratio

10 0.92:0.02 C*/C™. This ratio is different for mean field versus perco-

1.0 1.10-0.02 lation as discussed by Aharorjy] and Stauffer[3]. The
0.65 0.0042 13755 27 092002 092005 €stimated values foE*/C~ [3,7] is given in Table I.

35  0.92-0.02 To determine the intensitly, in Egs.(8b) and(9), we first

4.3 0.85:0.02

10 0.94+0.02 TABLE IV. Experimentally measured parameters for different

1.0 1.03+0.02 temperatures.
0.55 0.0035 8725 2.7 0.30:0.02 o -
a5 0.29-0.02 AAM[M] T (°C) tge(S) c'/ic B b%
4.3 0.29£0.02 1.0 35 1255 2.7 1.172-0.02 0.80:0.05
10 0.25-0.02 3.5 1.15-0.02
1.0 1.00:0.02 4.3 1.15-0.02
0.50 0.0032 16565 2.7 0.33:0.02 10 1.20-0.02
35 0.32:£0.02 1.0 1.0G+0.02
4.3  0.25:0.02 1.0 40 1125 2.7 1.20:0.02 1.00:0.05
10 0.08t0.02 3.5 1.26:0.02
1.0 1.200.02 4.3 1.25:0.02
0.30 0.00190 No gel 10 1.25£0.02
0.10 0.00065 No gel 1.0 1.020.02
0.01 0.0 No gel 1.0 45 1955 2.7 0.80:0.02 1.02:0.05
35 0.9G+0.02
4.3 0.9G+0.02
It is well known that the average cluster size of the finite 10 0.85-0.02
clusters(distributed through the infinite networlabove the 1.0 1.0G6+0.02
gel point decreases with the same, but negative slope of the 1.0 50 1635 2.7 0.86-0.02 1.00-0.05
increasing cluster size before the gel point. This means that 3.5 0.70:0.02
the exponents and y', defined for the cluster sizes below 43  0.75:0.02
and above the gel point, have the same valBes5|. But the 10  0.75-0.02
critical amplitudes for the average cluster size defined below 1.0  1.00-0.02

[C* in Eq. (8a)] and abovg C~ in Eq. (8b)] the gel point
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FIG. 8. Double logarithmic plot of the intensity- 1, vs time log,,(t.-t)

curves abové, for LM and 9M AAm concentrations. Th@ expo- . . . . .

nents were determination from the slope of the straight lines near FIG. 9. Double logarithmic plot O_f th_e intensity vs time for

the gel points. As seen, the scaling region comes closer to the criti< tc- Th€ ¥ éxponents were determination from the slope of the
cal point as the AAm concentration is increased. straight lines near the gel points. As seen, the scaling region comes

closer to the critical point as the AAm concentration is increased, as
in the case forB.
choose the parts of the intensity-time curve up to the gel
points, then the mirror symmetty,s of these parts according mental range of errors whe®™/C* has the percolation val-
to the axis perpendicular to time axis at the gel point wereyes. The observation of three regimes of behavior was also
multiplied by the ratioC™/C™, so thatl,=(C /C")Ins.  previously observed by Rubinstein and Co[Bg] for modu-
Thus, | measures solely the intensity from the cluster aboveus G, of gels and maximum swellin@, as a function of the
the gel point, and — 1, measures the intensity from the gel proximity to the gel point.
fraction. This process is clarified explicitly in Fig. 7.
Using Egs.(8) and(9), and the values for, summarized
in Tables Il, lll, and IV, we calculateg and 8 exponents as
function of AAm concentration, BIS concentration, and tem-  The application of fluorogenic probe molecules ifoisitu
perature. Figures 8 and 9 represent the log-log plots of som@onitoring of free radical cross-linking polymerization is il-
typical intensity-time data above and below the gel pointlustrated by measuring the polymerization of AAm. The
where the slope of the straight lines, close to the gel pointgprobe molecules fluoresce at different wavelengths when
give B and y exponents, respectively. they are incorporated into growing polymer chains. The fluo-
The concentration an@ /C* dependence of the expo- rescence intensity from the bonded probes is therefore a
nents are summarized in Table Il, where three distinct conmeasure of the degree of polymerization and gel fraction at
centration regimes appear. In the lowest concentration reselow and above the gel point. In this study, we report on a
gime the exponentg andy obey neither the percolation nor method to examine the percolation picture of gelation in an
the classical theory. In the intermediate regime, they have thenequivocal way. We are, thus, able to measure directly po-
values close to unity, which agree with the classical theonjymerization kinetics without disturbing the system mechani-
independent ofC~/C™. Finally, for the highest concentra- cally, and to test the universality of the sol-gel transition as a
tion regime they obey the percolation results in the experifunction of the parameters such as polymer concentration,

IV. CONCLUSION
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cross-linker concentration, and temperature. ture. But, the sample for @ AAm including extremely
The gel fraction exponens and the average cluster size small amount of TEMED, at room temperatutbe reaction
exponenty agree best with the Flory-Stockmayer theory intakes about 250 mjnshowed some considerable difference
the concentration range of 0J85to 1M independent of the for 8 exponent. It is observed that the bigger the value of
ratio C”/C™, and agree with percolation theory for higher C /C" (the smallerC*/C"), the better thes exponent
AAM concentrations aboveM when the ratid:_/c+ takes agl’eeS with the percolation result. Here, it should be noted
the values given in the percolation theory. that it was not possible to carry out the polymerization at
It seems that this crossover from mean field to the percol00m temperature without TEMED. To be able to perform
lation is related to the fact that we are able only to approacfi€ reaction either you have to add some TEMED to the
the critical point to|p— p./p./=0.1 for the concentrations PrePOlymerization solution, even if the content of the
below 2V of AAm, as can be calculated easily from Figs. 8TEMED is extremely small, or the reaction must be carried

: out above higher temperatures.
and 9. Above M of AAm, it seems we are able to approach .
the true critical region whery— p./p |=0.01. The dependency of thgd exponent to the choice of

o . .
An experimental system with intermedidtewill exhibit C /C", for the samples including extremely small amount

' . ?f TEMED at room temperature, needs do be investigated by
a crossover between mean-field behavior, far from the ge . L
careful experiments. Here it is important to note tjSa¢x-

point, and critical behavior, close to the percolation thresh- onent aarees better to the percolation theory when the value
old, in a manner similar to other continuous phase transition8 9 b y

Y PN . )
[9,40]. For largeN the critical region in which the exponents of C*/C" is increased € /C s decreased This point

are calculated is quite small. Thus, the entire range of expens-Upports the study of Aharorly] where it is indicated that

i - . .

mentally accessiblép—p.| will be in the mean-field class, 'Cl':atgl(é ) should agree best with-expansion estimategee

and modeled by the Flory-Stockmayer thepty?], It seéms that 0.65 and\2 concentrations are crossover
To check whether the apparent mean-field behavior is due ) ) ) .

to measurements that might have been made outside the trﬁgncentratlons fpry and 8 exponents; 0'.63 from honuni-

critical region, we repeated some of the experiments botlx(ersal to mean field, and\2 from mean field to percolation

without TEMED (radical polymerizationat the temperatures values for acrylamide system. Gl_nzburg Cr'ter@'] be-
of 55, 60, 65, 70, and 75°C and with extremely smal|comes true for 1 AAm. The nonuniversal behavior for ex-

amount of TEMED at room temperature to slow down thetremely small concentrations may be due to the fact that we
gelation kinetics. The effect of the TEMED on the hydrolysis 3¢ extrerr;e:y far(‘j_?way from the critical region for these
of PAAm gel was previously investigated by Shibayamaexperlmen al conditions.
g? Ie;IA[Azlé]] ;2;? investigated that TEMED triggers hydrolysis ACKNOWLEDGMENT
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