In Situ Fast Transient Fluorescence Technique
(FTRF) to Study Swelling of Gels Made of Various

Crosslinker Contents

M. Erdogan, O. Pekcan

Department of Physics, Istanbul Technical University, Maslak, Istanbul 80626, Turkey

Received 4 September 2001; accepted 10 February 2002

ABSTRACT: The fast transient fluorescence technique
(FTRF), which uses the strobe master system (SMS), was
employed to study the swelling of disc-shaped PMMA
[poly(methyl methacrylate] gels. Seven gels were prepared
by free radical copolymerization (FCC) of methyl methacry-
late (MMA) with various ethylene glycol dimethacrylate
(EGDM) contents. Pyrene (P,) was introduced as a fluores-
cence probe during polymerization. After drying these gels,
swelling experiments were performed in chloroform at
room temperature. P, lifetimes were measured from fluo-
rescence decay traces during the in situ swelling experi-

ments. An equation was derived for low quenching efficien-
cies to interpret the behavior of lifetimes in the gel during
swelling. It was observed that P, lifetimes in the gel de-
creased as swelling proceeded. The Li-Tanaka equation was
used to determine the cooperative diffusion coefficients, D,
which were found to decrease as the crosslinker content was
increased. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 87:
464-472, 2003
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INTRODUCTION

Swelling is directly related to the viscoelastic proper-
ties of a gel. Gel elasticity and friction between net-
work and solvent play an important role in the kinet-
ics of gel swelling." It is known that the relaxation
time of swelling is proportional to the square of the
linear size of a gel," which has been confirmed exper-
imentally.> One of the most important features of the
gel-swelling process is that it is isotropic, that is, when
the radius increases 10%, the axial length increases
10% in a long cylindrical gel. The elastic and swelling
properties of permanent networks can be understood
by considering two opposing effects, osmotic pressure
and restraining force. Usually the total free energy of
a chemically crosslinked network can be separated
into two terms: the bulk and the shear energies. In a
swollen network the characteristic quantity of the bulk
free energy is the osmotic bulk modulus, K. The other
important energy, the shear energy, keeps the gel in
shape by minimizing the nonisotropic deformation.
The characteristic coefficient of these forces is the
shear modulus, u, which can be evaluated most di-
rectly by stress-strain measurements.*”> Li and
Tanaka® have developed a model in which shear mod-
ulus plays an important role in keeping the gel in
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shape because of the coupling of any change in differ-
ent directions. This model predicts that the geometry
of a gel is an important factor and that swelling is not
a pure diffusion process.

Fluorescence dyes can be used to study local envi-
ronments, basically with two types of experiments.
When a dye simply is added to the system as a small
molecule, the dye is referred to as a probe, which is
available commercially. As a consequence, such exper-
iments are easy to carry out but often difficult to
interpret because it is necessary to know the location
of the dye in the system. If an experiment can be
prepared that allows the dyes to be attached co-
valently to a specific component of a system, such as a
polymer chain segment, such dyes are called labels.
The question can be raised: does the presence of the
dye perturb the system or does it perturb its own local
environments in the system? Perturbations are most
common when high dye concentration leads to aggre-
gation and in crystalline systems where the order in
the system can be affected by the dye. Perturbations
are much less likely when fluorescent dye is incorpo-
rated into an amorphous fluid or glassy phase. For
about two decades the transient fluorescence (TRF)
technique for measuring fluorescence decay has been
routinely applied to study many polymeric systems,
using dyes both as probes and/or as labels.””'® TRF
spectroscopy with direct energy transfer (DET) and
quenching methods has been used to characterize the
internal morphologies of composite polymeric mate-
rials.” " Film formation from donor- and acceptor-
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labeled latex particles was studied using DET in con-
junction with TRE.'*'* A single-photon counting (SPC)
technique, which produces decay curves and measures
lifetimes in conjunction with DET, was used to study the
diffusion of small dye molecules within the interphase
domain of anthracene and/or phenantrene-labeled
PMMA [poly(methyl methacrylate] particles.'*'>

Many experimental techniques have been used to
study the kinetics of the swelling and shrinking of
chemical and physical gels, among which are quasi-
elastic light scattering,'® neutron scattering,'” and in
situ interferometric'® measurements. Pyrene deri-
vate was used as a fluorescence molecule to monitor
the polymerization, aging, and drying of alumino-
silicate gels.'” In situ observation of the sol-gel
phase transition in free-radical crosslinking copoly-
merization (FCC) was studied using the steady-state
fluorescence (SSF) technique.”**' The same tech-
nique was also used to study the swelling and dry-
ing kinetics in disc-shaped gels.** Recently, the fast
transient fluorescence technique was employed to
model the swelling of PMMA gel in chloroform, in
which fluorescence decay profiles were fitted to
double exponential function.* In these experiments
the lifetimes of pyrene (7, and 7,), which are related
to the inside and outside of the disc-shaped gel,
were measured. It was observed that 7, increased as
the swelling time was increased; however, 7, re-
mained unchanged during the swelling process. The
7, values were used to determine the swelling pa-
rameters, such as the cooperative diffusion coeffi-
cient, D, and the time constant, 7.

In this work the swelling of disc-shaped gels
formed by FCC of MMA with various EGDM con-
tents was studied using the strobe master system
(SMS). Fluorescence decay profiles of P, were mea-
sured when the gel in the fluorescence cell was
illuminated directly by the exciting light. SMS was
used for lifetime measurements of Py in and out of
the gel simultaneously. Decay profiles were fitted to
the double exponential law to obtain 7; and 7, life-
times of Py. Lifetime measurements with SMS are
much more rapid than those done with single-pho-
ton counting system and phase instruments. This
advantage of SMS allowed us to make at least tents
of life measurements during the swelling process of
the gels. That is the reason we named this technique
fast transient fluorescence (FTRF), as it gives us
many advantages compared with other lifetime
measuring techniques. It was observed that as the
gel became swollen, the lifetime of Py in the gel (7,)
decreased, which was modeled using low quench-
ing and the Stern-Volmer equation. Cooperative
diffusion coefficients, D, were determined by em-
ploying the Li-Tanaka equation.
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THEORETICAL CONSIDERATIONS
Kinetics of swelling

It has been suggested® that the kinetics of swelling
and shrinking of a polymer network or gel should
obey the following relationship,

Wit,) .
Wee) =1 z B,e "/ (1)

where W(t,) and W(x) are the swelling or solvent
uptakes at time t, and at infinite equilibrium, respec-
tively. W(t,) can also be considered as a volume dif-
ference of the gel at time f and 0. Each component of
the displacement vector of a point in the network from
its final equilibrium location after the gel is fully swol-
len decays exponentially with a time constant, 7,
which is independent of time ¢. Here B,, is given by the
following relationship®

2(3 — 4R)
o’ — (4R — 1)(3 — 4R) (2)

B,=

where R is defined as the ratio of the shear and the
longitudinal osmotic modulus, R = G/M. The longitu-
dinal osmotic modulus, M is a combination of shear,
G, and osmotic bulk moduli, K, and is given as M = K
+ 4G/3, and R in turn is defined by the coefficient «,,
in the equation, where «, represents the roots of the
Bessel functions.

R=21'" T 3)

1 |: an] O(an) :|
where ], and |, are Bessel functions of the Oth and first
orders. In eq. (1), 7, is inversely proportional to the
cooperative diffusion coefficient, D, of a gel disc at the
surface and is given by the relation®

3a*
™= Dol @

where the diffusion coefficient, D, is given as D, = M/f
= (K + 4G/3)/f, where f is the friction coefficient
describing the viscous interaction between the poly-
mer and solvent, and a represents half the disc thick-
ness at the equilibrium state of swelling, which can be
experimentally determined.

The series given by eq. (1) is convergent. The first
term of the series expansion is dominant at large ¢,
which correspond to the last stage of the swelling. As
is seen from eq. (4), 7, is inversely proportional to the
squared of «,, where «,, values are the roots of the
Bessel functions. If # is greater than 1, «,, increases and
7,, decreases rapidly. Therefore, the kinetics of swell-
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TABLE 1
Experimentally Measured Parameters
1 2 3 4 5 6 7

EGDM % 1073 5 7.5 10 15 20 25 30
a; (cm) 0.22 0.25 0.28 0.28 0.28 0.255 0.215
B, 0.67 0.7 0.57 0.49 0.45 0.56 0.48
oy 2.0 1.95 2.2 2.3 2.3 22 2.3
7. (min) ((I)/(1,)) 18 21 24 28 59 72 69
D.(cm*s ') X 107° 1.78 2.2 1.90 1.42 0.64 0.52 0.37
7. (min) (7,/7y,) 22 31 27 29 67 64 62
D, (em®s™Y) X 1075 (15/7p) 1.45 14 1.65 14 0.56 0.58 0.415

ing within the limit of large t, or if the first term of
7,(7.) is much larger than the rest of 7,,° means all
high-order terms (n = 2) in eq. (1) can be dropped
such that the swelling and shrinking can be repre-
sented by the first-order kinetics.** In this case eq. (1)
simplifies to

W(t,)
W(e)

=1- BleifS/Tu (5)

and eq. (4) can be given by the following relationship

_3a2 ‘
™= Dol (6)

Fluorescence quenching

The fluorescence and phosphorescence intensities of
aromatic molecules are affected by both radiative and
nonradiative processes.” If the possibility of pertur-
bation from oxygen is excluded, the radiative proba-
bilities are found to be relatively independent of en-
vironment and even of molecular species. Environ-
mental effects on nonradiative transitions that are
primarily intramolecular in nature are believed to
arise from a breakdown of the Born-Oppenheimer
approximation.”® The role of the solvent in such a
picture is to add the quasi-continuum of states needed
to satisfy energy resonance conditions. The solvent
acts as an energy sink for rapid vibrational relaxation
that occurs after the rate-limiting transition from the
initial state. Years ago Birks et al. studied the influence
of solvent viscosity on fluorescence characteristics of
pyrene solutions in various solvents and observed that
the rate of monomer internal quenching is affected by
solvent quality.”” Weber et al. reported 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 trapping states.® A matrix that changes little
with temperature enables the study of molecular
properties themselves without changing environmen-

tal influences. Poly(methyl methacrylate) (PMMA)
was used as such a matrix in many studies.”

Emission of the fluorescence is the radiative transi-
tion of an electronically excited molecule from its sin-
glet excited state to its ground state.’**" Fluorescence
quenching normally refers to any bimolecular process
between the excited singlet state of a fluorescence dye
and the second species that enhances the decay rate of
the excited state. One can schematically represent the
process as

Ky K
Ff—bs

k[Q]
* 5 r

where F and F represent the fluorescent molecule,
and its excited form, Q, is the quencher; and kf, k,,, and
kq represent the fluorescence, nonradiative, and
quenching rate constants respectively. Many types of
processes lead to quenching, as pointed out in the

previous paragraph. Kinetically, a quenching process
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Figure 1 Fluorescence cell in PTI strobe master system
during monitoring of gel swelling. I, is the excitation and I(f)
the emission intensity at 345 and 395 nm, respectively.
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Figure 2 Log of fluorescence decay profiles, (), at various
swelling steps. The number on each curve present the swell-
ing time, t,, in minutes. These experiments were performed
according to position described in Figure 1.

can be divided into two main categories: dynamic and
static. In dynamic quenching diffusion, forming an
encounter pair during the excited state lifetime of the
dye leads to quenching. In static quenching diffusion
does not occur (which is out of our interest). Dynamic
quenching is most likely to occur in fluid solution,
where the dye or quencher is free to move. If the
quenching rate can be characterized by a single rate
coefficient (k,) and the unquenched decay rate of F, in
terms of a unique lifetime, 7y, then the quenching
kinetics will follow the Stern—Volmer equation

=1 +k[Q] ()

where |Q| represents the quencher concentration.

EXPERIMENTAL

EGDM has been commonly used as crosslinker in the
synthesis of polymeric networks. The monomers
MMA (Merck) and EGDM (Merck, Germany) were
freed from the inhibitor by shaking with a 10% aque-
ous KOH solution, washing with water, and drying
over sodium sulfate and were then distilled under
reduced pressure over copper chloride.

The FCC of MMA and EGDM was performed in
bulk in the presence of 2,2'-azobisisobutyrronitrile
(AIBN) (0.26 wt %) as an initiator. P, was added as a
fluorescence probe during the gelation process where
P, concentration was taken as 4 X 10~ *M. Sample was
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deoxygenated by bubbling nitrogen for 10 min, and
then radical copolymerization of MMA and EGDM
was performed at 70 = 2°C. Here, EGDM content was
varied from 0.005 to 0.03 vol % for various gel sam-
ples, as seen in Table 1. After gelation was completed,
the gel sample was dried and cut in a disc shape for
the swelling experiment. The initial half thicknesses of
the gel samples are given in Table 1.

FTRF measurements were performed using Photon
Technology International’s (PTI) strobe master system
(SMS). In the strobe, or pulse sampling technique,"**
the sample is excited with a pulsed light source. The
name comes about because the photo multiplier tube
(PMT) is gated or strobed by a voltage pulse that is
synchronized with the pulsed light source. The inten-
sity of fluorescence emission is measured in a very
narrow time window on each pulse and saved in a
computer. The time window is moved after each
pulse. The strobe has the effect of turning off the PMT
and measuring the emission intensity over a very
short time interval window. When the data has been
sampled over the appropriate range of time, a decay
curve of fluorescence intensity versus time is obtained.
Because the strobe technique is intensity-dependent,
the strobe instrument is much faster than the SPC and
even faster than the phase instrument. The strobe
instrument is much easier to use than the SPC, and the
data are easier to interpret than those from the phase
system. Because of these advantages, SMS is used to
monitor the swelling of PMMA gel, which takes about
several hours.

Swelling experiments were carried out in the SMS of
PTI, employing a pulsed lamp source (0.5 atm of N,).
Pyrene molecules were excited at 345 nm and fluores-
cence decay profiles were obtained at 395 nm during
in situ swelling experiments, which were performed at
room temperature. A disc-shaped gel sample was
placed in a 1 cm X 1 cm quartz cell, where it was
attached to one side of a cell by pressing a disc with
thick steal wire. The quartz cell was filled with chlo-
roform, and the cell was placed in the SMS system,
where fluorescence decay measurements were per-
formed at a 90° angle. The position of the gel in the
chloroform-filled fluorescence cell is presented in Fig-
ure 1, where lifetimes of Py in and out of the gel are
shown. When the gel was illuminated by the excita-
tion light, I,, the fluorescence decay profiles, I(t), are
caused by excited P, molecules both immersed in the
gel and desorbed from the swelling gel. Here it is
expected that I(t) should be composed of the sum of
two exponentials with two different lifetimes (7; and
7,). The fluorescence decay data were collected over
three decades of decay time and fitted by nonlinear
least squares using the deconvolution method with a
dry gel as a scatterer standard. The uniqueness of the
fit of the data to the model is determined by x* tests (x*
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Figure 3 The plot of the measured 7, and T, lifetimes versus swelling time, ¢,. 7, and 7, values were obtained by fitting the
fluorescence decay profiles to the eq. (8) for the gel samples contained (a) 5 times; 1073, (b) 15 times; 102, (c) 20 times; 1073,

and (d) 25 times; 10~° % EGDM content.

= 1.10), the distribution of the weighted residuals, and
the autocorrelation of the residuals.

RESULTS AND DISCUSSIONS

Decay curves of Py, in various swelling times obtained
from SMS for gel number 5 in Table I are presented in
Figure 2. To probe swelling process during solvent
uptake, the fluorescence decay curves were deter-
mined and fitted to the sum of two exponentials

I(t) = A V/m + Ae /™ (8)

where 7, and 7, are the lifetimes of P, outside and
inside the gel sample, respectively, and A; and A, are
the corresponding amplitudes of the decay curves.
Figure 2 presents the fluorescence decay profiles at
various swelling steps (0, 29, 56, and 222 min), where
it is seen that as the swelling time, t,, increases, excited
pyrenes decay faster and faster, which indicates that
as solvent uptake, W, increases, quenching of the ex-
cited pyrenes by chloroform increase. In Figure 3(a—d)
7, and 7, lifetimes are plotted versus t,, for the gels (1,
4,5, and 6) swollen in chloroform. It can be seen that
7, values decrease as f, increases, however, 7, remains
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Figure 4 The plot of (I)/(l,) versus swelling time, f_, ac-
cording to eq. (12) for the gel samples (a) 5 times; 10™° and
(b) 25 X 10™7% EGDM content. The intercept and the slope
linear curves produce B, and 7, values.

unchanged during swelling. The role of the solvent is
to add the quasi-continuum of states needed to satisfy
energy resonance conditions, that is, the solvent acts
as an energy sink for rapid vibrational relaxation,
which occurs after the rate-limiting transition from the
initial state. Birks et al. studied the influence of solvent
viscosity on the fluorescence characteristics of pyrene
solutions in various solvents and observed that the
rate of monomer internal quenching is affected by
solvent quality.*
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Because T, and A, values are responsible from the
interior of the gel, to quantify the above observation,
the area under the fluorescence decay curve is calcu-
lated using eq. (8) and the following relationship

(I) = sz Idt = 1A, 9)

t1

where the integral is taking from the peak (7;) to the
end point (7,) of the decay curve. Here t; = 0 and ¢,
= = are taken to carry out the integration in eq. (9). In
fact, the area under the decay curve, that is, the (I)
value is equivalent to the steady-state fluorescence
intensity. From this analysis we expected to measure
B, and 7, using the behavior of (I) against swelling
time, t,. The calculated (I) values decrease as the swell-
ing time, t,, is increased, which indicates that the
quenching rate of P, molecules is increased as chloro-
form molecules penetrate into the gel. At the begin-
ning, before solvent penetration starts, the P, intensity
is (Ip). When solvent penetration starts, some excited
P, molecules are quenched and the intensity decreases
to (I) at time t,, where the amount of solvent uptake is
W. Because the Py concentration is very low (1074M),
it is reasonable to assume that all P, molecules are
quenched wherever the solvent molecules are entered,
that is, the fluorescence intensity change is propor-
tional to solvent uptake. At the equilibrium swelling
the P, intensity decreased to (I.), where the solvent
uptake by gel is W... The relationship between solvent
uptake W and the P, intensities, (I), from the gel

80
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50

7, (min)

40
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20 ©

10 T T T T T T
0 5 10 15 20 25 30 35
%EGDM x 10

Figure 5 The plot of the time constant, 7. obtained from eq.
(12) versus EGDM content.
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Figure 6 The plot of the normalized 7, lifetimes versus swelling time, f,, for the gel samples contained (a) 5 times; 1072, (b)
15 times; 102, (c) 20 times; 10, and (d) 25 times; 10~* % EGDM content. The fit of the data to eq. (15), which produced 7.
values, are presented.

during the swelling process are given by the following  So eq. (11) predicts that as W increases, (I) decreases.
relation Combining eq. (11) with eq. (5) and assuming that
number of quenched P, molecules are proportional to

W Iy — <D W, the following relationship is obtained

W. = (I — (L) (10)

U 2
11’1|:<IO>:| =1In Bl - ;C (12)

Because I, > I, eq. (10) becomes

w -1 D (11) The (I) data are plotted in Figure 4 according to eq.

W, (I (12) for gel samples of 1 and 6, for which quite linear
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Figure 7 The plot of the time constant, 7, obtained from eq.
(15) versus EGDM content.

relations are obtained. Linear regression of the curve
in Figure 4 yields B, and 7, values, which are listed in
Table I. Figure 5 presents the plot of 7. versus EGDM
content. It can be seen that densely formed (high
EGDM content) gels swell more slowly than loosely
formed (low EGDM content) gels. Taking into account
the dependence of B; from R, eq. (2) R values can be
obtained, and from the «;-R dependence, «; values
produced.® Finally, using eq. (6), cooperative diffusion
coefficients, D, were determined and are listed in
Table I for the gel samples.

To quantify the results in Figure 3 (where exponen-
tial decrease in T, is observed as the swelling time, ¢,,
is increased), the Stern-Volmer type of quenching
mechanism may be proposed for the fluorescence de-
cay of P, in the gel sample. According to Stern—
Volmer law T,, lifetimes can be written as

=T + k[W] (13)
where 7y, is the lifetime of Py in the dry gel in which
no quenching has taken place, k is the quenching rate
constant, and [W] is the molar solvent concentration in
the gel after solvent uptake has started. For low
quenching efficiency, where 7y,k[W] < 1, eq. (13) be-
comes

7 = Too(1 — T2k [W]) (14)
If eq. (14) is integrated over the differential volume, dv,
of the gel from initial to final thicknesses of the gel, the
following relationship is obtained.
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.
2 =1-C+CBpe "

Toz (15)
where C = 13,kW,./v and v is the swollen volume of
the gel. Then eq. (15) was fitted to the data of normal-
ized mean lifetimes of P in Figure 6 for the gel sam-
ples of 1, 4, 5, and 6. The 7, values were obtained from
the curves in Figure 6. Using known B, values from
previous calculations, 7, values were obtained and are
listed in Table I. The 7, values obtained using eq. (15)
are plotted versus EGDM content in Figure 7, where
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©
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o ©
=
Q
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Figure 8 The plot of cooperative diffusion coefficient, D,
versus EGDM content from the analysis of (a) eq. (12) and
(b) eq. (15).
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similar behavior is observed with the 7, values ob-
tained from eq. (12). In other words, densely formed
gels swell slower than loosely formed gels.

Cooperative diffusion coefficients, D, were calcu-
lated from 7, values obtained from eq. (15) and are
listed in Table I. The D, values obtained from two
preceding analyses are plotted versus EGDM content
in Figure 8. In both cases D, values decreased as
EGDM content increased. The gel segment moves
much faster in loosely formed gels than in densely
formed gels.

In conclusion, this article presents the FTRF tech-
nique to be used to measure cooperative diffusion
coefficients during the swelling of a polymeric gel. It
can be argued that measuring lifetimes by using FTRF
in a swelling gel provides data that can be used with-
out correction. However, data obtained by using the
steady-state fluorescence method need quite a bit of
correction in intensity because of certain effects. The
different D, values listed in Table I most probably
came from the differences in lifetime and intensity
measurements.
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