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ABSTRACT: The fast transient fluorescence technique (FTRT) was used for studying the
swelling and dissolution of a glassy polymer formed by free-radical polymerization of
methyl methacrylate (MMA). Anthracene (An) was introduced during polymerization
as a fluorescence probe to monitor swelling and dissolution. Swelling and dissolution
processes of disc-shaped poly(methyl methacrylate) (PMMA) glasses in a chloroform–
heptane mixture were monitored by measuring the fluorescence lifetimes of An from its
decay traces. A method is developed for low quenching efficiencies for measuring
lifetimes, t, of An, and it was observed that t values decreased as the dissolution process
proceeded. Desorption, D, and mutual diffusion, Dm, coefficients of An molecules were
measured during dissolution of PMMA and found to be around 5.4 3 1026 (cm2/s) and
2.2 3 1025 (cm2/s), respectively. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 948–957,
1999
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INTRODUCTION

When an organic dye absorbs light, it becomes
electronically excited; then, fluorescence occurs
from the lowest-excited singlet state and decays
over a timescale typically of nanoseconds.1,2 In
addition to unimolecular decay pathways for de-
excitation of excited states, there are a variety of
bimolecular interactions which can lead to deac-
tivation. These are referred to collectively as
quenching processes, which enhance the rate of
decay of an excited-state intensity, I, as follows:

I 5 I0expS2
t
tD (1)

where A is the preexponential factor and t is the
lifetime which characterizes the timescale of the

excited-state decay. It is defined here in Eq. (1) in
terms of the measured decay intensity. For dilute
solutions of dye molecules in isotropic media, ex-
ponential decays are common. In more complex
systems, deviations are often observed. Under
these conditions, one sometimes describes the de-
cay in terms of the mean decay time ^t&.

Fluorescence dyes can be used to study local
environments with two types of experiments:
When the dye is simply added to the system as a
small molecule, the dye is referred to as a probe.
Such probes are available commercially. As a con-
sequence, such experiments are easy to carry out,
but often difficult to interpret, because one has to
know where the dye is located in the system. If
one can prepare an experiment which allows the
dye to be attached covalently to a specific compo-
nent of a system such as a polymer-chain seg-
ment, such dyes are referred to as labels. The
question can be raised: Does the presence of the
dye perturb the system or perturb its own local
environment in the system? Perturbations are
most common in systems where high dye concen-
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tration leads to aggregation and in crystalline
systems where the order of the system is affected
by the dye. Perturbations are much less likely
when the fluorescent dye is incorporated into an
amorphous fluid or glassy phase.

For about two decades, the transient fluores-
cence (TRF) technique for measuring fluorescence
decay has been routinely applied to study many
polymeric systems using dyes both as a probe
and/or as labels.3–7 TRF spectroscopy using a direct
energy transfer (DET) and quenching method has
been used to characterize internal morphologies of
composite polymeric materials.8,9 DET is simply
quenching and is used to describe any bimolecular
process which decreases the emission decay rate.
There are many such mechanisms: The most com-
mon ones are electron transfer, exciplex and exci-
mer formation, nonemissive self-quenching, and
heavy atom effects.1,2 The most important feature
of these quenching mechanisms involves interac-
tions between groups over different interaction dis-
tances. A single-photon counting (SPC) technique
which produces decay curves and measures life-
times in conjunction with DET was used to study
the diffusion of small dye molecules within the in-
terphase domain of anthracene and/or phenan-
trene-labeled poly(methyl methacrylate) (PMMA)
particles.10 Mean lifetimes of fluorescing donor dye
molecules were measured during diffusion. A Fick-
ian model11 for diffusion was employed to produce
diffusion coefficients which were found to be around
10219 and 10216 cm2 s21 at room temperature and
at temperatures above the glass transition.

The mechanism of polymer dissolution is much
different from and is more complicated than that
governing the dissolution of small molecules, be-
cause simple diffusion laws no longer apply.11 The

dissolution of small molecules is usually governed
by a single diffusion step; however, at least three
different steps have to be considered in the case of
polymer dissolution: (a) solvent diffusion, (b) poly-
mer relaxation, and (c) polymer desorption (see
Fig. 1). When a glassy polymer is exposed to an
organic solvent, the solvent molecules start to
diffuse into the glass, which is presented in Fig-
ure 1(a). The penetration distance depends
mainly on the free volume, which, in turn, de-
pends upon the flexibility of the chain, backbone,
and side groups as well as on the thermal history
of the polymer. First, solvent molecules act as a
plasticizer of the polymer, and as a result, this
region of the glass starts to swell. In step (b), the
polymer chain begins to relax, creating a swollen
gel layer which is composed of both polymer
chains and solvent molecules. If the solvent–poly-
mer interactions are more favorable than are the
polymer–polymer interactions, maximum swell-
ing is obtained. These polymer chains eventually
separate from the bulk and diffuse freely into the
solvent. This last step, (c), characterizes the onset
of the dissolution process which involves the dis-
entanglement of each individual chain from the
swollen gel layer, resulting in diffusion of polymer
chains into the pure solvent.

Solvent penetration in polymers has been stud-
ied by various techniques. The most traditional
ones are the weight measurements and monitoring
the redistribution of isotopic tracers in the poly-
mer.12 The electron spin resonance (ESR) technique
is used to investigate nonsolvent penetration into
PMMA latex particles.13 The ESR method based on
the scavenging of radicals produced by high-energy
g-irradiation of PMMA by oxygen was used for the
measurement of the diffusion coefficient in

Figure 1 Cartoon representation of polymer glass dissolution. d is the thickness of
the glass and L is the position of the advancing solvent swollen gel front.
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PMMA.14 Penetration of naphthalene molecules
into PMMA latex particles stabilized by polyisobu-
tylene (PIB) was studied by a time-resolved fluores-
cence technique below the Tg.

15 Fluorescence
quenching and depolarization methods have been
used for penetration and dissolution studies in solid
polymers.16–18 An in situ fluorescence quenching
experiment in conjunction with laser interferome-
try was used to investigate the dissolution of
PMMA film in various solvents.19 A real-time non-
destructive method for monitoring small molecule
diffusion in polymer films was developed,20,21 which
is, basically, based on the detection of excited fluo-
rescence molecules desorbing from a polymer film
into a solution in which the film is placed.22,23 Re-
cently, we reported an in situ steady-state fluores-
cence (SSF) method on the dissolution of latex film
and polymer glasses using real-time monitoring of
fluorescence probes24–27 desorbing from these ma-
terials.

In this work, the strobe technique, which is
called fast transient fluorescence (FTRF) was
used to study the dissolution of PMMA glasses
prepared by free-radical polymerization. The ma-
jor advantage of the strobe technique over other
lifetime instruments is the time duration of a
single experiment which takes only seconds. (Sin-
gle-lifetime measurements in a single-photon
counting instrument takes hours.) In this work,
this advantage of the strobe technique is used to
make at least 20–30 lifetime experiments during
the dissolution of a polymer glass over a time
period of 5 h. A chloroform–heptane mixture was
used as a dissolution agent and in situ FTRF
experiments were performed to observe the disso-
lution processes. Dissolution experiments were
carried out by illuminating the PMMA glass, and
fluorescence decay traces were observed using a
Strobe Master System (SMS).

THEORETICAL CONSIDERATION

Various mechanisms and mathematical models
have been considered for polymer dissolution: Tu
and Quano28 proposed a model which includes
polymer diffusion in a liquid layer adjacent to the
polymer and moving of the liquid–polymer bound-
ary. The key parameter for this model was the
polymer disassociation rate, defined as the rate at
which polymer chains desorb from the gel inter-
face. Lee and Peppas29 extended this model for
films to the situations of the polymer dissolution
rate where the gel thickness was found to be

proportional to (time)1/2. A relaxation-controlled
model was proposed by Brochard and de
Gennes,30 where, after a swelling gel layer was
formed, desorption of polymer from the swollen
bulk was governed by the relaxation rate of the
polymer stress. This rate was found to be of the
same order of magnitude as the reptation time.
The dependencies of the radius of gyration and
the reptation time on the polymer molecular
weight and concentration were studied using a
scaling law31 based on the reptation model.

In this article, we employed a simpler model
developed by Enscore et al.32 to interpret the re-
sults of polymer swelling and dissolution experi-
ments. This model includes Case I and Case II
diffusion kinetics.

Case I or Fickian Diffusion

The solution of a unidirectional diffusion equation
for a set of boundary conditions was cited by
Cranck.11 For a constant diffusion coefficient, D,
and fixed boundary conditions, the sorption and
desorption transport in and out of a thin slab is
given by the following relation:

Mt

M`
5 1 2

8
p2 O

n50

` 1
~2n 1 1!2 expS2~2n 1 1!2Dp2t

d2 D
(2)

Here, Mt represents the amount of materials ab-
sorbed or desorbed at time t, M` is the equilib-
rium amount of the material, and d is the thick-
ness of the slab.

Case II Diffusion

The Case II transport mechanism is character-
ized by the following steps: As the solvent mole-
cules enter into the polymer film, a sharp advanc-
ing boundary forms and separates the glassy part
of the film from the swollen gel [see Fig. 1(b)].
This boundary moves into the film at a constant
velocity. The swollen gel behind the advancing
front is always at a uniform state of swelling.
Now, consider a cross section of a film with thick-
ness d, undergoing Case II diffusion as in Figure
1, where L is the position of the advancing sorp-
tion front, C0 is the equilibrium penetrant con-
centration, and k0 (mg/cm2 min) is defined as the
Case II relaxation constant. The kinetic expres-
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sion for the sorption in the film slab of an area A
is given by

dMt

dt 5 k0A (3)

The amount of penetrant, Mt, absorbed in time t
will be

Mt 5 C0A~d 2 L! (4)

After eq. (4) is substituted into eq. (3), the follow-
ing relation is obtained:

dL
dt 5 2

k0

C0
(5)

It can be seen that the relaxation front, positioned
at L, moves toward the origin with a constant
velocity, k0/C0. The algebraic relation for L, as a
function of time t, is described by eq. (6):

L 5 d 2
k0

C0
t (6)

Since Mt 5 k0At and M` 5 C0Ad, the following
relation is obtained:

Mt

M`
5

k0

C0d
t (7)

Fluorescence Quenching

Emission of fluorescence is the radiative transi-
tion of an electronically excited molecule from its
singlet excited state to its ground state.1,2 Fluo-
rescence quenching normally refers to any bimo-
lecular process between the excited singlet state
of a fluorescent molecule and a second species
that enhances the decay rate of the excited state.
One can schematically represent the process as

F* O¡
kf,knr

F (8)

F*O¡
kq@Q#

F (9)

where F and F* represent the fluorescent mole-
cule, and its excited form, Q, is the quencher, and

kf, knr, and kq represent the fluorescence, nonra-
diative, and quenching rate constants, respec-
tively. Many types of processes lead to quenching.
Kinetically, the quenching process can be divided
into two main categories: dynamic and static. In
dynamic quenching, diffusion to form an encoun-
ter pair during the excited-state lifetime of the
fluorescent molecule leads to quenching. In static
quenching, diffusion does not occur (which is not
of our interest). Dynamic quenching is most likely
to occur in a fluid solution, where the dye or
quencher are free to move. If the quenching rate
can be characterized in terms of a single-rate
coefficient (kq) and the unquenched decay rate of
F, in terms of a unique lifetime, t0, then the
quenching kinetics will follow the Stern–Volmer
equation as follows:

t21 5 t0
21 1 kq@Q# (10)

where [Q] represents the quencher concentration.
The fluorescence quenching process used in this
article involves monomer “internal quenching” in-
duced by solvent viscosity changes.

EXPERIMENTAL

The monomers MMA (Merck, Germany) were
freed from the inhibitor by shaking with a 10%
aqueous KOH solution, washing with water, and
drying over sodium sulfate. They were then dis-
tilled under reduced pressure over copper chlo-
ride. The initiator, 2,29-azobisisobutyrronitrile
(AIBN; Merck), was recrystallized twice from
methanol and the solvents chloroform and hep-
tane (Merck) were used as they were.

The radical polymerization of MMA was per-
formed in bulk in the presence of AIBN as an
initiator. AIBN (0.26 wt %) and An (4 3 1024 M)
were dissolved in MMA and this solution was
placed into a round glass tube of 15-mm internal
diameter. Before polymerization, the solution was
deoxygenated by bubbling nitrogen for 10 min
and then radical polymerization of MMA was per-
formed at a temperature of 65 6 3°C. After poly-
merization was completed, the tube was broken
and disc-shaped thin films (around 0.4 cm) were
cut for the swelling and dissolution experiments.

In situ fluorescence decay experiments were
performed using Photon Technology International’s
(PTI) Strobe Master System (SMS). In the strobe,
or pulse-sampling technique,2,33 the sample is ex-

FTRT FOR STUDYING DISSOLUTION OF POLYMER GLASSES 951



cited 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 syn-
chronized with the pulsed light source. The inten-
sity of the 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 turn-
ing the PMT and measuring the emission inten-
sity over a very short time window. When the
data have been sampled over the appropriate
range of time, a decay curve of the fluorescence
intensity versus time can be constructed. Because
the strobe technique is intensity-dependent, the
strobe instrument is much faster than is SPC and
even faster than a phase fluorimetry instrument.
A strobe instrument is much simpler to use than
is SPC and the data are easier to interpret than is
a phase system. Because of these advantages,
SMS is used to monitor the dissolution of PMMA
glasses which takes place in a time period of a few
hours.

All dissolution measurements were made at a
90° position and slit widths were kept at 5 nm.
Dissolution experiments were performed in a
round quartz cell which was placed in the SMS
and fluorescence decay was collected over three
decades of decay. Disc-shaped samples were
placed in a quartz cell filled with a chloroform
(90%)–heptane (10%) mixture and the samples
were then illuminated with a 356-nm excitation
light and anthracene fluorescence emission was
detected at 400 nm. The uniqueness of the fit of
the data to the model was determined by x2 (x2

, 1.20), the distribution of weighted residuals,
and the autocorrelation of the residuals. All mea-
surements were made at room temperature.

RESULTS AND DISCUSSION

Dissolution experiments were performed using a
chloroform–heptane mixture as a dissolution
agent. Figure 2 presents the fluorescence decay
profiles of An at various dissolution steps. It is
observed that as the dissolution time is increased
excited anthracenes decay faster, indicating that
quenching of excited anthracenes occurs. Here,
the role of the solvent is to add the quasi-contin-
uum 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 the solvent quality.34 We previously
reported a viscosity effect on low-frequency in-
tramolecular vibrational energies of excited naph-
thalene in swollen PMMA latex particles.35

Recently, it was shown that excited pyrene
molecules are quenched in a chloroform–heptane
mixture due to the low viscous environment of
heptane during film dissolution.26 It was consid-
ered that collosional quenching of pyrenes occurs
in a low viscous heptane (3.8 3 1024 Pa s) envi-
ronment, in which pyrenes are quenched much
easier than is possible in chloroform which has
relatively high viscosity (5.8 3 1024 Pa s). How-
ever, one must be careful in preparing a chloro-
form–heptane mixture because a high heptane
content results in zero desorption coefficients,26

due to that a bad solubility and low heptane con-
tent cause very fast dissolution, which can be
difficult to control.

To probe the dissolution processes during sol-
vent penetration, the fluorescence decay curves
were measured and were fitted to eq. (1). A typical
decay curve and its fit to eq. (1) is shown in Figure
3. A and t values were produced at each dissolu-
tion step using linear least-square analysis. To
quantify these observations, the integrated area
under the fluorescence decay curve is used at each
step of the dissolution process:

Figure 2 Fluorescence decay profiles of excited An, at
various dissolution steps. Number at each curve pre-
sents the dissolution times in 1 min. The sharp peaked
curve is the lamp profile.
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^I& 5 E I dt 5 At (11)

The ^I& values are plotted versus the dissolution
time, td, in Figure 4 for the dissolving PMMA
glass. It is seen that at the beginning the ^I&
values do not change much, then suddenly de-
crease around 100 min as the dissolution time, td,
is increased. This behavior indicates that the
quenching of An molecules takes place during
solvent diffusion. At the beginning, before solvent
penetration starts, the An intensity is called ^I0&;
after solvent diffusion starts, some An molecules
are quenched and the intensity decreases to ^I& at
time td. At the end of dissolution at the equilib-
rium state, An intensity reaches ^I`&. The rela-
tion between the solvent sorption, Mtd

, and inten-
sity is now given by the following relation:

Mtd

M`
5

^I0& 2 ^I&

^I0& 2 ^I`&
(12)

Since ^I0& @ ^I`&, eq. (12) becomes

Mtd

M`
5 1 2

^I&

^I0&
(13)

This relation predicts that as Mtd
increases, ^I& is

decreased. Equation (13) is quite similar to the
equation used to monitor oxygen uptake by
PMMA spheres.36,37 Combining eq. (13) with eq.
(7) and assuming that number of quenched An
molecules are proportional to ^I&/^I0&, the follow-
ing relation can be obtained at early times:

^I&

^I0&
5 1 2

k0

C0d
td (14)

At early times, the data in Figure 4 are plotted in
Figure 5 according to eq. (14), where a linear
relation is obtained. The linear regression of
curve in Figure 5 provides us with a k0 value of
7.9 3 1021 (mg/cm2 min). At long times, combin-
ing eq. (13) with eq. (2), the following relation is
obtained:

LnS ^I&

^I0&
D 5 Ln B1 2 Atd (15)

where B1 5 8/p2 and A 5 Dp2/d2. The data
above 100 min in Figure 4 are plotted in Figure 6
according to eq. (15), where the linear regression
of the curve produced a D value of 5.3 3 1026

(cm2/s).

Figure 4 Plot of the integrated area under the fluo-
rescence decay profiles versus dissolution time, td.

Figure 3 Fit of the decay curve of An to eq. (1) for the
dissolution at 110 min.
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The area, I, under the decay curves is also
measured using the proper software of PTI and
are plotted versus the dissolution time in Figure
7. Similar to previous observations, the I inten-
sity did not change much at early times; however,
it decreased drastically at longer times by indi-

cating that the dissolution process has started.
Now, eqs. (14) and (15) become

I
I0

5 1 2
k0

C0d
td (16)

and

LnS I
I0
D 5 Ln B1 2 Atd (17)

Data in Figure 7 were fitted to eqs. (16) and (17)
at early and longer times. Results are presented
in Figures 8 and 9, respectively, where k0 5 6.2
3 1021 (mg/cm2 min) and D 5 5.7 3 1026

(cm2/s) values are produced from the slopes of the
linear relations.

t values obtained during dissolution of PMMA
glass are plotted versus td in Figure 10. To quan-
tify these results, a Stern–Volmer type of quench-
ing mechanism is proposed for the fluorescence
decay of An in a glass sample during the dissolu-
tion process, where eq. (10) can be employed. For
low quenching efficiency, t0kq[Mtd

] ! 1, eq. (10)
becomes

t < t0~1 2 t0kq@Mtd#! (18)

where [Mtd
] is the quencher (heptane) concentra-

tion at time td. Here, using a 10% heptane con-

Figure 5 Fit of the data in Figure 4 to eq. (14) at early
times. The slope of the linear relation produced a k0

value.

Figure 6 Fit of the data in Figure 4 to eq. (15) at
longer times. The slope of the linear relation produced
a D value.

Figure 7 Plot of the intensity, I, versus dissolution
time, td.
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tent in the solvent mixture, a low quenching en-
vironment for the excited An molecules is satis-
fied, which also caused slower and controllable
dissolution. The relation between the lifetime of
An and Mtd

in dissolving glass can be obtained
approximately using the volume integration of eq.
(18), and the following relation is obtained:

t

t0
5 1 2 C

Mtd

M`
(19)

where C 5 t0kqM`/v. Here, v is the volume of the
glass. The solvent sorption is calculated over the
differential volume as

Mtd 5 E
0

d`

@Mtd# dv (20)

where dv is the differential volume in the glass
and the integration is taken from 0 to d.

At early times, eq. (19) can be written as

t

t0
5 1 2 kqt0

k0

d td (21)

where eq. (7) is used. Data in Figure 10 were
fitted to eq. (21) at early times and are presented
in Figure 11, where the kq values were obtained
and found to be 1.0 and 1.3 3 107 (M21 s21) by
using the previously obtained k0 values from Ta-
ble I where t0 was taken as 6.45 ns. At longer
times, by combining eq. (19) with eq. (2), the fol-
lowing relation is produced:

t

t0
5 1 2 C 1 B2exp~2Atd! (22)

Here, B2 5 CB1. Data in Figure 10 at longer
times were fitted to eq. (22), which produced a D
value as 5.2 3 1026 (cm2/s), where the B1 values
used were obtained from the fit of the data in
Figures 6 and 9 at long times. Fit of the data in
Figure 10 is presented in Figure 12.

Figure 8 Fit of the data in Figure 7 to eq. (16) at early
times. The slope of the linear relation produced a k0

value.

Figure 9 Fit of the data in Figure 7 to eq. (17) at
longer times. The slope of the linear relation produced
a D value.

Figure 10 Plot of lifetimes, t, of An versus dissolu-
tion time, td.
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The measured parameters, using three differ-
ent methods, are listed in Table I. The order of
magnitude of the D(1026 cm2/s) values are con-
sistent with our previous observation in a chloro-
form–heptane mixture,26 where a steady-state
fluorescence technique was employed.

The quenching rate constant, kq, which is
found to be 1.15 3 107 (M21 s21), is given in the
Smoluchowski model,1 where the magnitude of kq
is related to the diffusion coefficient of the inter-
acting species:

kq 5
4pNDmR

1000 (23)

Here, Dm is the mutual diffusion coefficient; N,
Avagadro’s number; and R, the sum of the inter-
action radii. Dm was calculated from eq. (23) us-
ing experimentally measured kq values and found
to be 2.2 3 1025 (cm2/s), on average, where R is

taken as 7.15 å. The observed Dm is typical for a
small molecule, diffusing in a liquid environ-
ment,3,4 and is an order of magnitude larger than
is the averaged desorption coefficient, D (5.4
3 1026 cm2/s). This result is expected, because
desorption of An together with polymer chains
from a swollen gel is always slower than the
Brownian motion of An in a liquid environment.

In summary, this article introduces a novel
method which uses the FTRF technique to mea-
sure the D and Dm coefficients during dissolution
of a polymeric material in a good solvent. Here,
one has to notice that since we measured lifetimes
no environmental corrections to the data, which
are quite problematic when one uses fluorescence
intensity data from steady-state spectrometers,
are needed.

REFERENCES

1. Birks, J. B. Photophysics of Aromatic Molecules;
Wiley-Interscience: New York, 1971.

2. Lakowicz, J. R. Principles of Fluorescence Spec-
troscopy; Plenum: New York, 1983.
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4. Pekcan, Ö.; Winnik, M. A.; Croucher, M. D. J Polym
Sci Polym Lett 1983, 21, 1011.

Figure 11 Fit of the data in Figure 10 to eq. (21) at
early times. The slope of the linear relation produces a
kq value.

Table I k0 and D Values

k0 (mg/cm2min)
3 1021

D (cm2/s)
3 1026

^I&/^I0& 7.9 5.3
I/I0 6.2 5.7
t/t0 — 5.2

Figure 12 Fit of the data in Figure 10 to eq. (22) at
longer times. The slope of the linear relation produced
a D value.

956 PEKCAN AND UĞUR
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