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Pyrene lifetimes for monitoring polymer dissolution: a fast transient
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Abstract

Fast transient fluorescence technique (FTRT) was used to measure pyrene (Py) lifetimes during dissolution of glassy polymer, which is
formed by free radical polymerization of methyl methacrylate (MMA), and Py was introduced during polymerization as a fluorescence probe
to monitor swelling and dissolution. The dissolution process of poly(methyl methacrylate) (PMMA) glass was performed in chloroform
(80%)—heptane (20%) mixture. Fluorescence lifetimes of Py from its decay traces were used to monitor the dissolution process. A model was
derived for low quenching efficiencies for measuring mean lifetides, of Py and it was observed thét) values decreased as the
dissolution process proceeded. DesorptDrand mutual diffusionD,, coefficients of Py molecules were measured during dissolution of
PMMA and found to be around 1.38107® and 1.23x 10"% cm?s™%, respectively© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction successfully employed as a fluorescence probe in the
study of micellar [2] and phospholipid dispersion [3].
Fluorescence dyes can be used to study the local environ-These studies focus on the use of the dynamics of quenching
ment, basically with two types of experiments. When the of Py monomer fluorescence and an excimer formation
dye is simply added to the system as a small molecule, theprocess. The other application of the use of Py as a fluores-
dye is referred to as a probe, which is available commer- cence probe is the study of the vibronic fine structure of its
cially. As a consequence, such experiments are easy to carrynonomer fluorescence. The intensities of the various vibro-
out, but often difficult to interpret because one has to know nic bands show a strong dependence on the solvent environ-
where the dye is located in the system. If one can perform anment [4]. In the presence of polar solvents there is an
experiment that allows the dye to be attached covalently to aenhancement in the intensity of the 0—0 band, whereas
specific component of a system such as a polymer chainthere is little effect on other bands, thus the ratio of inten-
segment, these dyes are referred to as labels. In this contexsities of these bands was used to study the environmental
a question can be raised, whether the presence of the dy&hange.
perturbs the system or perturbs its own local environmentin  For about two decades, the transient fluorescence (TRF)
the system. Perturbations are most common in cases whergechnique for measuring the fluorescence decay has been
high dye concentrations lead to aggregation, and to crystal-routinely applied to study many polymeric systems using
line systems where the order in the system can be affecteddyes both as a probe and/or as labels [5-9]. TRF spectro-
by the dye. Perturbations are much less likely when the scopy with direct energy transfer (DET) and quenching
fluorescent dye is incorporated into an amorphous fluid or method has been used to characterize the internal morphol-
glassy phase. ogies of composite polymeric materials [10,11]. Quenching
As a result of its long excited singlet lifetime, Py besides DET is the general word used to describe any bimo-
chromophore [1] is an attractive choice for studying the lecular process, which decreases the emission decay rate.
dynamics in polymers. Simple alkyl Py derivatives fluoresce The most important feature of these quenching mechanisms
intensely at wavelengths of 370-450 nm. Py has beeninvolves interaction between groups over different interac-
tion distances. A single-photon counting (SPC) technique,
*Corresponding author. Tel+90-0212-285-3213; fax:90-0212-285- which produces decay curves and measures lifetimes in
6386. conjunction with DET, was used to study the diffusion of
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small dye molecules within the interphase domain of anthra- 2. Fluorescence quenching

cene and/or phenantrene labeled poly(methyl methacrylate)

(PMMA) particles [12]. The mean lifetimes of donor dye Emission of fluorescence is a radiative transition of an

molecules that exhibit fluorescence were measured duringelectronically excited molecule from its singlet excited

diffusion. A Fickian model [13] for diffusion was employed state to its ground state [1]. Fluorescence quenching

to produce diffusion coefficients, which were found to be normally refers to any bimolecular process between the

around 10° and 10*®cm?s™!, at room and above glass excited singlet state of a fluorescence dye and a second

transition temperatures. species that enhances the decay rate of the excited state.
The dissolution of small molecules is usually governed by One can schematically represent the process as

a single diffusion step, however at least three different steps ek

have to be considered in the case of polymer dissolution: F = F, (1)
solvent diffusion, polymer relaxation, and polymer
desorption. The penetration distance depends mainly on *k‘i?]F )

free volume, which in turn depends upon the flexibility of
the chain, backbone and side groups, as well as the thermalvhere F and Frepresent the fluorescent molecule, and its
history of the polymer. Firstly, the solvent molecule acts as excited form,Q is the quenchet;, k, andk, represent the
a plasticizer of the polymer and as a result, this region of the fluorescence, non-radiative and quenching rate constants,
glass starts to swell, then the polymer chain begins to relax, respectively. Many types of processes lead to quenching.
creating a swollen gel layer, which is composed of both Kinetically, quenching process can be divided into two
the polymer chains and the solvent molecules. If the main categories: dynamic and static. In the dynamic
solvent—polymer interactions are more favorable than the quenching, diffusion to form an encounter pair during the
polymer—polymer interactions, maximum swelling is excited state lifetime of the dye leads to quenching.
obtained. These polymer chains eventually separate fromWhereas in the static quenching, diffusion does not occur
the bulk and diffuse freely into the solvent. This last step (which is not of interest to us). Dynamic quenching is most
characterizes the onset of the dissolution process, whichlikely to occur in fluid solution, where the dye or quencher
involves the disentanglement of each individual chain are free to move. If the quenching rate can be characterized
from the swollen gel layer, resulting in the diffusion of interms of a single rate coefficierkyf and the unquenched
polymer chains into the solvent reservoir. decay rate of F, in terms of a unique lifetima, then the

Fluorescence quenching and depolarization methodsquenching kinetics will follow the Stern—Volmer equation
have been used for penetration and dissolution studies inas follows
solid polymers [14-16]. In situ fluorescence quenching _,
experiment, in conjunction with laser interferometry, was 7 ~ 70 + kgl QL ©)
used to investigate the dissolution of PMMA film in various
solvents [17]. The real-time non-destructive method for
monitoring small molecule diffusion in polymer films was
developed [18,19], which is based on the detection of 3. Experimental
excited fluorescence molecules desorbing from a polymer
film into a solution in which the film is placed [20,21]. The monomers MMA (Merck) were freed from the inhi-
Recently, we have reported in situ steady state fluorescencebitor by shaking with a 10% aqueous KOH solution, wash-
(SSF) method on the dissolution of latex film and polymer ing with water and drying over sodium sulfate. They were
glasses using real-time monitoring of fluorescence probesthen distilled under reduced pressure over copper chloride.
[22-25], desorbing from these materials. The initiator, AIBN (Merck) was recrystallized twice from

In this work, Py lifetimes were measured using the strobe methanol and solvents, chloroform and heptane (Merck)
technique, which is named as FTRF. The major advantagewere used as is. The radical polymerization of MMA was
of strobe technique over other lifetime instruments is the performed in bulk in the presence of 2@zobisisobutyrro-
time duration of a single experiment, which takes only nitrile (AIBN) as an initiator. AIBN (0.26 wt.%) and Py
few seconds. However, single lifetime measurement in (4x 10~*M) were dissolved in MMA and this solution
single photon counting instrument takes hours. In this was placed in a round glass tube of 15 mm internal
work, this advantage of strobe technique is used to makediameter. Before polymerization, the solution was deoxy-
at least 40-50 lifetime experiments during the dissolution of genated by bubbling nitrogen for 10 min, and then radical
polymer glass (which took at least 8 h). Chloroform (80%)— polymerization of MMA was performed at 65 3°C
heptane (20%) mixture was used as a dissolution agent andemperature. After polymerization was completed, the
in situ FTRF experiments were performed to observe the tube was broken and disc shape thin films (around 0.5 cm)
dissolution processes. Dissolution experiments were carriedwere cut for the swelling and dissolution experiments.
out by illuminating the PMMA glass, and fluorescence decay In situ fluorescence decay experiments were performed
traces were observed using the Strobe Master System (SMS)using Photon Technology International’s (PTI) SMS. In the

where [Q] represents the quencher concentration.
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Q All the dissolution measurements were made at 90
position and slit widths were kept at 20 nm. Dissolution

,,J,,,.,ﬁ/cglort(’for?;éog/o)%) experiments were performed in a round quartz cell, which
- epiane ° was placed in the SMS and fluorescence decay was
f ;‘fﬁg\ *U’%/ T, collected over three _decades of de_cay. _Disc shape of
___________ Py . samples were placed in a quartz cell filled with chloroform

Py /Py, gel layer (80%)—heptane (20%) mixture and samples were then illu-

"""""""""" minated with 345 nm excitation light and Py fluorescence

S VRN A () BN emission was detected at 395 nm. The position and illumi-
Py pylypy Y nation of the PMMA disc is shown in Fig. 1. The uniqueness

of the fit of the data to the model is determined g

PMMA (x* < 1.20), the distribution of weighted residuals, and the
glass autocorrelation of the residuals. All the measurement were

. . L . made at room temperature.
Fig. 1. The position and illumination of PMMA disc in the quartz cell of the

SMS instrumentl(t) is the emitted light at timé, andlo=A; + A, is the
excited light at timet = 0.

4. Results and discussion

strobe, or pulse sampling technique [26] the sample was pjgsolution experiments were performed using a chloro-

excited with a pulsed light source. The name is derived form_heptane mixture as dissolution agent. Fig. 2 shows the
from the fact that the PMT is gated or strobed by a voltage fiorescence decay profiles of Py at various dissolution
pulse that is synchronized with the pulsed light source. The giens. |t is observed that as the dissolution time is increased,

intensity of fluorescence emission is measured in a very gycited Py decay faster, thereby indicating that the quench-
narrow time window on each pulse and saved in a computer.jng of excited Py increase. Here the role of the solvent is to

The time window is moved after each pulse. The strobe hasaqq the quasi-continuum of states needed to satisfy the
the effect of turning off the PMT and measuring the emis- energy resonance conditions, i.e. the solvent acts as an
sion intensity over a very short time window. When the data energy sink for rapid vibrational relaxation, which occurs
were sampled over the appropriate range of time, a decayafter the rate limiting transition from the initial state. Briks
curve of fluorescence intensity versus time can be et 5, studied the influence of solvent viscosity on the fluor-
constructed. As the strobe technique is intensity-dependentggcence characteristics of Py solutions in various solvents
strobe instrument is much faster than SPC, and even fasteyn§ ohserved that the rate of monomer internal quenching is
than phase instrument. Strobe instrument is much simpler t0 5¢te cted by solvent quality [27]. We reported the viscosity

use than SPC and the data is easier to interpret than thesfect on low frequency intramolecular vibrational energies
phase system. As a result of these advantages SMS is usedt excited naphthalene in swollen PMMA latex particles
to monitor the dissolution of PMMA glasses, which take [28]

about few hours.

In order to probe the dissolution processes during solvent
penetration, the fluorescence decay curves were measured
and fitted to the sum of two exponential:

110
t t
4000 \ I(t) - AleX[<— T_l) + Azexf<_ 7'_2 ), (4)

3000 - 20 \\ wheret represents the decay timg,andr, are the long and
‘ short components of Py lifetimes, a#d and A, are the
corresponding amplitudes of the decay curves. A typical

\\\

\

2000 - Qt% decay curve and its fit to Eq. (4) is shown in Fig.A3and
SN

280

Py intensity (1)

7; values were produced at each dissolution step using the

1000 - non-linear least squares analysis. It was observed that;the

"y
Lamp VS values do not change, buj values decrease, ad andA,
0 AN M values scattered randomly as dissolution tintg, is
‘ ' increased.
0 50 100 150
decay time t(ns)

4.1. Area under decay curve

Fig. 2. Fluorescence decay profiles of excited Py, at various dissolution . . .
steps. Number at each curve present the dissolution times in minute. The I order to quantify these observations, the integrated area

sharp peaked curve is the lamp profile. under the fluorescence decay curve is calculated at each step
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intensity is calledly), after solvent diffusion starts some Py
molecules are quenched and intensity decreases) tat
time t4. At the end of dissolution, at equilibrium state, Py
intensity reachegl,). The relation between the solvent
sorption,M;,, and Py intensity is now given by the following
relation

My, (I — <D

Mo~ Qo) — (1) ©
as{lp) > {l.), Eq. (6) becomes

M, . )

M. 1 I )

This relation predicts that ad, increases(l) is
decreased. Eq. (7) is quite similar to the equation used to
monitor the oxygen uptake by PMMA spheres [29,30]. For a
constant diffusion coefficienD, and fixed boundary condi-
tions, the sorption and desorption transport in and out of a
thin slab is given by the following relation [13]

M, 8 & 1 —(2n + 1)’Dn?t
—t =1 = e .(8
Meo w2 £ (2n + 1) Xp( d? ®)

Here, M, represents the amount of materials absorbed or

Fig. 3. The fit of the decay curve of Py to Eq. (4), for the dissolution at desorbed at timg& M,, is the equilibrium amount of mate-

110 min.

of the dissolution process using the following relation

<|> == JI dt :AlTl + A272.

It is observed thafl) values decreased as the dissolution

()

rial, andd is the thickness of the slab. Combining Eq. (8)
with Eqg. (7) and assuming that the number of unquenched
Py molecules are proportional t@)/{ly), the following
relation can be written as

My _ _
In(<|—0>) = In B, — Aty, 9

2 2,42 .
time, ty, is increased. This behavior indicates that the WhereB; = 8/w” andA = Dn/d". Normalized(l) data are

quenching of Py molecules takes place during solvent diffu- Plotted in Fig. 4 according to Eq. (9), where linear regres-
sion. At the beginning, before solvent penetration start Py Sion of the curve produceB, and D values as 0.93 and

>

O

Ln(<I>/<1,

| | T
0 100 200 300

dissolution time t (min)

Fig. 4. The fit of the logarithmic plot ofl) data to Eq. (9). The slope of the

linear relation produced the value.

0.97x 10 ®cm?/s, respectively. Here one has to note the
agreement between the theoretical and obseBjedlues.

4.2. Mean lifetimes
Mean lifetimes of Py were calculated from the relation

_ ATE + Aps

= ————"=. 10
A]_Tl + A27'2 ( )

(m)
Using; andA; values for dissolving the PMMA glas&:)
values are measured and are observed to decrease exponen-
tially asty is increased. In order to quantify these results,
Stern—Volmer type of quenching mechanism is proposed
for the fluorescence decay of Py in glass sample during
dissolution process, where Eq. (3) can be employed. For
low quenching efficiencyroky[M;,] < 1, Eq. (3) becomes

7= 1o(1 — Tokg[My, ). 1D

Here[M, ] is the quencher (solvent) concentration at time
ts. The relation between the lifetime of Py afi ] in
dissolving glass can be obtained approximately using the
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Fig. 5. The fit of the normalize¢r) data to Eqg. (14). The fit of the data to
Eq. (14) produced th® value.

volume integration of Eq. (11) and the following relation is
obtained

(1) M

—~=1-C—=, (12

<TO> Moo
whereC = 7ok;M../v. Herev s the volume of the glass. The
solvent sorption is calculated over the differential volume as

d
M, = J [M,] dv, (13)
0

where & is the differential volume in the glass and the
integration is performed from O to d.

Combining Egs. (12) and (8), the following relation is
determined

D 1 cq Boexp(—Aty). (14)

(0)

HereB, = CB;. Normalized(r) data are fitted to Eq. (14)
in Fig. 5, which produced thB value as 1.4% 10™® cm%s.
The guenching rate constaky, is also obtained from this fit
and found to be 6.68 10° m~* s %) whereB, value is used
from previous measurement. These observed valudd of
(107® cm?s) are consistent with our previous observations
[24].

The quenching rate constatt, is given by the Smolu-
chowski model [1], as in Eq. (15) where the magnitudé&of
is related to the diffusion coefficient of the interacting
species as

_ 4nND,R
= 1000

whereD,, is the mutual diffusion coefficient\ the Avaga-
dro number, andR the sum of the interaction radd,,, was

15

calculated from Eqg. (15), using the experimentally
measured value df, and found to be 1.28 107°cm?s,
whereR is taken as 7.15 AThe observe®,, is typical of a
small molecule, diffusing in a liquid environment [5,6], and
is slightly larger than the average desorption coefficiént,
(1.19x 10 ®cm?s. This result is as expected, because
desorption of Py together with polymer chains from a
swollen gel is always slower than the Brownian motion of
Py in a liquid environment.

In summary, this paper introduced a novel method, which
uses the FTRF technique to measDrand D, coefficients
during dissolution of polymeric material in a good solvent.
Here, one has to note that, as we measured the lifetime, no
environmental corrections are needed to elaborate the data
which are quite problematic when one uses fluorescence
intensity data from steady state measurements.
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