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Summary

The polymerization of acrylamide in an inverse microemulsion has been studied by time
resolved fluorescence measurements. The reaction was initiated by thermal @ratdsy
chemical decomposition of the initiator AIBN. A decrease of the fluorescence lifetime of
the probe molecule pyrenetetrasulfonic acid sodium salt was observed. In case of th
photochemically iitiated raction two distinct lifetimes could be separated. The
corresponding pre-exponential factors showed a good correlation with the gravimetrically
obtained conversion. During the thermalljtimed polymerization the fluorescencecdys
as well as the intensity of the scattered light were measured on-line and analyzed by
mono-exponential decay law.

Introduction

Even though emulsion- and microemulsion-polymerizations (1,2) are widely used to
prepare stable and well-defined polymer dispersions of a variety of polymers, not much i
known about the numerous kinetical and structural aspects important for this type of
reactions. Questions on how the monomer is transferred from individual microemulsion
particles to the growing polymer chain and how the structure of the growing particles
influences this dynamic process atidl sf interest.

In this paper we want to present some of our fluorescence based investigations on tt
polymerization of acrylamide (3-6) in an inverse aqueous microemulsion. The
investigations were carried out by means of a fluorescence spectroscopic analysis of &
ionic fluorescence probe embedded into the aqueous, monomer bearing phase.
fluorescence probe technique (7-9) was used, because it is easily possible to delegate t
signal giving species into the region of interest. Such probes can give information abou
the local viscosity (10,11), polarity (12), concentration of the reactant or monomer
exchange during the polymerization reaction (9). Here we want to present the results of a
analysis of the time resolved fluorescence of the probe molecule pyrenetetrasulfonic aci
sodium salt (PTA) during a free radical polymerization. The reaction mixture consists of
toluene as continuous phase, aqueous acrylamide solution as dispersed polar phase and
anionic emulsifier AOT (sodium sulfonic-bis(2-ethylhexyl)ester).
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The nonpolar iitiator AIBN (azobisi®butyronitrile) was used to start the reaction. The
initiator was either decomposed thermally or by irradiation with UV-light.

Experimental
Materials and preparation of the microemulsion

The monomer acrylamide (Aldrich), the fluorescence probe pyrenetetrasulfonic acid
sodium salt (PTA, Kodak Co.) and the anionic surfactant AOT (Fluka) were used as
received. AIBN (Aldrich) was twice recrystiaed from ethanol. As continuous phase
anhydrous toluene (Aldrich, spectrophotometric grade) was used. Demineralized wate
was used for all solution.

To prepare the inverse microemulsion the surfactant AOT was dissolved in toluene an
the aqueous acrylamide solution was added in the desired proportions. An aqueou
solution (1-16 mol/l) of the fluorescence probe was added to all solutions to give a total
concentration of 1-T0mol/l PTA. The initiator was added as a toluene sotutilo obtain
a homogenous microemulsion the mixtures were stirred 9€ 19 the dark until they
became clear.

To eliminate moleculaoxygen from the polymerization mixtures they were degassed
five times by pump and éeze cycles under high-vacuum (1-hfbar) in sealable quartz
fluorescence cells. After this procedure the cells were refilled wijor\up to a pressure
of 1 bar to avoid boiling of the toluene. Prior to polymerization the solutions were stored
at -10C in the dark.

Polymerization

The UV-initiated polymerization was carried out at@0n the sealable fluorescence
cells without mechanical stirring. The temperature was controlled by using a thermostate
sample holder. To start the polymerization the initiator was decomposed by irradiation
with UV light from a mercury lamp (Philips). Heating of the solution by IR-radiation was
reduced by a water filter. The irradiation wavelength3@ nm was selected by an
interference filter (LOT Oriel). The duration of the irradiation was usually 10 min. After a
polymerization period the time resolved fluoresceneeagt was accumulated tiin10000
photons were collected at the maximum. After that, another irradiation step was
performed. To obtain the degree of conversion the reaction mixture was precipitated inte
methanol, washed, filtered and dried.

For the thermally initiated polymerization the same experimental setup was used, besid
the mercury lamp. The polymerizations were carried out &€ 4d fluorescence decays
were accumulated continuously with a samptinge of 60 s.

Fluorescence measurements

Fluorescence decay curves were obtained by usingdintreecorrelated singlgphoton
counting technique. The excitation source was a PRA ns-flash lamp wil Hischarge
medium. The excitation wavelength was set to 360 nm by using an interfeiktace f
(LOT Oriel). The emission wavelength was also selected by an interference38tenr).
Some of the thermally initiated polymerizations were carried otiionttan emissionilfer.
In this way, not only the fluorescence light was detected but also the scattered excitatio
light at an angle of 0with respect to the incident beam could be collected.

The fluorescence decay curves recorded during theniittent photopolymerization
experiment were analyzed by assuming a bi-exponential decay law (eq. 1) using a weighte
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non-linear least-squares procedure (13) with an implemeh&genberg-Marquardt
algorithm to find the fit parametetsand a

S

2

I(t) is the observed intensity at timeafter excitationy, are the lifetimes of the two
exponential decays andthe corresponding pre-exponential factors. These two factors are
proportional to the number ofretting molecules being excited at 0.

The decay data during thermal polymerization were analyzed assuming a mono
exponential decay law. The scattering intensity was obtained hyomddf the weighted
instrumental response function to the convoluted fluorescence test function prior to
calculation of they*-parameter of the weighted non-linear least-squares procedure.

Results and Discussion

The main reason for using the fluorophore PTA was the pbssito analyze the
change of rotational mobility during the polymerization of acrylamide inside the
microemulsion droplets. The results of these investigations will be presented in a
subsequent paper.

To calculate the rotational mobilit
12.5
the lifetime of the fluorescence pro
has to be measured by time resol
fluorescence measurements. It v 101
known from literature that the< ' 1
monomer acrylamide is a fluorescer< 2 7.5 4
quencher for many quorophor(— 4
(9,14). Therefore we investigated t = 5 |
quenching ability of AAM in the
inverse microemulsions und "
variation of the AAM-concentratior
Fig. 1 shows the resulted data in a

calledStern-Volmeiplot (15). 0 - T
According to the Stern-Volmer 0 01 0.2 03

equation (eq. 2) the dynam._ Caam [mol1]

quenching rate constant was

calculated t, = 4-10 I-mol*s". Figure 1: Stern-Volmeplot of the mono-
exponential determined lifiene of PTA versus
AAM-concentrationt, = 8.1 ns. Continuous

1_1 phase toluene.

T 7, A Cane @ T = 25°C,C,,, = 0.4 mol/l,C,,, = 4 mol/l,

C

AIBN

= 1.510° mol/l. A_ = 360 nmA_, = 390 nm.

Due to quenching properties of the monomer and its consumption during the thermally
initiated polymerizatin, we expected a lifime increase. To our surprise, as shown in
fig. 2, this was not the case. Depicted are the fluorescence decay curves at three differe
polymerization times. The fluorescence lifetime decreases #8wms at the start of the
reaction down to 5.1 ns at the end.
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By the photochemically itiated polymerization in the inverse microemulsion &0
was possible to extend the time of observation and hence to analyze the fluorescence of t
PTA in more detail. Again we observed a decrease of the lifetime. Due to the higher
number of photons being accumulated, the fluorescence decays could be analyzed &
exponentially according to eq. 1.

The analysis of the obtained?000 3
parameters showed that each tlifee
(t, T,) changes only insignificantly
over the course of the reaction.

Hence, the changes in the deca
curves are attributed to changes of tr
pre-exponential factorsa, and a,.
Therefore, for a given polymerization 1o ;
time the data evaluation was carrie ]
out by first fitting all parameters to
determine the average values of eac
of the two lifetimes. The average 1-
value of 1, for several experiments 0 t [ns] 50 100
varied between 9.2 + 0.2 ns and the

\t/)altue Of5 ;hi Osgorter WI.'IEUme Ti Figure 2: Semi-logarithmic Fluorescence decay
€ Weend I"f o hns'd ! ef_ Woﬁ: PTA at different times during a thermally
averaged lifetimes the data were fitte itiated polymerization of acrylamide.

again by only adjusting the Pré~—4pc,c._=04 mOl.C,,.= 4 moll,C,, = 0.3
exponential factors. molll. C. . = 1.5-16 moll. !

AIBN

A, =360 nmA_ = 380 nm. Sampling time 60 s.
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Becausen, anda, depend on the intensity of the pulse lamp and the quantum yield of
the probe, it is not useful to discuss these parameters directly. Therefore, the fraction
f =a /(a + a) were calculated and their changes over the course of the polymerization
are depicted in fig. 3. The values fbfandf, are the fractions of PTA fluorophors in a
certain photophysical situatiométting with the lifetimer, andt, respectively.

As can be seen from fig. 3, the fraction of PTA molecéllessociated with the longer
lifetime decreases with polymerization time whereas consequently the fréctdrthe
shorter lifetime increases. The same data are also presented as a functioron¥éhgan
in figure 4. From the linear relationship ofversus conversion it can be concluded that the
analysis of the fluorescence lifetime leads to a direct measure ajrifiersion.

It has to be noted that neither at the beginning nor at the end of the polymerization
f, becomes either 0 or 1 as one would expected for 0 and 100% conversion.

The details causing the two distinguished photophysical situations are not fully
understood yet. Therefore we propose to concentrate on the distinctive features of the tw
lifetimes, which enable spectroscopic measurementsoofecsion due to the linear
dependence between fractiband conversion.
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Beside the possibility to determine thenwersion spectroscopically, the existence of
two distinguished photophysical situations supports the continuous nucleation model (6)
the probe seems to be either in one or the other situation and there is no gradual chan

from monomer containing particle to a polymer bearing particle as it would be expected in
case of a particle formation only in the early stages.
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Figure 3: Fractionf of dyes associated with Figure 4: Fractionf of dyes associated
lifetime 7, at different polymerization times with lifetime 7 as a function of the
A:f (1,=9.10 ns)M: f, = 5.47 ns) conversion.

T= 20°C, continuous phase toluer@, = 0.4 A:f (1,=9.10 ns)M: f, (, = 5.47 ns)
mol/l, C,, =4 mol/l, G,,= 0.1 mol/l, Same reaction conditions as for fig. 3.

C,er, = 1.5-1G mol/l.
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Figure 5. Fluorescence decay of PTA together with the weighted residuals of the fit after
60 min. conversiotime. Reaction conditions see fig. 2,, = 360 nm, measured without
wavelength selection on the emission side.signal;F(t): fitted fluorescenceetay;t):

fitted instrumental rggonse function, i.e. scattering intensity.
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For the thermally initiated microemulsion polymerization the signal to noise ratio was to
low to analyze the fluorescence decays according to eq. 1. Because at least 10 mi
sampling time are needed to measure an evaluablepbiRential character of the
fluorescence decay, we performed mono-exponential decay fits witimimeaperiod up to
complete conversion to get reasonable results. Most of the thermal polymerizations wer
measured without an interferencédter on the emission side to collect the scattering
intensity. Figure 5 shows such a fluorescence decay together with the corresponding f
and the instrumental response function, i.e. scattering intensity according to a lamp puls
width of 3.2 ns.

It has to be noted that the scattering intensities obtained from these fits are no
calibrated to a standard with a knowayleighratio and that they should therefore only
be discussed regarding changes during the polymerization reaction.

Figure 6 shows the lifetime and the scattering intensity,, of a thermally initiated
polymerization as a function of the polymerization time. The dotted line indicates the
heating period in which the thermostated sample holder was heated from roomr
temperature to the polymerization temperature 6€40

During the heating period (0 - 14 min.) the lifetime decreases due to an increasing
quenching rate caused probably by an increased diffusional mobility of the probe
molecules. In this period the scattering intensity remains zero. After this initial phase the
lifetime shows a further decrease wherkgsincreases only slightly. A strong increase in
l... can be detected near the end of the lifetime plateau. The polymerization is complete
after 60 min.
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Figure 6: Lifetime (m) of | ~
PTA during the thermally 51 :
initiated polymerization of i
acrylamide and scattering ] '
. . A |
intensity @). 4 . — 0
Same conditions as in fig. 5. 0 30 ¢[min] 60

Because the thermallyitrated and thehotoiritiated reactions exhibit both a decrease
in lifetime, we assume the sanphotophysical origin for both. A calculation of the
conversion from the fluorescence data should therefore be possible under the followin
consideration: the mono-exponentially calculatedilifie T of the thermal polymerization
is the mean value of two lifetimes, weighted by the fluorescence intensity of the individual
species (eq. 3).
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The validity of eq. 3 was confirmed by analyzing the decays of the photochemical
reaction mono-exponentially and by comparing the obtainveith <> from eq. 3.

To determiner, andt, for the thermally initiated polymerization thugh bi-exponential
fitting, the fluorescence was measured with a longer samtpliegafter the polymerization
had finishedr, andt, were determined to 6.0 ns and. 3.8 ns for the polymerization shown
in fig. 6. These values are lower than the ones obtained for the ptiatenh
polymerization due to the higher temperature and also due to the higher AAM
concentration.

With these two lifetimes and thevalues obtained by mono-exponentigtifig it was
possible to calculaté, the fraction which represents the conversion linearly. These
values and the scattering intensity are plotted versus the polymerization time in fig. 7. Only
the positive values of, are depicted. Not shown are the physically meaningless negative
values between 0 and 14 min. polymerization time. They are a result of the brgh m
exponential liféimest during the heating period ¢ 1,).
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Figure 7: Fractionf, (M) of [ n el g
PTA molecules in the 2 : - g
polymer particles and 0.5 1 ;- g
scattering intensity) :: A ~
during thermal poly- - L 05
merization. {resp.[}) are !
o 0.25 - |
error bars characterizing the I.
range of possiblg values at l
0% resp. at 100% .
conversion. Reaction 0 . i 0

conditions see fig. 2. 0 60

30, [min]

It can be seen from fig. 7 thétjust becomes positive when the scattering intensity
starts to rise. We see this coincidence as an indication for the correctness of ou
calculations. The fast increase fpfat the beginning can be seen as an evidence for a
polymerization in the microemulsion particles prior to a significant increase of the particle
size. Due to the non-isothermal cétimhs at the beginning, i.e. changing signfpthere is
anf-error estimated toG07. At 100% the calculatdderror is +0.03.
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Both time dependent quantities shown in fig. 7 give informatlmsuaichanges of the
properties in the reaction mixture during the polymerization. However, their courses are
not identical because different types of information are gathered by fluorescence and ligt
scattering. While the scattering intensity allows to observe the formation, growth and
aggregation of larger particles, the fluorescence data give an insight into the molecula
changes in the interior of the particles.

How these observation fit into the kinetic schemes described in lite@&tlée@nd are
able to give an insight into kinetical and structural aspects of heterogeneous
polymerization reaction are the issues of future investigations.
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