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ABSTRACT: Reactive (2, 4) and corresponding nonreactive (3, 5) fluorescent probes, based on 4-(di-
methylamino)-4'-nitrostilbene (1), have been employed for monitoring the photoinitiated polymerization
of a series of dimethacrylates. Reactive fluorescent probes are significantly more sensitive, in particular
at the early stages of the polymerization process. The observed differences in emission between reactive
and nonreactive probes can be explained by assuming that covalent attachment affects the distribution
of probe molecules between rigid environments, presumably highly cross-linked gel particles, and mobile
monomer-rich environments. Enrichment of nonreactive probes in mobile environments is expected due

to diffusion out of the cross-linking regions.

Introduction

Photoinitiated polymerizations are frequently em-
ployed as a means of producing highly cross-linked
polymers for abrasion resistant coatings, optical fibers,
microelectronic devices, and dental restorative materi-
als.12 Since light initiates the polymerization and sol-
ventless formulations are employed, the process con-
sumes little energy and emission of volatile organic
compounds does not occur. Most formulations contain
a large fraction of multifunctional monomers since cross-
linked networks are required for most applications and
addition of multifunctional monomers strongly increases
the rate of polymerization.

The polymerization of di(meth)acrylates is a process
that forms highly inhomogeneous networks, and de-
tailed information concerning structure formation dur-
ing these processes is available from a number of
studies.®~> The formation of microgels® during the initial
stages of the thermal polymerization of ethylene glycol
dimethacrylate (EGDMA) was investigated using light
scattering techniques.® Microgel particles were observed
right from the beginning of the reaction, even at
conversions below 1%. Up to macroscopic gelation,
around 15% conversion, the amount and size of the
microgel particles increased along with the pendant
double-bond conversions within the particles.” A bimo-
dal size distribution was observed in small particles that
are 15—20 nm in diameter and larger structures that
are approximately 50—100 nm in diameter. Transmis-
sion electron microscopy on OsOg-stained films obtained
from the photoinitiated polymerization of triethylene
glycol dimethacrylate (TREGDMA) revealed the highly
inhomogeneous nature of the photoformed polymer after
gelation.* Two types of polymer-rich regions were ob-
served: 50—100 nm in diameter and approximately 10
nm in diameter. These are the remnants of microgel
particles that were formed before macroscopic gelation.
Extraction experiments performed during the photoini-
tiated polymerization of hexanedioldiacrylate (HDDA)
have determined the fraction of pendant double bonds
in the photoformed polymer.> During the first stage of
the reaction a strong increase in pendant double-bond
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conversion was observed, and this might be the stage
of the reaction before macroscopic gelation where indi-
vidual microgel particles are growing. During a second
stage in the reaction, 10—80% relative conversion, the
fraction of pendant double bonds in the polymer remains
constant. This implies that the cross-link density in the
polymer phase is constant,® and most likely microgel
particles grow together in this stage of the reaction.
During the last stages of the polymerization the conver-
sion of pendant double bonds in the polymer fraction
increases once more, and highly cross-linked networks
are formed.

In contrast to linear, soluble polymers, the charac-
terization of polymer networks requires special tech-
niques capable of handling solid samples. Monomer
conversion and final properties such as cross-link den-
sity, mechanical properties, surface morphology, and
free volume are determined by a number of mechanical,
microscopic, and spectroscopic techniques.® The physical
properties of photoformed networks are not determined
by the formulation of the reactants exclusively, but to a
large extent also by the exact method of preparation and
the resulting rate of polymerization. In the case of
photoinitiated polymerization processes the rate of
polymerization is governed by the concentration of
photoinitiator and the light intensity. Therefore, po-
lymerization processes are often monitored in real time
for obtaining complementary information about struc-
ture formation.2 Well-known techniques for real time
monitoring of photoinitiated polymerization reactions
are FT-IR spectroscopy,l® absorption spectroscopy,!
photo-DSC,? and fluorescence spectroscopy, using ei-
ther inherent fluorescence!® or emission from added
fluorescent probes.

For monitoring photoinitiated polymerization reac-
tions various fluorescent probes have been developed
over the years. During a polymerization process, the
anisotropy, the wavelength Anax, the intensity Imax, and
the half-width of emission may change. Monitoring the
position of probe emission is the preferred method in
many cases, since this is very sensitive, is easily
automated,** and can be applied for samples of various
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sizes and shapes. Examples of fluorescent probes whose
emission wavelengths shift to the blue during polym-
erization processes are excimer-forming probes,’® in-
tramolecular charge transfer probes,® intramolecular
twisted charge-transfer probes,’” and organic salts of
the D-7-A* X~ type.1®

Until this time, most experiments using fluorescent
probes for monitoring photoinitiated polymerization
processes have been carried out with nonreactive lumi-
nophores like 1.1° By attaching reactive groups to the
luminophore, fundamental changes can be expected in
the interactions between a probe and the surrounding
matrix. Nonreactive probes like 1, 3, and 5 (Scheme 1)
dissolve in the monomer as well as in the photoformed
polymer and are free to migrate within the constraints
of the polymerizing medium. In dimethacrylates, which
form inhomogeneous networks with large variations in
cross-link density throughout the polymerization pro-
cess,® diffusion of probe molecules out of cross-linking
regions is expected.?® Therefore, nonreactive probe
molecules will be accumulated in monomer-rich, mobile
environments. Reactive probes,?! like 2 and 4, in which
one or two methacrylate moieties are attached to the
luminophore, interact with their direct environment in
a fundamentally different fashion. The probe dissolved
in monomer will become covalently attached to the
polymer backbone during the polymerization process.
It is expected that, due to their immobilization during
the polymerization process, reactive probes will be
distributed more evenly throughout the medium. A
faster incorporation in the rigid polymer network is
expected for the dimethacrylate 4 compared to the
monomethacrylate 2.2022 As the medium is highly
heterogeneous and shifts in emission between probes
in monomer-rich and fully polymerized regions readily
exceeds 100 nm for the DMANS luminophore,%a changes
in the probe distribution must have a serious impact
on the overall emission of the probe.

The purpose of the work reported is to describe the
fluorescence of 1—5 during the photoinitiated polymer-
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ization of a series of dimethacrylates. In particular, the
performance of reactive probes in comparison to corre-
sponding nonreactive probes, i.e., the effect of attaching
probe to the polymer backbone, has been investigated.
Taking EGDMA as a typical monomer, the results
obtained here are compared with those obtained previ-
ously with MMA.23 The striking differences observed are
discussed, and a general mechanism explaining the
emission of 1—5 during the polymerization of dimethacry-
lates will be proposed.

Experimental Section

General. The dimethacrylates ethylene glycol dimethacry-
late (EGDMA), diethylene glycol dimethacrylate (DEGDMA),
triethylene glycol dimethacrylate (TREGDMA), tetraethylene
glycol dimethacrylate (TEEGDMA), butanediol dimethacrylate
(BUDMA), and hexanediol dimethacrylate (HEXDMA) were
purchased from Aldrich and used as received. Irgacure 907
(2-methyl-1-[4-(methylthio)phenyl]-2-morpholinopropanone-
1) was a gift from Ciba-Geigy. The fluorescent probes (1-5
and P2)?* were synthesized as recorded previously.?

Extraction experiments were performed by placing freshly
prepared, 75 um thick samples (irradiation time 20 min,
[probe] = 1072 mol kg™) in 10 mL of acetone or 2-butanone in
small sealed vials at 50 °C.

Spectroscopic Measurements. Fluorescence measure-
ments were recorded on a PTI Quantamaster spectrofluorim-
eter at right angles, using 420 nm as the excitation wave-
length. Spectra were analyzed using the software package
Table Curve (Jandel). Absorption spectra were recorded on a
Contron Instruments spectrophotometer, and IR spectra were
measured on a Mattson 6020 Galaxy series FT-IR spectrom-
eter. Photo-DSC measurements were recorded on a modified
Perkin-Elmer DSC 7 apparatus. The modification consists of
two quartz-covered holes in the lit above which a Philips PL-S
9W/10 low-pressure mercury lamp was mounted.

Photoinitiated Polymerizations. Polymerization was
achieved by exposing films to UV radiation from a Philips PL-S
9W/10 low-pressure mercury lamp for successive periods of
time. Besides the typical mercury lines in the visible, the
emission of this lamp has a broad emission around 365 nm
(ca. 2 mW/cm?, HW =~ 17 nm). After each irradiation period
films were analyzed by fluorescence or FT-IR spectroscopy.
Irgacure 907 (1 wt %) was used as the photoinitiator, and
fluorescent probes, typically 1.0 x 10~* mol kg™, were added.
Films were made by squeezing a drop of monomer between
microscope slides divided by 75 um polypropylene spacers. A
metal holder with 30 x 10 mm windows was used. Double-
bond conversions were determined for 15 um films between
NaCl plates by FT-IR, using the typical methacrylate absorp-
tion at 817 cm~*. The CH stretch vibrations at 3200—2800 cm™*
were used as a reference signal to compensate for differences
in sample thickness. The double-bond conversions of a
dimethacrylate as a function of the irradiation time between
glass plates were calculated by employing a correlation
between the cure of the dimethacrylate and Amax.

Results

The synthesis and physical characterization of 1—5
and P224 were reported previously.2® Attaching larger
moieties to the amino group of the luminophore, includ-
ing covalent attachment to a polymer, induces blue
shifts in emission and increases in the quantum yields
of fluorescence ®¢. The emission spectra of correspond-
ing probes, bearing either methacrylates (2 and 4) or
isobutyryl esters (3 and 5), however, are identical.

Reaction rates of photoinitiated polymerization for
formulations with various probe concentrations were
determined using photo-DSC. Selected results are dis-
played in Table 1 and Figure 1. For formulations
without probe added the order of the rate of polymeri-
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Table 1. Photo-DSC Results for Formulations Using 2 as
Added Fluorescent Probe

resin [PI]2 [2]P
EGDMA 10 O 0.63

final conv  max rate® (conv)

2.1x 103 (0.26)

EGDMA 1.0 1x 104 061  1.9x 103 (0.24)
EGDMA 1.0 1x1073 057 14 x103 (0.20)
EGDMA 1.0 1x102 >0.35¢ 25x10% (0.12)
HEXDMA 1.0 0 0.75  4.0x 1073 (0.39)

1x10™ 0.75
HEXDMA 1.0 1x10°3 0.72
HEXDMA 1.0 1x107? >0.394
TEEGDMA 1.0 O 0.89
TEEGDMA 1.0 1x10™* 0.89
TEEGDMA 1.0 1x10°8 0.88
TEEGDMA 1.0 5x 1078 0.84

HEXDMA 1.0 4.0 x 103 (0.39)
2.8 x 1073  (0.34)
48 x 1074 (0.13)
7.0 x 103 (0.55)
7.0 x 103 (0.55)
51x 103 (0.52)
2.0 x 103 (0.30)

aln wt %. ® In mol kg™1. ¢ Methacrylate disappearance in s~2.
d Inaccurate due to slow reaction, final conversion not obtained.
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Figure 1. Photo-DSC exotherms for EGDMA formulations

containing 1% photoinitiator without probe and with 2 at
1.0 x 1074, 1.0 x 1073, and 1.0 x 1072 mol kg™

zation is TEEGDMA > TREGDMA > DEGDMA =~
HEXDMA > BUDMA > EGDMA. The rate of polymer-
ization increases as the length of the spacer between
the methacrylates increases. Not the concentration, but
the mobility of methacrylates in dangling ends appears
to be the major factor determining the reactivity of the
monomers. Table 1 shows that rates of polymerization
and final conversions were strongly reduced in all resins
by adding 1072 mol kg~! probe. At [probe] = 1072 mol
kg1, final conversions were close to those obtained
without addition of probe, but the rate of polymerization
is reduced considerably. At a probe concentration of 1074
mol kg™t the rates of polymerization and the final
conversions in TEEGDMA, TREGDMA, and HEXDMA
are identical to those of formulations without added
probe. In EGDMA, BUDMA, and DEGDMA slightly
decreased values compared to those of formulations
without added probe were observed. Figure 1 shows the
conversion as a function of the reaction time for EGDMA
formulations containing 2 at different concentrations.
At all probe concentrations, it was found that final
conversions and rates of polymerization were identical
within experimental error for 1—5.

UV spectra reveal that competitive absorption is the
major factor reducing the rate of polymerization. Since
the absorption spectra of 1-5 are very similar, the
proportion of light absorbed by the probes and the
reductions in reaction rate due to competitive absorption
are virtually identical for all probes. The addition of
photoformed radicals to the probe molecules, a process
that causes bleaching, will also retard the polymeriza-
tion process. At low probe concentration, however, it has
been demonstrated that the consumption of radicals by
this pathway is negligible. It is concluded that at probe

Macromolecules, Vol. 33, No. 23, 2000

1
\

/./.,_,/0’——0———————"

5

o o
» o]
I

Conversion
I
N

=}
[N
T o

(=]
o e

500 1000 1500 2000
Irradiation Time (s)

Figure 2. Double-bond conversions as a function of the
accumulated irradiation time for a standard EGDMA formula-
tion ([P1] = 1%, [probe] = 10~* mol kg™') as determined by
FT-IR measurements.
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Figure 3. Emission wavelength Amax of 1—5 in EGDMA as a
function of the irradiation time.

concentrations of 1074 mol kg~! the rates of the polym-
erization reaction were slightly reduced in dimethacry-
lates with short spacers only.

The double-bond conversion in EGDMA as a function
of the accumulated irradiation time for formulations
containing 1.0 x 1074 mol kg~! probe was determined
by FT-IR spectroscopy and displayed in Figure 2. For
these experiments formulations are irradiated, an IR
spectrum is taken, and subsequently the sample is
irradiated again. At conversions between 45 and 70%,
corresponding to irradiation times between 45 and 180
s, the dark reaction takes place at considerable rates,
and one should be aware of this in order to obtain
reproducible and reliable results.16b

Covalent attachment of reactive probes to the polymer
network was proven by extraction experiments employ-
ing 2 and 3 in fully cured films. Probe 3 could be
extracted, but the reactive probe 2 could not be ex-
tracted, as expected. The extent of probe extraction
strongly depends on maze size of the networks. The
amount of nonreactive probe extracted from poly-
EGDMA is negligible, but as the length of the side
chains in the network increases, more nonreactive probe
could be extracted. Quantitative recovery of 3 was
achieved only from poly-TEEGDMA films.

Emission Spectra. The emission wavelengths Amax,
relative emission intensities Imax, and the half-widths
(HW) of the emissions of 1—5 in EGDMA as a function
of accumulated irradiation times or double-bond conver-
sions are displayed in Figures 3—6. The emission
wavelengths Amax of 1—5 in various dimethacrylates
before and after polymerization are displayed in Table
2.

Table 2 shows that all for all probe—resin combina-
tions strong blue shifts in emission are observed upon
polymerization. Comparing the nonreactive probes 1, 3,
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700 Table 2. Emission Wavelengths Amax of 1-5 in
T Various Dimethacrylates before and after a 20 min
£ Irradiation Procedure, along with the Observed Shifts
£ in nm and cm™!
9650
2 1 2 3 4 5
g HEX  mon 676 662 662 649 649
S 600 pol 568 560 563 553 559
i shift (nm) 108 102 99 96 90
E . shift (cm~1) 2815 2765 2655 2690 2495
w BU mon 688 672 672 660 660
550 + T ; 1 pol 578 566 573 558 568
0 0.2 04 0.6 0.8 1 shift (nm) 110 106 99 102 92
Conversion shift cm~%) 2770 2805 2585 2770 2455
Figure 4. Emission wavelength Amax of 1—5 in EGDMA as a EG g:)?n ;gé gg? ggg ggg g;é
function of the double-bond conversion. shift (nm) 116 115 106 110 97
B - shift (cm~1) 2840 2935 2680 2915 2510
| o1 DEG mon 709 695 695 682 682
o W2 pol 592 580 585 571 577
EN =3 shift (nm) 117 115 110 111 105
g | -4 shift (cm~1) 2775 2870 2705 2850 2655
*g 31 4 - - 5 TREG mon 711 698 698 682 682
ey e | pol 603 590 596 578 585
22 b”\i"i“\e\\\,\ - shift (nm) 108 108 102 104 97
2 e T shift cm™) 2505 2640 2450 2640 2430
w - ‘ TEEG mon 709 699 699 684 684
‘ pol 616 602 606 588 598
0. ‘ ‘ ‘ j shift (nm)1 93 97 93 96 86
0 500 1000 1500 2000 shift (cm™t) 2130 2295 2185 2385 2115

Irradiation Time (s)

Figure 5. Emission intensity Imax of 1-5 in EGDMA as a
function of the irradiation time.

4500 1 o
a2

4200 - |-=-3 i
—_ ——4

g 3900 [ o5

g :

Z 3600 | ‘

4

3300 ¢ ‘

3000 ‘ ‘ : i

0 0.2 0.4 0.6 0.8 1

Conversion

Figure 6. Half-widths of the emissions of 1-5 in EGDMA as
a function of the double-bond conversion.

and 5, it is concluded that attaching larger groups to
the amino nitrogen decreases the overall sensitivity?®
of the probes in the “apolar” resins EGDMA, BUDMA,
and HEXDMA, typically by 150 cm~! per substituent.
In the “polar” resins DEGDMA, TREGDMA, and TEE-
GDMA, on the other hand, the overall sensitivity is
virtually identical for all nonreactive probes. By replac-
ing an isobutyryl group with a methacryloyl group, i.e.,
converting a nonreactive probe into a reactive probe, the
overall blue shift of the probe is always increased,
irrespective of the resin structure, typically by 100—250
cm™? per substituent. The largest shifts, 250 cm~! per
substituent, are observed in EGDMA, and shifts de-
crease as the length of the spacer between the meth-
acrylate moieties in the monomer; i.e., the maze size in
the network, increases. For all probe—resin combina-
tions considerable blue shifts, typically 10 nm, are
observed upon leaving sealed samples in the dark. These
shifts, which can be increased by heating, are primarily
due to aftercure, a process that is detected by FT-IR
spectroscopy.

Figures 3 and 4 display the emission wavelength of
1-5 in EGDMA as a function of the irradiation time

and the conversion, respectively. Throughout the reac-
tion, reactive probes exhibit larger blue shifts in Amax
than corresponding nonreactive probes. These differ-
ences strongly increase during the first stages of the
reaction, reach a maximum, and gradually decrease
later on. Comparing 2 and 3, differences in Amax values
up to 20 nm are observed, while for 4 and 5 differences
up to 30 nm are found. In all monomers differences in
Amax Values between corresponding reactive and nonre-
active probes are larger for the difunctional probes 4
and 5 compared to the monofunctional probes 2 and 3.

Figure 4 shows the emission wavelength Amax of 1—5
in EGDMA as a function of the double-bond conversion.
The beginning of the reaction, up to a 6% conversion, is
not detected by any of the probes. At conversions above
20%, the emission wavelength decrease becomes almost
linear with conversion for reactive probes. This implies
that reactive probes are sensitive probes above a 20%
conversion. For nonreactive probes the gradient in-
creases slower, and a constant value is obtained above
a 50% conversion. This means that nonreactive probes
are particularly suited to monitor the reaction at high
conversions. For polymer bound probes like P2,24 the
shift of Amax @s a function of conversion is even more
pronounced. This probe does not detect the polymeri-
zation process up to conversions of 40% but is extremely
sensitive during the latter stages of the polymerization
process at conversions above 70%; see Figure 8.

The normalized emission intensity of 1-5 as a func-
tion of the irradiation time is shown in Figure 5. The
observed intensities are the result of two opposing
effects: an increase in ®; and a decrease in probe
concentration as the reaction proceeds. The extent of
probe degradation or bleaching?® was determined by
UV spectroscopy. For highly concentrated solutions
([probe] = 1072 mol kg=1) decreases of Amax by 31,24,
39, and 25% were observed for 2, 3, 4, and 5, respec-
tively, after 40 min irradiation periods. These indicate
a faster bleaching of the reactive probes. In addition, a
more pronounced peak broadening that was observed



8580 Jager and Norder

700 4 - - - — -
-2 ‘

+P2‘;

Emission Wavelength (nm)
2
o

(o))
[l
o

T T T T 1

0.2 0.4 0.6 0.8
Conversion

Figure 7. Emission wavelength Amax 0of 2, 3, and P2 in MMA
as a function of the double-bond conversion.

(=)
-

J/
2y

Emission Wavelength (nm)
y
i
NI

[e2]
o
o

550 T T T . |
0 0.2 0.4 0.6 0.8 1
Conversion
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EGDMA as a function of the double-bond conversion.

in the absorption spectra of reactive probes also con-
tributes to the decreases in Amax.

Figure 5 compares the emission intensities of 1-5 in
1074 mol kg~! formulations and shows that the emission
intensities of reactive probes increase faster at the
beginning of the polymerization. At the later stages of
the reaction emission intensities decrease since the
bleaching process exceeds the increases in ®;. Markedly
slower decreases in the emission intensities are ob-
served for the nonreactive probes, resulting in higher
emission intensities at the end of the reaction.

The steeper increase of Inhax for reactive probes is
explained by a faster incorporation of the probes in a
rigid network in which ®x is a factor 4, 6, and 8 higher
than in the monomer for 1, 2/3, and 4/5, respectively.?”
At the later stages of the reaction a faster incorporation
in rigid environments is expected for the nonreactive
probes, hence the slower decrease in emission intensity.
The slower decrease in emission intensity observed for
nonreactive probes is further enhanced by a slower
decrease in absorption, indicative of slower probe de-
composition.

The width of the emission generally is an indication
of the homogeneity of the medium in which the probe
is incorporated. The data displayed in Figure 6 show
significant differences in half-widths for reactive and
nonreactive probes. For all probes, HW values increase,
reach a maximum, and subsequently decrease at later
stages of the reaction. These values indicate that the
luminophores are present in distinct environments in
a heterogeneous system. Faster rises in half-width and
higher maxima are observed for reactive probes, indi-
cating a faster incorporation in highly cross-linked
regions. For all nonreactive probes the maximum values
of HW are observed at a 70% conversion, while for the
reactive probes the maximum values of HW are ob-
served earlier at a 50—60% conversion. At final conver-
sions lower half-widths are observed for reactive probes.

Macromolecules, Vol. 33, No. 23, 2000

Discussion

Significant differences in emission spectra between
corresponding reactive and nonreactive probes are
observed during the photoinitiated polymerization of
dimethacrylates. In particular, during the first stages
of the reaction, up to conversions of 50%, blue shifts of
Amax, increases in Imax, and HW are larger for reactive
probes. Covalent attachment of reactive probes to the
polymer backbone was proven by extraction experiments
and must be the sole factor responsible for these
differences. For describing the differences in emission
between reactive and nonreactive probes observed dur-
ing the photoinitiated polymerization, two mechanisms
are proposed.?8

The first mechanism assumes that covalent attach-
ment to the polymer backbone is the only difference
between reactive and nonreactive probes. Apart from
this attachment, both types of probes are in exactly the
same environment, and a steadily increasing concentra-
tion of polymer bound probe, a distinct luminescent
species, causes the differences in emission between
reactive and nonreactive probes. For the photoinitiated
polymerization of MMA, a reaction that produces a
fairly homogeneous medium, this mechanism describes
the differences between reactive and nonreactive probes
in a satisfactory manner, as is illustrated in Figure 7.
In Figure 7 Amax values of 2, 3, and P2, the polymer
obtained by a copolymerization of 2 with MMA, are
plotted as a function of the irradiation time. Emission
wavelengths for 2 are always between those of 3
(identical to “free” 2) and P2 (identical to covalently
attached 2). Figure 7 shows that incorporation of 2 in
the PMMA backbone results in blue shifts, whose
magnitude depends on the conversion. The blue shift
in MMA is 7 nm, and as the conversion increases, this
value is increased to 15 nm at a 40% conversion. At
higher conversions the differences between dissolved
and attached probes decrease and virtually disappear
at full conversion. The observation that the emission of
P2 and 3 become identical at higher conversions is not
surprising since covalent attachment to the polymer
backbone is not expected to alter the mobility of a
luminophore in a glassy polymer matrix.

Figure 4 plots the Amax values of 2—5 in EGDMA as a
function of the irradiation time. The large differences
between the emission wavelengths of 2 and 3 suggest
that differences between free and polymer bound probes
should be on the order of 50 nm at 40% conversion. At
higher conversions the differences between reactive and
nonreactive probes decrease but do not disappear. Both
observations suggest that covalent incorporation cannot
be the main reason for the differences between reactive
and nonreactive probes.

The alternative mechanism takes into account that
during the photoinitiated polymerization of dimethacry-
lates inhomogeneous media are formed. Both reactive
and nonreactive probes reside in various environments
ranging from free monomer to fully cured networks.
Observed emission spectra are the sum of the emissions
of all luminophores and blue shifts are caused by
changes in the distribution of luminophores over the
various environments. As the reaction proceeds, the
number of luminophores in mobile media decrease while
those in rigid environments increase. Nonreactive probes
are mobile throughout the reaction, will be expelled from
densely cross-linked regions, and will become enriched
in mobile environments. Reactive probes, on the other
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Figure 9. Emission spectra of 3 (102 mol kg™!) in EGDMA
at different double-bond conversions.

hand, are anchored to the polymer network and are
expected to be more evenly distributed throughout the
medium at all stages of the reaction. Since reactive
probes are incorporated in rigid environments at higher
rates, these are more sensitive, especially at the begin-
ning of the reaction.

The data displayed in Figures 4, 6, and 8 are strongly
in favor of the second mechanism. The large, nonvan-
ishing differences in Amax values between the reactive
and nonreactive probes in Figure 4 are in accordance
with this mechanism. The pronounced differences in
HW values between the reactive and nonreactive probes
displayed in Figure 6 indicate that the distribution of
the luminophore over various environments is different
for each type of probe. Covalent attachment can lead to
some broadening, but as the emission wavelengths Amax
of bound and unbound probes are very similar, modest
increases on the order of 100 cm~! are expected.?®
Reactive probes are expected to be incorporated in rigid
environments at higher rates, thus causing a steeper
increase in HW values. The earlier decrease in HW
observed for reactive probes might be due a faster
disappearance of luminophores in a mobile environ-
ment. As emissions from these mobile environments
disappear, the probe emission indicates the formation
of a more homogeneous rigid environment. The intrigu-
ing behavior of P2 in EGDMA displayed in Figure 8
seems to indicate that the diffusion out of cross-linking
regions is correlated to the dimensions of the fluorescent
probe used. Up to a 55% conversion P2 does not detect
the polymerization, indicating that P2 still resides in
mobile environments. At higher conversions P2 becomes
highly sensitive, but both Amax and HW values indicate
that the luminophores in P2 resides in an environment
strongly resembling PMMA throughout the reaction.
Most likely a phase separation between P2 and poly-
EGDMA takes place at high conversions.

From the previous discussion it is concluded that the
mechanism that assumes difference in probe distribu-
tion for reactive and nonreactive in a heterogeneous
environment is the most realistic. From this it follows
that the distribution of luminophores over various
environments is the key element in describing the
emission of 1—5 in dimethacrylates. It should be noted
that, according to this mechanism, differences in emis-
sion wavelengths for reactive and nonreactive probes
are indicative for the heterogeneity of the network.
Emission spectra of 3 as a function of the double-bond
conversion are displayed in Figure 9.3° From these
spectra the emission characteristics in monomer and
densely cross-linked networks can be derived. For 3 in
EGDMA values for Amax, Imax, and HW obtained in
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monomer and densely cross-linked networks are 700
and 580 nm, 1 and 6, and 3400 and <3900 cm™1,
respectively. The spectra in Figure 9 show a smooth and
gradual change in the emission spectra. As the conver-
sion increases, more intense blue-shifted emissions
emerge. No emission from strongly cured networks is
observed at conversions below 40%, whereas emission
from pure monomer at high conversions cannot be
excluded. From analysis of the shape and half-width of
the emission spectra displayed in Figure 9, it is con-
cluded that the luminophores are present in a broaden-
ing and expanding range of environments as the reac-
tion proceeds.3!

To correlate the emission of the luminophores with
the structure of the networks, a detailed knowledge of
the emission of 1-5 in various “intermediate” environ-
ments is required. Emission spectra of 1-5 in PMMA/
MMA mixtures indicate that the presence of dissolved
polymer molecules induces modest changes in the
emission of the probe molecules. Upon addition of 40%
PMMA, transforming a liquid of low viscosity into a very
viscous polymer solution, Amax 0f 1 has shifted from 691
to 677 nm and HW from 3250 to 3500 cm~1, while Imax
has increased by a factor 1.5. It seems reasonable to
expect a fairly constant emission of probe molecules in
media where many monomer molecules are present.
These might be pools of monomer surrounded by highly
cross-linked regions but also lightly cross-linked regions
that contain appreciable amounts of monomer. The
inability of all probes to detect microgels at low conver-
sions seems to indicate that these particles have a low
cross-link density and contain monomer. The other end
of the spectrum, close to the fully cured networks, is
less explored. The effects of the cross-link density on
the emission characteristics of the luminophore are not
known. Another uncertain factor is the diameter of the
surrounding medium that is being monitored by the
probe. This might be relevant in cases where lumino-
phores are encapsulated in small “microgel” particles.

Conclusions

We have investigated the emission of a series of
4-(dialkylamino)-4'nitrostilbene-based reactive and non-
reactive fluorescent probes 1-5 in various dimethacry-
lates. From these studies conclusions concerning the
practical advantages of employing reactive probes and
the mechanism by which 1—5 monitor the photoinitiated
polymerization of dimethacrylates are drawn.

For monitoring the photoinitiated polymerization of
dimethacrylates reactive probes are more sensitive than
nonreactive counterparts, in particular during the first
stages of the polymerization reaction. As expected, the
differences between the difunctional reactive and non-
reactive probes 4 and 5 are larger than for the mono-
functional probes 2 and 3. Apart from the increased
sensitivity, additional benefits of the reactive probes 2
and 4 over the “naked” luminophore 1 are blue-shifted
emissions (by 15—30 nm) and increased quantum yield
of fluorescence ®; (by a factor 1.5—2).

The magnitude and development of the differences in
Amax and HW values are clear indications of the mech-
anism by which all probes monitor the photoinitiated
polymerization of dimethacrylates. During the polym-
erization of multifunctional methacrylates inhomoge-
neous media are formed. Probe molecules are distrib-
uted over various environments ranging from monomer-
rich mobile environments (Amax = 700—650 nm) to rigid
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highly cross-linked regions (Amax = 560—590 nm). The
numerical distribution of luminophores over all environ-
ments determines the probe’s emission. Nonreactive
probes diffuse out of cross-linking regions, and therefore
smaller blue shifts in Amax are observed, in particular
at low conversions. The increased sensitivity of difunc-
tional reactive probes compared to monofunctional
reactive probes is explained by a faster incorporation
in the network.

Current research is focused on systems comprised of
monomethacrylates, dimethacrylates, and nonreactive
diluents, which form polymers in which the cross-link
density and the homogeneity of the photoformed net-
works can be modified in a (more) controlled fashion.
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