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ABSTRACT: A series of reactive (2, 4) and nonreactive (3, 5) fluorescent probes based on 4-(dimethyl-
amino)-4'-nitrostilbene (1) have been synthesized. Substitution of a methyl on the dimethylamino group
results in blue shifts in emission and increases in @y, and corresponding reactive and nonreactive probes
are indistinguishable. Emission spectra of 1—5 were recorded during the photoinitiated polymerization
of methyl methacrylate (MMA). For nonreactive probes, only minor changes in emission are observed
during the first 40% of the reaction, while at conversions between 50 and 90% Amax is proportional to the
conversion. For reactive probes shifts of Amax during the early stages of the process are observed, enabling
them to monitor the full polymerization process. It was proven that the shift in emission during the first
stage of the reaction is due to covalent attachment of the reactive probes to the PMMA backbone.

Introduction

Fluorescent probes! have proven to be successful
analytical tools for monitoring polymerization processes
in real time? and for investigating various physical
properties of polymers.® Though information can be
extracted from the probe’s emission in different ways,
e.g., by monitoring the emission intensity* or the ani-
sotropy of emission,> monitoring the position of probe
emission is the preferred method in many cases. No
calibrations of individual samples are needed, geo-
metrical constraints regarding the shape of objects do
not apply, and standard fluorescent spectra without the
use of additional optics can be used.® Varieties of
fluorescent probes have been developed in recent
years for monitoring photoinitiated polymerization pro-
cesses: excimer forming probes,” twisted intramolecular
charge transfer (TICT) probes,® charge transfer (CT)
probes,® and organic salts.!® These probes exhibit pro-
nounced blue shifts when a monomer is polymerized,
but the mechanisms causing the blue shifts are funda-
mentally different.”—10

Charge-transfer probes, which can be either of the
D-7-A° or D-o-Al! type, are the most sensitive. Previous
research® has shown that the sensitivity of D-7-A
probes for monitoring photoinitiated polymerization
processes is roughly proportional to the sensitivity for
solvent polarity (solvatochromism).11212 For 4-(dimethyl-
amino)-4'-nitrostilbene (DMANS, 1) blue shifts observed
upon the polymerization of di(meth)acrylates readily
exceed 100 nm. We chose 1 as the basis for the
systematic development of novel fluorescent probes
because it was both sensitive and easy to prepare. The
incentive was to make a series of architecturally differ-
ent probes, all containing a 4-(dialkylamino)-4'-nitro-
stilbene chromophore.1314

To this time, most experiments using fluorescent
probes for monitoring photoinitiated polymerization
processes have been carried out with nonreactive chro-
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Figure 1. Fluorescent probes used in this research.

mophores such as 1.1516 From attaching a reactive group
to the chromophore, fundamental changes can be ex-
pected in the interactions between a probe and the
surrounding matrix. Nonreactive probes such as 1, 3,
and 5 (Figure 1) dissolve in the unpolymerized mono-
mer, as well as in the photoformed polymer, and are
free to migrate within the constraints of the polymeric
matrix. Whether the probe is evenly distributed or
prefers to reside in specific areas, let alone which these
areas are, is unknown. Reactive probes, like 2 and 4, in
which one or two methacrylate moieties are attached
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to the chromophore, interact with their direct environ-
ment in a fundamentally different fashion. The probe
dissolved in monomer will become covalently attached
to the polymer backbone during the polymerization
process, and significant differences in the emission of
the reactive and the nonreactive probes are to be
expected. It is also expected that, due to their im-
mobilization during the polymerization process, reactive
probes will be distributed evenly throughout the me-
dium.?

Reactive probes 2 and 4, as well as nonreactive probes
3 and 5 containing isobutyryl instead of methacryloyl
esters, were synthesized. These probes allowed one to
differentiate the effects of attaching a nonreactive
spacer group to the chromophore and of covalently
attaching the chromophore to the polymeric backbone.
We also synthesized the polymers P2 and P4, by
copolymerization of the reactive probes 2 and 4 with
1000 equiv of MMA.18 These copolymers serve as model
compounds for the polymers formed by incorporation of
2 and 4 during the photoinitiated polymerization of
MMA.

The purpose of the work reported is to describe the
synthesis and spectroscopic properties of the fluorescent
probes 1-5. The effects of small changes in molecular
structure have been characterized spectroscopically in
solvents of low viscosity of different polarities. Com-
pounds 1—5 have been tested as fluorescent probes to
monitor the photoinitiated polymerization of MMA so
as to determine the effect of changing the molecular
structure of the DMANS chromophore on its perfor-
mance. In particular, the performance of reactive probes
in comparison to nonreactive probes, i.e., determining
the effect of attaching the probe to the polymer back-
bone, was investigated.

Experimental Section

General. Methyl methacrylate (MMA) was purchased from
Merck-Schuchardt and was purified by distillation prior to use.
Irgacure 907 (2-methyl-1-[4-(methylthio)phenyl]-2-morpholi-
nopropanone-1) was a gift from Ciba-Geigy. 4-(Dimethyl-
amino)-4'-nitrostilbene (1) was purchased from Kodak. Other
reagents were purchased from Aldrich. Most solvents were
reagent grade and used as provided. Dichloromethane and
tetrahydrofuran were dried and purified by distillation from
P,Os and LiAlH,, respectively. Triethylamine was dried by
adding 4 A molecular sieves.

Spectroscopic Measurements. Solvents for fluorescence
and absorption spectra were spectrometric grade from Aldrich.
Fluorescence measurements were recorded on a PTIl Quanta-
master spectrofluorimeter at right angles, using 420 nm as
the excitation wavelength. Fluorescence quantum yields ®s
were determined using samples that were degassed by ultra-
sound, employing 9,10-diphenylanthracene (@ = 0.90) as a
reference.'® Solutions of PMMA in MMA were prepared by
adding PMMA to solutions of fluorescent probe in MMA.
Absorption spectra were recorded on a Contron Instruments
UV—vis spectrometer. IR spectra were measured on a Mattson
6020 Galaxy Series FT-IR spectrometer. NMR spectra were
recorded on a Varian XL 300 or 400 nuclear resonance
spectrometer, using tetramethylsilane (TMS) as an internal
standard.

Photoinitiated Polymerizations. Polymerization was
achieved by exposing films to UV radiation from a 10W Philips
PL10 low-pressure mercury lamp for successive periods of
time. After each irradiation period films were analyzed by
fluorescence or FT-IR spectroscopy. Irgacure 907 (1 wt %) was
used as the photoinitiator, and 5 x 10~ mol kg™ (typically
0.02 wt %) fluorescent probe was added. Films were made by
squeezing a drop of monomer between NacCl plates divided by
a 15 um Teflon spacer or microscope slides divided by 75 um
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polypropene spacers. A special metal holder embedded with
rubber slabs to apply a high pressure without breaking the
salt plates was used. Double-bond conversions were deter-
mined for films between NaCl plates by FT-IR spectroscopy.
A correlation between the double-bond conversion of MMA and
the emission maxima of 1 was obtained. All other measure-
ments were made employing films between glass plates. GPC
(gel-permeation chromatography) was performed on a Waters
410 apparatus with tetrahydrofuran as eluent. Polystyrenes
with narrow molecular weight distributions were used as
standards for calibration.

Synthesis. 4-[N-(2-Hydroxyethyl)-N-methylamino]-
benzaldehyde, 7. Aldehyde 7 was synthesized according to
the literature® and recrystallized from ethyl acetate; mp =
72 °C. 'H NMR (CDCls, 400 MHz): 9.70 (s, 1H), 7.70 (d, J =
9.0 Hz, 2H), 6.75 (d, 3 = 9.0 Hz, 2H), 3.87 (t, J = 5.8 Hz, 2H),
3.62 (t, J = 5.8 Hz, 2H), 3.12 (s, 3H), 2.0 (br s, 1H). 3C NMR
(CDClg, 100 MHz): 190.35, 153.91, 132.13, 125.42, 111.21,
60.10, 54.37, 39.19.

4-[N-(2-Hydroxyethyl)-N-methylamino]-4'-nitro-
stilbene, 8. 4.5 g (25.1 mmol) of 7 and 4.55 g (25.1 mmol) of
4-nitrophenylacetic acid were dissolved in 20 mL of piperidine
and refluxed overnight. After evaporating the solvent, crude
8 was recrystallized in chlorobenzene, and a dark red crystal-
line solid was obtained. Yield 4.4 g (14.7 mmol = 59%) of 8;
mp = 185—-187 °C. *H NMR (DMSO, 400 MHz): 8.17 (d, J =
8.8 Hz, 2H), 7.76 (d, J = 8.8 Hz, 2H), 7.49 (d, J = 8.8 Hz, 2H),
7.41 (d, 3 = 16.5 Hz, 1H), 7.10 (d, J = 16.5 Hz, 1H), 6.73 (d,
J =9.0 Hz, 2H), 4.71 (t, 3 = 5.1 Hz, 1H) 3.57 (m, J = 5.4 Hz,
2H), 3.45 (t, 2H), 2.99 (s, 3H).

4-[N-(2-Methacryloyloxyethyl)-N-methylamino]-4'-ni-
trostilbene, 2. To a solution of 8 (1.0 g, 3.35 mmol) in 100
mL of anhydrous dichloromethane at room temperature was
added triethylamine (0.60 g, 5.9 mmol), and the solution was
stirred for 15 min. The reaction mixture was cooled at 0 °C,
and freshly distilled methacryloyl chloride (0.70 g, 6.7 mmol)
in 10 mL of anhydrous dichloromethane was added. The
resulting mixture was allowed to warm to room temperature
and stirred overnight. After reaction the solution was extracted
with water several times. The organic layer was dried over
MgSO,. The product, obtained after evaporating the solvent,
was recrystallized from ethanol. Yield 0.95 g (2.59 mmol =
77%) of an orange crystalline solid; mp = 151-152 °C. *H NMR
(CDCls, 400 MHz): 8.17 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 9.0
Hz, 2H), 7.43 (d, 3 = 9.0 Hz, 2H), 7.19 (d, J = 16.2 Hz, 1H),
6.92 (d, J = 16.2 Hz, 1H), 6.74 (d, J = 9.0 Hz, 2H), 6.07 (s,
1H), 5.56 (s, 1H), 4.34 (t, J = 6.0 Hz, 2H), 3.70 (t, J = 6.0 Hz,
2H), 3.06 (s, 3H), 1.92 (s, 3H). 3C NMR (CDCl3, 100 MHz):
167.33, 149.42, 145.96, 144.94, 136.08, 133.53, 128.53, 126.11,
125.97, 124.66, 124.16, 121.78, 112.08, 61.79, 50.86, 38.74,
18.31. Anal. Calcd for C»1H2,N04: C, 68.87; H, 6.00; N, 7.65.
Found: C, 68.76; H, 5.98; N, 7.73.

4-[N-(2-1sobutyryloxyethyl)-N-methylamino]-4'-
nitrostilbene, 3. To a solution of 8 (100 mg, 0.34 mmol) in
15 mL of anhydrous dichloromethane at room temperature was
added triethylamine (70 mg, 0.69 mmol), and the solution was
stirred for 15 min. The reaction mixture was cooled at 0 °C,
and isobutyryl chloride (107 mg, 1.0 mmol, 3 equiv) in 2 mL
of anhydrous dichloromethane was added. The resulting
mixture was allowed to warm to room temperature and stirred
overnight. The solution was extracted with water, and the
organic layer was dried over MgSO,. The product, obtained
after evaporating the solvent, was recrystallized from ethanol.
Yield 88 mg (0.24 mmol = 70%) of an orange crystalline solid;
mp = 137-138 °C. *H NMR (CDCls, 300 MHz): 8.17 (d, J =
8.9 Hz, 2H), 7.55 (d, J = 8.9 Hz, 2H), 7.43 (d, J = 8.9 Hz, 2H),
7.19 (d, J = 16.2 Hz, 1H), 6.91 (d, J = 16.2 Hz, 1H), 6.73 (d,
J = 8.9 Hz, 2H), 4.27 (t, J = 6.0 Hz, 2H), 3.65 (t, J = 6.0 Hz,
2H), 3.04 (s, 3H), 2.51 (sep, J = 7.0 Hz, 1H), 1.13 (d, J = 6.8
Hz, 3H). 13C NMR (CDCl3, 75 MHz): 177.04, 149.45, 145.93,
144.95, 133.52, 128.52, 126.11, 124.60, 124.15, 121.73, 112.05,
61.35, 50.86, 38.70, 33,97, 18.31.

MS m/z 368 (M+), 267 (100%), 178, 43. Anal. Calcd for
C21H24N204: C, 68.50; H, 6.52; N, 7.60. Found: C, 68.38; H,
6.50; N, 7.72.
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Scheme 1. Synthesis of 2 and 3
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4-[N,N—Bis[2-(acetyloxy)ethyl]amino]benzaldehyde, 10.
Aldehyde 10 was synthesized according to the literature.? The
compound was obtained as a thick oil that turns slightly blue
and solidifies subsequently at room temperature. The crude
product was used without further purification, despite small
amounts (=5%) of 4-[N,N-bis[2-(acetyloxy)ethyl]amino]-
benzene.

4-[N,N-Bis[2-(hydroxyethyl)amino]-4'nitrostilbene, 11.
7.5 g (2.69 mmol) of 10 and 4.0 g (2.21 mmol) of 4-nitro-
phenylacetic acid were dissolved in 20 mL of piperidine and
refluxed overnight. After evaporating the solvent, crude 11 was
recrystallized in chlorobenzene, yielding a dark red crystalline
solid. Yield 4.0 g (1.22 mmol = 55%) of 11; mp = 181—-183 °C.
H NMR (DMSO, 400 MHz): 8.17 (d, J = 9.0 Hz, 2H), 7.75 (d,
J=8.8Hz, 2H), 7.47 (d, J = 9.0 Hz, 2H), 7.40 (d, J = 16.2 Hz,
1H), 7.08 (d, J = 16.6 Hz, 1H), 6.73 (d, 3 = 9.0 Hz, 2H), 4.79
(t, 3 = 5.3 Hz, 2H), 3.57 (m, 4H), 3.47 (t, J = 6.1 Hz, 6H). 13C
NMR (DMSO, 100 MHz): 148.59, 145.22, 144.99, 133.90
128.59, 126.14, 123.95, 123.15, 120.54, 111.32, 58.06, 53.08.

4-[N,N-Bis[2-(methacryloyloxyethyl)amino]-4'nitro-
stilbene, 4. To a solution of 11 (1.20 g, 36.5 mmol) in 100 mL
of anhydrous dichloromethane at room temperature was added
triethylamine (1.30 g, 128 mmol), and the solution was stirred
for 15 min. The reaction mixture was cooled at 0 °C, and
freshly distilled methacryloyl chloride (1.38 g, 132 mmol) in
10 mL of anhydrous dichloromethane was added. The resulting
mixture was allowed to warm to room temperature and stirred
overnight. The solution was extracted with water several
times, and the organic layer was dried over MgSO,. The
product, obtained after evaporating the solvent, was recrystal-
lized from ethanol, yielding an orange crystalline material;
1.44 g (31.2 mmol = 85%), mp = 76 °C. *H NMR (CDCls, 400
MHz): 8.18 (d, J = 8.8 Hz, 2H), 7.57 (d, J = 8.8 Hz, 2H), 7.44
(d, 3 =9.0 Hz, 2H), 7.19 (d, J = 16.5 Hz, 1H), 6.93 (d, J =
16.2 Hz, 1H), 6.82 (d, 3 = 9.0 Hz, 2H), 6.20 (m, 2H), 5.68 (m,
2H), 4.35 (t, 3 = 6.3 Hz, 4H), 3.74 (t, 3 = 6.3 Hz, 4H), 1.95 (s,
6H). 3C NMR (DMSO, 100 MHz): 167.30, 147.90, 146.05,
144.82, 135.96, 133.27 128.68, 126.19, 126.10, 125.18, 124.16,
122.17, 112.18, 61.62, 49.54, 18.33.

4-[N,N-Bis[2-(isobutyryloxyethyl)amino]-4'nitrostil-
bene, 5. To a solution of 11 (200 mg, 0.61 mmol) in 30 mL of
anhydrous dichloromethane at room temperature was added
triethylamine (260 mg, 2.44 mmol), and the solution was

stirred for 15 min. The reaction mixture was cooled at 0 °C,
and isobutyryl chloride (250 mg, 2.48 mmol) in 5 mL of
anhydrous dichloromethane was added. The resulting mixture
was allowed to warm to room temperature and stirred over-
night. The solution was extracted with water and dried over
MgSO,. The product, obtained after evaporating the solvent,
was purified by column chromatography on a SiO, column
using ether as eluents. The thick deep red oil slowly crystal-
lizes to form an orange solid; yield 220 mg (0.47 mmol = 77%),
mp = 50 °C. 'H NMR (CDCls, 400 MHz): 8.36 (d, J = 9.0 Hz,
2H), 7.80 (d, 3 = 9.0 Hz, 2H), 7.44 (d, J = 8.9 Hz, 2H), 7.38 (d,
J = 16.2 Hz, 1H), 7.07 (d, J = 16.3 Hz, 1H), 6.79 (d, J = 8.9
Hz, 2H), 4.27 (t, J = 6.3 Hz, 4H), 3.67 (t, J = 6.3 Hz, 4H), 2.55
(sep, J = 7.0 Hz, 2H), 1.16 (d, J = 6.9 Hz, 12H). °C NMR
(DMSO, 100 MHz): 177.06, 147.91, 146.04, 144.82, 133.28
128.66, 126.19, 125.11, 124.16, 122.13, 112.12, 61.16, 49.52,
33,94, 18.95.

Polymerization Procedure.® Polymerizations were car-
ried out by heating 1.0 g of a MMA/probe mixture (MMA/probe
in a 1000:1 molar ratio) and 20 mg of a,o’'-azobis(isobutyro-
nitrile) (AIBN) in 10 g of dry benzene at 65 °C for 72 h. The
reactions were performed in polymerization tubes, which were
sealed under vacuum after several freeze—pump—thaw cycles.
After precipitation in excess methanol and drying in vacuo 0.8
g of polymer was obtained.

P2, poly(MMA-co-2): M, = 36 000, M,, = 71 000, Pd = 1.97,
Zem(MMA) = 662, ®(MMA) = 0.11.

P4, poly(MMA-co-4): M, = 30 500, M,, = 52 600, Pd = 1.72,
Zem(MMA) = 642, ®(MMA) = 0.17.

Results and Discussion

Synthesis. The syntheses of 2—5 were performed
according to Schemes 1 and 2.

The synthesis of 2 was previously described in the
patent literature,?® and compound 3 was synthesized
in a similar fashion. The syntheses of 4 and 5 from 10,
a well-known compound,?! follow a similar route. Poly-
mers P2 and P4 were obtained by a free radical
polymerization of 2 and 4, respectively, with 1000 equiv
of MMA in benzene.

Spectroscopic Characterization. The emission
spectra of 1—5 were recorded in a series solvents of low
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Scheme 2. Synthesis of 4 and 5
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Table 1. Emission Maxima of 1-5 in Selected Solvents

Amax €mission (nm)

solvent Af22 1 2 3 4 5
cyclohexane 0.100 501 499> 499> 493 494b
di-n-butyl ether 0.194 560 552 553 545 544
diisopropyl ether 0.237 582 573 573 544 563
diethyl ether 0.251 596 581 584 574 573
chloroform 0.251 725 709 710 696 696
MMA 0.275 684 669 668 656 655
ethyl acetate 0.292 684 671 670 658 657
tetrahydrofuran 0.308 683 668 668 653 654
1,2-dimethoxyethane 0.309 702 684 684 666 666
dichloromethane 0319 758 734 735 716 718
acetone 0.375 767 746 747 728 727
acetonitrile 0.398 a 798 798 776 776

a No emission. P Vibrational structure in spectrum.

viscosity and different polarity.?? The data in Table 1
show that each of the probes are strongly solvatochromic
in emission; large red shifts are observed upon increas-
ing the polarity of the solvent.2® Substitution of a methyl
on the dimethylamino group with a 2-methacryloyloxy-
ethyl or a 2-isobutyryloxyethyl group results in blue
shifts of the emission. For 2 and 3 identical emission
spectra are recorded, and shifts in Amax ranging from 2
nm in hexane to 24 nm in dichloromethane compared
to 1 are observed. For 4 and 5 larger shifts compared
to 1 are observed, ranging from 7 nm in hexane to 41
nm in dichloromethane. Clearly, blue shifts are of
limited value in solvents of low polarity like hexane but
increase as a function of the polarity of the solvent.
Another effect of functionalizing the DMANS chro-
mophore is the increase of emission intensity in polar
solvents. Most striking is the observation that 2—5 are
fluorescent in acetonitrile, a solvent in which no emis-
sion for 1 was detected.

The shape of the emission spectrum changes as a
function of the solvent polarity for each of the probes.
In cyclohexane the emission spectra exhibit vibrational
structure, while perfect Gaussian emission spectra are

4:R= Methacryloyl,

1.2

—_
!

I
[¢2]
L

Normalized Intensity
o o
EN »
i1 1

©
(%)
:

0 ~ T e 'V T T T T
12000 14000 16000 18000 20000 22000
Wavenumber (cm-1)

Figure 2. Emission spectrum of 1 in ether. The Gaussian
distribution functions from which the spectrum is composed
are also shown.

observed in solvents with a polarity exceeding that of
ether. In solvents of intermediate polarity like dioxane,
dibutyl ether, diisopropyl ether, and diethyl ether
emission spectra cannot be described as simple Gauss-
ian distribution functions. To a good approximation
these spectra are described by two Gaussian components
as illustrated in Figure 2. The long wavelength emission
might result from a charge transfer (CT) state. The
short wavelength emission most likely originates from
a locally excited state.2* In contrast to the emission from
the locally excited state, the CT emission is quite
sensitive to the polarity of the solvent (solvatochromism).
Since an increase in solvent polarity lowers the energy
of the CT state, exclusive formation of the CT state in
polar solvents is anticipated.

The fluorescence quantum vyields, ®s, of 1-5 in
selected solvents (Table 2) show a sharp decrease in
fluorescence quantum yield upon increasing the solvent
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Table 2. Quantum Yields of the Fluorescent Probes 1-5 in Selected Solvents

[oX
solvent Af 22 1 2 3 4 5
cyclohexane 0.100 0.14 0.11 0.10 0.063 0.067
n-butyl ether 0.194 0.26 0.26 0.25 0.26 0.25
diisopropyl ether 0.237 0.24 0.26 0.26 0.27 0.27
diethyl ether 0.251 0.26 0.27 0.27 0.28 0.27
chloroform 0.251 0.011 0.02 0.02 0.034 0.34
mma 0.275 0.064 0.10 0.10 0.15 0.15
ethyl acetate 0.292 0.024 0.035 0.035 0.048 0.049
tetrahydrofuran 0.308 0.037 0.050 0.050 0.074 0.074
1,2-dimethoxyethane 0.309 0.027 0.051 0.051 0.066 0.067
dichloromethane 0.319 0.0032 0.0077 0.0073 0.016 0.015
acetone 0.375 2 x 1074 0.003 0.003 0.008 0.008
acetonitrile 0.398 3 x 10 3 x 10 6 x 107 6 x 107
1.2 1
o1
Y [ ]
. ether A3 o ®
1A X 0.8 1
xa® A, s 5
8 081 ® [4
3 2
§ 06 1 § 0.6
T X < °
. s 5. .
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Figure 3. Relative fluorescence quantum yields of 1, 3, and
5 as a function of the emission wavelength Amax.

polarity above that of ether for each of the probes.
Attaching spacers to the DMANS chromophore (2—5)
results in considerable increases of @t in solvents with
polarities above that of ether. In all cases the increase
in @ due to the attachment of spacers is accompanied
by a blue shift in the emission maximum. As noted
earlier, the emission wavelength 1max and the emission
intensity Imax of 1 are strongly correlated. Changes in
the environment, either a decrease of polarity or a
decrease in the mobility of “solvent” molecules, lead to
blue shifts of Amax and increases of Imax. By plotting @
as a function of Amax for 1, 3, and 5 (Figure 3),% it is
shown that each probe exhibits identical emission
characteristics, since all the data points are positioned
on one curve. The highest ®; values are found when
probes emit between 610 and 560 nm a regime in which
dual emission is found. Viewed from this perspective,
the strong fluorescence in these solvents can be ascribed
to the intense emission of both emitting states. In more
polar solvents only one emitting species is present, the
CT state, and &5 of this emission strongly decreases as
the polarity of the solvent increases. This is a phenom-
enon commonly observed for CT emissions.
Photoinitiated Polymerization Processes. For-
mulations containing fluorescent probe and radical
initiator were squeezed between glass plates divided by
75 um polypropylene spacers, and emission spectra were
recorded after subsequent irradiation periods of 5 min.
In our experiments, the addition of a fluorescent probe
effects the polymerization process. Competitive absorp-
tion by the fluorescent probes reduces the initial rate
of polymerization of MMA by an estimated 30%. In
addition, radicals generated by the photodecomposition
of the photoinitiator bleach the probe molecules, thus

Irradiation Time (min)

Figure 4. Double-bond conversion of MMA as a function of
the irradiation time for 75 um films between glass plates.

retarding the polymerization process slightly. One does
not expect significant differences in reaction rate be-
tween formulations containing different probes, since
equal amounts of probe are added to the solutions and
their absorption spectra are similar. When correspond-
ing reactive and nonreactive probes are employed,
differences in reaction rates can be excluded.

Double-bond conversions of MMA as a function of the
irradiation time, measured for formulations containing
1 as the fluorescent probe (Figure 4), resemble those
reported for the thermal polymerizations of MMA.26 The
reaction rate is low up to a conversion of 50%. Subse-
guently, the reaction rate increases dramatically, due
to the so-called autoacceleration effect,?” and the con-
version increases to 85%. After reaching this degree of
conversion, the rate of polymerization strongly decreases
due to vitrification of the matrix, and after 60 min of
irradiation, the reaction virtually stops at a 92% conver-
sion. Quantitative double-bond conversions can be
obtained from leaving the sealed samples in the dark
(60 + ac in Table 3).

The polymers formed photochemically were isolated
by precipitation from methanol. When reactive probes
2 and 4 were employed, slightly yellow, fluorescent
polymers were isolated from colorless methanol. Emis-
sions wavelengths of these polymers in MMA, 661 and
642 nm, respectively, are identical to those recorded for
P2 and P4. In contrast, white and nonfluorescent
polymers were isolated in all the other cases. The
methanol phase was slightly yellow when nonreactive
probes were employed, indicating the presence of the
dialkylamino chromophore in the solution. These ex-
periments prove that covalent incorporation of reactive
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Figure 5. Emission wavelength Ay of 1-5 in MMA as a
function of the irradiation time.

Table 3. Fluorescence Maxima of 1-5 in MMA as a
Function of the Irradiation Time

irradiation time Amax (NM)

(min) 1 2 3 4 5

0 688 673 674 660 660

5 686 670 672 655 658
10 685 668 670 651 657
15 684 663 669 645 656
20 681 659 667 639 652
25 674 652 663 631 646
30 666 637 650 610 632
35 586 570 575 560 565
40 579 567 570 559 562
50 575 564 566 556 559
60 573 562 565 555 558
60 + ac 556 552 555 542 546

probes into the polymer that is formed has occurred and
also suggest that the incorporation is efficient.28 GPC
chromatograms for the polymers were identical regard-
less of the probe.?°

Emission Spectra. (a) Emission Wavelength. The
emission wavelengths (Amax) found for 1—5 during the
photoinitiated polymerization of MMA are shown in
Table 3 and Figure 5. In MMA these are completely in
line with their emissions in solvents of low viscosity.
Attachment of one spacer (2 and 3) leads to a 15 nm
blue shift, while attachment of two spacers (4 and 5)
leads to a 30 nm shift in emission.

One can clearly distinguish the various stages of the
polymerization of MMA,; the reaction before, autoaccel-
eration between 30 and 35 min of irradiation, and the
subsequent slow reaction in a polymer glass by monitor-
ing the emission spectra of all probes as a function of
the irradiation time. In initial stages of the reaction
reactive probes 2 and 4 respond in a different fashion
from nonreactive probes 1, 3, and 5. While the emission
wavelengths Amax of 1, 3, and 5 shift marginally, a
gradual blue shift of Aax Of the reactive probes 2 and 4
is observed. In a control experiment 1—5 are dissolved
in MMA and increasing concentrations of PMMA added.
Addition up to 40% of PMMA results in limited blue
shifts comparable to those reported for the nonreactive
probes during the photoinitiated polymerization reac-
tion. The emission spectra of the corresponding reactive
(2, 4) and nonreactive probes (3, 5) were not distin-
guishable, since each of the probes is dissolved in a
homogeneous PMMA solution.

The emission spectra of all probes are strongly blue-
shifted between 30 and 35 min of irradiation, indicating
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Figure 6. Emission wavelength Amax of 1-5 in MMA as a
function of the double-bond conversion for photoinitiated
polymerization reactions.

profound changes in the medium surrounding the
probes. Subsequently and as the polymerization process
slowly proceeds, small blue shifts in the emission of 1—5
are observed. In the final product obtained after a 60
min irradiation period, Amax values of the probes are
found not to be identical. Compared to 1, probes 2 and
3 are blue-shifted 10 nm, while 4 and 5 are blue-shifted
15 nm. The final wavelengths of emission of the reactive
probes 2 and 4 are slightly blue-shifted (~3 nm) when
compared to their nonreactive counterparts 3 and 5.
When the double-bond conversion increases from 92 to
100% upon standing this leads to further blue shifts
(typically 10—15 nm) in the emission spectra of all
probes. Though one cannot exclude other effects such
as conformational changes in the polymer matrix,
especially in cases were samples were heated to acceler-
ate the postcure, these blue shifts indicate the probes
to be extremely sensitive to double-bond conversion even
at these high conversions.

The Amax values found for 1-5 are plotted as a
function of the double-bond conversion in Figure 6.
Major differences are observed between these probes in
polymer solution before autoacceleration occurs. Non-
reactive probes exhibit the typical behavior that was
previously reported for 1. Before autoacceleration in a
polymer solution with a PMMA content of up to 40%,
the Amax is hardly effected by the presence of PMMA,
while at higher conversions Amax strongly decreases with
increasing conversion. For reactive probes 2 and 4, a
clear correlation between Amax and double-bond conver-
sion is observed to occur even at low conversions. The
observed spectra are composed of that of the free probe
(2 or 4) and a polymeric probe (P2 or P4). Emission
spectra of these species in MMA have been recorded,
and the blue shift of the polymeric probes P2 and P4
compared to 2 and 4 are 7 and 14 nm, respectively. In
addition, the polymeric probes have a 10% higher
fluorescence quantum yield. It might be that these
differences increase during the polymerization process,
but this has not been investigated. Incorporation of
reactive probes can be demonstrated by comparing the
emission wavelengths of the reactive and nonreactive
probes obtained during polymerization reactions with
those obtained from PMMA/MMA solutions. Figure 7
demonstrates that for the reactive probe 4 the Amax
values obtained during the polymerization are signifi-
cantly lower than are those in PMMA/MMA mixtures.
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Figure 7. Emission wavelength 1nax of 4 and 5 during a
photoinitiated polymerization reactions and Amax of 4 in PMMA/
MMA mixtures as a function of the double-bond conversion.

For the nonreactive probe 5, on the other hand, the
corresponding Amax vValues are virtually identical in most
of the data points.

After autoacceleration the behaviors of the reactive
and the nonreactive probes are similar. A linear rela-
tionship between Amax and double-bond conversion is
expected for both the reactive and the nonreactive
probes. This relationship cannot be obtained from
polymerization experiments directly due to a lack of
data points. However, such a relationship can be
obtained for the nonreactive probes by recording emis-
sion spectra in independently prepared PMMA/MMA
mixtures. We anticipate a similar relationship between
Amax and the double-bond conversion when reactive
probes are employed, since the effects of covalent
attachment are rather subtle compared to the shifts in
Amax at this stage of the reaction.

(b) Emission Intensity One can follow the polym-
erization process by monitoring the intensity of the
emission of the fluorescent probes (Imax). Measuring
intensity of emission from thin films is not as accurate
as measuring the emission wavelength, since the in-
tensity measured is sensitive to the exact position of the
film and reflections at different interfaces leading to
errors on the order of 5—10%. Also photobleaching, a
process resulting in probe decomposition, takes place
during the course of the polymerization process. The
extent of photobleaching is extreme in MMA; 70% of the
probe molecules become bleached, not by direct irradia-
tion, but from attack of the photoformed radicals on the
probe. The extent of bleaching was found to be similar
for 1-5, though subtle differences cannot be excluded.

Typical emission intensities obtained from 1—5 during
photoinitiated polymerizations of MMA are depicted in
Figure 8. Initially all probes evidence a decrease in Imax.
Employing 1 as a fluorescent probe, it was demonstrated
that a slight increase in fluorescence quantum yield ®¢
occurs at these conversions but that a strong decrease
in the number of probe molecules due to photobleaching
causes the observed decrease in Inax. A sharp increase
in emission intensity during autoacceleration is ob-
served for all the probes. As the medium changes from
a viscous polymer solution to a glassy polymer film, the
fluorescence quantum yield ®; is strongly increased.
Subsequently as the polymerization proceeds slowly, the
emission intensity decreases once more, but not as
pronounced as during the first 20 min of the process.
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Figure 8. Emission intensity lhax of 1-5 in MMA as a
function of the irradiation time.

In this stage of the reaction photobleaching is strongly
retarded, but the increase in ®s is slower.

Differences in performances of the probes are clearly
visible. For 1, the increase of I« after the polymeri-
zation is completed exceeds that of 2 and 3, which, in
turn, is larger than that for 4 and 5. The lessened gain
in magnitude of the emission intensity as the chro-
mophore is functionalized follows directly from the
guantum yields of emission ®¢ for the probes in MMA:
D; (1) < D¢ (2/3) < D¢ (4/5), Table 3. Since it is expected
that ®¢ in PMMA films is similar for all the probes, the
largest increase in @ should be observed for 1. Another
striking observation is that during the first stages of
the polymerization, up to 30 min irradiation, the
decrease in Imax is markedly slower for the reactive
probes 2 and 4. A higher intensity of emission for the
reactive versus the corresponding nonreactive probes
before autoacceleration can be explained by covalent
attachment of the probe to the backbone. On the basis
of a 10% higher @; for P2 and P4 compared to that for
2 and 4, the emission intensity of the reactive probes is
expected to be up to 5% higher before autoacceleration
occurs. In addition, a stronger increase in ®; and a
slightly lower photobleaching for P2 and P4 compared
to those for 2 and 4 is expected.

(c) Half-Width and Shape. The half-width of an
emission can be indicative of the homogeneity of the
environment in which a probe is incorporated. If the
probe is present in differing environments, different
emitting species will be present, and the resulting
emission spectrum will be broader than any of the
contributing spectra. Also, the shape of the emission
spectrum can be distorted. The emission spectra of 1-5
during the polymerization of MMA were analyzed, and
results are presented; see Figure 9.

Attachment of substituents to the amino group in-
creases the half-widths of the probes in MMA by 100
cm~1 per substituent. Incorporating the probe in the
polymer backbone results in even higher half-widths;
the half-width of P2 is 400 cm~! above that of 1 in MMA.
A broadening of the emission spectra of each of the
probes is observed during the polymerization before
autoacceleration. The increase in the half-width of the
reactive probes is roughly twice that of their nonreactive
counterparts. This is not surprising since the emission
spectra of the reactive probes are composed of the
emission spectra of free and attached probe, and these
are two spectroscopically different species. In addition,
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Figure 9. Peak width of 1—5 in MMA (in cm™) as a function
of the irradiation time.

the half-widths of polymer bound probes P2 and P4 are
nearly 300 cm~! larger than are those of 2 and 4.
Control experiments, in which the half-widths of 1-5
in MMA/PMMA mixtures were determined, revealed
monotonic increases of the half-widths upon increasing
[PMMA] comparable to those observed for 1, 3, and 5
in the photopolymerization process. Sharp increases in
half-widths are observed between 30 and 35 min after
the irradiation is begun, particularly in the case of the
nonreactive probes. After autoacceleration, as a polymer
glass is formed, the half-widths of each of the probes
are identical within experimental error. During the
latter stages of the reaction, small decreases in half-
widths are observed for all probes.

We have analyzed the shape of the emissions of 1-5
during the polymerization reaction. Up to 30 min
irradiation, spectra of all probes are described by a
single Gaussian distribution function (Figure 10). This
does not imply that only one emitting species is present,
since it is known that when the reactive probes are
employed two emitting species are present: the reactive
probes 2 or 4 and polymer bound probes P2 or P4. These
species have Gaussian emission spectra that are only
10—20 nm apart, and the resulting spectra are still
described by single Gaussian distribution functions.
After 35 min of irradiation, the emission spectra are no
longer described by a single Gaussian distribution
function. Instead, the emission spectra of 1-5 in a
glassy polymer are described accurately as being com-
posed of a broad long wavelength emission and a narrow
emission at shorter wavelength. This is illustrated by
Figure 10b,c, which displays the emission spectra of 4
at different stages, along with the components compris-
ing these emissions. As polymerization commences, the
relative amount of the short wavelength component
steadily increases. Significant differences between the
emission spectra of the reactive and nonreactive probes
are not observed. Clearly the differences in emission
spectra between the free probe molecules and the
polymer bound probes are too small to induce dual
emission.

Dual emission indicates that the probe emits either
from two different excited states or from one excited
state in two distinctly different environments. For
probes 1—5 dual emission is generally observed as the
emission wavelength Amax drops below 630 nm. This dual
emission is observed in all kinds of media including
solvents of low polarity. Clearly the dual emission
observed here does not necessarily indicate that the
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Figure 10. Emission spectra of 4 in MMA after irrradiation
periods of (a) 0—30 min, (b) 35 min, and (c) 60 min.

probe in the polymer formed photochemically is emitting
from two distinct phases in a heterogeneous environ-
ment.

Conclusions

We have synthesized and characterized a series of
derivatives of  4-(dimethylamino)-4'-nitrostilbene
(DMANS, 1), 2—5, and employed them as fluorescent
probes for monitoring the photoinitiated polymerization
of MMA. Replacing one or two methyl groups of the
DMANS chromophore by a 2-methacryloyloxyethyl or
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a 2-isobutyryloxyethyl group yields fluorescent mol-
ecules with a slightly modified spectroscopic behavior.
In every case molecules containing methacryloyl esters
or isobutyryl esters are spectroscopically indistinguish-
able. The effects of substitution are additive and result
in minor blue shifts in absorption and considerable blue
shifts in emission. The blue shifts in emission increase
as the polarity of the solvent increases and may reach
values of 20 nm per substitution. Also, these blue shifts
are accompanied by increases in the fluorescence quan-
tum yield ®x.

DMANS derivatives 1-5 are sensitive fluorescent
probes suitable for monitoring the photoinitiated po-
lymerization of MMA. Stages of the reaction, before,
during, and after autoacceleration can be clearly dis-
tinguished, especially when nonreactive probes are
employed. The nonreactive probes 1, 3, and 5 do not
monitor the polymerization of MMA before autoaccel-
eration, since only minor changes in their emission
maxima are found. The reactive probes 2 and 4 monitor
the polymerization process before autoacceleration, due
to covalent attachment to the polymer backbone. Sig-
nificant blue shifts of Amnax are observed along with
considerable increases of the half-widths. Dimethacry-
late 4 is more sensitive than the methacrylate 2 due to
incorporation of two methacrylates in the polymer
backbone.

On the basis of the sensitivity of reactive probes
during the first stages of the MMA polymerization, we
conclude that reactive fluorescent probes are useful in
a wider range of applications than nonreactive probes.
Reactive probes are incorporated in the polymer chain,
thereby forming a different emitting species. Providing
that these species emit at different wavelengths, reac-
tive probes monitor these polymerization processes
directly. Notably for monitoring polymerization pro-
cesses in which the polymer—monomer mixture forms
a homogeneous solution, only reactive probes are sensi-
tive throughout the reaction. Research in this area is
currently being undertaken.
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