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ABSTRACT: The fluorescent probes 7-(dimethylamino)-4-(trifluoromethyl)coumarin (11, NjV-di-n-butyl- 
5-(dimethylamino)- 1-naphthalenesulfonamide (2),4-(dimethylamino)-4‘-(methylsulfonyl)sti1bene (3), 4-(di- 
methylamino)-4‘-(methylsulfonyl)diphenylbutadiene (4), and 4-(dimethylamino)-4’-nitrostilbene (5) (Figure 
2) were incorporated in polymeric networks formed by photopolymerization of dimethacrylates of different 
molecular sizes and polarities (Figure 3). The response of the probe’s emission to changes in its 
environment during photopolymerization was determined and compared with the emissions in solvents 
of low viscosity of differing polarities (solvatochromism). A comparison between these data reveals that 
the blue shifts observed during polymerization are roughly proportional to the solvatochromism of each 
probe. 

Introduction 
Monitoring the molecular environment of a small 

molecule by means of its fluorescence has been widely 
employed in chemistry.2 Such small molecules are 
usually designed to examine specific properties of their 
immediate environment or microenvironment by means 
of a shift in the maximum of their emission or changes 
in their emission intensity and are referred to as  
fluorescent probes. Probes which monitor the polarity3 
as well as those which monitor the rigidit? of the 
matrix in which they reside are well-known. 

In the design of fluorescent probes that monitor 
polymerization processes, the approach has been to find 
compounds the fluorescence of which monitors the 
rigidity of the medium. Polymerization, going from a 
liquid monomer of low viscosity to a solid polymer or a 
polymeric network, causes large changes in the mobility 
of the molecules or molecular fragments that comprise 
the medium. 

One way to monitor a polymerization process is to 
investigate the degree of polarization in the emission 
of a probe that has been excited with linearly polarized 
light. The anisotropy of the probe’s fluorescence gives 
information about the mobility, in particular the rota- 
tional mobility of the probe molecules, in the surround- 
ing matrix. 

Another option is the use of probes that form exci- 
mers. Excimer formation is a viscosity dependent 
process, because migration of the probe to a second 
molecule like it is required for it to be observed. 
Because a high concentration of the probe is needed in 
order to observe excimer formation, this limits the use 
of excimers for probing the molecular en~ i ronmen t .~  

In our research group6 we have devoted considerable 
effort to fluorescent probes that exhibit dual fluores- 
cence ascribed to the formation of a fluorescent twisted 
intramolecular charge transfer state (TICT).7 During 
polymerization the red-shifted strongly solvatochromic 
emission, ascribed to the TICT state, is quenched and 
a strong blue shift is observed. However, since the 
fluorescence quantum yield of compounds such as  
4-(dimethy1amino)benzonitrile is low (typically 0.01- 
0.051, their utility as  fluorescent probes is somewhat 
limited. 

@ Abstract published in Advance ACS Abstracts, November 1, 
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Figure 1. Schematic representation of the probe’s emission 
in different media. 

Recent publications have reported that the strongly 
solvatochromic D-a-A compound “Fluoroprobe” is sensi- 
tive not only to the polarity of its environment but also 
to the morphology of the matrix in which it resides.g It 
was demonstrated that this compound can be used to 
follow the thermal polymerization of methyl methacry- 
late (MMA).g 

Solvatochromism3J0 is the response in the absorption 
or emission spectrum of a molecule upon changing the 
solvent polarity, and we have theorized that strongly 
solvatochromic D-n-A molecules should be sensitive 
probes, in the emission mode, for monitoring polymer- 
ization processes. In general these molecules have 
relatively low dipole moments in the ground state and 
large dipole moments in the excited state due to 
considerable intramolecular charge separation (ICT). 
The emission maxima of these molecules shift to longer 
wavelengths as  the polarity of the solvent is increased 
because the stabilization of the dipolar excited state is 
larger in polar solvents. In solvents of low viscosity, 
the mobility of the solvent molecules compared to the 
lifetime of the emitting species is such that emission 
occurs from a fully relaxed state. A schematic repre- 
sentation of this process is presented in Figure 1. 

In a highly viscous medium in which the mobility of 
the molecules or molecular fragments is strongly de- 
creased, the situation is fundamentally changed and the 
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Figure 2. Fluorescent probes used for monitoring the degree 
of cure of a (photo)polymerization process. 

reorientation of the medium cannot be completed within 
the lifetime of the excited state. Emission takes place 
from a partially relaxed medium at wavelengths shorter 
than observed when the medium is fully relaxed; see 
Figure 1. 

The photopolymerization of multifunctional acrylates 
can be regarded as a process in which monomer units 
are immobilized by linking them together in a polymeric 
network. To the first approximation, immobilization of 
the monomers is the primary process and the response 
of a solvatochromic probe upon polymerization will be 
a blue shift. The changes in chemical composition of 
the medium, specifically the disappearance of double 
bonds, are neglected. 

In this approximation the magnitude of the shift of a 
certain probe-monomer combination will mainly de- 
pend on two factors; the degree of immobilization of 
molecular fragments in the network and the sensitivity 
of the probe toward solvent polarity. A stronger im- 
mobilization will further reduce the relaxation of the 
medium and will lead to emission at shorter wave- 
lengths. 

The solvatochromism of the probe molecule will also 
determine the shift in emission during polymerization. 
If the stabilization that a certain polymeric network 
achieves during the probe’s excited state lifetime is 
constant for a series of probes, the wavelength shift is 
proportional to the probe’s sensitivity for solvent polar- 
ity. This process can also be visualized using Figure 1. 
For a stronger solvatochromic probe the slope of the line 
that connects gas phase emission and emission in the 
monomer will increase and, as can easily be seen, so 
will the blue shift. 

On the basis of these considerations we expect blue 
shifts in emission for solvatochromic probes upon po- 
lymerization of their environment. The magnitudes of 
these blue shifts are expected to be proportional to the 
solvatochromism of the probe and will also increase if 
more rigid polymers are formed. 

In this paper we describe the emission of the D-x-All 
probes depicted in Figure 2 during photopolymerization 
of the dimethacrylates depicted in Figure 3. We will 
investigate the relation between the solvatochromism 
in emission of the probes and their behavior as probes 
during photopolymerization in different resins. 

Experimental Section 
Ethylene glycol dimethacrylate (EGDMA), diethylene glycol 

dimethacrylate (DEGDMA), triethylene glycol dimethacrylate 
(TREGDMA), tetraethylene glycol dimethacrylate (TEEGD- 
MA), and 1,4-butanediol dimethacrylate (BUDMA) were pur- 
chased from Aldrich. 1,6-Hexanediol dimethacrylate (HEXD- 
MA) and 1,12-dodecanediol dimethacrylate (DODDMA) were 
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0 

Figure 3. Different (poly)(ethylene glycol) and diol based 
dimethacrylates. 

purchased from Monomer and Polymer and Dajac Laborato- 
ries. According to the manufacturers, the chemical purity of 
these monomers was between 90 and 98%. All monomers 
contained radical inhibitors, typically 100 ppm 1,4-dimethoxy- 
benzene, and were used without further purification. Irgacure 
907 (2-methyl- 1- [4-(methylthio)phenyll-2-morpholinopropanone- 
1) was a gift from Ciba-Geigy. 7-(Dimethylamino)-4-(trifluo- 
romethy1)coumarin (coumarin 152, 11, laser grade, and 4-(dim- 
ethylamino)-4’-nitrostilbene (5) were purchased from Kodak. 
N,N-Di-n-butyl-5-(dimethylamino)- l-naphthalenesulfon- 
amide (2) was prepared by the reaction of NjV-di-n-butyl-5- 
(dimethylamino)- 1-naphthalenesulfonyl chloride with dibuty- 
lamine.’* 4-(Dimethylamino)-4’-(methylsulfonyl)stilbene (3) 
and 4-(dimethylamino)-4‘-(methylsulfonyl~diphenylbutadiene 
(4) were prepared by the Wittig-Homer reaction of diethyl 
4-(methylsulfony1)benzyl phosphonate with (N,N-dimethylami- 
no)benzaldehyde and (NP-dimethylamino)cinnamaldehyde, 
respectively. l3 

Fluorescence measurements were recorded on a Spex Fluo- 
rolog 2 recording fluorometer, in the front face configuration 
for monomeric and polymeric films and at right angles for 
solutions. The solvatochromism of the emission of different 
probes was characterized by plotting the emission maxima of 
the probes as a function of the solvent polarity. The Afvalues 
for different solvents were taken from the literature, using eqs 
1 and 2.14 Fluorescence quantum yields were determined 
relative to 9,lO-diphenylanthracene (@f = 0.83 in cyclohexane). 

Absorption spectra were recorded on a Hewlett Packard 
8452A diode array spectrophotometer. 

Photochemical Polymerizations. Polymeric networks 
were made by exposing 15 pm films of the target dimethacryl- 
ates to W light in a Colight M218 light bath (using two 400 
W medium-pressure Hg lamps). Irgacure 907 (1% by weight) 
was used as the photoinitiator and the fluorescent probes were 
added in 0.02% amounts by weight. Films were made by 
squeezing a drop of monomer between NaCl or glass plates 
divided by a 15 pm Teflon spacer. The emission spectra of 
various probes (Figure 2) in various dimethacrylates (Figure 
3) were measured in the front face configuration before 
irradiation and after subsequent irradiations, until no spectral 
shift was observed in the emission spectra (usually 15-20 
min). 

Using 4-(dimethylamino)-4‘-nitrostilbene (5 )  as the fluores- 
cent probe, the photopolymerization process was followed by 
FT-IR, focusing on the 810 cm-I bending vibration of the 
acrylic CH group. The emission wavelengths and emission 
intensities were determined as a function of the double bond 
conversion. 

Results and Discussion 
Probe Characterization. In this research we have 

investigated a wide range of fluorescent probes having 
a strong electron donor (dimethylamine) and a strong 
electron acceptor attached to an aromatic moiety. Com- 
monly, these compounds are used as laser dyes or as 
second-order NLO  material^.'^ The coumarin (1)16 is a 
strongly fluorescent laser dye. N,iV-Di-n.-butyl-5-(dim- 
ethylaminol-1-naphthalenesulfonamide (2) is a fluores- 
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Table 1. Emission Maxima of 1-5 in Selected Solvents 

o q  f 

Photopolymerization of Dimethacrylates 8155 

8.3 A 

,Imu emission (nm) 
solvent 

cyclohexane 
di-n-butyl ether 
diethyl ether 
ethyl acetate 
tetrahydrofuran 
1,2-dimethoxyethane 
dichloromethane 
acetonitrile 

Af 
0.100 
0.194 
0.251 
0.292 
0.308 
0.309 
0.319 
0.398 

1 

426 
449 
452 
478 
478 
485 
476 
501 

2 

450 
471 
480 
501 
500 
506 
502 
524 

- 3 
439” 
450 
465 
49 1 
496 
502 
506 
522 

4 5 

47oa 
496 
515 
545 
552 
552 
556 
587 

Vibrational structure in spectrum. n.e., no emission. 

Table 2. Fluorescence Quantum Yields of 1-5 in 
Solution 

498= 
564 
60 1 
668 
672 
694 
n.e.b 
n.e. 

@f 

solvent 1 2 3 4 5 
cyclohexane 1.0 0.64 0.03 0.08 0.24 
tetrahydrofuran 1.0 0.61 0.03 0.08 0.007 
acetonitrile 0.37 0.46 0.06 0.07 0 

Table 3. Linear Relationship between VCT and Af 

2.7 A 

Figure 4. Schematic representation of the polymeric network 
formed with EGDMA. 

1 VCT = 24651 - 11332Af R = 0.942 13 
2 VCT = 23237 - 10568Af R = 0.987 19 
3 VCT = 24470 - 13838Af R = 0.963 00 
4 YCT = 22906 - 15103Af R = 0.991 48 
5 VCT = 22816 - 26245Af R = 0.993 24 

cent probe developed in our g r 0 ~ p . l ~  The stilbenes 
(3l3J8 and 519) are known to have strong dipole moments 
in their excited state and are extensively studied as 
promising materials for second-order nonlinear optics 
applications. The 1,4-diphenylbutadiene (41, bears the 
same donor and acceptor groups as stilbene 3 and is 
included to determine if its larger size influences its 
sensitivity as a probe. Each of these molecules have 
comparatively low dipole moments in the ground state 
but have high dipole moments in the excited state due 
to intramolecular charge transfer (ICT) from the donor 
to the acceptor group. 

The strongly dipolar excited states can be stabilized 
due to electrostatic interactions with the solvent and 
their fluorescence undergoes a red shift when the 
polarity of the solvent is increased. 

Af = ( E  - 1)/(26 + 1) - (n2 - 1)/(4n2 + 2) (2 )  

Equation 1 states that the emission wavenumber in a 
solvent of low viscosity (VCT) equals the emission wave- 
number in the gas phase (YCT(O)) minus a stabilization 
term in which p, and pe are the dipole moments in the 
ground and excited states, respectively, p is the radius 
of the cavity in which the molecule fits, h is Planck’s 
constant, c is the speed of light, and Af is the solvent 
parameter. The solvent parameter Af is defined by eq 
2, in which E is the dielectric constant and n is the 
optical refractive index of the solvent. 

As Table 1 shows, all probes are strongly solvatochro- 
mic in their emission. The emission wavelengths of the 
probes in a selected number of solvents are displayed 
in Table 1. 

The solvatochromism in fluorescence of 1-5 is quan- 
tified by plotting the emission wavenumbers [Y,, (in 
cm-l)] as a function of the solvent parameter Af. Linear 
correlations are obtained for all probes (Table 3) and 
the slope of the line determines the sensitivity of the 
probe toward solvent polarity. For all probes slopes 

between 10 000 and 27 000 cm-’ are obtained. These 
data indicate that 5 shows the strongest solvato- 
chromism in its fluorescence.20 

The fluorescence quantum yields (Qf) of the probes 
were determined and are shown in Table 2. For 1 the 
fluorescent quantum yield approaches unity in most 
solvents. Compound 2 has a high quantum yield (0.5- 
0.6) that is fairly insensitive t o  the solvent. The 
quantum yields of compounds 3 and 4 are lower by 1-2 
orders of magnitude in all solvents. For the stilbene 5 
a strong fluorescence in cyclohexane, which strongly 
decreases with increasing solvent polarity, is observed. l9 
In polar solvents such as dichloromethane and aceto- 
nitrile no fluorescence was observed for 5. 

Photopolymerization of Dimethacrylates. For 
most practical purposes photocurable resins consist of 
a combination of multifunctional acrylates that form 
very complex polymeric networks. As an example, the 
standard resin used in our group for stereolithography 
consists of a mixture of di-, tri-, and pentaacrylates.21 
For this work we used pure dimethacrylates that form 
homogeneous polymeric networks with a simpler, more 
predictable structure. 

As monomers a series of dimethacrylates of which the 
length and the composition of the spacer connecting the 
methacrylate units can be varied systematically were 
employed. Upon polymerization these monomers form 
polymeric networks in which the spacers act as side 
chains that connect rigid polymethacrylate main chains. 
A schematic representation of a polymeric network is 
displayed in Figure 4. The distance between the side 
chains is 2.7 A for all polymers presented in this work, 
while the side chain length can be varied between 8 and 

As side chains (po1y)glycols and aliphatic diols were 
used. When the length of the side chain is increased, 
the dimensions of the cages formed in the polymeric 
networks are increased while the rigidity of the network 
will decrease. By use of ethylene glycol units the 
decrease of the rigidity of the network will be ac- 
companied by an increase in the polarity, while increas- 
ing the length of an apolar diol side chain will decrease 
both the rigidity and the polarity of the network. 

It should be emphasized that these dimethacrylates 
are selected for distinguishing effects caused by the 
polarity and effects caused by the length of the side 

21 A.22 
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Table 5. Fluorescence Maxima in Networks Formed with 
Different Dimethacrylates before and after Complete 

Photopolymerization 

urobe 

-0.2 
-500 0 500 1000 1500 2000 2500 

irradiation Time (s) 

Figure 5. Double bond conversion of EGDMA, measured by 
FT-IR, as a function of the irradiation time. 

Table 4. Degree of Polymerization of Dimethacrylates 
Obtained after a 20 min W Irradiation Period 

monomer deg of polym (96) side chain length" (A) 
EGDMA 76 8.3 
DEGDMA 80 11.7 
TREGDMA 87 15.3 
TEEGDMA 92 1.8.8 
EGDMA 76 8.3 
BUDMA 78 10.8 
HEXDMA 83 13.3 
DODDMA 90 20.9 

Side chain lengths were calculated using MM2 for fully 
stretched, all-trans chains. 

chains in the polymeric networks. For effects where 
polarity plays a major role, a monotonic change going 
from DODDMA to TEEGDMA via EGDMA is expected 
because the polarity of the monomers increases in this 
order. However, if the length of the side chains plays a 
decisive role, similar monotonic changes are expected 
going from EGDMA to TEEGDMA and going from 
EGDMA to  DODDMA. 

The double bond conversion for the diacrylates was 
monitored as a function of the irradiation time by 
monitoring the decrease of the 810 cm-l bending vibra- 
tion of the acrylic CH. Figure 5, which is typical for 
the photopolymerization of all dimethacrylates used in 
this i n ~ e s t i g a t i o n , ~ ~  shows the double bond conversion 
of EGDMA as a function of the irradiation time. As 
shown, the initial double bond conversion is fast and 
during the first 100 s a 65% double bond conversion is 
obtained. Subsequently, the double bond conversion is 
much slower, and after a 15-20 rnin irradiation no 
increase in double bond conversion is observed by FT- 
IR spectroscopy. We think that during the first stages 
of the photopolymerization, polymers with a low degree 
of cross-linking are formed. During the latter stages, 
presumably after the glass transition temperature, T,, 
has risen above the reaction temperature, formation of 
rigid polymeric networks through extensive cross-link- 
ing takes place at  a much lower rate.24 C13 CPMAS 
NMR experiments are in progress to verify this as- 
sumption. The double bond conversions obtained after 
20 min irradiation periods are displayed in Table 4. 
These data reveal that when monomers with longer side 
chains are employed, higher degrees of polymerization 
result. This is observed in both the (poly)(ethylene 
glycol) and the alkanediol series. Also, for monomers 
with longer side chains, the rate of polymerization is 
higher. It should be emphasized that the double bond 
conversions summarized in Table 4 are by no means the 
maximum double bond conversion that can be obtained 
with these monomers. Preliminary experiments have 

1 2 3  resin phase 

DODDMA monomer 473 477 
polymer 449 448 
difference 24 29 

HEXDMA monomer 480 498 487 
polymer 455 478 453 
difference 25 20 34 

BUDMA monomer 482 502 489 
polymer 455 484 456 
difference 27 18 33 

EGDMA monomer 484 502 493 
polymer 458 485 459 
difference 26 17 34 

DEGDMA monomer 487 506 498 
polymer 462 485 460 
difference 25 21 38 

TREGDMA monomer 487 508 497 
polymer 464 488 463 
difference 23 20 34 

TEEGDMA monomer 491 510 503 
polymer 464 490 467 
difference 27 20 36 

4 5  
639 
555 
84 

541 664 
488 570 

53 94 
544 677 
491 576 

53 101 
547 691 
496 585 

51 106 
552 697 
497 595 

55 102 
552 695 
503 601 
49 94 

554 704 
508 613 
46 91  

shown that higher conversions are obtained by thermal 
polymerization (benzoyl peroxide, 100 "C). 

Position of Fluorescence Maxima before and 
after Polymerization. The emission maxima for 
different probes in different dimethacrylates were mea- 
sured as a function of the irradiation time. Emission 
spectra were taken every 5 min. After 15-20 min no 
spectral shifts were observed upon further irradiation. 
These results are in accordance with FT-IR measure- 
ments, which indicate that the double bond conversion 
does not increase significantly after a 15-20 min 
irradiation period. The emission wavelengths of 1-5 
in monomeric phases and after photopolymerization are 
summarized in Table 5. The degrees of polymerization 
obtained for these polymers are the same as  those 
reported in Table 4. 

After the photopolymerization process, samples were 
stored in the dark and reexamined regularly. We 
observed significant blue shifts for most probes. For 
instance when using 5 in EGDMA, emission wave- 
lengths of 585, 573, and 563 nm are observed directly 
after a 20 min irradiation, after 2 days in the dark, and 
after 2 months in the dark, respectively. FT-IR studies 
indicate that the double bond conversion increases 
slowly upon standing in the dark and an 85% cure was 
observed for EGDMA after 2 months. (For thermally 
cured EGDMA [benzoyl peroxide, 100 "Cl double bond 
conversions of 85% are observed also). However, besides 
an increase of the double bond conversion (aftercure), 
a decrease of the free volume in the network (physical 
aging) is also expected to occur upon standing.25 In 
order not to confuse these two processes, the emissions 
obtained after physical aging of the polymer are omitted. 
Instead, the emissions obtained directly after irradiation 
are discussed in this paper. 

In EGDMA the emission of all probes lies between 
those reported for ethyl acetate and for 1,2-dimethoxy- 
ethane, molecules whose polarities are roughly compa- 
rable to those of a methyl methacrylate and an ethylene 
glycol unit. The probe emissions in our monomers, 
which apart from TREGDMA are all solvents of low 
viscosity, shift to the red as the polarity of the monomers 
increases. For all probes a steady increase of emission 
wavelength in the series HEXDMA-EGDMA-TEEG- 
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Figure 6. Normalized emission spectra of 5 in EGDMA before 
and after photopolymerization. 

DMA is observed. This indicates that the overall 
polarity of the dimethacrylate directs the response of 
the probes. As expected, this shift is larger for 5 which 
is clearly the most solvatochromic probe. 

For all probes the emission wavelengths shift toward 
shorter wavelengths upon polymerization. This implies 
that the strongly dipolar excited states of the probe 
molecules are clearly less stabilized in the polymeric 
networks than in the corresponding monomeric phases. 

Trends similar with regard to the emission wave- 
lengths of the probes in the corresponding monomers 
are observed in polymeric networks. Despite variations 
in the length of the side chain, emission wavelengths 
increase monotonically in the HEXDMA-EGDMA- 
TEEGDMA series. Even the magnitude of these shifts 
are roughly the same as that of the corresponding shifts 
in the monomeric phases. Again this indicates that the 
polarity of the monomer, which is determined by the 
length and the composition of the spacer, and not the 
lengths of the side chains in the polymeric network, 
controls the emission wavelength of the probe. 

A large variation of the shift in emission wavelengths 
upon photopolymerization is found for probes 1-5. For 
1 and 2 small shifts of 26 and 19 nm, respectively, are 
observed. The blue shifts for 3 and 4 are increased to 
values of 34 and 51 nm, respectively, while the 5 blue 
shifts up to 106 nm are found, Figure 6. Comparison 
of the data in Tables 3 and 5 reveals a fair correlation 
between the shift of emission upon polymerization of 
the dimethacrylate and the solvatochromism of the 
fluorescent probes. 

For all probes we observed that a stronger sensitivity 
toward solvent polarity results in a larger blue shift 
upon polymerization. This implies that the assumption 
that the sensitivity toward solvent polarity and the 
sensitivity as probe for monitoring polymerization reac- 
tions are related is correct. The reason for this correla- 
tion is that both phenomena depend upon the capability 
of the probe’s strongly dipolar excited state to be stabi- 
lized by its environment by means of electrostatic inter- 
actions. 

Probes 3-5 undergo cis-trans isomerization in sol- 
vents of low viscosity, such as cyclohexane, when 
irradiated by our light source. This was checked by 
W-v i s  measurements. For 4 and 5 isobestic points 
and a regular decrease of the long wavelength absorp- 
tion are observed, indicating that only trans-cis isomer- 
izations are occurring. Since the cis isomers do not 
absorb at  the excitation wavelength we use (420 nm for 
4 and 5) and are not fluorescent, trans-cis isomeriza- 

2600 1 . 

2200 I:;; 21 00 I 
2000 

8 10 12 14 16 18 20 22 
Side Chein Lengtn (Angstrom) 

Figure 7. Shift in the emission maxima of 6 (in cm-’) plotted 
against the length of the side chain (in A). 

tion can diminish the intensity but not change the shape 
of the emission spectrum. W measurements of 5 in 
monomer and polymer show that the degree of trans- 
cis isomerization is low. The decrease in absorption at 
420 nm is below 5% in the first stages of the polymer- 
ization process. 

For 3 a trans-cis isomerization is followed by the 
formation of a species, presumably a dihydrophenan- 
threne, that both fluoresces and absorbs at  the excita- 
tion wavelength used (380 nm). This means that 
formation of this isomer, which can occur during the 
first stages of the photopolymerization, affects both the 
shape and the intensity of the emission spectra. There- 
fore 3 is not a suitable probe for monitoring photopoly- 
merizations because its fluorescent response will be 
determined by both the probe’s environment and the 
isomeric composition of the probe itself. 

For most probes the shifts in emission upon polym- 
erization are similar for each of the dimethacrylates. 
Differences in polarity, rigidity of the polymeric matrix, 
or the obtained double bond conversion apparently do 
not influence this shift.26 For 5 a correlation between 
the shift and the length of the side chain was observed. 
Figure 7 displays the shift in fluorescence as a function 
of the side chain length in both the (poly)(ethylene 
glycol) and the diol based dimethacrylates. Clearly, the 
shift increases as the length of the side chain decreases, 
especially in the (poly)(ethylene glycol) series. These 
results indicate that in EGDMA the changes upon 
polymerization are larger than for the other dimethacry- 
lates. Despite the fact that the double bond conversions 
are lower, this result suggests that more rigid networks 
are formed with monomers that have shorter spacers. 

Intensity of the Emission. Upon polymerization 
the intensity of the emission, which is proportional to 
the fluorescence quantum yield, %, changes as a func- 
tion of irradiation time. For 1 and 2, probes that have 
high fluorescence quantum yields in solution, a steady 
decrease of the emission intensity upon photopolymer- 
ization was observed. The most likely explanation is 
that a photochemical decomposition of the probe mol- 
ecules occurs during the reaction. For 3-5 a sharp 
increase in intensity during the first stages of the 
polymerization is observed, followed by a slow decrease. 
The steep increase in emission intensity during the 
photopolymerization, which is similar to the effects 
reported by Loutfy? can be ascribed to a decrease of the 
rate of internal conversion in viscous media. 

The enhancement of the intensity of emission upon 
polymerization is especially pronounced for 5. If one 
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Figure 8. Emission intensity of 5 in EGDMA. The maximum 
value is reached after a 3 min irradiation, where a 64% double 
bond conversion is achieved. 

follows emission intensity as  a function of irradiation 
time (and the degree of polymerization), Figure 8 shows 
the result with EGDMA as the monomer. The large 
increase in emission intensity, a factor 6 in the case of 
EGDMA, depends strongly upon the polarity of the 
dimethacrylate. For the polar TEEGDMA a 9-fold 
increase in intensity is observed, while in DODDMA the 
increase was only 2-fold. In all cases 5 is strongly 
fluorescent in polymer films. As reported in the previ- 
ous section, the fluorescence quantum yield of 5 sharply 
decreases with an increase of the solvent polarity in low- 
viscosity solvents. The fact that the strongest increase 
in intensity is observed in the most polar dimethacry- 
lates suggests that the fluorescence quantum yield of 5 
reaches the same value in all polymeric networks. 

Conclusions 
Strongly solvatochromic fluorescent probes are excel- 

lent compounds for monitoring photopolymerization 
processes. We have demonstrated that for neutral 
D-x-A molecules the sensitivity toward solvent polarity 
and the sensitivity to act as a fluorescent probe for 
monitoring polymerization processes are correlated and 
roughly proportional. 

In a series of dimethacrylates in which the length of 
the spacer that connects the methacrylate moieties and 
the polarity of the dimethacrylates was altered system- 
atically, the shift of most probes appeared to be rela- 
tively insensitive to these changes. This indicates that 
these probe molecules experience similar changes in 
their environment. 

For 4-(dimethylamino)-4’-nitrostilbene (51, however, 
the blue shift increased when monomers with shorter 
spacers are used, regardless of the composition of those 
spacers. This behavior is in accordance with our 
expectation that solvatochromic probes mainly monitor 
the changes in rigidity of the medium upon polymeri- 
zation. Other fluorescent probes, such as  those that 
undergo considerable changes in charge distribution 
upon excitation but which are not necessarily solvato- 
chromic, are currently under investigation. 
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