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Applicability of decahydroacridine- 1,8-dione derivatives as fluorescent 
probes for monitoring of polymerization processes 
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Abstract 

The behavior in polymerizable media of 3.3.6,6-tetramethyldecahydroacridine-1,8-diones substituted with aromatic dn~s at the 9- or IO- 
position has been studied. It has been found that the fluorescence of acridinediones shifts to shorter wavelengths upon polymerization oflbe 
medium, and this qualifies them as fluom~ent molecular probes tbr monitoring a~e progress of polymerization protests. The ~ift in 
fluorescence is accompanied by a slow decomposition of the acridinediones to a fluorescent produtl under photc*polymefization conttifions. 
Acridinedione decay was slower than the polymerization of a typical photocarable formulation, thus allowing one to follow the progress of 
polymerization by fluorescence. The influence of the photoprocluct on the monitoring of polymerization has been avoided by optimizatlon of 
the monitoring parameters. Application of the acridinediones as fluorescent molecular probes for large scale applications in the coming 
industry is proposed. © 1997 Elsevier Science S.A, 

Ke3avords: Fluonzscenl molecular probes; Pholocurable coatings; Polymerization monitoring 

l .  Introduction 

Fluorescent molecular probes have been used to measure 
solvent polarity and viscosity [I,21, in t, iochemical appli- 
cations 13,41, and in materials science [ 5 J- Recently such 
probes have been used to monitor the progress of polymeri- 
zation (including photopolymerization ) [ 6.7 I- This has been 
particularly suitable for the monitoring of polymerization in 
the thin layers used as photocurable coatings as well as for 
quality control of coating forrn..u!~tions 18,9 I. The large scale 
application of fluorescent probes in monitoring processes 
with photocurable coatings now manufactured requires a non- 
expensive source. This prompted us to ,search for easily avail- 
able lhtorescent compounds that can be used as probes fi)r 
free radical polymerization. 

Decahydroacridine-i,8-dione derivatives have been 
reported to have high fluorescence efficiency and have been 
proposed as laser dyes, Sever:l synthetic procedures have 
been developed [ 101. A large abundance of aliphatic and 
aromatic amines and aldehydes available commercially and 
the easy synthesis make the aeridinediones good candidates 
[or large scale applications. Hence, in this paper we evaluate 
acridine- 1,8-dioaes as fluorescent probes for monitoring free 
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radica~ polymerization with an aim to their application in the 
coating industry, 

2. Experimental details 

Triethylene glycol diac~late (TEGDA, from Sartomer) 
and lrgacure 907 (Ciba-Geigy) were used as received. The 
acridinediones studied were prep-.ued as depicted in 
Scheme I, following the procedure reported recently for other 
acridlnediones of similar structure [ I 1 I. 
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All of the fluorescence measurements were done with a 
fiber optic-based rapid scan fluorometer called CM-1000 
Cure Monitor recently made commercialiy available from 
Spectra Group Ltd ( 1722 Indianwood Circle, Suite H, Man- 
mee, OH 43537). The s,'unple tested was positioned on the 
sensor head of ate CM- 1000 and measured in the absence of 
room light to avoid stray light interference. For recording the 
probe response of the acridinediones during the polymeriza- 
lion of TEGDA, fluorescence intensity ratios were taken auto- 
maticafly at I s intervals during the continuous irradiation of  
the sample with the excitation beam of the CM-1000 set at 
360 nm. The samples for testing were prepared by squeezing 
a drop ogthe monomer containing the probe and the initiator 
between glass slides ( 25 × 75 ram-') separated with 0. I mm 
spacers on the sides. The area illuminated was about 5 mm 
in diameter (i.e. the size of the light beam coming out of the 
fiber optic cable of  the CM- 1000 ) and 0. I mm thick ( i.e. as 
set by the spacers ). The incident light beam was at 45 ° angle 
relative to the sample surface, which prevented reflection of 
the excitation beam back to the spectrometer, 

The acridinedione concentration in TEGDA was 0.10 wt.% 
v,hich correspcnded to a (3 .3-3.8)X10 ~ M solution 
depending on the acridinedione. The concentration of the 
photoinitiator. Irgacure 907. was I.O wt.% and was identical 
in all of  the samples tested. 

The stability of  the acridinediones under photopolymeri- 
zation conditions was tested by exposure of a O. I mm layer 
of each solution between glass slides to non-filtered UV light 
from 2 × 400 W medium pressure mercury lamps at the dis- 
tahoe of 20 cm. The fluorescence intensity was measured with 
the CM-1000 belbre and "after exposure. 

3. Results and discussion 

i n  order to evaluate the factors that can influence the acri- 
dinedione characteristics and to study their applicability as 
fluorescent probes, two families o f acridinediones were stud- 
ied (Scheme 2). Triethylene glycol diaerylate (TEGDA) 
containing lrgacure 907 as the photoinitiator was chosen as 
the medium for testing. Diacrylates are typical components 
of eoramercial photocurable coating formulations, which 
m;Lkes TEGDA a good representative for evaluation of the 
probes response in the formulations used in practice. 
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Scheme 2. The decahydroacridin¢-1,8-diones studied. 

The acridinones l a - l c  have the phenyl ring in ntm-con- 
jugated position relative to the photoaclive chromophore, 
while the other seties.?,a-2e have the ring in conjugation with 
the fluorescing chromophore (Scheme 2). Thus, one can 
expect some difference in characteristics of the acridinedi- 
ones l a - l e  compared to 2a-2e. What we were looking for 
was the influence of substitution on the fluorescence charac- 
teristics and the stability of the acridiuediones, when used as 
probes in polymerizing media. 

Only fluorophores that shift their fluorescence spectrum, 
or change their fluorescence characteristics in other ways 
upon change of micropolarity and microviscosity of the 
medium, can be used as probes for monitoring polymerization 
processes [ 121. A variety of probes sensing their microen- 
vironment have been developed [ 13 ], and the most sensitive 
probes usually have electron donating and electron withdraw- 
ing substituents appropriately positioned on a rigid aromatic 
ring system. Such probes have been shown to exhibit intra- 
molecular charge transfer in the excited state, which changes 
the excited state geometry. So called twisted intramoleeular 
charge transfer probes ( TICT ) are typical examples [ 6,13 I. 

The fluorescing chromophore in the target acridinediones 
has no aromatic ring structure because there is an sp3 carbon 
at the 9-position. There are essentially two electron with- 
drawing groups (i.e. the carbonyl groups) in conjugation 
with the intramolecular amine functionality that serves as the 
electron ~,onor. Hence, one can expect some sensitivity of  the 
acridinediones to the molecular environment. 

Fig. I shows the fluorescem.'e spectrum of the acridinr'd; 
one lb  in TEGDA before and alter polymerization. ' t . ,  
observed spectral shift indicated that the acridinediones c= 
be used as fluorescent probes if  they meet the other criteria 
expected from the probes. However, in non-polar media, 
the acridinediones bleached slowly when exposed to UV 
radiation 1141. A decrease in fluorescence intensity after 
polymerization ( Fig. I ) conlirms this observation; the acri- 
dinediones studied are also partly bleached under the 
photopolymerizatioo conditions. Therelbre, we first studied 
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Fig, I. Fluorescence spectra of acridinedion¢ Ib in TEGDA: ( ) 
I~e fore polymerization, a n d  I- - - ) after polymerization. 
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Table i 
Char,~teristics of the acridinedione probes studied 

Acridinedioue Center of Relative Relative 
cmisslon stability s~nsltivay 
(am) (c/t) 

Ill X = CN 461 0.29 94 
Ib X ~- H 459 0,29 
lc X m OMe 457 0.38 60 
2at Y~CN 467 0.13 In5 
2b Y~-H 473 0.19 207 
2e Y ~ OMe 474 0.25 270 

acridinedione stability under the phompolymerization 
conditions. 

In fact, most organic compounds undergo various photo- 
reactions upon prolonged exposure to UV light, though on 
various time scales. For monitoring the progress of photo- 
polymerization, bleaching of the probe is not a real problem 
provided that the probe is not bleached totally befora com- 
pletion of the polymerization, We assumed that if  the fluo- 
rescence intensity of a probe does not decay more than five 
times within the exposure required to complete the polym- 
erization, the probe is suitable lbr practical applications. In 
order to evaluate the photostability of the acridincdiones stud- 
ied+ solutions of the acridinediones in TEGDA containing the 
photoinitiator were exposed to strong doses of  UV light, and 
the relative stability was determined as the ratio of fiuores- 
eeuee intensity at the peak maximum after exposure to the 
intensity before exposure. 

Table I lists the relative stability of the target acridinedi- 
ones in TEGDA under overexposure conditions. We found 
that under the conditions used, the monomer was practically 
3polymerized within the first 20 s of exposure, while the 
samples tested were exposed lbr 5 min. Even under such 
obvious overexposure conditions the fluorescence from the 
acridinediones l a - l c  decayed less than five times, while in 
the case of 2a-2c the stability was slightly lower (Table I ). 
Hence, when it is laken into account that the light dose used 
in this experiment was at least 15 times greater than the dose 
reqnired to polymerize the monomer, it becomes evident that 
these acridinediones meet the stability requirement. In both 
families of  the acridinediones tested, the methoxy substituted 
derivatives are the most stable, t h o u g h  the efl~ct of substit- 
uents in the phenyl rings on stability is rather small. More- 
over, the acridinediones substituted with phenyl at the 
9-position (i.e. l a - l e  ) are slightly more stable than the acri- 
dincdiones substituted with phenyl at the 10-position (i.e. 
2a-2¢, Table I ). The minor influence of substituents on the 
stability of acridinedione creates some flexibility in the selec- 
tion of amines and aldehydes for acridinedione synthesis. 
Thus, commercial factors like the availability of  starting 
materials, or o~her factors, like the probe sensitivity, may he 
taken into account in the design of acridinedione probes for 
large scale applications, without concern for the probe 
stability. 

Next, the probe response of the acridinediones daring 
polymerization of TEGDA was stud/ed. For moniawing 
changes occurring during polymerization pruecsges with a 
probe, the fiuore~ence intensity ratio at two wavelengths is 
used [8l.  Since the fluorescence spectrum shifts to sbo~er 
wavelength as the polymerization progres~ses, the ing-~shy '~ 
the wavelength on the short wavelength side of the peuk 
maximum increases, while the intensity on the long wave- 
length side decreases. Thus. the ratio of the former imen~y 
to the latter intensity increases with the pcogress of p~yrr~ 
erization and becomes an indicator of reaetio~ progress+ The 
ratio can be c',dibrated to measure the degree of 
conversion orcan he used without calibratio~ a.s a qcanfi~'ive 
measure for quality control of photocarabh~ coatings as 
reported previously for the DASD-~obe [ 8 ]. If  the f l ~  
cence from a probe decays owing to p l ' , o t ~ o m p o ~ i g o ~  o f  

the probe itself (or other pho|ostimulated reuelions of the 
probe with the components of the medium), without gencr- 
ating other fluorescing species, then the intensity at each 
wavelength becomes proportional to the immedia|e prdae 
concentration, while the ratio of ~ intensities at two wave- 
lengths is concentration independent. By r,g~ning lhu~es- 
cence intensities, the influence of  the probe decay is 
cancelled. Thus, the fluorescence intensity ratio method was 
also applied in these experiments. 

Preliminary tests of TEGDA photopolymerizafio~ using 
the acridincdiones 2a-2¢ as the probes gave unusual resul~s 
( Fig. 2 ). '0/hen the monitoring wavelengths were seloeted so 
as to correspond to the peak half height on boOI sides of the 
fluorescence peak maximum, instead of  a regular increase in 
the fluorescence intensity ratio with a plateau wheu the 
polymerization reached completion, as in the case of the 
DASD-probe [8], the ratio started decreasing immediately 
after reaching the maximum (Fig. 2). Such behavior indi- 
cates that the photodccomposition of t he  p r o b e  was acconb 
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Fig, 2. Fluorc,v.'~ncc i ntenxity ratio change us a turg:tion of time tot ~.'r ~ i -  
nediones ~I-,~: during phohll,,~oly mcrizat ion of TEGDA~ when the laolfi~or- 
ing wavalengdt~ axe selected at the fluocesccnce peak half-height. 
( DASD = 5~liraezhyamino- I-napbthalclwsulfonyl-N,N-di(n,butyl)ami~e: 
the rati~Y~ were normalized to the same scale by dividing tbem by-tl'~ s r ,~g  
ratio value hetor¢ polymcrizativn. 
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partied by the generation of another fluorescing species whose 
fluorescence spectrum overlapped with the acridinedione 
emission at longer wavelengths. As a result, the intensity at 
the longer monitoring wavelength decayed more slowly than 
the intensity at the other wavelength, and the ratio decreased 
continuously alter the polymerization had been completed. 
Such an artifact is not acceptable since one would be unable 
to tell whether the ratio corresponded to an undercure or an 
overcure condition just by measurement of a single ratio for 
a coating doped with the probe. However. it turned out that 
only the intensity at longer wavelength was affected by the 
fluorescent ¢hotoproduct while the short wavelength fluores- 
cence intensity stayed intact. This suggested that if the second 
monitoring wavelength was selected sufficiently short, it 
might be possible to avoid the influence of the photoprnduct 
on the intensity ratio. Fig. 3 shows polymerization profiles 
recorded with acridinedione 2b under steady state irradiation 
conditions, monitored at different wavelengths. For relative 
comparisons ab~lute ratios were normalized to the same 
scale by dividing each ratio by the initial ratio before polym- 
erization. In particular, the longer monitoring wavelength was 
varied, while the first wavelength was held constant at 414 
nm. i f  the second monitoring wavelength is selected close to 
the fluorescence peak maximum, while still being on the 
longer wavelength sideofthe maximum ( i.e. that correspond- 
ing to 455 nm in Fig. 3). a regular kinetic profile of the 
polymerization process is obtained. 

Fig. 4 shows the progress of photopolymerization of 
TEGDA monitored b y  means of the lluorescence intensity 
r~ios caused by steady-state irradiation with the excitation 
beam of CM-1000 at 360 nm. The first monitoring wave- 
length was optimized by subtraction of the normalized fluo- 
rescence spectra before polymerization f r o m  the spectra after 
polymerizafion, following the method described previously 
[8], while the second wavelength was selected to he as close 
as possible to the fluorescence peak maximum before polym- 
erization. When the excite.lion beam of the CM-1000 was 
used a.s the curing source, the pho!opolymerizati.'~n was prac- 
lically complete within the first 50 s of irradiation, while the 

ratio remained stable up to 5 rain (Fig. 4). In  e a c h  of the 
cases regular polymerization kinetic profiles were obtained. 
This clearly indicates that by the appropriate selection of 

i the monitoring wavelengths, artifacts resulting from the 
formation of a fluorescent photoproduct on the response of 
acridincdione probes can be avoided, thus making the acri- 
dinediones applicable for monitoring free radical photo- 
polymerization. In the case of TEGDA, the optimized mon- 
itoring wavelengths lbr the ratio correspond to 414/450 nm 
for the acridinediones l a - l e  and 414/455 nm tbr 2a-2¢. A 
shift of the kinetic profiles on the absolute ratio scale ( Fig. 4 ) 
resulted from small differences in the emission wavelength 
position between the various acridinediones studied. For the 
same reason the second monitoring wavelengths for the acri- 
dinediones 2a-2e bad to be selected 5 nm longer than that 
used for acridinediones l a - l e ,  because the fluorescencemax- 
imum of 2a-2c was shifted to a longer wavelength than that 
of l a - l e .  

In order to compare the sensitivity o f  the individual acri- 
dinonndiones, the relative sensitivity ( Table I ) was defined 
by the following equation: 

Relative sensitivity = Jr,, - r ,  × 100% 
ro 
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Fig. 4. Rcol-time monitoring o f the progress o f TEGDA pholopolymcrizatlon 
with Ihe ucridinedione probes at optimized monitoring wuvclengli]S ( a t with 
IhC acridincdi,nes la-lc, and (b) wilh .?.a -2 c. 



where r,,, is the fluorescence intensity ratio after polymeri-
zation, ii,  is the initial ratio before polymerization.

The effect of para substituents in the phenyl ring on probes
la-lc is negligible. Sensitivity under the testing conditions
increased from 60% to 94% in going from theelectron donat-
ing methoxy group to electron withdrawing cyano group,
which is roughly I .5 times (Table I ). This is not surprising
since the phenyl ring at the ‘)-position  is not conjugated with
the fluorescing chromophore. In the case of 2a-2c the relative
sensitivity of the methoxyphenyl derivative 2c is more than
twice that of cyanophenyl acridinedione 2a at the wave-
lengths monitored. Moreover, the effect of the substituent on
the sensitivity of the probes goes in the opposite direction in
the series la-lc compared io 2a-2c.  The electron donating
methoxy group decreased the sensitivity in the former case,
but increased it in the latter. The effect of the electron with-
drawing cyano group is in the opposite direction (Table I ).
This indicates that electron donors on nitrogen at the IO-
position of the acridinedione chromophore enhance charge
transfer from the nitrogen to the carbonyl  group in theexcited
statecausingan increase in sensitivity. Therelativesensitivity
of the probes depends on the moni!oring  wavelengths used
and for the purpose of relative comparison. the same set of
wavelengths was used within each family of the acridinedi-
ones tested. However, as the wavelengths used for the probes
were optimized, the data can be compared to the sensitivity
of other probes used for free radical polymerization at their
optimized monitoring wavelengths. Thus. we determined that
the relative sensitivity of the previously reported DASD [ 8 1
was 13.5% in the polymerization of TEGDA. which means
that some of the acridinediones can be as sensitive as the
DASD-probe or even more sensitive depending on substitu-
tion (Table I ). while their synthesis is easier than that of
dansyl derivatives. Like DASD [ 8 1, the probes studied in
this prper do not contribute color when added to a monomer.
Therefore, they are suitable for large scale applications where
colorless probes are needed, like for clear photocurable
coatings.

4. Conclusiuns

Most of the acridinediones reported are sensitive enough
to be applied as fluorescent probes for the monitoring of the
free tadical  polymerization of acrylates. Even though the
acridinediones are bleached upon prolonged exposure to UV
iight, they are sufticiently  stable under the conditions required
to polymerize the monomer. Insensitivity to substitution on
the phenyl ring in the 9-position creates flexibility in probe
design. For example. by the appropriate selection of the alde-
hyde component. a vinylic functionality can be placed at that
site such that the probe can be chemically bonded to the
polymer without affecting significantly the probe responseor
stability, when compared to its non-functionalized anatog.

Substitution at the nitrogen oft~~~dinc
effects probe response. Sensitivity can be
stitution with an electron donating group at

hotoinitiators when c

when the polymerization is complete. If this

acridinedione. it can be used to determine the linal
conversion by the fluorescent probe technology.
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