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Abstract

The fluorescence emission of two new fluorescent probes have been studied in environments of different polarity and viscosity. The
probes have been shown to be sensitive to changes in both microviscosity and micropolarity of the surroundings, and their dipolar moments
in the excited state have been estimated. They have been used as fluorescent sensors to monitor the photopolymerization reactions of some
mono- and di-functional (meth)acrylate monomers, and two commercial photocurable acrylic adhesives. The fluorescence emission band of
the probes showed an increase in intensity as the degree of conversion increases, throughout the entire polymerization range in the different
systems checked. Their sensitivity have been compared with that of their parent compoundN,N-dimethylamino-bencilidenenmalononitrile.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photopolymerization reactions have become among the
most rapidly growing in the coating industry because the
processes are solvent free, the monomers are easy to for-
mulate and the manufacturing of photosystems require less
energy than the alternatives[1]. The mechanical and chem-
ical properties of photoformed coatings are related to vari-
ous factors[2], among which one of the most important is
the degree of cure. As a result, techniques for monitoring
the degree of cure have been a priority in the coating in-
dustry for many years, as a tool for quality control and pro-
cess optimization. Several methods have been developed to
study the kinetics of photopolymerization reactions, being
photo-DSC and FTIR the most used. However, none of them
are applicable to follow processes on-line. In contrast, flu-
orescence spectroscopy is both sensitive and selective, and
can be used for nondestructive analysis of polymerization
processes both on-line and off-line.

There are increasing literature reports describing flu-
orescent probes for testing processes occurring during
polymerization. Probe fluorescence changes accompanying
polymerization are related to both changes in the microvis-
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cosity and the local polarity of the probe induced by both
the solid polymers and the resulting polymeric solutions.

The three families of fluorescence probes usually em-
ployed for sensing these processes are: (i) compounds
that form excited state dimers (excimers), which have
different fluorescence emission that the single molecule
(usually pyrene and its derivatives)[3]; (ii) systems that
could undergo energy transfer between two chromophores,
such as the quenching of an excited state by a quencher
[4–7]; and (iii) a single probe exhibiting multiple fluores-
cences depending on the environment. The mechanisms (i)
and (ii) need two probe molecules to move through the
medium to be sufficiently close to either form an excimer
or transfer the energy, and then the processes are viscosity-
dependent.

The third family uses the property of some compounds
of having more than one excited state, being fluorescent at
least one of them, and being the transition between the ex-
cited states done by rotation of one group around a single
bond [8]. Fluorescence is then rotation-dependent, and the
properties of microenvironment determine the fluorescence
quantum yield and the positions of the fluorescence max-
ima for these compounds.N,N-dialkylarylamine derivatives
with various acceptor substituents[9] exhibit photoinduced
intramolecular charge-transfer (ICT) andN,N-dialkylaniline
derivatives exhibit dual emissions[10].
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Scheme 1. Structures of the probes S1, S4 and S5.

There are several requirements that fluorescent probes
must meet to be useful for monitoring polymerization re-
actions. The probe should have a high absorption coeffi-
cient, high fluorescence quantum yield and large Stokes
shift to avoid fluorescence self-absorption. In addition, if
the probe is to be used for following photoinduced poly-
merizations the absorption of the probe should not inter-
fere with the absorption of the photoinitiator and the probe
should be photochemically stable under curing conditions
(irradiation wavelength and irradiation time). There are sev-
eral studies in the literature concerning fluorescence mon-
itoring of photopolymerization processes, most of them by
Neckers and co-workers[11] but very few of the stud-
ied probes fulfill all the requirements stated above at the
same time that show enough sensitivity to follow the pho-
topolymerization reaction throughout the entire conversion
range.

We present in this work two new fluorescent probes
which can be used to follow photopolymerization pro-
cesses until limiting conversion. The aim of the work
is to study the influence of the structure of the probes
in their sensing properties. The properties of the new
probes have been compared with those of the classical
N,N-dimethylamino-bencilidenemalononitrile (Loutfy’s
probe[12], hereafter S1) (Scheme 1).

2. Experimental part

2.1. Materials

Monomers (LA, lauryl acrylate; HDDA, hexanedi-
oldiacrylate; and HDDMA, hexanedioldimethacrylate) were
purchased from Aldrich and used without further purifica-
tion.

Photoinitiator 2,2-dimethoxy-2-phenylacetophenone
(DMPA, trademark Irg651®) provided by Ciba SC, and
adhesives L329 and L312 (trademark Loctite 329® and
Loctite 312®) provided by Loctite España were used as
received. The adhesive complete characterization were car-
ried out by conventional techniques and their compositions
determined (L329: chlorosulfonated polyethylene, methyl
methacrylate, methacrylic acid, hydroxypropyl methacry-
late. L312: polyurethane–methacrylate resin, hydroxypropyl
methacrylate, acrylic acid).

2.2. Synthesis

N,N-dimethylamino-benzilidenemalononitrile (S1) was
synthesized and purified according to procedure described
before[13]. The new probeN,N-dimethylamino-4-(2-cyano-
2-acetamidovinyl)-naphthalene (S4) was synthesized as
recently described by Bosch et al.[14].

N,N-dimethylamino-4-(2-cyano-2-acetamidovinyl)-ben-
zene (S5) was synthesized following the same procedure,
using 0.5 g (3.35 mmol) ofp-N,N-dimethylamino-benzalde-
hyde and 0.336 g (4 mmol) of cyanoacetamide dissolved in
15 ml of methanol. The mixture is stirred at 70◦C under ar-
gon as 0.2 ml of a saturated solution of sodium methoxyde in
methanol were slowly added. The reaction was maintained
under reflux during 10 min, until the heavy precipitation of
orange crystals finished. The mixture was then cooled in
an ice bath, filtered and the precipitate recrystallized from
ethanol/toluene (8:2). Isolated yield: 72%.

1H RMN (δppm, CDCl3): 8.18 (s, 1H, –C=CH–); 7.90 (d,
2H, H-meta); 6.69 (d, 2H, H-ortho); 6.2 (s, 1H, CONH2);
5.72 (s, 1H, CONH2); 3.1 (s, 6H, –N(CH3)2).

13C RMN (δppm, CDCl3): 177.3; 166.5; 146.1; 135.0;
134.7; 124.8; 106.5; 53.1.

IR (KBr, cm−1): 3450–3100 (N–H st); 2190 (CN st); 1690
(CONH2 st); 1530 (CAr–C st); 1350 (–N(CH3)2 δ si); 780
(C=C δ oop).

2.3. Spectral measurements

Solvents were analytical grade (Merck, Aldrich) and
were used without further purification. Absorption spectra
were recorded with a Perkin-Elmer UV–VIS Lambda 16
spectrophotometer. Fluorescence spectra were taken on a
Perkin-Elmer LS 50B spectrophotometer using the absorp-
tion maximum wavelength as the excitation wavelength
and varying the slits in order to achieve a better spec-
tra for the different probes. Fluorescence quantum yields
were determined by comparing with the usual standard
9,10-diphenylanthracene fluorescence in cyclohexane. The
optical densities of all the probes were in the range 0.3–1.0
at the absorption maximum.

2.4. Cure proceeding and analysis

2.4.1. Photopolymerization of monomers
The fluorescent probe (0.02% w/w) and photoinitiator

(0.5–1% w/w) were dissolved in the monomer to be stud-
ied. Then, 40 mg of this formulation were placed into an
aluminium pan for the photo-DSC measurements (sample
thickness 0.6 mm). Samples were irradiated under nitrogen
in situ with a MACAM-Flexicure portable irradiation sys-
tem provided with a Sylvania 400 W Hg medium-pressure
lamp and twin quartz optical fiberguides. The procedure
for photo-DSC analysis has been described previously[15].
Incident light intensity was set constant for all runs at a
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value of 0.5 mcal s−1. Immediately after reaching a given
conversion, the sample pan was placed into the fluorimeter
sample holder and the fluorescence spectrum was acquired.

2.4.2. Photopolymerization of adhesives
Samples containing probe (0.03% w/w), photoinitiator

(1% w/w) and the adhesive formulation were prepared by
stirring in the dark all components until homogeneous so-
lutions were obtained (not less than 8 h). The photocurable
formulations were applied as an uniform layer coating on
an aluminium foil and covered with a low density polyethy-
lene film (LDPE, of 40�m thickness) for the RT-FTIR
experiments, or between two LDPE films for the laser ex-
periments. Photosensitive coatings of 10�m thickness were
obtained by controlled pressing.

Samples were photopolymerized at room temperature un-
der air atmosphere until their limiting conversion. The irra-
diation source was a Sylvania 400 W Hg medium-pressure
lamp (MACAM-Flexicure portable system provided with
a quartz optical fiberguide) which provided polychromatic
continuous light. For all samples, the disappearance of dou-
ble bonds have been monitored in situ by means of RT-FTIR,
following the decrease of the 817 cm−1 band corresponding
to the out of the plane deformation of the acrylate double
bond. The changes in the fluorescence of the probes as pho-
topolymerization proceeds have been followed by real time
luminescence spectroscopy, using a Nd-YAG pulsed laser
(Quanta-Ray from Spectra Physics) emitting at 355 nm as
excitation beam and an intensified Charge Coupling Device
(Andor camera ICCD-408) as detector. Complete descrip-
tion of the experimental setup has been described recently
[16].

2.5. Steady-state irradiation

Degassified samples were irradiated with the white light
coming from the Macam-Flexicure system. Disappearance
of the probes during irradiation was followed by UV spec-
troscopy at the maximum wavelength of the charge-transfer
absorption band, in a Shimatzu UV-256 FS spectro-
photometer.

Scheme 2. Preparation of probe S5.

2.6. Dipole moment determination

In order to determine the excited state singlet dipole mo-
ments by the solvatochromic method, the Bakhshiev’s for-
mula [17] was used:

ν̄A − ν̄F = 2(µe − µg)
2

hca3
0

F1 (1)

where ν̄A and ν̄F are the wavenumbers (cm−1) of the ab-
sorption and emission maxima respectively,µg andµe are
the permanent dipole moments in the ground and first ex-
cited states respectively,a0 is the Onsager cavity radius and
F1 is the solvent polarity function defined as follows:

F1 =
[

D − 1

D + 2
− n2 − 1

n2 + 2

]
2n2 + 1

n2 + 2
(2)

whereD is the solvent dielectric constant andn is the solvent
refractive index.

3. Results and discussion

3.1. Synthesis

The fluorescent probe S5 was prepared according to the
procedures described by McKusick et al. and Sulzberg and
Cotter[13] but using cyanoacetamide instead malononitrile
as reactant in the condensation reaction (Scheme 2).

S4 has been synthesized following the procedure recently
published by us[14].

The synthetic reactions are easy, rapid and both have high
yields, being the products easy to purify. All of this makes
this family of probes very suitable to be used as fluorescent
sensors, because their synthesis could be easily scaled for
large quantities production.

3.2. Absorption and emission properties

A description of the absorption and emission maxima of
S5 in several solvents, together with the corresponding ab-
sorption molar coefficients are summarized inTable 1. Data
for S4 have been included.
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Table 1
Maximum absorption and emission wavelengths, and absorption coefficients for the probes S4 and S5

Solvent S4a S5

λabs ε (l mol−1 cm−1) λem λabs ε (l mol−1 cm−1) λem

Cyclohexane 428 246 490 386 306 440
Ether 434 275 502 396 405 446
Chloroform 462 306 521 422 529 466
THF 448 310 518 402 420 458
Ethyl acetate 443 238 520 401 559 459
Acetone 454 330 524 405 430 472
Methanol 450 242 525 412 377 479
iso-Propanol 451 250 524 409 385 468
n-Butanol 452 260 524 412 391 466
Water – – – 426 – 475

a From Ref.[14].

The electronic absorption spectra present two main bands,
whose maxima are located in the 230–280 nm and >350 nm
regions. The shortest wavelength band corresponds to the
� → �∗ transition whereas the long-wavelength band, char-
acterized by higher molar absorption coefficient, is attributed
to the CT transition. On varying the solvent polarity, rel-
atively long shifts in the absorption maxima are observed
(up to 40 nm from cyclohexane to water). The fluorescence
emission spectra of the probe show only one peak in polar
solvents. The fluorescence maxima are also red shifted on
increasing solvent polarity showing�λ up to 35 nm. Quan-
tum yields of S5 in fluid media are very low (<10−3) inde-
pendently of the solvent polarity.

This behavior agrees with the data described by us for S1
and S4 and seems to be a general behavior for the cyanovinyl
derivatives.

3.3. Excited singlet state dipole moment

The dipolar moment in the excited state for the new flu-
orescent probe S5 has been estimated from the value of the
slope of the Bakshiev’s solvatochromic plot (Eq. (1) and
Fig. 1). The value ofµe is shown inTable 2together with the

Fig. 1. Bakshiev’s solvatochromic plot for the probes S1, S4 and S5.

Table 2
Calculated molecular volumes and estimated ground and excited singlet
state dipole moments for the probes S1, S4 and S5

Probe V ( 3) µg(D) µe(D)

S1a 198 6.65 24.0
S4a 244 8.59 14.7
S5 208 4.05 14.4

a From Ref.[14].

data for its homologues S1 and S4, as well as the parameters
for V andµg calculated by semiempirical AM1 method. The
assumptions taken for the calculations have been discussed
before[14].

Given the lower electrowithdrawing character of the
amide group in the S5 structure, respect to the cyano group
in S1 and S4 structures, the dipolar moments in both the
ground and the excited states for S5 are lower than the
values of the malononitrile derivatives.

3.4. Stability of the probes under irradiation conditions

Solutions of probe (4× 10−3 M) and photoinitiator
(10−2 M) in ethyl acetate have been irradiated with white
light, and both S4 and S5 suffer complete photobleaching
in few minutes. This is due to a rapid attack of the primary
photoinitiator radicals to the vinyl double bond of the probe
which causes the rupture of the conjugated D–�–A system
and then the disappearance of the chromophore group.

However, when solutions of probe, photoinitiator and
monomer were irradiated in ethyl acetate, complete stability
of the probe was observed through invariability of the CT
absorption band during prolonged irradiation (t > 100 min).
This shows that for the process of addition of initiator radi-
cals to vinyl or acrylic double bonds, the kinetic constant for
attacking an acrylic double bond is much higher than for at-
tacking the vinyl double bond of the probes, and then, these
probes are suitable for sensing photopolymerization reac-
tions of acrylic monomers if the concentration of monomer
is higher than the concentration of probe. Giving the con-
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Fig. 2. Variation of fluorescence intensity of S5 versus double bond
conversion during the photopolymerization reaction of lauryl acrylate.

centrations of probe employed (less than 0.05% w/w) this
means that the addition of initiating radicals will take place
exclusively onto the acrylic double bonds until completion
of the polymerization reaction.

3.5. Monitoring the polymerization reaction of acrylic
monomers

S4 and S5 have been checked as fluorescent probes to
follow the photoinduced polymerization reaction of acrylic
monomers, together with the malononitrile derivative S1.

Fig. 3. (a) Conversion-time and fluorescence-time plots (b, c, d) for the photoinitiated polymerization of HDDA.I0 = 0.05 mcal/s.

Both S4 and S5 probes suffer clear variations in the emis-
sion intensity of their fluorescence spectra along the poly-
merization reaction which is the same behavior showed by
S1[18]. They do not experiment variations in the position of
the band, so the response of the probes towards changes in
the viscosity could be directly quantified measuring the in-
tensity of the fluorescent band at the maximum wavelength.

For the photopolymerization reaction of monofunctional
acrylic monomers, S5 fluorescence shows a linear varia-
tion with the degree of polymerization followed by DSC,
throughout the whole conversion range. As an example in
Fig. 2 is shown the fluorescence–conversion plot for the
polymerization of lauryl acrylate–S5 system.

In Fig. 3 are shown the kinetic profiles for the photoini-
tiated polymerization of a difunctional acrylic monomer,
HDDA, obtained following the changes in fluorescence in-
tensity of S1, S4 and S5, as well as the conversion–time
plots obtained by DSC for the same reaction.

It could be seen that the evolution of the reaction is per-
fectly followed by the fluorescence emission of the probes,
and the rate of polymerization could be obtained as the tan-
gent to the fluorescent curve in any point.

The sensitivity of the probes,S, has been taken as:

S = �IF

IF0
= IFf − IF0

IF0

then reflecting the total change of the fluorescence for the
same complete polymerization reaction. The subscripts 0
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Fig. 4. Variation of fluorescence intensity of S1, S4 and S5 versus double bond conversion during the photopolymerization reaction of HDDA.

and f refer to the initial and final values of the intensity
of fluorescence (IF). The sensitivity for the malononitrile
derivatives S1 (S = 1.33) and S4 (S = 1.5) is somewhat
similar. The presence of a naphtalene ring in S4 instead the
benzene ring of S1 does not apparently affect the sensing
characteristics of the probe. However, S5 results more sen-
sitive than its homologues (S = 2.85). This effect has been
also detected in other derivatives bearing a –CO–NH– group
and there are many fluorescent sensors described with this
functional group[19] and is also in accordance with previ-
ous results of our group[14,18].

The changes in fluorescence intensity of the probes have
been correlated with the degree of double bond conversion
(Fig. 4).

As can be seen, the plots for S1 and S4 are linear un-
til limiting conversion, and then, the fluorescence intensity
for these probes is proportional to the polymerization de-
gree for each probe/monomer system throughout the entire
polymerization range.

The response of S5 is different and show a two-slope plot
with an interception point above 20% of conversion. This
behavior has been recently described by us[18] and Okay
et al.[20] for the polymerization reaction of multifunctional
crosslinking monomers, and the interception point is related
to the beginning of the gelation in which the tridimensional
network is already formed and surrounds the probe.

When HDDMA is used as monomer, both S4 and S5 show
a two-slope variation of the fluorescence versus double bond
conversion. This is probably because a more rigid tridimen-
sional network is obtained and then even the less sensitive
probe S4 is able to detect the beginning of gelation (Fig. 5).

3.6. Monitoring the curing reaction of photocurable
adhesive systems

In Fig. 6 the RT-FTIR kinetic profiles for the photopoly-
merization of L329 are shown. Plots for L312 are similar.

Two different photoinitiators (Irg651 and Irg819) have been
used. The systems showed differences in rate of polymer-
ization and limiting double bond conversion reached, de-
pending on the difference in reactivity of the photoinitiator
(higher efficiency for the phosphonyl initiating radicals[21]
of Irg819) and the polymerizable monomers of the formula-
tion (higherkp for the acrylic double bonds[22] of L312).
These effects have been widely studied and described in the
literature[23].

The kinetic profiles show the conventional behavior of a
photocrosslinking curing reaction. Rates of polymerization
have been obtained as the slope of the initial linear region and
the data are compiled inTable 3, together with the limiting
conversion reached. The presence of the probes does not
affect the kinetic profile of the reaction in any case, so they
are suitable to be used as sensors of this process.

As it happened for the polymerization reaction of the
monomers, the emission spectra of the probes exhibit an

Fig. 5. Variation of fluorescence intensity of S4 and S5 versus double
bond conversion during the photopolymerization reaction of HDDMA.
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Fig. 6. Kinetic profile of the photocuring reaction of Loctite 329 using Irg651 and Irg819 as photoinitiators.

Table 3
Rates of polymerization and double bond limiting conversion for the
photocuring reaction of Loctite 329 and Loctite 312. Data obtained from
RT-FTIR measurements

Adhesive Photoinitiator Rp/[M] (s−1) α (%)

L329 Irg651 0.4 64
Irg819 0.6 58

L312 Irg651 2.5 62
Irg819 4.7 60

increase in intensity during the curing reaction without
changes in the position neither shape of the bands, then the
changes in their fluorescence intensity versus irradiation
time have been monitored as the curing of the adhesives
proceeds.

The kinetic profiles obtained by fluorescence are similar
to the RT-FTIR ones, showing the regions of rapid poly-
merization and the subsequent plateau. As the profiles for
the different systems are similar, plots for L329/Irg651 and
L312/Irg819 are selected as examples (Fig. 7).

The slope of the non-normalized plots for a given poly-
merizing system should be related with the sensitivity of

Fig. 7. Variation of fluorescence intensity of S1, S4 and S5 versus irradiation time during the photocuring reaction of Loctite 329 and Loctite 312.

Table 4
Relative rates of polymerization (ρ), calculated by fluorescence, and
sensitivity of the probes in the adhesive systems

Probe L312 L329

ρ (s−1) Sensitivity ρ (s−1) Sensitivity

S1 0.025 34 0.004 3.8
S4 0.027 22 0.003 1.6
S5 0.031 96 0.005 14.1

each probe/adhesive system, and they are shown inTable 4.
The values for the fluorescence rate of polymerization
(ρ) have been calculated as the slopes of the normalized
fluorescence–time plots and they have been also compiled
in Table 4. It could be seen that the rate of polymerization
measured does not depend on the probe used, which is an
essential requirement for a probe to be used as sensor of the
process. The new probe S4 show slightly lower sensitivity
than S1 for these particular formulations, but S5 haveS
values up to four times higher, depending on the system.

The variations of fluorescence with degree of double bond
conversion for L312 are shown inFig. 8. Plots for L329 are
similar in shape.
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Fig. 8. Variations of fluorescence of S1, S4 and S5 with degree of double bond conversion for the photocuring reaction of Loctite 312 using Irg651 and
Irg819 as photoinitiators.

As it can be seen, the three probes under study are sensi-
tive throughout the entire range of the photopolymerization
reaction, and probe S5 resulted much more sensitive to the
changes in rigidity than the malononitrile derivatives S1 and
S4.

The variations of IFmax with the rigidity of the medium
show a two-slope plot for the reaction when initiated by
any of both photoinitiators. This is the behavior commented
before for a crosslinking polymerization. But the plots are
different in shape, showing different variation in rigidity for
the same degree of double bond conversion depending on
the photoinitiator used. The rigidity reaches higher values
at the beginning of the reaction (higher value of the slope)
for the system L312/Irg651. This behavior has been recently
described by us for these systems using other family of flu-
orescent probes, and we have proposed that the different
variation of the fluorescence is an evidence of the differ-
ent mechanism of crosslinking reaction depending on the
photoinitiator used[24]. This is due to the higher propor-
tion of crosslinking by H-abstraction secondary reactions
during the first stages of the polymerization when using
Irg651, in which the hydrogen abstraction is a very impor-
tant secondary reaction, and not with Irg819, in which this
reaction is practically negligible. This fact, that could not
be observed with RT-FTIR technique since it does not in-
volve double bond disappearance, is clearly detected when
fluorescence probes are used, and it evidences that these
new fluorescent probes are useful for following not only
the kinetics but also the mechanism of the polymerization
reaction.

4. Conclusions

Two new fluorescent probes have been synthesized and
their fluorescence emission have been characterized towards
changes in the polarity and viscosity of the medium, and they
have been used to monitor the polymerization reaction of
mono- and di-functional acrylic and methacrylic monomers
as well as the curing process of UV-curable adhesive

systems. As photopolymerization proceeds, the fluores-
cence band of the probes showed an increase in intensity
until final conversion. This behavior allows to follow the
reaction by fluorescence spectroscopy.

The fluorescent kinetic profiles accurately reproduce those
obtained either by photo-DSC or by RT-FTIR, showing the
three steps of the crosslinking reaction: the rapid initial poly-
merization, gelation and the termination of the reaction due
to vitrification of the system. The rate of polymerization has
been measured from the fluorescence–time plots.

For crosslinking polymerization reactions, S5 probe show
a two-slope variation indicating the onset of the gelation
step. S4 resulted less sensitive and show this behavior only
for systems undergoing high degree of crosslinking.

Differences in the mechanism taking place have been de-
tected by fluorescence when the same system is polymer-
ized with two different photoinitiators, reflecting the sec-
ondary crosslinking processes which take place by hydro-
gen abstraction. These differences could not be observed by
RT-FTIR and this reflects the sensitivity of these probes and
the importance of fluorescence as method to follow both the
kinetics and mechanism of the polymerization reaction.
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