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Abstract

Photophysics, photochemical and polymerization activityp-ofitronaphthylaniline (NNA) in the presence bEN-dimethylaniline
(DMA) as coinitiator was analyzed to establish the influence of the initiator nature on the photosensizated generation of free radica
derived from DMA. Steady-state (365 nm) photolysis was carried out and detailed studies of the spectroscopy of both reactants we
accomplished. The coinitiator DMA induces the photoreduction of NNA with a very low photoreduction quantum yield, although the
stoichiometry of the reaction revealed that up to 570 molecules of DMA are consumed by each NNA molecule photoreduced. The efficienc
of NNA/DMA system as photoinitiator was studied following the polymerization kinetics of lauryl acrylate monomer by Differential
Scanning Photo-Calorimetry. The photosensization of DMA through the excitation energy transfer of NNA, working concurrently to the
photoreduction reaction, induces a high polymerization efficiency with a very low consumption of the initiator in a catalyzer-like way.
©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction unexpected high polymerization efficiency, higher than that
of well-known photoinitiators of industrial importance (i.e.
Industrial use of photopolymerization reactions demands aromatic ketones), suggesting a new, more efficient mecha-
the development of more effective photoinitiators [1-9], nism of bimolecular photoinitiation [14]. ThgNA initiator
a key component in light-induced radical polymerization sensitizes the generation afalkylamino radicals derived
since, through a photochemical reaction, they produce effi- from DMA coinitiator through an excitation energy transfer,
ciently free radicals which attach themselves to the double inducing the homolytic scission of its weakest molecular
bond of the polymerizable component(s). bond, yielding an avalanche of reactive species without
Increased requests for improved photoinitiators moti- consumingpNA, which acts as a mere photosensitizer of
vated our recent investigations on the photochemistry andthe triplet state of the tertiary amine in a catalyzer-like way
polymerization activity of a new bimolecular photoinitiator [14]. To the best of our knowledge, ttHENA-DMA sys-
system, based gonitroaniline PNA) with a tertiary amine tem was the first bimolecular photoinitiator based on this
(DMA) acting as reductor agent [10-13]. The photoreduc- mechanism which overturns the well-established behavior
tion process involves an electron—proton transfer from the on which the development of bimolecular photoinitiators
ground state of the tertiary amine to the lowest excited has been based up to now.
triplet state of the initiator, generated with high yield by In the conventional approach, the generation of free radi-
UV irradiation, leading to |,4-benzenediamine, as the main cals takes place through a stoichiometric photoreduction of
photoreduction product, and tealkylamino radicals from the initiator induced, with a high quantum yield, by the coini-
the tertiary amine, which are the actual initiating species of tiator. Depending on the type of initiator—coinitiator pair,
polymerization in the present system. this reaction basically proceeds through direct hydrogen ab-
Although, DMA induced the photoreduction gfiNA straction or electron—proton transfer, although under certain
with a very low quantum vyield, this initiator exhibits an conditions both mechanisms may be competitively involved.
In any case, the reaction occurs from the triplet state of the
* Corresponding author. initiator, formed with high yield under UV irradiation, and
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characterized by a long lifetime, of the order of hundred of the irradiation wavelength of 365nm was selected from a
microseconds in solution at room temperature, which de- Philips high pressure mercury lamp (Hg-CS 500/2) with
termines that the bimolecular photoreduction can competea Kratos monochromator (model CM 252). The absorbed
efficiently with any other radiative or radiationless decay light intensity at the irradiation wavelength was measured
channels. In the new initiation mechanism, the triplet state using an International Light Digital Radiometer (model
of the initiator has to be a short-lived intermediate (of the 11700). Aberchrome 540 actinometer [15] was used to
order of a few nanoseconds or less), in order to increasecalibrate the digital display of the radiometer to an abso-
the efficiency of the excitation energy transfer against other lute value for the number of quanta incident per unit of
bimolecular deactivation reactions. Likewise, the coinitia- time. The photolysis of the sample was monitored by mea-
tor molecule has to contain a bond with a dissociation en- suring the change in the maximum of the UV absorption
ergy lower than that of this triplet excited state, to induce curve.
its homolytic scission with formation of reactive initiating
species.

The actual possibilities of this new and promising mecha- 2.3. Photocalorimetry
nism of photosensitized polymerization encouraged us to ex-
tend the investigation to differepNA derivatives in order to The kinetics of the photoinitiated polymerization was
establish the energetic, photophysical and structural require-monitored using a Photo-DSC system [16]. NNA was dis-
ments of new and more efficient initiators. The present paper solved in pure LA at a concentration 85x 103 M ensur-
is devoted to explore the potential phitronaphthylaniline ing total absorption of the 365 nm radiation in the 0.12cm
(NNA) in the presence of DMA as bimolecular photoini- of pan path-length. The incident light intensity was kept
tiator. To this purpose, its photophysical and photochemi- constant at a value of 1:810* einsteint1s~1. DMA was
cal behavior was analyzed under steady-state condition. Theadded as a coinitiator at concentrations ranging from?10
spectral and temporal characteristics of the lowest excitedto 1.5x10~1M. Prior to irradiation, the sample of 20
states of the reactants are studied by time-resolved specwas equilibrated to the operating temperature cfCGl@or
troscopy. The stoichiometry and mechanism of the photore- 15 min. Then, the samples were irradiated for up to 20 min
duction reaction was analyzed following the consumption under aerobic and anaerobic conditions. In the kinetics
rate of both reactants as a function of the irradiation time un- study care was taken to maintain the conversions lower than
der aerobic and steady-state photolysis conditions at 365 nm25%, since under these conditions the relationship between
In addition, the photopolymerization activity of NNA/DMA  conversion of the monomer and irradiation time remains
system was studied following by differential scanning pho- linear. A more detailed description of the general procedure
tocalorimetry (Photo-DSC) the kinetic of the photoinduced followed and the determination of incident light intensity
polymerization of lauryl acrylate (LA). The results of this can be found elsewhere [16,17].
study provide valuable information to understand the basis
and fundamentals of the new photoinitiation mechanism of

radical polymerization. 2.4. Measurement of the consumption rate of NNA and
DMA
2. Experimental The consumption rate of both components of this pho-

toinitiating system was followed as a function of the ir-
radiation time under steady-state photolysis conditions at
365 mm. The volume of the irradiated mixture in the quartz
cell was 3.5ml. At different irradiation times, aliquots of
25ul were drawn from the medium to follow the evolu-
tion of DMA while the rest of the mixture was analyzed
spectrophotometrically to follow the photoreduction of NNA
measuring the decrease of its absorbance at the maximum
wavelength (406 nm). The consumption of DMA was mon-
itored by high performance liquid chromatography (HPLC)
(Waters M-45 HPLC pump, Spectra Physics 100 ultraviolet
detector). The stationary phase was Spherisorb OD$g2-C
5um (Trace Analytica) (125 mm4 mm ID). The eluent was
7/3: Methanol/Water (v/\)-1vol % of triethanolamine solu-
2.2. Steady-state photolysis tion. The flow rate was 1 mlmirt and the detector was set
at 300 nm. DMA standards of 0.1-10 mM were run for a

The irradiation system and the experimental procedure calibration curve. Under this conditions, the DMA retention

employed have been described previously [10]. Briefly, time was 2.3#0.1min.

2.1. Materials

Ethyl acetate (AcOEt) (Sigma-Aldrich, HPLC grade)
was dried over molecular sieves with pore diameter of
4 A. NNA and pNA (Aldrich, 99% purity) were recrystal-
lized from ethanol and water, respectively. Lauryl acrylate
(Pluka Chemie, Tech.) was distilled under reduced pres-
sure prior to use and DMA (Carlo Erba) was dried over
potassium hydroxide, distilled under reduced pressure
and stored under nitrogen atmosphere in the dark at low
temperature.
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2.5. Spectroscopic measurements 8

Abs F P

The UV absorption spectra of the samples were recorded - —= P L
at room temperature with both Perkin—Elmer Lambda 16 and / \ [\
Shimadzu UV-265F5 spectrophotometers. Emission spectra 2 | \\ / \\

from the samples were recorded on a Perkin—Elmer LS-SOB
luminiscence spectrometer. Quantum yields of fluorescence
(¢r) were determined at room temperature by comparison
with 9,10-diphenylantracene as standard and assuming a
value of 1 in cyclohexane [18]. Quantum yields of phospho-
rescence ¢¢p) were obtained at 77 K by comparison with
benzophenone as standard and assuming a value of 0.74 in
ethanol [19].
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Intensity (a.u.)
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3. Results and discussion wavelength (nm)

3.1 Spectroscopic chaacrersics i Gt L
wavelength: 300 nm.

The absorption spectrum of NNA in a 1bM ethyl ac-
etate solution is shown in Fig. 1. The absorption maximum
observed around 406 nm corresponds to Ehband [22] direct indication of a significant intersystem crossing be-
and is red-shifted with respect to the absorption spectrumtween the $and T, excited states of the molecule [20]. The
of pNA (~50 nm) [10]. This pronounced bathochromic shift phosphorescence spectrum of a0/ ethyl acetate solution
is a consequence of the increased electron density of theof NNA, registered at 77 K, is also shown in Fig. 1. The ex-
anilino nitrogen caused by electron-donating effect of the citation wavelength was 406 nm and the delay time between
aromatic group. The molar absorption coefficient of NNA excitation and detection 0.1 ms. Phosphorescence emission
in ethyl acetate solution at 406 nm is 16707 Mm~1. The is centered at 572 nm with a triplet lifetime of 36 ms, much
presence of a tertiary amine in the solution does not induce shorter than th&IIT* triplet state ofpNA (300 ms), reveal-
significant variations in the absorption characteristics of the ing the M1* character of the lowest triplet state of NNA
initiator. molecule [20]. The absorption spectrum of DMA in afov

This nitronaphthyl derivative fluorescences very weakly ethyl acetate solution is shown in Fig. 2, together to its
(pr=10"°), with an emission centered at 462 nm (see Fig. emission spectra induced by excitation at 300 nm and reg-
1), and exhibits a phosphorescence emissiga=Gx10~%), istered under the above described experimental conditions.
By contrast to the initiator NNA, the coinitiator DMA ex-
hibits strong emissions of fluorescengge£1.5x10~2), cen-
tered at 345nm, and phosphorescenge=0.3), centered
at 411 nm. The increasing aromaticity of NNA with respect
to pNA leads to a significant decrease of the energy reso-
L nances between the excited states of NNA and DMA that
could result in a reduction on the photosensitazion efficiency
of DMA through the excitation energy transfer from NNA
molecule.

Absorbance
Intensity (a.u.)

3.2. Steady-state photolysis of NNA

B Steady-state photolysis of NNA and its consumption
rate, Ryna, were studied by irradiating at 365 nm under
anaerobic conditions and constant incident light intensity,
lo=5.1x10 % einsteint s, a 10% M ethyl acetate solu-
tion of this initiator. Quantum yields of chromophore disap-
wavelength (nm) pearancepnna, were determined by UV-Vis spectroscopy
Fig. 1. Absorption (Abs), fluorescence (F) and phosphorescence (P) spec-fOIIOV\_/Ing the decrease m_th? ma_XIr_num_ of the initiator ab-
tra (at 77K) of a 10°M ethyl acetate solution of NNA. Excitation  SOrption band (406 nm) with irradiation time as has been re-
wavelength: 406 nm. ported previously [21]. The steady-state photolysis of NNA

300 400 500 600 700
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is characterized by a low quantum yieltyna =2.2x 1073,
reflecting its stability under UV irradiation. This quantum
yield is higher than that determined foNA under identical
experimental conditiongynna=1.4x1073.

As was seen fopNA, the presence of oxygen does not
induce a significant variation on the quantum yield of NNA
disappearancepna=1.9x1073). DMA in the presence opNA [11].

The disappearance of NNA induced by irradiation un-  The photoreduction quantum yield of NNA induced by
der the above described experimental conditions, exhibits DMA, ¢nna, under different experimental conditions, are
a linear dependence on the irradiation time, with its slope summarized in Table 1. For comparison, the data deter-
of 1.1x10"8Ms™1, being the consumption rate of NNA, mined in the photoreduction ofNA induced by DMA
Rnna - Following the same behavior to that exhibited by the under identical experimental conditions are also included
photolysis quantum yield, the consumption rate of NNA is in this table. Following the same behavior to that exhibited

decrease in its absorption maximum, is accompanied by a
decrease of the absorption intensity at shorter wavelengths
assigned to the tertiary amine. The irradiation of the sample
for a long time does not modified the spectroscopic features
aforementioned which is a prior indication of a photoreduc-

tion process slower and less efficient than that induced for

slightly higher than that gpNA determined under identical
experimental conditionsR,na=6.8x10"°Ms™1, and this

by the pNA/DMA system, the presence of DMA as coini-
tiator induces only a slight increase ¢iyna With respect

kinetic parameter does not show a significant dependenceto that determined in the photolysis process. The efficiency

on the presence of oxygeR\na=8.8x10"9Ms1), direct

of DMA inducing the photoreduction of NNA is much

consequence of a photolysis reaction that occurs from a verylower than that exhibited bpNA. The higher stability of

short-lived triplet state.

3.3. Photoreduction process of NNA

The photoreduction process of NNA induced by DMA
followed by UV-Vis spectroscopy was analyzed for dif-
ferent amounts of DMA added to a constant concentration
(104 M) of NNA. The following NNA/DMA molar ratios

were used: 1/2, 1/5, 1/10 and 1/20. Fig. 3 shows the de-
pendence on the irradiation time of the absorption spectrum

for an ethyl acetate solution of NNA/DMA in a molar ratio

1/10 irradiated at 365 nm under anaerobic and steady-statéhe tertiary amine [23.24].

conditions. The chromophore disappearance, revealed by th

Absorbance

= T
| |

350 400 450 500

wavelength (nm)

Fig. 3. Dependence of the UV-Vis absorption spectrum of a*a0
ethyl acetate solution of NNA with a molar ratio of DMA 1/10 on the

this nitro-compound towards its photoreduction by tertiary
amines could be related to both a higher charge-transfer
character of the lowest excited state [22] and a faster com-
peting radiationless deactivation processes, resulting in a
shorter lifetime of its lowest triplet state.

On the other handpnna is critically dependent on the
presence of oxygen. Thus, under anaerobic conditions, the
photoreduction quantum yield increases up to a factor of 2
reaching a value of 4:210-3. As discussed in a previous
work [11], the lower efficiency of the photoreduction pro-
cess under aerobic conditions could be ascribed to photoox-
idation reactions of the-aminoalkyl radicals derived from

The consumption rate of NNA and DMARyna and
Rpoma, respectively, were also analyzed from aiwm
ethyl acetate solution of NNA with different molar ratios to
DMA irradiated, under aerobic conditions, at 365 nm with
an incident light intensitylo=1.4x10 % einsteint1s1.
The values obtained for these kinetic parameters are sum-
marized in Table 1 together to those evaluated for the
pNA/DMA system.

Fig. 4 shows the dependence of the consumption of both
reactants on the irradiation time. The DMA disappearance
increases linear and drastically with the irradiation time un-
til a degree of conversion near 30% is reached. Futher in-
crease of the irradiation time beyond this point does not
modify significatively the consumption rate of the tertiary
amine. The parametd®pya is deduced from the slope of
the line fitted to these experimental data within the time in-
terval where it exhibits a linear behavior. This disappearance
rate is much higher than that of the NNA photoinitiator, for
all NNA/DMA molar ratios selected. In additioRpma in-
creases with the tertiary amine concentration following a
linear relationship. However, as is reported in Table 1, the
parameteiRpma induced by NNA is much lower than that
determined bypNA. This fact could be ascribed to a worst

irradiation time under steady-state conditions in an anaerobic atmosphere.OVerlap between the energy levels of NNA and DMA reduc-

Irradiation wavelength: 365 nm.

ing the effectiveness of the excitation energy transfer and,
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Table 1

Influence of the molar ratio of DMA, [DMA] added to NNA on its photoreduction quantum yiejgna, and on the consumption rate of both reactants,

Runa and Roma, under aerobic conditions. For comparison, the values of the kinetic parameters obtained biAIBMA system under identical
experimental conditions are included

[DMA] NNA/DMA pNA/DMA
10° < dnna 18 xRyna (Ms™1) 18xRoma (Ms™1) 10°x 6 pna 1 xR,na (Ms™) 18 xRoma (Ms™1)
1/0 1.9 0.9 1.3 0.6
112 2.0 0.3 7.9 13.2 1.7 51.3
1/5 2.3 0.3 51.4 13.2 1.7 138.2
1/10 2.3 0.3 76.8 13.2 1.7 1485
1/20 25 0.3 187.9 13.2 1.7 195.4

agxperimental conditions: photoinitiator concentrations, I; irradiation wavelength, iy =365nm; incident light intensity,lo=1.4x10"¢
einsteint1s2.
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Fig. 4. Dependence of the degree of conversion of NI@) and DMA Fig. 5. Emission spectra of an ethyl acetate solution of NNA with and
(M) on the steady-state irradiation time at 365nm of a“Id ethyl without DMA after irradiation at 406 nm. The increasing (NNA/DMA)

acetate solution of NNA/DMA 1/10 molar ratio under aerobic conditions. molar proportions are indicated in parenthesis.
The solid lines represent an eyeball fit to the data points.

NNA induces a weak emission centered at 462 nm, assigned
consequently, it would be expect a lower activity in the initi- {0 the fluorescence band of this molecule. The presence of
ation process of polymerization with respect to that reached PMA, which does not absorb at the irradiation wavelength,
by the pNA/DMA system. In the presence of oxygen, the modlfles S|gn|f|ca_1t|vely the_ re_cordec_j emission whlch expe-
photooxidation of the tertiary amine leads to an increase of fiénces a clear increase in intensity. Taking into account
Roma by a factor of 2. that the DMA molecule emits phosphorescence in the same

The stoichiometry of the reaction, evaluated from the ra- SPectral region where fluorescence of NNA appears with
tio of the slopes of the lines fitted to the both reactants con- & duantum yield 4 orders of magnitude higher thignof
sumption, indicates that up to 570 molecules of DMA are NNA, the behavior of the emission of the NNA solution in
consumed per each NNA molecule photoreduced. Takingthe presence of increasing amounts of DMA is consistent
into account the low photoreduction quantum yield of NNA With phosphorescence of DMA being emitted concurrently
promoted by DMA, the rapid consumption of the coinitia- with fluorescence of NNA. A more direct experir_nental evi-
tor confirms that the photoreduction process is competing deénce of the proposed process would require a time-resolved
with a photosensitization process of DMA, through an exci- analysis in the sub-nanosecond time domain due to the very
tation energy transfer from NNA, yielding an avalanche of Short lifetimes involved.
a-alkylamino radicals, without the consumption of the ini-
tiator, following the same effective mechanism described in 3.4. Photoinitiation of polymerization
detail for thepNA/DMA photoreaction [14]. Experimental
evidence of this photosensitization process is provided by Different experiences have revealed that NNA or DMA
the emission properties of an ethyl acetate solution of NNA alone are incapable of initiating efficiently the polymeriza-
with and without DMA (Fig. 5). Irradiation at 406 nm of pure  tion of LA even over extensitive periods of time at°4D
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in the dark or under illumination. When used in combina-
tion, however, they readily initiate LA polymerization but
only under irradiation. This photoinitiated polymerization
was found to be inhibited by hidroquinone, confirming that
the process takes place by a radical mechanism. As was pre-
viously discussed for theNA—-DMA system, the radicals
derived from the tertiary amine are the main and most active
species in the initiation mechanism [12]. The kinetic of pho-
toinitiation of LA was monitored by Photo-DSC. Exotherm
rates as a function of time were observed under isothermal
conditions for continuous illumination reactions. Initial rates
of polymerizationR, were calculated from the slopes of the
plots of polymerized monomer concentration versus irradia-
tion time, in the time interval where this conversion change
exhibits a linear behavior. Polymerization quantum yields
(¢m) were determined from the slope of the line best fitting
the experimental linear dependence found when the amount
of monomer polymerized is represented as a function of the
absorbed light intensityx.

The influence of both the DMA concentration and the
nature of the photoinitiator on the polymerization process is
reflected in Table 2, where the values obtained for the kinetic
parameters in the bulk polymerization of LA induced by both
NNA and pNA under identical experimental conditions are
reported. Under anaerobic conditiof, and ¢ increases
with the amine concentration, although the relationship is
not linear since above the 1/20 NNA/DMA molar ratio both
polymerization parameters become much less dependent on
the DMA concentration. NNA derivative is more efficient
in the polymerization process than in the photoreduction
reaction, a direct consequence to the generation up to 570
a-alkylamino radicals from DMA for each NNA molecule
photoreduced.

Under aerobic conditions, the kinetic parameters of pho-
topolymerization are, at least, three times lower than in ni-

[DMA], .., (moliL)
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Fig. 6. Dependence of the concentration of DMA consumpted on the

trogen atmosphere (see Table 2). This effect reveals thesieady-state irradiation time at 365nm under aerobic conditions of a

role of the molecular oxygen as inhibitor of radical-induced
polymerization because of its high reactivity toward radical
species.

Table 2

Rate Rp) and quantum yield¢g(m) of polymerization of LA photoinduced
by both initiators, NNA angNA, in the presence of different molar ratios
of DMA as coinitiator, [DMA};, under aerobic and anaerobic conditins

[DMA], NNA/DMA

pNA/DMA

10°xRy Ms™) ¢m 103xR, (Ms™Y) o

10~4M ethyl acetate solution opNA(A) and NNA (B) with different
molar proportions of DMA.

The kinetic parameter induced by NNA ampiNA fol-
low the same dependence on DMA concentration, although,
for initiator/DMA molar ratios higher than 1/10, the higher
aromaticity of NNA with respect t@NA initiator results
in a remarked decrease of its polymerization activity, in
good agreement with the consumption rates of NNA and
DMA much lower than those induced IpNA/DMA sys-

N2 Oz N2 O N2 Oz N2 Oz
1/2 5.7 1 29.9 52 49 0.6 26.0 3.1
1/5 6.3 0.9 33.0 46 57 07 30.2 3.7
1/10 8.8 1.5 46.3 8.1 126 0.7 66.9 3.9
1/20 9.7 1.6 51.1 79 194 3.2 103.0 16.9
1/30 9.7 3.6 51.2 189 206 3.8 108.7 19.8

aThe selected concentrations of initiatorsNA]=2.1x10~3M and

tem. However, under both aerobic and anaerobic conditions,
the presence of low amine concentration reverses the above
behavior with NNA inducindR, and¢m slightly higher than
those exhibited bpNA in spite of its lower DMA consump-

tion rate. This behavior could be reflecting the influence on
the photopolymerization of the global kinetics followed for
the generation of the initiating free radicals during the to-

[NNA]=5.2x10-3 M, assure identical absorbed light intensity at 365 nm,
[Abs=2].

tal irradiation time. Under certain experimental conditions,
this kinetics could not be properly related Rpma, Since
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Fig. 7. Mechanism for the photoreaction of NNA in the presence of DMA under UV irradiation. The photoreduction process (right) is a minor pathway as
compared with the efficient photosensitization of DMA by NNA (left) leading to an enhanced polymerization activity in spite of a very low photoreducti
quantum yield.
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