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Abstract 

Steady-state (3 13 and 365 nm) and laser (308 and 337 nm) photolysis have been employed to carry out a structure-reactivity investigation 
on p-nitroaniline as photoinitiator of polymerization. Detailed studies on the spectroscopy of the molecule were accomplished. Quantum 
yields of p-nitroaniline photoreduction induced by a tertiary amine, 2-(N,N-diethylamino)ethanol have been determined. The dependence of 
the photoreduction behaviour on several factors, such as photoinitiator concentration, proportion of the aliphatic amine added top-nitroaniline 
as reducing agent, nature of the coinitiator, irradiation energy, and wavelength has been studied. The analysis by gas chromatography-mass 
spectroscopy technique of the photolysed solutions allowed 1,4-benrenediamine to be identified as the main photoreduction product. A 
mechanism for thep-nitroaniline photoreduction induced by the aliphatic amine is suggested. Q 1997 Elsevier Science S.A. 

Kr~~r&c Photoinitiator: Nitroaniline; Laser photochemistry 

1. Introduction 

There is a great interest in developing photoinitiators for 
specific applications, which requires the ability to predict the 
relationship between molecular structure and properties. 
Nitronapthylamine derivatives have been proposed as pho- 
toinitiators because their triplet states, formed at high yield 
under UV irradiation, abstract efficiently hydrogen atoms 
generating free radicals [ 1,2]. However, the high prices of 
these compounds are an important limitation in their com- 
mercial use as photoinitiators of polymerization processes in 
coatings, lacquers or ink formulations. The aim of improving 
existing formulations and developing better quality and more 
efficient bimolecular photoinitiators led us to explore the 
potential of p-nitroaniline (pNA) as a photoinitiator. This 
compound, which keeps the nitro-aromatic structure. is eco- 
nomically favourable and can be synthesized with high yields 
[31. 

PNA is a polar molecule that has been of interest to pho- 
tochemists owing to the possibility of intramolecular charge 
transfer effects; i.e. the molecule is bifunctional, possessing 
an electron donor and an acceptor group [ 41. However, the 
studies on the pNA photochemistry have been by no means 
exhaustive. This nitrobenzene derivative has been found to 
undergo intermolecular hydrogen abstraction although it has 
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shown certain stability towards both photoreduction and pho- 
tosubstitution [ 51. 

pNA is known to present only phosphorescence, which 
indicates a high intersystem crossing 161, but the short life- 
time of its triplet state at room temperature [4,7] has made 
difficult the study of its properties. A proper characterization 
of the triplet state would require the use of laser-flash pho- 
tolysis technique. 

l,aser irradiation often leads to dramatic differences when 
compared with conventional lamp irradiation at a similar 
wavelength [Xl, because of the presence of laser-induced 
processes due to the relatively high concentration of transient 
intermediates generated within the duration of the laserpulse. 
In cases where the transient species have significant absorp- 
tion at the !aser excitation wavelength. they may compete 
with ground-state precursors for the absorption of the incident 
photons. Nevertheless, a quantitative analysis of photochem- 
ical events resulting from sequential two-photons processes 
within a single laser pulse, although inherently complex, has 
allowed to study the behaviour of excited reaction interme- 
diates [9]. 

A detailed understanding of the mechanism of any photo- 
chemical reaction would provide the means to control the 
undesired processes that may take place. To this end, it is 
essential to collect extensive data on the rate constants and 
information on transients involved in the reaction. 

With this aim in mind, and in order to determine the quality 
and efficiency of pNA as photoinitiator. in this paper we 
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Fig. I. Schematic diagram of experimental arrangement for laser pulsed photolyGs ofp-nitroanilinc. sL = spherical lens, bs = beam splitter, pd = photodiode. 
M = monochromator, PMT = photomultiplier. 

analyse in detail the photophysical and photochemical behav- 
iour of pNA molecule under both steady-state and laser irra- 
diation conditions. The spectral and temporal characteristics 
of the lowest triplet-state ofpNA are studied by time-resolved 
spectroscopy. The photoreduction quantum yields of pNA 
induced either by a tertiary amine, 2-(N.N-diethylam- 
ino) ethanol (DEELA). or by 2-propanol (IPA), acting as 
coinitiators, have been determined. The dependence of the 
photoreduction efficiency on the nature of the reducing agent 
allows to establish the relative contribution of the two reaction 
pathways (electron-proton transfer and hydrogen atom trans- 
fer) which may be competitively involved in the PNA pho- 
toreduction. The detection and identification of transient 
species by laser induced fluorescence (LIF) and of products 
photochemically stable by conventional analytic techniques 
allows to propose a mechanism for the PNA photoreduction. 

2. Experimental system 

2.1. Steady-state photolysis 

Irradiation wavelengths, 3 13 nm and 365 nm, were 
selected from a Philips high pressure mercury lamp ( Hg-CS 
500/2) with a Kratos model GM 252 monochromator. The 
irradiation system and the experimental procedure have been 
previously described [ IO]. Sample solutions were prepared 
by standard methods. The solutions were deoxygenated (up 
to less than 5 ppm) by bubbling nitrogen (L-48) or argon 
(L-55) gas through them for 30 min. Some experiments were 
carried out under aerobic conditions in order to determine the 
influence of oxygen on the photoreduction process. The 
absorbed light intensity at the irradiation wavelength was 
measured using an International Light digital radiometer 
(model 11700). An Aberchrome 540 actinometer [ 111 was 
used to relate the digital display of the radiometer to an abso- 
lute value for the number of quanta incident per unit of time. 
The photolysis of the sample was monitored by measuring 

the absorbance decrease in the maximum at the longest wave- 
length in the UV absorption curve. 

2.2. Nanosecond laser pulsed photolysis 

The experimental arrangement is indicated schematically 
in Fig. 1. Laser photolysis of pNA was carried out using a 
commercial XeCl excimer laser ( MPB- 150) supplying up to 
120 mJ energy in = 30 ns FWHM pulses at 308 nm. A quartz 
beam splitter selected = 10% of the laser output to be directed 
towards the 1 cm silica cell containing the solutions. A 1 m 
focal length Spectrosil B spherical lens focused mildly the 
photolysis light onto the cell, and a 2 mm iris diaphragm 
placed before the cell selected the central part of the rectan- 
gular laser beam assuring spatial uniformity of the light illu- 
minating the sample. The total energy of the pulse impinging 
the cell was estimated lo be = 3 mJ. A fraction of the laser 
light passing through the beam splitter was collected by an 
optical fibre and directed towards a photodiode (RS-BPX- 
65). The signal from this photodiode was used for monitoring 
the photolysis laser power and for triggering the detection 
system. 

A home-made N, laser supplying up to 3 mJ energy in 
= 10 ns FWHM pulses at 337 nm was used as a second exci- 
tation source. In this case, a flat aluminium mirror ( @= 5 cm 
and A/20) directed the pump laser beam towards the photol- 
ysis cell, and a 0.5 m focal length spectrosil B spherical lens 
was used to focus the excitation radiation into the sample 
cell. The total energy of the pho[olysis pulse in the input face 
of the cell was estimated to be = 1 mJ. A fraction of the 
excitation light scattered from the lens was monitored by a 
fast photodiode (EG, G, SGD- 100) and used for triggering 
purposes. 

The luminescence emitted from the irradiated sample. 
monitored at right angles to the path beam. was imaged, after 
passing through a cut-off filter to eliminate scattered light 
from the pump laser, onto the input slit of a monochromator 
(MacPherson-2035, 0.35 m) and detected with a photomul- 



tiplier (EMI 98 16-QB). The width of the monochromator’s 
slits was set at 250 Frn, providing a spectral resolution of 
= 0.5 nm. The signal from the photomultiplier was either sent 
to the 50 1R input of a40 MHz digital oscilloscope (Tektronix 
2430A; rise time = 10 ns and vertical resolution = 8 bits) for 
real time measurements or, for spectra recording, fed to a 
box-car (Stanford SR-250) to be integrated before being 
digitized by a SR-245 A/D converter. A personal computer 
via a ComputerBoard DASH-8 interface was used to record 
the signal as well as to control and synchronize the whole 
experiment. Complementary details of the operation of this 
system have been described elsewhere [ 12,131. 

Shimadzu UV-265FS spectrophotometers. Fluorescence and 
phosphorescence spectra from the samples were recorded 
with a Perkin-Elmer LS-SOB luminescence spectrometer at 
room temperature and at 77 K (using liquid nitrogen as cool- 
ant), respectively. 

Sample solutions for the laser experiments were prepared 
by standard methods. Degassing of the samples was accom- 
plished by the “freeze and thaw method” pumping down to 
pressures below lo-” Torr. The experiments were carried 
out at room temperature. 

The products derived from the photolysis and photored- 
uction reactions of pNA (in absence and in presence of a 
tertiary amine, respectively) were analysed using a Hewlett 
Packard G 1800A (GCD system) gas chromatographer-mass 
spectrometer (GC-MS) A home-made fused silica column 
(L= 20 m, i.d. = 0.25 mm, stationary phase ov-1 ) was used. 
A column temperature of 160 “C and Helium as carrier gas 
were selected. 

When studying the dependence of the emission intensities 
at 405 and 500 nm on incident laser intensity, the pump laser 
intensity was attenuated in a controlled way by intercalating 
in the pumping beam path a quartz cell with different pres- 
suresofCS, [14]. 

The products to analyse, basically aliphatic and aromatic 
amino compounds, have high boiling points and, conse- 
quently, they cannot be detected directly with a GC-MS 
under the above-mentioned conditions. Therefore, and 
according to a method described previously [ 151, all the 
solutions to be analysed were firstly treated with trifluoro- 
acetic anhydride in order to obtain the corresponding trifluo- 
roacetyl derivatives which are more volatile than the initial 
amino compounds. 

In all the experiments the photolysed sample was static; 
thus, uncertainties in the concentrations of the photoiniator 
and quenchers could result from the depletion of the initial 
substances and the build-up of reaction products over the 
course of a photolysis run. In absence of the aliphatic amine, 
it was checked that the absorption spectrum of each sample 
changed by less than 2% after irradiation by the required 
number of laser shots. 

3. Results and discussion 

3. I. Spectroscopic characteristks 

2.3. Materials 

Acetonitrile (Scharlau, far UV HPLC grade), 2-propanol 
(IPA) (Normasolv, extra pure), ethanol (MERCK, absolute 
GR) and chloroform (MERCK. GR) were used as received. 
Ethyl acetate (Sigma-Aldrich, HPLC grade) was dried over 
molecular sieves with a pore diameter of 4 A. 

pNA (Aldrich, 99) was recrystallized from water. DEELA 
(Scharlau, pure) was distilled under reduced pressure prior 
to use. Both amines were kept in the dark at low temperature 
and under an inert atmosphere. 

The absorption spectrum ofpNA in a lo-” Methyl acetate 
solution is shown in Fig. 2. The clear maximum observed at 
356 nm corresponds to a rr+r” absorption band with some 
mixing n-7i* character [ 161. This longest-wavelength 
absorption band of pNA is red-shifted with respect to the 
spectrum of nitrobenzene. This difference in the electronic 
absorption spectrum of both species has been discussed in 
terms of mesomeric and steric interactions induced by the 
para substituent [ 171; an effect that is larger when the sub- 
stituent group is electron-donating, as is the case of the NH2 
group ofpNA [ 181. The longest-wavelength absorptionmax- 
ima of pNA in various solvents are tabulated in Table 1. The 
bathochromic shift is larger as the dielectric constant and the 

1,4-Benzenediamine (BDA) (Ferosa, techn.) and trifluo- 
roacetic anhydride (Aldrich, 99) were used as received. 

Aniline (Panreac) was treated with a saturated solution of 
Na,CO, and distilled under reduced pressure (b.p. = 
184.4 “C) Nitrobenzene (Merck for synthesis) was dried in 
successive steps over CaCl,, anhydrous MgSO, and CaH2, 
and then, after being filtered, was distilled under reduce pres- 
sure (b.p. = 85 “C, 7 mmHg). 
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2.4. Spectroscopy of p-nitrouniline and am&is of its 
photolysed products 

0.0 
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Wavelength (nm) 
The UV absorption spectra of the samples were recorded Fig. 2. Absorption and phosphorescence spectra (at 77 K) ofa IO-” Methyl 

at room temperature with both Perkin-Elmer Lambda 16 and acetate solution ofp-nitroaniline. Excitation wavelength: 356 nm. 
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Table 1 
UV absorption characteristics of p-nitroaniline in several solvents: A,,,,,, 
absorption maximum (nm) ; t. molar absorption coefficient (molt ’ 1 cm ’ ) 

Solvent A llleX log c,nlx log %X log fili 1% 937 1% %S 

Chloroform 348 4.23 3.78 3.90 4.19 4.14 
Ethyl acetate 356 3.22 3.61 3.72 4.12 4.19 
Acetonitrile 364 4.14 3.44 3.56 3.96 4.14 
Ethanol 371 4.17 3.40 3.48 3.91 4.16 
2-Propanol 375 4.18 3.36 3.43 3.87 4.15 

protic character of the solvent increases. The molar absorp 
tion coefficients at the wavelengths selected for the steady- 
state (313 and 365 nm) and laser (308 and 337 nm) 
photolysis studies of PNA are also included in Table I. The 
presence of a tertiary amine in the solution does not induce 
significant variations in the absorption characteristics of the 
initiator as described above. 

The phosphorescence spectrum of a 1 O--” M ethyl acetate 
solution of pNA: registered at 77 K, is also shown in Fig. 2. 
The excitation wavelength was 356 nm and the delay time 
between excitation and detection 0.1 ms. This nitro-com- 
pound does not exhibit detectable fluorescence, which is an 
indication of a high intersystem crossing efficiency from the 
almost degenerate low-energy singlet states of pNA [ 161 so 
that, the excitation energy rapidly transfers to the triplet 
manifold that results mostly in phosphorescence emission 
161. It has been reported [ 61 that the ratio between the quan- 
tum yields of phosphorescence and fluorescence ( @,,/ @r) in 
PNA depends on the polarity of the medium; an increase in 
solvent polarity induces fluorescence where there was none 
or produces an intensification of the fluorescence. 

Phosphorescence emission centred at 5 10 nm was intense 
with a triplet lifetime of 300 ms at 77 K, which agrees well 
with previous results [ 161. From the intercept point of the 
lowest wavelength of the phosphorescence emission curve 
with the abscise axis it could be deduced the O-O position of 
this band to be at 441 nm. This result agrees well with pre- 
dictions from theoretical studies on the energy levels of this 
molecule [ 161. 

Two characteristics of the phosphorescence emissionallow 
us to confirm the m* character of the lowest triplet state of 
the pNA: The lifetime of the triplet state at 77 K is much 
longer than the few milliseconds typical of nn* triplets, and 
the emission spectrum shows none of the vibrational fine 
structure normally associated with the phosphorescence from 
n7r* states [ 171. 

3.2. Steudy-state photnlysis ofp-nitroaniline 

Steady-state photolysis studies of pNA with irradiation at 
3 13 nm and 365 nm were carried out on ethyl acetate solu- 
tions with initiator concentrations of 1.4X lop4 M and 
6.3 X lo-” M, respectively. Quantum yields of chromophore 
disappearance, #+, were determined by UV-visible spectros- 
copy by following the decrease in the maximum of the initi- 

ator absorption band (356 nm) with irradiation time as has 
been reported previously [ 191. The steady-state photolysis 
of pNA is characterized by a low quantum yield, 
&, = 2 X lo-‘, reflecting its stability under UV irradiation. 

The quantum yield of initiator disappearance does not 
show a significant variation over the wavelength region 3 13- 
365 nm and over the PNA concentration range lo-‘- 
lop5 M. In addition, the parameters &, determined in nitro- 
gen-purged and aerated solutions are, within experimental 
error, approximately equal. The fact that oxygen does not 
quench the process indicates that the reaction occurs from a 
very short-lived triplet state, as will be later confirmed in 
experiments performed under laser irradiation. This behav- 
iour has been detected previously for other photoinitiators 
such as benzophenone derivatives [ 201. 

3.2. I. Photoreduction qunntum yields 
Hydrogen abstraction by the lowest triplet state of PNA 

can be induced photochemically resulting in the photored- 
uction of this molecule [ 51. In the present study, this reaction 
is analysed in the presence of the tertiary amine DEELA. 
acting as reducing agent. The DEELA compound is not vol- 
atile at room temperature (b.p. I60 “C), and does not absorb 
significatively at wavelengths longer than 260 nm. 

The photoreduction process of pNA was followed by UV- 
visible spectroscopy. Fig. 3 shows the dependence on the 
irradiation time of the absorption spectrum for an ethyl acetate 
solution of pNA/DEELA in a molar proportion 1 / 10 irradi- 
ated at 3 I 3 nm under anaerobic conditions. The chromophore 
disappearance as revealed by the decrease in its absorption 
maximum is accompanied by an increase of the absorption 
intensity at shorter wavelengths. In addition, after irradiation 
times longer than 70 min, where the conversion of PNA is 
high ( = 60%)) it does appear a new absorption band centred 
at = 320 nm and the intensity at = 253 nm becomes much 
more prominent. These features could be ascribed to absorp- 
tion from the photoreduction products. 

The quantum yields of pNA photoreduction by DEELA. 
&., derived from the evolution of its UV absorption spectra 

- . 1  

250 300 350 400 450 

Wavelength (nm) 
Fig. 3. Dependenceofthe UV-visibleabsorptionspectrumofa 1.8 X 10mJ M 
ethyl acetate aolution of p-nitroanilinc with a molar proportion of 2-(N.N- 
diethylamino)ethanol li 10 on the irradiation time under steady-state con- 
ditions in an anaerobic atmosphere. Irradiation wavelength: 3 13 nm. 
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Table 2 
Photoreduction quantum yields (&) ofp-nitroaniline (pNA) in the presence 
of different molar proportions of 2-(N,N-diethylamino~ethanol (DEELA) 
under steady-sate conditions at different irradiation wavelengths (A,,,) and 
atmosphere conditions 

pNA/DEELA A,,, (nm) 

l/O 313 
l/IO 313 
l/IO 313 
l/IO 365 
I120 365 
1120 365 

Atmosphere 

Anaerobic 
Anaerobic 
Aerobic 
Aaaerobic 
Anaerobic 
Aerobic 

4, 

2.0x lo-’ 
5.3x lo-’ 
2.7x lomi 
3.5x lo-’ 
5.3 x lo-’ 
1.9x lo-? 

under different experimental conditions, are summarized in 
Table 2. This parameter remains relatively unaffected when 
the irradiation wavelength changes from 3 13 to 365 nm or 
when the molar proportion pNAIDEELA changes from 1 / 
10 to l/20. On the other hand. the photoreduction quantum 
yields are critically dependent on the presence of oxygen 
which reduces their values by a factor up to = 20. In addition, 
the oxygen inhibits the new absorption band at 320 nm and 
induces an increase of the absorption in the 400 nm spectral 
region due to the generation of photooxidation products 
responsible for the yellow colour that pNA solution acquires 
as the reaction progresses. In the laser experiments discussed 
later the phosphorescence emission from pNA was found to 
be independent of the oxygen concentration in the solution. 
Thus, the influence of the oxygen on the photoreduction 
kinetics can not be ascribed to a quenching process of the 
lowest triplet state of pNA. However, the high reactivity of 
oxygen with the a-aminoalkyl radicals derived from the ter- 
tiary amine via a chain reaction [ 211 can be a pathway able 
to compete effectively with pNA photoreduction at the same 
time that leads to a reduction on the effective concentration 
of the reducing agent in the solution. 

The presence of a tertiary amine as coinitiator induces an 
increase, of at least one order of magnitude, in the chromo- 
phore disappearance quantum yield with respect to that deter- 
mined in the photolysis process. Nevertheless, the pNA 
photoreduction induced by DEELA takes place with lower 
efficiency than the same process induced by other families of 
photoinitiators, (such as benzophenone (c&= 1) [22] or 
thioxanthones derivatives ( r#+ = 0.6) [ 23]), under the same 
experimental conditions. This photochemical behaviour 
could be related to the intramolecular charge transfer char- 
acter of the lowest triplet state ofpNA> where charge transfer 
from its amino group to the aromatic ring is accentuated by 
the presence of the nitro group as an electron acceptor 141, 

It is difficult to determine the precise mechanism of a 
photoreduction event; electron-proton transfer and hydrogen 
atom transfer could be considered as two elementary photo- 
processes responsible for photoreduction of the nitro com- 
pounds [ 51. These two processes work concurrently and it is 
difficult to assess their relative importance, although several 
factors, such as the basicity of the solution, the protonic char- 
acter of the solvent, and the polarity of the medium, could be 

conditioning the relative degree of participation of both 
mechanisms in the photoreduction process [ 241. In order to 
characterize the photoreduction mechanism of pNA some 
experiments were carried out, where the tertiary amine was 
replaced by a good hydrogen donor, such as 2-propanol 
(IPA). The irradiation at 365 nm of an ethyl acetate solution 
with a molar proportion pNA/IPA I/ 10 induces a photo- 
chemical behaviour similar to that observed in thepNA pho- 
tolysis in absence of reducing agent. In addition, the quantum 
yield of pNA disappearance induced by the presence of alco- 
hol, & = 2 X 1 O-‘, is equal to that determined in the photol- 
ysis of pure pNA. Very likely, pNA is sterically hindered for 
direct hydrogen abstraction to occur, but is efficiently pho- 
toreduced by amines when the electron-proton transfer pre- 
vails [ 241, lending further support to the charge transfer 
character of the lowest triplet state of the initiator. 

3.3. Laser-pulsed photo&is of p-nitroaniline at 308 nm 

3.3.1. Emissiorl from the triplet stutc 

The laser pulsed irradiation at 308 nm of a 2.5 X 10e3 M 
solution of pNA in ethyl acetate induces a spectral emission 
characterized by a structureless broad band in the range 470- 
600 nm (see Fig. 4). This band matches the spectral char- 
acteristics of the emission registered with the spectrometer at 
77 K and 356 nm excitation wavelength (Fig. 2) and, con- 
sequently, could be assigned to phosphorescence from the 
first triplet state “( m*) of pNA [ 61. 

In Fig. 4 is also presented the dependence of the emission 
spectrum on pNA concentration after laser irradiation at 
308 nm. A weak emission band centred at 360 nm appears at 
very low concentration of pNA (5 X lop6 M). This band 
could be tentatively assigned to fluorescence emission from 
the first singlet state of the molecule [ 61. Its disappearance 
when the concentration of pNA increases could be due to a 
reabsorption process since, as seen in Fig. 2, this molecule 
presents an absorption maximum at 356 nm. The spectro- 
scopic features described above are modified neither by 
replacing ethyl acetate with acetonitrile as pNA solvent nor 

J 
300 400 500 600 700 

Wavelength (nm) 
Fig. 4. Emission spectra ofp-nitroaniline solutions in ethyl acetate after laser 
irradiation at 308 nm: 2.5 X lo-‘M (solid line), 5 X IO-‘M (dotted line), 
5X10~5M(dashedline),and5X10 ‘M(dottedanddashedline). 
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by irradiating the sample for a long time (around 3 h at 1 Hz 
repetition rate). No delayed fluorescence from the excited 
singlet state of the initiator was observed; therefore, the trip- 
let-triplet annihilation reaction could be neglected [ 251. 

The temporal evolution of the phosphorescence emission 
at room temperature reveals that the lifetime of the pNA 
triplet state is, in all solutions, less than 30 ns. The actual 
value for the lifetime could not be determined because it is 
convoluted with the time profile of the photolysis laser at 
308 nm. The cause of this short lifetime cannot be ascribed 
to an intermolecular quenching process: if oxygen quenching 
of this triplet state is assumed to be diffusion controlled, 
k dlf = lo9 M-’ sP ‘, what implies a deactivation rateconstant 
of = IO6 s- ’ for an oxygen concentration [0,] = lop3 M. 
Thus, the triplet lifetime should be = 1 us., orders of magni- 
tude longer than the experimentally obtained value. To the 
best of our knowledge, there are no data reported in the 
literature on the lifetime of the lowest triplet state of pNA at 
room temperature. However, it is known that some aromatic 
nitro compounds have very short triplet lifetimes (hundred 
of picoseconds) due to very rapid and efficient radiationless 
processes [ 261. The short lifetime of pNA triplet state makes 
this species insensitive to the presence of the dissolved oxy- 
gen in the medium. 

The quantum yield of pNA disappearance in ethyl acetate 
solution induced by laser irradiation at 308 nm was deter- 
mined by UV-visible spectroscopy and its value, &= 
4 X lo-‘, is similar to that determined under steady-state 
irradiation conditions. 

To gain a deeper insight into the pNA photochemistry, 
some experiments were carried out to analyse the influence 
of the different chromophore groups present in the nitro- 
compound. To this end, ethyl acetate solutions of aniline and 
nitrobenzene were photolysed under the same experimental 
conditions described above. The irradiation at 308 nm of a 
7 X 10m3 M aniline solution is followed by an intense emis- 
sion centred at 335 nm that could be ascribed to fluorescence 
[27]. As in previous studies [ 281, no phosphorescenceemis- 
sion was detected at room temperature. Nitrobenzene in a 
3 X 10 ~ 3 M ethyl acetate solution irradiated at 308 nm neither 
fluoresces nor phosphoresces, in good agreement with pre- 
vious studies reported in the literature [ 291. The spectro- 
scopic characteristics observed for nitrobenzene and aniline 
at 308 nm irradiation are independent of the optical density 
of the solutions. In addition, the irradiation of a mixture 1: 1 
in volume of aniline and nitrobenzene solutions with concen- 
trations 1.7 X lo-’ M and 1.5 X IO-” M, respectively (to 
ensure equal optical density of both chromophore groups at 
308 nm), induces an emission identical to that registered for 
aniline alone. This result is in agreement with the description 
of the nitrobenzene photoreduction by amines as a low effi- 
cient process leading to aniline as final product [ 241. Con- 
sequently, the photophysical characteristics of nitrobenzene 
are significatively modified by the presence of a NH, group 
as pm-u substituent, inducing changes in its electronic struc- 

ture that could be reflected in the photochemical behaviour 
of pNA. 

3.3.2. Lusrr photoreduction of’p-nitronniline 
The experiments were carried out adding different amounts 

of DEELA to a constant concentration, 3 X 10P4 M, of pNA 
and irradiating the resulting solutions at 308 nm (XeCl 
laser). The following pNA/DEELA molar proportions were 
selected: 1 /lo, l/20, I /50 and I / 100. The tertiary amine 
used as reducing agent has negligible absorption at 308 nm; 
even at the highest concentration used (3 X IO-’ M) , its 
molar absorption coefficient is at least I O4 times lower than 
that of pNA. 

The presence of DEELA causes the appearance of a new 
emission, very strong, with the maximum centred at 405 nm 
(see Fig. 5) and, once more. with lifetime below the exper- 
imental detection limit ( = 30 ns). At low amine concentra- 
tion, both the pNA phosphorescence and the new emission 
are simultaneously seen. As the amine proportion in the soh- 
tion increases, the new emission becomes more prominent 
until finally, at high concentrations, it is practically the only 
one observed. 

The intensity of the 405 nm emission increases and the 
phosphorescence of pNA decreases with the number of irra- 
diation pulses. The observed dependence becomes stronger 
when the molar proportion of DEELA in the sample 
increases. Fig. 6 represents the intensity of the 405 nm emis- 
sion as a function of the number of photolysis laser pulses 
for solutions with pNA/DEELA molar proportions I / 10, 1 / 
50 and I/ 100, respectively. When the concentration of amine 
is low, the intensity of the emission appears to be independent 
of the number of irradiation pulses, within the experimental 
errors, while at the highest amine concentration the emission 
intensity increases almost exponentially. It must be pointed 
out that, during laser irradiation, the colourlesspNA solution 
in presence of DEELA changes its colour towards a slightly 
different one, with a yellow component. In addition, the inten- 
sity of the emission at 405 nm was found to be critically 

300 400 500 600 

Wavelength (nm) 
Fig. 5. Emission spectra of a 3 X IO-’ M ethyl acetate solution of p-nitro- 
aniline (pNA) after laser irradiation at 308 nm with different molar propor- 
tions of 2-( N.N-diethylamino)ethanol (DEELA). The (pNA/DEELA) 
proportions arc indicated in parenthesis. 
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Fig. 6. Dependence of the emission intensity at 405 nm on the number of 
photolysis laser pulses at 308 nm for a 3 X 10 -m4 M ethyl acetate solution of 
p-nitroaniline with different molar proportions of 2-(N.N-diethylamino)- 
ethanol:pNA/DEELA=1/10(A),1/50(O)andI/100(~)respectively. 

dependent on the presence of oxygen, in spite of the fact that 
the photoreduction occurs from a short-lived triplet state, 
which is probably due to the aforementioned photo-oxidation 
process of the tertiary amine under aerobic conditions. Con- 
sistently, a higher yield of this process was observed when 
carefully deoxygenated solutions placed in cells sealed off 
under vacuum prior to UV excitation were used. 

When the aliphatic amine DEELA was replaced by a good 
hydrogen donor, such as IPA, the emission centred at 405 nm 
appears just as a shoulder on thepNA phosphorescence band, 
even when the concentrations of IPA as high as 3 X 10e2 M 
were added to the 3 X 1 Om4 M ethyl acetate solution of pNA. 
This result indicates that the photoreduction leads to the same 
transient or final product than that induced by amines but with 
a much lower quantum yield. 

3.3.3. Photoreduction quantum yields 
Quantum yields 4, for the disappearance of pNA were 

determined by UV-visible spectroscopy, measuring the 
decrease of the absorption band at 356 nm. The values 
obtained for I#+ in a deoxygenated 1.3 X lop3 Methyl acetate 
solution of pNAIDEELA l/50, irradiated with 308 nm 
pulses of different energy at 1 Hz repetition rate for time 
intervals up to three hours are shown in Table 3. The quantum 
yield decreases slightly as the irradiation time increases, due 
probably to absorption by photoreduction products, but does 
not show any significant variation over the photolysis energy 
range 0.5-3 mJ. No variation in the value of $r is observed 
either if the pNA concentration is decreased to 3 X 10m4 M. 

Also reported in Table 3 are the values of +r for deoxy- 
genated 3 X lo-’ M ethyl acetate solutions ofpNA/DEELA 
in molar proportions l/20 and 1 / 100. After two hours irra- 
diation, the photoreduction quantum yield is slightly higher 
for the solutions with the highest amine concentration. The 
highest value of 4, 2.8 X lo-‘, is obtained for the 1 / 100 
solution after laser irradiation during 10 min. 

The evolution of the absorption spectra of pNA/DEELA 
solutions in molar proportions l/20 and l/ 100, irradiated 

with 308 nm pulses at 1 Hz repetition rate under anaerobic 
conditions is presented in Fig. 7. It is observed a behaviour 
with irradiation time similar to that described under steady- 
state irradiation conditions (see Fig. 3). Irradiation for 2 h of 
the solution with a molar proportion pNA/DEELA l/100 
leads to a drastic change in the absorption spectrum; the 
absorption band of pNA centred at 356 nm splits into two 
overlapping bands with maxima at 315 nm and 375 nm, 
respectively, which could be ascribed to absorption by pho- 
toreduction products. 

The estimated quantum yields $I~ under laser irradiation 
are of the same order of magnitude as those determined in 
the steady-state photolysis. The apparent inefficient photo- 
reduction ofpNA by the tertiary amine DEELA, as compared 
with the quantum yields induced by other photoinitiators, 
could be attributed to the presence inpNA molecules offaster 
competing radiationless deactivation processes, which result 
in the short lifetime detected for the lowest triplet state of 
pNA. 

Table 3 
Photoreduction quantum yields ( 4,) ofp-nitroaniline (pNA) in the presence 
of different molar proportions of 2-(N,N-diethylamino)ethanol (DEELA) 
under pulsed laser irradiation at 308 nm and 1 Hz repetition rate: t,,,, irra- 
diation time 

pNA/DEELA ’ t,,, (nm) 44 

l/O 
1150 
I/50 
1150 
1150 
l/50 
1120 
l/l00 
l/l00 

180b 
60 b 

120h 
180” 
180’ 
360 ’ 
120h 

10 h 
120b 

4.5 x lo-? 
1.8 x lo-’ 
1.2x lo-’ 
1.2x 1om2 
1.3x lo-’ 
1.4x lo-* 
6.8 x lo-’ 
2.8~ IO-’ 
9.9x lo-’ 

“[I.‘NA]=~.~x~O~~M. 
h Pump energy: 3 mJ per pulse. 
’ Pump energy: 0.5 mJ per pulse. 

0.5 
t 

0’(1/20 and l/100) 

0.4 
s 
3 0.3 

5 
2 0.2 
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0.D 
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Wavelength (nm) 
Fig. 7. UV-visible absorption spectra at different irradiation times of 
3 X 10e4 M ethyl acetate solutions of p-nitroaniline with different molar 
proportions of 2(N.N-diethylamino)ethanol after laser irradiation at 308 nm 
and 1 Hz repetition rate under anaerobic conditions. The @NA/DEELA) 
proportions are indicated in parenthesis 
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3.3.4. Laser intensity dependence of the emissions at405 nm 
and 500 nm 

Measurements of the dependence on irradiation laser inten- 
sity of the emissions at 405 nm and 500 nm from solutions 
of pNA in ethyl acetate with and without DEELA, respec- 
tively, were carried out. In these experiments, the concentra- 
tion of pNA was 3 X lo-” M, and the molar proportion of 
pNA/DEELA was chosen to be 1 /IO, in the region where 
the intensity of the 405 nm emission was independent of the 
irradiation time. 

The probability of biphotonic absorption, W, in a sequential 
process in absence of saturation is quadratically dependent 
on the laser intensity I [ 301: 

WaZ’ (1) 

Thus, a sequential biphotonic absorption should yield a 
straight line with slope 2 in a log-log representation of the 
intensity of the observed emission versus the intensity of the 
incident pump intensity. In Fig. 8 it is shown such a repre- 
sentation for the emissions at 405 nm and 500 nm. Each point 
in this figure is an average over 32 laser shots. The experi- 
mentally obtained slope for the 405 nm emission is 1.8 + 0.1, 
close to the theoretically expected value for a sequential two- 
photon absorption. The error quoted corresponds to one stan- 
dard deviation of the mean. The discrepancy with the 
theoretical value is of the expected magnitude in this type of 
measurements in which the pump beam is mildly focused 
[ 3 11. Thus, it can be concluded that the emission centred at 
405 nm follows a single-pulse two-photon sequential 
absorption. 

The behaviour of the emission at 500 nm is totally differ- 
ent. In this case, the value found for the slope, 0.90 & 0.04, is 
close to the single-photon absorption value of 1, confirming 
the assignation of this emission to thepNA phosphorescence. 

3.4. Laser pulsed photolysis of p-nitroaniline at 337 nm 

Irradiation of a 5 X 1 O-” M ethyl acetate solution of pNA 
with pulses from a N2 laser (337 nm) induced phosphores- 

s 

Pump Intensity (a.u.) 
Fig. 8. Pump laser intensity dependence of the emissions at 405 nm ( l ) 
and 500 nm (H) The solid lines represent the best linear fits to the data 
points. 

cence emission from the initiator with the same spectroscopic 
and temporal characteristics as those observed after the laser 
irradiation at 308 nm. Likewise, the irradiation at 337 nm of 
the above pNA solution incorporating different molar pro- 
portions of the tertiary amine DEELA as coinitiator induces 
both the new emission centred at 405 nm and the decrease of 
the pNA phosphorescence at 500 nm. The detection of the 
405 nm emission after irradiation with the 10 ns N?-laser 
pulses allows us to establish 10 ns as the upper limit of the 
time required to generate the pNA photoreduction products 
responsible for this emission. These results, together with 
those obtained in the steady-state photolysis experiments, 
allow us to conclude that the photoreduction mechanism of 
pNA by an aliphatic tertiary amine is independent of the 
radiation wavelength. 

3.5. Analysis of the initiator photolysis products 

Further information about the pNA photoreduction mech- 
anism can be obtained by studying the nature of the products 
generated in its photolysis. To this end, ethyl acetate solutions 
ofpNA in presence of the tertiary amine were irradiated under 
both steady-state and laser photolysis conditions, and the 
products were analysed by gas chromatography-mass spec- 
trometry. Prior to the mass analysis the irradiated samples 
were subjected first to solvent evaporation and then to reac- 
tions producing their trifluoroacetyl derivatives (see 
Section 2). 

The samples analysed were solutions of pNA 1 X 10 ’ M 
with molar proportions of pNA/DEELA l/50 and l/20 for 
laser photolysis experiments at 308 nm and steady-state pho- 
tolysis studies at 365 nm, respectively. In both cases, the 
irradiation time was 3 h (at 1 Hz repetition rate in the pulsed 
laser irradiation). 

In both experiments three main products were isolatedafter 
irradiation: the remanent pNA, the derivatized DEELA, and 
a compound of mass 300 with a spectrum that could be 
assigned to the hexafluorated derivative of BDA. This com- 
pound is the principal and final product generated in thepNA 
photoreduction induced by DEELA. The low resolution of 
the CC-MS as well as the treatment required to obtain the 
trifluoroacethyl derivatives of the photolysed samples 
increase the complexity of the spectra, making it impossible 
the unequivocal identification of other products. 

The above identitication of BDA as the principal pNA 
photoreduction product was confirmed by studying the 
behaviour under laser irradiation and the spectroscopic char- 
acteristics of pure BDA in a 6 X IO -’ M ethyl acetate solu- 
tion. The laser irradiation at 308 nm of this solution induces 
a strong emission centred at 405 nm that completely matches 
both the spectrum and the lifetime of the emission band 
observed in the photolysis of pNA in presence of the tertiary 



amine. This emission can be assigned to the BDA fluores- 
cence since its spectrum is similar to that registered with the 
spectrometer at room temperature. In addition, the UV-visi- 
ble absorption spectrum of pure BDA presents a clear maxi- 
mum around 320 nm, in the same spectral region as that in 
the spectrum of pNA/DEELA l/ 100 under long time 
irradiation. 

3.6. Mechanism of the pNA photoreduction 

Taking into account all the experimental evidence pre- 
sented in this paper. the reaction pathway in Scheme I can 
be tentatively proposed as the photoreduction mechanism of 
pNA by DEELA induced both under laser and steady-state 
photolysis. 

NH2-Ph-I?O,H is postulated as the first step in the pho- 
toreduction mechanism of pNA, by analogy with other nitro- 
benzene derivatives where the hydroxyphenylaminyl-oxide 
radical Ph-N02H has been assigned as the primary radical 
from hydrogen abstraction from their excited triplet states 
[ 32,331. Taking into account the electronic spin resonance 
studies after photolysis of nitro compounds with hydrogen 
donors [ 34,35]? it is difficult to devise a convincing pathway 
from NH,-Ph-N02H to NH,-Ph-NH, that does not involve 
several intermediate dark reactions from the radical to the 
formation of p-anilin-hydroxylamine and p-nitrosoaniline. 
While it is reasonable to postulate that these intermediates 
should play a role in the pNA photoreduction mechanism, it 
must be recognized that direct evidence by either gas chro- 
matography-mass spectrometry or absorption spectroscopy 
is still lacking. 

The laser-flash photolysis studies ofpNA described in this 
work allow to establish 10 ns as the upper limit of the time 
required to complete the photoreduction process. The present 
results, therefore, suggest that, in pNA, the rate of the inter- 
molecular hydrogen abstraction is comparable with, or less 
than, other radiationless processes. In fact, rate constants for 
quenching by the charge-transfer mechanism are expected to 
be higher than those for radical-like hydrogen atom abstrac- 
tion [36]. 

Although it is difficult to postulate a complete mechanism, 
the photoreduction of pNA to BDA should be expected to 

(PW 
Nb 

A ’ 

Excipler 

+ products 

1,Cbenzenediamine 
WA) 

Scheme I. 

involve several hydrogen abstractions from the tertiary amine 
molecules acting as coinitiators. This fact would determine 
the generation of several amino-radicals for each pNA mol- 
ecule photoreduced. Consequently, and in spite of the low 
photoreduction activity presented by thepNA/DEELA solu- 
tions, the high concentration of amino-radicals could result 
in an enhanced efficiency on the initiation of polymerization 
photoinduced by this system. Studies to elucidate the molar 
proportion of the photoinitiator molecule photoreduced with 
respect to the amino-radicals generated, as well as the activity 
of the pNA/DEELA system as photoinitiator of polymeri- 
zation are in progress. 
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