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We have investigated the isomers ortho-, meta-, and para-nitro-benzaldehyde (NBA) by means of ultra-
fast emission and absorption spectroscopy. The fluorescence dynamics of all three molecules are very
similar and feature bi-phasic emission decays with time constants of <100 fs and ∼ 1 ps. The first pro-
cess goes along with a strong loss of oscillator strength, which we assume is the result of a non-radiative
1��∗ → 1n�∗ transition. These commonalities are contrasted by qualitatively different transient absorp-
tion signatures: For the photo-reactive isomer o-NBA, signatures of a ketene intermediate in the electronic
hotochemistry
emtosecond spectroscopy
luorescence
bsorption
itrobenzaldehyde
ydrogen transfer

ntersystem crossing

ground state are observed. Its formation time matches the slower component of the emission decay. The
ketene afterwards experiences pronounced cooling dynamics on the picosecond timescale followed by
its decay in the nanosecond regime. For the non-reactive isomers m- and p-NBA, time constants with
values similar to the ones derived from the emission experiment are found in the absorption experiment.
In addition, at later delay times, a distinct spectral signature is observed for both isomers which decays
within ∼ 1 ns and is assigned to a triplet state. This triplet decay is preceded by a process on the 10 ps
timescale which we tentatively assign to a transition within the triplet manifold.
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. Introduction

Nitroarenes find widespread application in (industrial) syn-
hetic chemistry [1]. Large scale production relies on the thermal
hemistry of these compounds, but highly specialized applica-
ions make use of their photochemistry. In these applications,
itroarene residues serve as photolabile protecting groups [2–4].
hile synthesizing a target molecule photolability can add

nother “dimension” in an orthogonal protection strategy [5].
t further allows for temporal and spatial control of chemical
eactivity—properties exploited in DNA chip synthesis [6] and
aged compound experiments [7,8].

These applications profit from knowledge on the fundamental
hotochemical and photophysical properties of these compounds.
he knowledge should of course include information on their
uorescence properties since they map out the behavior of the
rimarily excited states. Yet, nitroarenes are often termed “non-

uorescent” [9] and so data on their fluorescence and particularly

ts time dependence are scare. Recently, Peon and co-workers have
eported on the fluorescence decay of some polycyclic nitroarenes
9]. They have observed bi-phasic emission decays with fast time

∗ Corresponding author. Tel.: +49 89 2180 9243; fax: +49 89 2180 9202.
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onstants as short as ∼ 50 fs and longer lived components on the
icosecond timescale. For these molecules, intersystem crossing to
triplet state is believed to be the major deactivation channel of

he excited singlet state which has very recently been supported
y means of a theoretical investigation [10]. Participation of triplet
tates in the photochemistry and photophysics of nitroarenes is
onsidered rather general [11–13]. Contrary to other aromatics, the
riplet states of several nitroarenes have been shown to be short-
ived (∼ 1 ns) [12,13]. However, for nitroperylene – a polycyclic
itroarene larger than the ones studied by Peon and co-workers –
xperiments pointed to rapid internal conversion instead of inter-
ystem crossing to hold responsible for the depletion of the excited
inglet state [14].

To our knowledge no time-resolved fluorescence experiments
n a nitrobenzene derivative have been reported so far. Such
xperiments are particularly important in the context of pho-
olabile protection since many of the protecting groups used
here are derived from nitrobenzene [2,3]. In this study, we
resent time dependent fluorescence and absorption spectra of
he ortho-, meta-, and para-isomers of nitrobenzaldehyde (o-, m-,

-NBA). This enables us to compare a photo-reactive nitrobenzene
erivative (o-NBA) with non-reactive ones (m-NBA, p-NBA). o-NBA
hoto-transforms into ortho-nitrosobenzoic acid (Scheme 1) [15],
hereas m- and p-NBA have been shown to be photo-inert in most

rganic solvents [15–17]. The photoreaction of o-NBA is known

http://www.sciencedirect.com/science/journal/10106030
mailto:Peter.Gilch@physik.uni-muenchen.de
dx.doi.org/10.1016/j.jphotochem.2008.06.011
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Scheme 1. Structures involved during the light-ind

or more than a century and its mechanism has been addressed
y time-resolved studies with nano- and picosecond time reso-
ution [18,19]. By means of femtosecond IR spectroscopy, we have
ecently shown that the first ground state intermediate of this
eaction forms in 400 fs [20]. This intermediate adopts a ketene
tructure which results from an intramolecular hydrogen transfer.
his fundamental chemical reaction step is considered canonical
or all nitroarene based protecting groups [3,21]. Here, we will
nterconnect the formation of the ketene with the fluorescence
ecay. We will further present surprising commonalities in the
uorescence behavior of reactive and non-reactive isomers as well
s distinct differences in the transient absorption signatures.

. Experimental

The femtosecond fluorescence data were recorded using an opti-
al Kerr-shutter which is described in detail in ref. [22]. In brief,
portion of the output of a 1 kHz laser/amplifier system (Clark

PA2001) was used to drive a non-collinear optical parametrical
mplifier (NOPA) and an optical parametric amplifier (OPA). The
OPA generates pulses at 540 nm, which were frequency doubled to
ventually yield the excitation light at 270 nm with a pulse energy
f ∼ 500 nJ/pulse. At the sample location this beam was focussed
own to a diameter of ∼ 150 �m. The OPA delivered the gate pulses
t 1100 nm with 28 �J/pulse. The Kerr-medium, a fused silica plate
ith a thickness of 0.32 mm, is placed between two wire grid
olarizers (Moxtek, PLL04 fused silica substrate). Fluorescence was
ollected employing solely reflective aluminium coated optics and
etected after spectral dispersion using a liquid nitrogen cooled
CD array. An appropriate filter (KG5) was used to reject strayed
ate light. At each delay position data were accumulated for 5 s
nd the results of 30–50 scans of the time delay were averaged.
o determine the time resolution of the experiment, the autocor-
elation widths (FWHM) of pump (65 fs) and gate (40 fs) pulses
ere recorded. Based on these pulse durations, the width of the

xperimental response function should be around 80 fs. Since the
uorescence light and the gate pulse propagate through the Kerr-
edium with different group velocities, the effective response time
ill be higher. A calculation based on the dispersion properties

an account for that and yields an instrumental response time of
00–110 fs. The experimental dependencies of time zero t0(�) due
o group velocity dispersion as well as the spectral sensitivity of the
ating process have been taken into account. Further, the effect of
e-absorption by the sample as well as the spectral sensitivity of
he setup have been thoroughly corrected for. In the latter proce-
ure, a black-body radiator served as a reference for wavelengths

arger than 460 nm [22]. For smaller wavelengths, we resorted to
he well characterized fluorescence of 1-methyl naphthalene [23]
s a reference. As the absorption of the sample rises and the spectral
ensitivity drops with decreasing wavelength a reliable correction
s only possible for wavelengths >320 nm. The steady state fluores-

ence spectrum was obtained using the Kerr-gate setup with the
ate pulse blocked and the second polarizer removed for better
ransmission.

In the transient absorption experiments, the frequency tripled
undamental of a femtosecond laser/amplifier system (Clark CPA

e
d
h

p

transformation of o-NBA to o-nitrosobenzoic acid.

001) served as pump light (258 nm, 800 nJ/pulse, ∼ 100 � m diam-
ter at the sample location). White light pulses with magic angle
olarization with respect to the pump pulse were used as probe

ight and detected with a 512-channel diode array read out at 1 kHz
24]. The data presented is an average of six delay scans, each with
n acquisition time of 4 s at every delay position. To determine the
ime resolution of 200 fs (FWHM) and correct for dependencies of
ime zero t0(�) due to group velocity dispersion the Kerr-effect
nduced by the pump pulse in a solvent jet was used to gate the
robe light.

In all experiments, the sample solutions were flown through the
xcitation region using a wire-guided jet [24,25]. The thickness of
he jet was ∼ 250 � m and the flow rate ensured a sample exchange
n between consecutive laser shots. The absorption of the respec-
ive sample was adjusted to ∼ 1.5 OD at the excitation wavelength.
cetonitrile (Sigma–Aldrich, Chromasolv) served as solvent in all
easurements performed. The NBA isomers as well as thymidine
ere purchased and used as received (o-NBA Merck >99%, m-NBA
ldrich 99%, p-NBA Aldrich 98%, thymidine Fluka >99%).

The time-resolved data were analyzed using a global fitting pro-
edure. Here, it is assumed that the signal S(�, t) can be modeled
sing a sum of exponential decays convoluted with a Gaussian

nstrumental response function IRF:

(�, t) = IRF ⊗
(

n∑
i=1

Ai(�)e−(t−t0)/�i

)
with t − t0 ≥ 0

In this representation, Ai(�) is the amplitude associated with
he time constant �i at the wavelength �. The FWHM values of the
nstrumental response functions IRF of the respective experiment
ave been determined as stated above.

. Results

.1. Fluorescence experiments

The absorption spectrum of o-NBA features several rather broad
ransition bands which strongly overlap with each other (Fig. 1).
he weak red wing of the absorption extends to almost 400 nm. In
he emission experiments, the excitation wavelength was tuned to
70 nm for the sake of comparison with earlier work [20]. When
xcited with 270 nm femtosecond pulses all solvents tested emit
n appreciable background emission. This emission is dependent
n the batch and bottle of the respective solvent used and often
urmounts that of o-NBA. Acetonitrile features the lowest back-
round emission and was thus chosen for the present study. We
ave inspected the concentration and intensity dependencies of
cetonitrile solutions of o-NBA assuring that the genuine emission
rom o-NBA has been observed. Its fluorescence extends from below
20 nm to beyond 600 nm (Fig. 1) and features a maximum around
55 nm. The maximum of the fluorescence spectrum is higher in

nergy than the lowest absorption band of o-NBA (see spectral
econvolution in ref. [26]). This clearly shows that emission from a
igher excited state is observed.

The quantum yield of this emission can be determined by com-
arison with the fluorescence of thymidine (inset in Fig. 1). The
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Fig. 1. UV–vis spectrum (solid line) and steady state fluorescence spectrum (dot-
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Fig. 2. Femtosecond fluorescence of o-NBA after 270 nm excitation. (a) Contour
plot of the transient fluorescence. (b) Time traces of the signal averaged between
387–417 nm (solid line) and 481–523 nm (dotted line). (c) Transient fluorescence
spectra recorded at delay times as indicated. (d) Steady state fluorescence (black
line) compared to the amplitude spectrum of the mono-exponential analysis (60 fs
t
w
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ed) of o-NBA after excitation at 270 nm. The modulation on top of the fluorescence
ignal is due to the imperfectness of the spectral correction and residual strayed
ight within the setup. The inset compares the fluorescence intensities of thymidine
solid) and o-NBA (dotted).

ntegrated emission spectra of o-NBA and thymidine exhibit a ratio
f ∼ 1/30. As the integration did not cover the complete spec-
rum of o-NBA this ratio represents a lower limit for the relative
uorescence intensity of o-NBA. The fluorescence quantum yield
f thymidine in aqueous solution amounts to ∼ 1 × 10−4 [27,28].
ssuming a similar value to hold for thymidine in acetonitrile, the
uorescence quantum yield of o-NBA is as low as ∼ 4 × 10−6. This
xtremely low value already indicates the very rapid depopulation
f the emissive excited state(s). The fluorescence quantum yield �fl
s given by the ratio of the fluorescence lifetime �fl and the radiative
ifetime �rad

fl = �fl

�rad
.

For the yield of o-NBA, �NBA
fl in relation to that of thymidine �T

fl
his implies

�NBA
fl

�T
fl

= �NBA
fl

�T
fl

· �T
rad

�NBA
rad

≈ �NBA
fl

�T
fl

· �NBA

�T
.

The second approximate equality holds since the radiative rate
/�rad is proportional to the extinction coefficient � [29], provided
hat the absorption bands have similar widths. With our Kerr-gate
etup, we have measured the transient fluorescence of thymidine
nd determined �T

fl in acetonitrile to be 0.32 ps. This value is in
ine with the value of 0.47 ps found for thymidine in water [28].
ased on the extinction coefficients, �NBA = 4000 M−1 cm−1 and
T = 10, 500 M−1 cm−1 and a ratio �NBA

fl /�T
fl ≈ 1/30 we estimate the

uorescence lifetime �fl of o-NBA to be ∼ 30 fs.
The value of this lifetime is determined by recording the tran-

ient fluorescence of o-NBA after excitation at 270 nm (Fig. 2). This
xperiment covers detection wavelengths greater than 385 nm. For
maller wavelengths, the signal is hidden underneath strayed third
armonic light of the gate pulse, which is generated in the Kerr-
edium. The emission of o-NBA drops below the detection limit
ithin less than a picosecond and shows only weak spectral depen-
encies. Inspection of time traces (Fig. 2b) shows that the dominant
ecay time of the fluorescence is of the order of the instrumental
esponse time (∼ 110 fs). But another very weak contribution is

lso observed which decays within several hundreds of femtosec-
nds. In the contour representation of the data this contribution is
ardly discernible from the noise. For better perception, two ranges
f the signal around 400 and 500 nm, respectively, were averaged
nd normalized with respect to each other (Fig. 2b). Only the time

t
e
b
o
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ime constant, green line) and the sum of the 50 and 400 fs fit components weighted
ith the respective decay time, which were obtained from a bi-exponential analysis

green line) (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of the article.).

race centered around 500 nm features a remarkable amount of
his longer lived component. To obtain quantitative information, we
ave analyzed the data using the global fit procedure as described
bove. Modeling the data with a single exponential decay yields a
ime constant of 60 fs. But this analysis fails to properly describe the
eak longer lived contribution to the signal at longer wavelengths.
much better agreement between fit and experimental data espe-

ially in this spectral region is found using two exponential decay
unctions with time constants of �1 = 50 fs and �2 = 400 fs. The
alue of �1 matches the above prediction based on the fluorescence
uantum yield. The ratio of the amplitudes of both components
an only be estimated as the maximum of the 50 fs contribution
s not spectrally resolved and the 400 fs contribution is too weak
o extract a proper amplitude spectrum. Yet, in the spectral range
ccessible the amplitudes of both components differ by roughly

wo orders of magnitude. Fig. 3 b illustrates the necessity of a bi-
xponential modeling of the data: the fluorescence signal averaged
etween 481 and 523 nm is depicted together with the results
f mono- and bi-exponential fits of this data with the time con-
tants of the respective global analysis set as a fixed parameter.
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Fig. 3. (a) Normalized time traces of the fluorescence decays of o-, m-, and p-NBA
after 270 nm excitation. The signal averaged between 387–417 nm (391–413 nm in
case of p-NBA) is represented in dotted blue lines and the signal between 480 and
523 nm in red solid lines, respectively. (b) Long wavelength emission decays as in
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data and fit was obtained with values for these time constants
of �2 = 0.4 ps, �3 = 1.4 ps, �4 = 6.6 ps, �5 = 220 ps, and an off-
set plus the respective decay-associated spectra (Fig. 4c).2 The
time constant �5 = 220 ps describes the delayed rise of the ketene

1

a) plotted as circles and compared to mono- (dashed lines) and bi-exponential fits
solid lines) of the data with the time constants obtained from the respective global
nalysis (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of the article.).

nly the bi-exponential analysis properly describes the weak, yet
on-negligible signal contributions at later delay times. Another
ross-check is possible to substantiate the need of the 400 fs decay
omponent and further to exclude the involvement of any longer
ived components. Taken a sum of exponential decays, the time-
ntegrated (steady state) signal Sint(�) is given by the sum of the
mplitude spectra Ai(�) weighted with the respective decay time
i:

int(�) =
n∑

i=1

Ai(�)�i

As can be seen from Fig. 2 d, a satisfactory agreement between
he static spectrum and the quantity Sint(�) – especially in the red
ing of the emission – is only obtained from the bi-exponential

nalysis which yielded the 50 and 400 fs time constants.
For comparison, the same experiments were conducted for m-

BA and p-NBA (Fig. 3). Surprisingly, the emission decay patterns
f the non-reactive isomers m- and p-NBA strongly resemble the

ne of the photo-reactive o-NBA: The largest part of the emis-
ion signal decays within approximately 200 fs after excitation.
s in the case of o-NBA, we also observe extremely weak longer

ived components for the other isomers. Besides, the amplitudes
f these components again seem to be more pronounced at longer
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avelengths. For better perception, we have presented two nor-
alized time traces for each isomer—one in the blue and one in

he red wing of the detected signal. To enhance the depiction of the
onger lived components, we have averaged the signal over sev-
ral wavelengths—namely between 387 and 417 nm (391–413 nm
n case of p-NBA) in the blue and between 481 and 523 nm in the
ed part of the spectrum (Fig. 3a). The data of m-NBA and p-NBA
ave been subject to global analyses using single and double expo-
ential decays, respectively. Time constants of 80 fs for m-NBA and
0 fs for p-NBA were retrieved from the single exponential fits. The
i-exponential modeling of the data yielded decay constants of
1 = 60 fs and �2 = 900 fs in the case of m-NBA as well as �1 = 80 fs
nd �2 = 1 ps for p-NBA. Here, it has to be stressed that the numer-
cal values of the longer time constants are subject to large errors
f up to 95%. Nevertheless, the match between experimental data
nd fit especially in the red wing of the respective emission is con-
iderably better if a second decay component is included. As in the
bove-mentioned case of o-NBA, this improvement is illustrated
y comparing the mono- and bi-exponential analyses of the emis-
ion decays of m-NBA and p-NBA in this spectral region (Fig. 3b).
t can be clearly seen that both for m-NBA and p-NBA the weak
onger lived signal contributions cannot be reproduced if only a
ingle exponential decay is taken into account.

.2. Transient absorption experiments

The absorption changes of all three NBA isomers were recorded
fter excitation with 258 nm pulses. An inspection of the absorption
hanges along the time axis exhibits that this excitation induces
ulti-exponential dynamics in all three cases which take place

n several timescales (Fig. 4 a, d and g). For o-NBA, we find a
road and structureless induced absorption immediately after exci-
ation (Fig. 4b).1 The signal afterwards decays and gives way to
n absorption band centered around 450 nm (see also Fig. 5). In
ccordance with the results from matrix isolation spectroscopy [30]
nd previous results from our group [20] this absorption band can
nambiguously be assigned to the first ground state intermediate
f the photo reaction of o-NBA which is a ketene (Scheme 1). It can
e seen that the ketene absorption is already present after several
icoseconds but is subject to further slower dynamics. It rises to

ts maximal signal on the 100 ps timescale and starts to decay in
he nanosecond time regime. This decay is strongly dependent on
he amount of water in the solvent and takes place on the 10 ns
imescale if only traces of water are present. The described kinet-
cs was parametrized using the global fitting routine described in
ection 2. To improve the stability of this fit, the global analysis
as confined to a maximum delay time of 1 ns where the ketene

bsorption reaches its maximum value. In plots of decay traces
n a logarithmic time axis (see Fig. 4 a), four turning points can
e discerned in this time range. Such turning points mark kinetic
omponents. In line with that a singular value decomposition [31]
ffords four dominant singular values. Therefore, in the global
nalysis four time constants were used. A good agreement between
In comparison with our previous results on o-NBA in ethanol [20], we observe
pectral differences especially at the very blue and red edges of the probed spectrum.

e found that these deviations are caused by a chromatic error of the previous setup
hich has been eliminated in the experiments presented here.
2 Please note that �1 is left out intentionally while numbering the time

onstants—see Section 4.
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Fig. 4. Transient absorption of o-NBA (upper panel), m-NBA (center), and p-NBA (lower panel) after 258 nm excitation. Time traces of the signal are shown in graphs (a) (at
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respective spectrum are subject to uncertainties. The subsequent
processes feature characteristic time constants of �2 = 1.4 ps and
�3 = 7.5 ps followed by the decay of the species with the absorp-
tion bands around 400 nm and in the very red wing of the covered
49 nm), (d and g) (329 nm) on a logarithmic time axis. The circles mark the time
isplay of the 220 ps process. Graphs (b), (e), and (h) depict transient spectra taken
he time constants yielded by the global analyses. Please note the axis break and th
ime constants for m- and p-NBA and the corresponding amplitude spectra (plotted

bsorption as indicated by a negative fit amplitude around 450 nm.
he decay-associated spectra of the time constants �3 and �4 (1.4 ps,
.6 ps) both feature sigmoidal amplitude spectra and together
escribe an overall blue-shift of the early absorption spectra. The
mplitude spectrum associated with the 0.4 ps process shows only
ositive fit amplitudes and strongly rises towards the UV spec-
ral range. The pronounced dip in this spectrum between 400 and
00 nm indicates that this process can be related to the ketene for-
ation. In the time trace of the transient absorption signal at a

robe wavelength of 349 nm the time constants obtained in that
anner are marked as circles (Fig. 4a).
Similar to o-NBA, the transient absorption of m-NBA also shows

broad induced absorption band after excitation (Fig. 4e). The sig-
al decays on the picosecond timescale to form a species which

eatures a distinct absorption band centered around 400 nm and
nother band whose maximum is not observed as it lies beyond
00 nm, the largest wavelength covered here. The spectrum of this
pecies is most pronounced after several hundreds of picoseconds
see Fig. 5) and subsequently decays on the nanosecond timescale
eaving only a weak offset at the largest delay time covered (2 ns).
he decay of the transient signal at a probe wavelength of 329 nm
xhibits four turning points, indicating that four kinetic processes

ccur. Consequently, we used four exponential decay components
o model the data in the corresponding global analysis. The respec-
ive decay-associated spectra as well as the weak remaining offset
re shown in Fig. 4 f: The time constant �1 = 0.17 ps obtained by this
nalysis describes the decay of the initially observed broad induced

F
t
o

ants obtained from the global analysis procedures. The inset in (a) is for a better
lay times as indicated. Graphs (c), (f), and (i) show the decay-associated spectra of
pression in graph (i) for better perception of the smaller amplitudes. The shortest
tted lines) are subject to considerable uncertainties.

bsorption. As its value is close to the width of the instrumental
esponse function and further the data around time zero is not per-
ectly described by this fit, this time constant and the shape of the
ig. 5. Transient absorption spectra of o- (solid line), m- (dashed), and p-NBA (dot-
ed) taken 250 ps after excitation at 258 nm. On this timescale the different outcome
f the photo excitation of o-NBA as compared to m- and p-NBA is most pronounced.
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Table 1
Compilation of the time constants in picoseconds and their estimated errors deter-
mined is this study for the three NBA isomers by ultrafast emission and absorption
experiments

o-NBA m-NBA p-NBA Error (%)

Emission
�1 0.05 0.06 0.08 ±15
�2 0.4 0.9 1.0 +95, −45

Transient absorption
�1 – 0.17 0.07 ±25
� 0.4 1.4 1.8 +50, −25
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2

�3 1.4 7.5 8.7 +30, −15
�4 6.6 – – +65, −35
�5 220 760 1200 ±15

pectral range with �5 = 760 ps.3 In the visible spectral range, the
pectra associated with �2 and �3 together roughly exhibit a mirror
ymmetry to the spectrum of �5 indicating that the species decaying
ithin 760 ps is at least partially formed by these processes.

The transient spectra taken after excitation of p-NBA (Fig. 4h)
trongly resemble the ones of m-NBA. Differences to our observa-
ions on m-NBA are that the initially appearing broad absorption
hows stronger contributions in the red wing of the spectrum and
hat a delayed rise of the signal is observed in the UV spectral range.
he latter feature is clearly seen by comparing the time traces of
he transient absorption of both isomers at 329 nm (Fig. 4 d and
). Further, the overall signal magnitudes for delay times <10 ps are
uch larger in the case of p-NBA. At later delay times, a species

eaturing absorptions around 400 nm and beyond 600 nm can also
e identified (Fig. 5). It features a signal amplitude of ∼ 5 mOD
hich is similar to the corresponding signal of m-NBA. Thus, as

oth experiments have been carried out under identical conditions
he absorption strengths of the corresponding species are of sim-
lar magnitude. Again, this species decays within ∼ 1 ns to leave
nly a small offset absorption at the latest delay times covered
ith our setup. The time trace of the signal at 329 nm depicted

n Fig. 4 g indicates that multiple processes on several timescales
ccur. The global analysis well reproduces the data using four time
onstants. It yields values of �1 = 0.07 ps, �2 = 1.4 ps, �3 = 8.7 ps,
nd �5 = 1200 ps4 as well as an offset and the respective decay-
ssociated spectra (Fig. 4i). The process proceeding with �5 is again
inked to the decay of the species with the absorption bands around
00 nm and beyond 600 nm. The spectrum associated with �3 fea-
ures only positive amplitudes and resembles the one of �3 found
or m-NBA. The process described by �2 marks the decay of the ini-
ially observed induced absorption as the associated spectrum is
ery similar to the transient spectrum recorded after 0.2 ps (Fig. 4h).
he shortest time constant �1 represents a very fast contribution to
he decay of this absorption but features a negative fit amplitude
n the very blue part of the spectrum. It thus describes the delayed
ise of the signal observed there which is best seen in Fig. 4 g.

For better comprehension Table 1 summarizes the time con-
tants derived from the emission and absorption experiments of
ll three NBA isomers.

. Discussion
We have measured the ultrafast dynamics of all three NBA iso-
ers by means of fluorescence and absorption spectroscopy. The

uorescence dynamics of all three samples are found to be strik-

3 Please note that �4 is left out intentionally while numbering the time
onstants—see Section 4.

4 Please note that �4 is left out intentionally while numbering the time
onstants—see Section 4.
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ngly similar: The largest part of the fluorescence signal decays
ithin �1 < 100 fs. In addition, very weak contributions to the sig-
al with lifetimes �2 of ∼0.4–1.5 ps are found in the red wing of the
ransient fluorescence. The pronounced red wings can be taken as
n indication for structural distorsions in the excited state and/or
he contribution of more than one excited state to the fluorescence
mission. One would expect that the two time constants seen in
he fluorescence data are also measured in the transient absorp-
ion experiment. Allowing for rather large errors this turns out to be
rue for m- and p-NBA. For o-NBA similar values for �2 ∼ 400 fs are
ound in both experiments but the shortest time constant �1 = 50 fs
f the emission decay cannot be retrieved from the absorption data.
his could be due to the fact that – judged from the fluorescence
xperiment – in this case the two time constants are closer to each
ther. Further, they are close to the instrumental response time of
he absorption experiment (∼ 200 fs). Both facts might explain why
he fitting procedure fails to disentangle these two processes, here.
till, based on the fluorescence data one can unequivocally state
hat all isomers feature a sub 100 fs decay process which goes along
ith a strong decrease of oscillator strength. For p-NBA – the com-
ound with the strongest ground state absorption – this process
ven shows up in the transient absorption experiment as a decaying
timulated emission. In all three cases, this initial dynamic is fol-
owed by a ∼ 1 ps process observed in both experiments as a decay
f a weak fluorescence component and the decay of an induced
bsorption band, respectively.

A possible interpretation of the early dynamics associated with
1 and �2 could be based upon the results by Peon and co-workers
ho investigated nitrated polyaromatics by means of fluorescence
p-conversion and also observed bi-exponential emission decays
ith fast time constants in the 100 fs range and slow contributions

n the picosecond timescale [9]. They have assigned the fast com-
onents to a structural change within the initially excited singlet
tate, whereas the slower decays were associated with intersystem
rossing to the triplet manifold. The structural change on the 100 fs
imescale could for instance be related to a twist of the nitro group
ut of the aromatic plane as observed in related nitrated aromatic
olecules (p-nitroanilines) [32,33]. If this model held in the case of
BA, the process associated with �1 would be related to a relaxation
ithin the initially excited state with a concomitant loss of oscilla-

or strength, e.g. a twist of the nitro group. The subsequent decay
f the relaxed state would then proceed with the time constant �2.

Still, some important differences to the study on the polycyclic
itrated aromatics have to be pointed out. Contrary to the work
erformed by Peon and co-workers we do not excite the NBA iso-
ers to the lowest lying excited state as easily seen by inspection

f the UV–vis spectrum of o-NBA (Fig. 1). In a very recent joint
heoretical and experimental approach relying on state of the art

ulti-reference ab initio methods, we aim at the assignment of
he bands observed in this spectrum [26]. There it is shown that
he state initially excited in our experiments is most likely a ��∗

tate with charge transfer character. In accordance with the experi-
ental spectrum, these calculations further predict the existence

f several lower lying excited states which are of n�∗ character
nd feature only weak oscillator strengths. Similar observations
ave been made for the closely related nitrobenzene [34,35] whose
bsorption spectrum strongly resembles the one of the NBA iso-
ers [36]. This is in contrast to the situation prevailing in the
olecules investigated by Peon and co-workers, where the low-

st lying excited singlet state is believed to be of ��∗ nature [9,10].

onsequently, these nitrated polycyclic aromatics lack a relaxation
hannel to lower excited states which is accessible for the NBA
somers investigated here.

An alternative explanation for our findings will be outlined now.
bviously, the initial dynamics associated with the time constants
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cheme 2. Schematics depicting the excited states and processes occurring after p
ither a sequential (b) or a branched scheme (c) is conceivable. The time constants

1 and �2 are independent of the position of the aldehyde moiety
n the aromatic ring. Again referring to the theoretical assign-
ents of the electronically excited states of o-NBA [26] and the

arent molecule nitrobenzene [34,35] these early processes can
e assigned as follows (see also Scheme 2): by exciting the NBA

somers at 270 nm a bright charge transfer state is populated. Tran-
ition to one of the energetically lower lying n�∗ states takes place
ithin �1 < 100 fs. This transformation goes along with a large loss

f oscillator strength and a red-shift of the emission (Fig. 3). Con-
equently, the subsequent decay of this state features an emission
ignal which is by orders of magnitude lower than that of the ini-
ial signal. The �2 time constants would then be associated with the
ecay of this successor state. In the case of o-NBA, it is this successor
tate from which the ketene is formed as inferred from the transient
bsorption experiment. Thus, we can relate an excited state decay
o the photochemistry of o-NBA. In addition, we have found a relax-
tion process prepending the ketene formation. Interestingly, the
elaxation pattern within the singlet manifold is basically the same
lso for the non-reactive NBA isomers.

To assign the signatures and dynamics which are exclusively
bserved in the transient absorption experiments (�3−5) one best
tarts with the slow processes as these can be linked to previ-
us results. Upon irradiation of o-NBA, o-nitrosobenzoic acid is
ormed with a quantum yield of ∼ 50% via a ketene intermedi-
te. As mentioned above, the visible absorption band peaking at
50 nm observed at late delay times can clearly be assigned to
his ketene intermediate in the electronic ground state by com-
arison with previous results [20,30]. The lifetime of this ketene

n acetonitrile has been reported to be around 20 ns [18,19] which
annot be covered with our femtosecond setup. We estimate the
ecay of this species to take place within ∼ 10 ns which is of the
ame timescale. An acceleration of the decay of the ketene in our
xperiment (as compared to the literature values) can be attributed
o traces of water in the solvent or in the sample circuit used in
ur experiments. The time constant �5 = 220 ps features a nega-
ive amplitude at the wavelengths of the ketene absorption which
ndicates that a portion of the ketene is formed with this time
onstant. By comparing the amplitude of the spectrum related to
5 with the offset spectrum at 450 nm, one can estimate that the
raction of the ketene formed via this channel amounts to ∼ 1/3.

lthough, the largest fraction of the ketene is already formed after
10 ps (Fig. 4b), this finding might indicate the participation of

“slow” pathway to the ketene formation—probably via a triplet
tate. This possibility is discussed in detail in another publication
37]. Still, the process associated with �3 = 1.4 ps and �4 = 6.6 ps in

t
b
w
i
�

excitation of the NBA isomers. (a) Model for o-NBA. In the cases of m- and p-NBA
d in this study are assigned to the respective dynamics.

he case of o-NBA have to be understood. The ketene is formed in its
lectronic ground state with a considerable amount of vibrational
xcess energy and thus cooling processes are expected. For o-NBA in
thanol vibrational cooling of the nascent ketene has been directly
bserved by ultrafast infrared spectroscopy [20] to take place on
he timescale of some picoseconds. While analyzing the data pre-
ented here, we could not obtain a satisfactory agreement between
t and data using only a single time constant to model this process
hich reflects the non-exponentiality of cooling dynamics. Much

etter results were achieved by including another time constant
nto the fitting procedure. We thus attribute the time constants
3 and �4 to vibrational cooling of vibrationally hot ground state
pecies (Scheme 2). The sigmoidal shape of the respective ampli-
ude spectra as well as the values of �3 and �4 match the ones
bserved for vibrational cooling of a comparable molecular probe
n acetonitrile [33,38].

The commonalities we have observed for the early dynamics of
he three NBA isomers are in strong contrast to the obvious differ-
nces in the slower processes between o-NBA and its non-reactive
somers. For m- and p-NBA several picoseconds after excitation a
pecies with an absorption band around 400 nm and another one
xtending beyond 600 nm is observed (Fig. 5). It decays within
pproximately 1 ns (Fig. 4 d–i). Almost identical spectral signatures
ave been observed in transient absorption experiments by Yip et
l. for nitrobenzene and the closely related o- and p-nitrotoluene
12]. These absorptions had lifetimes of ∼ 700 ps and were assigned
o an n�∗ triplet state. This assignment has later been confirmed
y Takezaki et al. in transient grating experiments on the same
olecules [13]. They have further reported very similar triplet

ifetimes and triplet quantum yields of about 0.8. According to
hese results, we assign the �5 ∼ 1 ns decay time constants and the
espective spectral signatures of m- and p-NBA to a triplet state
T1in Scheme 2 b and c). Especially in the visible spectral range, the
pectra of the �3 time constants roughly exhibit a mirror symmetry
o these triplet decay spectra indicating that the �3 process popu-
ates this triplet state. Assuming that the excited singlet states are
epopulated within roughly one picosecond as inferred from the
uorescence experiments, the �3 process is likely to take place in
he triplet manifold. In a transient grating study on nitrobenzene,
akezaki et al. have observed a 6 ps time constant and assigned it

o a triplet–triplet internal conversion [39]. Such a process would
e in line with our findings. The triplet state lowest in energy (T1)
ould then be populated from a triplet state higher in energy which

s denoted as Tnin Scheme 2 b. It should be stressed that the value of
3 ≈ 8 ps is not in conflict with the assignment to a decay of a higher
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riplet state. Recent measurements of triplet internal conversions in
romatic carbonyl compounds yielded even longer time constants
40,41]. If such a sequential model holds the similarity of the time
onstants �4 = 6.6 ps in the case o-NBA with the values of �3 of the
on-reactive isomers would be purely coincidentally. Still, another
odel is conceivable to hold responsible for the observed kinetics:

n a branched reaction scheme the time constant �2 could describe
he parallel build-up of the triplet state T1 and of another spec-
roscopic state (denoted X in Scheme 2c) which afterwards decays
ith the time constant �3. A distinction between a sequential and
branched kinetic scheme can be based on inspection of the actual

pectra of the spectroscopic states involved—not to be confused
ith the transient difference spectra and the amplitude spectra
erived from the global analysis. Under certain assumptions, these
pectra can be obtained by using the eigenvectors of the rate matrix
f the proposed model for each eigenvalue as described in, e.g. ref.
42,43]. We have carried out such an analysis under the assumption
f different branching ratios. Spectra with reasonable absorption
ross-sections for T1and X were only obtained if the population was
istributed with comparable rates kT1 and kX among these states. A
ranching with a ratio of kT1 /kX of, e.g. 1/10 or vice versa afforded
pectra with unrealistically high absorption cross-sections. We con-
lude that based on the present findings, we cannot finally discern
etween a sequential and a branched kinetic scheme for m- and
-NBA. Still, the triplet quantum yields of p-NBA [44] as well as
he one of the related nitrobenzene [13] are assumed to be close to
nity. These findings as well as the conclusions drawn by Takezaki
t al. in the case of nitrobenzene [39] render the sequential model
ore likely.

. Conclusion

We have conducted a comprehensive investigation on the ultra-
ast dynamics of a photo-reactive and two non-reactive derivatives
f nitrobenzene, namely o-, m-, and p-NBA. To the best knowledge
f the authors, we thereby present the first time-resolved emis-
ion data on nitrobenzene derivatives. To sum up our results on
he three isomers of NBA, we will use Scheme 2 as a guidance.
urprisingly, we found that the fluorescence dynamics of all three
olecules are almost identical and exhibit a bi-phasic decay with

ime constants of �1 < 100 fs and �2 ∼ 1 ps. We assign these pro-
esses to a transition of the initially excited electronic state which
s most likely of 1��∗ nature to a 1n�∗ state and the depletion of
he latter state, respectively. The subsequent dynamics – probed
y transient absorption spectroscopy – exhibit striking differences
etween o-NBA and its non-reactive isomers in the eventual out-
ome of the photo excitation. For o-NBA the decay of the 1n�∗ state
oes along with the formation of a ketene in the electronic ground
tate, which experiences vibrational cooling dynamics and subse-
uently decays on the 10 ns timescale. A considerable fraction of
he ketene is formed in a much slower process (220 ps)—possibly
ia a triplet state. For the non-reactive isomers m- and p-NBA, the
ecay of the 1n�∗ state yields a species which decays on the 10 ps
imescale to form a triplet state which is identified by its distinct
bsorption bands around 400 nm and beyond 600 nm. This triplet

tate decays within ∼ 1 ns. We assume that the preceding 10 ps pro-
ess also takes place within the triplet manifold and thus describes
he decay of an initially populated triplet state Tn. Still, at present
branched reaction scheme as depicted in Scheme 2 c cannot be

uled out to hold for m- and p-NBA.
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