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The photochemistry of ortho nitrobenzaldehyde dissolved in tetrahydrofuran was studied by means of
femtosecond UV/Vis and IR spectroscopy. Comparison was made of the spectral and temporal signatures
for ∼400 nm and ∼260 nm excitation. The 400 nm excitation promotes NBA to its lowest excited singlet
state of nπ* character whereas for 260 nm an upper excited state of ππ* character is addressed. On the
picosecond time scale, the molecule undergoes hydrogen transfer, yielding a ketene intermediate, internal
conversion recovering the starting material, and intersystem crossing. Time constants and yields of these
processes are virtually not affected by the excitation wavelength. For 400 nm excitation a ∼100 fs decay
component seen in the 260 nm experiment is absent, indicating that this component is due to a ππ* → nπ*
internal conversion. In contrast to its formation, the decay of the ketene intermediate is inﬂuenced by the
excitation wavelength. This can be attributed to different amounts of vibrational excitation.

1.

Introduction

In its stricter formulation Kasha’s rule states that luminescence
of polyatomic molecules occurs predominately from the lowest
excited state of a given multiplicity.1,2 In the broader sense
applied here, Kasha behavior implies that, irrespective of the
excitation frequency, a polyatomic molecule will relax to this
lowest excited state. Its properties are then decisive for the photo
physical and chemical behavior. A corollary of Kasha behavior
is the invariance of quantum yields with respect to the excitation
frequency (Vavilov’s rule2). Two arguments rationalize these
rules: internal conversion (IC) between upper excited states is
faster than IC between the lowest excited state and the ground
state. This in turn is attributed to smaller energy gaps between
the upper states, which due to the energy gap law3 results in
faster IC processes.2 Further, vibrational relaxation (intramolecu
lar vibrational redistribution (IVR) and vibrational cooling) is
assumed to be faster than other processes.
Numerous experiments have shown that vibrational cooling
(i.e. transfer of vibrational excess energy to the solvent) occurs
on the time scale of 1 10 ps for “benzene sized” molecules.4–6
Many photochemical processes occur with shorter or comparable
characteristic times (see e.g. ref. 7 and 8). Thus, deviations from
Kasha behavior are no surprise. We will here list some examples
regarding photochemical behavior but note that deviations con
cerning ﬂuorescence emission are textbook knowledge.2,9 For
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the trans to cis isomerisation of azobenzene quantum yields dif
fering by a factor of two for excitation of the lowest excited
states S1 (yield equals 0.24 0.31) and S2 (0.1 0.15) were
reported.10 Notably, femtosecond ﬂuorescence experiments indi
cated that excitation of the S2 state results in quantitative IC to
the S1 state.10 The authors attribute the different quantum yields
to additional vibrational excitation caused by the S2 → S1 tran
sition. This excitation seems to promote non reactive decay pro
cesses of the S1 state. Pronounced deviations were also observed
for the electrocyclic ring opening of fulgides.11 A fourfold
increase of the quantum yield was reported for a higher excited
state in comparison with the lowest. Even addressing different
vibrational levels of one electronic state can have an impact on
the photochemical yield as demonstrated for the ring opening of
chromenes.12,13
Here, we will address the photochemistry of ortho nitrobenz
aldehyde (NBA), the kinetics of which we have studied inten
sively during recent years.14–18 Scheme 1 summarizes a reaction
sequence based on these and other studies.19–21 Singlet excited
NBA decays within less than 1 ps via three channels: (i) internal
conversion partially recovering the starting material, (ii) intra
molecular hydrogen transfer resulting in a ketene intermediate,
and (iii) intersystem crossing (ISC) populating the triplet state.
The triplet state also undergoes hydrogen transfer.17 This transfer
yields a triplet phased bi radical, which upon recombination
(∼200 ps) contributes to the total amount of ketene formed. The
lifetime of this ketene is strongly solvent dependent, ranging
from 7 ps in water21 to 24 ns20 in dry acetonitrile. For solvents
other than water we have shown that the ketene decay results in
the formation of a secondary intermediate for which we have
suggested a lactone structure.17,22 This lactone then transforms to
the ﬁnal nitroso product. We could not trace this transformation
with our set ups, indicating that it occurs on the time scale of
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Scheme 1

10 ns or longer. For water as a solvent, the Hamm group21
recorded data suggesting a direct ketene to nitroso transformation.
The experiments agree upon the ultrafast nature (<1 ps) of the
(singlet) hydrogen transfer yielding the ketene. Despite this,
NBA seems to obey Kasha’s rule rather well. It is long known
that the quantum yield of the nitroso formation, which is equal
to ∼0.5 does only exhibit a weak if any dependence on the exci
tation frequency.23,24 Femtosecond ﬂuorescence experiments per
formed by our group16 suggest that excitation at ∼260 nm,
which addresses a higher excited state of ππ* character25,26
results in ultrafast IC (<100 fs) to a lower lying nπ* state. This
IC process is even faster than the hydrogen transfer taking ∼500
fs,14,17 which could explain the Kasha behavior. Indeed, in a
recent joint theoretical and experimental study18 we have com
pared pathways for ππ* and nπ* excitation. Even though the ππ*
state was shown to correlate with the ketene intermediate the
potential energy surfaces computed on the MS CASPT2/
CASSCF level favor an indirect hydrogen transfer IC to the
nπ* state followed by transfer over a direct transfer. For the
nπ* state a barrierless path to the ketene was found computation
ally. Classical dynamics simulation27 relying on these surfaces
indeed favor an efﬁcient hydrogen transfer on the femtosecond
timescale for nπ* excitation.
In the aforementioned joint theoretical and experimental study
we have brieﬂy compared the femtosecond signatures for the
two excitation conditions. Here, we give a more detailed account
of the experimental results. Focus will be on three topics: (I)
Transition between upper excited states. (II) Impact of the exci
tation frequency on ISC. (III) Dependence of a secondary
process the reaction of the ketene intermediate on the exci
tation frequency. In the experiments solutions of NBA were
excited by ∼400 nm and ∼260 nm femtosecond laser pulses
addressing the lowest nπ* and a ππ* state.25,26 The resulting
spectroscopic changes were probed by UV/Vis and mid IR
pulses. The experiments were conducted employing femtosecond
laser/ampliﬁer systems operating at slightly different wave
lengths (775 810 nm). Excitation light obtained by frequency
doubling and tripling of the output of these systems vary accord
ingly in wavelength. For general purposes we will refer to the
two excitation conditions as “blue” (∼400 nm) and “UV”
(∼260 nm). When describing the experiments the exact wave
lengths will be given.
1314 | Photochem. Photobiol. Sci., 2012, 11, 1313–1321

2.

Experimental

Reaction quantum yields were obtained, relying on laser
irradiation and IR spectroscopy. Irradiation and detection were
performed in two different ﬂow cells, which were part of a
circuit. For irradiation a fused silica ﬂow cell with an optical
pathlength of 1 cm was used. The sample solution was stirred
during irradiation and a high absorbance (larger than 4 OD) at
the excitation wavelength ensured complete absorption of the
laser light. The third (355 nm) and fourth (266 nm) harmonic of
a Nd:YAG laser (Continuum, NY60) were employed for
irradiation. The average power at the sample location was
measured with two different powermeters (Coherent, Digi Rad),
delivering identical results. After an irradiation interval the sol
ution was pumped into an IR ﬂow cell (BaF2 windows, path
length of 90 μm) situated inside an FTIR spectrometer. The
reduced IR absorbance at 1534 cm−1 yielded the amount of
NBA consumed during the irradiation interval. The solution was
then pumped back into the fused silica cell for the next
irradiation. From the linear dependence of consumed NBA on
the deposited light energy the quantum yield was calculated.
The setup used for the acquisition of the transient absorption
data with probing in the near UV and visible range was described
in detail elsewhere.22 Therefore, here only the pertinent par
ameters will be summarized. A Ti:Sa laser ampliﬁer system
running at 775 nm with a repetition rate of 1 kHz (Clark, CPA
2001) served as the light source. Excitation light at 258 nm and
388 nm was generated from these pulses by second and third
harmonic generation in BBO crystals, respectively. The beam
size in the focal region, for both excitation wavelengths, was
determined to be around 85 μm (FWHM). In the 258 nm exper
iment the energy of the pump pulses amounted to 300 nJ. In the
388 nm experiment pulse energy was attenuated to 400 nJ. Probe
light was generated by continuum generation. A portion of the
output of the laser system was focused onto an eccentrically
moved CaF2 crystal with a thickness of 5 mm. Its diameter in the
focal region amounted to 40 μm. The relative polarization
between pump and probe beam was set to the magic angle in
both experiments. Pump and probe beam crossed in a wire
guided jet.22,28 The thickness of the sample solution in this jet
amounted to ∼150 μm. The jet was part of a ﬂow system. The
ﬂow rate ensured exchange of the sample in between laser shots.
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The total sample volume (∼50 ml) was high enough to render
contributions of accumulated photoproducts negligible. The
same setup but with a different Ti:Sa ampliﬁer system (Coherent,
Libra F 1K HE 230) centered at 800 nm was used for some
additional measurements. Since the ampliﬁer exhibits a larger
beam diameter, the branch for the probe pulses was adjusted
using a lens telescope (fused silica, f1 = 750 mm, f2 =
−200 mm). The focal diameter for the pump and probe beams
amounted to 240 μm and 40 μm, respectively. The pump pulse
energy equaled 1 μJ. A fused silica ﬂow ( pathlength of 200 μm)
was used instead of the jet. All signals were corrected for the
group delay dispersion of the probe light. The temporal reso
lution of both instruments was ∼200 fs.
The setup for the time resolved IR experiments was detailed
elsewhere.6,29 Here, pump pulses in the near UV were generated
by second and third harmonic generation in BBO crystals of a
portion of the output of a Ti:Sa laser ampliﬁer system (Spectra
Physics, Spitﬁre Pro 35F 1KXP). Since the wavelength of this
system (810 nm) was different from the one used in the above
mentioned experiments, the excitation light pulses also feature
slightly different wavelengths. The energy of the 270 nm pump
pulses amounted to 2 μJ. In the 405 nm experiment pulse ener
gies of 240 nJ were used. The diameter at the focal region was
150 μm. The energy of the probe pulses in the mid IR amounted
to 50 nJ in both experiments with a focal diameter of 100 μm.
After passing the sample solution probe light was dispersed and
detected in two spectrographs,17 one for parallel polarization and
one for perpendicular polarization. Magic angle data were calcu
lated from these two data sets. The temporal resolution of the
setup was 350 fs. The sample solution was pumped through
the focal region in a home built ﬂow cell. The one used for the
270 nm experiment featured a thickness of 90 μm, the concen
tration of the sample solution amounted to 50 mM. In the
405 nm experiment a ﬂow cell with a thickness of 100 μm was
used and a sample concentration of 170 mM.
In all experiments described in the following, NBA from
Merck (Germany) and tetrahydrofuran (Uvasol) from Merck
(Germany) was used as received.

3.
3.1.

Results
Reaction quantum yields

As stated in the Introduction, the yield of the nitroso product
exhibits no or only a weak dependence on the excitation wave
length. For the solvent and excitation ranges employed, these
yields were determined. For blue excitation (355 nm) the yield is
0.41 ± 0.02. For UV excitation (266 nm) its equals 0.48 ± 0.03.
The values are in the range given in the literature.23,24
3.2.

UV/Vis spectroscopy

In the spectral range of interest here NBA exhibits weak overlap
ping absorption bands of nπ* character,25,26 which become dis
cernible for wavelengths smaller than ∼400 nm (Fig. 1).
Exciting NBA at 388 nm ought to address the lowest excited
state of this molecule. Since the molar absorption coefﬁcient
ε388 is lower than 100 M−1 cm−1 concentrations of 48 mM were
employed. Even for this high concentration the optical density at

Fig. 1 Absorption spectrum (molar absorption coefﬁcient versus wave
length) of NBA dissolved in THF. Arrows mark the excitation wave
lengths in the different pump probe experiments. The rainbow pattern
represents the UV/Vis experiment, the dark red color stands for the IR
experiment. The insert enlarges the tail of the NBA spectrum.

the excitation wavelength amounted to only 0.07. Since for this
low molar absorption coefﬁcient and optical density two photon
excitation might contribute to the signal, its dependence on the
pump intensity was investigated (see ESI, Fig. 1S and 2S†). For
the given pulse duration and diameter at the sample the time
traces start to deviate substantially in shape for pulse energies
≥1 μJ. Thus, for the data described in the following, pulse
energies of 0.4 μJ were employed. When exciting a solution of
NBA with femtosecond laser pulses centered at 388 nm, positive
transient absorption changes are observed throughout the spectral
range probed (Fig. 2, left). The negative dip at time zero
and ∼440 nm is due to femtosecond stimulated Raman
scattering.30–32 Around time zero a positive transient absorption
spans the complete probe range and increases in magnitude for
smaller wavelengths. After several 100 fs a band peaking at
∼450 nm becomes discernible. It shifts to longer wavelengths
and narrows on the 10 ps time scale. Afterwards a slight signal
increase is observed before the band decays with a characteristic
time of the order of nanoseconds.
For UV excitation the neat solvent THF exhibits strong signals
around time zero due to the simultaneous absorption of one
pump and one probe photon.31 Further, two photon absorption
of pump photons generate solvated electrons,33 which cause
longer lived signals. A concentration dependence detailed in the
ESI (Fig. 3S and 4S†) shows that due to inner ﬁlter effects
longer lived solvent contributions vanish for concentrations
larger than 20 mM. At time zero higher concentrations of
roughly 50 mM are required to suppress the solvent contribution.
For 20 mM a larger spectroscopic range is accessible and this
concentration was thus employed to determine time constants
larger than 0.5 ps. For shorter time constants 50 mM data was
relied on. For 258 nm excitation and delay times larger than a
couple of picoseconds, a pattern similar to one for 388 nm is
recorded (Fig. 2, right). For this excitation wavelength an upper
singlet excited state (cf. Fig. 1 and ref. 25 and 26) is addressed.
This excitation results in a transient absorption around time zero,
which is stronger in relation to the signals recorded at later
delay times
in comparison to the one seen for 388 nm
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Fig. 2 UV/Vis transient absorption data of NBA dissolved in THF. In the upper contour representation large positive absorption changes are rep
resented by red coloring. The time axis is linear up to 1 ps and logarithmic thereafter. In the lower panels transient spectra at indicated delay times are
plotted. For the data on the left the femtosecond excitation pulse had a wavelength of 388 nm and was in resonance with the lowest excited state. In
this experiment the NBA concentration amounted to 48 mM. Due to this high concentration no data could be recorded for probe wavelength smaller
350 nm. The graphs on the right represent data obtained for 258 nm excitation. The excitation pulse is in resonance with an upper singlet state. The
concentration amounted to 20 mM. Due to differences in the excitation conditions the signal magnitudes cannot be compared directly.

Fig. 3 Comparison of time traces for 388 nm and 266 nm excitation.
In either case probe wavelength was equal to 450 nm close to the
maximum of the ketene absorption. The concentration amounted to
48 mM. The traces were scaled to the same value at 1 ns.

excitation. Furthermore, the shifting and narrowing on the 10 ps
time scale is more pronounced. For delay times larger than 10 ps
the signatures for the two excitation wavelengths merge. A com
parison of two time traces (Fig. 3) highlights this merging.
The spectral coincidence and the nanosecond lifetime strongly
suggest that for either excitation wavelength the ketene is
formed. For UV excitation this was already proven by IR spec
troscopy,14,17 for blue excitation this will now be complemented.

3.3.

IR spectroscopy

The tell tale stretching vibration at ∼2100 cm−1 has often been
used to identify transient ketenes,34–36 in particular the one
1316 | Photochem. Photobiol. Sci., 2012, 11, 1313–1321

derived from NBA.14,17,21,37 The results for UV excitation are
thoroughly described in ref. 17 and are compared to the one for
blue excitation in Fig. 4. For UV (270 nm) excitation the ketene
band is visible ∼0.5 ps after photo excitation. It is ﬁrst centered
around 2050 cm−1 and shifts to 2100 cm−1 within ∼10 ps. After
a slight increase on the 100 ps time scale the band decays within
some nanoseconds. The blue (405 nm) experiment suffers from
the very low molar absorption coefﬁcient at the excitation wave
length, which amounts to less than 50 M−1 cm−1 (cf. Fig. 1).
This results in transient absorption signals more than an order of
magnitude smaller than for UV excitation. Thus, for early delay
times when the ketene band is expected to be broadened, the
ketene signature cannot be distinguished from noise and non
linear signals caused by the solvent. From ∼10 ps onwards,
however, the band is visible and exhibits a similar spectro
temporal behavior as in the UV experiment. This gives clear
evidence that for either excitation wavelength the ketene inter
mediate is formed. At a delay time of 1 ps (for earlier time no
value can be obtained for the blue set) the initial frequency shifts
amount to 38 cm−1 and 26 cm−1.

3.4.

Data analysis

In a global analysis with a multi exponential trial function ﬁve
exponentials with time constants τ1–5 and an offset were required
to describe the UV data set.17 Inspection of the blue data set
show that here four exponentials and an offset sufﬁce. The time
constants and decay associated spectra (DAS) ΔAi are compiled
in Fig. 5. The two sets of time constants are except for the
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Fig. 4 Transient IR data for NBA dissolved in THF. The spectral range for IR probing is centered around 2100 cm−1 where the ketene functions are
known to absorb. In the lower contour representation large positive absorption changes are represented by red coloring. In the panel above, the transi
ent spectra 100 ps after excitation are plotted. For the data on the left the excitation wavelength was equal to 405 nm, on the right it was tuned to
270 nm. Due to differences in the excitation conditions the signal magnitudes cannot be compared directly.

Fig. 5 Decay associated spectra obtained from a global analysis of the transient absorption data depicted in Fig. 2. Results for the 388 nm excitation
are plotted on the left, those for the 258 nm excitation on the right. The 258 nm DAS plotted in black refer to a measurement utilizing a concentration
of 20 mM. Since for this concentration the signal around time zero is perturbed by the solvent, for the DAS ΔA1 we relied on a measurement with
higher concentration (48 mM) (red dashed line). For details see text and ESI.†
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Fig. 6 Band shape analysis of the UV/Vis transient absorption data depicted in Fig. 2. Transient spectra at different delay times were subject to a ﬁt
by Gaussians, as described in the text. One Gaussian represents the Vis absorption band of the ketene. Its width (FWHM), central frequency, and band
integral are plotted as a function of the delay time. The blue solid lines represent data for 388 nm excitation. The dashed violet line stands for 258 nm
excitation. The band integrals were normalized to the value at ∼0.5 ps. The fractions fh reacting via the hot channel are marked.

Fig. 7 Scheme summarizing the approximate branching ratios (numbers in boxes) for UV and blue excitation. Note that all values refer to the popu
lation of the initially excited state, which was set to one. For UV excitation the relevant rounded time constants are included, where applicable the
same values apply for blue excitation.

missing τ1 component in the blue set identical within error
margin. (The rather high number of time constants requires a
comment concerning their accuracy. An exhaustive search
algorithm38 yields typical error margins of ±30% for the time
constants, which are mostly an order of magnitude apart from
each other. Our “impression” is that the actual error margins are
smaller. Other time resolved techniques (ﬂuorescence and IR)
which selectively detect only some of the time constants afford
values which deviate by less than 30% (see ref. 17).) In the spec
tral range for which both data sets were analyzed the DAS are
also very similar. This applies to the shape of the DAS for one
time constant τi as well as relative amplitudes note that the
absolute amplitudes must not be compared since the excitation
conditions were not identical. Two differences should be
noticed. The DAS ΔA3 is negative around 450 nm for blue exci
tation whereas for the UV data it is positive (but exhibits a
minimum). Relative to the other DAS the ΔA5 spectrum is
higher by a factor of ∼2 for the blue experiment.
As the following analysis will show, these differences can be
attributed to the amount of vibrational excitation of the ketene.
Vibrational excitation is known to shift and broaden UV/Vis
absorption bands.5,39 To quantify these band distortions we here
adopt the same approach as in ref. 17. The transient spectra
(versus a wavenumber axis) at a given delay time are ﬁtted by
Gaussians and the parameters of these Gaussians are plotted
1318 | Photochem. Photobiol. Sci., 2012, 11, 1313–1321

versus the delay time (Fig. 6). A sum of two Gaussians was
used.17 One Gaussian to parametrize the band centered around
450 nm ascribed to the ketene and an “auxiliary” one for a
second band in the near UV. This band can either be due to a
higher excited state of the ketene or due to the product formed
during the ketene decay. Within ∼10 ps the parameters describ
ing the Gaussians approach a constant value. This constant value
is slightly different for the two excitation wavelengths. These
differences might be due to the fact that the “auxiliary” band is
better deﬁned for the UV data, the spectral coverage is larger
there. While the time constants for the vibrational relaxation are
similar for both excitation wavelengths, the shifts and widths at
time zero are larger for UV excitation. The maximal displace
ments for the width are 6000 (UV) and 900 cm−1 (blue) and
those for the central frequency are 2800 (UV) and 500 cm−1
(blue). Differences are also observed for the band integrals. For
blue excitation the integral decreases by a fraction fh of ∼0.25
after the ﬁrst 10 ps whereas for UV excitation the fraction fh is
around 0.5. For either wavelength a slight increase on the 100 ps
time scale and a decay within some nanoseconds is seen.

4.

Discussion

We ﬁrst brieﬂy reiterate the assignment of the kinetic com
ponents for the 260 nm experiment given in ref. 17 (cf. Fig. 7,
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Scheme 1). The time constant τ1 ≈ 0.1 ps was associated with
the decay of the ππ* singlet state and the constant τ2 = 0.7 ps
with the decay of an nπ* state. The assignment was based on the
fact that very similar time constants were measured in a femto
second ﬂuorescence experiment.16 The time constant τ3 = 7 ps
matches the time scale of the shift of the ketene vibration
observed in the IR experiment (Fig. 4). This and the shape of the
DAS ΔA3 allow to associate this time constant with vibrational
cooling of the nascent ketene. Around the absorption peak of the
ketene at 440 nm the DAS ΔA4 is negative and adopts the shape
of the ketene band. Thus, an additional rise of the ketene popu
lation occurs with a time constant of τ4 = 200 ps. With the time
constant τ5 = 2000 ps the ketene ﬁnally decays ( positive band in
the DAS ΔA5 peaking at 440 nm) and the kinetic successor of
the ketene rises (negative band peaking at 310 nm). The DAS
ΔA∞ represents the spectrum of this successor. Former investi
gations17 showed that this successor is not identical to the
nitroso photo product. It was proposed that a lactone is respon
sible for that band.17
A kinetic scheme incorporating these spectroscopic ﬁndings
looks as follows (Fig. 7, Scheme 1). Excitation to an excited
singlet state of ππ* character induces ultrafast (∼100 fs) IC pro
cesses populating a lower or the lowest nπ* singlet state. Three
kinetic processes contribute to the decay of this state. (i) IC par
tially recovers the NBA ground state. Femtosecond IR exper
iments give evidence for this recovery and its yield of ∼0.5
(50%).17 Alternatively the ketene intermediate is formed via
hydrogen transfer (ii) and ISC to the triplet state occurs (iii).
Hydrogen transfer of the triplet excited NBA results in a bi
radical. Its recombination (time constant τ4 = 200 ps) is respon
sible for a further rise of the ketene population. The vibrationally
relaxed ketene decays within τ5 = 2000 ps to eventually trans
form into the nitroso product. The fast phase (<10 ps) of the
ketene decay which the band shape analysis reveals (Fig. 6) is
due to the initial vibrational excitation of the ketene. We will
refer to that as the “hot channel” below.
When tuning the excitation to ∼400 nm and thereby addres
sing the lowest nπ* singlet state the τ1 process “vanishes”. This
lends very strong support to the above assignment of this process
to IC between excited singlet states. The other time constants
and DAS are very similar to the ones of the UV experiment. The
two differences mentioned above
the negative contribution
in the DAS ΔA3 and the higher relative amplitude of the DAS
ΔA5 can both be related to the lower vibrational excitation. The
ΔA3 spectrum “summarizes” two effects. Spectral narrowing and
shifting of the ketene band due to vibrational relaxation and
decay of the ketene via the hot channel. Narrowing and shifting
translates into a DAS with a negative contribution at the peak of
a band and positive ones at its wings, as seen in the blue data.
A decay of a species results in positive contributions. Since for
UV excitation the fraction of the ketene population fh decaying
via the hot channel is higher, the signature for narrowing and
shifting sits on top of a (higher) positive background. The frac
tion of ketene population lost via the hot channel of course
reduces the amplitude of the slow channel represented by the
DAS ΔA5. When computing a corrected DAS ΔA5,c according to
ΔA5;c ¼

ΔA5
1  fh

ð1Þ

the relative amplitudes of the DAS ΔA2,4,5c are very close
to each other for the two excitation wavelengths. With this
correction the triplet contribution ft to the ketene formation is
given by
ft ¼

jΔA4 ð440 nmÞj
:
ΔA5;c ð440 nmÞ

ð2Þ

The amplitudes were evaluated for the peak of the ketene
band at 440 nm. The value obtained for UV excitation is 0.16
and very close to the blue one (0.15). For the computation of
these values it was assumed that for the triplet pathway no
hot channel exists. Based on the time resolved data it is not
possible to compare the overall quantum yield for the ketene
formation. However, it has been shown that the ketene trans
forms quantitatively into the ﬁnal nitroso product.14,20 As
the nitroso yield only weakly depends on the excitation wave
length, this also has to apply to the ketene yield. Thus, not only
does the same kinetic branching occur for both wavelengths, but
also the relative contributions of the different channels are very
close.
The pronounced differences observed for the hot channels can
be related to the respective energies deposited in the molecule. A
simple model detailed in ref. 17 can reproduce this observation.
The rate constant k of the ketene decay is hereby assumed to
obey Arrhenius’ law


Ea
k ¼ k0 exp 
kb T

ð3Þ

with the activation energy Ea and the pre exponential factor k0.
After vibrational relaxation the temperature equals room temp
erature (T0) and the rate constant k equals 1/τ5. In a crude
approximation the vibrational excitation is parametrized by a
time dependent temperature T(t). The initial temperature increase
ΔT is computed using the photon energy Eph, the energy of
ketene intermediate Ek with respect to NBA and the vibrational
contribution to the heat capacity cv(T). The last two quantities
were obtained from density functional computations. The
expression reads:
E ph  Ek ¼

ð T0 þΔT

cv ðTÞ dT

ð4Þ

T0

For UV excitation the resulting increase ΔT equals 1400 K, for
blue excitation it amounts to 900 K. As the band shape analysis
conducted here (Fig. 6) and earlier has shown,17 the molecules
cool down to room temperature within less than ∼10 ps. For the
UV experiment the shift Δν̃ of the ketene band in the IR was
used as an indicator for the vibrational excitation. It was
assumed that this indicator scales linearly with the temperature.
In the present comparison between UV and blue excitation it was
observed that at 1 ps after photo excitation the respective shifts
amounted to 38 (UV) and 26 cm−1 (blue). This lends support to
the assumed linear scaling: 38 cm−1/26 cm−1 ≈ 1400 K/900 K.
We note, however, that such a linear dependence is not observed
when comparing the respective parameters for UV/Vis detection.
This discrepancy is presently investigated. In ref. 17 the normal
ized time dependence of the frequency shift Δν̃ was used to
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Fig. 8 Experimental band integrals representing the ketene population
(solid lines) in comparison with simulations (dashed and dotted lines)
modeling the impact of the vibrational excitation on the kinetics (see
text). The blue solid (violet) lines represent data for 388 nm (258 nm)
excitation.

parametrize the vibrational cooling. This parameter nf(t) was
subject to a bi exponential ﬁt. Its result is given by




t
t
n f ðtÞ ¼ 0:4exp 
þ 0:6exp 
:
ð5Þ
0:3 ps
6 ps
With this input the time dependent population of the ketene
p(t) can be computed according to


ðt
Ea
pðtÞ ¼ exp k0
dt :
ð6Þ
0 kb ðT0 þ ΔTn f ðtÞÞ
(In ref. 17 the upper boundary of the integral has erroneously
been designated with ∞ instead of t. For the computations the
correct boundary was used.) For an activation energy Ea of
1800 cm−1 and a pre exponential factor k0 of 1/(0.35 ps) this
model is a good approximation for the experimental behavior for
UV excitation (Fig. 8). The respective band of the UV/Vis data
serves as an experimental measure for the population. The model
reproduces the temporal characteristics of the hot channel as well
as the fraction fh reacting via this channel. The experimental time
trace deviates from the computed one on the 100 ps time scale.
The rise component seen in the experiment is due to ketene for
mation via the triplet state not incorporated in the model. To
model the ketene decay for blue excitation identical parameters
were employed, except for a lower initial temperature rise ΔT. As
in the experimental time trace, the lower temperature reduces the
fraction fh. In the experiment the reduction is more pronounced
than in the simulation. By only slightly changing the activation
energy Ea to 1700 cm−1 a reasonable agreement is achieved.
Comparison of the transient signatures for both excitations has
shown that NBA obeys Kasha’s rule very well. No indications
for state selective photochemistry are observed. The experiments
have shown that one prerequisite for Kasha’s rule is fulﬁlled. IC
processes between upper excited states are ultrafast they occur
within 100 fs or less. Taking into account that UV excitation is in
resonance with the S5 state whereas the blue excitation addresses
the S1 26 at least formally several IC processes occur within
1320 | Photochem. Photobiol. Sci., 2012, 11, 1313–1321

∼100 fs. The quantum chemistry computations on the
MS CASPT2/CASSCF level18 have located various CIs mediat
ing transitions between the S5 state and lower singlet states. Yet,
a path connecting the Franck Condon region of the of S5 state
with the nπ* state has not been optimized yet. The second pre
requisite for Kasha’s rule is not fulﬁlled here. The hydrogen
transfer yielding the ketene is faster than vibrational relaxation.
This implies that for UV excitation ∼10 000 cm−1 of additional
vibrational excitation are available compared to blue excitation.
Still, the lifetime of the nπ* state and yields of the channels con
tributing to its decay are only weakly affected. This suggests that
the contributing processes are activationless. The computations18
indeed show that a barrierless path connecting the nπ* state and
the ketene ground state exists. This necessitates a crossing or CI
between excited and ground state surface. There branching can
occur and a part of the population reforms the ground state and a
part the ketene. Due to this branching the recovery of the ground
state and the ketene formation are expected to be activationless.
Classical dynamics simulations incorporating non adiabatic
effects for nπ* excitation27 yield a branching ratio of 0.7/0.3
(ground state recovery versus ketene formation). Experimentally,
at ﬁrst glance the ratio is 0.6/0.4. Considering that a fraction of
∼0.2 of the overall ketene amount is formed via the triplet, the
singlet branching which is relevant for the simulations is
0.65/0.35, very close to the value obtained in the simulations. As
reported here there is a slight increase in the photochemical yield
for UV excitation. This might be caused by a weak effect on the
branching ratio. Such ratios are expected to depend on the
momentum with which the CI is approached. For UV excitation
one would expect a larger momentum.
Despite the fact that fast spin converting processes deplete the
lowest excited singlet state, ISC yielding a triplet excited state
occurs with a yield of the order of 0.1. This study has unequivo
cally shown that the initial state for the ISC is of nπ* character.
Based on El Sayed rules2,40 the triplet state accessed ought to be
a ππ*. The short triplet lifetime of nitrobenzene derivatives,41,42
however, suggest that their lowest triplet state is of nπ* character.
ISC should thus be followed by an IC process within the triplet
manifold. Such a behavior was also suggested for nitrobenzene43
and nitrated polyaromatic compounds.44
Kasha’s rule is based on the assumptions that non radiative
processes between upper excited states and vibrational relaxation
are faster than radiative and/or photochemical processes. For
NBA the ﬁrst assumption seems to apply despite that the fact
that the photochemical reaction occurs on the time scale of
several 100 fs the internal conversion between upper excited
states is even faster. The second assumption is not valid here.
Vibrational relaxation is slower than the initial hydrogen transfer.
However, this only very slightly affects the branching ratios and
thereby the overall photochemical yield. It has a strong impact
on the kinetics of the ketene decay. Varying the wavelength
changes the degree of vibrational excitation and thereby the frac
tion which decays via the hot channel. However, since no com
peting channel seems to exist no effect on the yield is observed.
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