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Abstract

We report the first femtosecond time-resolved photoelectron spectroscopy
study of 2-, 3- and 4-nitrobenzaldehyde (NBA) and nitrobenzene (NBE) in
the gas phase upon excitation at 200 nm. In 3- and 4-NBA, the dynamics
follow fast intersystem crossing within 1-2 picoseconds. In 2-NBA and NBE,
the dynamics are faster (∼0.5 ps). 2-NBA undergoes hydrogen transfer sim-
ilar to solution phase dynamics. NBE either releases NO2 in the excited
state or converts internally back to the ground state. We discuss why these
channels are suppressed in the other nitrobenzaldehydes.
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1. Introduction

The excited state dynamics of ortho-nitrobenzaldehyde (2-NBA) has re-
cently received major interest [1, 2, 3, 4, 5, 6, 7, 8, 9], especially as a model
system for excited state hydrogen transfer dynamics which plays an impor-
tant role in many biological systems [10, 11, 12]. Upon excitation to the
first 1ππ∗ band in the liquid phase at 258 nm [1], the molecule decays to
the lowest lying 1nπ∗ state within 50 fs thereby performing a twisting mo-
tion at the NO2 group. From there, it first re-planarizes [2] before returning
to the ground state under hydrogen transfer from the aldehyde to the nitro
group within 400 fs [1, 3, 4] via the formation of a ketene called azinic acid
(2KAA, see Figure 1 for an explanation of the abbreviations) [5, 13, 14]. This
ketene further decays to a nitroso acid (2NsoBA) via a lactone intermediate
(TS(OH)). The lifetime for the lactone formation is solvent dependent and
ranges from 60 ps to 2 ns for 2-butanol and tetrahydrofuran, respectively [7].
In contrast, meta- and para-nitrobenzaldehyde (3- and 4-NBA) are thought
to undergo ultrafast intersystem crossing (ISC) with a quantum yield close to
unity within 1.4 and 1.8 ps, respectively [1, 15]. In the gas phase, these pro-
cesses are potentially suppressed by alternative reaction paths known from
nitrobenzene (NBE) which splits off either NO2 in the S1 state (2FB + NO2)
or - after rearrangements in the triplet state (2FPhN) - NO [16]. Both dis-
sociation channels are also open upon return to the ground state. Here, NO
dissociation is favored by a roaming type dissociation [17]. The NO2 yield
increases with increasing excitation energy [18, 19, 17]. As a reference for
the remainder of the publication, we list the various relaxation pathways for
NBE [20]:

C6H5NO2 + hν −→ C6H5NO + O(3P ) (1)

−→ C6H5 + NO2 (2)

−→ [C6H5ONO] −→ C6H5O + NO (3)

−→ C5H5 + CO + NO (4)

In the present study, we report time-resolved photoelectron spectroscopy
experiments on NBE, 2-, 3-, and 4-NBA in the gas phase following 200 nm
excitation. These studies aim to examine the influence of the aldehyde group
on the fast nitrogen oxide release channels and to disentangle the influence
of the solvent on the initial dynamics of the NBAs. We also briefly consider
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the related species benzaldehyde (BA). We have chosen a high excitation
energy (6.2 eV, which is more than 2.5 eV above the S1 state of all molecules
[3, 16]) (i) in order to prepare the same excited state in all molecules, (ii)
because of a low cross section at longer excitation wavelengths, and (iii) to
examine the influence of excitation to higher lying states on the dynamics
of a molecule. Our analysis is supported by ab initio quantum chemistry
calculations undertaken at various levels of theory including time dependent
density functional theory (TD-B3LYP), complete active space, second order
perturbation theory (CASPT2) and the completely renormalized equation
of motion coupled cluster theory with single, double and iterative triples
correction (CR-EOMCCSD(T)).

2. Experimental and Theoretical Methods

2.1. Experimental Setup

The experimental setup incorporates a magnetic bottle photoelectron
spectrometer and a Ti:sapphire laser system operating with a central wave-
length of 800 nm that were used as described before [21]. Pump and probe
pulses were 200 and 267 nm, generated analogously to reference 22 at inten-
sities of 0.25 and 4.5 μJ / pulse, respectively. The cross correlation was 160
± 10 fs as measured using non-resonant [1+1’] ionization of nitric oxide. The
pump and probe beams were combined on a dichroic mirror and focused into
the interaction region of the spectrometer using a concave aluminum coated
mirror (f = 50 cm). For the liquid samples (NBE and BA, Sigma-Aldrich,
purities 99% and used without further purification), a molecular beam was
generated by flowing approximately 100 Torr of helium through a glass bub-
bler before expanding the resultant mixture through a 200 μm nozzle in the
experimental chamber. Solid samples (2-, 3-, 4-NBA, Sigma-Aldrich, puri-
ties 98%) were placed in a modified glass bubbler where the outlet arm was
joined directly to a glass capillary nozzle. Heating tape was used to gently
warm the entire assembly to a temperature close to the melting point of the
particular sample under study. Approximately 100 Torr of helium was again
used as a carrier gas. Time invariant one-color pump-alone and probe-alone
signals were subtracted from the pump-probe data prior to the extraction of
decay time constants using a global fitting routine that is described in more
detail later.
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2.2. Theoretical Methods
Molecular geometries of the S0 and T1 electronic states of all molecules

under investigation were optimized with density functional theory (DFT) at
the B3LYP/6-31G(2df,p) level of theory while time-dependent TD-B3LYP/6-
31G(2df,p) was used for the S1 state, applying the tight convergence criterion
for all computations. Harmonic vibrational frequencies were used to ensure
that the optimized geometries were located at a proper stationary point on
the potential energy surface. Minimum energy pathways for each state (S0,
T1 and S1) were characterized starting from the transition state structure to
the reactant or product channels by intrinsic reaction coordinate calculations
at the B3LYP/6-31G(2df,p) level of theory.

In order to increase the accuracy of the energetic description, the S0 state
potential energy surface was calculated with the G4MP2 composite method
[23]. The performance of these calculations was checked for the dissociation
reactions of NBE to phenyl + NO2 and to phenoxyl + NO. The calculated
heat of reaction values are 307.8 and 86.6 kJ/mol, respectively, and agree
within 5 kJ/mol with the values of 302.9 and 84.5 kJ/mol calculated using
the corresponding heat of formation values from Burcat’s database [24].

The first vertical ionization potentials were calculated via electron prop-
agator theory using a combination of the outer-valence Green’s function
method (OVGF) with the extended cc-pVQZ basis set. No breakdown of
the orbital picture of ionization is expected (Koopmans’ description is qual-
itatively valid) since the calculated pole strengths were always above 0.89
[25]. The maximum absolute deviation between the calculated and mea-
sured ionization potentials is 0.14 eV, therefore the experimental vertical
ionization potentials of 2- and 3-NBA are expected to be within 0.14 eV of
the calculated values.

In 2-, 3- and 4-NBA, the experimental vertical excitation energies to the
first singlet electronic excited state (S1) were also compared to the computed
values. These calculations were performed with three different methods:
(i) equation of motion coupled cluster singles and doubles (EOM-CCSD),
(ii) the more expensive completely renormalized equation of motion coupled
cluster with singles, doubles, and perturbative triples (CR-EOMCCSD(T)
[26, 27, 28]) as implemented in the GAMESS software [29] combined with
the cc-pVDZ basis set, and (iii) TD-B3LYP/6-31G(2df,p), using the same
combination of functional and basis set applied for the ground state S0.
While EOM-CCSD underestimates the experimental vertical excitation en-
ergy values [3] (the maximum absolute deviation is 0.28 eV for 3-NBA),
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the TD-DFT functional shows an overestimation (the maximum absolute
deviation is 0.42 eV for 2-NBA). However, these values may be compared
with those from MS-CASPT2/CASSCF calculations, because such treat-
ments have been demonstrated to be one of the most accurate methods
to calculate excitation energies [30]. Leyva et al. showed [3] that multi-
state complete active space second-order perturbation theory and complete
active space self-consistent field theory MS-CASPT2/CASSCF(16,12) and
MS-CASPT2/CASSCF(12,11) prescriptions of these excitations also have a
deviation of 0.40 eV from the experimental vertical excitation energy value.
This is comparable with our TD-B3LYP results. Because of the good perfor-
mance of TD-B3LYP/6-31G(2df,p) for evaluating vertical excitation energies,
we applied this method to obtain S1 excited-state geometries and correspond-
ing adiabatic ionization potentials. The full absorption spectrum up to an
energy of 6.2 eV has been calculated using CR-EOMCCSD(T) in order to
characterize all the potentially involved states while also giving a reasonable
description of the doubly excited character.

Finally, conical intersections (CoIns) between the ground and the lowest
lying excited state were optimized using state averaged SA-3-(9,10)CASSCF/cc-
pVDZ as implemented in the Firefly software package [31, 32].

3. Results and Discussion

3.1. Theoretical results

Computational results are summarized in Tables 1, 2 and 3, Figure 2 and
the supporting information. The tables summarize the static properties of the
molecules and the good agreement with experimental values shows that the
theoretical methods are well suited for calculating the critical points on the
potential energy surfaces. These critical points are shown in Figure 2 while
the explicit values of all indicated species are summarized in the supporting
information. Table 3 shows the lowest excited state energies, calculated at
the CR-EOMCCSD(T)/cc-pVDZ level of theory. Here, we observe that the
energies of the excited states are only slightly affected by the aldehyde group,
especially for the states belonging to the A” manifold which have oscillator
strengths on the order of 10−5. As a trend, the excited state energies of NBE
and 3-NBA seem to be higher than those for 2-, and 4-NBA which can be
explained by the ground state stabilizing mesomeric effect for meta substitu-
tions governed by the NO2 group (as discussed in most undergraduate-level
texts on organic chemistry). The main differences between NBE and the

5



  

NBA-molecules is the presence of a low lying nπ∗ state which is localized
on the aldehyde function. Energetic differences between similar states are
larger for the A’ manifold, especially for the bright 5A’ state which might
be predominantly excited at 200 nm in 2-, and 3-NBA, but not necessarily
in 4-NBA. Leyva et al. conducted a more detailed analysis of the absorption
spectra of the NBA-molecules which agree with the values calculated in this
study [3]. Of note is the charge transfer state (3A’) which has a reasonable
oscillator strength and is the state that is excited at lower photon energies
(see Table 3).

3.2. Experimental results and data analysis

Time-resolved photoelectron spectra of 2-NBA and NBE upon excitation
at 200 nm and subsequent ionization with a 267 nm probe are shown in Fig-
ure 3 while the spectra of BA, 3- and 4-NBA can be found in the supporting
information (Figures S5-S7). The features of 3- and 4-NBA are very similar
to the signals of 2-NBA and NBE, while the spectral signature of BA is sig-
nificantly different. This leads to the conclusion that the nitrobenzaldehyde
dynamics are mainly driven by the presence of the NO2 group and not of
the aldehyde group. The strongest signal of the NO2 containing molecules
is seen at low electron kinetic energies and originates from one photon res-
onant pump-one photon probe [1,1’]. The total absorbed energy for such
a [1,1’] process is 6.2 eV + 4.65 eV = 10.85 eV. A distinct energy cut-off,
apparent as a sudden drop in photoelectron signal, is observed at 0.6 eV for
2-,3-, and 4-NBA, while cut-offs of 0.9 and 1.1 eV were found for NBE and
BA, respectively. These values agree with what would be expected based
on the vertical ionization potentials (VIPs) of the molecules, which have
been experimentally determined to be 9.92 eV for NBE [33, 34], 9.71 eV for
BA, [35] and 10.27 eV for 4-NBA [35] (E[1,1′] = Epump + Eprobe - VIP). The
adiabatic ionization potentials are about 0.1 eV lower. No experimental ion-
ization potentials for 2- and 3-NBA have previously been reported. However,
calculations at the OVGF/cc-pVQZ//B3-LYP/6-31G(2df,p) level of theory
show almost identical vertical ionization potentials for 2-, 3-, and 4-NBA
(10.46, 10.43, and 10.45 eV, respectively; see Table 2) in agreement with
the maximum [1,1’] photoelectron kinetic energy cut-offs in our experiments.
At higher electron kinetic energies (extending beyond the [1,1’] cutoffs), the
very weakly observed bands result from two-photon [1,2’] probe ionization
and appear slightly shifted in time by about 20-30 fs in 2- and 3-NBA while
the spectra for 4-NBA and NBE exhibit no such shift.
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For further analysis, each spectrum S(E, Δt = t − t0) was fitted with a
global fitting routine based on a Levenberg-Marquardt algorithm according
to [36]

S(E, Δt) =
∑

i

Ai(E) · Pi(Δt) ⊗ g(Δt), (5)

where Pi(Δt) is the time dependent population expressed in terms of ex-
ponential functions exp{−Δt/τi}, g(Δt) is the experimentally determined
Gaussian cross-correlation function and t0 is the independently measured
time zero of the experiment. The Ai are called decay associated spectra
(DAS) and represent the amplitude that belongs to the exponential function
i at a specific photoelectron kinetic energy E. In addition, large amplitude
molecular motions tend to shift time-resolved photoelectron spectra towards
lower electron kinetic energies. Along the reaction pathway, the molecule
transfers potential to kinetic energy while the ionization potential typically
increases. As a consequence, less energy is available for the photoelectron.
This can be considered by artificially changing time zero as a function of the
electron’s kinetic energy (t0 = t0(E)) as is detailed in references 37 and 38.

Experimental data for each molecule could be fitted satisfactorily with
two exponentially decaying functions, which we label using their respective
time constants τ1 and τ2, and a constant offset that did not change within
the maximum time delay of the experiments (250 ps). The numerical values
of the time constants can be found in Table 1 and the respective DAS are
shown in Figure 4. Although NBA and NBE are known to also absorb light at
267 nm we saw no meaningful probe-pump signal evolving to negative delay
times following excitation with 267 nm pump pulses. The exception was
4-NBA which has the largest absorption cross section of all four molecules
at this wavelength [4]. The photoelectron spectra of BA showed significant
pump contribution from both 200 and 267 nm and were clearly distinct from
the other spectra (see SI), so it was concluded that the dynamics in NBA
are predominantly shaped by the nitro-group. Given this observation, we
therefore restrict the subsequent discussion to consideration of just NBE, 2-,
3-, and 4-NBA.

3.3. Discussion

The DAS for τ1 and τ2 of NBE, 2-, 3-, and 4-NBA, as well as the time zero
shift of NBE, 2-, and 3-NBA (in 4-NBA, the dynamics in the probe direction
destroys the time zero structure), show a good agreement with respect to
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each other, indicating similar dynamics operating in all cases. Moreover,
the fitted time constants are in agreement with those obtained from solution
phase dynamical studies: The first time constant τ1 and the shift of the band
at higher electron energies can be explained by an ultrafast decay from a
high lying 1ππ∗ charge transfer state [3] (which is directly excited by the 200
nm pump pulse) to the S1 state, which possesses nπ∗ character (see Table 3)
[1]. This electronic relaxation was proposed for NBE in reference 19 and was
theoretically confirmed in reference 39. The pump process transfers about
3.5 eV excess energy to the internal vibrational modes. This agrees with the
amplitude onset observed in the τ2 DAS at about 2.5 eV (see Figure 4). This
is roughly 3.5 eV below the [1,2’] energy cut-off (see Table 1 for the vertical
excitation energies of the molecules).

The second time constant τ2, which is ∼500 fs for NBE and 2-NBA, and
∼ 1.5 ps for 2 -NBA and 3-NBA is in surprisingly good agreement with liquid
phase transient absorption data. In these experiments, a time constant of 400
fs for ketene formation from 2-NBA in acetonitrile and intersystem crossing
rates of 1.4 and 1.8 ps for 3- and 4-NBA were measured [1]. In addition, the
value of τ2 is basically identical for excitation at 200 and 267 nm in 4-NBA
(see Table 1). These similarities lead us to conclude that ISC is the primary
initial decay pathway in 3- and 4-NBA while other processes (such as NO2

elimination) play only a minor role. We may also infer that the acetonitrile
solvent does not exhibit any significant influence on the course of the excited
state dynamics.

Following ISC from the S1 state, subsequent processes within the triplet
manifold (and also potentially on the hot S0 ground state) are weakly ob-
served in our photoelectron data on the long ps-timescale (see Figure 3) but
are not specific enough to obtain information about the further fate of the
molecules. We might still conclude, however, that NO2 elimination is unfa-
vorable in the triplet states of the nitrobenzenes due to a reduction of the
energy barriers leading to NO-cleavage (see Figure 2). This barrier is also
reduced in the nitrobenzaldehydes (relative to NBE), suggesting that NO2 is
not formed in the excited state of these molecules.

In 2-NBA and NBE, alternative relaxation channels which may out-
compete ISC are known to exist. In 2-NBA, the excited state hydrogen
transfer channel leading to 2-nitroso benzoic acid (2NsoBA), as discussed in
the Introduction [1, 2, 3, 4, 5, 6, 7, 8, 9], seems to be prevalent also in the
gas phase. Unfortunately, little can be said about the quantum yield of the
return to the 2-NBA ground state or about the formation of the ketene, as
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was done in reference 9. Under the assumption of ISC quantum yields close
to unity for 3- and 4-NBA and similar ISC rates for 2-, 3-, and 4-NBA, the
triplet yield in 2-NBA can be estimated to be about 20 %, which is about
three times higher than the value in the liquid phase (0.08) [9]. However, the
energy gap between the S1 and the T1 state is significantly larger in 2-NBA
as compared to 3-, and 4-NBA (see Figure 2 and Table S1 in the supporting
information) which generally reduces the ISC rate. Thus, the rate could be
below the value in the liquid phase.

In NBE, ISC was found to take place within 6 ps upon excitation at 320
nm [40] which is slower than the dynamics we observe. In principle, there are
at least two channels besides ISC that are potentially open upon excitation at
200 nm: NO2 elimination and internal conversion to the ground state [17, 19].
NO2 elimination in the excited state is energetically easily accessible as the
unimolecular decomposition into C5H6 and excited NO2 lies ca. 1 eV above
the ground state, which agrees with the position of the first excited state of
NO2 [41]. Hence the total required energy for this channel is roughly 4.1 eV
(302 nm). This agrees with the experiments of Galloway et al. who found an
increase of NO2 production upon increasing excitation energy ranging from
complete absence of NO2 at 320 nm to a NO2/NO production ratio of 1.3 ±
0.3 at 280 nm and 5.9 ± 0.3 at 222 nm [18]. In addition, they found through
kinetic energy release that at 240 nm, more molecules are produced with less
kinetic energy which they explain with the production of excited NO2. As a
consequence, NO2 production is one channel that is clearly accessed in NBE
upon excitation at 200 nm. It is possible that a minor fraction of 3- and 4-
NBA also undergoes NO2 cleavage; however, this channel might potentially
be blocked by the presence of the low lying nπ∗ state that is localized at the
aldehyde group of the NBA molecules (see Table 3).

Internal conversion between the S1 state and the ground state has been in-
vestigated before in NBE. Upon excitation at 320 nm, Takezaki et al. found
that 20% of the molecules take this channel in liquid phase experiments
[40, 42]. Later, Quenneville et al. found that the geometry of the mini-
mum energy CoIn between the two states exhibits an out of plane bending
of the NO2 group [43]. This geometry lies at an energetically elevated po-
sition of about 0.43 eV above the energy minimum of the S1 state at the
SA-2-CAS(10/8)/cc-pVDZ//SA-2-CAS(16/13)/cc-pVDZ level of theory. A
second minimum energy CoIn was found along the ONO bending coordinate
at an energy of 0.63 eV above the S1 minimum [39]. The reduced yield of
internal conversion was explained by cooling effects which render the CoIn
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with the ground state inaccessible. Our experiments take place in the gas
phase and excitation at 200 nm offers enough excess energy to circumvent
these problems. One possible explanation for the relatively long τ2 time con-
stant of 3- and 4-NBA as compared to that of NBE (1.48 ps and 1.64 ps vs
0.52 ps) could therefore be an increased barrier towards the CoIn with the
ground state.

To determine the potential role of conical intersections in more detail,
we performed SA-2-CAS(9/10)/cc-pVDZ calculations on 2- and 4-NBA to
investigate the influence of the extra aldehyde group on the energetic position
of the CoIn. The geometries at the CoIn and at the S1 minimum energy are
shown in Figure 5. They are similar to the structures found in NBE [43].
The S1 minimum geometry of 2-NBA shows an NO2 group that is twisted
further out of the molecular ring plane relative to 4-NBA, likely due to the
interaction with the adjacent aldehyde group. Moreover, the bond distances
at the CoIn for the NBA systems seem to be more stretched than those
for NBE (128/129 vs. 122 pm for the short NO-bond, 146/147 vs. 138 pm
for the long NO-bond and 145/144 vs. 140 pm for the N-C bond) which
indicates a weakened π system. As a consequence, the difference between
the S1 minimum and the minimum energy CoIn was 0.32 eV for 4-NBA and
0.17 eV for 2-NBA. Both of these values are lower than that for NBE where
a value of 0.43 eV was previously reported [39]. Mewes et al. have previously
argued that this intersection might not be accessed during the dynamics, and
instead suggest a higher-lying intersection located along the ONO bending
mode [39]. This barrier is, however, energetically lower in 4-NBA than in
NBE. It is also extremely small compared to the excess energy deposited
into the molecules following 200 nm excitation. As such, it cannot be the
reason for the increased τ2 lifetime seen in 4-NBA relative to that in NBE.

The main difference between the electronic structure in NBE versus 3-
and 4-NBA is the different character of the lowest lying electronic state in the
Franck-Condon region. This state is located on the NO2 group in NBE, but in
the NBAs, it is a charge transfer state, with an excitation from the aldehyde
group (n-orbital) to the NO2 group (see Table 3). It is possible that this state
is accessed upon internal conversion from the higher lying, initially excited
state. We speculate that the state crossing from the charge transfer state
to the localized nπ∗ state takes enough time to prevent efficient relaxation
to the ground state and renders ISC the primary relaxation channel in 3-
and 4-NBA. These dynamics are sketched in Figure 6. In 3- and 4-NBA,
the dynamics follow the pathway indicated by the green arrows, while the
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pathway via the nπ∗ state localized at the NO2 group (denoted as nπ∗(NO2))
is energetically unfavorable (red arrows). In NBE, the nπ∗ state localized
at the aldehyde function does not exist and the molecules return to the
ground state directly via the nπ∗(NO2) state and without passing through
the triplet manifold. There is no conclusive argument that these paths are
taken - especially since optimizations show that the S1 minimum lies on the
localized nπ∗(NO2) state - however, this is the only argument that explains
our data satisfactorily.

More information on a reaction path can, in principle, be obtained by
running trajectory calculations on a high lying state, which, however, is
computationally too demanding at the present time. Table 3 shows the
numerous electronic states that need to be considered in such a study. The
possibilities of new reaction pathways opening up upon excitation to high
lying electronic states were observed recently in pyrrole, where the initially
prepared wavepacket transiently populates a Rydberg state which directly
influences the quantum yields of the photochemical process [44]. A similar
mechanism might also be present in this case, although the photoelectron
spectra provide no evidence for this possibility.

4. Conclusions

In conclusion, we observe that the dynamics of nitrobenzene and nitroben-
zaldehydes upon excitation at 200 nm show similar time constants to the ex-
cited state dynamics after excitation to lower excited states at longer wave-
lengths. This is intriguing because other channels, notably NO2 release and
direct return to the ground state, are predicted to be open. However, these
seem to play only a minor role on the relaxation times. In NBE and 2-NBA,
the dominant relaxation channels are NO release on the ground state po-
tential energy surface and rearrangement to 2-nitrosobenzoic acid via ketene
azenic acid, respectively. We speculate that in 3- and 4-NBA the initially
prepared wavepacket gets trapped on the S1 potential energy surface, which
is a charge transfer state with an excitation from the aldehyde to the nitro
group. This delays internal conversion to the ground state which takes place
from a state that is localized at the NO2 group. Therefore, intersystem cross-
ing to the triplet state is the major relaxation channel. High-level ab initio
calculations may reveal the course of the dynamics, but these computations
will require a large active space and are currently beyond state-of-the art.

11



  

Acknowledgement

O.S. thanks the Humboldt Foundation and the Wenner-Gren Foundation
for research fellowships. T.J.A.W. thanks the German National Academy of
Sciences Leopoldina for a fellowship (Grant No. LPDS2013-14).

Supporting information

Geometry of the minimum ground, S1, and S1-S0 conical intersection ge-
ometries for 2- and 4-NBA, energies for all minima and transition states
along the reaction coordinates depicted in Figure 2 for the ground, S1, and
T1 states of NBE, 2-, 3-, and 4-NBA, time-resolved photoelectron spectra of
BA, 3- and 4-NBA.

[1] B. Heinz, T. Schmierer, S. Laimgruber, P. Gilch, Excited State Processes
of Nitrobenzaldehydes Probed by Ultrafast Fluorescence and Absorption
Spectroscopy, J. Photochem. Photobiol. A-Chem. 199 (2-3) (2008) 274–
281. doi:10.1016/j.jphotochem.2008.06.011.

[2] A. Migani, V. Leyva, F. Feixas, T. Schmierer, P. Gilch, I. Corral,
L. Gonzalez, L. Blancafort, Ultrafast Irreversible Phototautomeriza-
tion of o-Nitrobenzaldehyde, Chem. Comm. 47 (22) (2011) 6383–6385.
doi:10.1039/c1cc11085c.

[3] V. Leyva, I. Corral, T. Schmierer, P. Gilch, L. Gonzalez, A Com-
parative Analysis of the UV/Vis Absorption Spectra of Nitroben-
zaldehydes, Phys. Chem. Chem. Phys. 13 (10) (2011) 4269–4278.
doi:10.1039/c0cp01372b.

[4] V. Leyva, I. Corral, F. Feixas, A. Migani, L. Blancafort, J. Gonzalez-
Vazquez, L. Gonzalez, A Non-Adiabatic Quantum-Classical Dynamics
Study of the Intramolecular Excited State Hydrogen Transfer in ortho-
Nitrobenzaldehyde, Phys. Chem. Chem. Phys. 13 (32) (2011) 14685–
14693. doi:10.1039/c1cp20620f.

[5] S. Laimgruber, W. J. Schreier, T. Schrader, F. Koller, W. Zinth,
P. Gilch, The Photochemistry of o-Nitrobenzaldehyde as Seen by Fem-
tosecond Vibrational Spectroscopy, Angew. Chem.-Int. Edit. 44 (48)
(2005) 7901–7904. doi:10.1002/anie.200501642.

12



  

[6] V. Leyva, I. Corral, T. Schmierer, B. Heinz, F. Feixas, A. Mi-
gani, L. Blancafort, P. Gilch, L. Gonzalez, Electronic States of o-
Nitrobenzaldehyde: A Combined Experimental and Theoretical Study,
J. Phys. Chem. A 112 (23) (2008) 5046–5053. doi:10.1021/jp711949j.

[7] T. Schmierer, W. J. Schreier, F. O. Koller, T. E. Schrader, P. Gilch, Im-
pact of vibrational excitation on the kinetics of a nascent ketene, Phys.
Chem. Chem. Phys. 11 (48) (2009) 11596–11607. doi:10.1039/b915451e.

[8] S.-B. Cheng, C.-H. Zhou, H.-M. Yin, J.-L. Sun, K.-L. Han, Photolysis of
o-Nitrobenzaldehyde in the Gas Phase: A New OH Formation Channel,
ChemPhysChem 10 (7) (2009) 1135–1142. doi:10.1002/cphc.200800735.

[9] T. Schmierer, G. Ryseck, T. Villnow, N. Regner, P. Gilch,
Kasha or State Selective Behavior in the Photochemistry of ortho-
Nitrobenzaldehyde?, Photochem. Photobiol. Sci. 11 (8) (2012) 1313–
1321. doi:10.1039/c2pp25057h.

[10] M. Rini, B. Magnes, E. Pines, E. Nibbering, Real-Time Observa-
tion of Bimodal Proton Transfer in Acid-Base Pairs in Water, Science
301 (5631) (2003) 349–352. doi:10.1126/science.1085762.

[11] C. Tanner, C. Manca, S. Leutwyler, Probing the Threshold to H Atom
Transfer Along a Hydrogen-Bonded Ammonia Wire, Science 302 (5651)
(2003) 1736–1739. doi:10.1126/science.1091708.

[12] T. Schultz, E. Samoylova, W. Radloff, I. V. Hertel, A. L. Sobolewski,
W. Domcke, Efficient Deactivation of a Model Base Pair via Excited-
State Hydrogen Transfer, Science 306 (5702) (2004) 1765–1768.
doi:10.1126/science.1104038.

[13] M. V. Georfe, J. C. Scaiano, Photochmistry of ortho-Nitrobenzaldehyde
and Related Studies, J. Phys. Chem. 84 (5) (1980) 492–495.
doi:10.1021/j100442a007.

[14] S. Kuberski, J. Gebicki, Evidence for a Ketene Intermediate in the
Photochemical Transformation of Matrix-Isolated o-Nitroenzaldehyde,
J. Mol. Struct. 275 (1992) 105–110. doi:10.1016/0022-2860(92)80185-K.

13



  

[15] H. Gorner, H. J. Kuhn, Laser Flash Photolysis-Study of the Effects of
Substituents, Solvents, and Quenchers on the Triplet-State of Benzaalde-
hydes - H/D-Exchange Following Quenching by D2O, J. Phys. Chem.
90 (22) (1986) 5946–5955. doi:10.1021/j100280a098.

[16] Y. He, A. Gahlmann, J. S. Feenstra, S. T. Park, A. H. Zewail, Ultrafast
Electron Diffraction: Structural Dynamics of Molecular Rearrangement
in the NO Release from Nitrobenzene, Chem.-Asian J. 1 (1-2) (2006)
56–63. doi:10.1002/asia.200600107.

[17] M. L. Hause, N. Herath, R. Zhu, M. C. Lin, A. G. Suits, Roaming-
mediated isomerization in the photodissociation of nitrobenzene, Nature
Chem. 3 (2011) 982–987.

[18] D. B. Galloway, J. A. Bartz, L. G. Huey, F. F. Crim, Pathways and
Kinetic Energy-Disposal in the Photodissociation of Nitrobenzene, J.
Chem. Phys. 98 (3) (1993) 2107–2114. doi:10.1063/1.464188.

[19] M.-F. Lin, Y. T. Lee, C.-K. Ni, S. Xu, M. C. Lin, Photodissociation
dynamics of nitrobenzene and o-nitrotoluene, J. Chem. Phys. 126 (6).
doi:10.1063/1.2435351.

[20] J. G. Calvert, A. Mellouki, J. J. Orlando, M. J. Pilling, T. J. Walling-
ton, Mechanisms of Atmospheric Oxidation of the Oxygenates, Oxford
University Press, 2011.

[21] S. Lochbrunner, J. J. Larsen, J. P. Shaffer, M. Schmitt, T. Schultz,
J. G. Underwood, A. Stolow, Methods and applications of femtosecond
time-resolved photoelectron spectroscopy, J. Electron Spectrosc. Relat.
Phenom. 112 (13) (2000) 183–198.
URL http://www.sciencedirect.com/science/article/pii/S0368204800002127

[22] O. Schalk, A. E. Boguslavskiy, A. Stolow, M. S. Schuurman, Through-
bond interactions and the localization of excited-state dynamics, J. Am.
Chem. Soc. 133 (41) (2011) 16451–16458.
URL http://dx.doi.org/10.1021/ja1114002

[23] L. A. Curtiss, P. C. Redfern, K. Raghavachari, Gaussian-4 theory using
reduced order perturbation theory, The Journal of Chemical Physics
127 (12) (2007) 124105. arXiv:http://dx.doi.org/10.1063/1.2770701,

14



  

doi:10.1063/1.2770701.
URL http://dx.doi.org/10.1063/1.2770701

[24] E. Goos, A. Burcat, B. Ruscic, Extended third millennium ideal
gas and condensed phase thermochemical database for combus-
tion with updates from active thermochemical tables, mirrored at
http://garfield.chem.elte.hu/Burcat/burcat.html; 24.10.2014.

[25] M. Deleuze, Valence one-electron and shake-up ionization bands of poly-
cyclic aromatic hydrocarbons. II. Azulene, phenanthrene, pyrene, chry-
sene, triphenylene, and perylene, J. Chem. Phys. 116 (16) (2002) 7012–
7026. doi:10.1063/1.1462615.

[26] P. Piecuch, S. A. Kucharski, K. Kowalski, M. Musial, Efficient
computer implementation of the renormalized coupled-cluster
methods: The r-ccsd[t], r-ccsd(t), cr-ccsd[t], and cr-ccsd(t) ap-
proaches, Computer Physics Communications 149 (2) (2002) 71 – 96.
doi:http://dx.doi.org/10.1016/S0010-4655(02)00598-2.
URL http://www.sciencedirect.com/science/article/pii/S0010465502005982

[27] K. Kowalski, P. Piecuch, New coupled-cluster methods with sin-
gles, doubles, and noniterative triples for high accuracy calcula-
tions of excited electronic states, The Journal of Chemical Physics
120 (4) (2004) 1715–1738. arXiv:http://dx.doi.org/10.1063/1.1632474,
doi:10.1063/1.1632474.
URL http://dx.doi.org/10.1063/1.1632474

[28] J. R. Gour, P. Piecuch, M. Wloch, Active-space equation-of-motion
coupled-cluster methods for excited states of radicals and other open-
shell systems: Ea-eomccsdt and ip-eomccsdt, J. Phys. Chem 125 (2005)
134113.

[29] M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gor-
don, J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su, T. L.
Windus, M. Dupuis, J. A. Montgomery, General atomic and molecu-
lar electronic structure system, Journal of Computational Chemistry
14 (11) (1993) 1347–1363. doi:10.1002/jcc.540141112.
URL http://dx.doi.org/10.1002/jcc.540141112

15



  

[30] I. Corral, L. Gonzalez, Theoretical investigation of anthracene-9,10-
endoperoxide vertical singlet and triplet excitation spectra, J. Comp.
Chem. 29 (12) (2008) 1982–1991. doi:10.1002/jcc.20949.

[31] M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S.
Gordon, J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su,
T. L. Windus, M. Dupuis, J. A. Montgomery Jr, General atomic and
molecular electronic structure system, J. Comput. Chem. 14 (11) (1993)
1347–1363.

[32] A. A. Granovsky Firefly version 8, www
http://classic.chem.msu.su/gran/firefly/index.html.

[33] M. H. Palmer, W. Moyes, M. Spiers, J. N. A. Ridyard, Electronic-
Structure of Substituted Benzenes - Ab Initio Calculations and
Photoelectron-Spectra for Nitrobenzene, the Nitrotoluenes, Dinitroben-
zenes and Fluoronitrobenzenes, J. Mol. Struct. 55 (2) (1979) 243–263.
doi:10.1016/0022-2860(79)80216-1.

[34] K. Kimura, S. Katsumata, Y. Achiba, Y. Yamazaki, S. Iwata, Handbook
of HeI Photoelectron Spectra of Fundamental Organic Molecules, Japan
Scientific Societies Press, Tokyo, 1981.

[35] J. F. Gal, S. Geribaldi, G. Pfister-Guillouzo, D. G. Morris, Basicity
of the Carbonyl Group .12. Correlations Between Ionization Potentials
and Lewis Basicities in Aromatic Carbonyl Compounds, J. Chem. Soc.-
Perkin Trans. 2 (1) (1985) 103–106. doi:10.1039/p29850000103.

[36] O. Schalk, A. E. Boguslavskiy, A. Stolow, Substituent effects on dy-
namics at conical intersections: Cyclopentadienes, J. Phys. Chem. A
114 (12) (2010) 4058–4064.
URL http://dx.doi.org/10.1021/jp911286s

[37] O. Schalk, M. S. Schuurman, G. Wu, P. Lang, M. Mucke, R. Feifel,
A. Stolow, Internal conversion versus intersystem crossing: What
drives the gas phase dynamics of cyclic αβ-enones, J. Phys. Chem. A
118 (12) (2014) 2279–2287. arXiv:http://dx.doi.org/10.1021/jp4124937,
doi:10.1021/jp4124937.
URL http://dx.doi.org/10.1021/jp4124937

16



  

[38] T. J. A. Wolf, T. S. Kuhlman, O. Schalk, T. J. Martinez, K. B.
Moller, A. Stolow, A.-N. Unterreiner, Hexamethylcyclopentadiene:
time-resolved photoelectron spectroscopy and ab initio multiple spawn-
ing simulations, Phys. Chem. Chem. Phys. 16 (2014) 11770–11779.
doi:10.1039/C4CP00977K.
URL http://dx.doi.org/10.1039/C4CP00977K

[39] J.-M. Mewes, V. Jovanovic, C. M. Marian, A. Dreuw, On the
molecular mechanism of non-radiative decay of nitrobenzene and
the unforeseen challenges this simple molecule holds for electronic
structure theory, Phys. Chem. Chem. Phys. 16 (2014) 12393–12406.
doi:10.1039/C4CP01232A.
URL http://dx.doi.org/10.1039/C4CP01232A

[40] M. Takezaki, N. Hirota, M. Terazima, Nonradiative relaxation pro-
cesses and electronically excited states of nitrobenzene studied by pi-
cosecond time-resolved transient grating method, J. Phys. Chem. A
101 (19) (1997) 3443–3448. arXiv:http://dx.doi.org/10.1021/jp963095t,
doi:10.1021/jp963095t.
URL http://dx.doi.org/10.1021/jp963095t

[41] T. D. Crawford, J. F. Stanton, P. G. Szalay, H. F. Schaefer, The cc2a2
excited state of no2: Evidence for a cs equilibrium structure and a
failure of some spin-restricted reference wavefunctions, J. Chem. Phys.
107 (7) (1997) 2525–2528. doi:http://dx.doi.org/10.1063/1.474592.
URL http://scitation.aip.org/content/aip/journal/jcp/107/7/10.1063/1.474592

[42] M. Takezaki, N. Hirota, M. Terazima, Relaxation of nitrobenzene from
the excited singlet state, J. Chem. Phys. 108 (11) (1998) 4685–4686.
doi:http://dx.doi.org/10.1063/1.475883.
URL http://scitation.aip.org/content/aip/journal/jcp/108/11/10.1063/1.475883

[43] J. Quenneville, M. Greenfield, D. S. Moore, S. D. McGrane, R. J.
Scharff, Quantum chemistry studies of electronically excited nitroben-
zene, tna, and tnt, J. Phys. Chem. A 115 (44) (2011) 12286–
12297, pMID: 21913697. arXiv:http://dx.doi.org/10.1021/jp204104j,
doi:10.1021/jp204104j.
URL http://dx.doi.org/10.1021/jp204104j

17



  

[44] T. Geng, O. Schalk, S. P. Neville, T. Hansson, R. D. Thomas, Dynamics
in higher lying excited states: Valence to rydberg transitions in the re-
laxation paths of pyrrole and methylated derivatives, J. Chem. Phys.
146 (14) (2017) 144307. arXiv:http://dx.doi.org/10.1063/1.4979681,
doi:10.1063/1.4979681.
URL http://dx.doi.org/10.1063/1.4979681

[45] J. E. Abbott, X. Z. Peng, W. Kong, Symmetry Properties of Elec-
tronically Excited States of Nitroaromatic Compounds, J. Chem. Phys.
117 (19) (2002) 8670–8675. doi:10.1063/1.1513992.

[46] N. Ohmori, T. Suzuki, M. Ito, Why does intersystem cross-
ing occur in isolated molecules of benzaldehyde, acetophenone,
and benzophenone?, The Journal of Physical Chemistry 92 (5)
(1988) 1086–1093. arXiv:http://dx.doi.org/10.1021/j100316a019,
doi:10.1021/j100316a019.
URL http://dx.doi.org/10.1021/j100316a019

18



  

molecule VEE / eV VEE / eV τ1 / fs τ2 / ps integral A1:A2:A3
a

experiment TD-B3LYP
NBE 3.54 [45] 3.84 40 0.48 1000 : 27 : 2.0
BA 3.34 [46] 100 6
2-NBA 3.73 [3] 3.52 60 0.52 1000 : 51 : 14
3-NBA 3.72 [3] 3.63 20 1.48 1000 : 24 : 3.8
4-NBA
λpu=200 nm 3.76 [3] 3.34 70 1.64 1000 : 36 : 4.6
λpu=267 nm - 1.82 - : 4: 1

Table 1: Vertical excitation energy (VEE) of the lowest lying excited state and time
constants extracted from a global fitting routine. The excitation wavelength λpu was 200
nm unless indicated differently. Estimated errors of the time constants are 20 %. a) Ratios
of the decay associated spectra as defined in eq. 5. A1 relates to τ1, A2 relates to τ2, and
A3 relates to the constant offset. For comparison, A1 is set to 1000.

Species VIPtheo / eV VIPexp / eV
cis trans

NBE 10.06 (+0.14) 9.92
BA 9.60(-0.11) 9.71
2-NBA 10.46 10.33
3-NBA 10.43 10.52
4-NBA 10.45 (+0.08) 10.37

Table 2: Calculated (VIPtheo) and experimental (VIPexp) vertical ionization potentials of
nitrobenzene (NBE), benzaldehyde (BA), 2-, 3- and 4-nitrobenzaldehyde (2-NBA, 3-NBA
and 4-NBA). Calculations are carried out at the OVGF/cc-pVQZ//B3LYP/6-31G(2df,p)
level of theory (associated deviations from experimental values are given in parenthesis).
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state NBE 2-NBA 3-NBA 4-NBA character
1A” 3.18 3.533 3.440 nπ∗ (n:CHO)
2A” 3.512 3.481 3.517 3.469 nπ∗ (n:NO2)
3A” 4.049 3.978 4.032 3.984 nπ∗ (n:NO2)
4A” 5.308 5.382 -a nπ∗ doubly exc.
2A’ 4.448 4.138 4.252 4.187 ππ∗ doubly exc.
3A’ 5.435 5.103 5.483 -b ππ∗ CT
4A’ 5.827 5.647 5.766 5.698 ππ∗ (π:NO2)
5A’ 6.900 6.010 5.863 5.154 ππ∗

Table 3: Excitation energies of nitrobenzene (NBE) and (cis-)2-, (trans-)3-
and 4-nitrobenzaldehyde (2-NBA, 3-NBA and 4-NBA) below 6.2 eV using CR-
EOMCCSD(T)/cc-pVDZ. a) The doubly excited state did not converge for 4-NBA b)
The charge transfer state did not converge for 4-NBA.
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Figure 1: Possible reaction paths of 2-nitrobenzaldehyde upon photoexcitation.

21



  

Figure 2: Energy levels for minimum energy geometries of different states along the reac-
tion path of nitrobenzene (NBE), 2-nitrobenzaldehyde (2-NBA) and 4-nitrobenzaldehyde
(4-NBA). Abbreviations of the species are explained in Figure 1. Green color indicates
the ground state, red color the first excited state, and black color the lowest lying triplet
state.
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Figure 3: Time-resolved photoelectron spectra of 2-nitrobenzaldehyde and nitrobenzene
upon excitation with 200 nm and probe with 267 nm photons.
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Figure 4: Decay associated spectra (DAS) and time zero shift for nitrobenzene (NBE)
and n-nitrobenzaldehyde (n=2,3,4). The time constants that belong to the amplitudes are
given in Table 1. The DAS associated to τ1 are normalized to the maximum value and
the DAS of τ2 is given relative to the former.

24



  

Figure 5: Structures of the S1 minimum and the S1-S0 conical intersection of 2 and
4-nitrobenzadehyde calculated at the SA-3-(9,10)CASSCF/cc-pVDZ level of theory. Dis-
tances are given in pm. α denotes the O-N-O angle, φ is the projection of the C-N axis
onto the ONO-plane and τ denotes the torsion of the NO2 group (in degrees).
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Figure 6: Sketch of the model for the dynamics in NBE, 3-, and 4-NBA. The green
arrows indicate the pathway for 3- and 4-NBA while the pathway along the red arrows is
energetically unfavorable. In NBE, the nπ∗(CHO) state does not exist and deactivation
from the initially excited ππ∗ state proceeds directly to the nπ∗(NO2) state.
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Highlights 

 

 

 Light induced dynamics in nitrobenzene and nitrobenzaldehydes are within 2 ps.  

 NO release is dominant channel in nitrobenzene upon photoexcitation 

 Hydrogen transfer dominates light induced dynamics in 2-nitrobenzaldehyde 

 3- and 4-nitrobenzaldehydes undergo rapid intersystem crossing 

 Dynamics are dominated by lowest lying excited state even upon excitation at 200 nm 
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