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Abstract. The formation of nitrous acid (HONO) through photolysis of onitrophenol was captured in real time by time-resolved photoelectron
spectroscopy using single-order high harmonic probe pulses. HONO is
released 250 fs after photoexcitation.

Introduction
Volatile organic compounds (VOC) are molecules that are emitted into the atmosphere by
human activities and that “cause damage to audible or visual senses” [1]. Among them,
aromatic hydrocarbons form an important class and could account for more than 25 % of
the total VOC-amount produced in urban areas [2]. One of these molecules which received
special attention is ortho-nitrophenol (o-NP). It absorbs strongly in the atmospherically
important UV-A region between 320 and 400 nm and is known as a source of nitrous acid
(HONO) which itself is a precursor for OH-radicals. The OH radical is the key oxidant in
the degradation of air pollutants and one of the defining molecules in atmospheric
chemistry. Most importantly, it promotes the production of ozone (O3) and particulate
matter with a diameter of ≤ 2.5 µm (PM2.5) [3] and can thus be regarded as a major air
pollutant in inhabited areas [4]. HONO photolysis contributes up to 60 % to the OH
production [5], yet the role of o-NPs in the atmosphere is not understood.

Fig. 1. Scheme of the HONO release from o-nitrophenol upon photoexcitation, adopted from
Ref. [6].
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The proposed reaction scheme for the formation of HONO starting from o-NP is shown
in Fig. 1 [6]: Upon photoexcitation, the molecule first undergoes excited state
intramolecular proton transfer (ESIPT) from the hydroxyl to the nitro group. In the next
step, intersystem crossing to the first excited triplet state (T 2) takes place, from where the
molecule rapidly decays to the triplet ground state (T1). In an alternative picture, the order
of ESIPT and ISC is reversed [7]. In the T1 state, HONO is released. However, calculations
revealed that there are several competing processes such as direct return to the ground state
within the singlet manifold, and the formation of HONO has never been observed in real
time [7].
In this contribution, we investigated HONO formation from o-NP in gas phase by timeresolved photoelectron spectroscopy, using 400 nm as excitation wavelength and the 19 th
order of a higher-order harmonic generation (HHG) pulse (29.5 eV) generated with a
Ti:Sapphire laser pulse as a probe. For isolation of a single harmonic, we developed a timedelay compensated monochromator which also preserved the pulse duration [8, 9]. The
cross correlation of the experiment was 87 fs as measured in krypton. For the sample, a
molecular beam was prepared by first mixing o-NP molecules with helium gas warmed at a
temperature of 323 K. Then, the mixture was delivered to the interaction region through a
heated pipe. Time-resolved photoelectron spectra were recorded with a magnetic bottle
photoelectron spectrometer by changing the optical delay between the pump and probe
pulses.

Results and Discussion
Figure 2a shows the photoelectron spectrum without the pump pulse (blue) and the
temporal evolution of the difference spectra (pump-probe – probe only) at selected pumpprobe delays. Most prominently, we observe the rise of peaks around 11 and 12.2 eV. For a
more detailed analysis, the difference spectrum taken at a delay time of 1333 fs is replotted
in Fig. 2b. We recognize the peaks at 11.0, 11.4, 12.2 and 12.6 eV. This difference
spectrum agrees nicely with the photoelectron spectrum of HONO taken from Ref. [10],
which is shown by the blue spectrum in Fig. 2b. This provides a strong indication that
HONO is formed upon irradiation with 400-nm light.
The timescale of HONO formation is plotted in Fig. 2c. Here, the time evolution of the
signals around 11 and 12.2 eV is shown. The temporal behaviour of these two bands is
quite similar. Directly after excitation, the intensity was reduced by the depletion of the
ground state through the pump pulse and the change of the ionization cross section in the
excited states. At 200 fs, the signal starts to rise and has a first maximum around 400 fs. At
that delay time, the two HONO peaks are already visible (see Figure 2a). Around 600~800
fs, the spectrum becomes less intense and undergoes spectral changes, e.g. the signal
around 14 eV disappears. Afterwards, the intensity of the HONO band gradually increases
again.
The temporal evolutions of the fingerprints of HONO in photoelectron spectra suggest
that HONO is formed after about 250 fs. This is the first real time observation of HONO
formation. The observed timescale is consistent with an earlier study by UV pump-UV
probe photoelectron spectra, where the excited state dynamics is finished after about 200 fs
[11]. Since HONO is released from T 1, the disappearance of the excited states suggests the
relaxation to the ground state with HONO release. In addition to HONO formation, it is
evident that several other processes take place which cause a restructuring of the whole
difference spectrum within the first picosecond. One of these observed processes is the
rearrangement of the metastable triplet carbene formed after HONO release (see Figure 1).
Moreover, the several competing processes will also be seen in the spectrum which makes
the analysis quite challenging. UV pump-UV probe photoelectron spectra also revealed a
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long-lived signal that lasted for at least a ns. This agrees with our findings and indicates that
most of the rearrangements seen through our difference spectra are likely ground state
dynamics.
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Fig. 2. a) Photoelectron spectrum of o-nitrophenol measured with a 29.5 eV pulse only
(blue curve) and temporal evolution of the difference of the photoelectron spectrum from
the probe-only spectrum following excitation at 400 nm (red curves). b) Difference
spectrum (pump-probe minus probe only) at 1333 fs (red curve) and the photoelectron
spectrum of HONO taken from Ref. [10] (blue line). c) Temporal evolution of the HONO
band at 12.2 ( ● ) and at 11 eV ( ▲ ).
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