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The photo-isomerization of o-acetylbenzaldehyde (oABA) in acetonitrile was studied by femto- and nanosecond transient absorp-
tion spectroscopy. Spectroscopic signatures are assigned with the aid of TD-DFT, TD-CAM-DFT and DFT-MRCI computations.
The isomerization yields a lactone, 3-methylphthalide (3MP), with a quantum yield of 0.3 (30%). As evidenced by femtosecond
stimulated Raman spectroscopy (FSRS), the isomerization proceeds via a ketene intermediate. It is formed within ∼ 2-3 ps after
photo-excitation. Intersystem crossing (ISC) populating the triplet state of oABA seems to compete with the ketene formation.
Experiments on the non-reactive meta- and para-derivatives, which undergo efficient ISC with time constants of 5 ps, support
this statement. The triplet state of oABA also contributes to the ketene formation, presumably involving a biradical intermediate.
The ketene exhibits a lifetime of 1.4 µs and generates an additional intermediate in the cascade towards the lactone.

1 Introduction

Intramolecular hydrogen transfers in the excited state are cru-
cial elementary processes in photochemistry and photobiol-
ogy1. The transfer may occur in an adiabatic way yielding
electronically excited transfer products2. After radiative or
non-radiative decay the transfer usually is reversed and the
starting material is rapidly (< 10 ns) recovered3,4. In a non-
adiabatic process, transfer and non-radiative decay are cou-
pled; the transfer product is formed in the electronic ground
state. Often, these products are more stable with respect to the
reverse transfer than those formed adiabatically. As a conse-
quence secondary processes yielding stable products are more
likely.

Blancafort et al.5,6 invoked symmetry arguments and cor-
relation diagrams to explain why for a certain molecule the
transfer is reversible or not. In the irreversible case the hydro-
gen transfer is accompanied by the relocation of two electrons
from an n- to a π-orbital. This renders the reverse transfer
orbital-forbidden and therefore slow. For reversible transfers
the character of the orbitals involved does not alter which en-
ables a fast reverse transfer. The model was first developed
for the photochemistry of ortho-nitrobenzaldehyde (oNBA), a

† Electronic Supplementary Information (ESI) available: [Absorption spectra,
IR spectra of oABA upon illumination, additional nanosecond data for oABA,
mABA and pABA, fs-UV/Vis data for mABA, additional computational re-
sults]. See DOI: 10.1039/b000000x/
a Heinrich Heine Universität, Institut für Physikalische Chemie, Univer-
sitätsstraße 1, 40225 Düsseldorf, Germany. Fax: +49 211 8112803; Tel:
+49 211 8115400; E-mail: gilch@hhu.de
b Heinrich Heine Universität, Institut für Theoretische Chemie und Comput-
erchemie, Universitätsstraße 1, 40225 Düsseldorf, Germany.

compound on which we conducted a series of femtosecond
spectroscopy measurements7–11. In oNBA, photoexcitation
triggers the transfer of a hydrogen atom from the aldehyde
substituent to the nitro group. The transfer occurs within a
few 100 fs and results in the formation of a ketene interme-
diate12 in its electronic ground state. In line with that, high
level quantum chemistry computations find a barrier-less path
from the Franck-Condon region of photo-excited oNBA to the
ketene intermediate5,13. The computed barrier for the reverse
transfer amounts to 0.8 eV5. This explains the experimental
finding7,14 that the ketene intermediate transforms quantita-
tively into a stable photoproduct, ortho-nitrosobenzoic acid.

To widen the scope of their model Blancafort et al.6

addressed a related molecule, ortho-phthalaldehyde (oPA,
Scheme 1). This molecule is known to be photo-reactive,
forming among other products a phthalide15. As the ini-
tial process of this reaction, the computations predict a non-
adiabatic hydrogen transfer resulting in a ketene6. A ketene
intermediate was indeed observed via IR spectroscopy in a
matrix isolation experiment16. However, this experiment gave
neither information on the time scale of the formation nor
on its yield. Time resolved spectroscopy on oPA and related
compounds15,17,18 lacked the temporal resolution to trace the
ketene formation.

Here, we will present a comprehensive femto- and nanosec-
ond spectroscopy study on ortho-acetylbenzaldehyde (oABA,
Scheme 1). We have opted for oABA instead of oPA since
for the latter at least two rotamers (denoted as EZ and EE)
coexist15. These rotamers are expected to differ in their
photo-reactivity which renders the observed kinetics hetero-
geneous15. For sterical reasons, in oABA the rotamer de-

1–13 | 1

Page 1 of 13 Physical Chemistry Chemical Physics



picted in Scheme 1 is expected to predominate. As oPA,
oABA is known to photo-transform into a phthalide (3-
methylphthalide, 3MP, Scheme 1)18.

The computations by Blancafort et al. on oPA did not
take intersystem crossing (ISC) to triplet states into account.
Most aromatic carbonyl compounds, however, undergo effi-
cient ISC2,19. So to set signatures of ISC apart from the ones
of hydrogen transfer, results on the meta- and para-isomers
(mABA and pABA) are included. Both exhibit a much lower
photochemical reactivity (see below).
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Scheme 1 Structures of oPA, oABA, 3MP and of diverse
intermediates, which have been discussed in the photochemistry of
oABA and analogous compounds.

In the remainder of this paper, the phototransformation of
oABA to a phthalide will first be characterized by steady state
illumination. Femto- and nanosecond transient absorption will
reveal the characteristic times for the processes occurring in
mABA, pABA and oABA. By means of femtosecond stimu-
lated Raman spectroscopy (FSRS)20 evidence for the ketene
formation will be given. Spectral assignments will receive
support from quantum chemistry. The results will finally be
discussed in the light of earlier findings on oNBA and the com-
putations on oPA.

2 Experimental and theoretical methods

2.1 Steady state illumination

The steady state illumination was performed in 1 cm fused
silica cells (Hellma). For excitation at 266 nm, the frequency
doubled output of a pulsed Nd:YAG laser (Continuum NY60,
pulse duration 10 ns (FWHM), repetition rate 50 Hz), which
was converted to 266 nm via an additional β -barium borate
(BBO) crystal, was used. Residual fundamental and second
harmonic light was removed by two dichroic mirrors. For all
other excitation wavelengths, the xenon lamp and excitation
monochromator of a Fluorolog 3 spectrometer (Horiba) were
employed.

2.2 Femtosecond spectroscopy

The experimental set-ups for the FSRS and transient absorp-
tion (TA) experiments in the femto- to nanosecond range were
described before8,21. Here, only deviations from these de-
scriptions and the relevant experimental parameters are sum-
marized. For all measurements the frequency tripled out-
put (266 nm) of a 1 kHz femtosecond laser/amplifier sys-
tem (Coherent Libra) served as actinic pump. Pump-induced
spectroscopic changes were probed by a single-filament white
light continuum generated in CaF2. Its diameter amounted to
25 µm at the sample position. The time resolution of both
techniques was about 200 fs. In all measurements, the rel-
ative orientation of the polarization vectors of actinic pump
and probe light was at magic angle.

2.2.1 Transient absorption The energy of the actinic
pump pulses amounted to 1 µJ. The respective beam diameter
(FWHM) at the sample location was 200 µm. For recording
of the TA data, at each delay setting signal was accumulated
for 2 s per scan (1000 actinic pump pulses) and 4 scans of
the delay line were averaged. Signals of the neat solvent were
recorded in separate measurements and subtracted with proper
scaling22. The instrumental time zero shift was determined as
a function of the detection wavelength via the optical Kerr ef-
fect and was corrected for.

2.2.2 Femtosecond stimulated Raman spectroscopy
The energy of the actinic pump pulses amounted to 4 µJ. The
beam diameter (FWHM) at the sample location was 140 µm.
Stimulated Raman processes in the FSRS experiment were in-
duced by laser pulses centered at 400 nm, which were gener-
ated via second harmonic spectral compression (SH-SC) in a
25 mm BBO crystal23. As recently suggested24, the output of
the BBO was filtered in a double pass spectral filter (50 cm 2f
set-up with a 3600 l/mm grating from Newport (10HG3600-
300-1)). Via a variable slit the Raman pump pulses were con-
fined to a spectral width of 12 cm−1 (FWHM). Pulse energy
and beam diameter were 3 µJ and 50 µm. The attained spec-
tral resolution of the FSRS experiment was 16 cm−1. Polariza-
tions of the Raman pump and the white light continuum pulses
were parallel. At each delay setting signal was accumulated
for 14 s per scan (7000 actinic pump pulses) and 10 scans of
the delay line were averaged. In contrast to the description in
ref. 5, no chopper was used in the actinic pump branch.
FSRS data processing was performed as follows. After sub-
traction of the dark background bgr, the change in stimulated
Raman signal upon photoexcitation S(ν̃ ,t,s) as a function of
wavenumber ν̃ was calculated for each delay setting t and scan
s according to

S(ν̃ , t,s) =
Iwl+Rp+exc(ν̃ , t,s)−bgr

Iwl+exc(ν̃ , t,s)−bgr
. (1)
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Here, Iwl+Rp+exc(ν̃ ,t,s) is the measured spectrum when
all three pulses reach the sample and Iwl+exc(ν̃ ,t,s) when
the Raman pump pulse is blocked. To correct for base-
line fluctuations, S(ν̃ ,t,s) was first processed with a Savitzky-
Golay filter25 (4th order polynom, 2 points left/right) to yield
SSav(ν̃ ,t,s). Then the baseline was fitted with a spline function
SF(ν̃ ,t,s). This spline function was subtracted from the data to
give the baseline corrected spectra Scorr(ν̃ ,t,s)

Scorr(ν̃ , t,s) = SSav(ν̃ , t,s)−SF(ν̃ , t,s). (2)

Since the absorption of the Raman pump pulse from ex-
cited state molecules does not only lead to baseline fluctua-
tions, but also to an apparent decrease in Raman intensity, a
correction factor C(ν̃re f ,t,s) for this decrease is required. We
compute this correction factor by relying on a solvent peak at
ν̃re f , which is assumed to have an intensity independent of the
photoexcitation of the solute21. C(ν̃re f ,t,s) is the ratio of this
peak’s background corrected intensity with (delay settings t)
and without (negative delay setting tneg = -4 ps) photoexcita-
tion of the solute

C(ν̃re f , t,s) =
Iwl+Rp(ν̃re f , tneg,s)−bgr

Iwl+Rp+exc(ν̃re f , t,s)−bgr
. (3)

The final transient Raman spectra R(ν̃ ,t) were then obtained
by computing

R(ν̃ , t,s) = Scorr(ν , t,s) ·C(ν̃re f , t,s)−Scorr(ν̃ , tneg,s) (4)

and subsequent averaging over all scans s. Here,
Scorr(ν̃ ,tneg,s) equals the ground state FSRS spectrum of the
sample for each scan.

2.3 Nanosecond transient absorption

The nanosecond transient absorption setup (Applied Photo-
physics, LSK 6.0) utilizes the output of a frequency quadru-
pled (266 nm) pulsed Nd:YAG laser (Innolas, Spitlight 600)
for photoexcitation26. The sample was excited with 38 mJ
pump energy at 12 ns laser pulse duration and 1 Hz repeti-
tion rate. The pump beam of 0.8 cm diameter was directed
into the sample (a standard 3.5 ml cuvette, pathlength 1 cm)
at right angle to the probe beam. The sample was purged with
nitrogen to remove dissolved oxygen. For quenching experi-
ments the sample was purged with pure oxygen. For sensitive
measurements of absorbance changes we used a high-intensity
pulsed xenon lamp (150 W, 1.5 ms, Osram) as probe source.
The pulsed output of the lamp remains flat in terms of inten-
sity for ∼ 400 µs. This temporal window was relied on in
the experiments. Behind the sample the probe light was dis-
persed by a grating monochromator for wavelength selection.
The output signal was detected by a photomultiplier (1P28,

250-600 nm), digitized by an oscilloscope (Agilent Infinium)
and transferred to a workstation (Iyonix). Typically 10 laser
pulses were averaged to record a kinetic trace at a selected
wavelength.

2.4 Quantum chemical computations

Quantum chemical computations were performed using Gaus-
sian0927 and Turbomole28. Optimized ground state geome-
tries and vibrational modes in acetonitrile were obtained us-
ing Gaussian DFT B3LYP, the TZVP basis set and the PCM
reaction field method29. The calculated frequencies were
scaled by a factor of 0.965. Excited state absorptions and
oscillator strengths were calculated for the first ten excited
states with TD-B3LYP and TD-CAM-B3LYP using Gaussian.
DFT-MRCI30,31 values were computed in Turbomole using
COSMO32 for solvation effects.

Gaussian09 computes Raman activities Scomp(ν̃) for lin-
early polarized incident light and 90◦ unpolarized detection33.
Different conditions apply for the FSRS experiments here.
While the incident light still has linear polarization, the de-
tection is performed at 180◦. Also, due to the stimulated Ra-
man effect, the detection “selects“ light scattered with par-
allel polarization relative to the incident light (Raman pump
and Raman probe polarizations are parallel, see above). So,
to obtain intensity values which are directly comparable to
the relative intensities in R(ν̃ ,t) (eq. 4), two corrections have
to be applied to Scomp(ν̃). First, the depolarization ratio ρ

(“Depolar (P)“ in the Gaussian output) has to be consid-
ered (eq. 5).34 Second, the calculated activities have to be
corrected for the intrinsic frequency dependency in stimu-
lated Raman spectroscopy35. Therefore, Scomp(ν̃) has to be
multiplied by the absolute wavenumbers ν̃S,abs of the Stokes
shifted bands.36 The incident light wavenumber ν̃0,abs was set
to 25000 cm−1 (400 nm) since our experiment was performed
under these conditions. Considering far-from-resonance con-
ditions, application of both corrections yields Raman activi-
ties Scomp,corr(ν̃), which are directly comparable to our exper-
imental signal heights:

R(ν̃ , t)∼ Scomp,corr(ν̃) =
Scomp(ν̃) · ν̃S,abs

ρ +1
(5)

Finally, the corrected stick spectra were convoluted with
Lorentzian functions (FWHM = 15 cm−1).

2.5 Materials

o-Acetylbenzaldehyde (95%), m-acetylbenzaldehyde (95%),
and p-acetylbenzaldehyde (97%) were supplied by Aldrich
and used as received. trans-Stilbene (98%) was supplied by
TCI Europe. Spectroscopic grade acetonitrile (> 99%, wa-
ter content <0.03%) from Acros Organics and acetonitrile-d3
(99.8% deuteration) from Euriso-Top were used as solvents.
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3 Results

3.1 Steady state illumination

The UV/Vis absorption spectrum of oABA dissolved in
acetonitrile (Figure 1) exhibits clearly discernible bands at
288 nm (absorption coefficient ε = 1720 M−1cm−1), 247 nm
(7560 M−1cm−1), and 215 nm (23200 M−1cm−1) (for spectra
of mABA and pABA see ESI Figure S1). Closer inspection of
the spectrum reveals an additional band at ∼ 350 nm with a
small absorption coefficient of∼ 200 M−1cm−1. Illumination
of the solution with 266 nm light mostly results in a reduction
of the absorption except for spectral regions around 230 and
270 nm. Here small increases are seen. The spectral changes
fit well with a photo-induced formation of 3MP. A difference
spectrum derived from the illumination experiment matches
the one computed from the spectra of oABA and phthalide.
The parent compound phthalide was used as a “stand-in” for
3-methylphthalide which was not available.
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Fig. 1 UV/Vis absorption spectrum of oABA dissolved in
acetonitrile (initial concentration of 0.2 mM (black line), optical
path length of 1 cm) and its changes upon 266 nm illumination.
Upper panel: Spectra for several illumination times. Lower panel:
Difference spectrum computed from the spectra in the upper panel
(solid line) in comparison to a difference obtained by subtracting the
oABA from the phthalide spectrum (dashed line).

An illumination experiment with FTIR detection (see ESI
Figure S2) and GC/MS spectra (data not shown) also sup-
port the formation of 3MP as the only product. In the
IR experiment a strong band at 1765 cm−1 is seen to rise.

This wavenumber is characteristic for the carbonyl stretch-
ing mode of the lactone motif37 in 3MP. The reaction quan-
tum yield φr was determined relying on UV/Vis and FTIR
spectroscopy. In either experiments the absorption at the il-
lumination wavelength was high enough and the illumination
time short enough that constant absorbed light flux may be
assumed. Under these conditions the concentrations change
linearly with illumination time and the slope of the respective
plots is proportional to φr. In the UV/Vis experiment the re-
duction of the absorption at 291 nm served as a measure for
the consumption of oABA. At 291 nm the absorption of 3MP
is negligible. In the IR experiment the consumption was mon-
itored at 1697 cm−1. Here, one carbonyl stretching mode of
oABA is located. The UV/Vis experiment afforded a yield φr
of 0.31 (31%) for an illumination wavelength of 288 nm. For
IR detection and a slightly different illumination wavelength
of 266 nm a value of 0.30 was determined. Since the formation
of a lactone is impossible in mABA and pABA, the quantum
yields for their consumption are by a factor of ∼ 50 smaller
than the one for oABA. No attempts were made to clarify the
nature of mABA and pABA photoproducts. Recording flu-
orescence properties of oABA failed since during the acqui-
sition the fluorescence increased in intensity. Obviously, in
the fluorimeter the photo-reaction occurs and the 3MP formed
exhibits a much higher fluorescence quantum yield than the
starting material.

3.2 Transient absorption spectroscopy

3.2.1 meta- and para-Acetylbenzaldehyde mABA and
pABA dissolved in acetonitrile were excited with femtosec-
ond laser pulses centered at 266 nm. The difference absorp-
tion in response to that excitation was recorded as function of
the detection wavelength and delay time (for pABA data see
Figure 2, for mABA see ESI, Figure S3). In the pABA exper-
iment, the contour plot reveals an ultrafast decay of bands in
the range of 400-470 nm and 600-670 nm within∼ 200 fs (see
also Figure 2, time trace B). Shortly after time zero a spectrally
broad positive difference absorption with a pronounced band
at 340 nm and a weaker one at 580 nm is observed. Within a
few picoseconds the difference absorption around 580 nm de-
cays close to zero and the band around 340 nm narrows and in-
creases in height. From ∼ 10 ps onwards the difference spec-
trum features an intense band with a maximum at 345 nm with
a shoulder at 390 nm and a weak, broad absorption tail up to
∼ 650 nm (see magnification in Figure 2, right panel). These
features persist to the end of the time window (3 ns) and re-
cur in a nanosecond transient absorption experiment (see ESI
Figure S4).

The initial ultrafast decay occurs with a time constant be-
low our instrumental response function (< 200 fs) and is at-
tributed to internal conversion from the initially excited to
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Fig. 2 Femtosecond transient absorption on pABA (3 mM) dissolved in acetonitrile upon excitation at 266 nm. A contour representation of
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horizontal lines represent delay times for the difference spectra plotted in the right panel. For the difference spectrum at 1 ns an additional
ten-fold magnification is shown (grey dashed line). Note that the time axis is linear until 1 ps and logarithmic thereafter.
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the lowest excited singlet state. Monoexponential fits of the
time traces around 345 and 580 nm (traces A and C in Figure
2) yield identical time constants of 5 ps, describing the de-
cay of the species featuring the 340 and 580 nm bands and
population of the one featuring the 345 nm band. Around
450 nm the time traces are more complex. This is ascribed
to vibrational cooling of the species formed within 5 ps. The
lifetime of this species, as observed in a nanosecond experi-
ment (cpABA = 0.14 mM), proves to be oxygen sensitive (see
ESI Figure S4). In a nitrogen purged solution the lifetime is
∼ 2 µs. In an oxygen saturated solution it is lower by an order
of magnitude (∼ 0.2 µs). Analyses of the mABA data sets
yield similar time constants (5 ps, ∼ 2 µs (N2) and ∼ 0.2 µs
(O2), see ESI Figures S3 & S5).

The time resolved data on mABA and pABA lend to the
interpretation that the compounds undergo efficient ISC to
the triplet state. For a closely related system — acetophe-
none dissolved in acetonitrile — a triplet absorption spec-
trum similar to the ones observed here was reported38. The
lifetimes of ∼ 2 µs recorded in the nanosecond experiments
are in the range typical for organic carbonyls in solution39.
The “building blocks” of mABA and pABA, benzaldehyde
and acetophenone, exhibit longer triplet lifetimes in acetoni-
trile of 17 µs and 130 µs, respectively40. We stress, how-
ever, that the lifetime values of ∼ 2 µs do not need to be
the “intrinsic” lifetimes of the states. Concentration quench-
ing, i.e. an interaction between a triplet excited and a ground
state molecule, and triplet-triplet annihilation cannot be ex-
cluded. The former effect comes into play for benzaldehyde
and acetophenone dissolved in acetonitrile40. The lifetime
reduction by oxygen translates into a bi-molecular quench-
ing constant kq,O2 of 5.0 · 108 M−1s−1 for pABA. Hereby,
a published value for oxygen concentration in oxygen satu-
rated acetonitrile (9.1 mM) was relied on39. The quench-
ing constant is clearly below the one for the diffusion limit
(1.9 · 1010 M−1s−1)39. The rate constant for quenching of
the acetophenone triplet by oxygen is also below the diffusion
limit41. This observation was ascribed to spin statistics41. All
this is in favor of assigning the transients observed at delay
times > 10 ps to the lowest triplet states of mABA and pABA,
which are both populated with a time constant of 5 ps.

3.2.2 ortho-Acetylbenzaldehyde The same set of tran-
sient absorption experiments as for mABA and pABA were
conducted for oABA dissolved in acetonitrile. The spectro-
temporal behavior differs substantially from the one of pABA.
The difference absorption induced by 266 nm femtosecond ex-
citation is spectrally very broad with peaks around time zero
at 620, 390, and 345 nm (Figure 3).

Within the instrumental response time (200 fs) the differ-
ence absorption decreases in magnitude throughout the spec-
tral region covered. On the time scale of picoseconds a decay

in signal strength is observed, predominately around 380 nm.
Within ∼ 10 ps a band around 400 nm is seen to narrow in
spectral width. Further kinetic compounds on the time scale
of 100 ps and 1 ns are discernible. On the nanosecond time
scale signal increases as well as decreases are seen. The dif-
ference spectrum recorded for the largest delay time (3 ns) in
the femtosecond experiment exhibits peaks at 520, 405, and
∼ 320 nm.
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Fig. 4 Contour representation of nanosecond transient absorption
data on oABA (0.12 mM) dissolved in nitrogen purged acetonitrile
upon excitation at 266 nm. At early times the absorption maxima of
the fs-UV/Vis offset reoccur. At later times a transient absorption
around 370 nm is formed.

The same features are observed in the earliest difference
spectra recorded with the nanosecond set-up (Figure 4). After
∼ 1 µs these signatures decay giving way to another species
with a spectrum peaking at 370 nm and a ground state bleach
around 280 nm becomes discernible. This species does not
fully decay within the time range covered (up to 400 µs), so
that at the given noise level the time constant for its decay
of about 100 µs is afflicted with a rather high uncertainty.
This lifetime proves to be mildly oxygen dependent (lifetime
quenched by ∼ 30% in presence of oxygen, see ESI Figure
S6).
The kinetic analysis of the oABA data set is more challeng-
ing than for the ones of mABA and pABA. The femto- and
nanosecond data sets were analyzed using a global fitting rou-
tine42. To model the femtosecond data set, trial functions with
different numbers of exponential terms were tested. Visible in-
spection of the time traces (Figure 3) reveals that at least four
terms are involved. It turned out that five exponential terms
and an offset are required to describe the data set. The corre-
sponding decay associated spectra (DAS) and time constants
are shown in Figure 5. To cross-check the number of com-
ponents, a singular value decomposition (SVD)42 was per-
formed. To avoid the instrumental rise showing up in the SVD
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results, the procedure was restricted to the range 500 fs to 3 ns.
In this range four dominant singular values were found. Con-

sidering that one time constant (τ1 = 0.02 ps, Figure 5) of the
global analysis is outside of this range, the SVD procedure
justifies using five terms. The nanosecond data could be re-
produced using two major kinetic components and an offset.
The resulting time constants are 1.4 µs and 106 µs. We will
postpone the assignment of time constants to the Discussion
since the FSRS data covered now will greatly facilitate this
assignment.

3.3 Femtosecond stimulated Raman spectroscopy

Raman resonances of the solvent impair measurements on the
solute at the spectral position of these resonances. Deutera-
tion shifts the solvent resonances and thereby opens additional
spectral windows. So, to cover a broad range of Raman shifts
in the FSRS experiment, oABA dissolved in acetonitrile and
in deuterated acetonitrile was investigated. As in the experi-
ments described above, the sample was excited with 266 nm
laser pulses. The Raman probe pulse was centered at 400 nm
and thereby in resonance with the transient species observed
in the transient absorption experiment (cf. Figure 3). The ex-
citation results in increases of the Raman gain due to species
populated by the excitation and decreases due to depletion of
the starting material (Figure 6). Due to resonance Raman en-
hancement positive signatures are often stronger in magnitude
than the negative ones. Positive signatures are located at Ra-
man shifts of 1170, 1525, 2080, and 3600 cm−1. The intense
band at 1525 cm−1 is present from ∼ 1 ps onwards. The
other bands are clearly discernible from 10–20 ps onwards.
All bands do not change in strength or position thereafter. The
band at 1525 cm−1 is by far the strongest. Thus, we assume
that this apparent difference in rise time is caused solely by
the fact that the weaker bands surmount the noise floor at
later delay times. Early on the most intense band is centered
at a lower wavenumber of 1500 cm−1 and features a larger
bandwidth (40 cm−1 FWHM) than later on (22 cm−1). So
within a few picoseconds the band shifts to larger wavenum-
bers and narrows, which is characteristic for vibrational cool-
ing of a nascent species43–45. To separate these spectral dy-
namics from a “genuine” rise, the band integral was computed
and plotted as a function of delay time (Figure 7, upper panel).
The resulting time trace can be modeled with an exponential
rise and time constant of 2.2 ps. Plotting the peaks of the Ra-
man band as obtained from Gaussian fits versus delay time
reveals a slower response (Figure 7, lower panel). From a sin-
gle exponential fit a relaxation time of 11.2 ps is obtained for
this shift.
The FSRS pattern and temporal behavior is very similar to the
one observed for the ketene derived from oNBA8. Quantum
chemistry will give further support that indeed a ketene inter-
mediate is also formed here.
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3.4 Quantum chemical computations

To affirm the formation of a ketene intermediate upon photo
excitation of oABA, the structures of oABA and potential in-
termediates (Scheme 1) were geometry optimized consider-
ing solvent effects (for coordinates see ESI Tables S1-S5). In
the E-ketene-enol the methyl group must point towards the
ketene group. Optimization of this compound yielded a struc-
ture with a distorted six-membered ring due to the sterical de-
mand of both substituents. The free energy F of formation of
this structure is much larger than the one of the Z-ketene-enol
(FE - FZ = 16.7 kJ/mol, T = 298 K, cf. ESI). So, an E-ketene-
enol intermediate is unlikely to be formed here.

Based on the optimized structures, the respective Raman
spectra in acetonitrile were computed (for computational de-
tails see Section 2.4). A comparison of the FSRS data with the
calculated spectra confirms the formation of the Z-ketene-enol
intermediate (Figure 8). As expected from vibrational spec-
troscopy on other ketenes46 only this intermediate exhibits
a band around 2050 cm−1. The resonance is caused by the
stretching mode of the ketene motif. The most intense band in
the experimental spectrum at 1525 cm−1, which is reproduced
by the computation, is due to an in-phase stretching vibration
of the butadiene scaffold in the ketene intermediate. Finally,
the band at 3600 cm−1 seen in experiment and computation
is caused by an OH-stretching mode and unequivocally shows
that a hydrogen atom has been transferred. Some computed
bands are not visible in the experiment. This can in most of the
cases be explained by selective enhancement of some bands in
resonance Raman spectroscopy.47 The experiment was con-
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Table 1 Lowest energy vertical excitation wavelengths λ and
oscillator strengths f for possible intermediates in acetonitrile
obtained from different computational methods.

Structure Method State Wavelength λ

(Oscillator strength f)
Z-Ketene-enol DFT-MRCI S1 576 nm (5 ·10−4)

S2 380 nm (0.146)
TD-CAM-DFT S1 466 nm (0.000)

S2 393 nm (0.160)
TD-DFT S1 521 nm (0.000)

S2 429 nm (0.119)

Cyclic enol DFT-MRCI S1 351 nm (0.129)
TD-CAM-DFT S1 357 nm (0.135)
TD-DFT S1 388 nm (0.099)

Biradical TD-CAM-DFT S1 578 nm (0.055)
S2 460 nm (0.001)
S3 366 nm (0.014)
S4 329 nm (0.019)

TD-DFT S1 636 nm (0.040)
S2 515 nm (7 ·10−4)
S3 369 nm (0.014)
S4 351 nm (0.030)

ducted under resonance conditions whereas the computations
were not. In particular, the totally symmetric A-term reso-
nances according to Albrecht’s notation48 become stronger
compared to off-resonance scattering. This may explain the
high intensity of the mode at 1525 cm−1, which represents a
totally symmetric vibration regarding the butadiene scaffold.
In other cases, rising bands are compensated by the bleach of
ground state bands as in the case of the intense 1625 cm−1 res-
onance. Taking differences between experimental and com-
puted spectra into account, it is evident that within a few pi-
coseconds after excitation the Z-ketene-enol intermediate is
formed.

For the interpretation of the transient absorption spectra,
transition energies and oscillator strengths of the intermediates
were computed (Table 1). The FSRS experiment has shown
that the 405 nm absorption band observed in the fs-UV/Vis
data is caused by the ketene intermediate. In the computations
we find that this band is the ketene S0 → S2 transition. Note
that the computed position of this band varies depending on
the method employed. This may be explained by the differing
quality of the description of dispersion interactions between
solvent and solute in the different methods. Nevertheless the
calculations deliver the following trends:

• The Z-ketene-enol exhibits a weak S0→ S1 absorption at
> 460 nm and an intense band around 400 nm, as seen
in our experiments. The oscillator strength of the latter is
∼ 0.15.
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Fig. 8 Comparison of experimental (lower panel, data as in top
panel of Figure 6) and computed Raman spectra Scomp,corr (top and
central panel, see eq. 5). The calculated Z-ketene-enol spectrum
(red) is in best agreement with the experimental spectrum compared
to the biradical (green) and the cyclic enol (blue) spectra. Note that
the OH-stretching mode of the biradical is shifted below 3200 cm−1

(not shown).

• The cyclic enol exhibits an S0 → S1 absorption with an
intensity comparable to the S0 → S2 transition of the
ketene. Its position is shifted to shorter wavelengths by
roughly 30 nm with respect to the latter.

• The biradical exhibits multiple low intensity absorption
bands in the spectral window of our experiments.

This knowledge assists in assigning molecular processes to
the kinetic components in our transient absorption experi-
ments (see Discussion). Furthermore, the computed oscillator
strengths allow for estimates of intermediate concentrations
and their quantum yields.

3.5 Quantum yield of the ketene formation

Based on the experimental and computational results an esti-
mate of the quantum yield for ketene formation φr,k will be
given. The measured difference absorption ∆A(ν) as a func-
tion of frequency ν after ketene formation is related to this
yield via

∆A(ν) = φr,k∆ε(ν)c∗d ≈ φr,kεk(ν)c∗d (6)
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Hereby, ∆ε(ν) = εk(ν)−εoABA(ν) is the difference absorption
coefficient for the ketene as function of frequency. Since in
the spectral range of interest the oABA starting material does
not absorb (cf. Figures 1 and 3), it may be approximated by
εk(ν). c∗ stands for the effective concentration of initially ex-
cited molecules and d is the effective path length. To connect
with the computed oscillator strength fk, eq. (6) is spectrally
integrated∫

∆A(ν)dν = φr,k

∫
εk(ν)dνc∗d = φr,k

fk

const
c∗d, (7)

whereby reference is made to the definition of the oscilla-
tor strength (see e.g. ref.49). const subsumes constants and
amounts to 1.44 ·10−18 mol ·s/m2 49. The evaluation of the left
hand side of eq. (7) relied on a transient spectrum at a delay
time of 3 ns (Figure 3). The complete spectrum was plotted
as a function of frequency and reconstructed by three Gaus-
sians. The integral of the Gaussian centered at 7.4 · 1014 s−1

(or 405 nm), which describes the S0 → S2 band, was taken as
spectral integral.
The determination of the yield further requires knowledge
on the product c∗d. It was evaluated by a comparison. To
this end, a femtosecond transient absorption experiment on
a reference molecule was performed under conditions iden-
tical to those for oABA. trans-Stilbene dissolved in acetoni-
trile was used for this purpose. It has been thoroughly char-
acterized by femtosecond spectroscopy and forms cis-stilbene
with a quantum yield of 0.5 within less than 50 ps after exci-
tation50. Since the extinction coefficients of both trans- and
cis-stilbene in acetonitrile are known51, one can compute the
product c∗d from the persistent ground state bleach at large
delay times (> 100 ps). This experiment affords a product c∗d
of 1.8 · 10−6 M · cm for oABA. An estimate based on the en-
ergy per pump pulse, the diameters of pump and probe beams
and the absorption at the pump wavelength yields a value in
the range of the former one (2.6 ·10−6 M ·cm). With these in-
puts and fk = 0.146 (DFT-MRCI, Table 1), the quantum yield
of ketene formation φr,k is computed to be ∼ 0.55 (± 0.2).

4 Discussion

A combination of FSRS with quantum chemical computations
has allowed to unambiguously identify and characterize the
Z-ketene-enol intermediate in the photoreaction of oABA (a
summarizing kinetic scheme of the photoreaction of oABA
to 3MP is given in Scheme 2). The ketene is formed with
vibrational excess energy within∼ 2.5 ps after excitation. The
excess energy is dissipated with a time constant of ∼ 11 ps.
Similar time constants (τ2 = 2.8 ps and τ3 = 15 ps) are retrieved
from the UV/Vis data (see Figure 5).

In addition to these two processes, the three remaining time
constants in this experiment have to be assigned. The first

one, τ1, lies below our instrumental response function and is
therefore afflicted with a rather large uncertainty. However, it
can be assigned to the relaxation to the lowest excited singlet
state since our excitation wavelength is in resonance with an
upper singlet state.

As can be seen in the time traces (Figure 3, traces B and
C) and the DAS of τ5 (Figure 5), the ketene signature fea-
tures an additional low amplitude rise with the characteristic
time constant τ5. From the DAS a contribution of roughly
0.15 (15%) to the overall ketene yield can be estimated. This
shows that on the early nanosecond timescale the ketene is
populated by a path additional to the singlet channel. The am-
plitude of this rise is within the noise of the FSRS experiment
and is therefore not clearly discernible there. We assume that
the additional path involves the triplet state of oABA for the
following reason. The fs-UV/Vis experiments on the oABA
isomers mABA and pABA both delivered a time constant for
triplet population of∼ 5 ps. The excited singlet state of oABA
decays with a faster time constant of ∼ 2.5 ps due to the ad-
ditional reactive decay channel. Assuming that the rate con-
stants for ISC are similar in all three isomers, the triplet state
must still be partly populated within the 2.5 ps excited singlet
state lifetime of oABA.

This triplet state then decays with a time constant of 150 ps
(τ4) and forms a triplet biradical via hydrogen transfer. The
corresponding DAS features several minima and maxima due
to simultaneous triplet decay and biradical formation. Due to
the formation of the biradical, the DAS exhibits weak minima
around 460 and 370 nm which conforms with our quantum
chemical results. The most pronounced maximum is situated
at ∼ 340 nm and agrees with a decay of a triplet spectrum
similar to the ones observed for mABA and pABA. The rather
low positive amplitudes in this spectrum may be explained by
a partial compensation of positive (triplet decay) and weaker
negative (biradical formation) contributions. Furthermore, a
sub-nanosecond triplet decay and biradical formation have al-
ready been discussed for the photochemistry of oPA15 and
have been found in analogous reactions of ortho-substituted
nitrobenzenes10. It is this biradical which we assume to be
responsible for the additional low amplitude rise of the ketene
signature.

The Z-ketene-enol persists until the end of the time window
of our fs-experiments. As seen in the nanosecond experiment
(Figure 4), an additional species with an absorption around
370 nm is formed upon decay of the Z-ketene with a time con-
stant of 1.4 µs. This species exhibits a lifetime of >100 µs,
which is only slightly reduced by oxygen. We presume that
here we observe the same species as reported for similar com-
pounds17,18 (the mild oxygen dependence has also been ob-
served there and was attributed to oxidation of the species).
There, the short lived components were ascribed to Z-ketene-
enol and the long lived to E-ketene-enol intermediates. We
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agree with the first assignment, but digress from the latter.
The quantum chemical computations place the E- energeti-
cally well above the Z-isomer. Thus, the Z-ketene-enol should
not transform into the E-isomer. We cannot exclude that the
triplet biradical partly recombines to the E-ketene-enol. How-
ever, this being a minor channel on the early nanosecond time
scale, it cannot explain the formation of the 370 nm band.
Instead, we suggest that the cyclic enol intermediate may be
formed here. It has been discussed as an intermediate in the
reaction of oPA15. For this structure, our computations pre-
dict an absorption band which is shifted by ∼ 30 nm to lower
wavelengths compared to the S0 → S2 ketene absorption and
exhibits a comparable oscillator strength. This is in agreement
with our nanosecond data.

Since all measurements were conducted in spectroscopic
grade acetonitrile without further purification, it cannot be ex-
cluded that some steps of the kinetics may be influenced by
water impurities. Water molecules may for example act as
catalysts for certain reaction steps. However, since these are
bimolecular reactions and the concentrations of the involved
species are low, they should not affect the kinetics of our fem-
tosecond data. In contrast, an influence on the microsecond
kinetics cannot be excluded. The influence of water on the
nano- to microsecond kinetics of a similar reaction has been
investigated before17. It was observed that addition of water
shortens the lifetime of the long-lived transient without lead-
ing to additional photoproducts. Thus, one has to keep in mind
that the microsecond time constants we obtained apply for the
given solvent conditions.

Regarding the computations of Blancafort et al.6, we can
confirm the formation of a Z-ketene-enol intermediate via a
singlet channel in the photoreaction of oABA. A triplet path

was not considered in these calculations. For oPA, an en-
ergy barrier of 0.3 eV was calculated for the formation of the
ketene. Assuming a pre-exponential factor of∼ 1014 s−1 close
to the maximum for hydrogen transfers, this translates into a
formation on the nanosecond timescale according to the Ar-
rhenius equation. For oABA, we observe a faster population
in the picosecond range, which translates into a barrier in the
range of∼ 0.14 eV. Additionally, the computations predict the
occurence of a singlet biradical precursor for which we do not
find any evidence. However, the calculations were performed
for the gas phase while our experiments were conducted in so-
lution. This may alter the barrier heights significantly and so
our results are not in conflict with the computations on oPA.
Additionally, Blancafort et al. predict that the ketene is formed
by an irreversible hydrogen transfer6. We performed an esti-
mate of the quantum yield of ketene formation (Section 3.5)
based on the computed oscillator strength of the ketene ab-
sorption and the fs-UV/Vis signatures. The estimated ketene
yield of ∼ 0.55 is about two times larger than the overall re-
action quantum yield to 3MP (∼ 30%). Unfortunately, this
estimate does neither confirm nor exclude that the ketene is
formed irreversibly. First, the estimated value is afflicted with
a large uncertainty due to the uncertainties of the experimental
and computed parameters that enter the calculation. Second,
the ketene forms another intermediate on the way to 3MP so
that a reaction of this intermediate back to oABA may lower
the reaction quantum yield at a later time.

5 Conclusions

Extending our studies on excited state hydrogen transfers to
nitro-free compounds, we have characterized the photoreac-
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tion of an ortho-substituted acylarene, oABA. Up to now,
literature provides an incomplete picture of the photochem-
istry of such compounds and is blurred by tentative assign-
ments. Employing modern techniques of time-resolved spec-
troscopy, the reaction path has been followed from the earliest
processes after photo excitation for the first time. Quantum
chemistry aided in assignments of spectral signatures, so that
an ultrafast excited state hydrogen transfer could unequivo-
cally be verified. It was found that the kinetic behavior and
reaction path of oABA closely resemble the ones found for
ortho-substituted nitrobenzenes3,10,52. Surprisingly, chang-
ing a substituent from a nitro- to a carbonyl-group does not
appear to have a dramatic effect on the photochemical pro-
cesses. The complex mechanism of these reactions appears
to be conferrable to acylarenes containing hydrogen atoms in
ortho-position.
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