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The early processes in the de-caging of acetic acid from o-nitrobenzyl acetate (0NBAc) were studied by
femtosecond techniques. Solutions of oNBAc in acetonitrile were excited by 260 nm laser pulses and
the resulting spectroscopic changes probed by transient absorption and stimulated Raman spectroscopy.
Absorption and Raman data give evidence of the formation of an aci-nitro species resulting from an

intramolecular hydrogen transfer. The species is formed on the 1 ps and 1 ns time scale in equal amounts.
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The two processes are attributed to hydrogen transfers via a singlet and a triplet channel. The overall
quantum yield of the aci-nitro formation is 0.1 matching the de-caging yield.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Already in the 1960s the ortho-nitrobenzyl moiety was intro-
duced as a photolabile protecting group [1-4]. In the 1970s the
concept of caged compounds was introduced based on their pho-
toreaction [5,6]. Caged compounds find applications in biophysical
investigations [7,8] and in the in-situ synthesis of DNA chips
[9-11]. Many improvements regarding the photochemical proper-
ties, especially concerning the quantum yield, of caged compounds
have been made either by modification of the ortho-nitrobenzyl
moiety [12,13], by using other caging groups [14] or by sensitized
irradiation [15]. Quite a few types of caging groups are available
today, but the ortho-nitrobenzyl moiety and its derivatives are
most frequently used. Consequently, they have been subject to
numerous kinetic studies [16-18] aiming at the mechanism of the
photo-release and eventually an improved performance. Consen-
sus has been reached that the photo-release involves a cascade of
elementary processes evolving on various time scales. It is com-
monly assumed [4] that primarily a hydrogen transfer from the
ortho-substituent to the nitro group occurs. The transfer results in
the formation of an aci-nitro tautomer. For several molecules bear-
ing the nitrobenzyl and related residues the fate of the aci-nitro
forms has been studied by laser flash photolysis [18] and step-

* Corresponding author at: Institut fiir Physikalische Chemie, Heinrich-Heine-
Universitdt Diisseldorf, Universitdtstr. 1, D-40225 Diisseldorf, Germany.
Tel.: +49 211 81 15400; fax: +49 211 81 12803.
E-mail address: Peter.Gilch@uni-duesseldorf.de (P. Gilch).

1010-6030/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2010.11.006

scan FTIR [16,17]. Concerning the formation of the aci-nitro form a
series of papers were published in the 1980s and 1990s by Yip et al.
[19-22]. In picosecond pump probe experiments they observed an
absorption band around 400 nm - a spectral region where aci-nitro
forms are known to absorb [23]. They reported a (partial) rise of
these bands within their instrumental response time (~40 ps) and
thus could only report an upper boundary for the formation time
of the aci-nitro tautomers. Further, triplet states of nitrobenzene
derivatives also feature a band around 400 nm [19] hampering the
spectroscopic identification of aci-nitro tautomers on the picosec-
ond time scale.

In previous reports on the photochemistry of ortho-nitro-
benzaldehyde [24,25] and the (reversible) photo-tautomerisation
of ortho-nitrotoluene (oNT) [26] we have shown that the respective
aci-nitro forms exhibit highly characteristic Raman spectra ideally
suited to trace their formation. Here, we will employ this spectro-
scopic marker to investigate the early (up to some nanoseconds)
processes in deprotection. For the study we have chosen ortho-
nitrobenzyl acetate (0NBAc). The structural similarity between oNT
and the ortho-nitrobenzyl moiety will allow a direct comparison
between the published data on the reversible tautomerisation of
the former and the irreversible of the latter. The acetate represents
leaving groups containing the carboxylate function often subject
to photo-protection. In the remainder of the paper we will first
describe femtosecond transient absorption data on oNBAc. These
data deliver information on time constants and yields for the early
processes and on the electronic states involved. The identifica-
tion of the aci-nitro-tautomer will rest on femtosecond stimulated
Raman spectroscopy (FSRS) [27]. In all experiments reported in the
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following acetonitrile (perdeuterated in FSRS) served as a solvent.
Perdeuterated acetonitrile is poor of vibrational resonances in the
spectral range of interest rendering it a solvent of choice for the
FSRS measurements. Further, we will compare laser flash experi-
ments on oNBAc [18] with the transient absorption data reported
here. The flash experiments have been performed using acetonitrile
as a solvent.

2. Experimental methods

The experimental set-ups for the transient absorption (TA) and
FSRS experiments have been detailed before [25,28]. The pertinent
parameters and procedures for the pump probe data acquisition
are briefly summarized in the following. Actinic pump pulses at
258 nm were obtained by frequency tripling of a portion of the out-
put of a Clark CPA 2001 laser amplifier system (1 kHz). The energy
of these pulses amounted to 300 n] (TA) and 500 n] (FSRS). Actinic
pump beams were focused onto the sample to arrive at diameters
of 80 wm (TA) and 40 pm (FSRS). White light pulses generated in
a CaF, plate served as probe light for TA and FSRS. The respec-
tive diameters at the sample locations were 40 pm (TA) and 20 wm
(FSRS). After passing the sample the probe light was directed to
a grating spectrograph and detected with a diode array. In the TA
experiment the covered spectral range (310-750 nm) is larger than
one octave. Therefore, the detection of UV light diffracted in sec-
ond order had to be suppressed. This was achieved by placing UV
blocking filters in front of the “red part” of the diode array. The
Raman pump pulse generated as detailed in Ref. [28] exhibited an
energy of 1.6 pJ and a focal diameter of 100 wm. Its spectral width
which is roughly equivalent to the spectral resolution of the FSRS
spectra was determined to be 25cm~!. The temporal resolution
in both types of experiments was around 200 fs. The polarization
planes of pump and probe light fields were set to the magic angle.
For the TA experiments sample solutions of oNBAc in acetoni-
trile (Sigma-Aldrich, spectrophotometric grade) of a concentration
of 18 mM were employed. For the FSRS experiments perdeuter-
ated acetonitrile (Merck, Uvasol) was used and the concentration
adjusted to 10 mM. For the determination of the quantum yield
of the aci-nitro form THF (Merck, Uvasol) served as a solvent.
Sample volumes were around 5 ml and were sufficiently high to
render contributions of nitroso photoproducts accumulated during
the femtosecond experiment negligible. The solutions were either
pumped through a wire guided jet [28,29] (TA, estimated optical
pathlength of 150 wm) or a fused silica flow cell (FSRS, pathlength
of 500 wm) at a rate high enough to exchange the sample between
consecutive laser shots. All experiments were performed at room
temperature (22 °C).
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Fig. 1. Absorption spectrum of oNBAc in MeCN (upper panel) and difference spec-
trum resulting from the 360 nm illumination of a NBAc solution. Arrows mark the
wavelengths for the excitation and the Raman pump in the femtosecond experi-
ments.

oNBAc was synthesized by treating ortho-nitrobenzylic alcohol
with acetyl chloride by standard methods [30]. The crude product
was purified by column chromatography. oNBAc was identified by
TH NMR, IR-spectroscopy, and its melting point. The melting point
obtained was 37 °C matching values reported in Refs. [31,32]. Ser-
afinowski et al. [33] reported a higher value of 53-55 °C which we
consider erroneous.

3. Results

The absorption spectrum of oNBAc dissolved in acetonitrile fea-
tures weak transitions which become discernible for wavelengths
smaller than 400 nm and stronger ones that peak around 250 and
200nm (Fig. 1). Upon continuous wave illumination of a oNBAc
solution bands are seen torise at ~320 and 225 nm at the expense of
the oNBAc bands 250 and 200 nm (see difference spectrum in Fig. 1).
These spectroscopic changes are indicative for the photo-induced
formation of ortho-nitrosobenzaldehyde [17]. In the TA experi-
ment the laser excitation was tuned to 258 nm. Absorption changes
induced by this excitation were probed in the range of 310-755 nm
(Fig. 2). Around time zero an intense transient absorption increas-
ing in height towards smaller wavelengths is observed. Within the
instrumental response time (200 fs) this intense absorption gives
way to a weaker one characterized by a very broad band around
700 nm, one around 400 nm and one peaking at ~320 nm. On the
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Fig. 2. Transient absorption data of oNBAc dissolved in MeCN. Sample solutions were excited at 258 nm with femtosecond laser pulses. The change in absorption was probed
in the range 310-755 nm. In the central contour plot red coloring indicates large positive absorption change, negative ones were not observed. A representative time trace
at 400 nm (marked by the dashed line and the T in the contour map) is plotted on the left. Note that the time axis is linear until 1 ps and logarithmic thereafter. Transient
absorption spectra at 200fs, 50 ps, and 1 ns are plotted on the right. The dashed horizontal lines correlate these spectra with the contour map. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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10 ps time scale these spectral features become “more defined”, i.e.
the bands narrow. Within some 100 ps the signature around 700 nm
decays leaving a band peaking at ~400 nm. At this spectral location
an additional rise is seen on the time scale of 1 ns.

To retrieve time constants the data set was fitted globally. The
trial function was a sum of decaying exponentials each charac-
terized by a time constant t; and wavelength depend amplitudes
AA;()). The set of amplitudes for one time constant constitute one
decay associated spectrum (DAS). By a proper convolution the finite
instrumental response time was taken into account (for details see
Refs. [34,35]). From the above description of the TA data it is evi-
dent that at least one exponential term is required to model the
nanosecond rise, one to describe the some 100 ps decay around
700 nm, one to account for the “spectral” sharpening on the 10 ps
time scale and finally one to parametrize the ultrafast initial decay.
When fitting the data it becomes evident that in addition to these
four exponential components another component was required to
treata process with a time constant of ~1 ps. Thus, in total five expo-
nential terms plus an offset were employed. The resulting decay
associated spectra are compiled in Fig. 3. The spectrum associated
with the time constant 77 ~ 0.05 ps (the value is smaller than the
instrumental response time and thus subject to a large uncertainty)
increases in absorbance towards smaller wavelengths and features
the largest signal amplitude. The second spectrum (7, =1ps) is
similar to the first except for smaller amplitude and a shallow min-
imum around 420 nm. In the third spectrum (73 =8 ps) a negative
contribution around 400 nm is observed adjacent to which posi-
tive features are seen. The fourth spectrum (74 =560 ps) contains a
band at around 400 nm and a very broad one at 700 nm. The fifth
spectrum (75 =2000 ps) finally is essentially an inverted offset spec-
trum. Assignments for the decay associated spectra will be given in
Section 4.

The offset spectrum resembles the transient spectrum recorded
20ns after photo-excitation by laser flash photolysis (Fig. 4). The
spectrum recorded by laser flash photolysis can unequivocally be
assigned to the aci-nitro tautomer and thereby also the offset spec-
trum. The amplitude of the offset spectrum holds information on
the quantum yield ¢, of the aci-nitro formation. Using a proce-
dure described earlier [26] we will now estimate this yield. The
procedure rests on a comparison between TA data recorded for
oNBAc and ortho-nitrobenzaldehyde (oNBA). (The quantum yield
data were obtained using THF as a solvent. Yet, no significant
differences between acetonitrile and THF were observed.) Upon
photo-excitation oNBA is known to form a ketene intermediate
with a quantum yield ¢, of ~0.5 [24]. A part of the ketene pop-
ulation reacts via a “hot channel” so that the effective ketene
yield ¢y, equals 0.25 [35]. TA for oNBAc and oNBA were obtained
under identical experimental conditions so that signal magnitudes
can be directly compared. The aci-nitro form of oNBAc and the
ketene intermediate of oONBA both exhibit absorption bands around
400 nm (Fig. 4). Due to the structural similarity between the aci-
nitro form and the ketene intermediate the oscillator strengths f, x
of these bands are likely to be close to each other. This notion is sup-
ported by time dependent DFT computations (B3LYP/TZVP)[26] on
the aci-nitro form of oNT and the ketene intermediate. The compu-
tation afforded oscillator strengths for the aci-nitro form of oNT of
fa=0.16 and f;, =0.11 for the ketene. We here assume that the aci-
nitro forms of ONBAc and oNT exhibit the same oscillator strength f;.
Noting that these two aci-nitro forms are structurally closer related
than the aci-nitro form of oNT and ketene intermediate this seems
to be justified. The yield of the aci-nitro form ¢, is calculated from:
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Fig. 3. Decay associated spectra obtained from a global analysis of the transient
absorption data depicted in Fig. 2.

The difference spectra AA, () (a: aci-nitro, k: ketene) are the ones
depicted in Fig. 4. Since in the relevant region ground state bleach is
negligible these difference spectra are identical with the transient
spectra of the two intermediates. Integrations over the respec-
tive bands were performed since such integrals are proportional
to oscillator strengths [36]. The computation affords an aci-nitro
yield ¢, of 0.11 (in THF). This value is very close to the overall
photochemical yield ¢, of 0.1 [18].

As stated above it is evident that after some nanoseconds the
aci-nitro form is present. Its formation time is difficult to retrieve
from the TA data alone. The spectrum associated with the time
constant t5 features a negative band exactly at the location of aci-
nitro absorption. The negative band thus represents a rise of this
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Fig. 4. Comparison of the transient absorption spectrum of oNBAc recorded 3 ns
after photo-excitation with the femtosecond apparatus (data: blue, solid line; Gaus-
sian fit: blue, dashed line) with a spectrum recorded after more than 20 ns with a
nanosecond set-up (black symbols, data from Ref. [18]) and with the oNBA spec-
trum after 260 ps (data: red, dotted line; Gaussian fit: red, dash-dotted line) prior to
any decay of the ketene absorption. The spectra recorded here were obtained under
identical conditions and the signal amplitudes can be compared directly. The spec-
trum from Ref. [ 18] has been scaled arbitrarily for comparison. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

absorption. Yet, the amplitude of the 75 process amounts to only
about 50% of the one of the offset spectrum (see Fig. 3). Obviously, a
part of the aci-nitro population is formed in a faster process. We will
now turn to FSRS to obtain information on this faster process. In the
FSRS experiment as in the TA measurements a solution of oNBAc in
(perdeuterated) acetonitrile was excited at 258 nm with femtosec-
ond laser pulses. The resulting changes of the (stimulated) Raman
spectrum were probed using a 388 nm Raman pump pulse. The
Raman spectrum of NBAc prior to excitation features pronounced
resonances at 1350 and 1575 cm~! due to the symmetric and anti-
symmetric stretching vibration of the nitro group [37] (Fig. 5).
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Fig. 5. Femtosecond stimulated Raman data on the photo-reaction of oNBAc in
deuterated acetonitrile. As for the transient absorption data the excitation was tuned
to 258 nm. Central panel: Contour representation of the FSRS difference data. Red
coloring symbolizes positive signals of photoproducts, blue coloring bleaches of the
oNBAC starting material. Lower panel: Stationary Raman spectrum of oNBAc. Sol-
ventresonances are marked by a *. Upper panel: Raman difference spectraintegrated
over the 1-3 ns. On the left a time trace at 1515 cm™! is plotted (black). A fit of the
nanosecond rise is plotted in red. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Photo-excitation of oONBAc reduces the ground state population and
concomitantly signal bleaches are observed at the spectral posi-
tions of the nitro stretching modes and other Raman active modes
of NBAc. In addition, positive signals due to transient species show
up. We will first describe the spectrum recorded 3 ns after photo-
excitation. The spectrum features pronounced resonances at 1370
and 1515 cm~1. The resonance is much higher in intensity than the
bleaches. This is due to resonance Raman enhancement. While for
ground state oNBAc the Raman pump pulse is pre-resonant (see
Fig. 1) it is on resonance with the transient absorption recorded
after 3ns (see Fig. 4). The spectrum is very similar to the one
recorded for oNT [26]. Based on time dependent DFT computation
that spectrum was assigned to the aci-nitro tautomer of oNT. These
computations show that the most intense resonance at 1515 cm™!
is due to an in-phase ethylenic stretching motion of the two dou-
ble bonds in the six-membered ring. This motif is of course highly
characteristic for aci-nitro tautomers. The signal caused by this
mode is present well before a couple of nanoseconds. In fact it is
clearly discernible 10 ps after photo-excitation and the data suggest
that it is already present after 1 ps though peaking at a somewhat
lower wavenumber. A time trace in this wavenumber range clearly
demonstrates a bi-phasic rise of the aci-nitro tautomer (Fig. 5). The
characteristic time for the first phase is ~10 ps (as to relevance of
this value, see Section 4). Fitting the second rise with a single expo-
nential affords a time constant of 1900 ps and in very good agree-
ment with the value 75 =2000 ps obtained by fitting the TA data.

4. Discussion

The spectroscopic and temporal characteristics described here
for photo-reactive oNBAc are very similar to the ones seen for oNT
[26] which undergoes a reversible photo-tautomerisation. Thus, it
is justified to assign the same processes to these characteristics
(cf. Fig. 6): Photo-excitation by 258 nm light promotes NBAc to an
upper singlet state. According to time dependent DFT computa-
tions [26] for oNT and coupled cluster computations for oNBAc
[38] this state is of mm* character. Its decay within 71 ~0.05 ps
results in a large decrease of the transient absorption parametrized
by the DAS AA;. The decay of the 7r* state feeds a lower excited
state presumably a singlet n* state. The presence of lower lying
nm* states is backed by spectroscopy (see Fig. 1) and quantum
chemistry [26,38]. That state in turn decays with a time constant
of 75 =1ps. The respective DAS AA, exhibits a minimum around
400 nm. This minimum can be regarded as an indicator for the
aci-nitro formation and/or triplet population. A rise of its 400 nm
absorption band would cause a negative contribution in the DAS.
Provided that the positive contribution of the decaying nm* state
were stronger one obtains as a sum the observed DAS. Further
support that the t,-decay goes along with the formation of aci-
nitro form comes from the FSRS data (Fig. 5). The Raman band
around 1500 cm~! characteristic for the aci-nitro form is first dis-
cernible 1 ps after photo-excitation. On the time scale of 10 ps the
band shifts to higher wavenumbers and increases in intensity. A
shift to higher wavenumbers of vibrational modes is characteris-
tic for vibrational cooling [39,40]. Thus, the time constant 3 =8 ps
is assigned to the vibrational cooling of the nascent aci-nitro form
(concerning the exponential description of a cooling process see
Ref. [41]). Time scale and the spectral shape of the DAS AAj are in
accordance with this notion [42]. The DAS AA4 marking the spectral
changes caused by the process with the time constant 74 =560 ps
exhibits a band at 400 nm and a very broad one around 700 nm.
The spectral features and the time constant match the ones of non-
reactive nitrobenzenes [19]. The spectral changes are presumably
caused by the decay of a triplet state. Our TA data do not allow to
pinpoint the rise of the triplet state since no DAS features a negative
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Fig. 6. Kinetic scheme of the photo-reaction of oNBAc. The time constants mark lifetimes of the respective species except for 3 which represent a cooling process. The

thickness of the arrows represent ratios of rate constants as far applicable.

contribution around 700 nm. So it can only be safely stated that the
population of the triplet state occurs during one of the processes
T1-T3.Since the 73 process has been assigned to vibrational cooling,
population of the triplet state, i.e. intersystem crossing, most likely
takes place during the processes 71 and 75, thereby competing with
the internal conversion and/or the aci-nitro formation. The slowest
process in the temporal window covered features a time constant
T5 =2000 ps. The respective DAS AAs shows that this process goes
along with an additional rise of the aci-nitro tautomer. This addi-
tional rise is perfectly mirrored in the FSRS data. As detailed in Ref.
[26] it might be caused by aci-nitro tautomers formed via a triplet
channel. In the triplet state of oONBAc a hydrogen atom is trans-
ferred thereby generating a triplet-phased biradical (see Fig. 6). In
this picture the recombination of the biradical occurs with the time
constant 7s.

The spectrum recorded after termination of the ts process
resembles the one recorded by flash photolysis (see Fig.4). In partic-
ular the low frequency parts and the maxima match. For the high
frequency parts deviations are observed. The spectrum reported
here falls off more rapidly than the flash photolysis one. This could
be due to systematic errors in one of the measurements or due to a
kinetics process occurring with ~10 ns. The aci-nitro species might
for instance undergo a proton transfer within the protonated nitro-
group. Indications for such a process have been observed for oNT,
albeit no time constant was determined [26]. Notwithstanding, the
signal recorded after 3 ns stems from a aci-nitro species. Its signal
corresponds to a quantum yield ¢4 of 0.11. This value is equal to the
“overall” deprotection yield [18]. In other words, once formed the
aci-nitro tautomers release the acetate with a yield of one. Inspec-
tion of the DAS AAs and AA,g shows that the fast (singlet, s) and
the slow (triplet, t) phase contribute equally to the aci-nitro for-
mation, i.e. ¢§ = ¢4 = 0.05. This finding is underscored by the FSRS
measurements. For the 1515 cm~! time trace the amplitudes of the
slow and the fast rise are nearly equal (0.54 vs 0.46). The yield ¢,
is much smaller than common triplet yields ¢; of nitrobenzenes
which are of the order of 0.8 [43,44]. Thus, the triplet state of NBAc
mostly decays non-reactively and only a small fraction ¢, forms the
biradical. In line with that the triplet lifetime 74 is very similar to
values reported for non-reactive nitrobenzenes [19,44]. Our find-
ings clearly show that singlet excitation of nitrobenzenes exhibit a
much larger photo-reactivity than triplet excitations. The quantum
yields ¢% can be related to

st ki’t _ St st 2
a — st stk T (2)
k™ + kyy

In the denominator reactive k; and non-radiative (and non-
reactive) rate constants are added. The inverse of this sum equals
the lifetime of the singlet and triplet excitation. The singlet lifetime
75 equals approximately 7, =1 ps and the triplet lifetime ! equals
74 =560 ps. Since the quantum yields ¢ have the same value the
reactive rate k; of the singlet state is by a factor of 500 higher than
the one of the triplet state.

5. Conclusions

The present study has shown that up to some nanoseconds the
photo-reactive oNBAc exhibits kinetics very similar to one of the
photo-reversible oNT. In either molecule UV-excitation triggers a
hydrogen transfer yielding an aci-nitro tautomer. That tautomer
is formed via a singlet and a triplet channel. The triplet state has
proven to be less reactive than the singlet state by roughly three
orders of magnitude. For oNBAc the yield of the aci-nitro form
equals the one of the overall photo-reaction. Thus, approaches
to increase de-caging yields ought to render the initial hydrogen
transfer more efficient.
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