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the resulting spectroscopic changes probed by transient absorption and stimulated Raman spectroscopy.
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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.
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.
ydrogen transfer

. Introduction

Already in the 1960s the ortho-nitrobenzyl moiety was intro-
uced as a photolabile protecting group [1–4]. In the 1970s the
oncept of caged compounds was introduced based on their pho-
oreaction [5,6]. Caged compounds find applications in biophysical
nvestigations [7,8] and in the in-situ synthesis of DNA chips
9–11]. Many improvements regarding the photochemical proper-
ies, especially concerning the quantum yield, of caged compounds
ave been made either by modification of the ortho-nitrobenzyl
oiety [12,13], by using other caging groups [14] or by sensitized

rradiation [15]. Quite a few types of caging groups are available
oday, but the ortho-nitrobenzyl moiety and its derivatives are

ost frequently used. Consequently, they have been subject to
umerous kinetic studies [16–18] aiming at the mechanism of the
hoto-release and eventually an improved performance. Consen-
us has been reached that the photo-release involves a cascade of
lementary processes evolving on various time scales. It is com-
only assumed [4] that primarily a hydrogen transfer from the
rtho-substituent to the nitro group occurs. The transfer results in
he formation of an aci-nitro tautomer. For several molecules bear-
ng the nitrobenzyl and related residues the fate of the aci-nitro
orms has been studied by laser flash photolysis [18] and step-

∗ Corresponding author at: Institut für Physikalische Chemie, Heinrich-Heine-
niversität Düsseldorf, Universitätstr. 1, D-40225 Düsseldorf, Germany.
el.: +49 211 81 15400; fax: +49 211 81 12803.

E-mail address: Peter.Gilch@uni-duesseldorf.de (P. Gilch).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi: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 (oNBAc). 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

dx.doi.org/10.1016/j.jphotochem.2010.11.006
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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ollowing acetonitrile (perdeuterated in FSRS) served as a solvent.
erdeuterated acetonitrile is poor of vibrational resonances in the
pectral range of interest rendering it a solvent of choice for the
SRS measurements. Further, we will compare laser flash experi-
ents on oNBAc [18] with the transient absorption data reported

ere. The flash experiments have been performed using acetonitrile
s a solvent.

. Experimental methods

The experimental set-ups for the transient absorption (TA) and
SRS experiments have been detailed before [25,28]. The pertinent
arameters and procedures for the pump probe data acquisition
re briefly summarized in the following. Actinic pump pulses at
58 nm were obtained by frequency tripling of a portion of the out-
ut of a Clark CPA 2001 laser amplifier system (1 kHz). The energy
f these pulses amounted to 300 nJ (TA) and 500 nJ (FSRS). Actinic
ump beams were focused onto the sample to arrive at diameters
f 80 �m (TA) and 40 �m (FSRS). White light pulses generated in
CaF2 plate served as probe light for TA and FSRS. The respec-

ive diameters at the sample locations were 40 �m (TA) and 20 �m
FSRS). After passing the sample the probe light was directed to
grating spectrograph and detected with a diode array. In the TA

xperiment the covered spectral range (310–750 nm) is larger than
ne octave. Therefore, the detection of UV light diffracted in sec-
nd order had to be suppressed. This was achieved by placing UV
locking filters in front of the “red part” of the diode array. The
aman pump pulse generated as detailed in Ref. [28] exhibited an
nergy of 1.6 �J and a focal diameter of 100 �m. Its spectral width
hich is roughly equivalent to the spectral resolution of the FSRS

pectra was determined to be 25 cm−1. The temporal resolution
n both types of experiments was around 200 fs. The polarization
lanes of pump and probe light fields were set to the magic angle.
or the TA experiments sample solutions of oNBAc in acetoni-
rile (Sigma–Aldrich, spectrophotometric grade) of a concentration
f 18 mM were employed. For the FSRS experiments perdeuter-
ted acetonitrile (Merck, Uvasol) was used and the concentration
djusted to 10 mM. For the determination of the quantum yield
f the aci-nitro form THF (Merck, Uvasol) served as a solvent.
ample volumes were around 5 ml and were sufficiently high to
ender contributions of nitroso photoproducts accumulated during
he femtosecond experiment negligible. The solutions were either

umped through a wire guided jet [28,29] (TA, estimated optical
athlength of 150 �m) or a fused silica flow cell (FSRS, pathlength
f 500 �m) at a rate high enough to exchange the sample between
onsecutive laser shots. All experiments were performed at room
emperature (22 ◦C).
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ig. 2. Transient absorption data of oNBAc dissolved in MeCN. Sample solutions were exci
n the range 310–755 nm. In the central contour plot red coloring indicates large positive
t 400 nm (marked by the dashed line and the T in the contour map) is plotted on the le
bsorption spectra at 200 fs, 50 ps, and 1 ns are plotted on the right. The dashed horizon
eferences to color in this figure legend, the reader is referred to the web version of this a
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
1H 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
200 nm (Fig. 1). Upon continuous wave illumination of a oNBAc
solution bands are seen to rise 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

700

0 35

D]

400 500 600 700
Wavelength [nm]

ted at 258 nm with femtosecond laser pulses. The change in absorption was probed
absorption change, negative ones were not observed. A representative time trace

ft. Note that the time axis is linear until 1 ps and logarithmic thereafter. Transient
tal lines correlate these spectra with the contour map. (For interpretation of the

rticle.)
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0 ps time scale these spectral features become “more defined”, i.e.
he bands narrow. Within some 100 ps the signature around 700 nm
ecays leaving a band peaking at ∼400 nm. At this spectral location
n additional rise is seen on the time scale of 1 ns.

To retrieve time constants the data set was fitted globally. The
rial function was a sum of decaying exponentials each charac-
erized by a time constant �i and wavelength depend amplitudes

Ai(�). The set of amplitudes for one time constant constitute one
ecay associated spectrum (DAS). By a proper convolution the finite

nstrumental response time was taken into account (for details see
efs. [34,35]). From the above description of the TA data it is evi-
ent that at least one exponential term is required to model the
anosecond rise, one to describe the some 100 ps decay around
00 nm, one to account for the “spectral” sharpening on the 10 ps
ime scale and finally one to parametrize the ultrafast initial decay.

hen fitting the data it becomes evident that in addition to these
our exponential components another component was required to
reat a process with a time constant of∼1 ps. Thus, in total five expo-
ential terms plus an offset were employed. The resulting decay
ssociated spectra are compiled in Fig. 3. The spectrum associated
ith the time constant �1 ≈ 0.05 ps (the value is smaller than the

nstrumental response time and thus subject to a large uncertainty)
ncreases in absorbance towards smaller wavelengths and features
he largest signal amplitude. The second spectrum (�2 = 1 ps) is
imilar to the first except for smaller amplitude and a shallow min-
mum around 420 nm. In the third spectrum (�3 = 8 ps) a negative
ontribution around 400 nm is observed adjacent to which posi-
ive features are seen. The fourth spectrum (�4 = 560 ps) contains a
and at around 400 nm and a very broad one at 700 nm. The fifth
pectrum (�5 = 2000 ps) finally is essentially an inverted offset spec-
rum. Assignments for the decay associated spectra will be given in
ection 4.

The offset spectrum resembles the transient spectrum recorded
0 ns after photo-excitation by laser flash photolysis (Fig. 4). The
pectrum recorded by laser flash photolysis can unequivocally be
ssigned to the aci-nitro tautomer and thereby also the offset spec-
rum. The amplitude of the offset spectrum holds information on
he quantum yield �a of the aci-nitro formation. Using a proce-
ure described earlier [26] we will now estimate this yield. The
rocedure rests on a comparison between TA data recorded for
NBAc and ortho-nitrobenzaldehyde (oNBA). (The quantum yield
ata were obtained using THF as a solvent. Yet, no significant
ifferences between acetonitrile and THF were observed.) Upon
hoto-excitation oNBA is known to form a ketene intermediate
ith a quantum yield �k of ∼0.5 [24]. A part of the ketene pop-
lation reacts via a “hot channel” so that the effective ketene
ield �k,e equals 0.25 [35]. TA for oNBAc and oNBA were obtained
nder identical experimental conditions so that signal magnitudes
an be directly compared. The aci-nitro form of oNBAc and the
etene intermediate of oNBA both exhibit absorption bands around
00 nm (Fig. 4). Due to the structural similarity between the aci-
itro form and the ketene intermediate the oscillator strengths fa,k
f these bands are likely to be close to each other. This notion is sup-
orted by time dependent DFT computations (B3LYP/TZVP) [26] on
he aci-nitro form of oNT and the ketene intermediate. The compu-
ation afforded oscillator strengths for the aci-nitro form of oNT of
a = 0.16 and fk = 0.11 for the ketene. We here assume that the aci-
itro forms of oNBAc and oNT exhibit the same oscillator strength fa.
oting that these two aci-nitro forms are structurally closer related

han the aci-nitro form of oNT and ketene intermediate this seems
o be justified. The yield of the aci-nitro form �a is calculated from:
a = �k,e

∫
�Aa(�) d�

∫
�Ak(�) d�

· fk
fa

. (1)
Wavelength [nm]

Fig. 3. Decay associated spectra obtained from a global analysis of the transient
absorption data depicted in Fig. 2.

The difference spectra �Aa,k(�) (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 �a of 0.11 (in THF). This value is very close to the overall
photochemical yield �ph 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 �5 features a negative band exactly at the location of aci-
nitro absorption. The negative band thus represents a rise of this



366 T. Schmierer et al. / Journal of Photochemistry and Ph

400350 450 500 550 600
Wavelength [nm]

10

8

6

4

2

0A
bs

or
ba

nc
e 

ch
an

ge
 [m

O
D

]

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
i
t
t
o

a
a
p
n
F
(
o
s
R
r
s

F
d
t
c
o
v
o
n
t

dentical conditions and the signal amplitudes can be compared directly. The spec-
rum from Ref. [18] has been scaled arbitrarily for comparison. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f this article.)

bsorption. Yet, the amplitude of the �5 process amounts to only
bout 50% of the one of the offset spectrum (see Fig. 3). Obviously, a
art of the aci-nitro population is formed in a faster process. We will
ow turn to FSRS to obtain information on this faster process. In the
SRS experiment as in the TA measurements a solution of oNBAc in
perdeuterated) acetonitrile was excited at 258 nm with femtosec-
nd laser pulses. The resulting changes of the (stimulated) Raman

pectrum were probed using a 388 nm Raman pump pulse. The
aman spectrum of NBAc prior to excitation features pronounced
esonances at 1350 and 1575 cm−1 due to the symmetric and anti-
ymmetric stretching vibration of the nitro group [37] (Fig. 5).

ig. 5. Femtosecond stimulated Raman data on the photo-reaction of oNBAc in
euterated acetonitrile. As for the transient absorption data the excitation was tuned
o 258 nm. Central panel: Contour representation of the FSRS difference data. Red
oloring symbolizes positive signals of photoproducts, blue coloring bleaches of the
NBAc starting material. Lower panel: Stationary Raman spectrum of oNBAc. Sol-
ent resonances are marked by a *. Upper panel: Raman difference spectra integrated
ver the 1–3 ns. On the left a time trace at 1515 cm−1 is plotted (black). A fit of the
anosecond rise is plotted in red. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)
otobiology A: Chemistry 217 (2011) 363–368

Photo-excitation of oNBAc 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 3 ns (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−1

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 �5 = 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 ��* character. Its decay within �1 ≈ 0.05 ps
results in a large decrease of the transient absorption parametrized
by the DAS �A1. The decay of the ��* state feeds a lower excited
state presumably a singlet n�* state. The presence of lower lying
n�* states is backed by spectroscopy (see Fig. 1) and quantum
chemistry [26,38]. That state in turn decays with a time constant
of �2 = 1 ps. The respective DAS �A2 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 n�* state
were stronger one obtains as a sum the observed DAS. Further
support that the �2-decay goes along with the formation of aci-
nitro form comes from the FSRS data (Fig. 5). The Raman band
around 1500 cm−1 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 �A3 are in
accordance with this notion [42]. The DAS �A4 marking the spectral
changes caused by the process with the time constant �4 = 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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ig. 6. Kinetic scheme of the photo-reaction of oNBAc. The time constants mark l
hickness of the arrows represent ratios of rate constants as far applicable.

ontribution around 700 nm. So it can only be safely stated that the
opulation of the triplet state occurs during one of the processes
1–�3. Since the �3 process has been assigned to vibrational cooling,
opulation of the triplet state, i.e. intersystem crossing, most likely
akes place during the processes �1 and �2, thereby competing with
he internal conversion and/or the aci-nitro formation. The slowest
rocess in the temporal window covered features a time constant
5 = 2000 ps. The respective DAS �A5 shows that this process goes
long with an additional rise of the aci-nitro tautomer. This addi-
ional 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
hannel. In the triplet state of oNBAc a hydrogen atom is trans-
erred thereby generating a triplet-phased biradical (see Fig. 6). In
his picture the recombination of the biradical occurs with the time
onstant �5.

The spectrum recorded after termination of the �5 process
esembles the one recorded by flash photolysis (see Fig. 4). In partic-
lar the low frequency parts and the maxima match. For the high
requency parts deviations are observed. The spectrum reported
ere falls off more rapidly than the flash photolysis one. This could
e due to systematic errors in one of the measurements or due to a
inetics process occurring with ∼10 ns. The aci-nitro species might
or instance undergo a proton transfer within the protonated nitro-
roup. Indications for such a process have been observed for oNT,
lbeit no time constant was determined [26]. Notwithstanding, the
ignal recorded after 3 ns stems from a aci-nitro species. Its signal
orresponds to a quantum yield �a of 0.11. This value is equal to the
overall” deprotection yield [18]. In other words, once formed the
ci-nitro tautomers release the acetate with a yield of one. Inspec-
ion of the DAS �A5 and �Aoffset shows that the fast (singlet, s) and
he slow (triplet, t) phase contribute equally to the aci-nitro for-

ation, i.e. �s
a = �t

a = 0.05. This finding is underscored by the FSRS
easurements. For the 1515 cm−1 time trace the amplitudes of the

low and the fast rise are nearly equal (0.54 vs 0.46). The yield �t
a

s much smaller than common triplet yields �t of nitrobenzenes
hich are of the order of 0.8 [43,44]. Thus, the triplet state of NBAc
ostly decays non-reactively and only a small fraction �t

a forms the
iradical. In line with that the triplet lifetime �4 is very similar to
alues reported for non-reactive nitrobenzenes [19,44]. Our find-
ngs clearly show that singlet excitation of nitrobenzenes exhibit a

uch larger photo-reactivity than triplet excitations. The quantum

ields �s,t

a can be related to

s,t
a = ks,t

r

ks,t
r + ks,t

nr

= ks,t
r · �s,t . (2)

[

[

[

es of the respective species except for �3 which represent a cooling process. The

In the denominator reactive kr 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
�s equals approximately �2 = 1 ps and the triplet lifetime �t equals
�4 = 560 ps. Since the quantum yields �s,t

a have the same value the
reactive rate ks

r 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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