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Abstract: The kinetics of proton release after laser photolysis of 1-(2-nitrophenyl)ethyl sulfate (caged sulfate)
have been characterized by time-resolved absorbance and photoacoustic methods. The absorbance at
~400 nm is observed to rise with a biphasic behavior in which a prompt component (formation of the
nitronic acid) is followed by a slower (r &~ 63 + 6 ns) phase (deprotonation of the nitronic acid). The decay
of this intermediate occurs with a lifetime which is affected by the pH of the solution and the laser pulse
energy. In buffered aqueous solution at pH 7, 20 °C the aci-nitro decay rate is 18 + 4 s~*. Protons are
released to the solution with rate (1.58 4 0.09) x 107 s~ at neutral pH from the nitronic acid intermediate.
From the numerical analysis of the protonation kinetics of suitable pH indicators, we could estimate the
pK; of the nitronic acid as 3.69 + 0.05. At acidic pH, a substantial fraction of the aci-nitro intermediate is
in the protonated form and this leads to a biphasic release of protons, with the slower phase being
characterized by an apparent rate constant strongly dependent on the pH. The strongly acidic character of
the final photoproduct (sulfate ion) means that there is negligible buffering of photoreleased protons.

Introduction of their photochemistry, which means that the pH changes last
only for a few hundred microseconds. In contrast, compounds
based on 2-nitroarylcarbonyl photochemistry (e.g., 2-nitroben-
zaldehydes), lead to irreversible changes in pH and enable
permanent steplike pH-jumps to be impogé&drlash photolysis
experiments indicate that the photogenerated nitronic acid
intermediates of these and related 2-nitrobenzyl compounds
undergo deprotonation in water at neutral pH with rates in the
10'—1C s! range? ! The deprotonation rate is mainly
governed by thelg, of the particular nitronic acid intermediate,

Flash photolysis of photoactivatable (caged) compounds is
an extremely powerful method for rapid in situ generation of
bioactive effectors, that are rendered inert by their attachment
to a photolabile protecting grodg. The most widely used
photoprotecting groups are based on 2-nitrobenzyl photochem-
istry. Among other caged effectors, protons are of special interest
for investigations aimed at studying the response of macromo-
lecular or cellular structures and functions to rapid changes in
pH (pH jumps). Rapid proton-transfer reactions are crucial in 3% A~ s - ) @
various biological processes, including transport through ion With the more acidic compounds having higher dissociation
channels, photosynthesis and protein foldii@ne approach ~ 'ates*!#**We have previously reported<g values of 2.1+
for rapid imposition of pH jumps has been by flash photolysis 0.1 for the nitronic acid generateo! by photquss of 2-nitroben-
of phenolic compounds, where rapid proton generation occurs Zaldehyde, and 2.8- 0.2 for the nitronic acid from 4-chloro-
by ionization of the acidic excited staté.However, phenols 2-nitrobenzaldehyde. The presence of methoxy substituents at

suffer from a disadvantage that consists of the reversible natureP0sitions 4 and 5 increases thi&to 2.6:° Thus, the nitronic
acid intermediate is completely deprotonated at pH values above

3—4, depending on the compoufé&13 Transient absorption
showed that thaci-nitro intermediate formed upon photolysis
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Scheme 1. Proposed Reaction Mechanism for Photolysis of PZT piezoelectric transducer (Panametrics V-103). The signal was then
1-(2-Nitrophenyl)ethyl Sulfate!* amplified (60 dB) and recorded by a digitizing oscilloscope (LeCroy
Me Me Me 9450A) operated at 2.5 ns/channel. A quartz cuvette was mounted inside
d\osos- hy d\osoa- W <:f\0303' a temperature controlle_d sa_mple holder (Quantgm_Northwest, Inc. TASC
—_— + OH + 0" 300) and degassed with nitrogen. Data acquisition and analysis were
NO, 'T'_ 1 +H 'T'_ 2 performed by means of dedicated software (Sound Acquisition and
© o Sound Analysis, Quantum Northwest, Inc.). Twelve laser shots were
J averaged to generate each sample waveform and 100 laser shots were
Me 050, Me averaged to generate egch reference waveform. .
o Laser Flash Photolysis.Transient absorption was measured with
O — 4 two different nanosecond laser flash photolysis setups. In both cases
NbH NO the photolysis laser was the same as used for the photoacoustic
3 + H* + SO,* measurements. In the first setup, used for measurement of the transient

400 nm absorbance, the monitoring beam was the cw output of a 150
of neutral aqueous solutions of 2-nitrobenzaldehyde decays withW Xe arc lamp (Thermo Oriel). A fast mechanical shutter (Uniblitz)
a lifetime of 6+ 2 ns!3 thus showing that the nitrosobenzo- was placed before the quartz cuvette (R.2 cm) to protect the sample

ate product is formed within a few nanoseconds after photo- from undesired photolysis by the intens_e V\_/hite light beam. The pump
o . P . . beam, entered the cuvette af 90 the monitoring beam and was shaped
excitation. A possible limitation of 2-nitrobenzaldehydes is

bufferi fth | d t by the nit b te phot (~1 x 1 cm) so as to illuminate the whole filled volume of the cuvette
utiering ot the released protons by the nitrosobenzoate pho 0'(ZOOML). The optical path length of the pump beam was 0.2 cm, while

product.. _ that of the probe beam was 1 cm. The shutter was opened 10 ms before

Buffering by the released photoproduct can be avoided by the laser flash and was closed after the end of the data acquisition time
another compound based on the 2-nitrobenzyl rearrange-window. The cuvette was held in a temperature-controlled sample holder
ment, 1-(2-nitrophenyl)ethyl sulfate (caged sulfate; Scheme 1). (FLASH 100, Quantum Northwest, Inc.). The transmitted intensity of
This recently described compound promises to be able to achievethe cw beam was monitored by a preamplified (Avtech AV149)
larger pH jumps in solution (below 3), because the lo p avalanche silicon photodiode (Hamamatsu, S2382). A 0.25 m mono-
(1.92) of the sulfate product will not buffer the released préfon. ~ chromator/spectrograph (Criel, MS257) was placed before the photo-
In this paper, we characterize the kinetics of proton release afterd'Ode to select the monitoring wavelength. To remove stray light from

’ . . . the pump laser and increase time resolution, a custom-made dichroic

nanosecond laser photolysis of caged sulfate, with particular

hasi h ff f the initial luti h mirror (Omega Optical, Inc.) was placed at the exit slits of the
emphasis on the effect of the initial solution pH on these monochromator to remove the residual 355 nm light. The voltage signal

kinetics. was digitized by a digital oscilloscope (LeCroy LT374, 500 MHz, 4
gigasamples/s). The transient absorbance traces are the result of a single
Experimental Methods acquisition with no signal averaging over different laser shots.

Time-resolved difference absorbance spectra were measured using

Materials. Bromocresol green and bromophenol blue were from the on-axis exit port of the MS257 spectrograph, to which a gated
Aldrich. 1-(2-Nitrophenyl)ethyl sulfate (caged sulfate), 1-(2-nitrophe- intensified ccd (Andor Technology, iStar DH734, 10241024 pixels)
nyl)ethyl phosphate (caged phosphate), and 1-(2-nitrophenyl)ethyl was coupled. The iccd was operated in the full vertical binning mode
methyl phosphate (caged methyl phosphate) were synthesized asand the spectra were measured with a gating time of 3 ns. Spectra
described*'5 Solutions were freshly prepared before the experiments were measured in single shot fashion with 50 mJ, 355 nm laser pulses.
and the pH was adjusted by the addition of concentrated HCI or NaOH. Synchronization of the overall experiment (laser firing, shutter open-
Solutions used in photoacoustic experiments, and in laser flashing, and iccd triggering) was achieved by means of dedicated hard-
photolysis experiments with pH indicators, were saturated with nitrogen ware?’
to avoid buffering of protons by dissolved @Orransient 400 nm In the second setul§,used for the studies with the pH indicators,
absorption was measured for air-equilibrated solutions. The concentra-monitoring at 633 nm was achieved by means of a HeNe laser (NEC
tions of caged sulfate, caged phosphate and caged methyl phosphat€orporation). The cuvette (0.2 csn 1 cm) was held in a temperature-
were 1 mM in the 400 nm transient absorbance experiments, while the controlled sample holder (FLASH 100, Quantum Northwest, Inc.). The
concentration of caged sulfate was 4 mM for experiments in the pump beam in this case was focused with a 0.5 m cylindrical lens:
presence of pH indicators. These concentrations correspond to absorwhere it crossed the probe beam, its shape was an ellipsoid with minor
bances at 355 nm (laser wavelength) of 0.1 and 0.4 respectively acrossaxis 0.3 cm and major axis 1 cm. The transmitted intensity of the cw
the 0.2 cm laser light path through the optical cuvette (see below). beam was monitored by a preamplified (Avtech AV149) avalanche
The concentrations of bromocresol green and bromophenol blue weresilicon photodiode (Hamamatsu, S2382). A 0.25 m monochromator
7.2uM and 4.1uM, respectively. The concentration of caged sulfate (H25, Jobin Yvon) was placed before the photodiode in order to remove
in the photoacoustic experiments was 1 mM, corresponding to stray light from the pump laser. The voltage signal was digitized by a
absorbance at 355 nm of 0.5 across the 1 cm laser light path. digital sampling oscilloscope (LeCroy 9370, 1 GHz, 1 gigasample/s).
Absorbance spectra of the caged sulfate and indicators are shown as
Supporting Information.

Time-Resolved Photoacoustics?hotoexcitation was achieved by
the third harmonic { = 355 nm) of a nanosecond, Q-switched Nd: ) . .
YAG laser (Surelite 1l— 10, Continuum}® The unfocused beam was Analysis of Photoacoustics DataThe sample waveform is
attenuated and shaped by a slit (28® width) positioned near the ~ assumed to be convolution of a reference waveform (determined
cuvette. The pressure wave induced in the solution was detected by awith a compound releasing all of the absorbed energy as heat

Data Analysis

(14) Barth, A.; Corrie, J. E. TBiophys. J.2002 83, 2864-2871. (17) Banderini, A.; Sottini, S.; Viappiani, Rev. Sci. Instrum2004 75, 2257

(15) Corrie, J. E. TJ. Labelled Compd. Radiopharrhi996 38, 403-410. 2261.

(16) Abbruzzetti, S.; Crema, E.; Masino, L.; Vecli, A.; Viappiani, C.; Small, J.  (18) Abbruzzetti, S.; Viappiani, C.; Small, J. R.; Libertini, L. J.; Small, E. W.
R.; Libertini, L. J.; Small, E. WBiophys. J200Q 78, 405-415. J. Am. Chem. So@001, 123 6649-6653.
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within a few nanoseconds) and a sum of exponential decay P Lk _
functiong?® SO~ +H 5= HSO, @)

i —t/7;
Hy =Y —e ™" )

A

where ¢; is the pre-exponential factor of the transient with
lifetime 7. The values ofg; and 7; are found from the
deconvolution analysi®. We have determined the structural
volume changes using a two-temperature methddhe sample
waveform was acquired &=, (3.9 °C in watef? and 2.7°C

in aqueous solutions with 0.1 M Na¥) and was compared to

a reference waveform acquired at a slightly higher temperature,
Tg=0 = 6.0°C. At Tg=o the thermal expansion coefficier, is

zero and the signals of thermal origin vanish. The sample
waveforms measured dy=o originate purely from structural
changes in the solution and include no enthalpic contribution.
The extent of the observed structural volume change for each
decay component\V,, is calculated fromp; as

AV, = §0iEA(Cip) 2

p

where E; is the molar energy content of the laser pul€g,

the specific heat, and the density. The thermoelastic param-
eter B/Cyp is calculated atTs-o. For dilute aqueous solu-
tions and for pH values above 4, the thermoelastic param-

_ K _ _
RNO,H + SO.2 <= RNO, +HSO, (8)
H* + In” == Hi 9
n <=Hin 9

k.
HIn +RNO, == In" + RNO,H (10)

-3

- K -

HIn + SO” <==In" + HSO, (11)

It is assumed that photoexcitation leads to the formation of the
nitronic acid RNQH with a particular yield within the duration

of the laser pulse. This intermediate then partly deprotonates
to give theaci-nitro anion RNQ~ and a proton, and partly
escapes to form the nitrosoketofi@nd the proton and sulfate
products. The cyclic intermediat8 in Scheme 1) has not been
explicitly considered since it does not appear to accumulate and
therefore does not influence the observed kinetics.

In the above reaction scheme, protons are released in two
steps, for which the relative amplitudes are determined by the
pH that prevails immediately following the light flash. Results
presented later in the paper show that at pH values well above
the K, of the nitronic acid, full ionization occurs on the
nanosecond time scale. When the pH is well below tKg p

eter has essentially the same value as for water at pH 7 andionization of the nitronic acid is suppressed and proton release

can be determined from literature val@swhile for solu-
tions with NaCl 0.1 M it must be determined experimentally
using a comparative methd8When the reaction yieldb; is
known, the reaction volumesVg ; can be determined from the
equation

AV,

@,

AVg; = 3

Analysis of Data from Transient Absorbance. Transient
400 nm absorbance traces were analyzed with a sum of
exponential decay functions and the data for proton-transfer

has a pH-dependent rate that is determined by decay of the
nitronic acid to the final products. At pH values near th&,p

the proton release partitions between these two pathways.
Reactions 8, 10, and 11 influence the kinetics only to a minor
extent and do not affect the overall equilibrium. At pH values
close to or below neutrality, reactions with hydroxide ion were
not included in the relevant equilibria because the very low
concentration of this reactant means they make negligible
contribution.

Results and Discussion

Transient 400 nm Absorbance as a Function of Pre-pulse

reactions in the presence of the pH indicators were analyzedPH- Figure 1 shows the absorbance changes at 400 nm of
with a set of coupled differential equations. The chemical unbuffered aqueous solutions of caged sulfate at several initial
equilibria are derived from the proposed photolysis mechanism PH values, following a single, 14 mJ laser pulse at 355 nm.
of caged sulfate shown in Schemé#ind the ionic equilibria The absorbance was observed to rise with a double exponential
involving the pH indicators. The chemical equilibria relevant lifetime, 71 =7 4 4 ns andr, = 63 + 6 ns at pH 7. The first

to the observed chemical relaxation are summarized below (Cslifetime is at the limit of the experimental resolution of our
= caged sulfate, RN is the nitronic acidl, and P is the apparatus and is ascribed to the formation of the nitronic acid

nitrosoketones) 1. The second transient is most likely associated with depro-
tonation of the nitronic acid to give theci-nitro anion2, as

ho suggested by studies on related compou#déStrong support

CS— RNGH (4) for this assignment comes from the transient spectra shown in
N 4k the right panel of Figure 1. The spectrum recorded at the end
RNO, +H" <= RNOH (5) of the laser pulse is characterized by a band with a maximum
. at 396 nm, which can be attributed to the formationlofAt
RNO,H L P+H+ SO, (6) 100 ns delay, the absorbance il_wcreases and_shifts to the red,
with a peak at~403 nm (suggesting the formation 8f and a
(19) Rudzki, J. E.; Goodman, J. L.; Peters, KJISAm. Chem. S0d.985 107,

7849-7854.

(20) Small, J. R. I'Numerical Computer MethodBrand, L., Johnson, M. L.,
Eds.; Academic Press: San Diego, 1992; Vol. 210, p .

(21) Gensch, T.; Braslavsky, S. E. Phys. Chem1997 101, 101-108.

(22) Weast, R. C., Ed. 52nd ed.; CRC Press: Boca Raton, 1971.

(23) Braslavsky, S. E.; Heibel, G. Ehem. Re. 1992 92, 1381-1410.

(24) Ilichev, Y. V.; Schwoer, M. A.; Wirz, J.J. Am. Chem. SoQ004 126,
4581-4595.
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Figure 1. Left. Time courses of the transient absorbance traces at 400 nm for unbuffered aqueous solutions of 1 mM caged sulfate following a single, 14
mJ laser shot at 355 nm at several pH values. The initial pH values were: 1.6 (A), 2.5 (B), 3.1 (C), 4.1 (D), 6.8 ) °C. Right. Single shot, transient
absorbance spectra taken at the end of the laser pulse (blue curve), at 100 ns (red curve), asd@tetd curve). The laser pulse energy was 50TmJ,

= 20 °C, pre-pulse pH 7. The high laser energy used in this experiment leads to faster decay of the absorbance change at 400 nm than observed for curve
E in the left panel (see text for a more detailed discussion of this effect).

10° 0.10
]
T | 1 u dlly - '
- g
‘ ] ’ % s
1074 ¢ < | § 0.051
< 3
TE10° ¢
e ‘
o "
10° 4 » 0.00 " " " —
‘ 10* 107 10° 10° 10
< Time (s)
10" ®
T T T Figure 3. Time course of the transient absorbance at 400 nm for an
2 4 6 unbuffered aqueous solution of 1 mM caged sulfate following a single 355
pH nm laser pulse at different laser pulse energies: A, 6 mJ; B, 10 mJ; C, 20
) _ ) mJ; D, 30 mJ. The pre-pulse pH was 7T0= 20 °C. Traces shown in the
Figure 2. Rate constants for the formation (red squakeg,; green circles, Figure are selected from several laser pulse energies investigated.
k2,app and decay (blue diamondkg app of the 400 nm absorbance signal
as a function of the initial pH of the solutiof.= 20 °C. The laser pulse 25

energy was 14 mJ for all samples.

shoulder on the blue side, reflecting residual absorbance of the 2 201 o)
precursorl. As demonstrated by the data at/9$) the spectrum ‘—“g o
then decreases in amplitude with no change in shape, in parallel w154
with the decay oP.
Decay of this absorbance was pH-dependent and the lifetime 10+ 4
decreased fromx 100 us at pH 7 to 34 ns at pH 1.6. Acid

catalysis of this reaction is normally observed in other related 5

system® and has recently been discussed in terms of shifting 0 10 20 30

the 1 = 2 equilibrium to the left, so favoring formation of the E (mJ)

bicyclic intermediate3.!! Figure 2 reports the rate constakig, Figure 4. Aci-nitro decay rateks app= 1/73) as a function of laser pulse

= 1/t at various pH values for these formation and decay energy (between 1 mJ and 30 mJ). Pre-pulse pHT7:8,20 °C. The solid

processes. The slight increasekinppat acidic pH values is in Iine i_s intendt_ed only to guide the eyes through the data points and has no
. . . . kinetic meaning.

agreement with the expected increase in relaxation rate for the

equilibrium1 = 2 as the initial concentration of free protons is

increased.

Aci-nitro Transient Absorbance as a Function of Laser
Pulse Energy. When studies were conducted in unbuffered
solutions, the observeati-nitro decay kinetics were dependent
on the laser pulse energy used in the experiment. Appearanc
of theaci-nitro absorbance occurred with biexponential kinetics,

as described above, with lifetimes remaining fairly constant in

the laser pulse energy range we have investigatee: (7 4 4

ns andr, = 63 £ 6 ns). Theaci-nitro absorbance decayed with

a single-exponential relaxation, the rate of which increased with

the laser pulse energy (Figures 3 and 4). Protons released by

She nitronic acid accelerated the disappearance oétieitro

intermediate by an approximately 3-fold factor over the range

(25) McCray, J. A.; Trentham, D. RAnnu. Re. Biophys. Biophys. Cherh989 of laser energies used. The (_eﬁeCt was limited in these experi-
18, 239-270. ments because the photolysis laser beam was not focused, so
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Figure 5. Transient absorbance at 400 nm (black trace) of a buffered (0.1
M Hepes, pH 7.0) aqueous solution of 1 mM caged sulfate. The red line
overlapped to the black trace is the result of a fit with a triple exponential.
Residuals of the fit are displayed as the green tréce. 20 °C.

the small extent of photolysis caused only minor pH changes.
Larger effects of increased laser power were seen in the

experiments with pH indicators, where the focused laser beam

caused more extensive photolysis (see below).
The changes irks app Observed with increasing laser pulse

Table 1. Comparison of Lifetimes for the Deprotonation of the
Nitronic Acid at Pre-pulse pH 7

caged species 7, (ns) Ko app (107 57%) pKy?
sulfate 63+ 6 1.584+ 0.09 3.764+ 0.06
methyl phosphate 7% 16 1.284+0.26 3.84+ 0.2
phosphate 27658 0.37+ 0.08 4,39+ 0.22

a0n the basis ok, = 9 x 10 M~1 s71, as suggested by the data on
caged sulfate, see Table 2.

compound 2-nitrotoluene was reported to occur with rate 2
10" s 111 A better estimate of thely, of the acid intermediate
1is given in a following section.

The K, value of the nitronic acid means that it is completely
deprotonated at pre-pulse pH valued.5. Below this pH, an
increasing proportion of the protons is trapped on the nitronic
acid and a second deprotonation event occurs when sulfate is
released, thus giving rise to a second, much slower proton
release process. This mechanism is confirmed by the studies
with pH indicators reported below.

The information on the g, of the nitronic acidl and gradual
emergence of corresponding data for related nitronic acids (vide
supra) stimulated us to examine the deprotonation of nitronic
acids from two related compounds, caged phosphated its
monomethyl ester (caged methyl phospt&té/Ne anticipated

energy are much smaller than those observed when the pH iy a¢ the nitronic acids from caged sulfate and caged methyl
lowered below neutrality prior to photoly§|s (Flgures'l and 2). phosphate would have similar acidities, but that the nitronic acid
At the laser pulse energy (14 mJ) used in the experiments andgq, caged phosphate would be a weaker acid because of the

at pre-pulse pH 6.8, shown in Figures 1 and 2, deenitro
decay rate is approximately 1.8 10* s, a value which is
almost unchanged until the pre-pulse pH is lowered below 5.
This suggests that, at the photolysis level used in those
experiments, the solution initially at pH 6.8 is lowered~tpH

5 when the equilibrium betweehand?2 is established.

Aci-nitro Transient Absorbance in Buffered Solution. The
decay of theaci-nitro species is dramatically slowed in the
presence of a buffer and a value of 34 at pH 7, 20°C was
previously measured in 20 mM Mops buffér.Here, we
measured the transient 400 nm absorbance &2 0.1 M

Hepes buffer at pH 7. The absorbance increase is well describedcaged sulfate and caged methyl

by two exponentials with lifetimes & 1 ns and 36+ 9 ns.

presence of two negative charges on the phosphate. Photolysis
of neutral aqueous solutions of these compounds leads to a
biphasic increase in absorbance at 400 nm, with a fast phase at
the limit of the experimental resolution-{ ns), followed by a
second, slower transient. The lifetimes of the second phase for
the three compounds, corresponding to the deprotonation of the
nitronic acids, are compared in Table 1. While caged methyl
phosphate and caged sulfate are characterized by similar
lifetimes, deprotonation of the nitronic acid for caged phosphate
occurs with a significantly longer lifetime. The derive&$
estimates for the nitronic acids thus afford similar values for
phosphate, while the nitronic
acid from caged phosphate is clearly a weaker acid (Table 1).

The lifetime of the second process is noticeably shortened by 1 yariation of acidity between different nitronic acids must

the presence of the buffer. The decay is described by a single-

exponential relaxation with lifetime 0.056 0.012 s (average

of 4 determinations), corresponding to a rate constant af 18

4 s71, A representative signal is shown in Figure 5 along with
a fit and the corresponding residuals plot. An inverse relationship
between ionic strength arati-nitro decay rates has previously

be a factor in determining differeaci-nitro decay kinetics for
different caged compounds, since it will affect the position of
the equilibrium between the nitronic acid and its relasei
nitro anion, and hence will influence the rate of escape from
the aci-nitro anion to the bicyclic specie8 and onward to
product releasét-26

been reported in a detailed mechanistic study on the photolysis

of caged AT
It is possible to identify the deprotonation kinetics of the
nitronic acidl in the slower transient of the rising phase of the

400 nm absorbance data. In unbuffered neutral solutions this

ionization has a lifetime of 63t 6 ns, corresponding to a
deprotonation raté; ~ kpapp = (1.58 + 0.09) x 107 s™L.
Assuming for the protonation rate a diffusion-limited value, i.e.,
~5 x 101 M~1 5713 the K, of the acid intermediate can be
estimated [from—log(kz apdk2)] as 3.5+ 0.2. By comparison,
Wirz and co-workers recently reported a deprotonation rate of
(2.7 £ 0.3) x 10° s7! (lifetime ~370 ns) for 2-nitrobenzyl
methyl ether, corresponding to &pof 4.324 Deprotonation

of the nitronic acid formed after photoexcitation of the parent

Me Me 9
P
d\opo& ©\)\o &5 OMe
NO, NO,

5 6
Kinetic Investigations with pH Indicators. The photoin-
duced proton release processes from caged sulfate can be further
understood by studying proton-transfer reactions with suitable
pH indicators. In these experiments, the combination of a
focused laser pulse and higher concentration of caged sulfate
means that much more photolysis took place than in the

(26) Ilichev, Y. V.; Wirz, J.J. Phys. Chem. R00Q 104, 7856-7870.
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Table 2. Parameters Determined from the Numerical Fitting of the Time Courses of the Concentration Changes of the pH Indicators Using

the Differential Equations Associated with Reactions 4—11

fitted

reaction parameters rate constants

H* + In~— Hin ke (6.094 0.06) x 101°M~1 571 (BG)
(5.174 0.05) x 101°°M~1s71 (BB)

H* + R—NO,~ — R—NO.H ko (9.154 0.05) x 1010M~1s1
R—NOH — H* + R—NO,~ k o (1.8+£0.2)x 107s!
HIn + RNO;~ — In~ + RNOH ks (2.664 0.01)x 107M~1s71 (BG)
R—NO,H — R—SO:H ks (1.4540.04) x 1051
HIN+S02~ — In~+ HSO, ks (53+0.1)x 1P M~1s1(BG)
RNOH + SO2~ — RNO,+ HSO4~ ks (5.34+0.1) x 106 M~1s1

pKa nitronic acid
pKa sulfate group

3.69+ 0.05
1.8+0.1
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Figure 6. Left. Changes in concentration of BGcircles) after flash photolysis of an unbuffered solution containing 4 mM caged sulfate. Pre-pulse pH was
7, T=20°C. The laser pulse energy was 20 mJ. The red solid curve is the result of the fit using the set of equations derived from eglilibRé&gHt.
Time profile of the concentration changes of nitronic acid (green liag)nitro anion (black line), protons (blue line) and free sulfate (red line) resulting

from the numerical solutions of the differential equations.

experiments reported above. We used two different pH indica-

tors, bromocresol green (BG), witiKp 4.9 and bromophenol
blue (BB), with K, 4.127 Both indicators show a strong

energy, and pH indicator. Depending on the combination of
curves, some of the parameters were left free to vary from curve
to curve and others were constrained to have the same value

absorbance band in the red, which decreases toward zero a$or all of the curves. Table 2 summarizes the most relevant

the indicators are titrated through and below théd.pAcidi-
fication of the solution can therefore be followed easily in the

parameters we have obtained from the analysis. Backward rate
constants were calculated fror{pvalues and the corresponding

visible region (here at 633 nm) through changes in relative forward rate constants.
concentrations of deprotonated and protonated indicator species. When the solution containing caged sulfate and the pH
The advantage of this approach is that the kinetics of the changesndicator (either BG or BB) is flashed, a rapid decrease in 633

in concentration of deprotonated indicator reflect all of the
equilibria [egs 8] and can be used to understand how the

chemical equilibria interact to produce the observed kinetics.

Most importantly, we can characterize the kinetics of proton
release from caged sulfate.

Numerical solutions to the set of coupled differential equa-
tions corresponding to equilibria4L1 were determined by using
the function ODE15s within Matlab 6.1 (The MathWorks, Inc.).

nm absorbance is observed, associated with protonation of the
indicator. The change in absorbance is converted to change in
concentration upon division by the molar extinction coefficient
of the deprotonated indicators at 633 nm, i.e., 33 008dvh?!

for BG, 7 and 70 000 Mlcm™ for BB (this work), respectively.
Figure 6 shows a typical result of the fit to a transient absorbance
trace measured for BG following flash photolysis of caged
sulfate. In this Figure we show a sample curve from a global

The numerical solution of the set of equations depends on analysis conducted on traces measured at several laser pulse
several rate constants and concentrations which were considereg¢nergies with the same pre-pulse pH. From the protonation
as fitting parameters, that can be optimized using a nonlinearkinetic curve it is evident that binding occurs mainly with a

fitting algorithm. For this, we used a Matlab version of the
optimization package Minuit (CERN). To improve the quality

rate in the 10s™1 range. The observed rate is consistent with
the value expected for a diffusion controlled reaction (with

and reliability of the retrieved parameters, we have chosen to bimolecular rate~5 x 10° M~1 s71), corresponding te~0.5
leave only some of them as free parameters to be optimized x 10’ s™* at a concentration of 100M photoreleased protons.
and to use global analysis of curves taken under different This process occurs when protons released by the nitronic acid
experimental conditions, namely pre-pulse pH, laser pulse bind to the pH indicator. However, a minor decrease inmB&

(27) Bishop, E.ndicators Pergamon Press: Oxford, 1972.
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observed on the 10 s time scale, showing that some additional
protons become available on this time scale. The kinetic model



Kinetics of Proton Release from NPE-Caged Sulfate ARTICLES

200
100 4
=)
2
o s 04
o] =
=)
-100-
: : : - 2200 +——rrrrmr—rr ey
10° 10* 107 10° 10° 10" 10”7 107 107 10° 10° 107
time (s) time (s)

Figure 7. Left. Changes in concentration of BEcircles) after flash photolysis of an unbuffered solution containing 4 mM caged sulfate. Pre-pulse pH was
7, T=20°C. The laser pulse energy was 20 mJ. The red solid curve is the result of the fit using the set of equations derived from eglilibRé&gHt.

Time profile of the concentration changes of nitronic acid (green liag)nitro anion (black line), protons (blue line) and free sulfate (red line) resulting
from the numerical solutions of the differential equations.

derived from egs 411 readily attributes this second step to
the release of protons when the sulfate group is released. The 600
first step (release from the nitronic acid) accounts for a fraction
of the total released protons. The deprotonation yield of the

nitronic acid that is<1 and the low release rate-1.25 x 10’ % 4004
s71) both arise from the relatively highk of intermediatel. =
Experiments were repeated at several values of the pre-pulse =

pH between 7 and 4.5 and a global analysis of these data showed = 200

that the set of differential equations satisfactorily reproduced
all conditions (data not shown).

The slower deprotonation step becomes much more evident
when BB is used to sense the photoreleased protons as the lower 0 o " - i - P
pK, of this indicator provides higher sensitivity to observe the 10 10 10 ) 10 10 10
second phase of deprotonation. This property is strikingly time (s)
evident in Figure 7, where a large step on theu&@ime scale Figure 8. Time profile of the proton concentration change at several values

; ; ; ; of laser pulse energy (black: 6 mJ; red: 10 mJ; green: 20 mJ; blue: 40
is clearly discernible from the concentration change of BB mJ: magenta: 80 mJ: cyan: 120 mJ). The curves were generated by

Figure 7 shows also the result of the fit to the transient jntegration of the differential equations corresponding to equilibrid &
absorbance trace measured for BB following photolysis of caged

sulfate. The Figure reports a sample curve out of a global as 3.76+ 0.06 (Table 1), which is in line with the value reported
analysis conducted on traces measured at several laser pulsg Table 2 that was obtained from the numerical analysis. Given
energies with the same pre-pulse pH. Other conditions werethe large error bar, the value &f, in Table 2 is consistent
the same as for the BG experiments. with ko app although slightly larger.

Figure 8 compares the proton release kinetics corresponding_. .
to increasing laser pulse energy. It is clear that the slower phaseT'me'ReSOIVeOI Photoacoustics
becomes more prominent as the laser pulse energy is increased. The photoacoustic signals measured for aqueous solutions
This effect can be rationalized by considering that as the laserof caged sulfate af = Ts=g at pH values below neutrality are
pulse energy is increased, a larger concentration of nitronic acidbest described by double exponential kinetics with negative pre-
is formed. Proton release from the nitronic acid lowers the pH exponential factors, which show that photoexcitation leads to a
and so suppresses its ionization, thus blocking a proportion of contraction of the solution. Figure 9 shows representative
the ionizable protons on the nitronic acid itself. This negative photoacoustics data measured at pH 2.2 together with the fit to
feedback is not expected to be effective at low laser pulse energya double exponential decay.
(as in the experiments reported in Figure 1), since the Reasonably good fits were obtained at all pH values with
concentration of protons released by the nitronic acid is not double exponential decays, although around pH 3.5 triple
sufficiently high to lower the pH below 4.5 and shift the exponential kinetics led to some improvement of the analysis.
equilibrium betweerl and 2 significantly to the left. However, given the very close values of the lifetimes, the

The value ok; in Table 2 is on the high side for protonation retrieved parameters are in some cases unstable. This is evident
reactions of a weak oxygen base, likely reflecting the presencefrom the volume changes associated with processes 1 and 2 in
of the additional negative charge of the sulfate, as previously Figure 10, right panel, showing a very noisy pH dependence at
observed for sulfonated derivatives of hydroxypyrene and pH ~ 3.5. In general, the lifetimes of transients 2 and 3 are pH
naphthols$. Usingk, from Table 2, and the apparent rate constant dependent, and increase with pH (Figure 10, left panel). The
k2 app(~k2) = (1.58=+ 0.09) x 10’ s~ we can estimate thek lifetime of process 2 reaches a plateau value-dD ns at pH
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1.0 T T " T ' ' ' anion2. The volume change associated with deprotonation of
the nitronic acid { — 2 in Scheme 1, process 2) should give
8 rise to pH-dependence characterized by a sigmoidal shape.
However, given the lifetime of this process, it is very difficult
precisely to retrieve the amplitude of the associated volume
change and the resulting trend of this parameter is partly mixed
1 with the fast, pH-independent process 1. Figure 10 reports the
PR ¥ result of the fit to the volume changes associated with process
0.0 - - 2 using the HenderserHasselbach model. The best fit was
obtained with 3 = 3.7 &+ 0.2, in very good agreement with
1 the value obtained from the analysis of the protonation kinetics
of the pH indicators.
The lifetime of process 3 is in excellent agreement with that
obtained from the absorbance change due tadiaitro decay
1— 3 (Figure 11). A clear pH dependence for the amplitude of
process 3 is discernible from Figure 10. Unfortunately, the
lifetime of the transient at pH above 3.5 becomes too long to
time (Us) be detected by the photoacoustic setup and only part of the
Figure 9. Deconvolution analysis for volumetric signals measured at pH assoc_lated Cu_rve can be d_rawn precisely. This h_lnders the abll_lty
2.2. Reference signal (black curve) was measured@t §olumetric signal to retrieve reliable equilibrium parameters for this process. This
(green curve) was measured at 2. Best fit is shown as the red line  reaction leads to release of the sulfate and a solvated proton
B e e sy s o Sopabn s, ""1a0 1S expected 10 gve rise (0 a vry large coniracton of the
aqueous solution, since the reaction volume for deprotonation

— o e 32
> 4. At pH < 3.5 the lifetime of transient 2 becomes too short of HSQ,™ at 25°C is —21.2 mL/mol>* Although the overall

to be resolved and merges into the fast component with sub- reaction we are observing is not simply an ana_logue of the
resolution lifetime. The lifetime of the intermediate 3 increases deprotonation of HS@, the net effect on the reaction volume

above the upper limit of the experimental resolutierL( «s) is expected to be similar, .s.ince the neutrgl nitrosoketone
when the pH is increased to values higher than 4. The byproduct4shpu|d haveammlm_al solvation signal. Indeed, a
corresponding amplitudes, reported in the left panel of Figure '2r9€ contractiont —6 mL/mol) is measured at pH 3.5.
10, suggest that these transients reflect the ionization equilibria  The contribution by process 3 decreases as the pH is raised
for the associated reactions. above 3.5, since the nitronic acid is almost completely depro-
The identity of the observed transients can be inferred using {onatéd at pH above 4. Therefore, proton release is essentially
the transient absorbance data reported above and using th&omplete after the nitronic acid has complleted the ns processes.
volume changes previously determined for photoinduced pro- APOVe these pH values, sulfate release is not accompanied by
cesses in other 2-nitrobenzyl compounds. Transient 1 is ac-& further _aC|d|f|cat|on of th_e solutlon_, and the volume change
companied by a contraction of the solution and has a lifetime 1S €ssentially due to the difference in molar volume between
below the experimental resolution-10 ns). Correspondingly, ~ the nitronate anion and the solvated sulfate.
a fast component in the rise of the 400 nm absorbance signal We have previously shown that time-resolved photoacoustics
(with lifetime of ~7 ns, i.e., at the limit of the experimental ~€Xperiments at alkaline pH allow the determination of depro-
resolution) is observed at all investigated pH values. These tonation yields for 2-nitrobenzaldehyd®¥:**When the pH is
features suggest that the process of transient 1 is rapid formatiorfaised above neutrality, the fast contractions observed upon
of the nitronic acid { in Scheme 1), which is known to occur ~ €Xcitation of caged sulfate at acidic pH are followed by an
on subnanosecond time scale in other 2-nitrobenzyl com- €xpansion, the lifetime of which decreases at increasing pH
pounds?8-30 The more polar character of the nitronic adid values. This expansion is associated with the bimolecular

with respect to the parent compound is responsible for the neutralization reaction of hydroxide. In the alkaline pH range,
observed contraction of the soluti®h. the concentration of hydroxide is in large excess with respect
The lifetime of process 2 is very similar to that of the second to the concentration of photodetached protons, normally below
component in the rising part of the transient absorbance (Figurel #M at the laser pulse energy used in the photoacoustics
11). The slightly higher rate may be an artifact due to the close experiments. This results in pseudo-first-order kinetics. The
values of two faster transients, which are difficult to separate measured expansion has a valueAdf; = 6.3 + 0.4 mL/mol
in the photoacoustic experiment. This process is accompaniedin the pH range 911. Using the known value of the reaction
by a contraction, whose amplitude decreases as the pH isvolume for water formatiom\Viy= 22.84 mL/moE*3*we can
decreased below3.5, showing that this transient is associated determine the quantum yield for the deprotonation reactigh

T T
—
1

0.5

PA amplitude (a.u.)

with deprotonation of the nitronic acitito give the nitronate ~ = AV2/AVw = 0.28 + 0.02. This quantum yield estimate is
smaller by an almost 2-fold factor when compared with a

(28) gépé §7OV\_/-5;YS72arma, D. K.; Giasson, R.; Gravel, D Phys. Cherl984 previous determination (0.47). The disagreement can be
(29) Yib, R.W.; Shérma, D. K.; Giasson, R.; Gravel, D Phys. Cheml985

89, 5328-5330. (32) Larson, J. W.; Zeeb, K. G.; Hepler, L. Gan. J. Chem1982 60, 2141-
(30) Yip, R. W.; Wen, Y. X.; Gravel, D.; Giasson, R.; Sharma, D.JKPhys. 2150.

Chem.1991, 95, 6078-6081. (33) Bonetti, G.; Vecli, A.; Viappiani, CChem. Phys. Lettl997 269, 268—
(31) VanEldick, R.; Asano, T.; LeNoble, W. Chem. Re. 1989 89, 549— 273.

688. (34) Asano, T.; Noble, W. J. LChem. Re. 1978 78, 407—489.
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Figure 10. Lifetimes (left) and observed volume changes (right) associated with the transients detected by time-resolved photoacoustics as a function of pH
below neutrality. Open squares refer to process 1, filled squares process 2, filled red circles, procesd. B°C. [NaCl] = 0.1 M. The solid line is the
result of a fit with a Henderson-Hasselbach model to the volume changes associated with process 2.
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Figure 11. Comparison of the rate constants determined with time-resolved 0 2 4 6 8
photoacoustics (open symbols) and laser flash photolysis (filled symbols). time (MS)

Red squares, process 1, green circles, process 2, blue diamonds, process 3.

The smaller temporal range that can be spanned by time-resolved photoa-Figure 12. Deconvolution analysis for volumetric signals measured at pH

coustics allows comparisons only over limited portions of the investigated 10.5. Reference signal (black curve) was measured@t @olumetric signal

pH range. (green curve) was measured at 20. Best fit is shown as the red line
overlapped with the green curve and was obtained with double exponential

rationalized by considering the limited capability of photoa- l((;nfgf s. Residuals are displayed as the blue curve on an expgrdade

coustics methods in retrieving correct amplitudes for processes
characterized by close values of lifetimes. In the system under L5
investigation, the lifetime of the short-lived transients 1 and 2

are very close to each other and, at pH above 10, they also

overlap the reaction of released protons with hydroxide. Under 1.0-
these conditions, the three processes are not resolved and a
nanosecond contraction due to formation of the nitronic acid is
followed by an expansion, likely containing the volume changes
associated both with proton release by the nitronic acid and the
neutralization of hydroxide. The apparent rate constant for this
expansion is plotted in Figure 13 as a function of the concentra- 0.0 . i i
tion of free hydroxide. It is clear that the measured rate does 0 3 10 15 20

not reflect a simple pseudo-first-order bimolecular process, for [OH] (mM)

which a straight line with slope-5 x 10° M~ s~1 should be Figure 13. Apparent rate constant estimated from photoacoustic measure-
btained. On th t th t rat tant h ments for the neutralization of hydroxide by photoreleased protons as a
obtained. On the contrary, the apparent raté constants reach ,nion of [OH]. The saturating rate was estimated as the asymptotic

plateau value of~1.5 x 10" s! as the [OH] is increased, value at very high [OH], retrieved from the curve (black solid line) that
corresponding to a lifetime of70 ns. The value is the same s fitted to a double exponential.

as that determined for deprotonation of the nitronic acid. This

finding can be rationalized by considering the deprotonation to hydroxide. The apparent rate constant in the presence of excess
act as a rate-limiting step for the subsequent protonation of hydroxide is therefore the proton release rate.
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Conclusions that can be envisaged, based on th&'@limethoxybenzoin or

. —39 i
Deprotonation of caged sulfate induced by nanosecond laser? hydroxyphenacyl cag_e’é. These have the pote_ntlal 0
photolysis at 355 nm occurs on thel00 nanosecond time scale release protons in a single phase on a fast (ns) time scgle.
at neutral pH. The deprotonation rate is determined by e p Howg\{er, b?‘h these chromqphores have lower absorption
of the nitronic acid intermediatg and measurement of the rates coeffltk:;enlts n ﬂz)? 350 nrr;]'reglonhthz?n NPE:;aged sulfhate, S0
for two related compounds gives some insight on factors that may be less able to achieve the large pH jumps that are

influence theselg, values. At acidic pre-pulse pH, deprotonation accessible with the present reagent. It is likely that no single
of the nitronic acid is not complete and a proportion of the reagent will be able to fulfill all possible requirements for laser-

ionizable protons remains on the nitronic acid itself. These induced proton jumps but the present caged sulfate is neverthe-

protons are released on the microsecond time scale, concomitanSS @n advance on previous compounds used for this purpose.

with the decay ofl, with a rate determined by the pre-pulse  Acknowledgment. C.V. acknowledges INFM and MIUR

pH of the solution. (FIRB Nanotechnologies, COFIN2001) for financial support.
When caged sulfate is used to induce large changes in freewe are grateful to Dr Ranjit Munasinghe for technical support

proton concentration, ionization of the nitronic adidcts asa  with preparation of caged sulfate.

negative feedback on further proton liberation and increases the ) ) ) .
proportion of proton release that takes place in a slower, Supporting Information Available: Absorbance spectra of

microsecond phase. However, even at the largest change in fre¢29€d sulfate, bromocresol green, and bromophenol blue. This
proton concentration we could achieveG00xM), there is no material is available free of charge via the Internet at
interference of the sulfate product with the release kinetics. The NttP:/pubs.acs.org.

absence of buffering by the sulfate product is a principal ja051702X

advantage of the compound. This property makes it possible to
reach pH values which, for example, can cause full acid (35) Corrie J. £ T.; Trentham, D. R. Chem. Soc., Perkin Trans.1992 1,
denaturation of myoglobit However, the relatively long time (36) Thirlwell, H.; Corrie, J. E. T.; Reid, G. P.; Trentham, D. R.; Ferenczi, M.
scale of proton releasg:§) when very acidic pH-jumps are A. Biophys. J.1994 67, 2436-2447.

. ; o . o (37) Shi, Y.; Corrie, J. E. T.; Wan, B. Org. Chem1997, 62, 8278-8279.
induced means that the compound will have limited applicability (38) Givens, R. S.; Jung, A.; Park, C.; Weber, J.; Bartlett, WAm. Chem.
9)

ith lifeti 4 S0c.1997, 119, 8369-8370.
for study of low pH processes with lifetimes shorter that0™ (39) Conrad, P. G.; Givens, R. S.; Hellrung, B.; Rajesh, C. S.; Ramseier, M.;

s. This issue might be addressed by other caged sulfate reagents ~ wirz, J.J. Am. Chem. So@00Q 122, 9346-9347.

9874 J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005



