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Why is the triplet state of aromatic ketones quenched by protons? The long-known but unexplained quenching
process was investigated in detail for benzophenone (1). Adiabatic protonation of triplet benzophenone,31,
encounters a state symmetry-imposed barrier, because the electronic structure of31 is n,π*, while that of its
conjugate acid,31H+, is π,π*. Hence, the rate of protonation of31, kH+ ) 6.8 × 108 M-1 s-1, is well below
the diffusion-controlled limit. The short-lived transient intermediate formed by protonation of31 in 0.1-1 M
aqueous HClO4 (λmax ) 320 and 500 nm,τ ) 50 ns) is not31H+, as was assumed in previous studies. The
latter (λmax ) 385 nm) is detectable only in acidified acetonitrile or in highly concentrated aqueous acid (>5
M HClO4), where water activity is low. In moderately concentrated aqueous acids, adiabatic protonation of
31 is the rate-limiting step preceding rapid adiabatic hydration of a phenyl ring,31H+ + H2O f 31‚H2O, k0

) 1.5 × 109 s-1. These findings lead to a revised value for the acidity constant of protonated31, pKa(31H+)
) -0.4 ( 0.1. Acetophenone (2) and several derivatives of1 and2 undergo a similar reaction sequence in
aqueous acid. The acid-catalyzed photohydration of parent1 and2 is reversible. In meta-fluorinated derivatives,
the reaction results in a clean and efficient formation of the corresponding phenols, a novel aromatic
photosubstitution reaction. This indicates that hydration of31H+ occurs predominantly at the meta position.
A long-lived transient (λmax ) 315 nm,τ ) 5.4 s) left after the decay of31‚H2O is attributed to a small
amount ofortho-1‚H2O that regenerates1 more slowly.

Introduction

Since Hammond and co-workers1 elucidated the mechanism
of the photoreduction of benzophenone (1) in 1962, the
photophysical and photochemical properties of this molecule
are known to any photochemist. Equally well-established is the
fact that phenols become stronger acids upon electronic excita-
tion,2 while aromatic ketones become stronger bases. Thirty
years ago, Ledger and Porter3 reported that the phosphorescence
of 1 in aqueous solution is quenched by protons with a rate
constant of 6× 108 M-1 s-1. They noted that “the quenching
action of the proton is not understood”. Several studies have
since dealt with the photoprocesses of1 in aqueous solution.4-13

Wyatt and co-workers4,5 investigated the initial absorbances and
lifetimes of the triplet intermediates formed by flash photolysis
of 1 over a wide range of acid concentrations and determined
a pKa of 1.5 ( 0.1 for the adiabatic dissociation constant of
protonated triplet1, 31H+. They found that the lifetime of31
drops below 100 ns around pH≈ 0, whereas that of its conjugate
acid 31H+ rises to 50µs in degassed solutions of still higher
acidities, and they concluded, “A possible explanation is that
water is an effective quencher of [31H+].” Despite a number of
follow-up studies,6-8 a satisfactory explanation for this puzzling
phenomenon has not come forth.

We report an investigation of1 and of acetophenone (2) in
aqueous acid by picosecond pump-probe spectroscopy, nano-
second laser flash photolysis (LFP), conventional flash pho-
tolysis, and photoacoustic calorimetry. We conclude that acid-
catalyzed photohydration is responsible for the triplet quenching
process observed in moderately acidic aqueous solutions.

Photohydration of the parent ketones1 and 2 is reversible.
However, inm-fluoro derivatives of1 and2, it results in efficient
formation of the correspondingm-hydroxy ketones.

Experimental Section

The instruments used for picosecond pump-probe spectros-
copy and for nanosecond LFP have been described previously.14

Briefly, pump-probe experiments were carried out using a 248
nm excitation pulse and a continuum probe pulse (300-700
nm), both with subpicosecond lifetimes. The delay line spanned
a time range of 1.8 ns. Acetonitrile (2.0 M, about 10 vol %)
was added as a cosolvent to achieve the required absorbance
by 1 (A ) 1 at the excitation wavelength of 248 nm, path length
2 mm) in neutral aqueous solutions. Addition of acetonitrile
was not required to increase the solubility of1 in aqueous acid.
Nanosecond laser pulses at 248 or 351 nm were obtained from
a Lambda Physik Compex 205 excimer laser (pulse width ca.
15 ns, pulse energy 100-600 mJ). Pulses at 308 nm were taken
from a Lambda Physik EMG 101 MSC excimer laser (pulse
width ca. 20 ns, pulse energy 50-100 mJ). Kinetic (1P28
photomultiplier) and spectrographic detection (MCP-gated diode
array) of the transient absorption were available. Most kinetic
measurements were done at ambient temperature (22( 2 °C).
Perchloric acid solutions were made up by weighing the
appropriate amounts of 70% (by weight) ultrapure HClO4 and
dilution with doubly distilled water.

Fluorescence spectra were recorded on a Spex Fluorolog 111
instrument equipped with an R928 photomultiplier. Excitation
spectra were corrected with a built-in Rhodamine-6G quantum
counter. Fluorescence lifetimes were measured by excitation
with subpicosecond pulses from a Ti:Sapphire laser (Clark MXR
CPA-2001; frequency-doubled, 388 nm; frequency-doubled
NOPA output, 270 nm). The emission spectra were recorded
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with a streak camera (Hamamatsu C5680) operated at 50 ps
time resolution.

The setup used for photoacoustic calorimetry has been
described in detail.15 The design of the front-face irradiation
flow cell and the algorithm used for the analysis of the sound
waves recorded by the microphone were those of Caldwell,
Melton, and co-workers.16 Solutions of 2-hydroxybenzophenone
were used as a reference. The photoacoustic waveforms of the
sample (E wave) were analyzed by convoluting the reference
signal (T wave) with a dual or triple exponential heat deposition
function and least-squares fitting of the resulting waveforms to
the observedE wave. Five independent waveforms from separate
experiments were analyzed for a given set of conditions.
Goodness-of-fit was judged by comparing the residuals with
the minimal error expected to arise from the eight bit resolution
of the transient digitizer.

Photohydrolysis of 3,4-Difluoroacetophenone.A solution
of 3,4-difluoroacetophenone (44 mg) in 1 M aqueous HClO4
(300 mL with 25% acetonitrile) was irradiated at 254 nm (low-
pressure mercury arc) until the product absorption at 298 nm
reached a maximum. The mixture was extracted withtert-
butylmethyl ether, dried with MgSO4, and evaporated, leaving
a yellow oil that was chromatographed on silica using petroleum
ether and methyl acetate (4:1) as an eluent. Besides 8 mg of
the starting material, 16 mg of 4-fluoro-3-hydroxyacetophenone
was isolated; mp 113-115 °C. 1H NMR (CDCl3, TMS): δ )
2.58 (s, 3H, Me), 5.74 (broad s, 1H, OH), 7.14 (dd, 1H, H5, J
) 8.2 and 8.7 Hz), 7.51 (m, 1H, H6), 7.64 ppm (dd, 1H, H2, J
) 8.4 and 2.1 Hz).13C NMR (CDCl3, TMS): δ ) 154.22 (d,
C4, J ) 247 Hz), 143.84 (d, C3, J ) 14.7 Hz), 134.33 (d, C1,
J ) 0.8 Hz), 121.75 (d, C6, J ) 7.6 Hz), 117.65 (d, C2, J ) 3.3
Hz), 115.73 (d, C5, J ) 19.0 Hz), 196.76 (s, C7), 26.53 ppm (s,
C8). MS (M+): m/e 154. UV (λmax/nm [log(ε/M-1 cm-1)]): in
0.1 M aqueous HClO4: 253 [3.89], 298 [3.39]; in 0.1 M
NaOH: 236 [4.34], 264 sh [3.7], 336 [3.43].

Quantum Yields of Photosubstitution.Fluorinated deriva-
tives of 1 and 2 were irradiated at 254 nm with a medium
pressure mercury arc (Hanau St 41, interference band pass filter)
in degassed, 0.1 M aqueous HClO4. The reaction progress was
monitored by UV spectrophotometry. Quantum yields were
determined using azobenzene in methanol as an actinometer.17

Results

Absorption and Fluorescence Emission.Figure 1 displays
the absorption spectra of1 in neutral water and in 12 M aqueous
HClO4. The latter is attributed to oxygen-protonated benzophe-

none,1H+.4 Also shown are the fluorescence excitation and
emission spectra of1 in 12 M aqueous HClO4 solution. The
fluorescence of1 in neutral aqueous solution was below the
detection limit of the conventional fluorescence spectrometer
used. Weak emission of1H+ (λmax ) 520 nm) was observed in
solutions with acid concentrations exceeding 1 M. Ground state
protonation of1 is negligible in 5.8 M HClO4 (H0 ) -2.7),18

and the excitation spectrum of the fluorescence by1H+ in 5.8
M HClO4 matched the absorption spectrum of neutral1. Thus,
adiabatic protonation of1 occurs with low efficiency in the
excited singlet state. The fluorescence lifetimes of1H+ in 5.8
M (excitation at 270 nm) and 12 M air-saturated aqueous HClO4

solution (excitation at 388 nm) were equal within experimental
error, τ ) 700 ( 30 ps.

Pump-Probe Spectroscopy.Transient absorption spectra
obtained with1 in neutral aqueous solution are shown in Figure
2. The spectra taken during the initial period (0-5 ps delay,19

not shown) were distorted by two photon absorption and
exhibited spectral broadening arising from vibrational relaxation.
The first spectrum shown (6 ps delay) is attributed to the lowest
excited singlet state of1 (λmax ) 335 and ca. 575 nm)20 as well
as some broad absorption arising from solvated electrons (λmax

) 720 nm). Solvated electrons are also formed in the absence
of a solute due to multiphoton absorption of the laser pulse by
water.

The initial changes in the transient spectra are attributed20 to
intersystem crossing (ISC) from the lowest excited singlet state,
11, to the lowest triplet state,31. Factor analysis21 of the spectra
observed in the region of 500-550 nm required two significant
components only, and global fitting to a single exponential rate
law gave a singlet lifetime of 6.4( 0.2 ps. The spectrum of31
(λmax ) 330 and 525 nm) persisted up to the maximum delay
of 1.8 ns.

Pump-probe spectra obtained with1 in 1 M aqueous HClO4
are shown in Figure 3. The spectral changes that are observed
during the first 30 ps are quite similar to those in neutral water
(Figure 2). However, two additional processes are indicated by
the subsequent spectral changes. Factor analysis using the
wavelength range of 450-550 nm indicated that four compo-
nents are required for an adequate description of the spectral
matrix and that a triexponential function is needed to fit the
kinetics. A global least-squares fit of a triexponential function
is shown in Figure 4. The spectral changes and the rate constant
associated with the first process,k1 ) (1.35 ( 0.09) × 1011

s-1, are the same as in neutral water (Figure 2) and are attributed
to ISC of 1. The decay of the broad absorption arising from
solvated electrons (λmax ) 720 nm) due to trapping by H+

provides the second rate constant,k ) (1.7 ( 0.2) × 1010 s-1.
A bimolecular rate constantk ) 2.3 × 1010 M-1 s-1 is
commonly quoted for this process,22 but that value pertains to
low ionic strengths. The rate constant reported for the capture
of solvated electrons by protons in 1 M aqueous HClO4 is k )
1.1 × 1010 s-1.23

The final process is hard to discern by visual inspection of
Figure 3. Proper analysis reveals that the band shapes and
maxima gradually change from those of31 (λmax ) 330 and
525 nm) to those of a species withλmax ) 320 and 500 nm,
which is attributed to the triplet state of a hydrate of1, 31‚
H2O.20 The process is not complete within 2 ns after excitation
(cf. Figure 4), and the associated rate constant is not well-defined
in this time window. To avoid the perturbing influence arising
from the decay of the solvated electrons, global analysis of four
series of measurements in 1 M HClO4 was restricted to the time
window of 0.2-1.8 ns. In this way, an average value ofk3 )

Figure 1. Absorption spectra of1 (ca. 4× 10-5 M) in neutral (s)
and 12 M HClO4 (- - -) aqueous solution (left-hand scale). Fluorescence
emission (- ‚ -, excitation wavelength 335 nm) and excitation (‚‚‚,
emission monitored at 522 nm) spectra of1 in 12 M aqueous HClO4
(right-hand scale).
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(5 ( 1) × 108 s-1 was obtained for the rate constant of the
slow process.

Substantially different spectral changes were observed by
pump-probe spectroscopy of1 in 4 M HClO4 (not shown).
The initial changes with a rate constant of aboutk1 ) 2 × 1011

s-1 are again attributed to ISC of11 to 31. The kinetics of this
process was somewhat distorted by the nearly simultaneous
reaction of the solvated electrons with protons, for which a rate
constant of about 5× 1011 s-1 is expected in this medium.
Following these processes, a new, broad band withλmax ) 385
nm is formed. At the same time, the absorption band at 525
nm, due to31, shifts to 500 nm and is reduced in intensity. The
rate constant of this process, determined from a biexponential
fit to the series of spectra in the range of 360-430 nm, where
interference by the absorption of solvated electrons is negligible,
is k2 ≈ 3 × 1010 s-1. The species formed here is assigned to
the triplet state of carbonyl-protonated benzophenone,31H+.20

At delay times>175 ps, the 385 nm absorption band due to
31H+ decays almost completely, leaving a similar end spectrum
as in Figure 3. The rate constant of the last reaction isk3 ≈ 1.2
× 109 s-1.

Pump-probe spectra determined with 5.8 M HClO4 solutions
of 1 are shown in Figure 5. Again, ISC of11 to 31 with the

Figure 2. Pump-probe transient absorption spectra of1 (5 × 10-4 M) in neutral water detected with delays of 6-100 ps19 relative to the excitation
pulses (248 nm, 0.5 ps half-width, 1 mJ per pulse).

Figure 3. Pump-probe transient absorption spectra of1 (8 × 10-4 M) in 1 M aqueous HClO4 detected with delays of 5-1826 ps19 relative to the
excitation pulses (248 nm, 0.5 ps half-width, 1 mJ per pulse).

Figure 4. Loading coefficientsc (‚) of the first eigenvalue determined
by factor analysis of the spectral matrix (450-550 nm) that is shown
in Figure 3. The solid line shows the result of a global nonlinear least-
squares fit of a triexponential function. The corresponding fit parameters
(first-order rate constants) are given in the text. The inset is an expanded
view of the first 180 ps.
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associated spectral changes (λmax ) 335 and 575 nm shifting
to 330 and 525 nm) is the first process,k1 ≈ 8 × 1010 s-1.
Almost as fast,k2 ≈ 5 × 1010 s-1, is the formation of a broad
absorption band withλmax ) 385 nm, which is attributed to
adiabatic protonation of31 at the carbonyl oxygen yielding31H+.
Further small changes, which cannot be assigned, occurred at
longer delays.

Nanosecond Flash Photolysis (LFP).The transient absorp-
tion spectrum of triplet benzophenone (31) obtained by 248 nm
excitation of1 (4 × 10-5 M) in neutral water (λmax ) 330 and
525 nm, not shown) was in excellent agreement with that
obtained at the maximum delay (1.8 ns) in the pump-probe
experiment (Figure 2). The decay of31 was dominated by
oxygen quenching and obeyed the first-order rate law accurately.
An average rate constantk3 ) (7.3 ( 0.1) × 105 s-1

(air-saturated solutions) was obtained from eight measurements
at different wavelengths in the range of 315-600 nm. The decay
rate of31 increased linearly with increasing acid concentration
(k3, Table 1).

Transient spectra obtained by LFP of1 (4 × 10-5 M) in 1.0
M HClO4 are shown in Figure 6, together with two of the traces
obtained by pump-probe spectroscopy. The transient spectrum

obtained immediately after the nanosecond laser pulse (marked
“10 ns”) is attributed to the triplet state of the hydration product,
31‚H2O.20 Comparison with the pump-probe spectra recorded
with delays of 176 and 1826 ps in the same medium indicates
that the conversion of31 to 31‚H2O is not complete within 1826
ps (cf. Figures 3 and 4). Kinetic measurements by nanosecond
LFP at various wavelengths from 315 to 520 nm gave an average
rate constant ofk4 ) (1.9 ( 0.1) × 107 s-1 for the decay of
31‚H2O. The same initial transient spectra and decay rate
constants were observed by LFP of aqueous solutions containing
from 0.20 to 4.0 M HClO4 (Table 1). The temperature
dependence of the rate constantk4 was measured with 1 M
HClO4 solutions (T ) 274-335 K, 22 measurements). An
Arrhenius plot of these data was linear and gave the activation
parametersA ) (1.6 ( 0.4) × 108 s-1 andEa ) 1.13 ( 0.10
kcal mol-1.

The transient spectrum generated by LFP of1 in 5.8 M HClO4

is substantially different (Figure 7). The initial spectrum agrees
well with that observed at maximum delay by pump-probe
spectroscopy with the same solvent (Figure 5). It also agrees
closely with the initial transient spectrum recorded by LFP of
1 in a 0.5 M solution of HClO4 (70%) in acetonitrile (not shown)

Figure 5. Pump-probe transient absorption spectra of1 (7 × 10-4 M) in 5.8 M aqueous HClO4 detected with delays of 5-100 ps19 relative to the
excitation pulses (248 nm, 0.5 ps half-width, 1 mJ per pulse).

TABLE 1: Observed First-Order Rate Constants k1-k5 in Air-Saturated Aqueous HClO4 (Room Temperature, 22( 2 °C)a

[H+] (M) pH or H0
b k1 (1011 s-1c) k2 (1010 s-1c) k3 (108 s-1c) k4 (107 s-1c) k5 (s-1c)

0 neutral 1.61( 0.05 (2) (7.3( 0.1)× 10-3 (8)
0.001 3.0 (1.16( 0.02)× 10-2 (7)
0.005 2.3 (2.71( 0.06)× 10-2 (3) 0.154
0.008 2.1 (3.65( 0.02)× 10-2 (5)
0.01 2.0 (4.57( 0.04)× 10-2 (8)
0.02 1.7 (9( 1) × 10-2 (2)
0.03 1.5 (1.13( 0.05)× 10-1 (3)
0.05 1.3 (1.28( 0.04)× 10-1 (7)
0.10 0.97 (2.2( 0.3)× 10-1 (4) 0.156( 0.003 (4)
0.20 0.65 2.2( 0.1 (4)
0.50 0.18 2.0( 0.1 (6)
1.0 -0.25 1.2( 0.2 (2) 5( 1 (4) 1.9( 0.1 (6) 0.360( 0.002 (3)
1.5 -0.56 9( 2 (2)
2.0 -0.82 1.6( 0.2 (3) 1.0( 0.1 (3) 11( 2 (3) 0.399( 0.003 (4)
2.5 -1.1 1.4( 0.3 (1) 12( 1 (1)
3.0 -1.3 1.7( 0.2 (3) 1.3( 0.2 (3) 10.9( 0.7 (3) 2.2( 0.1 (6) 0.53( 0.01 (4)
4.0 -1.7 1.8( 0.9 (2) 3.0( 0.2 (2) 12( 2 (2) 2.4( 0.1 (6) 1.42( 0.01 (4)
5.0 -2.22 2.88( 0.08 (5)

a Solutions used for pump-probe measurements contained 10% acetonitrile.b Values of theH0 acidity function (ref 18) are given for [H+] g 0.1
M. c Number of measurements given in brackets.
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and is attributed to protonated triplet benzophenone,31H+. It
decays with a first-order rate constant of (8.7( 0.4)× 106 s-1.
Similar results were obtained with 6.0 M HClO4. In this
medium, the transient decays with a rate constant of (5.6(
0.1) × 106 s-1.

LFP of1 in 12 M HClO4, where it is protonated in the ground
state (Figure 1), gave weak, broad transient absorption with
maxima at about 390 and 500 nm, which is attributed to31H+.
In this medium, bleaching of the ground state absorption of1H+

hides the 320 nm band of31H+ (Figures 5 and 7). Transient
31H+ decays with a first-order rate constant of (1.6( 0.1) ×
105 s-1 in air-saturated, 12 M HClO4.

Conventional (ms) Flash Photolysis.Excitation of 1 in
aqueous acid with a discharge flash lamp (up to 1000 J elec-
trical energy, 30µs half-width) produced a long-lived tran-
sient absorbing below 350 nm,λmax ) 315 nm, which is
attributed to1‚H2O.20 The same absorption was left after the

decay of the transient31‚H2O in the spectra determined by
nanosecond LFP (Figure 6, 500 ns delay). A dilution experiment
([1] ) 1-20× 10-6 M) in 0.1 M HClO4 proved that the amount
of 1‚H2O was linearly related to the amount of light absorbed,
i.e., that the yield of1‚H2O did not depend on the concentration
of 1. The lifetime of 1‚H2O was τ ) 5.4 ( 1.0 s in 0.1 M
aqueous HClO4. Formation of this transient requires both water
and acid. No such transient was formed in solutions of1 in
acetonitrile that was acidified with HCl gas or concentrated
HClO4.

The yield of 1‚H2O increased with acid concentration in
dilute, air-saturated aqueous HClO4 (0.001-0.10 M). The
inverse of the initial absorbanceA0 at 310 nm was linearly
related to the inverse of [H+]. Linear regression (eight data
points) gave an intercept of 30.0( 0.1 and a slope of (5.86(
0.03)× 10-2 M. Upon further increase of the acid concentration,
A0 reached a maximum value at about 1 M HClO4 and decreased

Figure 6. Transient absorption spectra obtained with1 in 1 M HClO4. The two upper traces (left-hand absorbance scale) were obtained by pump-
probe spectroscopy, and the two lower ones (right-hand absorbance scale) were obtained by LFP. Delay times relative to the excitation flash at 248
nm are shown.

Figure 7. LFP of 1 (4.9 × 10-5 M) in 5.8 M aqueous HClO4. Delay times relative to the excitation pulse at 248 nm (15 ns, 150 mJ) are shown.
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at still higher concentrations. The transient was no longer
detectable at acid concentrations of 6 M or higher.

The temperature dependence of the decay of1‚H2O in 0.1
M HClO4 was determined in the range of 25-57 °C (10 data
points). Activation parametersEa ) 18.5( 0.2 kcal mol-1 and
A ) (5.5 ( 1.4) × 1012 s-1 were obtained from an Arrhenius
plot. The decay rate constant of1‚H2O in 0.1 M aqueous HClO4
at -5.9 °C was (3.2( 0.4) × 10-3 s-1 (three measurements).
Product1‚H2O could be extracted to pentane after irradiation
of 1 at -6 °C in aqueous HClO4. Its decay rate constant in
pentane, measured by the absorbance decrease with time at 310
nm, was quite similar to that in aqueous solution,k ) (3.1 (
1.6)× 10-3 s-1 (three measurements,-5.9 °C). These experi-
ments show that1‚H2O is a neutral compound and that its decay
rate is hardly solvent-dependent. However, the decay rate of
1‚H2O in water increased with acid concentrations exceeding 1
M (Table 1).

Photoacoustic Calorimetry. Solutions of1 and HClO4 (4
M) in a mixture of acetonitrile (30% by volume) and water were
excited at 248 nm. Acetonitrile was added to increase the
thermal expansion coefficient of the solvent. Optical LFP of1
in 4 M aqueous HClO4 indicated that the intermediate31‚H2O
was formed within the duration of the laser pulse and decayed
with a lifetime of 42( 1 ns. Consistently, the photoacoustic
waves indicated that a time-resolved heat deposition process
occurred with a similar lifetime. The best fit was obtained with
a biexponential function for the heat release. The rate constant
for the fast processes, which occur rapidly on the time scale of
the duration of the laser pulse, was arbitrarily fixed to 1 ns.
Three parameters were adjusted, the two amplitudes of the two
heat deposition processes and the rate constant for the time-
resolved process. Of the total energy (248 nmw 115.2 kcal
per mole of photons absorbed), 57.5( 4.3% was released within
1 ns and 34( 6% with a lifetime of 45( 7 ns. The goodness-
of-fit was excellent and was not improved by using three
exponentials in the kinetic trial function. Hence, the decay of
31‚H2O deposits 39( 7 kcal mol-1.

In a second series of experiments, more dilute acid (0.17 M
HClO4, 30% acetonitrile) was used. Optical LFP of this mixture
gave a lifetime of 32( 5 ns for31 and 52( 5 ns for31‚H2O.
On the basis of purely statistical criteria, the fits to the acoustic
waves were equally acceptable with a bi- or triexponential
function. The fit parameters obtained with a triexponential
function were chosen, because that was required by the analysis
of the LFP data. The first exponential, formation of31, was
fixed to occur withτ ) 1 ns and to release 46.2 kcal mol-1

(115.2 kcal mol-1 - ET(1)). In the delayed heat evolution, 16.5
( 6.4% of the absorbed energy was deposited withτ ) 25 (
10 ns and 30( 7% withτ ) 55( 15 ns. Thus, proton-catalyzed
adiabatic hydration of31 yielding 31‚H2O affords 19( 7 kcal
mol-1, and the decay of31‚H2O releases another 34.5( 8.0
kcal mol-1. The average of the two measurements (4 and 0.17
M HClO4) for this process is 37( 6 kcal mol-1. No corrections
were made for reaction volumes.

Density Functional Calculations. The energies of three
possible structures of hydrate1‚H2O in the ground state and in
the lowest triplet state were calculated using the B3LYP density
functional with the 6-31G* basis set, as provided in the Gaussian
9824 program package. All structures were fully optimized, and
frequency calculations were done. The energies given in Table
2 are those of the most stable conformers (OH bonds) andE/Z
isomers shown below.

From the last column of Table 2, it is seen that the ortho
isomer is the most stable hydrate in the ground state. In the
triplet state, the energies of the ortho and the meta isomers are
similar, that of the para isomer is higher. The calculated triplet
excitation energies (0 K) of the three isomers areET(ortho) )
31.5, ET(meta) ) 10.6, andET(para) ) 33.6 kcal mol-1.
The triplet energy of1 was calculated asET ) 61.5 kcal
mol-1 by the same method. The enthalpy of dehydration (298
K) of o-1‚H2O to 1 + H2O is calculated as∆rH ) -23.8 kcal
mol-1.

Energy Transfer to Biacetyl. The triplet energy of proto-
nated triplet benzophenone,ET(31H+) ) 61.8 kcal mol-1,4 is
known from phosphorescence measurements in strongly acidic
media. WithET(biacetyl) ) 56.4 kcal mol-1,25 it should be
possible to observe energy transfer to biacetyl from both31 and
31H+. The triplet-triplet absorption maxima of biacetyl are at
315 (ε ≈ 6000 M-1 cm-1) and 800 nm.26 LFP of 1 (3 × 10-5

M, excitation at 248 nm) in neutral, aerated water with added
biacetyl (0-0.01M) showed accelerated first-order decay of31
at 520 nm and biexponential decay at 325 nm. The fast
component observed at 325 nm was attributed to the accelerated
decay of31, and the slow one was attributed to the decay of
triplet biacetyl formed by energy transfer. A resolved growth
followed by a decay of absorbance was seen at 800 nm, where
only triplet biacetyl absorbs. The observed rate of energy transfer
increased linearly with increasing biacetyl concentration. The
best traces were obtained by monitoring at 520 nm (seven data
points, 0-0.05 M biacetyl). A least-squares fit gaveket ) (1.0
( 0.1)× 109 M-1 s-1 for the bimolecular rate constant of energy
transfer from31 to biacetyl.

In previous work,5,8 the transient observed by LFP of1 in 1
M aqueous HClO4 has been attributed to31H+. Addition of up
to 0.05 M biacetyl failed to accelerate the decay of the transient
absorbance at 500 nm, which supports our proposal that this
species is not31H+ but 31‚H2O. The triplet energies of the three
isomers of31‚H2O (Table 2) were calculated to be well below
that of biacetyl.

To demonstrate energy transfer from31H+ to biacetyl, the
experiment was repeated using acidified acetonitrile (1 M

TABLE 2: Results of B3LYP/6-31G* Calculations

compd E (hartree)
ZPE

(hartree)
H (298 K)a

(hartree)
S° (298 K)

(cal K-1 mol-1)
∆H° (298 K)
(kcal mol-1)

o-1‚H2O -653.007318 0.219528 0.232584 108.7 ≡ 0
o-31‚H2O -652.953977 0.216425 0.229886 112.8 31.8
m-1‚H2O -652.971934 0.217936 0.231323 110.3 21.4
m-31‚H2O -652.952737 0.215558 0.229338 114.5 32.2
p-1‚H2O -652.999717 0.218711 0.232280 111.7 4.6
p-31‚H2O -652.941476 0.214545 0.228889 119.9 39.0

a Thermal enthalpy correction including zero-point energy.
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HClO4) as a medium, in which hydration of31H+ does not
interfere. Biacetyl was unstable in this medium, and its
absorption band at 415 nm decayed with a half-life of 7 min.
Thus, biacetyl was added immediately prior to LFP of1 (1.5×
10-5 M). The lifetime of31H+ (440 ns in air-saturated solution,
measured at 315 nm) was reduced to 57 ns by the addition of
5 × 10-3 M biacetyl, i.e., the rate constant for energy transfer
from 31H+ to biacetyl amounts toket ≈ 3.0 × 109 M-1 s-1 in
this solvent.

Attempts to Detect 1‚H2O by 1H NMR. Several attempts
were made to detect the long-lived product1‚H2O by 1H NMR.
These experiments were hampered by the low yield of inter-
mediate1‚H2O27 and by the fact that1‚H2O was, itself, quite
sensitive to irradiation and could not be accumulated to a high
extent even at reduced temperature. The best results were ob-
tained by irradiation of1 (6 × 10-3 M) in acidic D2O/CD3OD
1:1 (0.3 M DClO4) with 50 248-nm laser pulses at-30 °C in
a quartz NMR tube. At this temperature, the lifetime of1‚H2O,
monitored by its absorbance at 310 nm, was about 2 h. Fol-
lowing irradiation, the solution was quickly transferred to a
cooled (-30 °C) 500 MHz NMR spectrometer, and the spectra
were accumulated. Apart from the strong signals due to1, very
weak signals were detected, which disappeared irreversibly on
warming. The spectrum is given as Supporting Information.

Isotope Exchange.Solutions of1 in acidic D2O (0.25 M
D2SO4) were irradiated with 5000 248-nm pulses from an
excimer laser. No deuterium incorporation was detected by gas
chromatography/mass spectrometry (GC/MS) and1H NMR
analysis of the irradiated sample. The dose was sufficient to
excite each solute molecule about 1000 times.

LFP of 2 and Derivatives of 1 and 2.A brief study of 2
and several derivatives of1 and 2 by LFP indicated that the
triplet state of these compounds is also quenched by protons.
The observed bimolecular quenching rate constantskobs,H+ are
collected in Table 3 and interpreted in the discussion (see eq
7). Acid quenching of32 did not produce a transient similar to
31‚H2O, only a weak, long-lived transient,λmax ≈ 280 nm,τ )
0.9 s, presumably due to theortho-hydrate2‚H2O. The lifetime
of the triplet hydrate formed from2, 32‚H2O, appears to be less
than 20 ns.m-Fluoroacetophenone in 1 M HClO4 did produce
a strong transient absorption,λmax ≈ 350 nm, τ ) 50 ns.
Permanent absorbance was left in the range of 300-350 nm,
λmax ) 308 nm, after the decay of this transient (cf. next section).

As observed with1‚H2O, the yield of 2‚H2O increased
with acid concentration in dilute aqueous HClO4. Linear
regression of 1/A0 (280 nm) vs 1/[H+] ([H+] ) 0.001-0.10 M)
gave an intercept of 4.40( 0.05 and a slope of (1.69( 0.05)
× 10-2 M.

Preparative Work and Quantum Yields of Photohydroly-
sis. Irradiation of 3-fluoroacetophenone in aqueous acid pro-
duced a new absorption band at 305 nm. Addition of excess
base shifted the absorption maximum of the photoproduct to
343 nm. The shapes and maxima of these spectra were nearly
identical to those of authentic 3-hydroxyacetophenone:λmax )
308 nm in aqueous acid, 348 nm in base. This indicated
essentially clean photosubstitution of the fluoride. Similarly,
irradiation of 3,3′-difluorobenzophenone produced a new band
at 310 nm (370 nm in base). The photoproduct formed by
irradiation of 3,4-difluoroacetophenone (Scheme 1) in aqueous
acid was identified as 4-fluoro-3-hydroxyacetophenone (Ex-
perimental Section).

Quantum yields of photohydrolysis were measured spectro-
photometrically at low conversions in degassed 0.1 M aqueous
HClO4, assuming clean conversion to the corresponding phenols.
They were high for derivatives carrying ameta-fluoro substitu-
ent: φ ≈ 0.5 (3-fluoroacetophenone, deviations from the initial
isosbestic points indicated secondary photolysis),φ ) 0.63 (
0.10 (3,4-difluoroacetophenone), andφ ) 0.7 ( 0.1 (3,3′-
difluorobenzophenone). Photohydrolysis was not observed in
neutral aqueous solutions:φ < 0.01. 2-Fluoroacetophenone
reacted more slowly upon irradiation in aqueous acid,φ ≈ 0.2,
and the spectral changes were not consistent with a clean
formation of 2-hydroxyacetophenone. In addition to a band at
323 nm, expected for 2-hydroxyacetophenone, a broad band
extending to the visible was formed. 4-Fluoroacetophenone
decomposed very slowly upon irradiation in aqueous acid. There
was no indication for the formation of 4-hydroxyacetophenone
λmax ) 275 nm,φ < 0.01.

Discussion

pH Rate Profiles and Assignment of Transient Intermedi-
ates. Five different transient intermediates are formed by
excitation of1 in aqueous acid. They were identified by their
absorption spectra and assigned to the intermediates11, 31,
31H+, 31‚H2O, and 1‚H2O as shown in Scheme 2. The ob-
served transient kinetics gave five first-order rate constants,
k1-k5, Table 1. A reliable determination of five rate constants

TABLE 3: Proton Quenching Rate Constants, Transient Absorption Spectra, and Lifetimes for Various Derivatives of 1 and 2

compd
kobs,H+

(107 M-1 s-1)
λmax(31/2‚H2O)

(nm)
τ(31/2‚H2O)

(ns)
λmax(1/2‚H2O)

(nm)
τ(1/2‚H2O)a

(s)

benzophenone (1) 38 ( 1 320, 500 50 315 5.4( 1.0
3-methylbenzophenone 9.0( 0.1 320, 510 60 320 22.7( 0.8
4-methylbenzophenone 62( 2 320, 510 50 315 8.6( 0.5
3,4-dimethylbenzophenone 6.8( 0.2 <340, 515 50 320 8.0( 1.1
3,5-dimethylbenzophenone 7.2( 0.2 320, 510 60 320 22.6( 0.9
4-aminobenzophenone 60( 2 315, 505 80 315 8.3( 0.8
4,4′-difluorobenzophenone 1.3( 0.2 320, 500 50 305 0.15( 0.02
acetophenone (2) 22 ( 1 280 0.9( 0.1
2-chloroacetophenone 52( 1 285 3.3( 0.5
2-fluoroacetophenone 93( 2 280 0.05( 0.01
4-fluoroacetophenone 1.0( 0.1 280 0.06( 0.01
3-trifluoromethylacetophenone 0.88( 0.03 285 0.55( 0.03

a Aqueous 0.1 M HClO4; derivatives of2 required addition of 10% acetonitrile, and derivatives of1 required 20% acetonitrile to achieve sufficient
solubility.

SCHEME 1: Photohydrolysis of
3,4-Difluoroacetophenone in Aqueous Acid
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from transient absorption measurements is rarely possible. The
present analysis was feasible, because the observed processes
have quite different lifetimes spanning a time scale of 12
orders of magnitude and because the rates of these proc-
esses smoothly followed the pH dependencies expected from
Scheme 2.

Identification of the first two intermediates,11 and 31, is
straightforward. The initial absorption bands recorded im-
mediately after excitation with a subpicosecond pulse at 248
nm (Figures 2, 3, 5; Table 4) are attributed to S1-Sx transitions
of the excited singlet state of1, 11. The visible absorption band
of 11 (λmax ) 575 nm in acetonitrile) has been observed
previously.28,29 The first absorption changes are due to ISC of
11 yielding the well-known triplet-triplet absorption of ben-
zophenone,31, λmax ) 330 and 525 nm.4,26 The lifetime of11
in aqueous solution is 6.5 ps. The ISC quantum yield of1 is
very close to unity,25 so that the observed rate constant of this
process,k1 ) (1.55( 0.09)× 1011 s-1, may be equated to the
rate constant of ISC to the triplet state,kISC. In aqueous acid
(g1 M), a small amount of protonation occurs in competition
to ISC of11. The adiabatic formation of11H+ was detected by
fluorescence spectroscopy (Figure 1).

The lifetime of 11 in acetonitrile has been determined
previously: 1τ ) 9 ( 228 and 9.6( 0.9 ps.29 Singlet-triplet
ISC to the n,π* triplet state of1 appears to be accelerated by
H-bonding. In remarkable contrast, H-bonding solvents re-
duce the rate of ISC to theπ,π* triplet state ofp-hydroxyac-
etophenone.30 The similarity between theπ,π* absorption
spectra of31 and benzophenone ketyl radical has been noted
long ago.31 It was attributed to the fact that both species have
the sameπ system bearing a single unpaired electron. For the
same reason, the exited singlet state11 also has a similar
absorption spectrum.

Assignment of the next three transients, the protonated triplet
of 1, 31H+, its hydration product,31‚H2O, and the long-lived
ground state intermediate1‚H2O, requires more detailed argu-
mentation. We begin with an analysis of the kinetic system
defined by Scheme 2. The proposed mechanism comprising five
reactive intermediates and the end product1 gives a set of six
coupled differential equations. As protons are in large excess
relative to the amount of the transient intermediates formed,
[H+] may be assumed to be constant during the transient decays,
and the productskH+[H+] and k′H+[H+] can be treated as first-
order rate constants. All reactions are then first order, which
results in a rate law for the time-dependent absorbancesA
consisting of five observable exponentials, eq 1.

The relations between the observable rate constantsk1-k5

and the microscopic rate constants shown in Scheme 2 were
determined by standard methods of linear algebra,32 eqs 2-6.

whereR ) kH+[H+] + k-H+ + k0 + k′ISC andâ ) kH+[H+]k0 +
k-H+k′ISC + k0k′ISC.

Of the five observable rate constants,k2, k3, and k5 are
functions of the proton concentration [H+]. Nonlinear least-
squares fits of eqs 2-6 to the experimental rate data (Table 1)
are shown in Figure 8. The resulting fit parameters,kISC, k′ISC,
k′′ISC, kH+, k-H+, k0, k-H2O, andk′H+, are collected in Table 5.

Several observations clearly indicate that the transient inter-
mediate31‚H2O formed in aqueous acid is a hydrate, not the
conjugate acid of31: (i) The absorption spectrum of31‚H2O is
substantially different from that of31H+, which is observed in

SCHEME 2: Postulated Reaction Sequence for the Photohydration of 1 in Aqueous Acida

a The structure shown for31‚H2O is one of several possible isomers (cf. Scheme 3 below).

TABLE 4: Absorption Maxima (Relative Intensities) of the
Five Transient Intermediates Formed by Flash Photolysis of
1 in Aqueous Acid

assignment
λmax (nm)

(relative intensity) spectrum
11 335 (1), 575 (ca. 0.3) Figures 2, 3, and 5

(initial spectra)
31 330 (1), 525 (ca. 0.9) Figure 2 (last spectrum)
31H+ 320 (1), 385 (ca. 0.8),

500 (ca. 0.7)
Figure 7 (10 ns delay)

31‚H2O 320 (1), 500 (ca. 0.2) Figure 6 (10 ns delay)
1‚H2O 315 broad Gaussian band

(not shown)

A(λ,t) ) A0(λ,∞) + ∑
i)1,5

Aie
-kit (1)

k1 ) kISC (2)

k2 ) R + xR2 - 4â
2

(3)

k3 ) R - xR2 - 4â
2

(4)

k4 ) k′′ISC (5)

k5 ) k-H2O
+ k′H+[H+] (6)
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solvents of low water activity. (ii) The kinetic analysis (Table
5) shows that hydration of31H+ is faster than the preceding
protonation of31 in moderately concentrated aqueous acid.
Therefore, intermediate31H+ is not detected under these
conditions. (iii) The triplet energy of31‚H2O is insufficient for
energy transfer to biacetyl,ET ) 56.4 kcal mol-1. However,
energy transfer to biacetyl does occur, as expected, in acidified
acetonitrile, where31H+ is the intermediate formed by proto-
nation of31.

Prolonged irradiation of1 in acidic D2O did not lead to any
deuterium incorporation. Hence, quenching of31 cannot be
attributed to protonation of the aromatic rings, which is
responsible for acid quenching of many excited aromatic
compounds.33 The unusual Arrhenius parameters determined
from the temperature dependence of the rate constantk4 ) k′ISC
in 1 M HClO4, A ) (1.6 ( 0.4) × 108 s-1 andEa ) 1.13 (
0.10 kcal mol-1, indicate that the decay of31‚H2O is a spin-
forbidden process.

Structure of the Transient Intermediates 31‚H2O and 1‚
H2O, Photohydrolysis of Fluorinated Derivatives of 1 and
2. The above considerations led us to conclude that rapid water
addition to31H+ is responsible for proton quenching of31. This
hypothesis suggested that derivatives with a leaving group on
the phenyl ring might undergo irreversible photosubstitution
reactions in aqueous acid. That was found to be the case:meta-
fluoro derivatives of1 and2 underwent essentially clean and
efficient (φ ≈ 0.6) photohydrolysis in aqueous acid (Scheme
1). ortho-Fluoroacetophenone reacted more slowly (φ ≈ 0.2),
andpara-fluoroacetophenone was essentially inert to irradiation
(φ < 0.01). No such reaction was observed in neutral aqueous
solution. These findings indicate that water adds predominantly

to the meta position and, to a lesser extent, to the ortho position.
Density functional theory calculations for the three isomeric
hydrates of1 predicted that the meta isomer is slightly favored
over the ortho isomer in the triplet state, both energies being
well below that of the para isomer (Table 2). The high quantum
yields (φ ≈ 0.6) of photosubstitution of themeta-fluoro
derivatives also show that water addition to meta positions
carrying a fluoro substituent is preferred over unsubstituted meta
positions and, not surprisingly, that fluoride elimination in the
ipso-hydrate prevails over hydroxyde elimination. Relying
mainly on the photochemistry of the fluorinated derivatives, we
tentatively assign the observed transient31‚H2O (τ ) 47 ns) to
the meta isomer.

The long-lived transient1‚H2O (λmax ) 315 nm) that is left
after the decay of31‚H2O is a minor product.27 Its properties
are consistent with assignment to theortho-hydrate, 6-(hydroxy-
phenyl-methylene)cyclohexa-2,4-dien-1-ol (Scheme 3). Inter-
mediate1‚H2O is a neutral compound; it can be extracted from
water to pentane, and its lifetime is about 5 min at-6 °C in
both solvents. Replacement of the methyl group in2‚H2O by
phenyl in1‚H2O is accompanied by a 35 nm red shift, proving
that the second phenyl group is in conjugation with theπ
chromophore of1‚H2O. More O’Ferrall and co-workers have
measured rate constants for acid-catalyzed dehydration of
hydrates of several aromatic compounds.34 The rate constant
for acid-catalyzed dehydration of1‚H2O, k′H+ ) 0.024 M-1 s-1

(Table 5), is comparable to that reported for, e.g., 1-hydroxy-
1,2-dihydronaphthalene,kH+ ) 0.35 M-1 s-1. On the other hand,
the pH-independent dehydration reactions observed here,k-H2O

(1‚H2O) ) 0.19 s-1 andk-H2O (2‚H2O) ) 1.1 s-1 (Table 3), are
without precedent. The fact that a similar rate is observed when
1‚H2O is extracted to pentane indicates that dehydration is
assisted by the neighboring enol function, which transfers a
proton to the leaving OH group. This is consistent only with
1‚H2O and2‚H2O being theortho-hydrates.

No intermediate attributable to themeta-hydrate in the ground
state was detected by LFP of1 or 2; its lifetime is presumably
much shorter than that of the ortho isomer. Indeed, LFP of
m-fluoroacetophenone in 1 M HClO4 showed that the photo-
product,m-hydroxyacetophenone, is present immediately after
the decay of the transient attributed to the triplet hydrate,τ )
50 ns. The reaction enthalpy of 37( 6 kcal mol-1, which is
associated with the decay of31‚H2O as determined by photo-
acoustic calorimetry, then represents the reaction3m-1‚H2O f
1 + H2O.

Steady State Analysis of Proton Quenching in Dilute Acid.
For low acid concentrations, [H+] < 0.01 M, protonation of31
is the rate-limiting step preceding hydration, and the steady
state approximation can be used for31H+, i.e., d[31H+]/dt )
kH+[H+][ 31] - (k0 + k-H+)[31H+] ≈ 0. This leads to a simplified
expression for the third observable rate constant, eq 7.

Note that the observed second-order constant rate for proton
quenching of31 in dilute acid (pH> 2), kobs,H+, is lower than
the rate constant for protonation of31 by the factorf ) k0/(k0

+ k-H+) ) 0.45( 0.10, which represents the fraction of31H+

that is quenched by water addition in dilute acid. Least-squares
fitting of eq 7 gavekobs,H+ ) (3.8 ( 0.1) × 108 M-1 s-1, in
reasonable agreement with the less accurate value of (6.4(
1.3)× 108 M-1 s-1 that Porter and Ledger3 had determined by
phosphorescence quenching. The quantum yield for the forma-
tion of 31‚H2O in dilute acid is then given byφhydr ) kobs,H+

Figure 8. pH rate profiles of the observed rate constantsk1 (1‚‚‚1),
k2 (bsb), k3 (O- - -O), k4 (9- ‚ -9), and k5 ((- ‚ ‚ -() given in
Table 1. The lines were obtained by nonlinear least-squares fitting of
eqs 2-6 to the data points. The resulting microscopic rate constants
are given in Table 5.

TABLE 5: Microscopic Rate Constants Determined by
Fitting the Parameters of Eqs 2-6 to the Observed Rate
Constants Given in Table 1

reaction rate constant
11 f 31 kISC ) (1.55( 0.09)× 1011 s-1

31 + H+ f 31H+ kH+ ) (6.8( 0.9)× 108 M-1 s-1

31H+ f 31 + H+ k-H+ ) (1.8( 0.5)× 109 s-1

31H+ + H2O f 31‚H2O + H+ k0 ) (1.5( 0.2)× 109 s-1

31 f 1 k′ISC ) (8 ( 2) × 105 s-1 a)
31‚H2O f 1‚H2O k′′ISC ) (2.13( 0.08)× 107 s-1

1‚H2O f 1 + H2O k-H2O ) 0.19( 0.03 s-1

1‚H2O + H+ f 1 + H3O+ k′H+ ) 0.024( 0.006 M-1 s-1

a The value determined in neutral, air-saturated solution isk′ISC )
(7.3 ( 0.1) × 105 s-1. The rate is dominated by oxygen-induced
quenching. The other rate constants were not affected by degassing.

k3 ≈ k′ISC + kH+k0[H
+]/( k0 + k-H+) ) k′ISC + kobs,H+[H+] (7)
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[H+]f/(kobs,H+[H+]f + k′ISC). Hence, the inverse yield of1‚H2O
should be linearly related to the inverse of [H+] in dilute acid,
eq 8. The initial absorbance,A0 (315 nm), by the long-lived
transient1‚H2O accurately obeyed eq 8 for acid concentrations
in the range of 0.001-0.10 M.

The ratio of slope and intercept of eq 8 (determined by
linear regression; see Results, Conventional Flash Photolysis),
k′ISC/kobs,H+ ) (1.95 ( 0.01) × 10-3 M, is in excellent
agreement with the ratio of the individual rate constantsk′ISC
(Table 5, footnote a) andkobs,H+ (Table 3) determined indepen-
dently, k′ISC/kobs,H+ ) (1.92 ( 0.06) × 10-3 M. The quantita-
tive agreement between these two results confirms that tran-
sient 1‚H2O results from proton quenching of31. Similarly,
k′ISC/kobs,H+ ) (3.84( 0.12)× 10-3 M was obtained from the
ratio of slope to intercept of the corresponding plot for the initial
absorbanceA0 (280 nm) by the transient2‚H2O andk′ISC/kobs,H+

) (3.4 ( 0.3) × 10-3 from the individual rate constants. This
result corroborates our assumption that the same mechanism
(Schemes 2 and 3) applies for2, although32‚H2O escaped
detection by nanosecond LFP.

Acidity of 1H + in the Electronic Ground State and in the
Lowest Excited Singlet and Triplet States.The ratio of the
rate constants for adiabatic dissociation of31H+, k-H+, and
protonation of31, kH+, provides the acidity constant of1 in the
excited triplet state:Ka(31H+) ) k-H+/kH+ ) 2.65( 0.66, pKa

(31H+) ) -0.4 ( 0.1. The rate constantsk-H+ andkH+ (Table
5) were determined from the kinetic data obtained in strongly
acidic solutions,H0 ) -0.25 to -1.7. The resulting acidity
constant is, strictly, a concentration quotient determined over a
substantial range of (high) ionic strengths. However, dissociation
of 31H+ to 31 and H+ is a charge shift reaction, which should
not depend much on ionic strength. Bothk-H+ and kH+ are
substantially slower than expected35 for proton transfer between
two oxygen atoms, i.e., “normal” acids and bases. This unusual
finding may be attributed to the fact that the electronic wave
functions of 31 (3n,π*) and of 31H+ (3π,π*) have different
symmetry (assuming planar structures), so that adiabatic proton
transfer to31 encounters a symmetry-imposed barrier.

Depending on the acidity function used, values for the acidity
constant of protonated benzophenone ranging from pKa

(1H+) ) -6.2 to-4.7 have been reported. We adopt the more
recent estimates based on theH0 acidity function pKa (1H+) )
-4.745 and-4.71.36 The acidity constant of1H+ in the lowest
excited singlet state may then be the estimated by the Fo¨rster
cycle, pKa (11H+) = pKa (1H+) + ∆ν̃0-0/(2.3RT). Using

pKa (1H+) ) -4.7,36 ν̃0-0 (11) ) 26 040 cm-1,25 and ν̃0-0

(11H+) ) 24 250 cm-1 estimated from Figure 1, we obtain pKa

(11H+) = -1. On the basis of the older value pKa (1H+) )
-5.7 and somewhat different estimates of the excitation energies
ν̃0-0, Ireland and Wyatt4 estimated pKa (11H+) = -3.6. We
detected adiabatic protonation of11 by fluorescence emission
from 11H+ following excitation of 1 in solutions with acid
concentrations exceeding 1 M. This indicates that the latter
estimate is low.

Comments on Previous Studies.Favaro and Bufalini6 have
studied the pH dependence of energy transfer from31 to biacetyl
by phosphorescence. By steady state analysis of the phospho-
rescence intensities, they obtained a lifetime of 2.3× 10-4 s
for 31 in degassed, neutral, aqueous solution (extrapolated to
infinite dilution of 1) and a lifetime of ca. 40 ns for the triplet
species formed in acidic solution (pH< 1).37 That species was
attributed to an “excited complex” different from protonated
benzophenone in the triplet state,31H+. This assignment comes
remarkably close to that made in the present study. It was
based on the previous38 observation that the phosphorescence
emission at 77 K from frozen aqueous solutions of pH 3
to H0 -4 was different from that of frozen 70% HClO4 or 96%
H2SO4, where protonation of1 to 31H+ occurs in the ground
state. However, Rayner and co-workers7 subsequently showed
that the differences of the phosphorescence spectra noted by
Favaro and Bufalini cannot be taken as evidence for a ben-
zophenone-hydroxonium complex, because similar changes
were found by addition of sodium acetate. The shift was
attributed to an effect of the additive (acid or salt) on the frozen
solvent structure.

Both Wyatt and co-workers4,5 and Shizuka and co-workers8,11

have assumed that the transient species observed after proto-
nation of31 in dilute aqueous acid is the conjugate acid31H+.
The analysis of their data should be revised accordingly. In
particular, the acidity constant is 2 orders of magnitude lower
than previously estimated,5 pKa (31H+) ) -0.4 ( 0.1.

Conclusion

Rapid water addition to the triplet state of protonated
benzophenone (31H+) is responsible for the hitherto unexplained
quenching of aromatic ketone triplets by protons in water. The
rate constant for protonation of31 is well below the diffusion-
controlled limit, and this is attributed to a state symmetry-
imposed barrier for adiabatic proton transfer to31 (n,π*) yielding
31H+ (π,π*). The acidity constant of31H+ is revised to pKa

(31H+) ) -0.4 ( 0.1. Up to [H+] e 1 M, protonation of31 is
rate-limiting for adiabatic hydration of31H+, which yields
predominantly themeta-hydrate31‚H2O. The photohydration

SCHEME 3: Tentative Assignment of Intermediates31‚H2O and 1‚H2O

1/A0 ≈ a + ak′ISC/kobs,H+[H+] (8)
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reaction is reversible for parent1 and2. Derivatives of1 and2
carrying fluoride as a leaving group in the meta position form
the correspondingm-hydroxy derivatives cleanly and efficiently,
constituting a hitherto unexplored, efficient aromatic photosub-
stitution reaction.
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