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Photolytic initiation of free radical reactions is important
to many areas of technology; time-resolved monitoring of
submicromolar concentrations of radicals produced dur-
ing the course of these reactions is needed to provide
information about the rate of initiation and its competition
with radical recombination. In this work, time-resolved
laser-induced fluorescence is evaluated for monitoring of
diphenylketyl radicals produced by photoreduction of the
triplet state of benzophenone. Fluorescence from the
doublet-doublet transition of the radical is excited with
a continuous wave laser and provides a sensitive method
to detect these intermediates at nanomolar concentrations
and to study their kinetics in solution on time scales from
a few microseconds to hundreds of milliseconds. The
ketyl radical fluorescence measurements of radical initia-
tion reactions allowed the H atom abstraction rate con-
stant by triplet benzophenone from both 2-propanol and
benzhydrol to be determined, where kH ) (2.1 ( 0.1) ×
106 M-1 s-1 for 2-propanol and kH ) (4.4 ( 0.1) × 106

M-1 s-1 for benzhydrol. The diphenylketyl radical recom-
bination rate constant was also determined by time-
resolved fluorescence monitoring of the decay of the
radical population and found to be kr ) (1.9 ( 0.2) ×
108 M-1 s-1. Formation kinetics could be measured on
a microsecond time scale from radical populations as low
as 45 nM; decay kinetics could be followed on a mil-
lisecond time scale from 20 nM radical concentrations.

Time-resolved monitoring of the kinetics of photoinitiated free
radical reactions is an important but challenging analytical
problem. The photolytic generation of free radicals is important
to many areas of technology, including the synthesis of organic
compounds, the synthesis and modification of polymer materials,
and the photobinding of molecules to surfaces. In these applica-
tions, the performance of the materials depends sensitively on
their reactivity, where the rates of reactions dictate the product
yield, molecular weight, or degree of curing or cross-linking.

Aromatic ketones, including benzophenones, xanthones, and
quinones, are commonly used as type II photoinitiators for
ultraviolet curing of polymer resins, including thin films and
coatings.1,2 The low-lying n,π* triplet state of these ketones,
produced from ground-state absorption of UV radiation, acts as a
precursor to curing and undergoes a hydrogen atom abstraction

from an H atom donor to produce a diphenylketyl radical from
the excited ketone and an alkyl radical from the H atom donor.
Monitoring the kinetics of radical intermediates during their
formation and subsequent decay can provide important informa-
tion on the initiation of photocuring and its competition with
radical recombination.

Despite the importance of measuring the rates of photoinitia-
tion of free radical reactions, few analytical techniques are capable
of direct time-resolved monitoring of the progress of these
reactions, due to the combined need for speed and sensitivity.
Monitoring the transient absorption of ketyl radical intermediates
has been done to detect their formation from triplet states of
aromatic ketones.3-20 Flash photolysis is a useful approach for
detecting higher concentrations (>10 µM) of transient species in
photochemical processes. In applications of triplet precursors to
photoinitiated free radical chain reactions, however, concentrations
of the initiator must be kept low to avoid competition by radical
recombination reactions, which reduce the yield of chain propaga-
tion reactions and lower the efficiency of photocuring. The limited
sensitivity of flash photolysis prevents its successful application
in monitoring submicromolar concentrations of radicals typically
employed in these reactions. Our own interest in developing a
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sensitive tool for monitoring triplet-ketone-derived radicals is to
study H atom abstraction reactions at liquid/solid interfaces used
for photobinding of molecules to polymer and other surfaces;21,22

the limited number of surface sites at which reactions can occur
in these systems imposes a sensitivity requirement in monitoring
the transient radical population at the interface.

A potentially sensitive means of detecting aromatic radical
intermediates produced in these photoreactions is to photoexcite
the radical to its excited-doublet state23 and monitor fluorescence
from the excited radical. Fluorescence from the diphenylketyl
radical or benzophenone ketyl radical has been studied in order
to investigate the photophysics and photochemistry of the excited-
doublet state.15,20,23-37 The fluorescence decay time and quantum
yield of the ketyl radical of benzophenone in toluene have been
measured and were found to be τf ) 3.9 ns32 and Φf ) 0.11,38

respectively. The fluorescence decay time of the radical in more
polar solvents is comparable (e.g., τf ) 3.7 ns in acetonitrile28),
so the fluorescence quantum yield should also be significant in
these solvents. While the fluorescence yield of the ketyl radical
appears to be high enough for sensitive detection, the radical
fluorescence emission is not resolved from phosphorescence of
the precursor triplet state of benzophenone. If triplet-state
phosphorescence can be independently measured and subtracted
from the total emission signal, the time-resolved fluorescence
transient of the ketyl radical can be isolated, and the kinetics of
radical formation and recombination can be observed. In this
work, time-resolved, continuous wave (cw) laser-excited fluores-
cence was resolved from other emission and scattering and used
to detect nanomolar concentrations of diphenylketyl radicals
derived from H atom abstraction by the triplet benzophenone. The
ketyl radical populations were monitored on submicrosecond and
millisecond time scales, and rate constants for radical formation
and recombination were determined.

EXPERIMENTAL SECTION
Instrumentation. The experimental setup is shown in Figure

1. A Quanta Ray model GCR-11 Q-switched Nd:YAG laser was
operated at 10 Hz and blocked by a shutter to provide a repetition
rate of 0.1-1.0 Hz; the beam was frequency tripled (λe ) 355 nm),
and the 5-ns UV (100-600 µJ) pulse was weakly focused to a spot
size of 2.2 mm and used to photoexcite the sample. Fluorescence
of transient diphenylketyl radicals was excited by a beam from a
Lexel model 95 cw argon ion laser (λp ) 514.5 nm), which was
focused to a spot size of 380 µm in the sample with power varied
between 50 and 500 mW.

Fluorescence and phosphorescence were collected at 90° from
the excitation axis and filtered through a 1.0-cm path of a ≈5%
aqueous solution of sodium nitrite and three glass filters (Schott
KV408, KV550, and OG570). The filtered emission was detected
by a Hamamatsu R976 photomultiplier tube, digitized with a
LeCroy 9450 oscilloscope with the input termination at 1 kΩ, and
averaged.

For microsecond radical formation kinetics, the Nd:YAG laser
photolysis pulse energy was 150 µJ, and the cw probe laser power
was 500 mW; the signal voltage was derived from a 1-kΩ
termination resistor, giving an RC time constant of 0.1 µs. The
sample solution was stirred to provide a fresh sample in the
excitation region, and 100 transients were averaged for each data
record. For studies of radical recombination kinetics on a 100-
ms time scale, the effect of stirring could be observed as structure
in the residuals. For these slower experiments, therefore, stirring
was not used, and a lower repetition rate, 0.1 Hz, was chosen to
allow diffusion to replace the reacted population in the beam
between experiments. The signal voltage was derived from a
larger termination resistance of 1 MΩ, which yields an RC time
constant of 100 µs. Ten transients were averaged for each data
record; the excitation laser energy was varied between ≈100 and
600 µJ/pulse to vary the radical concentration, and the cw probe
laser power was tested at two levels, 50 and 500 mW, to determine
the influence of radical photobleaching on the results.

Reagents and Solutions. Benzophenone (Aldrich, +99%),
benzhydrol (Aldrich, 99%), acetonitrile (OmniSolv, glass distilled),
and 2-propanol (OmniSolv, glass distilled) were used without
further purification. Oxygen was removed from the benzophenone
solutions by four freeze-pump-thaw cycles, pumped to a base
pressure of e50 µTorr. Under these conditions, a 100 µM solution
of benzophenone produced an unquenched triplet lifetime of≈200
µs. The concentration of benzophenone was 100 µM, and
solutions were kept at room temperature unless otherwise
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Figure 1. Laser-induced time-resolved fluorescence experiment.
L is a lens, BS is a beam splitter, M is a mirror, BF is a 514.5-nm
band-pass filter, LF is a liquid filter to block 355-nm irradiation, S is
the sample, D is a beam dump. PT is a vacuum phototube used to
trigger the scope, and PMT is a photomultiplier tube used to detect
emission from the sample.
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specified. To reduce the effect of sample photolysis on the results,
10 mL of solution was placed in the 1-cm path length quartz
freeze-pump-thaw cell, and the sample was shaken several times
after each set of 10 transients was collected.

Data Analysis. Phosphorescence transients from triplet
benzophenone were fit to a first-order decay model to determine
the ketyl radical formation (H atom abstraction) rate constant.
When detecting fluorescence from the diphenylketyl radical,
phosphorescence emission from the pulsed-laser-excited triplet
state of benzophenone appears as a background interference, since
the fluorescence maximum of the excited radical is ≈565 nm,24

while phosphorescence emission from benzophenone triplet
extends beyond 600 nm.36 Fluorescence from the excited diphen-
ylketyl radical was isolated by subtracting the phosphorescence
emission (355-nm pulsed excitation only) measured independently.
Scattering from the cw argon ion laser (514.5-nm illumination only)
and the radio frequency (rf) interference from the Q-switch were
also subtracted.

Time-resolved fluorescence transients were fit to their respec-
tive kinetic models, compiled in Microsoft Fortran using a
Marquardt algorithm to optimize the kinetic parameters and
intensities. Each fluorescence measurement was done in tripli-
cate, so kinetic parameters and uncertainties could be estimated
from a weighted linear least-squares analysis and Student’s
t-statistics. The uncertainties in rate constants are reported at
the 95% confidence level, while error bars are plotted to indicate
(1 standard deviation.

RESULTS AND DISCUSSION
The use of laser-excited fluorescence to monitor the formation

and decay of a photogenerated radical population was tested for
ketyl radicals derived from the H atom abstraction by the excited-
triplet state of benzophenone from 2-propanol. Below is shown
the reaction scheme for the photoreduction of triplet benzophe-
none by alcohols,39-46 using 2-propanol as the specific example.

The triplet state of benzophenone is produced in step 1a via
photoexcitation to the excited-singlet state and subsequent inter-

system crossing to the triplet manifold. Phosphorescence and
nonradiative decay of the triplet state to the ground state occur
in step 1b. The triplet state also decays via reactive quenching
by 2-propanol,3,43 producing the diphenylketyl radical and the
isopropylol radical by hydrogen atom abstraction from the alcohol
in step 2. Decay of the isopropylol radical occurs through
recombination with another quencher radical (step 3), recombina-
tion with a diphenylketyl radical (step 4), and an atom-transfer
reaction with ground-state benzophenone (step 5), which also
produces a diphenylketyl radical. The ketyl radical decays
predominantly by a second-order combination reaction (step 6).41,47

Ketyl Radical Formation Kinetics. The H atom abstraction
kinetics to produce the ketyl radical from the excited-triplet state
of benzophenone were first determined from the quenching of
benzophenone phosphorescence. These data were collected and
fit to a first-order model for the decay of the triplet population:
Ip(t) ) Ap exp(-kobst), where Ap is the initial phosphorescence
intensity and kobs ) (k0 + kH[(CH3)2CHOH]), where k0 is the
unquenched rate of phosphorescence decay and kH is the rate
constant for quenching by H atom abstraction. The 2-propanol
concentration was varied to determine the influence of the
quencher on the decay of the triplet population. Figure 2a shows
example phosphorescence transients together with the best fit to
a first-order decay model for 2-propanol concentrations ranging
from 50 to 200 mM. The measured decay rates are plotted versus
the 2-propanol concentrations in a Stern-Volmer analysis, as
shown in Figure 3a; the quenching rate constant was determined
from the slope to be kH ) (2.1 ( 0.1) × 106 M-1 s-1. These
phosphorescence decay results provide an independent measure-
ment of kH to compare with data from ketyl radical fluorescence.

Fluorescence from the initially formed diphenylketyl radical
population was excited with a 500-mW, cw 514.5-nm beam from
an argon ion laser. Benzophenone phosphorescence background
is also present in the luminescence signal. This background was
measured independently, with the argon ion laser beam blocked,
and subtracted from the total luminescence signal. In addition,
the 514.5-nm scattering and rf background were measured, with
the 355-nm photolysis laser operating but with the beam blocked,
and the result was subtracted from the total luminescence signal.
Figure 4a shows the total luminescence, phosphorescence, and
the rf and scattering background signals with the resulting ketyl
radical fluorescence transient (Figure 4b) following background
subtraction. The formation kinetics of the radical population were
monitored for 2-propanol concentrations ranging from 50 to 750
mM, and the results are plotted in Figure 3b. Diphenylketyl
radicals are formed by photoreduction of the benzophenone triplet
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Ph2CO + hν f 1Ph2CO f 3Ph2CO (1a)

3Ph2CO 9%
k0

Ph2CO (1b)

3Ph2CO + (CH3)2CHOH 9%
kH

Ph2C4 OH + (CH3)2C4 OH (2)

2(CH3)2C4 OH 9%
k2

((CH3)2COH)2, (CH3)2CHOH +

(CH3)2CO (3)

(CH3)2C4 OH + Ph2C4 OH f mixed pinacol, (CH3)2CHOH +

Ph2CO, (CH3)2CO + Ph2CHOH (4)

(CH3)2C4 OH + Ph2CO 9%
kat

(CH3)2CO + Ph2C4 OH (5)

2 Ph2C4 OH 9%
kr

(Ph2COH)2 (6)
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state via H atom abstraction by 2-propanol, as shown in step 2 of
the reaction scheme. If this is the only step producing ketyl
radicals, then solving the differential equation for the radical
formation leads to a simple first-order growth model for the
fluorescence intensity versus time: If(t) ) Af[1 - exp(-kobst)].
The fluorescence data are fit to this model, and the results are
plotted with the data in Figure 2b.

While the decay of the triplet population of benzophenone is
expected to be a simple first-order process (since, at these low
excited-state concentrations, triplet-triplet annihilation can be
neglected48,49), the formation kinetics of the ketyl radical can be
more complicated, since an additional reaction (step 5, above) can
also produce radicals. This step involves an H atom-transfer
reaction between the isopropylol radical, (CH3)2ĊOH, and ground-
state benzophenone. Due to the modest reaction rate constant
for H atom transfer (≈1 × 105 M-1 s-1 20,50,51) and the low
concentration of benzophenone (100 µM), the production of ketyl
radicals from the atom-transfer step occurs on a millisecond time
scale, much slower than the rate of initial radical production by
the H atom abstraction from the alcohol. Therefore, the fluores-
cence data collected on the microsecond time scale fit a first-order

growth model, as can be seen in Figure 2b and in the lack of
structure in the residuals. The measured first-order rates deter-
mined from these fits were plotted versus 2-propanol concentration
in Figure 3b to determine the radical formation rate constant. The
result, kH ) (2.1 ( 0.1) × 106 M-1 s-1, was identical to the value
determined from phosphorescence decay data. The rate constant
is also indistinguishable from that reported in a flash photolysis
(transient absorption) study by Demeter and Bérces,52 where kH

) (2.3 ( 0.3) × 106 M-1 s-1.
Estimating the Concentration of Ketyl Radicals. To assess

the fluorescence detection limits for ketyl radicals, their initial
concentration in the probe laser beam was estimated as follows.
Since the probe beam spot size (wp ) 380 µm) is much smaller
than that of the pulsed excitation laser beam (we ) 2.2 mm), the
concentration of radicals in the probe beam is governed by the
fluence of the excitation laser at its center: Fhν ) 2Ep/[(hν)πwe

2],
where Ep is the pulse energy of the excitation beam (J), hυ is the
excitation laser photon energy at 355 nm (J/photon), and we is
the excitation spot size (cm). Under weak photolysis conditions,
the fluence (in photons/cm2) times the absorption cross section,
σa (in cm2), of benzophenone at 355 nm determines the fraction
of benzophenone ground states that are photoexcited; the fraction
of excited states that react with 2-propanol to form ketyl radicals
is φk ) kH[(CH3)2CHOH]/(k0 + kH[(CH3)2CHOH]), which results
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Figure 2. Luminescence signals from the reaction of benzophenone
with 2-propanol. (a) Phosphorescence emission from triplet ben-
zophenone in acetonitrile quenched by 2-propanol at 50, 100, 150,
and 200 mM. The smooth curves are the best fits to a first-order decay
model. (b) Continuously excited fluorescence transients from diphen-
ylketyl radicals produced by the reaction of triplet benzophenone with
2-propanol at 50, 100, 150, and 200 mM; the smooth curves are the
best fits to a first-order formation model. Note: the transients taken
with higher concentrations of 2-propanol are each offset by 10 mV
for viewing.

Figure 3. (a) Stern-Volmer plot of the benzophenone phospho-
rescence decay rate, kobs, versus 2-propanol concentration. The H
atom abstraction rate constant from the slope of the plot (with the
intercept fixed at the measured unquenched decay rate of the
phosphorescence, k0 ) 5100 s-1) is determined to be (2.1 ( 0.1) ×
106 M-1 s-1. (b) Stern-Volmer plot of the ketyl radical fluorescence
appearance rate, kobs, versus 2-propanol concentration. The H atom
abstraction rate constant from the slope (with the intercept fixed as
above) is (2.1 ( 0.1) × 106 M-1 s-1.
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in an expression for the initial concentration of diphenylketyl
radicals immediately following the decay of the triplet benzophe-
none population:

This expression is used to estimate the radical concentration for
the data presented in Figure 4. Based on the measured H atom
abstraction rate constant, kH, the quantum yield of radical forma-
tion is nearly unity for this experiment, φk ) 97.8%; the modest
excitation laser pulse energy (150 µJ) and large spot size (2.2 mm),
however, result in a small fraction (0.13%) of the 100 µM ground-
state benzophenone concentration being excited. The concentra-
tion of ketyl radicals producing the signal plateau in Figure 4 is
[Ph2ĊOH] ) 130 nM. Based on the observed signal-to-noise ratio
of this transient, the quantitation limit (10σ) for radical fluores-
cence detected on a microsecond time scale is ≈45 nM, which is
quite adequate for monitoring the formation of small radical
populations used to initiate chain reaction processes.

Fluorescence Monitoring of Radical Decay Kinetics. In
the absence of other reactive substrates or radical scavengers in
the system, the diphenylketyl radical population is expected to
decay by radical recombination (steps 4 and 6 in the reaction
scheme). Since these reactions are second-order processes, the
concentration of radicals affects the rate of recombination and can
be used as a variable to determine the reaction rate constant. A
simple method to vary the concentration of radicals in the beam,
without influencing other reaction rates in the system, is to

regulate the fluence of the excitation laser, which controls the
concentration of excited states that are initially generated in the
beam, as shown in eq 7 above.

An example set of data where radical recombination is
monitored by laser-excited fluorescence is shown in Figure 5,
where the excitation laser pulse energy is varied between 90 and
590 µJ/pulse, which generates initial radical concentrations
ranging from 80 to 530 nM at the center of the beam based on eq
7. For low concentrations of these species (where self-absorption
and self-quenching can be neglected), the amplitude of the
fluorescence signal should be proportional to the photogenerated
radical concentration. A plot of the initial fluorescence intensity
versus excitation laser energy (and the corresponding radical
concentration) is shown in Figure 6; the plot is linear, and the
intercept is zero within its uncertainty. These results indicate that
the radical concentration can be controlled by the excitation laser
pulse energy. The variation of pulse energy does not significantly
change the excitation beam spot size or alignment; otherwise, the
radical population would not have varied linearly with Ep.

Figure 4. Isolating the diphenyketyl radical fluorescence signal. (a)
Total luminescence signal (355-nm pulsed Nd:YAG and cw 514.5-
nm laser excitation), phosphorescence (355-nm pulsed Nd:YAG only),
and the rf and scattering background signals (cw 514.5-nm laser only).
(b) Subtracting the phosphorescence and the rf and scattering
background results in the isolated BPK fluorescence signal.

[Ph2C4 OH] ) σaFhνφk[Ph2CO] (7)

Figure 5. Monitoring BP ketyl radical decay kinetics. Benzophenone
(100 µM in ACN) is reacted with 250 mM 2-propanol to generate
radicals. Fluorescence from the BP ketyl radical population is
continuously excited with 500 mW at 514.5 nm. The 355-nm excitation
laser pulse energy is varied from top to bottom as follows: 90, 190,
260, 380, 470, and 590 µJ. The transients are scaled to the same
amplitude, offset for viewing, and fit to a second-order decay model,
eq 9.

Figure 6. Initial BP ketyl fluorescence amplitude versus excitation
pulse energy. The initial diphenylketyl radical concentration predicted
by eq 7 is also plotted as the lower x-axis. See conditions in the
caption of Figure 5.
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The effect of the change in radical concentration on the rate
of radical recombination is apparent in the fluorescence transients
plotted in Figure 5. The greater radical concentration generated
at higher excitation laser energies decays at a faster rate, as
expected from a second-order reaction model. The rates of
recombination and disproportionation between isopropylol radicals
(k2, step 3) are much faster than rates of reactions between the
isopropylol and diphenylketyl radicals (step 4), as determined by
studies of reaction products where no mixed pinacol or benzhydrol
was detected.41 As a result, decay of the diphenylketyl radical
population should be dominated by homolytic recombination (step
6), the rate of which is given by

Separation of variables and integration over time yields a second-
order kinetic expression:

where R is the initial decay rate of radicals relative to their initial
concentration,

The fluorescence transients in Figure 5 were fit to this decay
model, and the residual error is comparable to the noise in the
data, as shown in the figure.

While the radical decay results are consistent with kinetics
dominated by homolytic recombination, the concentration of
diphenylketyl radicals in the reaction is uncertain due to atom
transfer between an isopropylol radical, (CH3)2ĊOH, and ground-
state benzophenone (step 5 in the reaction scheme). As discussed
above, this reaction can be neglected as a significant source of
radicals on a microsecond time scale; however, with high
concentrations of benzophenone (BP) in the sample, this reaction
can increase the radical concentration on the longer (millisecond)
time scale, in which recombination is observed. The higher
benzophenone ketyl (BPK) radical concentration would generate
a faster second-order decay rate than expected for the radical
concentration predicted by eq 7 and produce an error in the
reported rate constant for ketyl radical recombination. If this step
has a significant yield under these conditions, then the data should
follow a model that includes this growth step in addition to the
second-order decay; there may be some evidence of this process
in the slightly higher fluorescence intensities observed in the data
in Figure 5 in the 5-10-ms time region. Fitting the data in Figure
5 to a model that includes atom-transfer formation of BPK radicals,
however, does not lead to a statistically significant improvement
in the fit compared to a simple second-order decay model.
Therefore, formation kinetics of diphenylketyl radical by atom
transfer (step 5) could not be determined directly from these data.
The influence of the atom transfer kinetics can, however, be
detected in these results when they are compared to recombina-

tion of diphenylketyl radicals derived in the absence of the atom-
transfer process.

Measurement of the Diphenylketyl Radical Recombina-
tion Rate Constant. To measure the rate of recombination of
diphenylketyl radicals in the absence of step 5, the BPK radicals
can be formed by reaction of the triplet state of benzophenone
with benzhydrol (BPH2):

In this simple reaction, two diphenylketyl radicals are derived from
the H atom abstraction step with the following quantum yield for
formation:

Thus, there are no additional radical species derived from the
quencher to undergo an atom transfer with ground-state BP (no
step 5). In addition, the only decay route for the ketyl radical is
through recombination with another ketyl radical.

To study the BP/BPH2/ACN system, the quenching rate
constant had to be determined so that the radical yield was known.
The benzhydrol concentration was varied from 0 to 4 mM, and
phosphorescence decay data were collected as above and fit to a
pseudo-first-order decay model. A Stern-Volmer plot of the
observed rate versus benzhydrol concentration (Figure 7) results
in an H atom abstraction rate constant of (4.4 ( 0.2) × 106 M-1

s-1. This rate constant falls within the range from 4 × 106 to (5.2
( 0.3) × 106 M-1 s-1 previously reported in the literature.12,52

The measured rate constant for H atom abstraction was used
together with the unquenched lifetime of triplet benzophenone
(1/ko ) 180 µs) in eq 12 to predict the quantum yield of
diphenylketyl radical formation. The radical recombination kinet-
ics were measured by using a 1 mM concentration of benzhydrol
to quench the triplet excited state (φk ) 0.86) and by varying the
excitation laser pulse energy as in Figures 5 and 6 to control the
concentration of radicals. Transients of the form shown in Figure
5 were fit to the second-order decay model of eq 9, and the second-

d[Ph2C4 OH]
dt

) -2kr[Ph2C4 OH]2 (8)

[Ph2C4 OH]t )
[Ph2C4 OH]t)0

1 + Rt
(9)

R ) 2kr[Ph2C4 OH]t)0 (10)

Figure 7. Stern-Volmer plot of the benzophenone phosphores-
cence decay rate, kobs, versus benzhydrol concentration. The H atom
abstraction rate constant from the slope of the plot is kH ) (4.4 (
0.1) × 106 M-1 s-1.

3Ph2CO + Ph2CHOH f 2Ph2C4 OH (11)

φk )
2kH[BPH2]

k0 + kH[BPH2]
(12)
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order initial rates, R, are plotted against the initial concentration
of radicals in Figure 8 for two different probe powers, 50 and 500
mW. The slope of these plots can be used to determine the
diphenylketyl radical recombination rate constant, as in eq 10.
The resulting rate constants are kr ) (2.0 ( 0.6) × 108 M-1 s-1

for probing with a 50-mW beam and kr ) (1.9 ( 0.2) × 108 M-1

s-1 for 500-mW probe power, which agree within their error range.
These results are similar in magnitude to the rate constant for
diphenylketyl radical recombination in acetonitrile reported by
Naquib et al.,53 kr ) 1.0 × 108 M-1 s-1.

The two probe powers were tested in order to explore the
nonzero intercept observed at higher powers. As shown in eq
10, the rate of second-order recombination should vanish at zero
radical concentration, but the plot at higher probe power shows
a significant intercept. This indicates that an additional kinetic
process, which does not depend on radical concentration, is
contributing to the decay of the population. Since the intercept
rate vanishes at the 10-fold lower probe power, the results appear
to indicate that photobleaching of diphenylketyl radicals signifi-
cantly influences their decay kinetics when monitored at higher
probe powers. Photobleaching of diphenylketyl radicals has
previously been reported.15,34,36 Nagarajan and Fessenden re-
ported photobleaching of BPK radicals and attributed the reaction
to the excited radical acting as an H atom donor.15 Johnston et
al.34 reported photobleaching of diphenylketyl radicals at a high
yield at 515 nm (φbl ) 0.27) and suggested that its origin was
O-H bond cleavage to give benzophenone and an H atom. The
rate of radical disappearance in the intercept of Figure 8 (top)
can be used to estimate the photobleaching yield of diphenylketyl
radicals in the 500-mW probe power experiment; from the average
probe beam intensity and the estimated molar absorptivity of the
radical at 514.5 nm (2.5 × 103 M-1 cm-1 24), the rate of radical
loss at the origin (160 s-1), which is independent of radical
concentration, is consistent with a photobleaching yield of φbl )
0.06 ( 0.01. This value is 4.5 times smaller than that reported by

Johnston et al.;34 in their work, however, a 100-mJ pulsed laser
was used to probe the radical fluorescence, having a peak power
nearly 6 orders of magnitude greater than that of the cw probe
laser used in this work. It is possible that their higher photo-
bleaching yield could arise from up-pumping of the excited-doublet
state of the radical.

Detecting Diphenylketyl Radicals Produced by Atom
Transfer. In the study of benzophenone quenched by 2-propanol
in acetonitrile discussed above, the diphenylketyl radical concen-
tration can be increased over the initial population formed during
the quenching of triplet benzophenone by H atom transfer from
the isopropylol radical and ground-state benzophenone (step 5 in
the reaction scheme). The influence of this population can be
detected in the rate of recombination of the BPK radicals derived
from 2-propanol quenching, as shown in Figure 9. Note that the
probe power was 500 mW for this study to improve the S/N ratio
in the data; the intercept rate was identical to that observed in
the benzhydrol quenching study discussed above. Neglecting any
contribution to the diphenylketyl radical concentration from the
H atom-transfer step, the second-order initial recombination rate
was plotted versus the initial ketyl radical concentration and used
to calculate an apparent recombination rate constant, kr,app ) (2.8
( 0.4) × 108 M-1 s-1 (see Figure 9a). This rate constant is
significantly higher than the actual recombination rate constant

(53) Naguib, Y. M. A.; Cohen, S. G.; Steel, C. J. Am. Chem. Soc. 1986, 108,
128-133.

Figure 8. Second-order initial ketyl radical recombination rate
versus the initial ketyl radical concentration. Diphenylketyl radicals
were derived from quenching of triplet benzophenone by benzhydrol
in acetonitrile, and their concentration was varied by changing the
excitation pulse energy. Solid points are rates measured using 500-
mW cw probe power and 100 µM benzophenone, kr ) (1.9 ( 0.2) ×
108 M-1 s-1; open circles are rates measured using 50-mW probe
power and 250 µM benzophenone, kr ) (2.0 ( 0.6) × 108 M-1 s-1.

Figure 9. Second-order initial radical recombination rate versus
ketyl radical concentration. Diphenylketyl radicals are derived from
quenching of triplet benzophenone by 2-propanol at two concentra-
tions: filled points are from 250 mM, open points are from 750 mM.
The radical concentrations were varied by changing the excitation
fluence, and the probe power was 500 mW. (a) x-Axis based on the
initial concentration of radicals formed immediately after the laser
pulse; the apparent radical recombination rate constant from the slope
is kr,app ) (2.8 ( 0.4) × 108 M-1 s-1. (b) x-Axis based on the
concentration of radicals corrected for the atom-transfer yield esti-
mated by eq 13, where the resulting recombination rate constant is
kr ) (2.5 ( 0.4) × 108 M-1 s-1.
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derived from the benzhydrol quenching study above. The
additional diphenylketyl radical population that can arise from H
atom transfer (step 5) on a millisecond time scale could account
for the 40% higher apparent rate constant for recombination.

To determine the impact that atom transfer would be expected
to have on the diphenylketyl radical concentration under these
conditions, the steady-state atom-transfer yield, Φat, was estimated
for each isopropylol concentration using the following equation:
54

where â ) R2/k1 is the ratio of the second-order initial rate of
isopropylol radical recombination and disproportionation, R2 )
2k2[(CH3)2ĊOH]t)0, to the pseudo-first-order rate constant for atom
transfer, k1 ) kat[Ph2CO]. As shown in step 2 of the reaction
scheme, the initial concentration of the isopropylol radical was
assumed to be equal to the initial diphenylketyl radical concentra-
tion, calculated from the excitation laser fluence using eq 7.
Literature values for the combined rate constant for isopropylol
radical recombination and disproportionation, k2 ) 1.3 × 109 M-1

s-1,20 and the atom-transfer reaction rate constant, kat ) 3.6 × 105

M-1 s-1,50 were used in eq 13 to estimate the steady-state atom-
transfer yields (at the benzophenone concentration of 100 µM).

The estimated yields range from 52% at low fluence to 16% at
high fluence conditions; the atom transfer yields drop at higher
radical concentrations as the rate of the second-order recombina-
tion (step 3) increases, which competes with the pseudo-first-order
rate of atom transfer. These yields were used to adjust the
diphenylketyl radical concentrations for the additional population
arising from atom transfer (step 5), and the measured radical
recombination rates were replotted versus the corrected BPK
concentrations in Figure 9b. The recombination rate constant
derived from the slope of this plot is kr ) (2.5 ( 0.4) × 108 M-1

s-1, smaller than the value based on the initial BPK population.
This recombination rate constant agrees at the limit of its
uncertainty with the value determined from the benzhydrol
quenching experiment, indicating that atom transfer between
isopropylol radicals and benzophenone contributes to the diphen-
ylketyl radical concentration and influences the measured rate of
radical recombination.

Finally, correcting the radical population for the contribution
from H atom transfer allows the quantitation limit for fluorescence
monitoring of diphenylketyl radicals to be assessed on the longer,
100-ms time scale of radical recombination. From the amplitude
of the residuals in the lowest concentration BPK fluorescence
transient of Figure 5, the quantitation limit (10σ) for radical
fluorescence detected on a millisecond time scale is 20 nM, which
is adequate for monitoring the decay of dilute populations typically
used in initiating radical chain processes.

Conclusion. Monitoring of the photolytic initiation of free
radical reactions requires time-resolved detection of submicro-
molar concentrations of radicals to provide information about rates
of initiation and their competition with radical recombination. In
this work, cw-laser excited fluorescence emission was shown to
be a viable approach for monitoring aromatic radicals that are
produced in type II photoinitiation of these reactions. Specifically,
diphenylketyl radicals produced by photoreduction of the triplet
state of benzophenone were readily detected at nanomolar
concentrations, and their formation and decay kinetics were
monitored in solution on time scales from a few microseconds to
hundreds of milliseconds. H atom abstraction by triplet ben-
zophenone from both 2-propanol and benzhydrol were measured,
and the rate constants were found to be kH ) (2.1 ( 0.1) × 106

M-1 s-1 for 2-propanol and kH ) (4.4 ( 0.1) × 106 M-1 s-1 for
benzhydrol. The diphenylketyl radical recombination rate con-
stant was also determined by time-resolved fluorescence monitor-
ing of the decay of the radical population and found to be kr )
(1.9 ( 0.2) × 108 M-1 s-1. Photobleaching of radicals was shown
to affect the population decay kinetics when probe laser intensity
is large. Varying the probe intensity provides a test for this
process, which does not influence the value of the rate constant
for radical recombination when determined by varying the radical
concentration. Formation kinetics could be measured on a
microsecond time scale from radical populations as low as 45 nM;
decay kinetics could be followed on a millisecond time scale from
20 nM concentrations.
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