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1. Introduction

Early on inthe development of EPR, it was recognized
that the technique might prove of great value in
investigations of the mechanisms and Kkinetics of
chemical reactions. To quote from a review article by
Wertz published in this journal in 1955,! “In principle,
ESR absorption should be an excellent method for
directly measuring concentrations of free radicals in
the course of a chemical reaction.”

The value of EPR in this area of research is due to
the following:

(1) Of the reactants, intermediates, and products
present in a solution, only those species that carry
unpaired electrons can contribute to the spectrum.
Hence, one expects spectra to be relatively simple. If
the time development of the signal can be measured,
it should then be straightforward to determine rate
constants.

(2) In general, EPR spectra of free radicals in fluid
solution are characterized by high spectral resolution.
Information on electron spin-nuclear spin hyperfine
interactions and g values derived from the spectra in
many cases provides unequivocal evidence for the
identity of paramagnetic molecules.?
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(3) Populations of electron spin states of free radicals
formed in chemical reactions initially will deviate from
a Boltzmann distribution. This chemically induced
dynamic electron polarization (CIDEP) effect, under
proper conditions, can manifest itself in the form of
enhanced absorption and/or stimulated emission peaks
in the EPR spectra. A number of reviews of CIDEP
theory and applications have been published in recent
years.>® They show that studies of CIDEP effects can
provide unique insights into the mechanisms of chem-
ical reactions.

A notable example of the value of the technique is
its application in the study of photosynthesis.” The
following are just a few early results from a long history
of EPR studies of the photosynthetic apparatus in green
plants and photosynthetic bacteria: (a) In 1956 Com-
moner et al.? established with EPR that light produces
free radicals in in vivo photosynthetic organisms. (b)
From g value and line-width data, it was deduced that
the EPR signals from various photosynthetic reaction
center preparations most probably were due to pho-
tooxidized chlorophyll molecules located in the reaction
centers.? (c) From the difference in line widths of EPR
signals from in vivo photosynthetic reaction centers
and those from in vitro chlorophyl cation radicals,
Norris et al.!° concluded that the in vivo species must
be a chlorophyl dimer cation radical (the special pair).

These examples illustrate that major contributions
to the understanding of chemical reactions can be made
with conventional EPR measurements. (By conven-
tional measurement is meant that a continuous-wave
(cw), fixed-frequency, microwave source is used, that
the measurement involves application of field modu-
lation and phase-sensitive detection, and that the
spectrum is recorded by sweeping the magnetic field.2)
Even so, with standard equipment it is not possible to
fully exploit the capabilities of the technique. This is
because of the fact that the detection method severely
limits the time resolution of the measurement. Typ-
ically, the optimum time response of a commercial
spectrometer is ~0.1 ms. With the use of field
modulation frequencies higher than the 100 kHz
typically found in commercial instruments, the response
time can be improved by an order of magnitude or so.!!
Even then it may not suffice to directly monitor the
progress of chemical reactions. Moreover, spin-lattice
relaxation times of free radicals typically are in the
nanosecond-to-microsecond time domain. Itisevident,
therefore, that conventional cw EPR instruments do
not have the response time required for time-domain
measurements of the evolution of spin state populations
under the influence of CIDEP and spin relaxation.
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Information on chemical kinetics and spin dynamics of
photochemical reactions can be obtained indirectly by
applying sinusoidal modulation of light intensity com-
bined with phase-sensitive detection of the EPR signal.?
Amplitude and phase of the signal as functions of light
modulation frequency reflects the dynamics of the
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system. The drawback of the method is that data
analysis requires a complete understanding of the
factors that affect the EPR signal.

The limitations associated with conventional EPR
are removed to a large extent with the use of the direct-
detection, time-resolved EPR (TREPR) method.48:13.14
In TREPR, the signal is not encoded by application of
field modulation. Following the initiation of a chemical
reaction with a light pulse or by pulse radiolysis, the
time dependence of the signal at a given magnetic field
is measured directly using a fast data acquisition system.
Alternatively, the spectrum of paramagnetic species
present, at a given time after the light or radiolysis
pulse, is obtained by sweeping the magnetic field and
acquiring the signal with a boxcar integrator. Com-
mercial EPR spectrometers are readily modified so as
to make TREPR measurements possible. The time
response can be as low as 50 ns.'®

While TREPR provides excellent time resolution, it
has a number of negative characteristics as well. First,
the penalty for doing away with phase-sensitive de-
tection is a significant reduction in sensitivity. In most
cases the result is that TREPR measurements can cover
only the time period during which the spin system is
far from thermal equilibrium. Second, the time de-
velopment of the EPR spectra is governed, in part, by
the interaction between spin system and microwave
field in the interval between radical formation and signal
acquisition. The perturbation will express itself in the
form of a strong time dependence of the line width in
the time domain where the inverse of the time delay
between radical formation and signal detection (74)
becomes comparable to or exceeds the intrinsic line
width of the EPR signal. With 74 < 100 ns, this means
a line-width contribution of a couple of gauss. The
off-resonance signal contribution arises because, at the
time of detection, the radicals have been exposed to
what is in essence a short microwave pulse. It can
preclude signal detection or radical identification at
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early times (74 < 500 ns). Apart from affecting line
width, the radiation field also influences the time
evolution of the signal amplitude.

As a result of these effects, the determination of rate
parameters from TREPR spectra must be based on
Bloch equations that account not only for chemical
kinetics and CIDEP mechanisms but also for the
perturbation of the system by the microwave field.?
The analysis involves a nonlinear, multiparameter,
least-squares fit of experimental data to a set of
differential equations. The equations must be based
on an a priori model that is assumed to account for all
processes that play a role in spin state evolution.
Because the microwave field may strongly affect the
appearance of the EPR spectrum in the early time
domain and signals may no longer be detectable as the
spin system approaches thermal equilibrium, it can be
difficult to assess the validity of the model that is used
for the data analysis and the values of the parameters
given by the least-squares procedure.

The problems that complicate the analysis of TREPR
data can be avoided by application of pulsed-EPR
techniques. The objective of time-resolved EPR mea-
surements is to monitor the magnetization along the
field direction (2 magnetization) associated with the
formation and decay of free radicals. This can be
accomplished by turning the magnetization vector in
the transverse (xy) plane with one or more short
microwave pulses, followed by measurement of the
transverse magnetization. With the pulsed methods,
one avoids the problem of the perturbation of the spin
system between formation and detection. Furthermore,
the sensitivity of the technique can be much higher
than that given by TREPR.

The first applications of pulsed EPR in the study of
transient free radicals made use of the electron spin—
echo (ESE) technique.*!%!” With this method, the z
magnetization is measured by first rotating it in the xy
plane with a 7/2 microwave pulse. This is followed by
a delay of a few hundred nanoseconds, after which a =
pulse is delivered. The spin-echo signal created by
this pulse sequence is a measure of the 2 magnetization
existing at the time the first pulse was delivered. ESE
has been applied in two modes. First, the delay 74
between laser (or radiolysis) pulse and 7/2 pulse can be
kept constant and the echo signal measured as function
of magnetic field strength. This method gives the
spectrum of the radicals present at time 74. It should
be noted that, as in TREPR, off-resonance signal
contributions degrade spectral resolution. Line broad-
ening becomes more pronounced with reduction in
microwave pulse width and increase in microwave power
(cf. section 2). Second, the echo amplitude can be
measured at a fixed field as function of 74 to determine
the time dependence of z magnetization.

Of course, the /2 pulse alone generates magnetization
in the transverse plane that canserve as a direct measure
of z magnetization. In fact, measurement of the free
induction decay (FID) of transverse magnetization
following a single pulse would be desirable because the
ESE signal will not be as strong as the signal given by
a m/2 pulse. Advances in microwave instrumentation
during the last decade or so have removed the instru-
mental limitations that precluded direct measurement
of single-pulse-generated FIDs. This led to the appli-
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cation of the FID integration method by Trifunac et
al.1819 Here the integrated FID serves as a measure of
2 magnetization present at the time of the microwave
pulse. Measurement of this signal as function of
magnetic field, at fixed 74, gives the EPR spectrum.
Measurement at fixed field as function of 74 gives
information on chemical kinetics and spin dynamics.
The use of the FID integration method, rather than the
equivalent of FT NMR in which Fourier transformation
of the FID directly gives the complete spectrum so that
a field sweep measurement is superfluous, again was
dictated by instrumental constraints.

In recent years a number of research groups have
built pulsed-EPR instruments with which it is possible
to acquire spectra by measurement of the FID, at fixed
field and frequency, followed by Fourier transformation
of this time domain signal. 2022 A commercial pulsed-
EPR instrument that can be used for FT EPR mea-
surements also has become available. FT EPR has
proven an ideal technique for the study of photochem-
ically generated transient paramagnetic species. The
technique offers the ultimate in time and spectral
resolution and high sensitivity. Applications have
shown that the time evolution of spectra can be
monitored over a time regime extending from nano-
seconds to milliseconds. Numerical analysis of the
spectral data gives (a) the rate constants of formation
and decay of free radicals; (b) information on the
characteristics of (paramagnetic) reaction precursors
that cannot be observed directly; (c) magnitudes of spin
polarization generated by CIDEP mechanisms; (d) data
on spin relaxation times; and (e) information on
molecular motion.

The purpose of this contribution is to review the
applications of FT EPR in the study of photochemical
reactions. Firstthe instrumental aspects of the method
will be summarized. This will be followed by a
discussion of the various CIDEP mechanisms that can
affect EPR spectra of transient free radicals. Finally,
applications of FT EPR in the study of photoinduced
electron transfer and hydrogen abstraction reactions
will be reviewed. To date measurements have been
performed with instruments operating at X-band
frequency (~9.5 GHz) only. Recently, Forbes and co-
workers?4% have reported on TREPR studies performed
with a Q-band (~ 36 GHz) spectrometer. These studies
show that measurements employing different micro-
wave frequency bands can be useful in the analysis of
CIDEP effects. In considering the potential of Q-band
(or even higher frequency) FT EPR, one should keep
in mind that the concomitant increase in field strength
may give rise to significant line broadening. The field
strength effect on T; will adversely affect the ability to
measure the time domain signal.

2. Instrumenial Aspecils

A number of FT EPR instruments have been de-
scribed in the literature.2-2 It is important to realize
that since the technique is the microwave analogue of
FT NMR, discussions of the operating principles can
be found in texts dealing with pulsed NMR.26 An
excellent discussion of the specific instrumental re-
quirements of FT EPR can be found in the article by
Gorcester and Freed.?? A general discussion of pulsed
EPR principles and applications can be found in arecent
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article by Schweiger.?’

As noted in the Introduction, in FT EPR a short
microwave pulse rotates the magnetization vector from
the external magnetic field (z) axis into the transverse
plane. Following the x/2 pulse, the time evolution of
the magnetization in the xy plane (FID) is measured.
Fourier transformation of the FID gives the frequency
domain EPR spectrum.

Two conditions must be fulfilled for the method to
give all frequency components of the spectrum: (1) the
inverse of the pulse width () must exceed the spectral
width; (2) the data sampling rate must be at least twice
the frequency of the highest frequency component in
the FID.

With a pulse width of 7, the microwave field (B;)
required for a /2 pulse, assuming that the Larmor
frequency of the spin corresponds to the microwave
frequency, is given by

B, = n/2y,7, 1

Here v, denotes the gyromagnetic ratio of the electron
spin. The B, field that can be generated is a function
of transmitter power and the power-to-field conversion
efficiency of the resonator. The resonators used in
instruments described in the literature?*23 are low-Q
cavities with fairly low power conversion efficiency.
With 1 kW of transmitter power, a B, field of only about
6 G (0.6 mT) may be attained.?? Then, according to eq
1, a 7p of at least 14 ns is required for a 7/2 rotation if
the spin system is on resonance. For minimal distortion
of the spectrum caused by the offset of the resonance
frequency (wres = veBo, where By is denotes the external
magnetic field) from the applied microwave frequency
(wmw), the microwave field strength B; must meet the
requirement

|wres - wmwl < ‘YeBl (2)

Hence, with B; = 6 G, one can expect to measure an
undistorted spectrum only if the spectral width does
not exceed 12 G (23 MHz). This assumes that wnw
corresponds to the center frequency of the spectrum.
On first sight, this appears to severely limit applications
of the technique. However, the FID actually carries
information covering a considerably broader bandwidth.
With B, = 6 G, a resonance offset of about 16 G (45
MH?z) gives a reduction in signal amplitude of about a
factor of 2.22 One can easily make corrections for the
effect the offset has on signal amplitude and phase, so
that a broad range of free radicals can in fact be studied.

The frequency range covered by the instrument can
be adversely affected by the resonator. To realize the
bandwidth coverage given by the microwave field, the
resonator bandwidth must be at least as large. This
consideration dictates a low resonator Q. A bandwidth
coverage of 100 MHz requires that @ ~ 100.22 Since
the power-conversion efficiency is reduced by a reduc-
tion in @, the requirement of a large-B, field on the one
hand, and a wide resonator bandwidth on the other
conflict with each other. Ininstrumentsthat make use
of cavities,?>2? the loss in power conversion efficiency
because of deliberate @ spoiling is compensated for by
the use of a high-power microwave amplifier (1-kW
traveling wave tube amplifier, TWT). With the use of
alternative devices, such as the loop-gap? and bridged-
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loop-gap®% resonators, a combination of low @ and
high microwave field can be attained at greatly reduced
microwave power. Freed and co-workers have used the
loop-gap resonator in studies of nitroxides. Their work
demonstrates that a spectrum covering a frequency
range of 90 MHz or more can be recorded without
significant distortion.?! Generally, the use of standard
cavities is preferred because measurements canbe made
under a broad range of sample conditions. Other
resonators may have to be tailor-made to fit the
requirements of a given measurement.

The FID is detected by amplification of the micro-
wave signal generated by the sample followed by down
conversion of the frequency by mixing with a reference
signal from the microwave source. A quadrature IF
mixer is used which gives two-channel output. The
twosignals represent the FID of the magnetization along
twoorthogonal axesinthe xy plane. With this detection
scheme wnw can be set to match the center of the
bandwidth one wants to cover because positive fre-
quency deviations can be distinguished from negative
deviations. The result is that the bandwidth coverage
of the measurement is optimized. A CYCLOPS phase-
cycling routine is applied to correct for amplitude and
phase errors introduced by the mixer.?® The signals
are sampled with a two-channel data acquisition system.
A digital oscilloscope can be used for this purpose.222
The frequency down conversion gives FIDs that can
contain frequencies ranging from less than -50 MHz to
morethan+50 MHz. Hence, the data acquisition device
should be capable of two-channel sampling at a rate of
at least 100 Ms/s (10 ns/point). The bandwidth of the
instrument should be large enough to produce no
attenuation of high-frequency signal components.
Since a single microwave pulse rarely will produce a
signal with sufficient signal-to-noise (S/N), the data
acquisition system should be capable of signal averaging.

In FT NMR the spin system generally dictates the
repetition rate of the measurement. By contrast, since
free radicals in fluid solution relax to thermal equi-
librium in microseconds, the pulse repetition rate in an
FT EPR measurement is limited by the capabilities of
the data acquisition system. With two-channel mea-
surement the upper limit of the repetition rate may be
100 s, In photochemical applications, constraints
imposed by the sample are likely to set an upper limit
on the repetition rate of the measurement.

The FID cannot be measured immediately after the
#/2 pulse because of cavity ring down. Forinstruments
using standard rectangular cavities,?! 2 this deadtime
amounts to ~100 ns. The deadtime can be reduced
somewhat with the use of a bimodal cavity?® or loop-
gap resonators.’! If the FID decays fast, the sensitivity
of the measurement will be reduced by the deadtime.
The rate of exponential damping of the FID (T;?) is
related to the full width at half-height (AW, in hertz
of a Lorentzian line by AW = (#T3)1.2%6 Thus, the FID
of a radical that gives a frequency domain spectrum
with peaks with AW =~ 1 G will decay to about 1/e of
its starting amplitude during the spectrometer dead-
time. This consideration reveals a serious limitation
of the FT EPR technique. Without a significant
reduction in deadtime, the technique cannot be used
in studies of paramagnetic systems giving resonance
peaks with widths much in excess of 1 G.
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Figure 1. Schematic diagram illustrating the sequence of
events in measurements of photogenerated free radicals with
FT EPR.
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Figure 2. FT EPR spectrum of photogenerated (CD3),COD
in acetone-dg/2-propanol-ds. Microwave pulse 0.5 and 20 us
after pulsed-laser excitation (308 nm, ~50 mdJ/pulse). The
total number of laser shots was four (one per phase in the
CYCLOPS phase-cycling routine).

The method used in time-resolved studies of pho-
togenerated paramagnetic molecules is presented in
Figure 1.213233 The chemical reaction is initiated by a
laser pulse. After a delay 74, the /2 microwave pulse
is delivered and the FID measured. The FID represents
thetime-domain spectrum of the paramagnetic species
present at the time of the microwave pulse. Free
radicals formed during the time interval the FID is
measured—which can cover 10 or more ms—can affect
the signal only indirectly through radical-radical in-
teractions. Decay of free radicals during that time is
reflected in the form of line broadening in the frequency-
domain spectrum.

The high sensitivity and spectral resolution of the
measurement is illustrated in Figures 2 and 3. Figure
2 displays the spectrum given by the (perdeuterated)
acetone ketyl radical, (CD3);COD, formed in the
reaction of photoexcited acetone-ds with 2-propanol-
dg for delay times between laser pulse and microwave
pulse of 0.5 and 20 us. Figure 3 shows the central portion
of the spectrum from (CH3);COH (~ 10 M) generated
from nondeuterated compounds. The spectra were
obtained by Fourier transformation of the (average)
FID produced by four laser shots. Total acquisition
time of a spectrum was 40 us. The inset of Figure 3
depicts the multiplet splitting caused by the hydroxyl
proton (0.6 G) and second-order effects.

By recording the FIDs for a range of 74 set-
tings—which can cover 6 orders of magnitude, from
nanoseconds to milliseconds—the time evolution of the
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Figure 3. Central portion of the FT EPR spectrum of
photogenerated (CH3);COH in acetone/2-propanol. Micro-
wave pulse 0.5 us after pulsed-laser excitation. The spectra
represent an assembly of signals from each one of the three
groups of hyperfine lines measured separately by adjusting
the field to bring the component of interest on resonance (cf.
section4.1.2). The total number of laser shots used togenerate
the composite spectrum is 12. The inset illustrates the high
resolution of the measurement.

spectra from photogenerated free radicals can be
monitored. Of interest in these studies is the time
dependence of all spectral parameters: frequencies,
amplitudes, line widths, and phases of all peaks in the
spectrum. The information can be derived from the
frequency-domain spectra obtained by Fourier trans-
formation of the FIDs. However, since it is contained
as well in the original time-domain signal, the Fourier
transformation step is superfluous. Instead, spectral
data can be extracted directly from the FIDs with a
linear prediction-singular value decomposition (LP-
SVD) analysis routine.*% The procedure is based on
the assumption that, to a good approximation, the FID
can be represented by the sum of a number of
exponentially damped sinusoids:

!

S, =Y cyexpl-a; + (ZmynAt + ¢,]  (3)
k=1

Here, | is the number of sinusoids, and cx, ax, vr, and
¢r stand for the amplitude, damping, frequency, and
phase of the kth sinusoid, respectively. The sampling
interval is At and the nth data point is measured at
time nAt. LP-SVD directly gives numerical data for
the spectral parameters for each 74 setting so that a
computer analysis of the time dependence of each one
of the parameters is facilitated. If the data analysis
method involves Fourier transformation of the FID as
the initial step, the data points missed because of the
instrument deadtime can cause artifacts in the fre-
quency-domain spectrum which can make it difficult
to extract reliable data.?® Because LP-SVD can be
applied on any set of data points in the FID, the
deadtime problem can be avoided. The analysis of the
time-domain signal can also be performed with a
nonlinear least-squares routine that uses the variable
projection (VARPRO) method. The VARPRO analysis
can be applied not only on exponentially damped
sinusoids but also on any function that describes the
decay of the time-domain signal.?
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3. CIDEP Mechanisms

The spin system of photochemically generated rad-
icals generally will not be at thermal equilibrium at the
time of formation. For instance, if a pair of doublet-
spin free radicals is formed by bond scission, one could
(naively) assume that each radical initially will have
equal o and B spin-state populations. In that case, if
the EPR spectrum is recorded before complete relax-
ation of the system, the signal amplitude will be less
than that obtained for the same number of radicals at
Boltzmann equilibrium. The time evolution of the
spectrum will reflect chemical kinetics as well as spin-
lattice relaxation. Since spin-lattice relaxation times
(T;R) of free radicals in solution typically are of the
order of microseconds, spectra from species formed a
few microseconds prior to the measurement will show
deviations from thermal equilibrium. Chemical decay
of free radicals also can give rise to deviations from
thermal equilibrium. EPR spectra can be affected by
this effect for an extended time period.

The fact that signal amplitude is determined both
by chemical processes and spin dynamics vastly com-
plicates the analysis of time-resolved spectra. However,
the effort spent provides a great deal of information on
the mechanisms of reactions. To a large extent, this
information is not accessible to other spectroscopic
techniques. Hence, detailed time-resolved EPR studies
can give unique insights.

The processes that create non-Boltzmann electron
spin polarization in paramagnetic molecules are col-
lectively known as chemically induced dynamic electron
polarization (CIDEP) mechanisms. A number of re-
views concerned with CIDEP effects have been pub-
lished in recent years.® In the following, an overview
of the various CIDEP mechanisms and their effects on
EPR spectra will be given.

3.1. Triplet Mechanism

Triplet mechanism (T'M) spin polarization in doublet
radicals can be generated if their formation involves a
precursor in a photoexcited triplet state:%6%7

™M it IM* e SM*
‘M*+Q— "R, +°R,

Photoexcited triplets are formed by intersystem cross-
ing (isc) from an excited singlet state. The isc process
is spin selective and creates spin polarization in the
triplet-state molecules.3% If the chemical reaction is
fast enough to compete with triplet spin-lattice relax-
ation, the triplet spin polarization will be carried over
to the doublet radicals.

The isc process is governed by selection rules imposed
by the symmetry characteristics of the singlet and triplet
excited states involved.3®*® Experimentally, the spin
polarization created by isc can be determined with
magnetic resonance measurements.3%¥® QOf interest here
is that precursor triplets may have populations in the
T+: and T-, spin states that deviate from Boltzmann
equilibrium at the time of the reaction. If spin
conservation rules apply, T+, triplets will give « spin-
state doublet radicals and T triplets 8 spin radicals.
Then, an excess population in the T, level will give
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excess populationin the « level producing a stimulated-
emission EPR signal. Ifthereverseistrue, anenhanced
absorption signal is observed. Since the mechanism is
independent of nuclear spin state, relative intensities
of peaks, given by hyperfine interactions between
electron spin and nuclear spins, remain unaffected by
this CIDEP mechanism.

With a triplet spin-lattice relaxation time of 7' and
a pseudo-first-order radical formation rate constant k;,
the time development of the TM CIDEP signal con-
tribution is given by

kP ( 1 )
Sev=—F=[1-ex Re+ — It 4

megerl (e @
where Prrepresents the initial difference in population
of the T, and T4, triplet states. The expression shows
that transfer of triplet spin polarization requires that
ke 2 1/TT. T7 of triplet state molecules in fluid
solution is determined by modulation of the dipole-
dipole interaction between the unpaired electrons due
to molecular motion. Values are expected to be in the
nanosecond range.**! Hence, reaction rates of the order
of 108-109 ! are required for creation of TM CIDEP.
This is a stringent requirement that may not be always
fulfilled.4?

The identification of a TM spin-polarization con-
tribution in the EPR of photechemically produced free
radicals establishes the involvement of a precursor
triplet molecule in the reaction. A complete analysis
of the TM signal contribution will yield the value of the
triplet spin—lattice relaxation time and the magnitude
of the spin polarizationin the triplets. Thisinformation
is difficult to extract from spectra obtained with
TREPR because data for the early time domain, where
the generation of TM CIDEP can be monitored directly,
are hard to obtain and, if obtained, difficult to interpret
for reasons pointed out in the Introduction. The fact
that TREPR does not provide direct, unequivocal,
evidence of TM CIDEP has made the question of
whether or not the mechanism can be observed in
certain systems a matter of dispute.®42 To quote from
thesection dealing with TM CIDEP (ref 6,section 4.1.1,
p 315) of a recent review of TREPR applications by
McLauchlan, “There is little doubt that the triplet
mechanism is the source of single-phase hyperfine-
independent polarization in many cases, but it is not
obvious that this is always so, although to date all spectra
have been interpreted on this basis.”

With FT EPR, the time evolution of spectra during
the first few hundred nanoseconds following a laser
pulse can be monitored readily.32%%434¢ They provide
unambiguous evidence of TM contributions and have
been used to determine T'. That it proved feasible to
measure the spin—lattice relaxation time and spin
polarization in precursor triplets, which are EPR silent
under the conditions of the measurements, is of
considerable interest since these parameters reflect the
molecular tumbling of the triplets. Hence, they provide
information on medium effects on molecular motion.
This can, for instance, be useful in studies of photo-
chemical reactions in microheterogeneous environ-
ments.*

It should be noted that reactions involving triplet
precursors may give rise to hyperfine-independent, non-
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Boltzmann, spin polarization in doublet radical prod-
ucts for other reasons as well. First, the population
difference, at thermal equilibrium, between T.; and
T+1 spin states is approximately twice as large as that
between the 8 and « spin states in the doublet radical.
Hence, a reaction involving triplets at thermal equi-
librium will produce free radicals that initially should
give enhanced-absorption EPR signals. Second, spin
polarization can be produced by a triplet-sublevel-
dependent reaction rate.*¢ In either case, the polar-
ization can be distinguished from that produced by spin-
selective isc on the basis of the difference in kinetics.
TM CIDEP develops with a rate determined by
chemical kinetics and 77. Contributions from the
other two mechanisms reflect chemical kinetics only.

3.2. Radical Pair Mechanism

The formation of free radicals in a photochemical
reaction involves a transient radical pair. Forinstance,
in an excited-state electron-transfer reaction

D*+A—"[D*"-A 1D "+ A"

The initial spin state of the radical pair, [D*---A-], can
be singlet or triplet depending on the spin state of the
excited-state precursor D*. The radical pair spin state
evolves in time because of the difference in precession
frequencies of the two unpaired electrons.4’” The spin-
state evolution gives rise to what is known as radical
pair mechanism (RPM) CIDEP. The difference in
precession frequencies can be caused by a difference in
gvalue and/or the effect of hyperfine interactions. Since
the mixing terms are small compared to the Zeeman
interaction, appreciable singlet-triplet mixing during
the time the two radicals stay correlated, generally, can
occur only between the singlet (S) and triplet T states
of the pair. Even for the S-T, states, spin-state
evolution during the time the radicals are in close
contact is expected to be too small to give rise to CIDEP
in most cases. Normally, the mixing terms are small
compared with the S-T, splitting caused by the
exchange interaction J between the unpaired electrons.
Instead, the generation of RPM spin polarization in
low-viscosity solvents can be accounted for with a three-
step process.*®* Inthe first step, the reaction produces
acontactradical pair. Inthesecond, the radicals diffuse
apart so that J ~ 0 and ST, mixing is effective. In the
third, the radicals reencounter, and the effect of the
mixing is expressed in the form of excess a spin character
for one radical and a concomitant excess in 8 spin
character for the other. The one-step—encounter
followed by cage escape—mechanism of ST, CIDEPY
can play a role in systems where radical pair lifetime
is long, for instance, in high-viscosity solvents.6

The theoretical expression for STy RPM spin po-
larization in radical 1 in nuclear spin state a because
of interaction with radical 2 in nuclear spin state b is
given by*® '

P = CIQ,,"* - vQ,] ®)

Here Q,» represents half the difference in resonance
frequencies of radicals 1 and 2 and is given by

Qab = l/Z{MBBAg + Zalmm:m - ZGangn} (6
The g value difference is given by Ag, hyperfine
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interactions in radicals 1 and 2 by a;, and as,,
respectively. The spin quantum number of the mth
(nth) nucleus of radical 1 (2) in overall nuclear spin

statea (b) isgiven by m3_ (m? ). Ina calculation of the
RPM CIDEP spectrum of radical 1, one sums over
contributions from all possible nuclear spin states of
radical 2 taking nuclear spin-state degeneracy (d;) into
account:

Pi= TP

The first term in eq 5 represents the contribution from
the reencounter process, the second the encounter-
dissociation sequence. Under most conditions v ~ 0.
The value of the proportionality constant C is a function
of the mean time between relative diffusive displace-
ments of the radicals. The sign of C depends on the
sign of J and the spin state of the excited-state precursor
molecule. Generally, J < 0 then, for triplet-state
precursors, low-field hyperfine peaks will be in emission
and high-field peaks in absorption. For reactions
involving singlet excited-state precursors, the pattern
is reversed.

Overall, the STy RPM does not create net spin
polarization. Under special conditions, ST.; mixing
can make a contribution and in that case RPM CIDEP
will have a net polarization component. As pointed
out earlier, this will generally not play a role because
the energy gap between S and T, states, induced by
the external magnetic field, is large compared to the
mixing terms. However, if hyperfine coupling is strong
ortheradical pairis captured in a suitable configuration,
so that there is near degeneracy of the S and T-, states,
ST_, CIDEP contributions can be observed.’*52 Theory
predicts that this mechanism gives an emission spec-
trum if the excited-state precursor is a triplet, and an
absorption spectrum is given by a singlet excited-state
precursor.*® The method of calculating the polarization
given by this mechanism is described in the review of
TREPR by McLauchlan.®

Since the perturbation terms producing singlet—
triplet mixing depend on the nuclear spin state, relative
intensities of hyperfine components differ from those
given by nuclear spin state degeneracy. In this respect,
RPM CIDEP differs from TM CIDEP. Givensufficient
time resolution, TM CIDEP also can be distinguished
from RPM CIDEP on the basis of the time evolution
of the two contributions. According to eq 4, the
development of the TM signal component depends, in
part, on the value of T’lr RPM spin polarization will
be generated during the entire course of the free-radical
formation step. It is of interest that normally the
dominant component of RPM CIDEP depends on a
separation—reencounter mechanism. Hence, it must
have a characteristic rise time that, in principle, should
be observable at early times (74 < 20 ns) in time-resolved
EPR spectra.

So far the focus has been on spin polarization
produced in the free-radical formation step, it involves
geminate radical pairs. Chemical decay caused by
random encounters of free radicals also generates RPM
spin polarization.*¢ Encounters giving singlet-state
pairs are reactive leaving triplet radical pairs which are
subject to the same spin-state evolution processes as
geminate pairs. Itfollowsthat random encounters give
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rise to the same spin polarization as triplet geminate
pairs and that its magnitude can be evaluated with egs
5 and 6. The contribution to RPM CIDEP produced
by random encounters of radicals is labeled F-pair spin
polarization.

From the foregoing, it is clear that RPM CIDEP can
be a source of information on the mechanism of radical
formation. It can be used to determine the spin state
of precursor molecules and the characteristics of radical
pairs.

3.3. Spin-Correlated Radical Pairs

The preceding discussion has been concerned with
the effects of spin dynamics in paramagnetic precursors
onthespectrum of free radicals. Inspecial cases radical
pairs can live long enough so that they can be observed
directly with time-resolved EPR,%%%% TREPR,5 % and
FT EPR*#7 gpectra of these spin-correlated radical
pairs (SCRP) are characterized by a derivative-like line
shape. This unusual spectral feature is accounted for
as follows.5354 It is assumed that the radicals in the
pair are weakly coupled so that the exchange interaction
between the unpaired electrons is small compared to
the difference in resonance frequency (Aw = w; — wy) of
the tworadicals. Inthat case the spectrum of the pair-
ignoring hyperfine splittings for the moment-will
consist of two pairs of lines centered at w; and w, with
adoublet splitting of 2J. In afirst-order approximation,
the spin functions of the pair are given by

X1 =0y X = oy + ABay

Xs = Brag—AayBy x4 = B8,

The mixing parameter A is small because of the
condition Aw > J. To first order, a pair of lines can
be associated with transitions in one of the two radicals.
For instance, xs — x: and x4 — X2 give the doublet
spectrum due toradical 1. Ifthe observed pair is formed
non-adiabatically from a strongly coupled pair with
singlet spin state, then only x; and x3 will be populated.
As illustrated in Figure 4, for J < 0 the low-field line
of each doublet will be in absorption whereas the other
will be in emission. If the pair is created initially in the
triplet state, x1 and x each carry one-third of the spin
population, whereas the middle two levels share the
remaining one-third. Now x. and x;s are less populated
than the other two states so that the doublets will
display an emission/absorption pattern (cf. Figure 4).
With the value of J of the order of the line width—and
also taking into account that there may be a distribution
of J values®—the doublet splitting will not be resolved.
Instead, the partial merging of absorption and emission
peaks will produce a derivative-like signal for each of
the hyperfine components in the spectrum.

A special case arises in pulsed-EPR measurements if
SCRPs dissociate into free radicals in the interval
between delivery of the microwave pulse and recording
ofthe ensuing signal.25%% Figure 5illustrates the time
development of the magnetization for one of the two
radicals in the pair. In a FT EPR measurement, the
microwave pulse rotates the magnetization vectors of
the two distinct spin states, created by the interaction
with the second electron spin, in the plane perpendicular
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Figure 4. Schematic energy level diagram of a radical pair.
The relative populations of the spin states given by singlet
and triplet precursors, respectively, are indicated by the
thickness of the lines marking the four spin states. The
radical-pair EPR spectra for the case that |/] « Aw are
sketched below the energy level diagram. See text (section
3.3) for further details.

doublet radical radical pair
Z Z

M *ﬂi
"
Y 7 Y
XKMB
rr/2$pulse YM'?

\
2]

—t

tlme‘evolution

Me—?éﬂf

M

]

]

DEVELOPMENT TRANSVERSE MAGNETIZATION

Figure 5. Comparison of the time development of the
magnetization given by a doublet radical and by the same
radical experiencing weak exchange coupling with a second
radical. The magnetization is presented in a coordinate
system that rotates with a frequency corresponding to the
resonance frequency of the unperturbed radical. The mi-
crowave field B; used for »/2 rotation of magnetization is
girec};:d along the x axis. See text (section 3.3) for further
etails.

to the static magnetic field. The vectors are of equal
magnitude, but point in opposite directions. Hence,
contrary to the result obtained for a spin !/, system, the
#/2 pulse does not produce net magnetization in the
xy plane. Following the pulse, the two vectors precess
around the z axis. Because the precession frequency
is determined in part by the spin state of the second
radical, transverse magnetization—along an axis per-
pendicular to that characterizing normal absorption or
emission signals (cf. Figure 5)—is produced. This out-
of-phase or dispersion signature is carried along by the
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radicals upon dissociation of the pair. Hence, even
though the lifetime of SCRPs may be tooshort for them
to contribute directly to the FID, the growth, and decay
of these species can be determined with a measurement
of the time dependence of the amplitude of the
dispersion signal.23:59:60

Superficially, the derivative-like signals produced by
direct observation of SCRPs and the dispersion com-
ponent carried over to the signals from free radicals are
similar in appearance. In principle, the two can be
distinguished on the basis of line widths since peaks in
spectra from SCRPs contain the unresolved exchange
interaction splitting. With TREPR only direct obser-
vation of SCRPs is possible, so a comparison of results
obtained with cw and pulsed-EPR techniques can be
useful for interpretation of derivative-like signal con-
tributions. It must bestressed that both kinds of radical
pair signals actually can be observed with pulsed-EPR
only if the turning angle of the magnetization vector is
<7x/2.57

3.4. Polarization from Doublet-Quartet Mixing

Recent studiess!65 show that the interaction between
excited-state molecules and stable free radicals—such
as nitroxide spin labels—can produce spin polarization.
The first reports concerned with the effect of photo-
excited triplets on the EPR spectrum of doublet
radicals.®:836¢ The interaction between triplet- and
doublet-state molecules in fluid solution was found to
giveemissionspectra. Inprinciple, the spin polarization
can arise from simple spin polarization transfer from
triplets.6! However, this mechanism is not expected to
be very effective because it must compete with fast
spin-lattice relaxation of the triplets. Infact, FT EPR
measurements carried out in this laboratory® demon-
strate that the polarization builds up with a rate
matching the rate of diffusion-controlled encounters
between triplet and doublet radicals. This result is in
accord with the proposal by Blittler et al.%® that
polarization is produced in a doublet—quartet spin-state
mixing process similar to the process that gives rise to
RPM CIDEP. In this case, however, the dominant
mixing term is the dipole-dipole (zero-field-splitting,
zfs) interaction between the unpaired electrons in the
triplet. As predicted by theory,$36 the magnitude of
the polarization increases with increasing zfs terms.
Encounters between excited-singlet molecules and free
radicals can give rise to enhanced-absorption signals®?
as aresult of doublet—quartet mixing. TREPR spectra
showing this effect have been reported.5® Since the
relative magnitudes of the effects depends critically on
the singlet excited-state lifetime, both effects can be
observed in the TREPR spectra of suitably chosen
systems. Enhanced absorption is found shortly after
laser excitation because of the interaction of the radicals
with singlet excited-state molecules. Emission signals
are observed for longer delays, at which time the
contribution from the longer-lived triplets is at a
maximum,$

While this mechanism of spin polarization creation
does not involve a chemical reaction—and therefore
cannot be classified as a CIDEP mechanism—it is clear
that it can play a role in studies of photochemistry with
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time-resolved EPR. Effortstoenhance the signalfrom
photogenerated free radicals (high solute concentration,
high laser power) may inadvertently lead to conditions
where the mechanism gives a significant signal con-
tribution.

4. Applications

4.1. Photoinduced Electron Transfer

The majority of FT-EPR studies of photochemical
reactions have dealt with excited-state electron trans-
fer. Investigations have focused primarily on the
reversible photoreduction of quinones by porphyrins.
Electron transfer from porphyrins to quinones has been
studied in homogeneous solution at various tempera-
tureg3233:43,44,59,6067.68 gand as function of solvent com-
position.® Measurements have been performed as well
on porphyrin/quinone in micellar solutions#’ and
adsorbed in the pores of silica gel.”? An FT EPR and
TREPR study has been made of a covalently linked
carotenoid—porphyrin—diquinone tetrad.’” A recent
publication is concerned with the study of electron
transfer from zinc and free-base octaethylporphycenes
toquinones.” A few studies deal with electron transfer
from amines to quinones.?»’® Finally, a paper by
Levanon and co-workers discusses a FT-EPR investi-
gation of photoinduced electron transfer from the
pyrene dianion to alkali metal cations.™

In the following discussion the utility of the FT EPR
technique in this field of research will be illustrated
with examples drawn primarily from investigations of
porphyrin/quinone systems.

4.1.1. FT EPR Studies of Porphyrin/Quinone in
Homogeneous Solution

ZnTPP/Duroquinone in Ethanol. A number of
studies have been concerned with the reversible pho-
toinduced electron transfer from zinc tetraphenylpor-
phyrin (ZnTPP) to duroquinone (DQ)3%%3434467 in
ethanol. Figure 6 gives a series of spectra obtained in
a study of ZnTPP (5 X 10 M)/DQ (56 X 10* M) in
ethanol at -28 °C. The delay time between laser
excitation (600 nm, 2 mJ/pulse) and 7/2 microwave
pulseranges from 10nsto 80 us. Thespectrum observed
is that of the duroquinone anion radical (DQ-). The
cation radical cannot be observed because of the fact
that unresolved hyperfine structure gives broad lines
so that the FID decays within the deadtime of the
spectrometer. Under steady-state conditions,the EPR
spectrum of DQ~ consists of 13 lines with binomial
intensity distribution because of hyperfine coupling
with 12 equivalent protons (1.9 G™). Figure 6 shows
that there is a strong delay-time dependence of both
the overall signal amplitude and the relative amplitudes
of hyperfine components. For rqup to about 1 us there
is rapid overall signal growth. In this time period, the
spectrum, which initially is in absorption, gradually
turns into a spectrum in which the high-frequency (low-
field) peaks are in emission. With 74 increasing from
1 to 80 s the signal intensity diminishes and emission
peaks turn back into absorption, eventually giving the
normal binomial intensity distribution.
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Figure 6. FT EPR spectrum of DQ" produced by photo-
induced electron transfer from ZnTPP to DQ in ethanol at
-28°C. Delay time between laser pulse and microwave pulse
ranges from 10 ns to 80 us. Reprinted from 30; copyright
1988, American Chemical Society.

The results can be accounted for within the frame-
work of the following reaction mechanism:

hy isc
ZnTPP — 'ZnTPP* — *ZnTPP* N
kee
3ZnTPP*+DQ [ZnTPP* DQ]—

ZnTPP* + DQ™ (8)

kg
ZnTPP* + DQ™ — ZnTPP + DQ ®

The signal growth reflects the kinetics of electron
transfer from 3ZnTPP* to DQ. The ZnTPP triplets
are formed in a spin-selective isc process that produces
excess population in the T-, spin state.”® Hence, DQ"
formed before the triplet spin system is at thermal
equilibrium will show an enhanced-absorption (TM)
component. Electron transfer involving the T triplet
state will generate STy RPM polarization which is
associated with a low-field/high-field E/A pattern. From
the data presented in Figure 6 it is deduced that TM
CIDEP dominates at early times (74 < 200 ns). Asthe
triplet spin system relaxes, the RPM signal contribution
gains in relative importance. Consequently, low-field
hyperfine lines which are initially in absorption turn
into emission. The conclusion that the TM gives a
significant contribution is illustrated convincingly by
the finding that the polarization pattern changes when
the donor molecule is MgTPP* or free-base TPP.% In
these porphyrins the isc process gives a triplet system
with excess population in the T, level so that the TM
gives rise to an emission signal.

TM spin polarization gives equal contributions to
pairs of hyperfine lines with overall nuclear spin states
M and -M. Therefore, the time evolution of the RPM
signal contribution is given by the difference in signal
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amplitudes (ASy) of M and -M hyperfine lines. In the
time regime from 0 to 0.5 us the RPM signal, to a good
approximation, reflects the formation of DQ" so that
the signal growth can be used to determine the rate of
free-radical formation. This method of analysis gave
pseudo first-order rate constants of 7.7 X 108, 1.5 X 107,
and 2.2 X 107 s at -23, 0, and 27 °C, respectively.®’
Within experimental error the rate is proportional to
temperature/viscosity (7/%). From this it was con-
cluded that the reaction rate is diffusion controlled.

The decay of the ASy signals reflects spin-lattice
relaxation and back-electron transfer. Under the
experimental conditions, the first process is expected
to be the dominant decay channel for 74 < 20 us. From
the signal decay it was determined that the spin-lattice
relaxation time (Tf) of DQ™ ranged from 4.5 us at 27
°C to 10.4 us at —23 °C.¢7

Finally, the value of the spin-lattice relaxation time
TT of the triplet and the magnitude of the TM
polarization were determined from the time dependence
of the M = 1 hyperfine peak for 74 < 150 ns. It can be
shown that the RPM gives a small contribution to this
peak so that signal growth, to a good approximation,
is represented by eq 4 (section 3.1). A least-squares fit
of the experimental data to eq 4 gave 50, 40, and 20 ns
for ’IT at 23, 0, and 27 °C, respectively. The theo-
retical expression for TM polarization relative to the
Boltzmann value, P, is%’

Py 4kTay, Ty ‘9P —P.-P1 (10
P—;_ 30 gﬁmew (T’lr+ket—l)l z " 27 y] (10)

In this equation B denotes the field strength, wny and
w,s the microwave frequency (9.5 GHz) and zero-field-
splitting (1 GHz), respectively. P,, P,, and P, give the
relative rates of population of the zero-field triplet spin
states. For ZnTPP isc almost exclusively populates
the |z) level so that P, =~ 1.9 From eq 10 one derives
Pr/Py = 5. This agrees quite well with the value of 6
derived from the experimental data. Under conditions
that the polarization is not attenuated by relaxation,
ie., T’lr > ke !, TM spin polarization would amount to
22P,.

An FT-EPR study of ZnTPP/DQ in ethanol by
Bowman et al.*** employed a more comprehensive
method of data analysis in that the time dependence
of individual hyperfine components was analyzed. The
data given by these authors for the most part are in
agreement with those from the Dortmund group32:3367
except for the value of 460 ns given for T’,r.“3 A detailed
study of ZnTPP/BQ ethanol solutions with four dif-
ferent BQ concentrations, in which the time evolution
of the amplitudes of three hyperfine lines in the BQ-
spectrum were used to determine rate constants, gave
T} = 28 % 10 ns at room temperature®®*° in agreement
with the result reported by Plischau et al.?’

Spin-Correlated Radical Pairs. The LP-SVD anal-
ysis (cf. section 2) of the FIDs given by ZnTPP/DQ in
ethanol shows that there is a pronounced out-of-phase
signal component for 74 < 300 ns.5% The effect is
attributed to the presence of spin-correlated radical
pairs at the time the microwave pulse is delivered. Under
the conditions of the measurement, SCRPs have
vanished for the most part by the time the FID is
collected. However, as pointed out in section 3.3, the
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exchange interaction between the unpaired electrons
of the pair in the interval between microwave pulse
and signal detection generates a characteristic phase
shift in the FID of the free radicals.?¥% Kroll et al.
studied the time evolution of the out-of-phase signal
intensity at temperatures ranging from —48 to 25 °C.%
It was found that the data could be described with a
model in which the formation and decay of the pairs
follows first-order kinetics. The rate of radical-pair
generation was found to match the rate of free-radical
formation. The rate of dissociation k. ranged from 3.2
X 108 st at —48 °C to 1.0 X 107 st at 25 °C. In a low-
viscosity solvent such as ethanol, free translational
diffusion of the redox ions would give a much shorter
SCRP lifetime (4-40 ns) than measured experimentally.
The long lifetime has been interpreted in terms of a
model that assumes that an attractive potential of the
order of a few RT restricts relative motion of the
radicals.50’® In [ZnTPP*-.-DQ], the electrostatic in-
teraction between the redox ions obviously can account
for restricted diffusive separation. The interpretation
of the experimental data in terms of Shushin’s model®
yields a dielectrically-screened binding potential of
~2.6 eV.%0

The information on SCRPs derived from FT-EPR
datagives a direct insight into the role played by solvent
molecules in the outcome of the excited-state electron
transfer process. An increase in solvent dielectric
constant will reduce the depth of the potential well
that traps the radical pairs and thereby increases the
probability of cage escape of redox products.

A more pronounced solvent effect on SCRP char-
acteristics was reported recently in a paper on a FT-
EPR study of the anthraquinone/triethylamine pho-
toredox system.”® In this study the kinetics of
photoinduced electron transfer was monitored via the
spectrum of the antraquinone anion radical (AQ"). An
order of magnitude reduction in the rate constant of
AQ formation was found upon going from methanol to
2-propanol as solvent. The reduction cannot be ac-
counted for solely by the change in solvent viscosity.
Instead it is proposed that the rate-limiting step in free-
radical formation is cage escape. Considering the high
donor concentration used in the study (5 X 102 M),
this assumption seems well justified. The spectra do
not show an out-of-phase signal from SCRPs, and it is
assumed that this is due to strong exchange interaction
between unpaired electrons in the pair. The strong
solvent dependence is attributed to the modulation of
radical pair lifetime by binding potential changes
induced by changes in solvent dielectric constant.

It is noteworthy that the AQ~ spectra initially are in
emission and do not show RPM CIDEP. The emission
signal is attributed to TM spin polarization. This
implies that at least some of the polarization carried
over from triplet precursors remains preserved in the
radical pairs even though they have relatively long
lifetimes (for example, in propanol a radical pair lifetime
of 563 ns is found).

ZnTPP/BQ in Ethanol. Inastudy of ZnTPP/BQ in
ethanol®®% the effect of acceptor concentration on
electron-transfer kinetics and spin dynamics was in-
vestigated. As inthe study by Plischau et al.,’” values
for the electron-transfer and BQ~spin-lattice relaxation
rates were derived from the time dependence of the
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Figure 7. Schematic diagram illustrating the processes that
control the time evolution of spin state populations in anion
radicals formed by photo-induced electron transfer from a
triplet precursor. See text (section 4.2.1) for details. Re-
printed from ref 65; copyright 1992, American Chemical
Society. ]
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Figure 8. Time evolution of the intensities of the hyperfine
components (¥ +2, ® +1,4 0,0-1, ® -2) in the BQ"spectrum.
The dashed lines represent the results of least-squares fits of
the data using equations describing spin dynamics based on
the model given in Figure 7. Reprinted from 65; copyright
1992, American Chemical Society.

difference in signal intensities of M = 1 and -1 (M =
2 and -2) peaks. With the values of these two
parameters known, values for spin polarization pa-
rameters and 7} were derived with a least-squares
analysis of the time dependence of individual hyperfine
components over the time regime from 20 ns to 10 us.
The model used in the analysis is presented in Figure
7. Ittakesintoaccount (1) spin polarizationin precursor
triplets, (2) 7411" (3) spin conservation in BQ™ formation
from T-, and T4, triplet states, (4) RPM CIDEP in the
form of an electron- and nuclear-spin-dependent elec-
tron-transfer rate constant from the triplet T, state,
and (5) TX. Note that the numerical analysis gives the
rate of formation of BQ~ (in nuclear spin state M) with
B (BMmket) and a spin (amRet), where By + am = 1 (cf.
Figure 7). The value of (8m — am) represents ST spin
polarization. The analysis does not take back electron
transfer into account, since it is assumed to make a
minor contribution in the time interval that is con-
sidered. A representative result of this method of data
analysis is given in Figure 8. It displays a plot of the
amplitudes of the five hyperfine lines in the spectrum
of BQ™ for a range of 74 values and the result of a least-
squares fit based on the kinetic model sketched in Figure
7.

The study showed that the electron-transfer rate is
afunction of BQ concentration. An upper limit for the
pseudo-first-order rate constant is attained with [BQ]
2 3.0 X 10 M. Apparently, the condition is reached



184 Chemical Reviews, 1993, Vol. 93, No. 1

where the rate of formation of free BQ™ is determined
by the rate of dissociation (k.. in eq 8) of radical pairs
rather than the rate of encounter of donor and acceptor
molecules. With [BQ] = 3.0 X 103 M, the reaction rate
is 1.2 X 107 g1, If it assumed that this rate represents
k., one finds aradical pair lifetime of 83 ns. The value
is in close agreement with the result of the more direct
measurement® of radical pair formation and decay
discussed earlier.

Radical pair characteristics, evidently, play an im-
portant role in determining the outcome of donor-
acceptor encounters. The fact that radical pairlifetime
can be measured with EPR, therefore, is of considerable
interest. Since radical pairs, generally, cannot be
distinguished from separated radicals with UV-vis
spectroscopy, optical measurements do not provide this
information.

For [BQ] < 3 X 10% M, division of the measured
pseudo-first-order rate of formation of BQ~ by [BQ]
also does not yield an invariant second-order electron-
transfer rate constant. The rate constant shows an
increase from 3.6 X 10°t05.5 X 10° M's ' asthe acceptor
concentration increases from 0.6 to 2.0 mM. A similar
concentration effect was found in studies of fluorescence
quenching reactions which proceed with rates that are
close to diffusion controlled.”®# The effect has been
attributed to the fact that the concentration gradient
driving the reactions extends to a distance from the
excited state molecule which is a function of quencher
concentration.’82 Stevens proposes that the concen-
tration gradient extends only to a distance correspond-
ing to the initial most probable nearest-neighbor
separation r,m between quencher and excited-state
molecules. Introduction of this boundary condition in
the solution of the flux equation gives the following
expression for the quenching rate constant:®

_ 4rNDR

kq 1 -R/r,,

(11)

N is Avogadro’s number, D is the relative diffusion
coefficient, R is the quenching radius, and ry,, =
[27xNc] /3, where c is the quencher concentration. The
equation reverts to the Smoluchowski equation® for
ram > R (¢ = 0).

It was found that the expression accounts satisfac-
torily for the concentration dependence of the second-
order rate constant of BQ~ formation for 0.6 mM <
[BQ] < 2.0 mM. The analysis gives (2.00 £ 0.05) X 10°
M5! for the rate constant of electron transfer under
the condition that R <« ryy, i.e., for [BQ] — 0. This
result agrees with data from optical studies of ZnTPP/
BQ.88 A value of 30 A is found for the reaction radius
R. The parameter defines the maximum center-to-
center distance between *ZnTPP* and BQ at which
quenching will occur. A detailed paper on a TREPR
study of ZnTPP/BQ in ethanol® gives a rate constant
of 1.25 X 10° M1 57! at —43 °C. It is noteworthy that
this study does not find an acceptor concentration
dependence of the rate constant.

The study also revealed an apparent acceptor con-
centration dependence of T? The decay rate of the
ASy signals increases from 4.4 X 10° to 8.0 X 105 s7!
upon going from [BQ] = 0.6 to 3.0 mM. The result
demonstrates that the decay of the ASy signals cannot
be attributed solely to spin-lattice relaxation. A
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concentration dependent process that contributes to
the decay is the homogeneous electron-transfer re-
action:%’

kbt
BQ + BQ — BQ + BQ" (12)

Homogeneous electron transfer provides, what is in
essence, anuclear spinrelaxation path that redistributes
the overall electron spin polarization. It drives the
relative intensities of the hyperfine components to the
1:4:6:4:1 pattern. Taking this process into account, the
rate of decay of ASwy signals is given by

ky = kg + Ry [BQ] (13)

Analysis of the concentration dependence of ASy signals
with the aid of eq 13 (taking nuclear spin state
degeneracy into account) gives knet = 1.65 X 106 M1g!
and T} = 2.3 us. The interpretation of the concen-
tration dependence of signal decay is supported by the
finding that the line widths of the hyperfine components
in the spectrum of the anion radical increase with
increasing [BQ]. Homogeneous electron transfer gives
rige to a lifetime-broadening contribution to the line
width (at half-height expressed in hertz) of AWy =
ket [BQ]/7.8 The concentration dependence of the line
width gives kpet = (3.2% 1.2) X 108 M 157}, thelinewidth
for [BQ] = 0 is 0.26 + 0.05 MHz (0.09 G).

An alternative method that can be used in the
measurement of homogeneous electron transfer has
been reported by Angerhofer et al.?? These authors
measured the rate constant of electron transfer between
photogenerated duroquinone anion radicals DQ~ and
DQ in methanol with a two-dimensional FT EPR
method. The rate constant for this system (1.5 X 108
M1 is very similar to that found for the BQ/BQ
couple in ethanol.

An analysis of the time dependence of the intensities
of three hyperfine peaks in spectra given by ZnTPP/
BQ samples with four different BQ concentrations
(ranging from 0.6 to 1.6 mM) gave T’lr =28 & 10 ns. The
initial spin polarization of the 3ZnTPP* tripletsrelative
to thermal equilibrium was found to be 22 = 2. The
result is in excellent agreement with the value predicted
by theory and the result derived from the study of
ZnTPP/DQ.5" The relative amplitudes of hyperfine
components due to RPM CIDEP derived from the
spectra are -2.1:—6.9:—6.0:~0.88:40.39 (the results are
givenin order of increasing field, negative values denote
emissionsignals). Relative intensitiesgiven by STyspin
polarization can be calculated with eqs 5 and 6 (section
3.2). For v = 0, the calculated values are —1.8:-5.9:—
6.0:-1.1:40.5. The systematic deviation between
experimental and theoretical values suggests that the
second term in eq 5 cannot be neglected. This con-
clusion is supported by the finding that a reduction in
temperature enhances the deviations. The TREPR
study of ZnTPP/BQ in ethanol by Schlipmann et al.
also finds evidence of a ST-, signal contribution.® The
values of the RPM spin polarization relative to Boltz-
mann polarization are —42, -35, ~-20, -4.1, and +8.1.

ZnTPPS/BQ in Water/Ethanol. Measurements
were performed as well on ZnTPPS/BQ in HyO/ethanol
solvent mixtures.®® ZnTPPS refers to zinc tetraphe-
nylporphyrin with SO;~ substituents in the para position
of the phenyl rings. The objective of the investigation
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Figure 9. Pseudo-first-order rate of formation of BQ~ by
photoinduced electron transfer from ZnTPPS (2 X 104 M)
to BQ (10-*M) in H;0/ethanol mixtures plotted versus solvent
viscosity (relative to the viscosity of H;0). The first data
point (relative viscosity ~1.2) gives k¢ obtained for ZnTPP/
BQ in ethanol. The inset displays the relation between
relative viscosity and solvent composition percent ethanol
by weight). From ref 66.

was to get information on the effect of solvent changes
on chemical kinetics and spin dynamics. In addition,
the measurements were used to probe the effect of
modification of Coulomb interaction between redox
ions.

Measurements on ZnTPPS (2 X 10~ M) with BQ
(102 M) in H;0/ethanol showed that the chemical decay
of BQ~ is slower than that found for ZnTPP/BQ in
ethanol. Also, little or no evidence was found for a
radical pair signal contribution. These results reflect
the fact that electrostatic repulsion between the anionic
redox products tends to keep them apart. As Figure
9 shows, with the solvent composition changing from
20% to 80% ethanol, the pseudo-first-order rate of
electron transfer closely follows changes in solvent
viscosity. Asdepicted in the inset in Figure 9, viscosity
changes are not linearly related to changes in solvent
composition. The result demonstrates that, at the
acceptor concentration used, the reaction rate is pro-
portional to the rate of encounter of donor and acceptor
molecules. The changes in solvent polarity accompa-
nying changes in solvent composition apparently have
little effect on the rate of BQ~ formation. Another
noteworthy finding is that the value for k,; found for
ZnTPP/BQ in ethanol also fits the straight-line de-
pendence of rate on viscosity displayed in Figure 9.
Thus, the introduction of the sulfonate groups on the
periphery of the porphyrin molecule has no significant
effect onthereaction rate. Thissupportsthe conclusion
that the rate of encounter is the determining step in
the BQ~ formation.

4.1.2. FT EPR Study of Porphyrin/Quinone in
Heterogeneous Media

A study has been made of ZnTPP/BQ in a micellar
solution of cetyl trimethyl ammonium chloride (CTAC)™
and of ZnTPPS/DQ in micellar solutions made up of
anionic, cationic, or neutral surfactant molecules.* The
interest in these systems stems in part from the potential
relevance to applications in conversion and storage of
solar energy.??! Also, studies of these systems can
contribute to the understanding of the factors that play
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Figure 10. FT EPR spectra of photogenerated DQ~in TX 100
solution for delay times between laser excitation of ZnTPPS
and microwave pulse ranging from 20ns to 11 us. The central
hyperfine line (M = 0) is at ~—4.5 MHz. Reprinted from ref
43, copyright 1988, Weizman Science Press.

a role in electron transfer across boundaries between
hydrophobic and hydrophilic domains. The key point
of these FT EPR studies is that they exploit the fact
that CIDEP contributions, line shapes, line widths, and
relaxation times are sensitive to the spatial distribution
of reactants and products, and motional correlation
times. Hence, FT EPR measurements can give a unique
insight into structure and dynamics.

ZnTPPS/DQ in Micellar Solutions. The study of
ZnTPP/BQ in CTAC showed that electron transfer
mainly occurred from ZnTPP solubilized in the micelles
to BQ in the aqueous phase.” In the case of ZnTPPS/
DQ, acceptor molecules are captured in the micelles
while the location of the anionic porphyrin depends on
the charge of the polar headgroup of the surfactant
molecules. For this system, changes in surfactant
molecules are found to have a profound effect on the
FT EPR spectra.t

Figure 10 depicts the time evolution of the FT EPR
spectrum of DQ", in a Triton X-100 (TX100) solution,
generated by photoinduced electron transfer from
ZnTPPS. Thespectraare qualitatively similar to those
found for ZnTPP/DQ in ethanol.5” At early times (74
< 100 ns) a TM CIDEP contribution dominates which
establishes that the reaction involves ZnTPPS triplets.
For 74 > 100 ns RPM CIDEP dominates; here the low-
frequency absorption/high-frequency emission pattern
also is consistent with triplet excited-state electron
transfer.

Contrary to what was found in homogeneous solution,
the growth of the RPM signal—a measure of free-radical
formation—cannot be represented by a single expo-
nential. Instead, it appears to involve two consecutive
steps with first-order rate constants of 1.7 X 10’ and 1.4
X 10% ¢!, This suggests that the kinetics of DQ-
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Figure 11. Time evolution of the linewidth (Ay = 1/7T9) of
the central line in the spectra from DQ~in TX100 (@), CTAC
(v), and SDS (®). The line width of the M = 0 line in the
spectrum from BQ~ in H;0/ethanol (4:1) (a) is given for
comparison. Reprinted from ref43, copyright 1988, Weizman
Science Press.

formation reflects the radical pair formation step as
well as the cage-escape step. Even the fastest of the
two steps has a rate constant smaller than the value of
2.2 X 107 87! found for ZnTPP/DQ ([DQ] = 5 X 102 M)
in ethanol. The result is surprising because acceptor
as well as donor molecules are associated with the
micelles.? It is estimated that the average distance
between reactants is less than 20 A compared to ~38
A for the ZnTPP/DQ in ethanol system. With such a
short distance between reactants, one would expect fast
electron transfer, with a significant singlet excited-state
contribution. Instead, the spectral data show a rela-
tively slow reaction with no evidence of DQ™ formation
via thesinglet excited state. However, the fluorescence
of ZnTPPS in TX100 is quenched appreciably by the
addition of DQ. Itisconcluded, therefore, that electron-
transfer singlet quenching does occur but does not yield
free DQ~because of fast back electron transfer. Singlet-
state quenching must involve closely spaced reaction
partners so that the average spacing between 3ZnTPPS*
and DQ can be substantially larger than 20 A. This can
account for the relatively slow rate of triplet excited-
state electron transfer.

An analysis of the time evolution of the TM CIDEP
contribution shows that T’lr is 100-150 ns, a factor of
4 longer than in homogeneous solution. The T’lr value
is consistent with the conclusion that ZnTPPS is
associated with the micelles. Molecular motion in the
micelles will be inhibited which is expected to in-
crease the spin-lattice relaxation time. On the other
hand, T® of DQ" is similar to the value found in
ethanol. In addition, the line widths of the hyperfine
lines match those found in homogeneous solution (cf.
Figure 11). Restricted molecular motion inside the
micelle and interaction with the porphyrin radical would
cause severe line broadening. Hence, the findings
indicate that the anion radicals move into the aqueous
phase. A slight reduction in line width with increase
in delay between laser pulse and microwave pulse,
apparent for 74 < 100 ns may reflect the movement of
DQ™ across the micelle/water interface.

The spectrum from ZnTPPS/DQ in sodium dodecyl
sulfate (SDS) micellar solution displayed in Figure 12
is very similar to that found for ZnTPPS/DQ in
homogeneous solution as well. The main differences
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Figure 12. FT EPR spectra of photogenerated DQ~ in SDS
solution for delay times between laser excitation of ZnTPPS
and microwave pulse ranging from 50 ns to 7 us. The central
hyperfine line (M = 0) is at ~0 MHz. Reprinted from ref 43,
copyright 1988, Weizman Science Press.

with the results obtained with ZnTPPS/DQ in TX100,
for the same concentrations of donor and acceptor, are
(1) a significant reduction in signal and (2) a reduced
rate of DQ™ formation. The differences can be ac-
counted for by the difference in reactant distribution
in the heterogeneous solutions. In SDS the ZnTPPS
molecules are found in the aqueous phase rather than
inside the micelles.?? Hence, electron transfer must
involve encounters of 3ZnTPPS* molecules with the
few DQ molecules that are in the aqueous phase as
well. The compartmentalization of reactants leads to
a reduction in the pseudo-first-order reaction rate.

Fluorescence measurements show that, in SDS so-
lution, 'ZnTPPS* quenching by DQ is significant.
Optical absorption spectra indicate that this is due to
ground-state complexation. Apparently,singlet excited
state quenching does not generate free DQ™ and, by
diminishing the 3ZnTPPS* concentration, reduces the
EPR signal intensity.

Data obtained from ZnTPPS/DQ in CTAC solution
are given in Figure 13. It is evident that the DQ~
spectrum for 74 < 5 us differs substantially from that
found with the other micelles. All hyperfine lines
exhibit a derivative-like line shape in this time regime.
The lineshape bears a striking resemblance to that
found in the FT EPR spectrum from the photoreduced
quinone moiety in a covalently-linked donor-acceptor
tetrad.’” A similar line shape has been found in
TREPR spectra of photogenerated radicals in vis-
cous and micellar solutions.?®** The unique line
shape is a manifestation of the presence of SCRPs
[ZnTPPS%*--DQ"]. In this case the radical pairs are
observed directly, i.e., they are present at the time the
FID is recorded. As explained in section 3.3, a weak
exchange interaction—in this case of the order of 1
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Figure 13. FT EPR spectra of photogenerated DQ-in CTAC
solution for delay times between laser excitation of ZnTPPS
and microwave pulse ranging from 50 ns to 10 us. The central
hyperfine line (M = 0) is at ~7 MHz. Reprinted from ref 43;
copyright 1988, Weizman Science Press.
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Figure 14. Dependence of the line width (Avy = 1/xTo(M))
on the total nuclear spin quantum number for DQ" in the
ZnTPPS/DQ/CTAC system for 74 settings of 0.3 us (A) and
1.0 us (@). The dashed and dotted lines represent the least-
squares fittings of the data points to eq 14. The coefficients
(in megahertz) derived from the fits are ¢ = 1.28 (1.16), b =
—0.18 (-0.15), and ¢ = 0.035 (0.03) for 14 = 0.3 (1.0) pus.
Reprinted from ref 43; copyright 1988, Weizman Science
Press.

MHz or less—between the unpaired electrons splits
every hyperfine line into an unresolved doublet. The
doublets exhibit a low-frequency absorption/high-
frequency emission pattern, consistent with formation
via a triplet-state precursor (cf. Figure 4). By contrast,
inthe covalently linked donor—acceptor system electron
transfer involves the singlet excited state and the radical
pair spectrum displays an emission/absorption pat-
tern.5” The formation and decay of the radical pair
spectrum can be described reasonably well with single
exponentials (k; = 3.6 X 1087}, k; = 5.0 X 105s7}). In
CTAC, as in TX100, electron transfer is between
reactants associated with the micelles.?? The long
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lifetime of SCRPs—the maximum signal amplitude is
given for 74 ~ 0.8 us—is attributed to interaction
between the anionic reaction products and the positive
electrostatic field generated by the cationic headgroups
of surfactant molecules. The interaction inhibits
relative translational diffusion of the redox products.

The spectrum of free DQ" is observed when 74 > 5
us. At that time the spectrum still reflects spin
polarization (most hyperfine components are in emis-
sion, cf. Figure 13). From the decay of the polarization
it is deduced that TF of DQ" in CTAC is ~8 us as
compared to 4.5 us in TX100 solution. Figure 11shows
that the linewidth in the spectrum of “free” DQ" in
CTAC solution alsois significantly larger thanin TX100
and SDS. Theseresults indicate that the anion radicals
remain trapped in the cationic micelles.

Figure 14 shows that the linewidths in the spectrum
of the SCRP is a function of nuclear spin state (M) of
DQ~. The M dependence can be described by the
polynomial

Avy = a + bM + cM? (14)

Values of the coefficients a, b, and ¢ derived from a
least-squares analysis of the line width data are given
in the caption of Figure 14. The M dependence is
attributed to incomplete averaging of g and hyperfine
anisotropies by rotational motion.?*%¢ The rotational
correlation time 7r can be derived from the coefficients
with the aid of the theoretical expressions given in the
paper by Suga et al.?* The 7 value derived from b and
care 10.5and 3.3 ns, respectively. The paper by Leniart
et al. gives the experimentally determined values of b
and c as function of 7g for DQ™ in ethanol.?* With an
extrapolation of their results, values of 24 and 10 ns are
derived from the two coefficients. It is concluded that
theline-width data point tostrongly inhibited rotational
motion of the radicals. For comparison, g = 2.3 ns for
DQ in ethanol at —70 °C.%8 The systematic deviation
between the rotational correlation times derived from
the two coefficients can be due to nonrandom rotational
motion of DQ™ as a result of the interaction with the

’electrostatic field inside the micelles.

ZnTPP/BQ Adsorbed on Silica Gel. There is con-
siderable current interest in photochemistry involving
reactants adsorbed on solid supports such as silicagels
and zeolites.?” This is because it is known that the
unique spatial organization and motion of reactants,
imposed by the solid support, will be reflected in
reaction kinetics and mechanisms. It can be exploited
toenhance the yield of desired products and to attenuate
processes that adversely affect photochemistry.

Time-resolved EPR is an ideal spectroscopic tech-
nique for this field of research for all the reasons that
have been delineated in the foregoing. Of particular
interest is, of course, the possibility to probe molecular
motion of transient paramagnetic species and the
characteristics of radical pairs. Tworecent publications
by Forbes et al.24?5 demonstrate the value of TREPR
studies of photochemistry at the solid/liquid interface
of SiQ; surfaces.

Research in this laboratory has been concerned with
photoinduced electron transfer from ZnTPP to BQ
adsorbed in the pores of silica gel (Davisil 634, 60-A
pore). Because the electron-transfer process is revers-
ible, this is a convenient system to investigate with FT
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EPR as it does not require sample flow through the
cavity. Here some preliminary results will be re-
viewed.%

Sample preparation followed the procedure given by
Johnston et al.#” Typically, a solution of ZnTPP and
BQ in hexane/dichloromethane (3:1) was mixed with
silica gel and stirred for 1 h. The adsorption of donor
and acceptor was monitored with UV-vis absorption
spectroscopy. Afterfiltration and washing of thefiltrate
with hexane, the solid was dried in an argon atmosphere.
Subsequently, solvent was introduced by exposing the
solid to a flow of solvent-saturated argon. Solvent
uptake was monitored by weighing. If it is assumed
that all the donor and acceptor molecules end up in the
solvent captured in the silica gel pores, their concen-
trations are estimated to be 6 and 60 mM, respectively.
Sample tubes were stoppered by septum caps to prevent
sample exposure to oxygen.

In the presence of oxygen, fluorescence of ZnTPP
adsorbed on silica gel is strongly quenched. Also, only
a weak spectrum of 3ZnTPP* can be obtained with
TREPR and this required cooling of the sample to—-100
°C or lower. Purging of ZnTPP/silica samples with
argon restored ZnTPP fluorescence. Furthermore, with
these purged samples, TREPR spectra of triplet-state
ZnTPP could be observed even at room temperature.
Observation of EPR spectra of triplets signifies that
rotational motion of the porphyrin is essentially
stopped. TREPR measurements of ZnTPP/silica
samples purged with solvent-saturated argon reveal a
triplet EPR spectrum only at reduced temperature.
Apparently, adsorption of solvent molecules restores
the motion of the porphyrin. This finding is of
importance, since it implies that at room temperature
donor and acceptor molecules have some motional
freedom in silica gel pores as long as solvent molecules
are present.

“Dry” ZnTPP/BQ/silica samples and ZnTPP/BQ/
silica samples saturated with hexane did not give
photoinduced FT EPR spectra. If excited-stateelectron
transfer does occur, the back reaction must be so fast
that redox ion products cannot be detected. By
contrast, samples exposed to methanol or ethanol gave
well-resolved FT EPR spectra from photogenerated
BQ~.

Figure 15 depicts the spectrum from BQ™ obtained
from a ZnTPP/BQ/silica sample saturated with meth-
anol. The time dependence of peak intensities is
displayed in Figure 16. The time evolution has the
following characteristics: (1) the rise time of the signal
is close to instrument limited (50 ns), (2) the spectrum
at early times is in enhanced absorption, (3) signals
persist into the millisecond time domain, and (4) for 4
values up to tens of microseconds, the FIDs display
unusual phase effects and deviations from the binomial
intensity pattern are observed even in the millisecond
time domain (cf. insets of Figures 15 and 16).

From the fact that the signal initially is in enhanced
absorption it is deduced that separated free radicals
are formed by triplet excited-state electron transfer.
The rise time of the TM signal component (~50 ns)
shows that the spin—lattice relaxation time of 3ZZnTPP*
is similar to that found in homogeneous solution,:68
which is indicative of free rotational motion of the donor.
The relatively small RPM contribution grows in with

ZnTPP/BQ/Silica Gel 60 A/MeOH

I“"equency

Figure 15. FT EPR spectra from BQ~ formed by electron
transfer from ZnTPP to BQ adsorbed in silica gel (pore size
60 A, pores filled with methanol). The inset depicts the
spectrum obtained with 74 = 2 ms. From ref 68.
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Figure 16. Time dependence of the intensities of the five
hyperfine components in the spectrafrom BQ~givenin Figure
%‘15. The inset highlights the dependence for long delay times.
rom ref 68.

arate of about 1.5 X 107 5! when the solvent is methanol
and 0.8 X 107 s! with ethanol as solvent. These values
are approximate because the time evolution of the
signals is not purely exponential. The unusually fast
signal rise time shows that BQ~ formation must involve
reaction partners that are closely spaced at the time of
laser excitation of Zn'TPP. The change in solvent also
is accompanied by a substantial increase in linewidth
(from ~1 to 3 MHz). For comparison, the linewidth
found for ZnTPP/BQ in ethanol is 0.26 MHz.%8 The
large line width in the silica/alcohol environment can
be dueto anumber of factors: there can be aline-width
contribution from spin-spin interaction between redox
partners, incomplete averaging of hyperfine and g value
anisotropies may play arole, and homogeneous electron
transfer is expected to affect the line width.

A striking result is that the signal from BQ- is
generated with a time constant which is appreciably
smaller than that found for ZnTPP/BQ in ethanolé8
On the other hand, a fraction of the free radicals formed
persists for a very long time. These, apparently
contradictary, results can be explained by considering
sample constitution. First,the acceptor concentration
is high so that homogeneous electron transfer (eq 12)
can play an important role. Electrostatic interaction
between redox partners and restrictions imposed by
the heterogeneous medium are expected to inhibit
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charge separation, but these effects may be overcome
by the homogeneous electron transfer process. Second,
only ZnTPP molecules near the surface of the silica gel
particles are accessible to the laser light. As a conse-
quence, electron transfer must occur near the surface.
Following electron transfer, translational diffusion and
homogeneous electron transfer can move a fraction of
the anion radicals over macroscopic distances to the
interior of the silica gel particles. Back electron transfer
involving these anions is expected to be a slow process.

Signal decay in the time interval from 200 ns to 10
us is reasonably well described by a single exponential
with a time constant of ~1 us. The decay is attributed
to establishment of thermal equilibrium by spin-lattice
relaxation. The fact that T% is more than a factor of
two shorter than that found in homogeneous solution®®
probably is due to spin-spin interaction with the cation
radical.

It must be stressed that in the application of FT EPR
in the study of photochemistry in heterogeneous media
the standard methods of analysis of FIDs may not reveal
all the information contained in the time-domain signal.
For instance, in the recording of the FID from DQ~
generated by electron transfer from ZnTPPS to DQ in
micellar solution (or in the pores of silica gel), radical
pairs may dissociate into free radicals or DQ~ may move
from hydrophobic to aqueous phase. Evidently, the
FIDs contain a complete record of these changes in
characteristics of the paramagnetic species. The ex-
traction of the information from the time-domain signal
will require development of appropriate methods of
data analysis.

4.2. Acetone Ketyl Radical

The formation of the acetone ketyl radical, (CHs)s-
COH by photoinduced hydrogen abstraction from
2-propanol proved to be an ideal subject for FT EPR
study for two reasons. First, numerous earlier EPR
studies!42,53,55,98-108 provide information on kinetics of
formation and decay, as well as on CIDEP mechanisms
under a variety of conditions. Therefore, there is a
base of information that can be used to gauge data
derived from FT EPR spectra. Second, acetone ketyl
radical formation continues to be a topic of ongoing
investigations because of some unresolved questions
concerning CIDEP signal contributions.610%1%8 The high
time resolution and sensitivity of FT EPR makes it
possible to contribute to the resolution of these ques-
tions. 219 In the following, results from previous work
will be reviewed briefly. This will be followed by a
discussion of data from FT EPR investigations.

4.2.1. Background

(CH3)2COH can be formed in the reaction between
photo-excited acetone and 2-propanol (2Pr). From the
rate of formation of (CHj3);COH it can be concluded
that the singlet-excited state of acetone cannot play a
significant role in the reaction.!’® The H-abstraction
reaction, therefore, involves the following steps:

hy i
(CH,),CO — }(CH,),CO* — %(CH,),CO*

%CH,),CO* + (CH,),CHOH —
[(CH,),COH--(CH,),COH] — 2(CH,),COH (15)
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Chemical decay of (CH3);COH can occur via pinacol
formation:

2(CH,),COH — HO(CH,),CC(CH,),0H (16)

and disproportionations:

2(CH,),COH — (CH,),CHOH + CH2=C(CH3)OH7
a7

2(CH,),COH — (CH,),CHOH + (CH,),C=0 (18)

At room temperature pinacol formation accounts for
about 25% of the decay.!?

In EPR studies, a solution of acetone in 2Pr, purged
with nitrogen or argon, is pumped through a flow-EPR
cell. Theradicals are formed insitu by irradiation with
UV light. With steady-state irradiation the spectrum
observed is that of a spin system at thermal equilibrium.
It consists of seven peaks with binomial intensity
distribution arising from hyperfine interaction with the
six equivalent methyl protons (ay = 19.7 G). High-
resolution spectra reveal further splittings due to the
hydroxyl proton (0.7 G) and second-order effects.?

Time-resolved EPR spectra, in principle, can show
CIDEP from the TM and RPM. Asdiscussed insection
3.1, TM spin polarization will give a single-phase
(absorption or emission) signal contribution in which
the relative intensities of hyperfine components are
identical to those found at thermal equilibrium. If
radical formation involves photoexcited triplets, ST,
RPM CIDEP will give a spectrum with inversion
symmetry with the three low-field peaks (nuclear spin
projections M = 3, 2, 1) in emission, the high-field lines
(M = -3,-2, -1) in absorption, and the center line with
zero intensity.

Paul'? studied the kinetics of the reaction and the
spin polarization created by radical formation and decay
with cw EPR. The study used modulation of the
intensity of a light source in conjunction with phase-
sensitive detection of the EPR signal. Dataon chemical
and spin dynamics is derived from the light modulation
frequency dependence of the amplitude and phase of
the signals. Paul finds no evidence for TM CIDEP and
gives values of =20 and =60 for the geminate- and F-pair
spin polarization of the M = 1 hyperfine peak. The
RPM CIDEP values have been questioned!® because
they are based on a value for the spin-lattice relaxation
time of (CHj);COH (Ti1 = (.94 us) which is about a
factor 3 lower than the value obtained in TREPR%
and pulsed-EPR studies.4®

TREPR measurements show that the spectrum of
(CH3);,COH contains a single-phase absorptive signal
contribution, in addition to the E/A contribution from
STy CIDEP, even for rq < 1 pus.421%.102 The origin of
the single-phase contribution has become a point of
dispute. Paul’s study!? indicates that this signal
component arises because spin polarization from ther-
malized acetone triplets is transferred to the doublet
radical. Transfer of Boltzmann polarization from a
triplet spin system will give doublet radical polarization
that is ¢/3 times the thermal equilibrium value P. On
the other hand, a detailed study of the system by
Yamauchi et al.!%2 concludes that the absorptive con-
tribution stems from TM CIDEP. In a later study,™
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these authors give a value of 8P, for the polarization
that gives rise to the enhanced-absorption signal.

The conclusion that TM CIDEP gives a noticeable
signal contribution has been questioned for the fol-
lowing two reasons. First, the acetone triplet spin—
lattice relaxation rate—estimated to be ~2.5 X 108
g1 102—exceeds the pseudo-first-order rate constant of
H abstraction (~107 s7! 1%) by about a factor of 25. As
a consequence, according to eq 4, TM polarization will
be 1/ 4 times the initial triplet polarization Pr. Second,
the EPR spectrum from acetone triplets!!? indicates
that TM CIDEP should give rise to an emissive signal.

On the basis of TREPR studies, McLauchlan and
co-workers®42107 glso conclude that there must be an
enhanced-absorption signal contribution with a non-
equilibrium spin polarization of ~7P,,. However, the
Oxford group provides evidence that the signal cannot
be due to TM CIDEP. For instance, an enhanced-
absorption signal of similar magnitude is found when
the ketyl radical is formed in a reaction of 2Pr with
tert-butoxy radicals given by photocleavage of tert-
butyl peroxide:}?’

hv
(CH,);COOC(CH,); — 2(CH,),CO

(CH,),CO + (CH,),CHOH —
(CH,),COH + (CH,),COH (19)

Since radical formation in this case does not involve a
triplet excited-state precursor, it is evident that TM
CIDEP cannot play a role. To account for their
observations, McLauchlan and co-workers propose that
an, as yet unidentified, mechanism is responsible for
the polarization.9?

Studies also have been concerned with the radical
pair [(CH3),COH.--(CH3);COH]51%41% TREPR spectra
from acetone ketyl radicals in 2Pr show derivative-like
signal contributions at low temperature (<-40 °C).
These have been attributed to the presence of SCRPs
in solution at the time of signal detection.55104106 The
origin of the unusual lineshape has been discussed in
section 3.3. The spectroscopic data show that the
radical pairs have a longer lifetime than that predicted
by a model of free diffusional motion given the bulk
viscosity of thesolvent. Toaccount forthelong lifetime,
it has been proposed that relative motion of the radicals
forming the pair is inhibited by a relatively rigid
microscopic solvent structure.

4.2.2. FT EPR Study of Acetone/2-Propanol

The FT-EPR study? of (CH3);COH was concerned
with the following topics:

(i) The question of which CIDEP mechanisms play
arole. The unequivocal identification of a TM CIDEP
contribution is of interest because the effect conveys
information on the characteristics—isc spinselectivity,
spin-lattice relaxation time—of an excited-state pre-
cursor that cannot be studied directly. Particularly
intriguing was the possibility of a contribution from a
novel CIDEP mechanism.!%?

(ii) The determination of magnitudes of spin polar-
ization. It is difficult to derive magnitudes of spin
polarization from TREPR spectra. As pointed out in
the Introduction, this is due in part because the time
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Figure 17. Central portion of the FT EPR spectrum from
(CD3);COD in acetone-de/2-propanol-ds for a series of delay
time between laser pulse (308 nm) and microwave pulse. Note
that broad lines in the center are due to paramagnetic centers
in the quartz dewar insert produced by the UV light. Delay
times (from front to back: 0.03, 0.06, 0.10, 0.20, 0.59, 2.0, 5.0,
10, 50, and 100 us). Reprinted from ref 43; copyright 1988,
Weizman Science Press.

regime over which the time evolution of spectra can be
monitored is restricted. The perturbation of the spin
system by the microwave field is a complicating factor
as well. These factors do not play a role in FT EPR
measurements so that one expects to be able to measure
the values of spin polarization given by the different
CIDEP mechanisms.

(iii) A further objective of the FT EPR investigation
was to get information on the kinetics of formation and
decay of radical pairs at room temperature. With
TREPR it could be shown that radical pairs of
(CH3),COH in 2Pr have a lifetime in excess of 1 us at
-80 °C which is attributed to the special solvent
characteristics.!®® One would like to be able to study
SCRPs at room temperature as well because it may
give an insight, at the molecular level, into how solvent
molecules affect chemical kinetics. At room temper-
ature the lifetime of SCRPs is too short for them to
contribute noticeably to TREPR signals. However, as
pointed out in section 3.3, it is possible to probe the
characteristics of these transient species with pulsed-
EPR methods even under conditions where they may
no longer be present at the time the EPR signal is
recorded %%

The FT EPR study? of the acetone/2Pr system was
mainly concerned with the photochemical reaction of
perdeuterioacetone with perdeuterio-2-propanol. Deu-
terated compounds were employed for two reasons.
First, the spectral width of the EPR of the normal
acetone ketyl radical far exceeds that covered by the
microwave pulse (cf. section 2). FT EPR spectra of
this radical show only three of the seven groups of lines
(corresponding to a spectral range of ~40 G). Deu-
teration makes it possible to cover the entire spectral
range. Second, the reduction in hyperfine coupling
constants by about a factor of 6 removes splittings due
to the hydroxyl proton and second-order effects. Asa
result, (CD;);COD gives a simple 13-line spectrum
(hyperfine coupling 2.9 G%5). TREPR studies®104.106
established that EPR spectra of the deuterated radical
show CIDEP effects similar to those of the nondeu-
terated system. Measurements were performed on
protonated systems to check for isotope effects on
reaction kinetics and spin polarization.

CIDEP Effects, Chemical Kinetics, Relaxation.
Figure 17 displays the central portion (70 MHz) of the
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FT EPR spectra from (CD3);COD radicals generated
by pulsed-laser excitation of acetone-ds (1 M) in
2-propanol-ds for delays between laser excitation and
#/2 microwave pulse ranging from 30 ns to 100 us. The
spectra are similar to TREPR spectra from (CDj).-
CODS55104105 with for 74 < 5 us, high-frequency (low-
field) peaks in emission and low-frequency peaks in
absorption. Itis noteworthy that this pattern remains
essentially unchanged in the time interval from 30 ns
to 5 us. Aspointed out earlier, the rate of triplet spin—
lattice relaxation far exceeds the rate of H abstraction.
In that case a significant TM CIDEP contribution!%?
should grow in with a rate determined by triplet
relaxation according to eq 4. Hence, one would expect
tosee a dominant absorption (or emission) contribution
in the spectra obtained with 74 < 100 ns similar to that
found in ZnTPP/DQ and ZnTPP/BQ systems (cf.
section 4). Atlater times, the RPM contribution would
gain in relative importance because of diminution of
spin polarization in the triplets as they relax to thermal
equilibrium. Thespectragiven in Figure 17 thus point
to a small or vanishing TM contribution. This con-
clusion is confirmed by the quantitative analysis of the
evolution of the spectra described below.

Numerical data for the time evolution of the spectral
parameters—frequency, amplitude, line width, and
phase of seven hyperfine components in the center of
the spectrum—were derived with the aid of an LP/
SVD-VARPRO analysis®*® of the FIDs. A direct
analysis of the time dependence of the amplitude of
individual hyperfine lines is difficult because it involves
a large number of unknowns. However, the data
analysis can be simplified by taking advantage of the
characteristics of CIDEP contributions. ST, RPM
CIDEP gives rise to an emission/absorption pattern
with inversion symmetry. Spinpolarization carried over
from precursor triplets gives a contribution in which
the relative intensities of hyperfine lines is maintained.
Hence, the time evolution of the difference in signal
amplitudes of -M and +M hyperfine components (ASy)
gives the time development of RPM CIDEP. The time
evolution of the M = 0 signal (Sy) as well as the sum
of the amplitudes of +M and -M signals (LSy) gives
the time development of nuclear spin state independent
spin polarization contributions such as TM CIDEP.

The time dependence of the ASy, Sy, and LSy signals
is shown in Figure 18. The time development of RPM
polarization, given in Figure 18a, is governed by the
rates of radical formation ksand spin-lattice relaxation
krr. This assumes that the difference signals are
dominated by geminate-pair spin polarization contri-
butions. In that case the growth and decay of ASm
signals is represented by the following equation:

A
”_k; (e - et 20)

TR ~ Rt

The solid lines in Figure 18a represent least-squares
fits of the data points to eq 20. The average value of
k¢ derived from the ASy data is (6.1 £ 0.5) X 10° gL

Figure 18 shows that the kinetics of So and ¥.Sy signal
growth is very similar to that of the ASy signals. A
least-squares analysis of the data presented in Figure
18b based on eq 20 gives ks = (5.5 £ 0.4) X 10° g1
Evidently, the rate constants derived from the two sets
of data do not show a statistically significant difference.

ASM=k
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Figure 18. (a) Time dependence of the difference in signal
amplitudes of the -1 and +1; -2 and +2; -3 and +3 hyperfine
components in the spectrum of (CDj).COD. (b) Time
dependence of the amplitude of the central hyperfine (S,)
component and the sum (LSy) of the +1 and —1; +2 and -2;
+3 and -3 hyperfine components. The solid lines give the
least-squares fits to the data points based on eq 20. Reprinted
from ref 43; copyright 1988; Weizman Science Press.

The result establishes unequivocally that TM CIDEP
does not give a noticeable signal contribution.

The data presented in Figure 18 lead to a further,
qualitative, conclusion. The least-squares analysis
based on eq 20, given by the solid lines in Figure 18, will
account satisfactorily for signal decay only if the signal
amplitudes reflect strong polarization generated in the
radical formation step. In that case, radical decay and
associated F-pair spin polarization constitute a small
perturbation. As expected, this condition is fulfilled
reasonably well for the AS)signals which stem entirely
from RPM CIDEP and, for 74 < 10 us, are dominated
by gemintate-pair spin polarization. The rate of decay
of ASy signals, 1.8 X 108, to a good approximation,
represents the ketyl radical spin—lattice relaxation rate
so that T} ~ 5.6 us. Equation 20 evidently does not
account very well for the decay of the Sy and ¥.Sx signals
even in the time domain between 1 and 10 us (cf. Figure
18b). The inevitable conclusion is that the absorptive
signal contribution cannot reflect a strong deviation
from thermal equilibrium. The data provide support
for the conclusion that the absorptive signal contri-
bution stems from thermalized triplets.!?

A quantitative analysis of the decay of the Sy and
Y Sumsignal can be given based on a model that considers
spin—lattice relaxation (kT,®) and (second-order) radical
decay (R4). Noting that the EPR experiment measures
the time dependence of the population difference
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Figure 19. Analysis of the decay of the Sy and LS, (M =
+1, +2) signals. The solid lines are least-squares fits to the
data points based on eqs 21 and 22. Reprinted from 43;
copyright 1988, Weizman Science Press.

between the 8 and « electron spin states for a given
nuclear spin projection M, ANum(t) = (Ng,, — No, ) (1), it
can be shown that

ANy(®) = Py ()N (O)[1 + NOk,t1" (2D

where

Py(t) - P = (P,,(0) - P *m™" (22)

In these equations Py(t) represents the spin polarization
at time t, P4{ is the Boltzmann spin polarization, N(t)
gives the number of radicals in nuclear spin state M at
time t, and N(0) is the total number of radicals at time
zero. Figure 19 shows the results of least-squares fits
of the decay of the Sy and LSy (M = %1, £2) signals
to eqs 21 and 22. In the analysis 74 = 2 us has been
taken as time zero. Furthermore, the ratio P,
(0)/ P3} has been set equal to */3 in accordance with the
assumption that net absorption originates from ther-
malized triplets. The average value of the spin-lattice
relaxation rate given by the analysis is ky» = (1.2 £ 0.3)
X 105 g1, This gives T} = 8.3 us as compared to the
value of 5.6 us given by the analysis of the difference
signals (vide supra). The relatively large uncertainty
in this result is consistent with the presence of a small
net absorptive signal contribution. As expected, the
rate of chemical decay is determined with a much
smaller uncertainty, kaN(0) = (1.01 £ 0.01) X 10% g%,
The reported second-order rate constant for decay of
(CH;);COH is 1 X 10° M1 g1} From this it can be
deduced that a laser flash produces a concentration of
ketyl radicals ~ 10~ M. Equations 21 and 22 fail to
account satisfactorily for the decay of ASy signals. In
this case RPM CIDEP is monitored and it is evident
that signal decay is affected by spin polarization
generated by chemical decay (F-pair CIDEP).1%

FT EPR measurements on acetone-h¢/2-propanol-
hg?® focused on the central three groups of lines
representing the M = 0 and M = =1 hyperfine
components. A least-squares analysis of AS; data based
on a first-order signal growth and decay model (eq 20)
gave a rate constant of signal growth of 1.1 X 107 s and
a rate constant of signal decay of ~3.4 X 10°s7%. Since
decay is dominated by spin-lattice relaxation, the
measurement gives ™ = 2.9 us in good agreement with
published values. 19,108 A comparison of the spectra
depicted in Figures 2 and 3 shows that, because of the
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large difference in hyperfine coupling, ST, spin po-
larization is substantially larger in the spectrum of the
protonated radical. Forthisreason,the decay AS; will

provide a more accurate value for T+

It has been questioned!”” whether the TF value
obtained in the FT EPR study of (CD;),COD® is correct
considering the value for the protonated system.
McLauchlan et al. suggest that an analysis of the decay
of the Sy and LSy signals based on T® = 3 us and
leaving the nuclear spin state independent polarization
as an adjustable parameter would yield a larger ab-
sorptive signal contribution than the one introduced in
the original data analysis.2? A reevaluation!!® of the
FT EPR data based on this suggestion confirms that
the least-squares procedure is rather insensitive to the
choice of the value of T¥. However, a lowering of the
T% value leads to a reduction in the polarization factor,
i.e., it becomes smaller than the value of 4/; times the
Boltzmann polarization used previously. Therefore,
the FT EPR data provide no evidence for a CIDEP
mechanism that produces net spin polarization in excess
of that given by a thermalized triplet precursor.

The time evolution of geminate- and F-pair RPM
CIDEP contributions to the FT EPR spectrum from
(CD3),COD is given by the ASy difference signals (cf.
Figure 18a). Geminate-pair spin polarization will be
the dominant contribution to the ASy signals for 74 <
1 us since TF and radical decay effects are minimal in
this time regime. From the AS,/Z,;, ASs/Z,, and ASy/
Z3 data, the ratio of the spin polarizations was found
tobe1:1.9:2.9. Theratioof SToRPM CIDEP calculated
using eqs 5 and 6 (section 3.2) with v = 0484 for M
ranging from 1to 6is 1:1.9:2.6:3.2:3.7:4.1. Clearly there
is excellent agreement between experimental and
theoretical data for the M = +1, %2, %3 hyperfine
components.

For 74 < 1 us the magnitude of LSy is a measure of
spin polarization carried over from triplets precursors.
It was concluded that this polarization amounts to /3
times the thermal-equilibrium polarization in doublet
radicals (Ps). As long as spin-lattice relaxation and
chemical decay do not affect the EPR signal, i.e., for
74 < 1 us, the values of the geminate-pair spin
polarizations, relative to Peq, are given by 8/3(ASy/LSw).
As expected, the values obtained are constant for 0 <
74 £ 1 us. For the M = =1, %2, x£3 hyperfine
components, the geminate polarizations derived from
thisrelationship are 4.2-,7.9-, and 12.2P,, respectively.
According to eq 5, the magnitude of ST, spin polar-
ization is proportional to the square root of the
difference in resonance frequency of the radicals making
up the pair.##49 Taking nuclear spin state degeneracy
into account, the relation between ST, polarization of
the M = 1 hyperfine lines in the spectra of (CH3);COH
and (CD3).COD is given by P = 1.22(ay/ap)*/?PD. It
is assumed here that isotopic substitution does not
change the characteristics of the radical pair. The
relation gives P! = 3.18PD so that P’ = 13.4P,;. As
expected (cf.section 4.2.1), this value is somewhat lower
than the value given by Paul.!2

Spin-Correlated Radical Pairs. For small 74 (0-200
ns) the spectra contain a pronounced dispersive signal
contribution. This is evident from the delay-time
dependence of the signal phase shown in Figure 20 and
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Figure 20. Time evolution of the signal phase of the M =
+1, £2, +3 hyperfine components in the spectrum from
(CD3)3:COD. (Note the change from emission (180°) to
absorption (0°) of the three high-frequency components in
the time region from 3 to 10 us.) The FT EPR spectrum
obtained with 74 = 10 ns given in the inset shows pronounced
dispersive signal contributions. The frequency increasesfrom
right toleft in this spectrum. Reprinted from ref43; copyright
1988; Weizman Science Press.
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Figure 21. Time dependence of the amplitude of the
dispersive component of the M = -2 line in the spectrum
from (CD3):COD. A least-squares fit of the data points to eq
20 is given by the solid line. Reprinted from ref 43; copyright
1988, Weizman Science Press.

from the line shape of hyperfine components in the FT

EPR spectra (cf. inset in Figure 20). As discussed in
section 3.3, an out-of-phase signal component is the
signature of the presence of SCRPs at the time the #/2
microwave pulse is delivered.5® It is noted that this
signal makes a very minor contribution to the EPR
spectrum. For instance, for the AM = -2 component,
the maximum in the dispersive signal amounts to less
than 10% of the maximum in-phase signal amplitude.
For 74 = 1 us the dispersive signal is less than 2% of
the real component.

The time dependence of the amplitude of the
dispersive component of the M = -2 signal is displayed
in Figure 21. The solid line represents a least-squares
fit to the data based on a model that assumes that the
paramagnetic species responsible for this signal is
formed in a first-order reaction and that its decay is
first order as well. Then the time dependence of the
amplitude is given by an expression similar to eq 20.
Analysis of the time dependence of the out-of-phase
signal contributions to six hyperfine components gives
an average decay rate constant of (7.5 % 3.7) X 108571
The rate constant of signal growth is ~5 X 107 71,
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Figure 22. Central portion of the FT EPR spectrum from
(CH3).COH produced by photocleavage of tert-butyl peroxide
in 2-propanol for different delay times between laser and
microwave pulses. Signals from the three hyperfine com-
pc}neg;a were measured separately (see section 4.2.3). From
ref 108.

4.2.3. FT EPR Study of tert-Butyl Peroxide/
2-Propanol

The analysis of the time dependence of the FT EPR
spectrum produced by acetone/2Pr is complicated by
the fact that both geminate- and F-pair CIDEP
contribute to the signal and that, inevitably, spin
polarization is transferred from precursor triplets. In
the photolysis of tert-butyl peroxide (TBP) in 2Pr, ketyl
radicals are formed in a reaction of 2Pr with tert-butoxy,
doublet-spin, radicals according to eq 19. This makes
it possible to study the time evolution of F-pair
polarization in the absence of geminate pair and TM
CIDEP. Byremovingthesesources of spin polarization,
the determination of the magnitude of F-pair CIDEP
will be easier. Also, the presence of a CIDEP process
giving an enhanced-absorptive signal contribution!®?
will be more readily identified.

Measurements were performed!® on an Ar-purged
solution made up of TBP/2Pr (}/; v/v) pumped
through an EPR flow cell. The concentration of
acetone—generated in radical decay reactions (eqs 17
and 18, section 4.2.1)—was kept small to ensure that
it would not affect the results of the study. As noted
previously (cf. section 4.2.2), the frequency range
covered by the spectrum of (CH3),COH far exceeds the
bandwidth of the spectrometer. For this reason the M
= -1, 0, and 1 hyperfine lines were measured separately
by shifting the magnetic field in order to have the signal
of interest on resonance.

Figure 22 shows the central portion of the FT EPR
spectrum from (CH3);COH for delay times between
laser and microwave pulses ranging from 50 ns to 200
us. The displayed spectra represent an assemblage of
signals given by the central three hyperfine components.
The tert-butoxy radical cannot be observed because of
its short lifetime. For 74 < 200 ns, the spectra are
dominated by an absorptive signal contribution. In
the time regime from 100 ns to 50 us, the effect of F-pair
spin polarization is pronounced. F-pair CIDEP turns
the M = 1 component into emission over a range of
delay times. The low-field emission/high-field absorp-
tion pattern corresponds to that found for geminate
pair CIDEP.



194 Chemical Reviews, 1993, Vol. 93, No. 1

20.0
30 1
A
P B
,.; . 20 e {‘
1 15.0 b
« 10 /’/ | *
< o ;
[
'g 00 - )
S 10.0 10 20 30 40 ao}/ .
B .
g t o s
< 507 *
} '
. ® 4 (S1+51)/2
s
0.0
0 100 200 300 400

T4 (us)
Figure 23. Plot of the inverse of the intensity of the M =
0 peak and average of the M = +1 and -1 peaks versus delay
time between laser and microwave pulses. Theinset highlights
the relationship for 1 us < 74 < 50 us. From ref 108.

To determine if the net-absorption contribution
represents spin polarization in excess of the thermal
equilibrium value, the decays of the M = 0 peak and
the sum of M = 1 and M = -1 peaks (LS;) were analyzed.
The time evolution of these signals is not affected by
ST, CIDEP, but will show the presence of non-
Boltzmann, nuclear spin state independent, polariza-
tion. Hence, the decays will be determined by second-
order chemical decay and, if present, first-order decay
of spin polarization. Figure 23 shows that the decays
for 2 us < 74 < 200 us closely follow second-order
kinetics. From the signal decay and the value for the
decay of the acetone ketyl radical in 2Pr (k, = 1 X 10°
M1 g1 1) it can be calculated that the initial radical
concentration is 3.0 X 10™* M. It follows that the
concentration is reduced by about a factor of 2 during
the first 3 us following the laser pulse. Chemical decay
at early times accounts for the rapid growing-in of F
pair CIDEP that is evident in Figure 22.

Nosignificant systematic deviation from second-order
kinetics is observed in the early time regime (see inset
in Figure 23). A deviation would be expected if there
is a significant enhanced-absorption contribution. In
that case spin—lattice relaxation would contribute a first-
order decay component. Itisconcluded thattheresults
provide no evidence for a CIDEP mechanism that gives
rise to net enhanced absorption.1%’

The intensities of the M = 0 peak and sum of M =
+1 and -1 peaks (LS; signal) are linearly related to the
ketyl radical concentration if only STy F pair CIDEP
plays a role and the radicals are formed with overall
Boltzmann spin polarization. Under those conditions
the entire time dependence of the M = 0 and LS, signals
can be described by the rate equation

dN®/dt = kNT exp(—kgt) — ky(N™)? (23)

The equation gives the time dependence of the con-
centration N® of ketyl radicals with k¢ and k4 repre-
senting the rate constants of formation and decay,
respectively. It is assumed that the tert-butoxy
radicals—concentration Ni—are formed instanta-
neously, that is, within the duration of the laser pulse.
It is found that eq 23 does not account for the time
evolution of the absorptive signal. Instead, a satisfac-
tory interpretation of the data is obtained with a kinetic
model that takes the spin dynamics of the tert-butoxy
radicals into account. The analysis is based on the
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Figure24. Schematicdiagram illustratingthe processesthat
determine the time evolution of the intensities of the hyperfine
components in the spectrum of (CH3);COH generated by the
reaction of tert-butoxy radicals with 2-propanol. For a
discussion see text (section 4.2.3). From ref 108.

assumption that the tert-butoxy radicals are formed
with zero net polarization and that spin-lattice relax-
ation is slower than, or of the same order of magnitude
as, the rate of hydrogen abstraction. A schematic
diagram representing the processes that determine the
time dependence of the spectrum is shown in Figure
24. According to the model, the population difference
ANY between 8 and « spin states for a nuclear spin
state M in (CH;);COH is determined by the following:
k(i) Spin-lattice relaxation of precursor radicals
(kTP).

(ii) H abstraction in which spin state is conserved
(ko).

(iii) Spin-lattice relaxation of (CH3):COH (krg).

(iv) Chemical decay in which F pair CIDEP is
introduced phenomenologically in the form of a spin-
state-dependent reaction rate k(1 = 8)s), where the plus
and minus signs distinguish decay from 8 and « electron
spin states, respectively, and the subscript M marks
the fact that the reaction rate differential dp (|6r < 1)
is a function of nuclear spin state.

The differential equation that represents the time
dependence of the Mth hyperfine peak is given by

dANi}/ dt = kffMPoqNoP [kt — g @hTiP+ROE] _
hANEN Bk Do PV
SnkafND? (24)

Here fu represents the nuclear spin state degeneracy,
P, is the Boltzmann spin polarization, NoP gives the
initial concentration of tert-butoxy radicals and N® the
(CH3);COH concentration. 8y is a, time-independent,
F-pair spin polarization factor identical to the parameter
used by Paul!? to account for F-pair polarization in the
acetone/2Pr system. For ST, CIDEP (pure multiplet
effect)

60=0, Op=-0bpp ;6MN§M = ";%me

Equation 24 was used in a least-squares procedure to
describe the intensities of the three central hyperfine
peaks in the spectrum of (CH3):COH in the time domain
ranging from 10 ns to 400 us. The analysis made use
of previously reported values for Tf (2.7 us'? and kq (1
X 109 M gt11) The result of the least-squares
analysis, executed simultaneously for the three signals,
is displayed in Figure 25. The values obtained are k¢
= 2.5 X 107 g1, T = 85 ns, and 33| = 3.5 X P, N¥ =
3.8 x10* M.
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Figure 25. Delay-time dependence of the intensities of the
central three hyperfine peaks in the spectrum from (CHa).-
COH generated by the reaction of tert-butoxy radicals with
2-propanol. The solid lines represent the result of a least-
squares fit of the data points to eq 24. See text (section 4.2.3)
for further details. From ref 108.

4.2.4. Conclusions

First it is of interest to note that the acetone/2-
propanol system gives very strong FT EPR signals. As
isillustrated in Figures 2 and 3, an FID (data acquisition
time 10 us) generated by a single-laser pulse/microwave-
pulse sequence gives spectra with good S/N even for
radicals that must be close to thermal equilibrium. This
makes it an excellent model system for the development
of novel pulsed-EPR techniques for the study of
photochemical reactions.

By giving direct information on the time development
of the spectra in the first few hundred nanoseconds,
the FT EPR spectra could be used to measure: (1) the
rate of radical formation for both the acetone/2Pr and
TBP/2Pr systems, (2) the magnitude of the spin
polarization carried over from paramagnetic precursors-
i.e., acetone triplets and tert-butoxy doublet radicals,
(3) the spin-lattice relaxation time of tert-butoxy
doublet radicals. The RPM spin-polarization pattern
observed establishes that ketyl radical formation in
acetone/2Pr involves acetone triplets. On the other
hand, the data on TBP/2Pr point to an initial net zero
polarization of precursor doublet radicals, a finding that
is compatible only with photo-cleavage of singlet excited
state TBP.

The magnitudes of the geminate-pair (13.4P,) and
F pair (8.5P,) polarization of the M = £1 hyperfine
peaks show a significant deviation, whereas theory
predicts that they should be identical. There are two
likely causes for the deviation. First, it should be
recalled that the geminate-pair polarization is not
measured directly. It is derived from measurements of
(CD3);COD by using the theoretically predicted de-
pendence of the polarization on the square root of the
hyperfine coupling constant*4® (cf. eq 5) in section 3.2).
The square-root dependence applies only if the radical
pair lifetime remains unchanged. In this system, it is
very well possible that a change from deuterated to
protonated solvent has an effect on radical pair lifetime.
Second, geminate and F pair polarization will have the
same value only if singlet-state-forming radical en-
counters will lead to radical decay with unit probability.
For (CH;):COH in propanol this condition is not
fulfilled. Apparently, decay from the singlet state has
a 0.6 probability only.!* ST,mixing in the radical pairs
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that are born in the singlet state will generate polar-
ization of opposite sign of that produced by pairs formed
in the T state.

FIDs from (CD;);COD in acetone-de/2Pr-ds for 74
<200 ns show a pronounced out-of-phase component
given by the presence of [(CD3);COD-+(CD3):COD]
radical pairs in solution. The growth and decay of the
signal give the kinetics of formation and decay of this
species. Atroom temperature,the radical pair lifetime
is in agreement with a cage-escape rate determined by
free diffusive motion of the radicals. By contrast, low-
temperature TREPR data provide evidence for “trap-
ping” of the pairs in long-lived solvent cages.!%®

It is noteworthy that STy polarization in the ketyl
radical system is appreciably smaller than the values
found for ZnTPP/BQ (cf. section 4.1.1). The difference
cannot be attributed to a difference in relevant hy-
perfine interactions. Data on the characteristics of the
radical pairs lead to the conclusion that the difference
must be due to radical pair lifetimes. At room tem-
perature, the cage-escape rate for the ketyl radicals
appears to be determined by free translational diffusion.
For [ZnTPP*..BQ"], on the other hand, the lifetime is
increased appreciably by Coulombic interaction be-
tween redox ions.

5. Concluding Remarks

The unique aspect of the application of time-resolved
(cw and pulsed) EPR in the study of photochemical
reactions is that it can provide a detailed insight into
spin-state dynamics of paramagnetic species. Data on
relaxation times and CIDEP effects contribute to the
understanding of reaction mechanisms and molecular
motion. Measurements also can give reliable data on
reaction kinetics.

A major advantage of the FT EPR technique is that
it considerably simplifies the data analysis compared
with that required for spectral data given by time-
resolved cw EPR methods. Since the time evolution of
spin polarization is not perturbed by a cw microwave
field, the spectra more directly reflect spin-state
evolution, especially in the early time domain (0 < 74
< 200 ns). As a consequence, it is easier to identify
contributions from different CIDEP mechanisms and
gain information on paramagnetic species that do not
contribute directly to the spectra. Other advantages
include high sensitivity and high spectral resolution.

Given the fact that FT EPR instruments so far have
been available only to a few investigators, the accom-
plishments must be considered very promising. Now
that a commercial instrument has become available,™
one may expect to see a rapid growth of the number of
applications, development of novel pulse techniques,
and advances in instrumentation. With respect to the
last point, it can be noted that improvements in time
resolution and bandwidth coverage of the measurements
are both desirable and probably not too hard to realize.
It will be of special interest to increase the time response
to the point that the development of spin polarization
in radical pairs can be studied in more detail.

To fully exploit the capabilities of the technique, the
methods of data analysis have to be adapted to
situations where it is evident that the spin system
experiences a significant evolution during the time that
the FID is recorded. This is the case, for instance, for
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electron transfer in micellar solutions.** Spectra from
the acetone ketyl radical in 2-propanol also point to an
evolution of the system during the first few hundred
nanoseconds.?? Information on radical pair dissociation
or movement of radical ions across the boundary
between hydrophobic and hydrophilic phases can be
contained in the time-domain signal. It will require
new data analysis methodologies to take advantage of
this fact.
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