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ABSTRACT

Time-resolved pulsed EPR spectrometers are described. EPR
spectra, kinetic profiles, and relaxation studies are used to
illustrate some capabilities of the pulsed EPR experiment. Op-
tical detection of time-resolved EPR spectra of radical ion
pairs is used to study radical-ion recombination kinetics, re-
combination pathways and the structure of radical anions and
cations.

INTRODUCTION

The study of many areas of chemistry involves investigation
of short lived intermediates . Tn this last decade, we have wit-
nessed an inexorable expansion of scientific tools which allow
us to probe ever shorter time intervals in.chemical reactions.
A vast area of chemistry deals with the reactions of transient
paramagnetic intermediates. It is to this area that we focus
here. We will illustrate how we can develop ways to study
short lived radicals in liquids by magnetic resonance methods.

Any study of transient paramagnetic species in solution is
closely tied to the available methods of creating radicals and
the time resolution of the method chosen for their detection.
The intense pulsed lasers, e.g., nitrogen and more recently ex-
cimer lasers, can be used to create substantial concentrations
(up to ilO~4 M) of radicals in several nanoseconds. Pulse ra-
diolysis utilizing short and intense electron beam pulses has
been around longer and substantial radical concentrations
(«\«10~3 M) are obtainable.

Why are we interested in the magnetic resonance tools,
when neither sensitivity nor time resolution of EPR and NMR can
equal the capabilities of optical detection methods? The limi-
tations of magnetic resonance tools are offset by the ability
of magnetic resonance to provide more definitive information on
the identity and structure of the paramagnetic intermediates.
As we will illustrate here,, much can be done to make substan-
tial improvements in both time resolution and the sensitivity
of the time resolved magnetic resonance methods.

While we have developed several time resolved EPR and NMR
experiments for the study of transient radicals in liquids, we

NOTICE focus here on the EPR developments.
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METHOD

At first continuous wave (CW) EPR was used to study tran-
sient radicals. High frequency field modulation and more re-
cently no field modulation ("direct detection") EPR has been
successfully used to study paramagnetic transients (1). While
CW-direct detection EPR is still a very popular tool for the
study of kinetics at a time scale ^1 usec, if we wish to study
radical dynamics at shorter times we often benefit by using
pulsed microwaves. As we will illustrate, the use of pulsed
microwaves, i.e., spin echo method, has many advantages of the
CW-EPR approach. The absence of the microwave field (Hi) dur-
ing observation in the spin echo method results in the major
simplification of the kinetic analysis of transient magnetiza-
tion (Mz) bypassing problems duo to magnetic field inhomoge-
neity, and cavity disturbance at times close to the electron
beam or laser pulse (2,3).

We will consider here several experiments where EPR spec-
tra of transient radicals or radical ions, kinetics and relaxa-
tion are studied using one, two, or three microwave pulses.
The optically detected EPR study of radical ions utilizes a
single microwave pulse as we shall illustrate later.

The two pulse (spin echo) sequence (microwave detection)
which is used to obtain either the EPR spectra or transient
radical kinetics is illustrated in Figure 1.

The transient magnetization created by either electron
beam or laser pulse is sampled by the 90-T-180-T-echo sequence.
When this two-microwave pulse sequence is started at time t
after the electron beam pulse and when the magnetic field is
swept, one obtains EPR spectra of the transient (and stable)
radicals present at that time (Figure 2) . When the magnetic
field is held at some fixed value corresponding to a particular
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Figure 1. Timing between the electron beam (or laser) pulse,
microwave pulses, and the observation (boxcar) gates.



Figure 2. Field swept EPR spectrum of -CI^CO^ radical (pulse
radiolysis) at 1 psec after the electron beam pulse (B) central
quartz signal reduced by beam-no beam subtraction.

EPR peak in EPR spectra in Figure 2, and the time between the
creating pulse and the microwave pulse sequence is swept (t),
tiie formation-decay of M is obtained (Figure 3) .

The problem in the pulsed EPR-spin echo approach is that
when obtaining spectra, all magnetization present (at the time
when the 90° pulse is applied) is observed. In order to sepa-
rate transient from steady state EPR species, special pulse
sequences can be used which utilize phase shifting (Figure 4).

Spectra obtained with phase shifted pulse sequences are
illustrated in Figures 5 and 6. For the study of kinetics,
this is not necessary. The phase alterations of the second
180° pulse and "field spoiling" reduced FID interference which
can be a problem when radicals with narrow lines are studied,
i.e., when there is no substantial inhomogeneous broadening.

INSTRUMENTATION

The present state of microwave technology allows a straight-
forward design of the pulsed EPR spectrometer. Figure 7 illus-
trates the major components. The Gunn diode is a source of
microwaves which are then switched as appropriate by the micro-
wave switch #1 to produce desired pulses, amplified by the
Traveling Wave Tube amplifier (TWT), routed to the cavity and
then observed by the balanced mixer after amplification by a
low noise GaAs FET amplifier or low noise TWT. Microwave



Figure 3. Kinetic traces
(intensity arbitrary units)
of the high field (HF) and
low field (LF) .CH2CO2
lines. Data (crosses)
and least squares fitting
(solid line). Dots in-
dicate the calculated line
through data points that
were not used in the least
squares fitting. Absolute
normalized values of the
intensities of the two
lines are illustrated.
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Figure 4. Schematic of
phase shifted pulse se-
quences used to reduce
FID interference from
the second microwave
pulse and accomplish
beaia-no beam subtraction.
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Figure 5. EPR spectra of ^
obtained without (top) and with
(middle and bottom) phase shifted
pulse sequences. Bottom spectrum
represents a y-enlargement of the
middle spectrum.

Figure 6. High
field line of
•CH2CO2 radical
(at 1 ysec).
(A) No field
spoil, no phase
alteration; (B)
phase alteration
only; (C) field
spoil and phase
alteration; (D)
field spoil only.
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Figure 7. Schematic of the pulsed EPR experiment on the 3 MeV
Van de Graff. The switching functions of the microwave
switches are illustrated.
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Figure 8. Timing, microwave switching and data acquisition
schematic.

switches #2 and #3 serve to reduce the noise from the high
power TWT from reaching the microwave detector.

The signal from the balanced mixer is amplified by a fast
preamp and then sent to a boxcar averager and deposited in the
memory of a time averaging computer. The layout of pulse con-
trol and signal handling is outlined in Figure 8.

Data Analysis: Acetate Radical CIDEP, Kinetics and Relaxation

The acetate radical is formed by OH* abstraction from
acetate (2):
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and decays predominantly by the second order reaction (3). By
observing the time dependence of the acetate radical signals,
e.g., Figure 3, we obtain the time picture of M z{t). The anal-
ysis must include CIDEP, relaxation and chemical decay (3):

M 2 = - T ^ t ) '
1 ! ^ - T^1(Mz - M°) + E(t)M° (4)

The first term in Eq. 4 is the loss of magnetization by radical
decay described by the lifetime T_(t) where:

T R(t)"
L = -(R/R) = -(dlnR/dt) (5)

The second term in Eq. 4 describes spin lattice relaxation to-
wards its equilibrium value M 2°(t). The last term in Eq. 4
represents the pumping of the electron spin system by the chem-
ical reaction. The data analysis is carried out by computer
graphics utilizing an equation derived from Eq. 4. Typically
one varies E (enhancement), Ti (relaxation) time and T c (second
order half life) to obtain a reasonable fit. Curve fitting re-
sults are illustrated in Figures 3 and 9.

It should be noted that this curve fitting procedure in-
volving up to three variables represents a considerable simpli-
fication over the curve fitting applied to CW-EPR data where
additional parameters like Hj are needed and where no reliable
T^ can be obtained.

The Ti and T2 can be independently obtained- by utilizing
three pulse sequences for T^ (180-t-90-T-180) or phase memory
(90-T-180) for T2. In Figure 10 we illustrate the results of
a study of Tj_ dependence on radical concentration. There is a
considerable reduction in Tj (and T2) at high radical concen-
trations. This observation can be explained by considering
that there is an increasing number of nonreactive encounters
at high radical concentrations leading to destruction of tran-
sient magnetization by Heisenberg spin exchange. These studies
provide us with a way to measure the reactive/aonreactive radi-
cal encounter ratio by measuring radical kinetics and .relaxa-
tion. This can provide a better picture of collisions between
reactive radical pairs in solution.

.Time Resolved Optically- Detected EPR .......

The EPR spectra of radical ion pairs that recombine to pro-
duce an excited singlet state can be detected optically via ob-
servation of a resonant changes in the intensity of fluorescence



Pigure_9. High field line of
•CH2CO2 radical at three radical
concentrations. Data (circles)
and curve fit (solid line) are
illustrated.

Figure 10. T^
measurements at
various -CI^CO^
radical concen-
trations .
O Asymptotic
analysis.
/\ Inversion
recovery.
^ Least squares
computer fitting.
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arising from ion recombination. This not only permits the ap-
plication of magnetic resonance to some very interesting prob-
lems, but also results in a major improvement in the specificity
and sensitivity of.time resolved EPR (5,6).

One area of current research (7,8) is the radiation chem-
istry of hydrocarbon solutions of aromatic molecules. Radical
ion recombination is a major source of the excited states pro-
duced by pulse radiolysis. The recombination pathways for ex-
cited state production are summarized in the following scheme
where S and Ar represent the solvent and aromatic solute,
respectively.

am

(6)

(7)

(8)

(9)

(10)
(11)

The primary products of ionization (6) are rapidly scavenged by
solute molecules (7,8). Several ion recombination pathways (9-
11) can then yield excited solute molecules. Experimentally,
excited singlet state solutes are observed via fluorescence and
excited triplet states are most conveniently observed by trip-
let-triplet absorption.

The EPR spectra of radical ion pairs can be detected by
observation of a resonant decrease in fluorescence following
the application of a single (30-100 ns) microwave pulse. Here
we will discuss several features of the fluorescence detected
magnetic resonance (FDMR) technique.

The experimental setup is illustrated in Figure 11. We
use the same pulsed EPR spectrometer described in the previous
section. The light from excited state emission escapes through
a hole in the bottom of the cavity and is detected at a se-
lected wavelength. At some time after irradiation, a single
microwave pulse is applied and the fluorescence is sampled dur-
ing a subsequent txme window selected by a boxcar averager. An
EPR spectrum corresponding to a superposition of the spectra of
the isolated radical ions that recombined to produce the excited
state is obtained by measuring the fluorescence intensity as a
function of the applied magnetic field. For each spectrum, the
positions of the microwave pulse and boxcar averager sampling
window are fixed with respect to the time of irradiation. Typ-
ical FDMR spectra obtained for kinetic studies (Figure 12) con-
sist of a single peak with no resolved hyperfine structure. In
some cases, the hyperfine structure of the FDMR spectrum can be
resolved through the use of long (250-500 ns), low power (Hi <
0.4 g) microwave pulses (Figure 13). Although the hyperfine
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Figure 11. Experimental setup for.optical detection of mag-
netic resonance showing the arrangement of the microwave cavity
containing the sample cell; the electron beam and the light de-
tection apparatus.

TYPICAL FDMR SPECTRA

r
8
u
Ul

i
tu
oc

§

X32
A AJ «r%Artt«i

9.9
K—

GAUSS /

Jt
\ 0.001

\ r '

A*

M PPO

50 ns

125 ns

1300 ns

H,
,-3Figure 12. Typical FDMR spectra of 10 "" PPO (2,5 diphenyloxa-

zole) in cyclohexane. The microwave pulse was applied from 0
to 100 ns after irradiation with a 5 ns electron beam pulse.
The fluorescence was sampled from 75-175 ns (upper trace) or
1250-1350 ns (lower tracel after irradiation.

structure is resolved at the expense of some of the time reso-
luation and sensitivity of the FDMR method, the spectra obtained
in this way can provide useful data on the identity and struc-
ture of the radical ion precursors of excited states in more
complex chemical systems. A plot of integrated FDMR intensity
vs. tirae, obtained fiom a series of spectra similar to those in
Figure 12, provides information about radical ion pair spin



Figure 13. Microwave magnetic field (Ĥ ) dependence of FDMR of
10~3 M biphenyl in cyclohexane. A microwave pulse of H^ value
1.5 G (a), 0.74 G (b) , 0.6 G (c) , 0.47 G (d) , 0.37 G (e) or 0.26
G (f) was applied from 0 to 500 ns after irradiation. The
fluoresence was sampled from 500 to 600 ns after irradiation.

Figure 14. Comparison
of fluorescence inten-
sity (O) and FDMR in-
tensity (#) observed
in 10~3 M PPO-cyclo-
hexane. A microwave
pulse was applied from
0-100 ns after irradi-
ation. The fluores-
cence was sampled at
time A after the cen-
ter of the microwave
pulse. For compari-
son, the FDMR inten-
sity has been scaled
by an arbitrary multi-
plicative constant.
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dynamics and chemical kinetics (Figure 14). The intensity of
the FDMR signal increases for ^70 ns after application of the
microwave pulse and then decays. The time dependence of the
FDMR intensity is dominated by spin dynamics in the time domain
immediately following the microwave pulse and by the recombina-
tion kinetics of the radical ion pair population at later times.

When the time dependence of the FDMR intensity is measured
with higher time resolution (Figure 15) , it is clear that most
of the FDMR intensity develops after the microwave pulse has
ended. Furthermore, compared with data for the corresponding
deuterated solutes, the FDMR intensity observed in cyclohexane
solutions of biphenyl-hio or anthracene-h^g reaches a larger
maximum value at an earlier time (9). This behavior can be
understood in terms of the radical ion pair spin dynamics.
Geminate radical ion pairs are created with purely singlet
orien-fcation of the unpaired electron spins. In a static mag-
netic xxeid, the electron spin wavefunction ¥ rapidly evolves
from its initial state where | <!P | S> j 2 = 1 to a quasi steady
state where |<YJS>|2 = |<(?|T0>|

2 (10). Microwave radiation of
the appropriate frequency connects states with To character
with states of T+i or T^j. character and a decrease in |<¥|TQ>|
results. After the microwave pulse, hyperfine induced S-TQ
aixing acts to re-establish the steady state at a rate deter-
mined by the magnitude of the hyperfine coupling constants.
The S-Tn mixing rate is given by:

= f 2 h-1 I
j

(12)

Figure 15. Time dependence
of integrated FDMR inten-
sity- observed in cyclo-
hexane solutions (0.001 M)
of (a) biphenyl-hi0 (•)
and biphenyl-dio CO) or
(b) anthracene-hxo (#)
and anthracene-djo (O) •
Vertical bars represent
standard deviation of the
mean FDMR intensity for
tines; where multiple
spectra were measured.
The rectangular box in-
dicates the position of
the 30 ns microwave
pulse. The integrated
area units of biphenyl
and anthracene FDMR are
not directly comparable.
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which is the familiar expression from treatments of CIDNP,
CIDEP, and the magnetic field effect (11). Since usually there
is no substantial g factor difference for aromatic radical cat-
ions and anions, the hyperfine coupling constants determine the
S-Tg mixing rate. Consequently, in the time domain immediately
following the microwave palse, we observe the decay of |<'i'|S>J2

as the steady stat-3 is approached. Due to the smaller hyperfine
coupling constants of the deuterated radical ions, the rate of
S -To mixing, and thus the approach to the steady state is slower
for deuterated solutes. After the steady state is established,
the time dependence of the FDMR intensity is determined by ttw
recombination kinetics of the radical ion pairs.

The time and radiation dose dependence of the FDMR inten-
sity establish that the FDMR phenomenon is a resonant change in
the yield of excited singlets from geminate ion recombination.
Time resolved absorption and conductivity measurements (12,13)
have shown that the yield (Ggi) of geminate ion pairs decays
according to

Ggi(t) = Gfi[l + (Y/t)
3*] (13)

where Gf± is the free ion yield and y is characteristic of the
recombination reaction kinetics. If the FDMR effect is a reso-
nant change in the yield of excited states arising from gemin-
ate recombination then the FDMR intensity should be propor-
tional to t~3/2 and scale linearly with the absorbed dose,
since the fluorescence intensity is proportional to the number
of recombination events per unit time. This behavior is ob-
served for a broad range of radiation doses (Figure 16) . At
higher doses, an increased rate of decay of the FDMR intensity
suggests a possible contribution by a dose dependent rate of
spin lattice relaxation due to Heisenberg exchange (6).

The FDMR spectrum is sensitive to the structure of the
radical ion precursors of excited states. Consequently, the
FDMR technique could be used to distinguish the contributions
of the various recombination pathways (9-11) to excited state
production. The FDMR spectrum of the PPO-cyclohexane system at
a low solute concentration shows the presence of broad "wings"
in addition to a narrow central peak (Figure 17). The decay of
the radical species responsible for the wings is somewhat
faster than the decay of the species responsible for the cen-
tral peak (S). This behavior is consistent with the idea that
the wings are essentially the EPR spectrum of the cyclohexane
radical cation or "hole". The kinetic properties of the spe-
cies responsible for the wings are being actively investigated.
If the FDMR method could be used to obtain quantitative data on
the relative importance of solvent-solute or solute-solute re-
combination in excited state production, it could provide the
first direct experimental check on theoretical calculations of
the recombination kinetics (14,15).

Future applications of FDMR in radiation chemistry will
explore excited state production in increasingly complex chemi-
cal systems where t>e sensitivity and specificity of the



Figure 16. Radiation dose
dependence of PDMR of 10~3 M
PPO in cyclohexane plotted
on a t~3/2 scale. Samples
were irradiated with 5 ns
electron beam pulses with
peak current values of 36 mA
(A), 10 mA (O)f and 0.38 m
(•). The microwave pulse
was applied from 0 to 100 ns
after irradiation and the
fluorescence was sampled at
time t. after irradiation.
Data for different doses
were scaled so that all data
sets had a common value at
t-3/2. = 4 x 109 s-3/2.
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Figure 17. Depen-
dence of the FDMR
of 10-"4 M PPO in
cyclohexane wave
pulse was started
at 10 ns (a), 110
ns (b), 210 ns
(c), and 310 ns
(d) after irradi-
ation. The fluo-
rescence was sam-
pled from. 75 ns
to 175 ns after
the start of the
microwave pulse.
For comparison
the y axis values
of the spectra
have been multi-
plied by the
factors indicated.
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technigue can be exploited to best advantage. Another poten-
tially fruitful ares of inquiry is the recombination of photo-
produced ion pairs in liquid solution. Accordingly, we have
recently undertaken an FDMR investigation of photoionization
induced by an excimer laser excitation source.



SUMMARY

We have illustrated time resolved pulsed EPR experiments
utilizing both microwave and optical detection. We feel that,
in the future, these techniques will be applied to many inter-
esting problems in radiation and photochemistry. We have tried
to illustrate, through selected examples from our recent work,
how pulsed EPR methods offer significant advantages over con-
ventional CW EPR techniques for the study of transient para-
magnetic species.
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