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ABSTRACT

NOTICE

Magnetic resonance methods in radiation chemistry are i l l u s -
trated. The most recent developments in pulsed EPR and NMR studies
in pulse radiolys:s are outlined with emphasis on the study of
transient radicals and their reaction products.

INTRODUCTION

Magnetic resonance techniques in radiation chemistry are r e l -
ative newcomers. To be sure, people have for many years irradiated
solids or frozen solutions and studied the resulting paramagnetic
species by EPR. 3ut, that sort of application of magnetic reson-
ance, while obviously useful, can be used to observe only radicals
that l ive for an extended time and wi l l not be of prime concern
to our discussion here. We focus hern on the methods that allow
us to study transient radicals.

In particular, we wi l l focus on the most recent developments
that allow us to observe and study transient radicals in the micro-
second and nanosecond time domains (1,2). Thus, on area of ap-
plication of EPR which involves study of transient radicals by
continuous irradiation ("steady state") w i l l not be covered here.
Everything we have to say about the magnetic resonance methods
would, of course, include those topics as wel l . But, my inten-
tion here is to te l l you how to go to the present limits of tech-
nique. I f you can do that, you w i l l also have the capability to
do al l the other types of "non-time resolved variety".
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Implicit in all this discussion is that somehow the magnetic
resonance method can provide some unique information, that in
spite of its limitations, it has some superior attributes com-
pared to the more conventional optical spectroscopy. Well, that
obviously is determined by your point of view. Magnetic reso-
nance can never equal the time resolution and only sometimes can
approach the sensitivity of optical spectroscopy. But, where
magnetic resonance excelIs is in the information content of the
spectra; one can usually make a definitive assignment of the
identity and structure of the transient radical on the basis of
EPR and NMR; this is not so straightforward in optical specra.

Before we pljnge into the details of various magnetic reso-
nance methods in radiation chemistry, let me, for the sake of
those not so familiar with it, remind you of some very basic
principles of magnetic resonance (3).

Magnetic Resonance

Any study of magnetic resonance involves the study of the
spin energy levels and the populations of these levels in mag-
netic fields.

We concern ourselves either with electron spin in the study
of EPR or with the nuclear spin in NMR. Here, we concern our-
selves only with spin 1/2 systems, as this includes most of the
cases of interest.

In a magnetic field H, the spin has two possibilities:

ELECTRON PROTON

la>e i/3>N

Figure 1. Energy levels of a spin 1/2 species in a
magnetic f ield.



The steady state magnetic f i e l d , H, interacts with the mag-
netic moment of the spin u. This is usually represented by a
Hamiltonian

J(fN = -uN-H = -TNhH-I = -9NeNH-I (la)

je*E = -yE -H = +YhH-S = +gE8EH-S (Tb)

Since I and S have ± 1/2 values, the energy gap h\> = gBH.
The difference in the magnetogyric ratios of the electron and
nucleus are M03 so we observe NMR in the 10° Hz range and EPR in
the 109 Hz range. .Also, note that since at thermal equilibrium
I^/Ng = exp"(9N8NH)/(kT) accOrding to the Boltzman law, there
wi l l be considerably larger population differences in EPR than
in NMR by a factor of 103.

When we have a radical with electron spins coupled to nucle-
ar spins, we get a more complicated set of energy levels. I w i l l
show such energy level schemes later. However, the basic picture
is the same.

What wi l l concern us quite a b i t when we use time resolved
magnetic resonance is that usually we wil l observe the NMR or EPR
transitions before they have attained equilibrium, that is Boltz-
man population ratios. This non-equilibrium population (chemi-
cally induced magnetic polarization, CIDNP, and CIDEP) arises be-
cause transient radicals in solutions encounter and react or
separate without reaction depending on their spin levels. For
example, the reactive encounter (the bond making) requires spin
phasing to be f+- (this is singlet). Thus spin, while i ts energy
gap is tiny in size when compared to the chemical energy, does
play a yery important role in controlling the outcome of the
chemical reaction. The use of magnetic fields allows us to both
study and, to some extent, influence the outcome of the chemical
reaction. The effects are small, but i f we can make the chemis-
t ry repeat i t se l f in a sort of cyclical fashion, we can accom-
plish, for example, isotope separation between isotopes with d i f -
ferent magnetic properties (4).

In order to gain some understanding of how spin enters into
chemical reaction, we must consider pairs of reacting radicals in
a magnetic f i e ld :

d i f f
R - R —*- R..R ^ i R- + R-

EPR (2)
R - R

NMR



In the magnetic field, the electron spin levels are singlet
or triplet:

S S = — (jaB> - |aa>

I f we are doing chemistry in a magnetic f i e l d , which is of
some magnitude H, which in the case of NMR w i l l be M8 kg or EPR
^3 kg, only the S and TQ w i l l be close in energy to each other.

After the pair of radicals is created in some spin phasing,
e.g., S = Rf+R9 say after breaking the bond, in time the interac-
tion of the electron spin + with the magnetic environment at R
may dephase i t to become to some extent RHR = To. This time evo
lution is summarized by the following time dependent Schrodinger
equation:

[-J(2S rS2 + 1/2) + J?]* ( t ) = i H

Jfc* is the magnetic Hamiltonian:

•**= e(g1s1 + g2s2)-H0

+ Z A l n V S l + Z ^l2n'h

where 3 is the Bohr magnetron, Hg is the external magnetic f i e l d ,
g-| and g£ are the electron g factors of the two radicals, A's are
the hyperfine coupling constants and J is the electron exchange
integral.

Chemically Induced Dynamic Nuclear Polarization (CIDNP)
arises from the spin selective reactions of the radical pair.
The word "polarization" is used to describe non-equilibrium spin
population of nuclei (CIDNP) or electrons (CIDEP). The recombin-
ation probability can be assumed to be proportional to the S
character and wi l l thus depend on the S-TQ mixing.

Electron Spin Polarization (CIDEP) originates at interradical
separation where the exchange J is nonzaro, as the interplay of
S-TQ mixing and 0.



Without going into a much more detailed picture of CIDEP
and CIDNP, one can see that the nature of the radica ls , i . e . ,
the i r g-factors and their hyperfine couplings w i l l play a role
in the patterns of polarization created by the interactions of
such transient radicals.

By studying CIDEP and CIDNP, we can gain information on the
past history of the radical or the radical reaction product. This
is what we are after when we study reaction mechanisms.

TIME RESOLVED EPR

When very short- l ived radicals are studied, nonstandard EPR
techniques have to be employed. The conventional EPR spectrometer
that one can buy from the manufacturer, uses 100 kHz f ie ld modula-
t ion and typ ica l l y time constants are ^ sec. This improves the
sens i t iv i ty . The modified commercial equipment can be used to
study radicals that l i ve longer than 20-100 ysec. To study shorter
l ived radicals, ^1 ysec, one can u t i l i ze higher f i e l d modulation.
Histor ical ly th is was done f i r s t (5,6). At Argonne, B, Smaller
constructed the 2 MHz f i e l d modulated EPR spectrometer (5). Smaller
and co-workers were the f i r s t to observe the EPR of e^g (7). How-
ever, modulation introduces problems in k inet ic analysis, so the
better choice is to not use i t at a l l . That is the most popular
course now and one can easily study radicals with time resolution
of 0.2-0.3 ysec (8,9).

The main changes from the commercial instrument are a broad-
band ampl i f ier , a boxcar integrator and/or a fast transient re-
corder. The use of a broad-band amplif ier reduces sens i t i v i t y .
We are ta lk ing about ^10^ less sensitive instrument. This is to
some extent made up by the use of boxcar averaging and the fact
that nonequilibrium electron spin populations are almost always
observed, giving considerable signal enhancement.

The most ^ecent development is pulsed EPR, where two or
three microwave pulses are u t i l i zed (2). With th is approach,
time resolution up to the frequency def in i t ion l i m i t , which is
several nanoseconds, is possible.

Pulsed EPR

The X band microwave bridge which can be u t i l i zed for d i rec t
detection is modified for use in the pulsed EPR experiment by i n -
corporating three microwave switches, travel ing wave tube a m p l i f i -
er (10 watt - TWT) and Ga-As FET amplif ier (2) . The instrument
schematic is i l lus t ra ted in Figure 2. The microwaves from the
Gunn diode are switched by a fast microwave switch #1. This
switch provides up tn three microwave pulses of appropriate length
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Figure 2. Schematic of microwave network used in pulsed
EPR experiments with the Van de Graff accelerator. The
switching functions of the microwave switches are also
indicated.

{ nsec-1 vsec) and spacing (for example, 90-T-180; 180-T-90-T-
180; 90-T-90-T-90° sequences). A 90° pulse is typically 30-100

i l bnsec.
sample is

That means that the microwave field H,
) .gauss (H-j =

p
available at the

T/Y t

Switches #2 and #3 are not as fast as switch #1, and are used
to protect the detection network from noise and overloads during
the time that the 10 watt TWT is amplifying. When switch #1 is
providing pulses, switch #2 is open to allow them to get to the
cavity and sample, but switch #3 is closed. At the time when the
echo is detected, only switch #3 is open.

The microwave switching is controlled by a pulse sequencer,
and timing can be automatically swept by the time-delay programmer.
The whole system of pulse timing is controlled by 100 MHz clocks,
where the smallest time increment is 10 nsec (one can get 1 nsec
increments) and the time j i t t e r is ^2 nsec in our experiment.

In pulse radiolysis, the EPR magnet control, and the micro-
wave bridge tuning must be performed remotely. Remote functions
include Gunn diode frequency, phase, phase arm bias, microwave
signal attenuation, TWT gain, ir is tuning, and magnetic field
setting and sweeping.

Additional and somewhat unusual features are the field spoil
and the fast phase shifter. They are used to reduce free induc-
tion decay interference as will be illustrated.



Time Resolved Spectra (Field Sweep). After a transient rad i -
cal is generated by a short electron beam pulse, we can examine
this magnetization by applying a two puls« microwave sequence
(90° -T -180° ) at a fixed time t after the electron beam pulse and
sweeping the magnetic f ie ld . Thus, the EPR spectrum at that i n -
stant of time is obtained. This timing of pulses is i l lustrated
in Figure 3. The action of the microwave pulse on the spin system
can be best understood i f we use u rotating frame picture (Figures
4 and 5).
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Figure 3. Timing sequence of the electron beam pulse,
microwave pulses and the observation (boxcar) gates.
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Figure 4. Precessing vector in laboratory and rotating
coordinate systems.
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Figure 5. Pulse sequence to observe a spin echo.

The main thirg is to realize that only the magnetization
sampled during the time of the 90° pulse is refocused to give an
echo. The EPR spectrum is obtained on the radical species present
during the 90° pulse application. This can be transient or steady
state magnetization present at that time.

For example, if we look at the aqueous radicals of sodium
acetate, we can see the radical -CI^COO" in neutral or slightly
basic solution, as shown in Figure 6A. The big signal in the
middle is from the suprasil walls of the EPR flat cell. We can
reduce it somewhat by using phase shifted microwave pulse sequences.
This essentially provides light-dark subtraction. However, we
lose & signal-to-noise. This is shown in Figures 6A and 7.

So, by applying the 90° pulse at any time, we obtain time-
resolved spectra of a transient at that window of time. We can
also obtain kinetic information (formation decay curves) by
sweeping time.

Time Sweep (Kinetics). The magnetic field is positioned on
the desired EPR line and the sweep of time t is initiated. Time
t is the time between the electron beam pulse and the time when
the 90° pulse is applied. The two pulse microwave sequence and
the observing boxcar gates are swept relative to the electron beam
pulse. In practice, the 90° pulse is set to sweep ^200 nsec before
the electron pulse in order to obtain the baseline. A baseline
can also be obtained when the signal decays to noise but requires
longer time sweep.



Figure 6. Field swept EPR spectrum (at 1 ysec) obtained
during radiolysis of aqueous 0.5 M potassium acetate at
pB * 11 (N20 sat); the middle line of the -CÎ CO^ radi-
cal can be seen (B) when the quartz signal is reduced
by beam-no beam subtraction.

The kinetic sweep of the two acetate radical lines are i l l u s -
trated in Figure 8.

Free Induction Decay. The free induction decay (FID) follow-
ing the 90° and 180° microwave pulses interferes with the echo.
For radicals in non-viscous liquids T2 ^ T j , thus in a homogeneous
magnetic f ie ld the FID may last for several microseconds. T-j and
T2 are the spin latt ice and spin-spin relaxation times. Modern
NMR is based on the uti l ization of FID to obtain spectra. How-
ever, the EPR FID does not last seconds as in NMR and too much of
the EPR FID is lost at early times, so i t is hard to apply the
Fourier transformation. Nevertheless, one can obtain "FID" spec-
tra using a single microwave pulse as shown in Figure 9.

In the spin echo experiment, FID interference has to be mini-
mized* We accomplish this by making the magnetic f ie ld a r t i f i -
c ial ly more inhomogeneous by the use of a f ie ld spoil and by phase
alternation of the 180° pulses.



Figure 7. EPR spectra of
•CH2C02 radical at 1 ysec.
Top-without and middle-with
the phase shifted pulse se-
quences, bottom-the y-enlarged
version of the middle spectrum.

Figure 8. Least squares f i t -
ting (solid l ine) of data
(crosses) of kinetic traces of
the two lines of the acetate
radical. Dots indicate the
calculated l ine through data
points that were not used in
the least squares f i t t i ng .
The plots show absclute, nor-
malized intensities of the two
lines.

Data analysis and other varieties of pulsed EPR wi l l be dis-
cussed later. We wi l l also t ry to point out the advantages and
problems encountered in certain applications of pulsed EPR to
radiolytic systems.
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Figure 9. "FID" spectrum of the acetate radical (at 1
ysec) obtained by using only a 90° pulse.

NMR IN RADIATION CHEMISTRY

Over the last two decades, NMR has revolutionized several
areas of chemistry. Organic chemists, especially, have found NMR
an indispensable tool for analysis of reaction products, etc.
Then, over the last ten years, pulsed NMR-Fourier Transfer NMR has
made another quantum improvement in NMR, opening a whole new set
of possibilities.

It is perhaps surprising that NMR has not become a tool in
radiation chemistry. It appears that radiation chemists are a
very conservative lot, even the EPR - especially time resolved
EPR - is not very widespread. So far, we at Argonne are the only
ones to use NMR in radiolysis (10-12).

Our approach aims at using NMR to study products of radical
reactions in radiolysis and, as you will see, we have recently
developed some new NMR based detection methods that allow us to
obtain time resolved information on the reacting radicals.

The NMR magnet has to be very homogeneous since we are study-
ing energy differences between the nuclear spin levels, and as you
remember, they are 10 - 3 smaller than the electron spin energy dif-
ference observed by EPR. We cannot make axial holes in the NMR
magnet and still do high resolution NMR. So, we use two magnets.
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Figure 10. The schematic of the flow NMR experiment
for pulse radiolysis.

The electron beam enters axially a small electromagnet (0-8 kg)
in which the sample irradiation is carried out (Figure 10). A
fast flow system is used to transfer the irradiated solution to
the probe of the NMR spectrometer. All the radical reactions are
over in M O O ysec and only the diamagnetic products are transferred
to the NMR probe for examination. However,, in the nuclear spin
population levels of these diamagnetic products is contained the
memory of the radical encounters of precursors of this product.
The nonequilibrium nuclear spin population - CIDNP - will be ob-
servable as long as the examination of the diamagnetic product is
carried out before nuclear spin relaxation (T-j) obliterates it.

In protons, T-i ̂  1-3 seconds and in C Tj's are even longer;
so as long as the flow system is capable of transferring the ir-
radiated solution to the NMR probe within 1-2 seconds, the experi-
ment is feasible.

As it turns out, and I will illustrate this further, it is
very convenient that we can do chemistry (irradiation) in a vari-
able magnetic field, because there is much information to be
gained from the field dependence of CIDNP.

To illustrate how we do the NMR experiments and what sort of
information is obtainable, I will use a simple system of aqueous
methanol radiolysis. The principal radical intermediate is the
hydroxymethyl radical. The principal products seen by NMR-CIDNP
are methanol and ethylene glycol. Formaldehyde, another known
product, is not seen. Apparently, either a nonradical machanism
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Figure 11. NMR spectra showing CIDNP of products ob-
served in methane! radio lysis. Evolution of experi-
mental technique is i l l us t ra ted . Top and middle spec-
t ra were obtained using CW-NMR. Bottom spectrum was
obtained using FTNMR.

is responsible for formaldehyde formation, or there is no e f f i -
cient polarization pathway.

The observed polarization (Figure 11) is explained by the
following scheme (* indicates polar izat ion):

e" + -CFLODaq d

DCH20D (E)

(6)

CH20D* (CH20D2) (A)
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Figure 12. Field dependence of glycol polarization in
pulse radiolysis of aqueous methanol (D20 solution).

The eag is the important partner in producing polarization
as substantiated by observing the f ield dependence of the ethylene
glycol polarization. Figure 12, which clearly indicates that
polarization is very much f ie ld dependent, i . e . , g-factor di f -
ference between the radicals in the radical pair is substantial.
Also, N20 addition substantially reduces the polarization.

Radiolysis of several simple compouris was studied in some
detail. Acetone, acetaldehyde, acetate, dimethylsulfoxide,. and
reactions involving H radicals were studied. In many radiolytic
systems NMR is ideally suited to provide considerable 1 "formation
on the mechanism of radical reactions. Also, compared to EPR, the
experiment is rather straightforward. Only the interpretation of
the more complex NMR spectra can be d i f f icu l t and time consuming.
Also, one can do 'JC experiments using natural abundance or en-
riched samples, and we have done so (13).

So, in combination with just detecting and sorting out a l l
the various products found in radiolysis of a given chemical sys-
tam, flow NMR can provide details of the reaction mechanism,
i .e . , the history of a product or product fragment in terms of
the reactions and encounters of i ts precursor radical.

Actually, the NMR experiment, as i l lustrated, is not a time
resolved one. A rather simple modification provides us with a
whole new approach to the sturiy of transient radicals (14) in



that experiment, we observe nuclear resonance of transient radi-
cals by NMR by applying a pulse of rf at the radical NMR frequency
during the radical lifetime. One gets a sort of ENDOR spectrum
of the transient radicals, and thus, one obtains hyperfine cou-
pling constants with great precision. One can do kinetics and
qet all sorts of other information, as will be illustrated later.

CONCLUSION

State-of-the-art of magnetic resonance in radiation chemistry
has been i l lustrated. The experimental aspects of the technique
were outlined.

Magnetic resonance, while lacking the sensit ivi ty and the
time resolution of conventional optical methods, can provide much
more definitive information about the reactive radical intermedi-
ates in solution.
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