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Abstract. The paper describes the underlying principles and discusses the most important advantages
and limitations of the experimental technique of magnetically affected reaction yield spectroscopy as
developed in the authors’ laboratory and guides the reader step by step through a typical experimen-
tal sequence using as example the problem of short-lived radical cations of a series of methyl-sub-
stituted benzenes in X-irradiated nonpolar solutions. For two of the eight target substances — ben-
zene itself and mesithylene — the paper reports the first unequivocal observation of their radical cat-
ions in liquid alkane solution at room temperature and provides a lower estimate of about 10 ns for
their relaxation times in low magnetic field.

1 Introduction

Magnetically affected reaction yield (MARY), or level-crossing, spectroscopy is
a relatively recent addition to the family of spin-chemistry techniques that are
widely used in modern chemistry and biology to study processes involving for-
mation and elimination of short-lived paramagnetic intermediates — neutral radi-
cals and radical ions, metastable triplet states, etc. — as one of their critical stages
[1, 2]. The presence of uncompensated electron spin allows to control these pro-
cesses by applying external magnetic fields, thus altering the course of the reac-
tion. Furthermore, the spins are usually produced as correlated pairs, with cor-
relation persisting long enough for coherent effects in the spin system to play
their role. Often this coherence can be used to advantage to create new meth-
ods for probing spin systems under conditions that are normally unacceptable
for the more conventional magnetoresonance techniques. Manifestations of spin
coherence in pulsed nuclear magnetic resonance (NMR) and electron spin reso-
nance (ESR) are well known and form the basis for their modern methodology.
Less widely used, but well understood and documented are coherent phenomena
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in continuous-wave (CW) ESR [3, 4]. However in MARY spectroscopy, coher-
ent effects work alone to provide spectral and kinetic information without exter-
nal microwave of radio-frequency pumping, and in doing so extend the sensed
time range down to nanoseconds in a simple steady-state experiment. In the fol-
lowing sections we shall introduce experimental systems of MARY spectroscopy,
outline its physical background, provide the relevant experimental details, and
then apply it in its typical experimental setting.

1.1 Radical Ion Pairs in Nonpolar Solutions

The particular realization of MARY spectroscopy developed in this laboratory
has as its objects of study spin-correlated radical ion pairs, generated by irradi-
ating liquid alkane solutions of suitable charge acceptors in millimolar concen-
trations with an X-ray tube. Other possibilities that have been realized elsewhere
include photoionization in nonpolar solutions [5] and photoinduced electron trans-
fer in moderately polar solutions [6, 7]. The flux of X-ray quanta hitting the
solution leads to ionization of the more abundant solvent molecule, knocking the
electron as much as about 10 nm from its parent molecule and producing the
primary radical ion pair of the solvent radical cation and the thermalized elec-
tron. The separation of the pair partners is well below the Onsager radius in the
used solvent (about 30 nm for &= 2), so that the two charges are drawn to each
other by Coulombic attraction and will eventually recombine.

Due to rather high electron mobility in nonpolar liquids the primary pair re-
combines within several picoseconds, which is too short to affect it by applying
magnetic fields of convenient strengths. However, when a suitable electron ac-
ceptor is introduced in the solution, a radical anion with normal molecular mo-
bility is formed, extending the lifetime of the pair into a more acceptable time
range of several nanoseconds to tens of nanoseconds. Often the primary solvent
radical cation is also captured by a suitable electron donor (i.e., hole acceptor).
The acceptors are chosen by their ionization potential (IP for hole acceptor
molecule should be lower than for solvent molecule to accept hole) and elec-
tron affinity (EA in solution for electron acceptor molecule should be positive
to accept electron), and this choice is often flexible and nonrestricting enough
to tailor the forming secondary radical ion pair to our needs. The pair will re-
combine in about 10 ns, depositing the energy stored in the electrostatic inter-
action into the energy of electronic excitation of one of the partner molecules.

The processes of ionization, charge transfer and recombination to good ap-
proximation do not affect spins of the involved radicals. Upon ionization the pair
is normally created in spin-correlated singlet state, since the parent molecule had
closed electronic shell. Upon recombination the multiplicity of the forming ex-
cited molecule is also the same as the multiplicity of the pair at the moment of
recombination. And the spin state of the pair can change during the time interval
from ionization to récombination, since the spins would couple to magnetic fields,
internal or external. It takes about 10 G to alter the spin state of the pair in the
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available 10 ns, and so this can be done controllably and predictably by applying
a weak static external magnetic field or taking advantage of the internal hyperfine
couplings in the radical ions of the pair. Recombination will then produce a sin-
glet or triplet electronically excited molecule, and if the latter is a fair enough
luminophore, singlet state can be detected by the quantum of fluorescence it emits,
and triplet excited molecule in these conditions will deactivate radiationlessly.

Thus, recombination of the pair followed by optical detection with a photo-
multiplier tube (PMT) projects the pair onto its singlet state, and the signal from
the PMT gives a direct measure of the fraction of pairs recombining in the sin-
glet state, provided that they start also from singlet state. It is crucial here that
recombination of the pair is not spin sensitive per se, but products of only one
type (singlet) lead to observed signal. Magnetic interactions in the pair just switch
the channels of reaction of recombination (into singlet or into triplet state). A
further important simplification for radiation-generated radical ion pairs is that
since the separation between the two radicals is fairly large all the time, spin—
spin interactions (dipole—dipole and exchange) are so weak that they can be
neglected. So conceptually we have a pair of two correlated but otherwise inde-
pendent electron spins, starting from singlet state and producing the observed
signal when recombining back into singlet state. The molecule motion is com-
pletely decoupled from spin evolution and just determines the lifetime distribu-
tion for the pairs. Of course the real situation is more complicated, but the pro-
vided picture grasps all the key features of our model objects.

1.2 Physical Background of MARY Spectroscopy

As was stated above, MARY spectroscopy relies on the coherent nature of the
pair to derive its spectra, so we shall now briefly outline what goes on in the
spin system of the pair. For our purpose the Hamiltonian of the pair can be
written in the following form:

oA =gPH(S, +8,)+ Y al S, +>al,S,. (1)

It includes only isotropic electron Zeeman and hyperfine interactions. Elec-
tron dipole—dipole and exchange interactions were omitted for reasons described
above, all anisotropic contributions were neglected since in experiments non-
viscous liquid solutions are used, and g-values for the two radicals were taken
to be equal since only the region of weak magnetic field will be discussed in
what follows. To calculate the experimental MARY spectrum G(H), the time-
dependent probability of finding the spin system in singlet state pg (¢, H) should
be found by solving the Hamiltonian (1) and then convoluted with the recombi-
nation function f(¢)

G(H) = [ pss(t, H) f()d1 . )
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Due to hyperfine interactions of the two unpaired electrons with their nu-
clei, the initial singlet state of the pair is not its eigenstate, so we develop it
into several eigenstates |i) that will then evolve with their own, generally dif-
ferent frequencies @, (see Fig. 1). To account for recombination into singlet state,
the time-dependent state of the pair is projected back onto its singlet state, and
interference terms of the form Bcos(Aw,t) appear in ps(f, H). If a time-resolved
experiment is performed, these terms would produce the well-known quantum
beats in recombination fluorescence [8]. However, in a stationary experiment such
as MARY, pg(t, H) is averaged over lifetime distribution f(¢) Eq. (2), and the
oscillating terms vanish except for the fields when Aw; =~ 0, ie., two or more
eigenlevels cross. Since w, are the eigenvalues of the Hamiltonian (1) contain-
ing magnetic field H, they depend on H, and thus by sweeping H the condition
of level crossing can be met. In ref. 9 it was shown that at these points the
magnetic field dependence of the light coming from the sample will show sharp
resonancelike lines (Fig. 2). The shape and width of the lines depend on the
slopes of the intersecting eigenlevels of the Hamiltonian and on the recombina-
tion function f(r), and for the exponential recombination kinetics the familiar
Lorentzian contour emerges.

To observe the resonancelike lines, two conditions must be fulfilled: several
eigenstates must be populated simultaneously from the initial singlet state of the
pair, with some of them crossing at a certain field, and the time available for
coherent spin evolution must be sufficient for several periods of internal spin
motion so that the interference effects can fully develop. The latter condition can
be quantified as [10]

Initial state (singlet S)

I
) ls) e

| 1> (l 18) et Stationary states |3 3 |S et
(depend on
apphed field)

<1|S>2 eiw1t|l> 2|S m)ztlz +<3|S 1m3t|3

Observed state (singlet S)

Fig. 1. Development of the interference effects in spin system of the radical pair that lead to MARY

spectra. Several eigenstates of the pair’s Hamiltonian are occupied from nonstationary initial state

(singlet), which leads to time-dependent singlet contribution to the total wave function of the pair of
spins, and thus to interference terms in pg(f).
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Q> 1, Q= /%Zafli(li +1), 1* = zi. (3)
T T,

Here (2 is the second moment of the ESR spectrum of the radical, which gives
a measure of internal hyperfine fields in which the spin precesses in weak or zero
external magnetic field, and 7* is the lifetime of the coherent state of the pair,
which is determined by several processes such as relaxation or chemical decay,
which are exponential and are represented by their characteristic times z,. Fur-
thermore, it was found advantageous if the dominant hyperfine couplings are
concentrated in one of the pair partners, since this simplifies energy level layout
of the system and makes the crossings more efficient. Experimental systems are
usually chosen in such a way that one partner has substantial hyperfine couplings,
i.e., large £ — this is the “driver” of spin evolution in the pair that determines
time sensitivity of the experiment —, while the other partner has negligibly small
couplings, just complementing the pair. £2 in Eq. (3) refers to the driver.

Thus, if a suitable sample is put under stationary X-irradiation, its steady state
fluorescence is monitored with a PMT, and external static magnetic field is ap-
plied and swept, from zero, the field dependence of fluorescence intensity will
show a smooth rise due to gradual switching off of the T, states of the pair by
Zeeman interactions, onto which sharp resonancelike lines due to coherent evo-
lution of the pair arise. The idea of studying field dependence of fluorescence,
generally referred to as the magnetic field effect (MFE), has been actively ex-
ploited since 1970s and provided a large body of data on hyperfine couplings
in short-lived radicals and radical ions [11]. However, it is the lines which will
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Fig. 2. Schematic energy level layout of spin system of the pair showing the crossings of the

eigenlevels (top), and a sketch of the magnetic ficld dependence of the observed signal that it would

produce. Tt is shown that at high field the eigenlevels converge into the singlet and triplet states

of the pair, and if microwave pumping is applied to the system, an optically detected ESR signal

can be observed at normal ESR field strengths. However, at the fields of the order of the hyper-

fine couplings in the partners of the pair (10-100 G), resonancelike MARY lines are observed
without microwave pumping.
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further be referred to as MARY lines that turn MFE into MARY spectroscopy,
since their positions reflect the structure of the radicals, while their shape and
width provide kinetic information. The lines arise in the fields of the order of
the hyperfine coupling constants as well as at zero field. While MARY lines in
nonzero fields have by now been reported only for systems with equivalent nuclei
which have a particularly simple energy level layout [12, 13], the zero-field line
is ubiquitous [10] and thus far more important. Qualitatively its origin is higher,
spherical, symmetry of a system in zero magnetic field as opposed to lower,
cylindrical, symmetry of a system in applied external field [14]. From now on
only the zero-field line will be discussed.

1.3 Comparison with CW ESR

Let us compare MARY spectroscopy with its closest counterpart in conventional
magnetoresonance techniques, CW ESR. MARY spectra are observed when the
inequality Eq. (3) holds true, that is, coherent lifetime of the pair must allow
for several periods of internal spin motion. To observe CW ESR spectra from
short-lived radicals. microwave field H, in the resonator must be strong enough,
H,7>> 1, to allow for several periods of spin precession about H, in the rotat-
ing frame during the lifetime of the pair 7. Regarding the attainable values of
H, and Q, we have H, typically not exceeding 1 G (for about 1 W of micro-
wave power), while (2, the second moment of the ESR spectrum of the driver
partner of the pair, can be substantially higher, e.g., £XC.F;") = 230 G. This in
turn means that species with lifetimes two orders of magnitude shorter can be
sensed by MARY as compared to ESR. Recalling the order of magnitude corre-
spondence 1 G < 100 ns, the practical limit for CW ESR (in any form) are life-
times longer than about 100 ns, and as short as units of nanoseconds for MARY.
The price for the extended time range is the lack of specificity: only a single
line in zero field reflecting the processes in the spin system, on the background
of MFE, is usually observed in MARY, while the entire spectrum can be ob-
tained by ESR in favorable conditions.

2 Experimental Procedures
2.1 Experimental Setup

The scheme of the MARY spectroscopy setup currently in use in the authors’
laboratory is shown in Fig. 3. About 1 ml of degassed solution is put in a quartz
cuvette with a teflon stopcock. The cuvette is placed in the resonator of the
commercial Bruker 200D CW ESR spectrometer equipped with an X-ray tube
(BSV-27 Mo, 40 kVX20 mA) for sample irradiation and a PMT (FEU-130) with
lightguide for fluorescence detection. No microwave power is applied to the
sample. The ESR console provides only a single-polarity field sweep, so addi-
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Fig. 3. Experimental setup of MARY spectroscopy (see text for explanation).

tional coils with a dedicated constant current source are put on the poles of the
magnet to provide “negative” field shift. Since MARY lines are rather weak, field
modulation and lock-in detection (Stanford SR-810 lock-in amplifier) of the fluo-
rescence signal with computer averaging is used. In a typical experiment the field
is swept from “—50” to “+50” G through zero with modulation amplitude 1-20
G at 12.5 kHz, lock-in detector is set to 1-3 s time constant and filter slope 6
dB/octave, 20 scans of 512 points with sweep rate 200-500 s per scan are taken
and averaged in the controlling PC. Each spectrum takes 1-2 h to record.

2.2 General Look of MARY Spectra

A general view of a MARY spectrum is shown in Fig. 4. Because of field
modulation, the spectrum is first derivative and it is symmetric about the zero
of the field. The reference features of the spectrum are the wings of the MFE,
with characteristic inflection point B,,, and the “inverted” zero-field MARY line
with characteristic peak-to-peak width AH,,. Although generally a complete simu-
lation of the spectrum is required to get numerical results, the following useful
estimates (strictly valid in the conditions of isolated MARY line) can be obtained

2+ 66

B, =2 , AH _(G)=—,
2 2+ 0, w(©) r*(ns)

®
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Fig. 4. Typical view of the MARY spectrum in the vicinity of zero field (see text for explanation).

where €2, , are second moments of the ESR spectra of the pair partners, and 7*
is the coherent lifetime of the pair. The B, estimate becomes especially valu-
able when the dominant hyperfine couplings are condensed in one of the pair
partners, say, £2, > . B,, then gives a direct measure of the gross hyperfine
couplings in the driver radical ion, and is very helpful in identifying the part-
ners of the recombining pair. The zero-field line is a direct reporter of fast pro-
cesses that the partners of the pair are involved in, including internal spin re-
laxation, chemical decay, and the reaction of degenerate electron exchange be-
tween the radical ion and its neutral parent molecule, further referred to as the
DEE reaction.

3 Typical Applications of MARY Spectroscopy

The effect of level crossing for radical ion pairs is very interesting in itself.
Similar effects have long been known and used in atomic spectroscopy (Hanle
effect in atomic fluorescence, 1924 [15]), molecular spectroscopy (level cross-
ing and anticrossing spectroscopy of simple molecules based on Stark effect,
1960s, e.g., [16]), solid-state physics (level crossing spectroscopy of semicon-
ductor superlattices, 1990s, e.g., [17]), only in MARY spectroscopy we deal not
with rarefied sodium vapors and regular crystal structures at 4 K, but with warm
liquids and radical ions having lifetimes as short as nanoseconds. And as with
other effects, level crossing gains practical significance when it goes beyond being
mere technique for technique’s sake and is applied to solve real problems. We
shall now briefly describe two of them, which will expose the approaches for
application of MARY spectroscopy at its current level of development that take
full advantage of its exceptional time sensitivity for a stationary spin-sensitive
technique, while alleviating its limitations of the poor specificity.
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3.1 Radical Cation of trans-Decalin

The first example is the problem of radical cation of frans-decalin [18]. Decalin,
or decahydronaphthalene, can exist as two stable stereoisomers, cis- and trans-
decalin. While radical cation of cis-decalin behaves normally for an alkane radi-
cal cation and yields good optically detected (OD) ESR spectra even at room
temperature, its frans counterpart shows no spectra at temperatures above 150
K. However, rather good MARY spectra were obtained at room temperature, from
which it was deduced that radical cation of trams-decalin has very short relax-
ation time of only 7 ns (in low magnetic field). This provided a clue from which
the complete temperature dependence of the OD ESR spectra was successfully
described. The reason for such a short relaxation time was found to be the near
degeneracy of the electronic state of the radical cation and its ensuing Jahn—Teller
activity.

3.2 Short-Lived Biradical Ions

Another example is a recent study of short-lived biradical ions in spin triads of
the type “radical ion-biradical ion” [19]. This problem emerged from the interest
in the phenomenon of spin catalysis — the effect of the “external” spin on coher-
ent evolution of a spin system [20]. To this end, several spin-labeled charge ac-
ceptors with the structure “stable 2-imidazoline radical-hydrocarbon bridge—aro-
matic charge acceptor” were synthesized. Under irradiation in nonpolar solution
they yield biradical ions with the spins of the stable radical and the radical ion
moiety coupled through the bridge. As always, the pair is complemented with the
other radical ion of the opposite charge so that a spin-correlated radical ion pair
is produced in which one of the pair partners is magnetically coupled to the
“external” spin of the stable radical moiety of the spin-labeled acceptor. How-
ever, the spin chemistry experiments with these systems (time-resolved magnetic
field effects and OD ESR) proved to be very laborious and not too successful,
with the probable reason being too strong a coupling in the biradical ion. MARY
spectroscopy was then used for a systematic structure scan of about 20 target
substances to reduce the coupling until the signal appeared. After that, the best
system found was studied with CW ESR and OD ESR, and an estimate of
J = 10° G was obtained. Here again MARY spectroscopy provided the needed
clue for application of the more specific, but also much more demanding mag-
netoresonance techniques.

3.3 Dypical Approaches of MARY Spectroscopy
Let us now briefly summarize the practical aspects and the possible approaches

of the MARY spectroscopy technique. The best system for MARY is a warm
nonpolar solution being a difficult system for most other spin-sensitive techniques.
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A good fluorescing electron donor or acceptor is required, but in exchange only
spin-correlated radical ion pairs containing the luminophore contribute to the ob-
served signal, ruling out numerous background processes that plagued traditional
radiation chemistry studies. The method can sense coherent lifetimes of the sys-
tem down to nanoseconds. In fact, longer characteristic times are not always pref-
erable, as the region of maximum sensitivity is determined by hyperfine couplings
in the driver partner of the pair. The technique has a preferred window at the
time scale, which can be adjusted in the region from units to hundreds of nano-
seconds by choosing an appropriate driver. The technique senses gross hyperfine
structure (second moment of the ESR spectrum) via the wings of the MFE curve,
and dynamic processes that affect coherent spin evolution (via the shape and width
of the zero-field MARY line). However, “sense” is the key word here, since the
technique lacks spectral specificity and discrimination. As of today, useful prac-
tical applications of MARY spectroscopy would mostly include getting clues for
more elaborate and demanding spin chemistry techniques like OD ESR and time-
resolved studies, or application to a series of similar compounds that can be di-
rectly compared. We shall adopt the latter approach for the study of radical cat-
ions of methyl-substituted benzenes described in the following sections.

4 Radical Cations of Methyl-Substituted Benzenes

The interest towards short-lived radical cations of methyl-substituted benzenes
is connected with another facet of MARY spectroscopy — its biological implica-
tions. The presence of the sharp line at zero magnetic field implies that rather
weak static magnetic fields can alter the course of chemical and biochemical
reactions having radical pairs as intermediates. The narrowest line seen to date
in this laboratory had peak-to-peak width of only 2.5 G (durene plus p-terphenyl-
d,, in squalane), and in theory the line can be still narrower, provided the co-
herent lifetime of the pair is long enough [21]. This already comes close to the
geomagnetic field strengths (about 0.5 G), and can probably provide a mecha-
nism for biological action of geomagnetic fields [22, 23].

One of the possibilities to controllably alter coherent lifetime of the pair is
to introduce fast paramagnetic relaxation in one of the pair partners. Bearing this
in mind, we took a series of eight methyl-substituted benzenes from benzene to
hexamethylbenzene (HMB) shown in Fig. 5, which are all good hole acceptors
in alkane solution. Figure 5 also shows hyperfine couplings for radical cations
of the benzenes (when they are known) and calculated second moments of their
ESR spectra. No data was found on radical cation of o-xylene, but possibly this
is because it was not studied earlier. More important are the two leftmost spe-
cies, benzene and mesithylene (sym-trimethylbenzene). Although the couplings for
benzene radical cation are known and shown in Fig. 5, no OD ESR spectra have
ever been reported for it in liquid alkane solution despite substantial effort put
into such studies. Regarding mesithylene, no positive results on its radical cation
have been found in literature at all, although OD ESR studies were also attempted
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Benzene Toluene para-Xylene ortho-Xylene
6H: 3.75 3H(CH;): 20.0  6H(CHs): 18.3 277
Q=65 4H: 12.5 4H: 3.0
Q=302 Q=320
Mesithylene Durene Penthamethyl-  Hexamethyl-
77? 12H(CH,): 11.5 benzene benzene
Q=282 12H(CH;): 10.1 18H: 6.5
3H(CH;): 0.3 Q=193
H: 0.3
Q=246

Fig. 5. Structural formulae. hyperfine coupling constants, and second moments of ESR spectra of
radical cations () for benzene and seven methyl-substituted benzenes studied in this work.

[24]. The reason called upon to explain the lack of OD ESR spectra was pre-
sumably fast internal paramagnetic relaxation of the two radical cations due to
their high symmetry and probable Jahn—Teller activity. Indeed, of the eight mol-
ecules only three formally have threefold or higher symmetry: benzene and HMB
(Dg,) and mesithylene (D,,), but HMB is probably nonplanar due to six methyls.
The other 5 molecules have either C,, or D,, point groups and thus no forced
electronic degeneracy. Point groups of benzene and mesithylene molecules have
doubly degenerate irreducible representations and twofold electronic degeneracy
of the semioccupied orbital in radical cation. Thus, we have a series of similar
species, with similar hyperfine couplings, but presumably very fast relaxation in
two of them. We shall now apply MARY spectroscopy to check this.

4.1 Identifying Radical Cations by Their MARY Spectra

Figure 6 shows a selection of MARY spectra from a typical concentration de-
pendence, in this case for durene in cyclohexane. 10~* M p-terphenyl-d,, (PTP)
was added to solution as electron acceptor and luminophore. Cyclohexane was
chosen because of the exceptionally high mobility of its radical cation (solvent
hole), which is about 30 times higher than molecular mobility in this solvent
[25]. This allows one to use lower concentrations of hole acceptors, which re-
duces the rate of the DEE reaction that contributes to spin relaxation completely
similar to CW ESR. As can be seen, no spectra are observed at the lowest dis-
played concentration of durene, since the concentration C (107* M) is too low
to produce durene radical cations in substantial amounts: for the rate of hole scav-
enging K of about 30 times 10'° (3-10" M~!s7") the characteristic scavenging
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Fig. 6. Experimental MARY spectra of durene solutions in cyclohexane, room temperature. Durene
concentration is shown to the left of each spectrum. 10~ M PTP was introduced into solutions as
electron acceptor and luminophore.

time 7~ (KC)~' ~ 30 ns, which should be compared with typical recombina-
tion times of about 10 ns. As the concentration of durene is increased, a MARY
spectrum arises with zero-field line and MFE wings. As the concentration is
further increased up to 0.1 M, the line completely disappears, as the coher-
ence in the pair is destroyed by the DEE reaction: characteristic residence time
for the hole on a durene molecule 7~ (107'-10'%)~" ~ | ns. The inflection point
of the MFE curve is consistent with £ for durene (see simulations below), and
the concentrational variation of the shape of MARY line is consistent with
changes in concentration of durene. This set of spectra is sufficient to unequivo-
cally ascribe the observed signal to the durene™-PTP ™" pair and obtain the rate
constant of the DEE reaction [26], which turns out to be diffusion-controlled
here. For convenience we shall further refer to such spectra as simply “MARY
spectra of durene”. We also pick the optimal concentration (1072 M) for fur-
ther discussion. The described experimental procedure was performed for all
of the eight target substances, and all of them yielded consistent MARY spec-
tra (with peculiarities for benzene; see below).

Figure 7 shows MARY spectra for the eight substances at the concentration
of 1072 M, and it can be noted that six of the spectra are very similar, while
the top two, for benzene and for mesithylene, stand apart from the others: there
is no MARY line for benzene, and only a rather weak one for mesithylene. We
now recall that MARY line reports coherent lifetime of the pair, and that these
two species were the candidates for the shorter relaxation time, and thus shorter
coherent lifetime. Is this the sought clue? To answer this question, we take a
closer inspection of the two candidates.



Typical Applications of MARY Spectroscopy 225

a e
b f
¢ g
d h
r T T T T T T T T 1 r T T T T T T T T T T
-50 0 50 -50 0 50
Magnetic field (G) Magnetic field (G)

Fig. 7. Experimental MARY spectra for solutions of 107> M benzenes and 10~* M PTP in cyclo-
hexane, room temperature: benzene (a), toluene (b), o-xylene (c), p-xylene (d), mesithylene (e),
durene (f), pentamethylbenzene (g), hexamethylbenzene (h).

4.2 Case Study of Benzene

In the case of benzene radical cation, when there is no MARY line at all, it is
first necessary to verify ascription of the spectra, since concentrational studies in
this case are not conclusive. To do this, we compare MARY spectra of benzene
and deuterated benzene (Fig. 8, left). It is seen that deuteration reduces the width
of the MFE, as it should since complete deuteration reduces the second moment
of the ESR spectrum of the radical 4 times as compared to the proton-containing
counterpart. The second moment of PTP~", 0.7 G, is small enough for the in-
equality £2, > €2, to hold, so the positions of the inflection points at the wings
of the spectra give direct measure of hyperfine couplings in the radical cation,
Simple calculation gives peak-to-peak values AB,,; ~ 25 G, AB,,, ~ 6 G, in good
agreement with experiment.

This idea of deuteration can also be exploited to demonstrate that the absence
of MARY line for benzene is explained by its smaller hyperfine couplings as com-
pared to methyl-substituted benzenes. Figure 8 shows MARY spectra of benzene,
toluene, and their deuterated analogues. Toluene, having 2= 30.2 G, shows a pro-
nounced MARY line in the zero field, which completely disappears upon deu-
teration. Deuteration in this case reduces 2 of the radical cation from 30.2 down
to 7.5 G, which is close to 6.5 G of the benzene radical cation, and the spec-
trum of toluene is nearly transformed into the spectrum of benzene. Qualitatively
weaker hyperfine couplings in the radical cation mean a weaker driver of spin
evolution in the pair: the 6.5 G of benzene radical cation translate into the char-
acteristic time of internal spin motion of 10 ns, which is just the characteristic
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Fig. 8. Experimental MARY spectra for solutions of 1072 M benzenes and 10~* M PTP in cyclo-
hexane, room temperature: benzene (a), benzene-d (b), toluene (¢), toluene-dy (d). Also shown are
second moments of ESR spectra of the radical cations.

recombination time for this system, and the interference effects do not develop.
The spectrum of benzene is too poor in features to be modeled, and this quali-
tative conclusion is deemed sufficient here.

4.3 Case Study of Mesithylene

Let us now turn to mesithylene and compare it with durene. Figure 9 shows
MARY spectra of durene and mesithylene (left), and the results of simple simu-
lation in the exponential model of recombination and semiclassical model of spin
motion [27]. Second moments of ESR spectra of the partners in modeling were
taken to be 28 G (durene, the driver) and 0 G (PTP, complementing the pair),
recombination time z, = 10 ns for all curves. Furthermore, additional exponen-
tial relaxation with characteristic times 7= 8, 6, 4, 2 ns (top to bottom) was
introduced in simulations. The bold lines show the closest matches to experi-
mental spectra for durene (7 = 6 ns) and mesithylene (7 = 2 ns). As can be seen,
shorter relaxation times indeed dampen the MARY line. The model spectra are
somewhat rounder than the experimental traces, which is a consequence of us-
ing simple exponential recombination function in modeling. An account for the
nonexponentiality of recombination kinetics indeed sharpens the spectra and
makes quantitative correspondence with experiment better [28], but significantly
complicates the modeling without bringing further qualitative insights, so we shall
refrain from it here.

The 6 ns of relaxation time for durene corresponds to the diffusion-controlled
DEE reaction with the rate constant K = (1—2)-10'© M"'s™! at the used con-
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Fig. 9. Experimental MARY spectra for solutions of 1072 M durene (a) or 10-2 M mesithylene (b)
and 10~ M PTP in cyclohexane, room temperature. ¢ Simulation of the spectra in the model of expo-
nential recombination kinetics with characteristic recombination time 7, = 10 ns and semiclassical model
of spin motion in the radical cation with second moment of ESR spectrum 2= 28 G (durene). Ad-
ditional exponential relaxation with characteristic times 7= 8, 6, 4, 2 ns introduced into simulations.

centration of durene 1072 M, and thus reflects the unavoidable reaction of the
radical cation rather than its internal relaxation. However, the exchange contri-
bution in the mesithylene spectrum should be the same, since in the conditions
of this experiment both systems are in the regime of slow exchange, and, as in
CW ESR, the rate of induced relaxation is given just by the inverse of the char-
acteristic residence time 7, = [KC]™! and does not depend on the system. So
does the implied shorter relaxation time of 2 ns for mesithylene mean fast in-
ternal relaxation with characteristic time of several nanoseconds?

The answer to this question is “not necessarily”. A closer inspection of the
spectra for durene and mesithylene (Fig. 9) shows that the width of MFE for
the two systems is different, which means that hyperfine couplings in the two
radical cations are different. Nothing was found in literature on the couplings in
the mesithylene radical cation, but from Fig. 9 it can be inferred that the sec-
ond moment of its ESR spectrum (2 is with experimental accuracy half £ for
durene radical cation, that is about 14 G. So, as in the case of benzene, we again
return to the situation of a weaker driver of spin evolution. Figuratively speak-
ing, radical pair does not measure magnetic field in Gauss and time in nanosec-
onds, it rather measures the field in units of 2 and time in units of the period
of internal spin motion, which is inversely proportional to €2 A reduction in £
means expansion of the reduced field scale and contraction of the reduced time
scale for the pair relative to given absolute field and time scales.

A vivid illustration of this is given in Fig. 10, which again shows MARY
spectra for durene and mesithylene and their simulation. The model spectra were
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a
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Fig. 10. Experimental MARY spectra for solutions of 102 M durene (a) or 1072 M mesithylene
(b) and 10~* M PTP in cyclohexane, room temperature; simulation of the spectra with 7, = 10 ns,
r=52ns, and 2= 28 G (¢, durene) and 14 G (d, mesithylene).

obtained in the following manner: first the spectrum for durene was simulated
using the known value of its £2 (28 G), setting recombination time to 10 ns, and
varying relaxation time to obtain the best fit in this model, which produced the
value of 5.2 ns and the spectrum shown in Fig. 10c. Then 2 was reduced from
28 to 14 G, and a spectrum with the same times was calculated. It is shown in
Fig. 10d and reproduces the experimental MARY spectrum for mesithylene quite
well. Thus we can conclude that no relaxation processes with characteristic times
of several nanoseconds or shorter (the time window of the current experiment)
are present in the radical cation of mesithylene.

5 Conclusion and Outlook

This completes the exposition of the practical aspects of the technique of MARY
spectroscopy as developed in the authors’ laboratory. We have discussed the un-
derlying principles of the technique, addressed its key practical advantages and
limitations, and demonstrated a typical pattern of thinking in performing MARY
studies. Further development of the technique, both in methodology and in prac-
tical applications, is currently on its way. As a practical outcome we have dem-
onstrated that radical cations of benzene and mesithylene have relaxation times
not shorter than about several nanoseconds — the time scale of the current MARY
experiment, which can be taken as a clue to undertake OD ESR studies for ob-
taining more specific spectral information. This is particularly important for radi-
cal cation of mesithylene, for which no data have been found in literature.
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