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Electron spin-lattice relaxation of two trityl radicals, d,,-OX063 and Finland trityl, were studied under conditions relevant
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to their use in dissolution dynamic nuclear polarization (DNP). The dependence of relaxation kinetics on temperature up to

100 K and on concentration up to 60 mM was obtained at X- and W-bands (0.35 and 3.5 Tesla, respectively). The relaxation

is quite similar at both bands and for both trityl radicals. At concentrations typical for DNP, relaxation is mediated by

excitation transfer and spin-diffusion to fast-relaxing centers identified as triads of trityl radicals that spontaneously form

in the frozen samples. These centers relax by an Orbach-Aminov mechanism and determine the relaxation, saturation and

electron spin dynamics during DNP.

Introduction

NMR belongs to a class of spectroscopies in which the energy,
hv, of a transition is much less than the thermal energy, kg7, of
the sample. The NMR signal intensity is proportional to the
population difference, or polarization, of the two levels in the
transition and is generally a tiny fraction of the potential
signal. The normalized population difference for Bcis hv/2kgT,
or ~10” at room temperature in a 500 MHz (1H) NMR (h and kg
are Planck’s constant and the Boltzmann constant,
respectively). The NMR signal can be enhanced by increasing
magnetic field (hv) or lowering sample temperature (kgT). But
there are practical limits to both tactics.

Hyperpolarization has blossomed in recent years as a third
tactic to increase sensitivity by producing non-equilibrium
states with population differences approaching +100%. The
hyperpolarization method known as dynamic nuclear
polarization, DNP, pumps electron spin transitions to convert
their polarization into nuclear spin polarization.l'4 DNP
increases NMR and MRI sensitivity by modest factors of ~10 to
hundreds of thousands to benefit current NMR and MRI
methods and spawn new applications.

However, the NMR or MRI measurement time is typically very
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much shorter than the time required for polarization. Such is
the case in dissolution DNP where nuclei are hyperpolarized at
low temperatures, then liquefied and measured at room
temperature.1 Measurement time is limited by nuclear spin-
lattice relaxation, T4, to minutes but it can take hours to fully
hyperpolarize the sample. There is considerable room for
improving DNP efficiency in terms of the hyperpolarization
achieved and the time required.

A popular class of free radicals for dissolution DNP are the
triaryl methyl radicals, known as TAMs or trityls. They combine
a narrow, intense EPR spectrum with good chemical stability,
reasonable solubility and facile separation from hyperpolarized
products. Improvement of the EPR and the molecular
properties of trityls has helped in optimizing DNP of pyruvate.5
Recent progress in high-yield synthesis of TAMs promises a
wide range of TAMs with diverse substituents.®® But making
full use of these advances in trityl synthesis requires a detailed
understanding of how trityl radical properties affect DNP.

DNP overview

During the 1950-60s, DNP was developed for the production of
polarized targets and polarized beams in high-energy physics
experiments where long measurement times made slow
polarization rates tolerable. Semi-quantitative consideration of
the nuclear and electron spin systems and their interactions
could rationalize observed DNP trends.” * ' Quantitative
predictions became possible with development of the spin
temperature model,g’ 1225 which various properties of the
spin system, e.g., electron spin polarization, nuclear spin
polarization and two-spin order, are treated as separate
thermal reservoirs with their own temperatures and heat
capacities. Even when spin temperature theory does not apply,
it is convenient to discuss DNP in terms of these reservoirs.

One beauty of the spin temperature model is its ability to
predict asymptotic properties of the spin system from a few
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empirical relaxation rates without detailed consideration of
the underlying spin dynamics. However, considerably greater
understanding of the electron spin dynamics is needed to
optimize DNP kinetics, particularly when the simplifying
assumptions of spin temperature theory are not met.
Numerical modelling of DNP based on EPR properties of the
radical and its interactions with other radicals, the nuclei and
the microwave field have recently been used to predict
kinetics and the extent of poIarization.B"20 Unfortunately,
experimentally-determined data needed for this quantitative
modelling are very sparse. Relaxation of electron spin
polarization to the lattice, diffusion of polarization through the
EPR spectrum and multiple-spin flip-flops are important
determinants of the entire hyperpolarization process;”‘ 19-21
and experimental data for conditions relevant to DNP are
sparse or inconsistent.

For instance, one basic parameter, the relaxation rate for the
total electron spin polarization to the lattice, 1/T;. or spin-
lattice relaxation rate, has been reported a few times for trityl
radicals at low temperatures. Some reports indicate that 1/T;,
is ~1 s at 10 K*** which extrapolate to considerably slower
rates at 1-2 K** 2. Other reports suggest 1/T;, >20-200 st at
10 K***® and 0.5-10 s™ at 1-2 K> ** >, These results have
been called “partially contradictory”“”, which is not surprising
because they come from different trityl radicals at
concentrations between 0.2 and 45 mM in different solvents
with EPR frequencies of 9.5-336 GHz. The two order-of-
magnitude variation in these reported rates does highlight the
critical need for better data to support quantitative modelling
of DNP.

Some of that variation may be related to recent reports of
dimers, larger aggregates and even fibrils of radicals in trityl
squtions,31’ 32 underscoring the need to understand the
physical chemistry of trityl radicals in solution. Each aggregate
size has different electron spin properties. It is quite possible
that one size of aggregate may play an important role in
electron spin-lattice relaxation of the sample while a different
size of aggregate plays an important role in the transfer of
polarization to the nuclear reservoir.

Pulse sequences used to generate nuclear coherences in
pulsed EPR*® can also produce nuclear polarization.34 The
microwave pulses can directly transfer electron spin
polarization, via the hyperfine interaction, into nuclear
polarization. Understanding the electron spin dynamics is even
more important if microwave pulses are ever used for DNP as
an alternative to cw pumping.

The role of electron spins. The total
polarization, given by %; mg; with the summation extending
over all trityl radicals, i, corresponds to the Zeeman reservoir
in spin temperature treatments’” * and to Ez, in the
modelling of Colombo Serra et al.”® The Zeeman polarization is
maintained by spin-lattice relaxation involving lattice phonons
or vibrations. A combination of microwave pumping, electron
spin diffusion, electron spectral diffusion and electron cross-
relaxation converts the Zeeman polarization into an EPR-
frequency-dependent polarization corresponding to the
dipolar reservoir. Only then does hyperpolarization of bulk

729

electron Zeeman

2 | PCCP, 2016, 00, 1-3

nuclei arise by polarization transfer from the dipolar reservoir
to the nuclear spin reservoir. If electron spin polarization
transfer to the dipolar reservoir is not understood and
optimized, no manipulation of nuclear spin dynamics can ever
recover it.

Goals

This paper examines one important aspect of electron spin
dynamics: the direct energy transfer between the electron spin
polarization and the phonons of the lattice. This spin-lattice
relaxation determines the extent and rate that the Zeeman
reservoir is saturated by microwave pumping. We examine
two trityl radicals: d,,~OX063 and Finland trityl, Scheme 1, at X-
and W-bands, between 4-100 K, and at concentrations up to
60 mM. The entire trityl radical spectrum is saturated as
uniformly as possible and the peak of the spin echo signal is
used to measure the electron magnetization of the widest
possible spectral range. This strategy is designed to eliminate
diffusion or polarization transfer

and dipolar The
redistribution of the

artifacts from spectral
the
measurements

between Zeeman reservoirs.

are isolated from
polarization, Pe,,-,19 across the EPR spectrum.36 The dependence
of electron spin-lattice relaxation on experimental DNP
parameters, such as temperature, radical concentration, and
magnetic field strength are examined. Other aspects of trityl
radical spin dynamics are equally important and will be
examined in subsequent papers.

Although dissolution DNP is carried out at very

temperatures and high fields, measuring relaxation over a

low

broad temperature and frequency range is very important for
predicting spin dynamics under different conditions and for
understanding the physical mechanisms underlying relaxation.
Measurements over a small temperature range can give ad hoc
functional forms that are impossible to relate to physical or
chemical properties of the sample. The energy and statistics of
the phonons involved in relaxation determine the temperature
dependence37’ 8 and can be very revealing of the species that
actually transfer spin energy to the lattice. At the very low
temperatures typical for dissolution DNP, electron spin-lattice
relaxation is usually very simple because it involves only the
lowest energy electron spin states and phonons. The spin-
lattice relaxation is readily predicted at DNP temperatures, ESI,
section S 2, avoiding phenomena that do not affect spin-lattice
relaxation but do complicate its measurement, for example,
the very low temperature physical annealing reported by
Marin-Montesinos et al.*?

The recovery kinetics after a saturating or inverting pulse is
usually idealized as a simple exponential with a single
relaxation rate. Often, relaxation exhibits non-exponential
kinetics with a distribution of relaxation rates reflecting the
‘random’ distribution of radicals in dilute solids. We find
several clear indications that the properties of individual trityl
radicals are not the major determinant of relaxation of the
electron Zeeman reservoir with the lattice. Rather, a few fast-
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relaxing paramagnetic centers dominate the relaxation kinetics
in samples with high trityl concentrations.

Results
Spin-lattice relaxation

The recovery of M, to its equilibrium value of M,., was
measured between 4-100 K at concentrations up to 60 mM for
both OX063 and Finland trityl, using the two-pulse electron
spin echo to measure the EPR signal intensity in saturation-
recovery experiments. Measurements are designed to quench
any artifactual recovery caused by redistribution of energy
among the electron spins.g’s'41 A picket fence of pulses
saturates >90% of MZ39‘ 423 Within +120 MHz of resonance
(see ESI, section S 1), which far exceeds the width of the EPR
spectrum. Consequently the signal recovery measures the
transfer of energy from electron spins to the lattice but not
redistribution of energy among the electron spins (which
corresponds to the dipolar reservoir). We will refer to the
recovery of signal due to transfer of spin energy to the lattice
as spin-lattice relaxation.

0X063*. Recoveries of the spin echo signal following saturation
in 1 mM OX063 samples are exponential (x 1 — (1 — &)e~??)
within %1%, Figure 1, where & accounts for incomplete
saturation of the electron spins. The rate b is the spin-lattice
relaxation rate. In dilute samples b is assumed to be a
characteristic of an individual trityl radical in that solvent and
is referred to here as ws or 1/T;.. The values of b at X- and W-
band are similar to the reported 1/T;. for Finland trityI23 but
are roughly an order of magnitude slower than those reported
at low temperatures for 15 mM 0x063.%*

At higher OX063 concentration, the signal recovery becomes
markedly faster, particularly below 40 K. The recovery is non-
exponential at early times and systematic deviations much
larger than noise are seen in the
exponential fits, Figure 1 inset. Such behavior is repeatedly

residuals from the

encountered in studies of spin-lattice relaxation in solids by
EPR and NMR.*“® The initial signal recovery is the result of
rapid cross-relaxation by a subset of the spins to nearby,
rapidly-relaxing spins that serve as sinks to convert spin energy
into lattice phonon energy. This cross-relaxation results in a
distribution of relaxation rates and non-exponential kinetics.

Fits to the experimental signal recoveries improve dramatically
using a well-established relaxation model.* 49°5% Spin diffusion
transports spin energy from most of the radicals to the fast-
relaxing centers where cross relaxation transfers it to the
lattice. Dzheparov derived the detailed kinetics in this model
1=1/2 nuclei
relaxation is negligible.54' > His results are applicable to S=1/2
trityl radicals once their intrinsic T;. is included, so that

for where the intrinsic nuclear spin-lattice

relaxation occurs by three parallel routes: 1) cross-relaxation
via dipolar interactions with a nearby, fast-relaxing, minority
spin; 2) spin diffusion via flip-flops with other trityl radicals,
eventually reaching a fast-relaxing spin; and 3) by its intrinsic
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1/T;. = ws. For a frozen, isotropic solution of radicals, the
relaxation kinetics of M, can be written as

M,(t) — Mz,eq = (Mz(o) - Mz,eq) e_m_b*t (1)

The two terms in the exponent of eq. (1) have simple
explanations. The first term in a comes from cross-relaxation
of a radical in a single step via dipolar interactions with the
nearest fast-relaxing center, analogous to Forster resonant
energy transfer (FRET).® In the absence of this cross-
relaxation, a = 0. Many radicals are too far from a fast-relaxing
center for effective cross-relaxation, they can undergo spin
diffusion in a series of electron-spin flip-flops with other trityl
radicals. A saturated electron spin eventually comes near a
fast-relaxing center and cross relaxation to it occurs. The
second term, in b, is DzheparoV’s result for the combination of
spin diffusion-cross relaxation plus the intrinsic ws for an
isolated radical.

Fits of recoveries for radical concentrations above 1 mM were
much better with eq. (1). Systematic deviations in the residuals
were reduced to the level of experimental noise, Figure 1
inset. Some fits for 1 mM 0OX063 improved slightly with eq. (1),
but in more than half of those, the improvement was not
statistically significant in the F-test at the p=0.05 level.
Occasionally, non-exponential recoveries are treated by fitting
only the tails of the recovery, which works well for the tails,
but completely fails for a significant fraction of spins
contributing to the initial recovery, Figure 1

Relaxation rates in each OX063 sample increase smoothly with
temperature, Figure 2. Considerable scatter was seen: for
duplicate samples at higher concentration; for samples with
different rates of freezing; or even for the same frozen sample
following storage, Figure 2. Scatter is greatest when b is large,
suggesting that random events during sample preparation and
handling affect the fast-relaxing centers. A recent report of
self-assembly and annealing of OX063 capsules32 illustrates the
complexity of concentrated solutions of 0OX063 and is
consistent with the scatter we see among samples.

Finland trityl. Relaxation of Finland trityl was studied, expecting
that replacement of 0OX063’s 2-hydroxyethyl sidechains by
methyl groups would simplify its behavior and make its
electron spin-lattice relaxation more reproducible.

The 2.5 mM Finland trityl samples had nearly exponential
recoveries, similar to 1 mM 0X063 samples. Inclusion of the a
term in eq. (1) failed to give a significantly better fit, in more
than half the measurements, than the single-exponential at
the p=0.05 level for 2.5 mM Finland trityl. However, a is
required at higher concentrations, as in OX063, to reduce
residuals to the level of noise. Relaxation of Finland trityl
samples was consistent among samples at both X- and W-
bands, Figure 3, with much better reproducibility than for
0X063.

Temperature and concentration dependence

The OX063 and Finland trityl samples show similar trends.
Relaxation rates increase smoothly and monotonically with
temperature. Below ~20 K, relaxation rates increase sharply
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with increasing radical concentration. The relatively large
scatter noted for OX063 samples thwarted attempts at
quantitative analysis of its concentration dependence. But the
good reproducibility with Finland trityl allowed fitting of the
temperature and concentration dependence of both a and b.
Temperature dependence of b. The spin relaxation described by
the b coefficient involves spin flip-flops and spin-lattice
relaxation of radicals and fast-relaxing centers. The values of b
for individual OX063 and Finland trityl samples vary as much as
four orders of magnitude over 4-100 K. The temperature
dependence of every sample can be fit over its entire
temperature range by three spin-lattice relaxation terms well-
known from studies of materials for masers and polarized
targets:44’ 48, 49,52, 53, 36 3 direct process, an Orbach-Aminov
process and a Raman process.

b —
hv Aorp T ° i
Agirv coth -+ T/e@o_rrb ~ 1) + Aram (@D) ls (@D) 2

where Ag;,, Ao and Ag., are the coefficients of the direct,
Orbach-Aminov and Raman processes, respectively; @g,, is the
Orbach temperature corresponding to the excited state energy
specific for OX063 or Finland trityl; ©®p

temperature of the solvent; andlg() is the g™ transport
37,38

is the Debye

integral, see for example
The direct process and the Orbach-Aminov process have
similar temperature dependences over this temperature
range, with rates roughly proportional to T below 10 K. The
higher concentration samples show a slightly stronger
dependence at the lowest temperatures: a characteristic of an
Orbach-Aminov process that is consistently fit better by the
Orbach-Aminov term. The 1 and 2.5 mM samples seem to have
a slightly weaker dependence at the lowest temperatures: a
of the direct Many spin-lattice
relaxation terms have a low-temperature region where the

characteristic process.
rate is roughly proportional to temperature and can be difficult
to assign.38‘ 559 This is particularly true for the relaxation at
low trityl concentrations which is not the focus of this paper.
So purely for convenience, not intending to make an
assignment, we call (and fit) that low-temperature relaxation
as a direct process to clearly distinguish it from the
concentration-dependent Orbach-Aminov process.

The electron spin-lattice relaxation has been studied for 15
mM 0OX063 in pyruvic acid between 1.7-4.2 K at W-band.” The
relaxation rate is reported as 0.23 T st and agrees well over
that temperature range with the Orbach-Aminov term and the
total relaxation rate for 50 mM Finland trityl in our solvent,
ESI, section S 2.

Concentration dependence of b. Each individual OX063 sample is
fit well with a different value of A, but with the same Az,
and Ap;, Table 1 and ESI, section S 3. The Orbach-Aminov term
becomes stronger as the OX063 concentration increases: Ag,,

=1.5, 3.6, and 15-33 stat 20, 40 and 60 mM, respectively at X-
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band and 1.7, 2.7, and 11 st at W-band. The scatter among
0X063 samples, most notable for the 60 mM OX063 sample
after storage, makes it problematic to analyse the OX063
concentration dependence.

The consistent results for Finland trityl do support global fitting
of the combined temperature and concentration dependence.
All combinations of concentration dependences up to fourth-
order in [trityl] were attempted for Ay, Ao, and Aggp, at X- and
at W-bands. The best fits were obtained at each band with
concentration-independent Ag;,, and Ag,, but with a quadratic
concentration dependence for Ag,,:

Aorp = Aorb,2 [trityl]z €)

Global fits of eq. (2) to X- and W-band Finland trityl data give
good fits with similar values for the coefficients, Table 1 and ESlI,
section S 3.

Relaxation of these radicals has several similarities with that of
transition metal ions in inorganic crystals studied in the
context of masers and polarized targets.“’ 48, 49, 52,33, 56 The
temperature dependence shows a direct, an Orbach-Aminov,
and a Raman process. The Orbach-Aminov coefficient depends
on the square of the concentration of the paramagnetic ion,
but the Raman coefficient is independent of concentration.
The a rate. The a coefficient primarily arises from trityl radicals
that cross-relax to a nearby fast-relaxing center faster than
they relax directly to the lattice and faster than they undergo
flip-flops with other trityl radicals.* > The uncertainties for g
are larger than those for b because a comes from the deviation
from exponential kinetics, typically 0-10%, described by b. The
least scatter in the experimentally-determined a occurs in X-
band measurements of Finland trityl; the a values clearly
depend on both temperature and concentration, Figure 4.
Finland trityl at W-band and OX063 at X- or W-bands have
greater scatter but are broadly consistent with the trends in
Figure 4.

The a seems to vary linearly with temperature above 10 K, and
even more strongly below 10 K; a trend similar to that
mentioned earlier for the Orbach-Aminov term. In fact, the
temperature dependence of a for each Finland trityl sample,
Figure 4, is fit rather well by a « (exp(@o,b/T)—l)"1 from the
Orbach-Aminov term of eq. (2) using the same ®,,, that fits b,
Figure 3. The amplitude of a seems to vary as [trityl]z, Figure 4.

Table 1 Spin-lattice relaxation rate parameters obtained from least-squares fitting
of the concentration and temperature dependence of the rate b obtained from
experimental saturation-recovery measurements. See text for details.

d,-0X063 Finland Trityl
X-band W-band X-band W-band
Apies” 23+1*10° | 10+1*107 84+4*10° 63+3*10°
Aoz M%s™ - - 69+9%10° 44+6%10°
Agam s 67+2*10> | 77+4*10 83+7*10 13+1*10°
®p 13543 K
Oo 3.740.6 K 5.4+0.6 K

This journal is © The Royal Society of Chemistry 2016



The fast-relaxing centers

Trityl radicals provide the benchmarks for dissolution DNP. The
experimental relaxation data in this paper indicate that their
spin-lattice relaxation, below ~40 K and at concentrations
typical for DNP, is mediated by a small number of fast-relaxing
centers. Because spin-lattice relaxation is an important part of
the spin dynamics that produces hyperpolarization, identifying
the fast-relaxing centers is essential for understanding DNP as
it is currently carried out and for optimizing dissolution DNP.
Whether or not the fast-relaxing centers are desirable for DNP,
their identity, their origin, and their amount remain key
questions.
The number of fast-relaxing centers. An important indication
of the source and identity of the fast-relaxing centers lies in
their number as estimated from b. The relaxation model
underlying eq. (1) gives b as the combination of spin diffusion
with cross-relaxation through the fast-relaxing centers acting
in parallel with the intrinsic ws of isolated radicals. Thus, b
depends on the concentrations and relaxation rates of all
spins: the trityls and the fast-relaxing centers.
The asymptotic relaxation rate corresponding to b has been
derived for several limiting cases, based on kinetic*® %® %933 or
spin temperaturem62 considerations. In the limit that the rate
wy of spin diffusion is slow compared to the relaxation rate for
the fast-relaxing centers, b > ws + N wy; where N are the
concentrations of spins, w are the intrinsic 1/T,,, and the F and
S subscripts indicate fast- and slow-relaxing spins, respectively.
This limit is reached for the lowest radical concentrations,
yielding b = ws. At higher concentrations, wy >> wg and,
[N Npwg+Nswg

Np+Ng

Q)

which is simply the weighted average of all relaxing species.
For Ne>>N;, eq. (4) reduces to b= ws+ wg(Ng/N).

At the lowest radical concentrations, a sum of the direct and
Raman terms fits b quite well. Here b corresponds to ws, or the
spin-lattice relaxation intrinsic to an isolated trityl radical, so
the direct and Raman terms are characteristics of the
individual trityl radicals in this solvent. At high temperatures, b
converges to the same Raman term for all concentrations,
which implies that ws >> wg N/Ns in that range. The Orbach-
Aminov term dominates b at the low temperatures and higher
concentrations, so that b = w:N;/Ns. Thus, the Orbach-Aminov
relaxation is a characteristic of the fast-relaxing centers.
Although they have a significant influence on the relaxation of
all radicals in the sample, the fast-relaxing centers are a small
fraction of the total number of radicals: Ns = [trityl] >> N. Eqgs.
(2), (3) and (4) can be combined when the Orbach-Aminov term

dominates,
A trityl]?
szF:_ZZ orbzl y]/ o0m
(% - 1)
(5)
Ne _ __Np

i 2
Ns _ [trityl] x [trltyl]

Np « [trityl]®
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showing that the number of fast-relaxing centers varies as the
cube of the radical concentration.

The source of fast-relaxing centers. The fast-relaxing centers
arise from the radicals used in preparing the samples. The
number of fast-relaxing centers varies as the cube of the
radical concentration, ruling out impurities or contaminants in
sample tubes, solvents, etc. as the source of the fast-relaxing
centers. Likewise, dissolved oxygen, O,, is also ruled out.
Although O, is paramagnetic and a potent relaxation agent in
liquid trityl solutions,63 the diffusional motion of O, and radical
is a key factor in relaxation in liquids. Molecular diffusion and
the consequent relaxation is virtually absent in frozen samples
used here and for DNP. Indeed, we saw no difference in spin-
lattice relaxation of rigorously-degassed, frozen samples
versus those equilibrated with air, confirming that Ny is
unrelated to O,.

Eq. (5) indicates that the fast-relaxing centers come from the
radicals added to the samples, but they cannot be simple
impurities in the free radical compounds. In that case Ny o«
[trityl]. The observed cubic dependence suggests that the fast-
relaxing centers are clusters or aggregates of trityls that
assemble in solution or as the sample freezes. If trityl solutions
maintain an equilibrium between monomers and clusters
during freezing, the cubic dependence would implicate a triad
of radicals as the fast-relaxing species as proposed in other
systems.*® 3% >3
0X063 has been reported to form clusters called capsules in a
similar solvent.? The scatter in relaxation among samples and
with sample handling for OX063 suggests that clusters of
several different sizes are involved and that equilibrium is not
reached. Our experience in purifying trityls by crystallization is
that their rate of dissolution is quite slow so that the
comparatively rapid preparation and freezing of samples may
not allow them to reach equilibrium.

Calculations that neglect molecular size predict that a
significant fraction of radicals would be closer than 1 nm at the
trityl concentrations used in DNP.** 0X063 and Finland trityl
are each roughly 1 nm in diameter and would form a contact
pair if separated by only 1 nm. So pairs and triads of trityl
radicals in physical contact with each other are expected on
the basis of statistics, and are likely candidates for the fast-
relaxing centers. Pairs and other small aggregates would have
weak ‘half-field’ lines near g=4 from transitions with AMg=%2.
They can occur only from states with S>1, such as pairs, triads
or larger aggregates of trityl radicals even if those aggregates
have no exchange interaction separating the states with S=1
from the S=0 state. Such half-field lines are often assumed to
indicate a triplet state with S=1 having distinctly different
energy from its corresponding singlet state with S=0. In fact,
half-field transitions can result from random pairs of radicals
with no exchange interaction and with strongly mixed S=0 and
S=1 states. Eaton et al.®® showed that random radicals in
half-field detectable at
sufficiently-high radical concentrations. We observe half-field

frozen solution produce lines
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lines at the higher concentrations of Finland trityl and OX063,
ESI section S 5, similar to those seen by Marin-Montesinos, et
al 3t 3? Thus, our samples have an abundance of pairs and/or
larger clusters of trityl radicals with appreciable dipolar
interactions, as noted in other samples of concentrated trityl
3132 We find that those abundant clusters are EPR-
active, with spectra similar to that of an isolated radical, and

contribute to the EPR signals measured in our experiments, ESI

radicals

sectionS 7.

Spin-lattice relaxation. The Orbach-Aminov term dominates
relaxation at the low temperatures and high concentrations
used for DNP. It is a defining characteristic of the fast-relaxing
centers. Orbach-Aminov relaxation has a two phonon
mechanism. Each phonon causes a transition involving an
excited state whose energy, kg ®p,, is less than the limiting
Debye energy of the solid, kg ®p. Such is the case here, where
®p is 135 K for our frozen solvent and the excited states for
fast-relaxing centers are at g, = 3.7 K (2.6 cm™) and 5.4 K
(3.8 cm™) in OX063 and Finland trityl, respectively.

These excited state energies are well below what one normally
expects for vibrational or electronic states but are well within
the range of exchange couplings, J, and splittings between the
electronic spin states in biradicals, in nearest-neighbor and
next-nearest-neighbor ions in inorganic crystals, and in radical
pairs in crystals.66 The classic study on the concentration
dependence of electron spin-lattice relaxation of Ir** ions in

52, 67 .
found relaxation

single crystals by Harris and Yngvesson
behaviour having strong parallels with our observations for
trityl radicals. Four major conclusions are directly relevant to
our work. 1) The electron spin-lattice relaxation of isolated Ir*
ions has concentration-independent direct and Raman terms.
2) There is an Orbach-Aminov term whose coefficient is
proportional to the square of the Ir** concentration, as is seen
with Finland trityl. 3) The @g,, in the two Ir* compounds are
6.2 and 10.2 K, identical to the spectroscopically-measured
exchange interaction, J, between nearest-neighbor ions.> ¢’ 4)
A triad of three ions is the fast-relaxing center which provides
an efficient relaxation conduit.

As radical concentration and sample temperature vary, the
spin-lattice relaxation in our samples change from being a
molecular property of individual trityl radicals to being a bulk
property of the sample. This change can be seen by
decomposing the relaxation rate b into its component parts.
At 1-2.5 mM, the samples seem to be in the regime of slow
spin diffusion and b is equal to ws.

At higher concentrations, eq. (4) applies at all temperatures.
The increase in b with increasing concentration is due to the
Orbach-Aminov term, but never exceeds 200 s, This allows
limits to be set on w, because b-ws = w¢ (N¢/Ns) for small N
according to eq. (4). Spin diffusion is fast, but requires several
flip-flops at a rate wy for an average spin to reach a fast-
relaxing center. This means that the rate of spin diffusion, wy,
to a fast-relaxing center is much slower than the phase
memory decay rate 1/T,\,,~<106 st of the spin echo since one
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spin flip-flop can destroy the precession phase of more than
one radical. Thus, wp < w, << wg < 1/Ty and, at ~70 K, 200 st
<< Wg << 10° s, At lower temperatures, the limits scale
together, so that at 10 K, 20 st << WE << 10° st Similarly,
(Ng/Ns) > 107 for the 50-60 mM samples. None of these limits
are very restrictive, but do set some boundaries. The limits for
wr are more consistent with relaxation of free radicals and
molecular excited states than for transition metal ions.
Cross-relaxation. The relaxation of the free radicals requires
rapid cross-relaxation of the trityl radicals to the fast-relaxing
centers. This means that the EPR spectrum of the fast-relaxing
center must have good overlap with that of the trityl radical to
allow rapid resonance energy transfer. The CW EPR spectrum
of dilute, frozen Finland trityl or OX063 is dominated by a
single line with a peak-to-peak linewidth of about 6 MHz at X-
band from the slight g-anisotropy and unresolved H hyperfine
couplings.es’ & Dipolar interactions broaden the wings of the
line at higher concentrations more than 15 MHz from the
center, see Figure S 19.

The EPR spectrum of the S=1 state for a pair of nearest-
neighbor S=1/2 spins in inorganic crystals can be several GHz in
width because of their mutual dipolar interaction (or zero-field
splitting) at the short distances between ions. This huge width
is usually assumed to preclude rapid cross-relaxation with
monomers.*® %% ® 87 A triad of strongly coupled S=1/2 ions
consists of two S=1/2 and one S=3/2 states. Each of these
states, at least to first order, has one EPR transition free of
dipolar interactions and comparable in width to the isolated
ion. The common expectation is for greater spectral overlap
and faster cross-relaxation for an isolated spin with a spin-
coupled triad, than for an isolated spin with a spin-coupled

48, 52, 66, 67 . . . .
Calculations in random solid solutions support

70,71

pair.
this greater overlap.
For the trityl radicals studied here, cross-relaxation to pairs
may not be so unfavourable. The distance of closest approach
for trityl radicals is much larger, ~1 nm, than in crystals of
inorganic ions, and the unpaired spin density is concentrated
at the center of the radical.®® We estimate the dipolar
interaction in a contact pair to be on the order of 20 MHz; not
that much larger than the EPR linewidth of isolated radicals,
even at X-band. Unlike inorganic ions or even small radicals
such as nitroxides, contact pairs of trityls may have spectral
overlap and cross-relaxation rates with isolated radicals that
are similar to those of triads.

Under conditions typical for DNP, the spin-lattice relaxation of
trityl radicals is dominated by fast-relaxing centers that appear
to consist of triads of radicals forming spontaneously in the
frozen, concentrated solutions. The triads have a doublet
ground state that is separated from its excited spin states with
S=1/2 and S=3/2 by Og,, ~3-6 K. This does not mean that the
exchange interactions J between pairwise members of the
triad are necessarily equal. Such a case could be called a
symmetric triad in which all three spins have identical
interactions with other members of the triad.®® Many
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exchange topologies are possible and the point at which a
radical interacting weakly with a pair should be called a very
asymmetric triad is rather arbitrary.

A spin-coupled pair has four energy levels, three levels in a
triplet state with S=1 and one level in a singlet state with S=0.
The average splitting between the singlet and triplet states is
|J] or ®p,p. A radical interacting weakly with this spin-coupled
pair forms a doublet S=1/2 state with the singlet and, at an
energy |J| away, some mixture of doublet and quartet S=3/2
states with the triplet.

A triad has eight energy levels: four in a state with $S=3/2 and
four in two states with S=1/2 but the splitting between spin
states, which appears in the Orbach-Aminov relaxation as ®g,,
is a complicated function of the J's between all three
radicals,*®>> % but ®oyp is usually comparable to |/].

The complicated dependence of spin state energies on J causes
the Orbach-Aminov relaxation for triads to be much faster
than for pairs.48’ 325987 The spin-lattice relaxation of I pairs
is comparable to that of the Ir* ions in concentrated crystals.
The relaxation of a pair is much too slow to account for the
observed spin-lattice relaxation of single ions even if cross-
relaxation were not prevented by the minimal spectral
overlap. However, numerical estimates of relaxation rates find
that relaxation for triads is fast enough that they can be fast-
relaxing species.48‘ 32,67

Discussion

These spin-lattice relaxation measurements show just one
aspect of a very dynamic spin system. Spin diffusion and cross
relaxation with a few fast-relaxing centers dominate relaxation
and have several implications for our understanding of
hyperpolarization.

Trityl spin-lattice relaxation

At low concentrations, the spin-lattice relaxation of trityl
radicals is described by a single exponential rate or time
constant. However at higher concentrations typical of DNP
applications, relaxation is non-exponential with a distribution
of rates. The spectrum of rates n(w)dw, in the sample is just
the inverse Laplace transform of the relaxation kinetics given
in eq.(1),

1 f a o
n((u)dw =3 me 4(@-b) dw (6)

for @ 2 b and is zero otherwise. This distribution of spin-lattice
relaxation rates has a peak just above b and a tail toward higher
frequencies that dies off as w'3/2, Figure S 20. The rate in Eq. (6)
never quite reaches zero at large w. In practice, the distribution of
relaxation rates should not extend much beyond ~108 sec'l, the
dipolar interaction for a contact pair of trityl radicals which we
estimated to be on the order of (27)20 MHz.

For a<b, the distribution is effectively a delta function at b.
Trityl radicals should be saturated by a microwave pumping
field as if they all had the same spin-lattice relaxation time.
The fast-relaxing centers and the few radicals that cross-relax
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directly to them should be negligible as long as (Ng/Ns)<<1,
although they could very well be dominant in determining the
effective relaxation rate b.

On the other hand, if a>b, there really are subsets of radicals
with different relaxation times, yet still interacting with the
other subsets. Such a population of radicals would have a very
nonlinear response to microwave pumping and a wide
distribution of Zeeman and dipolar temperatures at steady
state. This would require much more complicated modelling
than is currently done.

Trityl spin-lattice relaxation is amazingly similar at X- and W-
bands despite a ten-fold change in magnetic field, By. The
relaxation is certainly not dominated by rates that scale with
Bo2 or Bo4 as often seen for S=% transition metal ions. This
limits the kinds of couplings between spins and phonons that
are responsible for relaxation. But it also suggests that for
polarizers operating below ~250 GHz, the electron spin-lattice
relaxation is not a major factor in the variations in their DNP
performance.

Relaxation is rather similar for OX063 and Finland trityl. We
expected this because the electron spin is concentrated in the
central core common to all trityls. On the other hand, the
differences in the concentration-dependent relaxation and in
O, are expected because aggregate formation and inter-
radical contacts that determine J involve chemical interactions
of trityls with each other and with solvent. These interactions
involve the different types of sidegroups on the surface of the
trityls but isolated from the electron spin. The chemical
properties of groups at the trityl surface could explain some of
the sensitivity of DNP to changes in radical concentration,
solvent or other solutes.

Spin dynamics

Spin diffusion plays a major role in the spin-lattice relaxation of
the bulk of the trityl radicals in the samples with radical
concentrations typical for DNP. The spin diffusion occurs by
mutual flip-flops of radical spins. These flip-flops drive
diffusion of electron spin polarization to the fast-relaxing
centers where equilibration with the lattice can occur. Since
these flip-flops couple the Amg;=+1 transition of a radical, i,
with the Amg;=-1 transition of another radical, j, the net
electron spin polarization, X; mg, is conserved. Consequently
the flip-flops facilitate spin-lattice relaxation but are not the
relaxation event itself.

Each radical, i, produces a dipolar field, d;;, affecting other
radicals, j, and nuclear spins. The dipolar fields from the two
radicals in a flip-flop transition are different at most points in
space. So even though a flip-flop conserves spin polarization, it
does not conserve the dipolar field. Most flip-flop transitions
produce a net change in the dipolar field of (d;; — d;;) # 0 in
their immediate vicinity. The flip-flop itself generally causes
relaxation of the x and y components of the participating
electron spins and of other nearby radicals, contributing to Ty,
and T, spin relaxation. The fluctuating dipole field may cause
some electron spin-lattice relaxation. But the probability is on
the order of ’”(d/Bo)Z or less, so that flip-flops primarily affect
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electron spin-lattice relaxation through their role in spin
diffusion to fast-relaxing centers.

A radical, j, experiences a net dipolar field, dpe;(t)=2d;;ms (t)
that is the sum of contributions from all radicals around it. The
dnetj(t) clearly has a time dependence driven by the mg(t) of
the electron spins around it. The net dipolar field, along with
the hyperfine fields and the applied magnetic field, determines
the EPR frequency of radical j. It is generally overlooked that
the net dipolar fields at different radicals are not the same,
although often correlated statistically. Consequently, the
difference in EPR frequencies of two radicals fluctuates as
dnetj(t)-dnety(t).  Thus, during hyperpolarization of a DNP
sample, the fluctuating dipolar field can bring the radical into
and out of resonance with applied microwave or rf fields and
with other spins. The importance of fluctuating resonance
frequencies is recognized in MAS-DNP where it has profound
effects on spin dynamics and hyperpolarization kinetics”>”* but
has been ignored in modelling of dissolution DNP.

Salikhov and co-workers studied EPR spectral diffusion driven
by modulation of the dipole field by spin-lattice relaxation” 7®
and by spin ﬂip-ﬂops.77 They found that strong electron spin
polarization decreases the rates of phase relaxation and
spectral diffusion’®. The electron spin flip-flops occur between
two spins with opposite ms, which are rare when spins are
strongly polarized. One might expect that spectral diffusion
and other phenomena driven by electron spin flip-flops are
strongly suppressed at the low temperatures and high
magnetic fields used for DNP. This may very well be true when
the microwave pumping fields are off and the electron spins
are fully relaxed. But the hyperpolarization process requires
strong pumping by microwave fields that drive the electron
spins far from equilibrium. The non-equilibrium state and its
non-equilibrium spin polarization support electron spin flip-
flops and spectral diffusion during hyperpolarization.

Nuclear spin-lattice relaxation

Nuclear spin-lattice relaxation opposes the nuclear spin
polarization rate and limits the ultimate degree of polarization.
The relaxation of 1=1/2 nuclei in low temperature solids is
primarily due to cross relaxation with paramagnetic centers.'”
“7 The nuclear spin-lattice relaxation rate is written, for
example, by Abragam in chapter IX, eq. (40) as”’

Wy = i « H:ﬁ @)
where @, is the NMR frequency of that nuclear spin. t is the
correlation time for mg and is often taken to be Ty (or 1/b
here). But at the high concentrations typical for DNP, mg varies
much more rapidly due to wg than by ws or b. Thus, 1 is closer
to the spin echo decay time Ty, than to T;..

Over the entire temperature range examined here, the spin
echo signal decays indicate that t @, (or @/wy) >> 1, so that
the majority of the trityl radicals contribute to the nuclear
spin-lattice relaxation rate as w, oc Ng wff/w,z. The fast-relaxing
centers responsible for electron spin-lattice relaxation also
contribute to nuclear relaxation as w, o« N Wp/w,z. We find
that N oc[trityl]3, but wg oc [trityl]. This means that nuclear
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relaxation may be mediated by electron spin flip-flops at
moderate radical concentrations but by w; of radical triads or
fast-relaxing centers at higher concentrations. The crossover
occurs when Ns wg = Np we and could lead to a rather
complicated dependence of DNP on radical concentration and
temperature.

Are clusters desirable?

Clusters form spontaneously in trityl solutions typical for
dissolution DNP and need to be considered when modelling or
trying to optimize DNP. An obvious question is whether the
hyperpolarization process benefits from or is hindered by trityl
cluster formation. The answer is not clear because detailed
numerical simulations with parameters reflecting real samples
have never been reported and the mechanism responsible for
hyperpolarization with trityl radicals is still uncertain.
However, some speculation based on our findings and general
chemical and physical considerations is possible.

As shown here, triad clusters of three trityls have a great
impact on spin-lattice relaxation rates. Preventing the
formation of clusters would make it easier for microwaves to
saturate resonant trityl radicals, leading indirectly to a larger
asymptotic value for the hyperpolarization. On the other hand,
each radical must absorb microwaves many times before the
steady-state hyperpolarization is reached. The net microwave
absorption rate equals the net spin-lattice relaxation rate, so
with no clusters, the buildup of polarization would be much
slower. Increasing radical concentration could compensate for
the lack of clusters, but would also increase the nuclear spin-
lattice relaxation rate, as just discussed, decreasing asymptotic
hyperpolarization. Preventing triad clusters would probably
degrade polarization for a fixed pumping time.

These considerations predict that agents, such as Gd(lll) that
increase spin-lattice relaxation when added to DNP samples,
would enhance the rate of hyperpolarization, as observed.
They also suggest that increasing trityl radical triad formation
could preserve electron spin-lattice relaxation at lower total
trityl radical concentrations. This would slow nuclear spin-
lattice relaxation, as discussed earlier, and enhance
hyperpolarization.

Nitroxide biradicals are better polarizing agents than nitroxide
radicals, thought to be due to dipolar interactions within the
biradical that enhance transfer of polarization to nuclei. It was
something of a surprise that trityl biradicals showed no
improvement over trityl radicals.”” We can speculate that DNP
samples with trityl radicals already contain sufficient self-
assembled trityl dimers to be equivalent to the biradical DNP
sample. And that dimers play a distinctly different role than
triads. In this case, one would expect that preventing self-
assembly of trityl dimers would impair hyperpolarization.
These speculations suggest that the self-assembly of trityl
clusters does have a positive impact on DNP, but implies that
controlling the amounts of individual clusters may allow much
better control of the DNP process.

Experimental
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Trityls and solutions

The Finland trityl and d,,~-OX063 radicals were synthesized as
previously described.”® To prepare samples, the appropriate
radical, as the sodium salt of Finland trityl or the acid form of
0X063, was first dissolved in a mixture of ~300 uL methanol
(299.9% Sigma-Aldrich) and ~0.2 pL aqueous ammonia solution
(to help solubility and moderate pH). A 10 uL aliquot was
added to 3 mL distilled water and the optical absorption was
measured by a UV spectrometer (Shimadzu UV-1601). The
trityl concentration was calculated using a nominal molar
extinction coefficient of 16000 M™* ecm™.”° The appropriate
volume of the methanol solution to make a sample of the
desired concentration was dried by a nitrogen gas flow, and re-
dissolved in a degassed 60:40(v/v) glycerol:water stock
mixture. Samples were prepared in a nitrogen box to minimize
dissolved O, although the relaxation of air-saturated samples
is indistinguishable from that of samples degassed by repeated
freeze-pump-thaw cycles.

Trityl solutions for X-band measurement were transferred (~50
uL) to quartz tubes (Norell S-4-EPR-250s o.d. 4.0 mm) and
immediately frozen and stored in liquid nitrogen unless
otherwise noted. For W-band measurement, the 2.5 mM
Finland trityl and 1 mM OX063 samples were placed in quartz
tubes (Vitrocom Inc. CV7087Q (i.d. 0.70 mm o.d. 0.87 mm)).
High concentration samples were loaded into capillaries
(Vitrocom Inc. CV1525Q (i.d. 0.15mm o.d. 0.25 mm)) which
were then placed into the 0.87 mm o.d. quartz tubes. The W-
band samples were stored at a nominal -40 °C until
measurement.

Measurements

Spin-lattice relaxation rates, 1/T,., were measured between 4 -
100 K using a Bruker E680 W-/X-band spectrometer by the
saturation-recovery method using a picket fence of 20 pulses,
3 us apart, of 12 ns duration (37/8 turning angle). The two-
pulse echo signal was measured with a 16 ns m/2 first pulse
and the width of the second pulse was chosen between 8-32
ns to optimise echo intensity by reducing instantaneous
diffusion. Each recovery occurs over a wide range of times, so
every recovery was measured at six points per decade in time
starting 100 ns after the end of the saturating picket fence of

pulses and extending until recovery was complete,
occasionally to delays of 100 s.
Fitting

Recovery and temperature/concentration dependence data
were analyzed using Matlab (MathWorks). Figures were
prepared using OriginPro 2015 and 2016 (Origin Labs).

Conclusions

Electron spin-lattice relaxation of the trityl free radicals, OX063
and Finland, at the multi-millimolar concentrations used for
low-temperature DNP is mediated by spin diffusion to fast-
relaxing paramagnetic centers where the spin energy is
dissipated as lattice phonons by an Orbach-Aminov relaxation
mechanism. The relaxation of electron spins to the lattice is
non-exponential and is enhanced as the radical concentration
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increases. The spin-lattice relaxation is quite similar at X- and
W-bands at all temperatures and concentrations studied.

The fast-relaxing centers seem to be exchange-coupled
clusters of three radicals that form spontaneously in the frozen
samples as a result of the solubility and large volume of the
trityl radicals. Formation of these fast-relaxing centers and the
spin-lattice relaxation of the final samples are quite sensitive
to molecular properties of the trityl, the chemical composition
of the solvent mixture, and the sample preparation procedure.
Spin diffusion among trityl radicals plays an important role in
spin-lattice relaxation. But it also drives spectral diffusion of
each radical and will affect the transfer of energy among the
thermal reservoirs during the DNP process. The resonant
frequency of an individual radical varies with time. This
dynamic resonant frequency needs to be included in numerical
modelling of the DNP process.
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Figure 1 Experimental X-Band saturation-recovery data. The spin echo intensity is
plotted as a function of time following a saturating picket fence of pulses for 1 mM
(black squares) and 40 mM (dark yellow circles) OX063. Solid lines are least-squares
fits to the data: exponential fit (red) and eq. (1) (blue). A fit to the tail of the
recovery (for time > 0.05 sec) at 40 mM OX063 (green) fails to catch the initial
~12% of the recovery. The inset shows the residuals for 40 mM OX063 as a
percentage of the fully-recovered signal for fits with a single exponential (red) and
with eq. (1) (blue).
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Figure 2 The temperature dependence of spin-lattice relaxation of OX063. The
measured values of b are plotted as points and the fits of eq. (2) are plotted as solid
lines. The concentration-independent direct and Raman terms are shown as dash-
dot and dotted lines respectively while the Orbach-Aminov terms at each
concentration are shown as dashed lines. Data for W-band (upper) are shown at
radical concentrations of 1 mM (black, squares), 20 mM (red, circles), 40 mM (blue,
triangles) and 60 mM (green, diamonds). Data for X-band (lower) are shown at
radical concentrations of 1 mM (black, squares), 20 mM (red, circles), 40 mM (blue,
triangles) and for the same 60 mM (green, diamonds) sample before and after
storage. Uncertainties in b are generally smaller than the symbols.
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Figure 3 The temperature dependence of spin-lattice relaxation of Finland trityl.
The measured values of b are plotted as points and the fits of eq. (2) are plotted as
solid lines. The concentration-independent direct and Raman terms are shown as
dash-dot and dotted lines respectively while the Orbach-Aminov terms at each
concentration are shown as dashed lines. Data for W-band (upper) are shown at
radical concentrations of 2.5 mM (black, squares), 26 mM (red, circles), 39 mM
(blue, triangles) and 50 mM (green, diamonds). Data for X-band (lower) are shown
at radical concentrations of 2.5 mM (black, squares), 26 mM (red, circles) and 50
mM (green, diamonds). Uncertainties in b are generally smaller than the symbols.
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Figure 4 Temperature and concentration dependence of the a term for Finland
trityl at X-band. The solid lines were obtained by fitting the amplitude of the
Orbach-Aminov term to a (upper) at each concentration: 2.5 mM (black, squares),
26 mM (red, circles), 39 mM (blue, triangles) and 50 mM (green, diamonds). The
amplitudes are fit by a quadratic concentration dependence (lower). Error bars are
uncertainties from the fits.
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S 1 Saturation Bandwidth

The bandwidth saturated by the picket fence used in the saturation recovery measurements was determined in an ELDOR
measurement. The microwave frequency of the picket fence was shifted from the detection frequency by using the ELDOR
channel to produce the picket fence. The normalized saturation of the EPR signal was determined from the signal remaining
immediately following the picket fence as the saturating frequency was shifted as far as 130 MHz from measurement frequency
and the center of the spectrum.

1.0
0.8

0.6+

Normalized Saturation

0O 200 400 600 800
Ao (MHz)

Figure S 1 Saturation bandwidth of 40 mM OX063 at 40 K and X-band. The red triangles are the measured saturation of the OX063 as the microwave frequency of the saturating
picket fence was moved from the center of the EPR line. The solid black line is a least-squares fit of a Gaussian to the data with a full width at half maximum of 638 MHz.

The normalized saturation was fit well by a Gaussian curve with a full width at half maximum of 638 MHz. More than 90%
saturation was achieved over a 120 MHz range which is more than enough to saturate the entire EPR spectrum of Finland trityl
or OX063. The largest 3¢ hyperfine tensor element of 160.1 MHz was measured by CW-EPR for the parallel component of the
hyperfine coupling of the central carbon in Finland trityI1 and we have observed similar values in OX063. The next largest
coupling is under 40 MHz, so the largest spectral extent in a trityl with two 3C in natural abundance is less than 200 MHz or
+100 MHz relative to the center. There is also some broadening of the EPR spectrum from g-factor anisotropy which would
contribute about 0.5 MHz broadening for every GHz of EPR frequency.z‘ 3

Similar saturation bandwidths could be achieved at W-band because of the greater bandwidth of the resonator. The picket fence
used in our relaxation measurements provides a fairly uniform saturation of the entire observable EPR spectrum, although its
performance at very large offsets is expected to deviate from the Gaussian fit.

S 2 Rate comparison with Filibian et al.

The T4, of 15 mM 0OX063 in pyruvic acid was reported by Filibian et al.* at W-band for temperatures between 1.8-4.2K. They
reported 1/T4. = 0.23*T>" over this temperature range, which is difficult to compare directly with our results in terms of eq. (2).
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However, plotting the curve for 15 mM OX063 in pyruvic acid with the curves fit to 50 mM Finland trityl in 60:40 glycerol:H,0,
Figure S 2, shows excellent agreement in both the temperature dependence of 1/T;. and the overall magnitude. It appears that
the function obtained by Filibian et al. is just the tangent to the relaxation rate in the 1.8-4.2 K region.

Finland 50mM W-band
100-:
B
O
10-:
1 /

2 4 6 8 10 20 30 40
Temperature (K)

Figure S 2 Plots of the low-temperature spin-lattice relaxation rate b for 50 mM Finland trityl at W-band with fits of the direct (blue), Raman (magenta), Orbach-Aminov (green)

and total (red) rates from eq. (2). The line in the 2-5 K region is the fit by Filibian et al. (cyan) for 15 mM OX063 in pyruvic acid at W-band between 1.8-4.2 K.

S 3 Temperature and concentration dependence of relaxation

The temperature dependence of OX063 and Finland trityl at each concentration are plotted, Figures S 3-18, along with the best
set of fits as described in the paper. All samples used the same stock of solvent and were fit with the same Debye temperature
determined from global fits described in the paper and Table 1. The Orbach-Aminov splitting was taken to be a property of the
radical being measured. The coefficients of the Raman relaxation term and the direct relaxation term appear to be independent
of radical but do depend on the radical and magnetic field used in the measurement. The coefficient of the Orbach-Aminov
relaxation term depends on radical concentration, radical and magnetic field. The Finland trityl data were fit well with an
Orbach-Aminov coefficient having a quadratic dependence on radical concentration, but the OX063 had to be fit with individual
coefficients for the Orbach-Aminov term as described in the paper.
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Figure S 3 Temperature dependence of spin-lattice relaxation rate, b, of 1 mM 0X063 in 60:40 glycerol:H,0 (9.784 GHz, 348.4 mT) showing contributions of the Direct (blue) and
Raman (magenta) processes.
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Figure S 4 Temperature dependence of spin-lattice relaxation rate, b, of 20 mM 0X063 in 60:40 glycerol:H,0 (9.779 GHz, 348.1 mT) showing contributions of Raman (magenta)

and Orbach (green) processes.
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Figure S 5 Temperature dependence of spin-lattice relaxation rate, b, of 40 mM 0OX063 in 60:40 glycerol:H,0 (9.779 GHz, 348.1 mT) showing contributions of Raman (magenta)

and Orbach (green) processes.
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Figure S 6 Temperature dependence of spin-lattice relaxation rate, b, of the freshly frozen sample of 60 mM 0OX063 in 60:40 glycerol:H,0 (9.786 GHz, 348.4 mT) showing

contributions of Raman (magenta) and Orbach (green) processes.
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Figure S 7 Temperature dependence of spin-lattice relaxation rate, b, of 60 mM OX063 in 60:40 glycerol:H,0O after storage in the freezer (9.785 GHz, 348.4 mT) showing

contributions of Raman (magenta) and Orbach (green) processes.
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Figure S 8 Temperature dependence of spin-lattice relaxation rate, b, of 1 mM 0X063 in 60:40 glycerol:H,0 (93.74 GHz, 3362.9 mT) showing contributions of Direct (blue) and

Raman (magenta) processes.
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Figure S 9 Temperature dependence of spin-lattice relaxation rate, b, of 20 mM 0X063 in 60:40 glycerol:H,0 (93.89 GHz, 3365.1 mT) showing contributions of Raman (magenta)

and Orbach (green) processes.
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Figure S 10 Temperature dependence of spin-lattice relaxation rate, b, of 40 mM 0X063 in 60:40 glycerol:H,0 (93.93 GHz, 3366.9 mT) showing contributions of Raman (magenta)

and Orbach (green) processes.
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Figure S 11 Temperature dependence of spin-lattice relaxation rate, b, of 60 mM 0OX063 in 60:40 glycerol:H,0 (93.92 GHz, 3366.7 mT) showing contributions of Raman (magenta)

and Orbach (green) processes.
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Figure S 12 Temperature dependence of spin-lattice relaxation rate, b, of 2.5 mM Finland trityl in 60:40 glycerol:H,0 (9.775 GHz, 348.0 mT) showing contributions of Direct (blue),

Raman (magenta) and Orbach (green) processes.
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Figure S 13 Temperature dependence of spin-lattice relaxation rate, b, of 26 mM Finland trityl in 60:40 glycerol:H,0 (9.781 GHz, 348.1 mT) showing contributions of Direct (blue),

Raman (magenta) and Orbach (green) processes.
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Figure S 14 Temperature dependence of spin-lattice relaxation rate, b, of 50 mM Finland trityl in 60:40 glycerol:H,0 (9.779 GHz, 348.1 mT) showing contributions of Direct (blue),

Raman (magenta) and Orbach (green) processes.
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Figure S 15 Temperature dependence of spin-lattice relaxation rate, b, of 2.5 mM Finland trityl in 60:40 glycerol:H,0 (94.19 GHz, 3362.0 mT) showing contributions of Direct

(blue), Raman (magenta) and Orbach (green) processes.
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Figure S 16 Temperature dependence of spin-lattice relaxation rate, b, of 26 mM Finland trityl in 60:40 glycerol:H,0 (94.26 GHz, 3363.8 mT) showing contributions of Direct (blue),

Raman (magenta) and Orbach (green) processes.
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Figure S 17 Temperature dependence of spin-lattice relaxation rate, b, of 39 mM Finland trityl in 60:40 glycerol:H,0 (94.25 GHz, 3363.3 mT) showing contributions of Direct (blue),

Raman (magenta) and Orbach (green) processes.
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Figure S 18 Temperature dependence of spin-lattice relaxation rate, b, of 50 mM Finland trityl in 60:40 glycerol:H,0 (94.21 GHz, 3362.0 mT) showing contributions of Direct (blue),

Raman (magenta) and Orbach (green) processes.
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Close examination of the last few high-temperature points in each of the Figures S 3-18 shows some deviation in both directions
from the fitted curves. This is an artifact from operation of the sample cryostat with liquid helium when measuring the
temperature dependence above 40 K. Efficient use of liquid helium in this regime requires operation with the helium vapor at
low density with low heat capacity while the cryostat and resonator have high heat capacities and the temperature is regulated
at a location several centimeters from the sample. These conditions are ripe for significant thermal gradients in the cryostat that
are sensitive to pressures, flow rates and other operating conditions but tend to be random from one run to another. The
temperatures of the last few points at the high end have greater uncertainty than the rest of the points in each figure.
Fortunately, this occurs in a region where the relaxation is dominated by the concentration-independent Raman relaxation so
that the temperature variations for a sample at one concentration cancel those in a sample at another concentration. The
temperature uncertainty at the high temperature region affects the Raman term which is entirely negligible in the range
pertinent to dissolution DNP.

S 4 EPR spectral broadening

CW-EPR spectra of the 20-60 mM OX063 samples at 77 K have considerable broadening relative to spectra at low
concentration.® There is a single sharp line with a pair of weak H spin-flip satellite lines approximately the nuclear Zeeman field,
0.5 mT, above and below the main line. The peak-to-peak linewidth of the main line is quite constant in this range of
concentrations. But the lineshape shows large changes in the wings as the center line goes from nearly Gaussian in shape at 20
mM to approximately Lorentzian in shape at 60 mM. The 'H spin-flip satellite lines are well resolved from the central line at 20
mM and below, but they are obscured by the wings of the central peak at 40 and 60 mM, Figure S 19.
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s ——20mM
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Figure S 19 Concentration dependence of the X-band CW-EPR spectrum of OX063 in 60:40 glycerol:H,0 at 77 K. The broadening in the wings of the peak is quite noticeable ~0.3
mT from the center of the spectrum.

S 5 Half-field and third-field EPR transitions

The EPR spectrum of triplets, biradicals and radical pairs often have a relatively narrow line at approximately half of the
magnetic field of the center of the ‘normal’ EPR spectrum. This line is commonly known as the half-field transition and
corresponds to the formally forbidden Amgs=+2 EPR transition between the pair of ms=%1 levels of a state with S=1, often called a
triplet state but it need not be the triplet state of an aromatic, organic molecule. This transition becomes weakly allowed in
conventional CW-EPR by the second-order perturbation from s, and S terms in the Zero Field Splitting (ZFS or dipolar)
Hamiltonian, even if there is no exchange interaction, J, to produce distinct singlet and triplet states.” The total integrated
intensity of the half-field transition is much weaker than that of the allowed transitions by a factor proportional to D*/(hv)>.®
However, the half-field transition is not broadened to first-order by the ZFS interactions while the allowed spectrum is
broadened, making the half-field transition detectable in EPR spectra of frozen solutions of many triplet molecules and radical
pairs.

Half-field transitions are observed in the CW-EPR spectra of the higher concentration Finland trityl samples, Figure S 20a. The
peak to peak linewidth is similar to those of the allowed transitions at g~2, but there is a noticeable growth in the wings of the
half-field lines with increasing concentration, as there is for the g~2 lines. Double integration of the half-field transitions is
difficult because of their low intensity relative to the noise, but is roughly 10® times weaker than the g~2 portion of the
spectrum, Table S 1. The increasing ratio of double integrals with concentration indicates that states with $>1/2 form by
aggregation at higher radical concentrations. The half-field spectra in OX063 samples are similar in shape and intensity to those
of Finland trityl samples and are consistent with those reported by Marin-Montesinos, et al.” ® These half-field spectra are
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another point of similarity between our samples and those of Marin-Montesinos et al.”® and indicate significant dipolar
interactions among the radicals. But, as shown by Eaton, et al.®, these half-field spectra provide virtually no information about
the clusters formed in the samples; their characterization must come from careful analysis of spin dynamics and spin relaxation.

Table S 1 The ratio of the double integrals of the half-field line to those of the g~2.0 line in samples of 0X063 and Finland trityl with concentration. N.D. indicates that a half-field

lines was not detected, and an upper limit on the ratio determined by the noise in the spectrum is given in parentheses.

Radical Concentration | Ratio of Double Integrals

1mM N.D. (<1.8*10°)

) ) 15 mM N.D. (<7.8*10°)
Finland Trityl 30mM 7 5%10%
60 mM 12.5%10°
20 mM 3.8%10°
0X063 40 mM 7.1*10°
60 mM 5.5%10°

The half-field transitions of trityl radical aggregates are likely to be exceptions to the general rule that half-field lines are seen
only for S=1 states with large D. The half-field line is quite weak because of the factor of D%/(hv)? but it will be readily detected
because of its sharp linewidth. When the ZFS are large, the narrow half-field transition reflects primarily the states with S=1
because half-field transitions other than those between ms=t1 levels are broadened by ZFS nearly as much as the allowed
transitions. The half-field transitions for S>1 states will not be enormously broadened by ZFS in trityl aggregates so the half-field
line can be taken only as an indication of states with S>1. For trityl radicals, ZFS is comparable to the spectral width of an isolated
radical, so the half-field transitions have roughly the same spectral width as the allowed transitions whether from an S=1 state
where broadening by ZFS is absent to first order, or from $>3/2 states where ZFS does broaden half-field lines. The broadening
seen in Figure S 20a with increasing concentration has contributions from dipolar broadening from nearby radicals and clusters
of radicals and from half-field transitions from clusters larger than pairs with S>1.

0.20
—— 60 mM ——40 mM

a ——40mM _ g15] P —— 60 mM

Normalized EPR signal

1104 1112 1120 1128 1136
Magnetic Field (mT) Magnetic Field (mT)

1672 1676 1680 1684 1688

Figure S 20 Half-field and third-field regions of the X-band CW-EPR spectrum of Finland trityl in 60:40 glycerol:H,0 at 77 K. a) Half-field transitions grow and broaden with
increasing trityl concentration. b) No signals are detected in the third-field region for 40 or 60 mM radical. Concentrations are indicated by the color of the trace: Blue — 20 mM;
Red — 40 mM; Black — 60 mM.

The region for third-field transitions was examined for CW-EPR spectra in the highest concentration Finland trityl samples, Figure
S 20b. No indication of any signal is seen at the limit of sensitivity of the spectrometer. This result is expected because the third-
field region corresponds to a Amg=+3 EPR transition which is forbidden even for second-order perturbation theory by s,>and S
terms in the Zero Field Splitting (ZFS) Hamiltonian. The third-field transition becomes allowed in conventional CW-EPR only in
third-order perturbation theory with a ZFS interaction. Its transition intensity scales as D*/(hv)*, leading us to expect a third-field
transition roughly 10™° times weaker than the transition at g~2.0 and well beyond our sensitivity, for instance, in the 60 mM
0X063 sample, the third-field transition is much less than 3*10” times the intense than the g~2.0 line.

S 6 Distribution of relaxation rates

The recovery from saturation is non-exponential at all but the lowest radical concentrations. The recovery has the general form
M,(t) — My eq = (MZ(O) - Mz'eq) e~Vart=b*t \which corresponds to a broad spectrum of relaxation rates given by
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1 ’ a —2 .
R P — (w—b)
Tl(a))d(l) -3 ( )3 e 4 dw when w>b and 0 otherwise.

This distribution is plotted, Figure S 21, for different ratios of a/b. The curve for a/b ~ 0.1 is representative of the distribution of
relaxation rates for OX063 and Finland trityl.
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Figure S 21 The distribution of relaxation rates for ratios of a/b of 0.1 (black), 1 (blue) and 3 (red) versus the rate normalized by b.

S 7 Spin Susceptibility

The spin susceptibility, x, as reported by the double integral of the EPR spectrum is a measure of the number of spins present in
a sample. The ZFS of pairs and other aggregates of small free radicals are typically much larger than the linewidth of the
individual radicals surrounded by solvent. The centers of the unpaired electron spin distribution are only a few tenths of a
nanometer apart so that contact pairs, triads, etc. of such radicals in frozen samples have distinct spectra that are readily
separated allowing the y of the various aggregates to be measured. However, contact pairs of bulky trityl radicals have small
ZFs® that are similar to 'H spin-flip satellite lines and natural abundance B¢ hyperfine splittings3 or even the dipolar broadening
in concentrated samples, Figure S 19.

The y is unaffected by the exchange interaction, J, between radicals when |J|<<kgT. The total ¥ of a sample is unaffected by
aggregate formation as long as J is small compared to thermal energy. However, as the sample temperature drops so that
|J]=2kgT, the %(T) will increase faster than 1/T for aggregates if the exchange is ferromagnetic but y(T) will increase more slowly
than 1/T, or even decrease, if the exchange is antiferromagnetic. Thus the , normalized by sample volume, will be proportional
to the total trityl radical concentration if |J|<<kgT. But if aggregates having |J|2kgT form at higher concentrations, x will not be
proportional to total trityl radical concentration.

We examined the y of Finland trityl and OX063 solutions in 60:40 glycerol:water over a concentration range of 1-60 mM which
includes a concentration range where optical measurements showed changes in aggregation at room temperature.7’8 Different
concentrations were produced by serial dilution and loaded into capillaries. Relative sample volumes were estimated from the
sample lengths, but the meniscus causes some uncertainty in volumes. CW EPR spectra of the samples were measured at room
temperature (RT) and at 77 K in liquid nitrogen and the %, normalized by volume were determined from double integration of
the g~2.0 spectrum. The % (RT) is proportional to the concentration from 0-60 mM for both Finland trityl and OX063, Figure S 22.
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Figure S 22 The (RT) versus radical concentration for +: Finalnd trityl and X: OX063 in 60:40 glycerol:water at X-band where consistent tuning of the cavity could be maintained.
The blue line is a least-squares fit (R*>0.94) of a straight line passing through the origin to data of both radicals.

The linear relationship between y (RT) and total trityl concentration indicates no aggregates with |J|2kgT form. A plot of % (77 K)
versus x(RT), Figure C 23, also shows a good linear relation passing through the origin. These xs were not normalized by sample
volume, so that no errors are introduced by sample volume uncertainty. The numerical scale is not corrected for differences in
measurement conditions, such as microwave power and modulation amplitude. The linear relationship between y (77 K) and
%(RT), extending through the origin, indicates that aggregates formed in any significant amount at radical concentrations below
60 mM have |J]|<<kg(77 K). This is in complete agreement with the indication from the Orbach-Aminov relaxation term that
BOprp~3.5-5.5 K for triads of both radicals.
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Figure S 23 The (77 K) versus y(RT) for +: Finalnd trityl and X: OX063 in 60:40 glycerol:water at X-band where consistent tuning of the cavity could be maintained. The blue line is
a least-squares fit (RZ>0.95) of a straight line passing through the origin to data of both radicals.
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