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Abstract. In spite of its name, the solid effect of dynamic nuclear polarization (DNP) is operative also in viscous liquids,
where the dipolar interaction between the polarized nuclear spins and the polarizing electrons is not completely averaged out
by molecular diffusion. Under such slow-motional conditions, it is likely that the tumbling of the polarizing agent is similarly
too slow to efficiently average the anisotropies of its magnetic tensors. Here we extend our previous analysis of the solid effect in
liquids to account for the effect of g-tensor anisotropy at high magnetic fields. Building directly on the mathematical treatment
of slow-tumbling in electron spin resonance (Freed et al., 1971), we calculate solid-effect DNP enhancements in the presence of
both translational diffusion of the liquid molecules and rotational diffusion of the polarizing agent. To illustrate the formalism,
we analyze high-field (9.4 T) DNP enhancement profiles from nitroxide-labeled lipids in fluid lipid bilayers. By properly
accounting for power-broadening and motional-broadening, we successfully decompose the measured DNP enhancements

into their separate contributions from the solid and Overhauser effects.

1 Introduction

The sensitivity of NMR experiments is greatly increased by dynamic nuclear polarization (DNP),! where the much larger static
polarization that is available to electronic spins is transferred to nuclear spins (Wenckebach, 2016). For the transfer to take
place, the electronic and nuclear spins should be able to flip simultaneously (Abragam and Goldman, 1978). Such concerted
flips correspond to the zero-quantum (ZQ) and double-quantum (DQ) transitions of the electron-nucleus spin system, which are
enabled by the inter-spin interactions. Among the four DNP mechanisms, namely the Overhauser effect (OE), the solid effect
(SE), the cross effect, and thermal mixing, only the first two are operative in the liquid state, where the spin-spin interactions
change randomly in time due to the thermal motions of the molecules.

In OE-DNP, the ZQ and DQ transitions are in fact possible because the dipole-dipole and contact interactions are modulated
by the molecular motions. In SE-DNP, on the other hand, the ZQ and DQ transitions are driven directly by the microwave (mw)
excitation, and the modulation of the dipolar interaction is detrimental because it constantly modifies the matching condition

that the mw frequency should satisfy in order to resonantly drive these transitions.

! Abbreviations used in the text: continuous wave (cw), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), double quantum (DQ), dynamic nuclear
polarization (DNP), electron paramagnetic resonance (EPR), force-free hard sphere (FFHS), microwave (mw), nuclear magnetic resonance (NMR), Overhauser

effect (OE), 1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine (PSPC), solid effect (SE), stochastic Liouville equation (SLE), zero quantum (ZQ).
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The initial theoretical treatments of OE (Solomon, 1955) and SE (Abragam and Proctor, 1958) modeled the ZQ and DQ
transitions by expressing the transition probabilities per unit time using Fermi’s golden rule. As the mathematical description
of (semi-classical) relaxation theory matured around the same time (Redfield, 1957; Abragam, 1961), the Fermi golden rule was
promptly replaced in the theory of OE-DNP in liquids (Hausser et al., 1968) by the correlation function of the dipolar interaction
(or its Laplace transform, which is known as spectral density). Because the time-domain description of relaxation leads to
a correlation function in a very general way (Abragam, 1961), the same formalism works naturally with different spectral
densities (e.g., for rotational or translational diffusion). As an example, the improved analytical treatment of translational
diffusion achieved in 1975 was immediately applied to paramagnetic relaxation in liquids (Ayant et al., 1975; Hwang and
Freed, 1975).2

During the same time period, it also became possible to account for spin dephasing and relaxation beyond second order
(Anderson, 1954; Kubo, 1954), which is important for understanding spectral line shapes outside the regime of fast averaging
(Kubo, 1969). These initial ideas were transformed into a powerful tool for the calculation and analysis of slow-motional EPR
spectra by Freed et al. (1971).

When first presented, Abragam’s quantitative description of SE-DNP in terms of mixing of the Zeeman energy levels by the
dipolar interaction (Abragam and Proctor, 1958) conclusively explained that the NMR signal is maximally enhanced when the
mw frequency is shifted from the electronic resonance by +wj, where wy is the Larmor frequency of the polarized nuclear spin.
Abragam’s perturbative analysis also correctly predicted that the effect should drop quadratically with the magnitude of the
static magnetic field, which has lasting implications for SE-DNP at high magnetic fields. In spite of these successes, however,
the perturbative approach to SE is practically impossible to integrate with other relevant spin phenomena whose mathematical
treatment matured subsequently.

Recently, Sezer (2023a) presented a time-domain description of SE which, like semi-classical relaxation theory, allows
for different dynamical processes to modulate the relevant spin interactions. By interfacing this description with the spectral
density of translational diffusion (Ayant et al., 1975; Hwang and Freed, 1975), it was possible to treat SE-DNP in the presence
of molecular translation (Sezer, 2023b), as relevant to liquids. The requirement that the dipolar interaction should not be
completely averaged out by the molecular dynamics restricts liquid-state SE-DNP to viscous media, where the tumbling of the
polarizing agent may similarly be too slow to average the anisotropies of its magnetic tensors. The current paper accounts for
the effect of g-tensor anisotropy on SE in this slow-tumbling regime. To this end, the time-domain description of SE-DNP in
liquids is interfaced here with the established mathematical treatment of slow-motional EPR spectra (Freed et al., 1971).

To motivate the presented theoretical study, in Sec. 2 we formulate one specific practical problem that it addresses. There
we also introduce the experimental EPR and DNP data that are analyzed subsequently in Sec. 5 using the developed theory.
The needed background from Sezer (2023a, b) is presented in Sec. 3. Building on it, in Sec. 4 we adapt the slow-motional
formalism of Freed et al. (1971) to the treatment of SE in the liquid state. Our conclusions are in Sec. 6, and several supporting

figures are left to the appendix.

2Surprisingly, this improved treatment is not mentioned by Miiller-Warmuth et al. (1983), who continue to use the older, deficient expression of the spectral

density for translational diffusion.
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2 Motivation

DNP aims to increase the longitudinal nuclear magnetization, ¢, beyond its equilibrium Boltzmann value, $%. This is done
by doping the sample with unpaired electrons, whose spins are then subjected to near-resonance microwave irradiation. In
continuous-wave (cw) DNP, which is the only variety that we consider here, a steady state magnetization 73’ is reached after

the microwaves have been applied for sufficiently long time. The enhancement of 7, under such steady-state conditions is
€= =g — 1, ey

where € = 0 corresponds to the absence of DNP.

In both OE and SE, e is directly proportional to the ratio of the gyromagnetic factors of the electronic and nuclear spins, g
and ~;. For OE (Hausser et al., 1968; Miiller-Warmuth et al., 1983),
@a

V1
where s, c and f are, respectively, the electronic saturation factor, the coupling factor and the leakage factor. The former is
defined as

2

€og = scf

s=1—157/s (3)

and reflects the deviation of the longitudinal electronic magnetization at steady state, s3°, from its equilibrium value, s5%. The

other two factors, ¢ and f, quantify the interaction between the electronic and nuclear spins. Specifically,
f=1-Ty /T )

compares the nuclear T} ’s in the presence (717) and in the absence (T7;) of the polarizing agent. In DNP, the former is typically
(much) shorter than the latter due to the elevated concentration of the electronic spins, hence f ~ 1.
Similarly, the SE enhancement can be expressed as (Sezer, 2023a)
1 s
esg = pu-Tig <1+’U+Tu> |:YYI|’ (5)
where p = 1 — s quantifies how “non-saturated” the electronic transition is, and the rate constants v are related to the ability
of the microwaves to excite simultaneous flips of the electronic and nuclear spins. These concerted flips correspond to the

“forbidden” ZQ and DQ transitions, which are enabled by the dipolar interaction. In fact,
V4 = vg Vg, (6)

where vy and vy denote, respectively, the ZQ and DQ transition rates. In liquids, where the dipolar interaction is partially
averaged, the contribution of the mw excitation to the nuclear relaxation rate Ri; = 1/T7;, which is quantified by v, is
generally negligibly small. As a result, v /R;; « 1 and the expression in parenthesis in (5) is essentially one. Then the SE

enhancement acquires the multiplicative form

Ivs|

€SE ~ PUfTu? (v4 < Riy), @)
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which is analogous to eop with the factors s, ¢ and f being replaced by the factors p, v_ and T, respectively. In the numerical
work presented in Sec. 5 we use the approximation (7). The condition v, 777 « 1 is validated at the end of the analysis by
comparing the estimated v to the measured 7.

In the current paper we study the dependence of the DNP enhancement on the displacement from the electronic resonance.
Following Gizatullin et al. (2022), we call the profile of € against the offset from resonance a “DNP spectrum”. Because DNP
experiments in the liquid state are carried out with a mw resonator (Erb et al., 1958a, b; Leblond et al., 1971b; Neudert et al.,
2016; Gizatullin et al., 2021a; Kuzhelev et al., 2022, 2023), off-resonance conditions are achieved by varying the stationary
magnetic field at constant mw frequency (i.e., field sweep). In theoretical analysis, however, it is more convenient to work with
a fixed By and a variable mw frequency. Thus, when comparing calculations and experiments, we will convert the horizontal
axis of the experiments from magnetic field to offset frequency.

In the case of eox (eq. (2)), the entire offset dependence is due to the saturation factor s, as the factors c and f are practically
constant over such narrow frequency range. In the case of esg (eq. (5)), both pv_ and v, are functions of the offset. For a
single, homogeneously-broadened EPR line the saturation factor can be obtained in closed analytical form from the Bloch
equations (as we review below in Sec. 3.1). Recently Sezer (2023a) showed that the SE spin dynamics is described by two
coupled Bloch equations, whose steady state can similarly be solved analytically to obtain closed-form expressions for the rate
constants vy (reviewed in Sec. 3.2). In liquids, where the random molecular motion modulates the dipolar interaction between
the electronic and nuclear spins, these rate constants are no longer available analytically but can be calculated numerically for
motional models with known dipolar spectral densities (Sezer, 2023b), as reviewed below in Sec. 3.3.

Liquid-state SE-DNP is restricted to viscous media, where the dipolar interaction is not averaged out completely by the
molecular motions. Under these conditions, the tumbling of the polarizing agent is also expected to be too slow to average the
anisotropies of its magnetic tensors. One thus expects substantial deviations from the Lorentzian EPR line shape of the Bloch
equations. Such deviations are unavoidable in the case of nitroxide-based polarizing agents whose g and A tensors are rather
anisotropic. A recent SE-DNP study at 9.4 T demonstrated that even the narrow-line radical trityl exhibited g-tensor broadening
in liquid glycerol (Kuzhelev et al., 2023).

This paper extends the theoretical description of SE-DNP to the regime of slow radical tumbling where the cw-EPR spectrum
deviates from a Lorentzian line. Given our longstanding efforts in liquid-state DNP at 9.4 T, here we focus on high magnetic
fields, where the width of the EPR spectrum is dominated by the anisotropy of the g tensor. We will thus completely neglect
the hyperfine tensor. This possibility will greatly simplify the needed adjustments to the Lorentzian case (Sec. 4).

To illustrate the practical problem that motivated this theoretical work, we now turn to the experimental data in fig. 1.
The characterized samples comprised liposomes of hydrated lipid bilayers composed of DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine) lipids. As the phase transition temperature of DOPC is about —17°C, the lipids were in their fluid, liquid-
crystalline phase in the experiments at ~ 320 K. The DOPC lipids were mixed at a ratio of 20:1 with PSPC lipids spin-labeled
either at position 10 (1-palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phosphocholine) or at position 16 along one of their
aliphatic chains. Both the EPR spectra (fig. 1a,b) and the DNP enhancements (fig. 1c,d) were recorded in our home-built
Fabry-Pérot resonator at 9.4 T, equipped with temperature control (Denysenkov et al., 2022). While the target temperature of
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Figure 1. Experimental cw-EPR spectra (a, b) and DNP spectra (c, d) of spin-labeled lipids in DOPC lipid bilayers at 9.4 T and ~ 320 K.
The nitroxide spin label (Doxyl) is either at position 10 (a, ¢) or at position 16 (b, d) of the aliphatic lipid chain. The integrated cw-EPR
spectra (dashed-dotted blue lines in a and b) are used to decompose the DNP spectra (¢ and d) into contributions from OE (dashed-dotted

blue lines) and SE (dashed green lines).

the experiments was 320 K, an extra temperature rise of less than 10°C can be expected at the maximum mw power of 5.5 W
that was used for DNP (Denysenkov et al., 2022). Details about the experiments and the sample preparation will be published
elsewhere.

The cw-EPR spectrum of 10-Doxyl-PC in fig. 1a (orange line) is seen to deviate substantially from (the derivative of) a
Lorentzian line shape. At this high magnetic field, the EPR line width is expected to be dominated by the large anisotropy of
the nitroxide g tensor, with comparatively much smaller contribution from the nitroxide hyperfine tensor. (These expectations
are tested and verified below in Sec. 5.1.) For comparison, in fig. 1b we show the cw-EPR spectrum of the sample doped
with 16-Doxyl-PC. Visually, this narrower spectrum more closely resembles a homogeneous Lorentzian line, although it still
deviates from it (as discussed in Sec. 5.2).

In fig. 1c we show the DNP spectrum (filled red circles) of the sample containing 10-Doxyl-PC as a polarizing agent. The
enhanced NMR signal belongs to the acyl chain protons of the lipids. Thanks to the high magnetic field of the experiment, it
was possible to resolve the NMR signal of these non-polar protons from the polar protons of water and of the lipid head groups.
The DNP spectrum is seen to have a complex line shape, with the positive enhancement values at offsets of about +400 MHz

demonstrating contribution from SE. At the same time, the comparatively larger negative enhancements in the vicinity of the
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electronic resonance (i.e., around 0 MHz) point to a contribution from OE. Such coexistence of SE and OE is well documented
for nitroxide free radicals at the classical EPR fields of about 0.35 T (Leblond et al., 1971b; Neudert et al., 2017; Gizatullin
et al., 2021a, b). Evidently, it also persists at 9.4 T. The DNP spectrum of 16-Doxyl-PC in fig. 1d also exhibits a mixture of SE
and OE.

More than half a century ago Korringa and coworkers developed a rigorous theoretical framework to predict such mixed
DNP spectra in viscous liquids (Papon et al., 1968; Leblond et al., 1971a). Likely because of its complexity, as well as its
neglect of translational diffusion, their formal analysis has not been applied to recent DNP data. As a simple and practical
alternative, Neudert et al. (2017) disentangle the OE and SE components of such mixed DNP spectra using only the integral
of the measured cw-EPR signal. Their approach is based on the following insightful observations: (i) up to an overall scaling
factor the EPR line shape is equal to the saturation factor and thus to the OE enhancement (eq. (2)); (ii) up to an overall scaling
factor the SE enhancement lines at +wy are shifted versions (and flipped for the ZQ transition) of the same EPR line shape.
One can thus identify the contributions of OE and SE to the DNP spectrum by placing the integrated cw-EPR spectrum at,
respectively, zero and +wy offsets, and independently adjusting the magnitudes of the two components.

This approach is illustrated in figs. 1c and 1d, where the dashed-dotted blue lines are the integrals of the cw-EPR spectra
from figs. 1a and 1b, respectively (flipped here to reflect the dipolar nature of OE), and the dashed green lines are the same EPR
spectra but centered at —400 MHz and +400 MHz. The sum of the OE and SE contributions determined in this way is shown
with a dotted black line. This sum is seen to agree closely with the DNP spectrum of 10-Doxyl-PC (fig. 1¢) and to capture well
the overall shape of the DNP spectrum of 16-Doxyl-PC (fig. 1d).

In spite of the good general agreement between the experimental DNP spectra and the dotted black lines in figs. 1c and 1d,
some persistent differences remain. In particular, (i) the OE feature in the experiment appears to be consistently broader than
the EPR line and (ii) the enhancement between the central OE feature and the negative SE feature is consistently larger than
what is predicted by the overlap of the two copies of the EPR line shape. Both of these aspects are especially clear in the case
of 16-Doxyl-PC (fig. 1d)

The first deficiency is easy to rationalize. Cw-EPR spectra are recorded at low mw power and their widths reflect mechanisms
contributing to the electronic 75 relaxation. The DNP spectrum, on the other hand, is recorded at high mw power, where the
EPR line width experiences power-broadening that also depends on the electronic 7} relaxation. That the OE-DNP spectrum
“represents an indirect observation of the electron resonance when greatly saturated” was understood early on (Carver and
Slichter, 1956, fig. 6). To properly model the contribution of OE to mixed DNP spectra, therefore, it is necessary to calculate
the cw-EPR spectrum under saturating conditions. How to rigorously do that in the regime of slow radical tumbling is known
(Freed et al., 1971).

While power-broadening affects OE, it is not immediately clear whether one should also take it into account when modeling
SE. (We address this point in Sec. 4.4.) Even leaving power-broadening aside, however, we know that in liquids the SE lines of
the DNP spectrum should also be broader than the EPR line width because of the fluctuations of the dipolar interaction (Sezer,
2023b). Although Sezer (2023b) showed how to quantify this additional motional broadening in the case of translational

molecular diffusion, the theoretical treatment there assumed a Lorentzian EPR line and is thus not directly applicable to the
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experiments in fig. 1. In the current paper, we extend the formalism to slow radical tumbling and g-tensor anisotropy (Sec. 4).
In Sec. 5 we apply the developed theory to the analysis of the experimental spectra in fig. 1. The needed theoretical background
is reviewed next.

3 Theoretical background

3.1 Bloch equations

The evolution of the expectation values of the electronic spin operators S; (i = x,y, z), which we denote by s;, is described by

the classical Bloch equations (in the rotating frame)

52 (%) Ry A 0 Sz (1) 0
éy (t) =—]-A RQ w1 Sy (t) + Rl 0 . (8)
$.(t) 0 —wi Ri]|s:(t) 53

Here, the dot above the variable indicates differentiation with respect to time, Ry and R; are the reciprocals of the electronic

relaxation times 75 and 77, respectively, and?
A= wo—w ©)

is the offset between the Larmor frequency of the electronic spins, wy, and the (angular) frequency of the oscillating magnetic

field, w. In the case of an isotropic g-factor, go,

wo = gopsBo/h, (10)

where pp is the Bohr magneton.

At steady state

Ry A 0 s

~A Ry wi||s|=Ri]| 0] (11)
0 —w; Ri 53 544

Solving these algebraic equations for the variables s3°, one can calculate the cw-EPR spectrum and the electronic saturation

profile. Making use of the zeros in the first and last rows of the Bloch matrix in (11), we first express s3° and s3° in terms of

SS.
Y

s
SS SS SS SS e
sy = —ATssy, sy =wiTisy + s (12)

The middle row of the matrix then yields

$3 = —w Py tsdY, (13)

3In Sezer (2023a, b) the frequency offset was denoted by 2. Here we reserve this symbol for the orientation of the polarizing agent (Sec. 4).
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where we defined
Py =Ry +wiT) + ATy, (14)
The in-phase (absorptive) and the out-of-phase (dispersive) components of the cw-EPR signal are then found to be

abs = 57 /571 = —w Pyt

dsp = 55 /s50 = —ATs abs. 15)
From the longitudinal component at steady state we similarly find
s=1-157/s% = —w Ty abs, (16)

which shows that the saturation factor is directly proportional to the absorptive EPR line shape. This proportionality holds for
all mw powers, including the large powers used in DNP. In Sec. 4.3 we show that it remains valid also in the case of g-tensor
anisotropy.

When generalizing the Bloch equations to non-isotropic g tensor, we will need to work with high-dimensional abstract
vectors. To distinguish these vectors from the vectors in 3D space, we will denote the latter by placing an arrow above their
symbols, and will use bold symbols for the former. (A 3D unit vector will be indicated with a hat rather than an arrow.)
Additionally, we will use capital hollow letters to denote 3 x 3 matrices that act on the 3D vectors. With this understanding, we

will write the Bloch equations (8) as

3(t) = —Bo3(t) + R1ks<, (17)
where
Sz (%) 0
st)=|s,t)|.  k=|0], (18)
s.(t) 1
Ry +iwy A 0
B = —A Ro +iwy w1 ) (19)
0 —Ww1 Ry +iwy

and By = B(w; = 0). (The subscript of By is a reminder that B is evaluated at w; = 0, where wy is the Larmor frequency of the

polarized nuclear spin.)
3.2 Solid effect in solids

SE relies on the dipolar interaction between the electronic and nuclear spins whose coupling is

— fsinf .
A, = Dy 3cosfsin it 20)

r3
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Here Daip, = (p10/4m)hrys7yr is the dipolar constant, which equals approximately 27 (79 kHznm?) for protons, and (r,6, ¢) are
the spherical polar coordinates of the inter-spin vector.

In liquids, A; changes in time because of molecular diffusion. The treatment of SE-DNP for time-dependent A; in Sezer
(2023b) was developed under the assumption that the nuclear 7} is orders of magnitude larger than the correlation time of the
dipolar interaction, which is practically always the case in liquids. For the same analysis to apply to solids, spin diffusion should
be much faster than the nuclear 77, which is not necessarily true in practice. When accounting for g-tensor anisotropy below,
we will similarly assume that the tumbling of the radical is much faster than the nuclear 7). This assumption is clearly violated
in solids where “tumbling” is infinitely slow. Nevertheless, for the purposes of comparison, we will refer in the following
to ‘solids’ with the understanding that the correlation time of the dipolar interaction is infinitely long (but still much shorter
than the nuclear T} ). Because we will keep all other parameters, including the time scale of radical tumbling, the same when
comparing ‘solids’ and liquids, it should be kept in mind that our treatment is not a good model for the solid state (hence the
quotation marks).

For SE-DNP, in addition to the Bloch equations it is necessary to consider the following dynamical equations of the electron-

nucleus coherences g; = {S;I;) (i = x,y,z) (Sezer, 2023a):

(1) (1) s ] o
3y (0) | =B [ g,(0) | = 34 | =s.)| —igai | 0 | @
(0 9.0 0 i (1)

Again, we are only interested in the steady state of the dynamics where

g 0
1 ’ 1
B g;s = _ZAI —Si_s — IZAI 0 . (22)
g 0

The rate constants pv_ and v needed to calculate the SE enhancement (eq. (5)) are determined from gZ° using the following
equality, which combines (Sezer, 2023a, eq. (31)) and (Sezer, 2023b, eq. (42)):

i[5y = —RefiAf g3} = —R{yiS — vyiS — pv_sid. (23)

(Re{} takes the real part of its argument.) The term proportional to R4 on the right-hand side of (23) accounts for the contri-
bution of the coherences g; to the nuclear 7} relaxation in the absence of mw excitation. This contribution should be removed
when calculating the mw-related rates v and pv_.

To a good approximation the electronic spin dynamics is independent from the dipolar interaction with the nuclear spins,
as other mechanisms are more efficient in causing electronic relaxation, especially in liquids. As a result, the steady-state
expressions from Sec. 3.1 can be used when solving (22) for g5°.

S

Inverting the matrix B in (22), and using sfy from before, we find

1
gy = w1 ZAl([Bil]zcc + AT2[B71]zy)PO_1$§q

_i%Al [Bil]zzizsa (24)
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where [B~1];; is the ijth matrix element of B~!. Substituting this ¢5* into (23) we identify the desired SE rate constants

RiAI = (52Re{[IB*1 ]2}

w1 =0

Vy = 62Re{[B_1]zz} - RIIAI

pu_ = —0%w; Py MIm{[B 1], + ATR[B'].,}, (25)
where
5% = (AT Ay)/4 (26)

reflects the strength of the dipolar interaction. (Im{} takes the imaginary part of its argument.)

In liquids, where A; is time-dependent, we will need to modify the matrix B! in (25) without changing the structure of
these expressions (Sec. 3.3). In the case of solids (i.e., when A; does not change with time), it is possible to carry out the
inversion of B by expressing g, and ¢Z° in terms of g;°, analogously to our treatment of the Bloch equations in the previous
subsection.

From the upper and lower rows of B in (22) we find

" A | . N—1 s
92 = —A(Ry +iwy) 1gys — ZAl(RQ +iwy) 1825

1
9> = wi(Ry +iwr) g —iZAl(Rl +iwy) T, (27)
Substituting this g5° into (23) we obtain
i35 = —wiRe{iA} (R +iwy) ' g5"}
— 6%Re{(Ry +iwy) 1}, (28)

The first term on the right-hand side of the equality in (28) vanishes when w; = 0. In contrast, the term in the second line is
independent of w; and thus contributes also in the absence of mw excitation. We thus identify this second term with the thermal

relaxation rate
RiY, = 6°Re{(R; +iwy)~1}. (29)

Since we are not interested in this rate, the second summand in (28) can be dropped at this stage. The rate constants v, and

pv_ will thus be identified using only the first line in (28):
wiRe{iAT (R + iwI)_ngS} = v4iy + pv_sid. (30)
Substituting ¢5° and ¢3° from (27) into the middle equation in (22), and using the electronic steady state, we find
1 P P
g = Z,éllculAPO_l[RQ_l + (Ro +iwy) 1]P 1 s34

1 s
+iZA1w1(R1 +iwr) TP, (31)
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where
P=R2+iw1+wf(R1 +iw1)71+A2(R2 +iw1)71 (32)

generalizes (14) such that Py = P(w; = 0). Finally, using this g;° in (30) we obtain

Ry +iwy) ™2
v, = —§2w?Re : (s +L°;”) — (33)
Ry tiwr + 53, + mvion
and
A
_=—6%2
by “1 Ry + W%Tl + A2T,
—1 . 71 . 71
« Im [R2 + (RQ + lwI) ](Rl + 1w[) (34)

wf A2
Ri+iwr Ro+iwr

Ry +iwy +

In these expressions we have written down the combinations P and F; explicitly in order to show in closed form how v, and
pu_ depend on all parameters. For example, we immediately see that pv_ is odd in the offset A while v is even. Because the
SE-DNP enhancement is proportional to the ratio of these two rates (eq. (5)), it has the characteristic odd (i.e., antisymmetric)
dependence on the offset from the electronic resonance.

When generalizing the SE spin dynamics to g-tensor anisotropy, we will write the dynamical equations (21) as

(1) = ~Bi(t) —  AGS(r) — i Ak (1) (35)
with
L (t 0 1 0
(1) = o G= _ B 36
gz(t) 0 0 0

3.3 Solid effect in liquids

The modulation of the dipolar interaction by translational diffusion was described in Sezer (2023b) on the level of the spectral
density of the motional model, which was denoted by .J11 (s) since this is the Laplace transform of the auto-correlation function
of the dipolar interaction A; (hence the double subscript of .J). As an example, the spectral density of the force-free hard-sphere

(FFHS) model of translational diffusion is (Ayant et al., 1975; Hwang and Freed, 1975)

1
D R0 S .o L S S— (37)
(s7)2 +4(s7)+9(s7)2 +9
Here, the parameter
T = b2/Dtrans (38)
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is the diffusive time scale of the model, which depends on the contact distance of the electronic and nuclear spins, b, and on
the coefficient of their relative translational diffusion, D,.ns, and

9 6m N

dip 5 333" (39)

@ =D

is the average of the dipolar interaction strength 62 over the sample volume, times the concentration of the electronic spins, V.

It is convenient to write .J11, which has units of angular frequency, as
Ji1(s) = (%) j11(s), (40)

where j11(s) has units of time. This factorization confines the effect of the parameters NV, b and the constant Dgjy, to the scaling
factor (52). The factor 511 (s) then fully accounts for the line shape of the SE-DNP spectrum, which results from the interplay
between the offset frequency and the time scale of the translational motion.

According to Sezer (2023b), the modification from solids to liquids amounts to replacing the matrix B~ in (25) by the

matrix

Q=7ju(B), (41)
and also replacing 62 by (62). The desired SE rate constants in liquids are thus

R{; = (0*)Re{[Qu, =0]--}
v, = (6*)Re{[Q]..} — R,
po— = —(0%) w1 Py ' Im{[Q). + AT[Q- . “

We now clarify the meaning of (41). Following the definition of a function of a matrix, one should first solve the eigenvalue
problem of B, i.e., BU = UA, where the diagonal matrix A = diag(A1, A2, A3) contains the three eigenvalues and the columns
of U contain the corresponding (right) eigenvectors. Then one should evaluate the spectral density at the three eigenvalues:
£, = j11()\y,). Finally, one should form the diagonal matrix L = diag(¢1,¢>,¢3) and calculate Q = ULU~'. Comparing this
expression of Q with B~1 = UAU~! we see that in the transition from solids to liquids, where B~ is replaced by Q, we
essentially “process” the eigenvalues of B with the spectral density function j;1. This step prevents us from eliminating the
variables g3°, the way we did previously for solids (Sec. 3.2). Because of that, the rate constants in liquids (eq. (42)) need to
be calculated numerically.

Nonetheless, it is still possible to simplify the expression for Rf] since when w; = 0 the zz component of B is decoupled

from the rest of the matrix. One then finds
R{y = (8*)Re{jui (R +iwr)}. (43)

Clearly, the time-dependence of the dipolar interaction modifies all rate constants, including Rf‘I (cf. eq. (29)).

12
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4 Slow-motional EPR and DNP spectra for anisotropic g tensor

In this section we show how to account for g-tensor anisotropies when the tumbling of the radical is slow. Because our
description of SE is built around the Bloch equations (Sezer, 2023a, b), we first adapt the pioneering approach of Freed et al.
(1971) to our needs (Secs. 4.1, 4.2 and 4.3) and then generalize it to SE-DNP (Secs. 4.4 and 4.5).

4.1 Stochastic Liouville equation

Following Freed et al. (1971), we account for the effect of tumbling on the EPR spectrum using the SLE formalism (Anderson,
1954; Kubo, 1954). We describe the rotational state of the radical statistically with the probability density P(€2,t), which
quantifies the likelihood that at time ¢ the molecular system of coordinates attached to the radical has orientation €2 with

respect to the laboratory system of axes. This probability evolves with the Fokker-Planck equation
0
57P(2:t1920,t0) = Drot V p(9, 1[0, t0), (44)

where D,y is the rotational diffusion constant of the radical and the Laplacian differential operator V3 acts on the orientation

variable 2. The operator

Ko = ~DrotV§, (45)
satisfies the following eigenvalue problem

K0Py (Q) = Drotl(£+ 1) 2, (), (46)

where the eigenfunctions 2%, () are the Wigner rotation matrix elements, which are orthogonal to each other:

8 2

L% 4 m
(9 NdQ = ———0.600mONn- 47
f@NIN( )@mn( ) oL + 1 LeOM N ( )
From (46) it is clear that the time derivative on the left-hand side of (44) vanishes for the equilibrium probability
1 1 5

In the presence of g-tensor anisotropy, the electronic Larmor frequency depends on the orientation 2 of the radical as

follows:*
w() = wo + 75 %30 (Q) +13[2° 20(Q) + P30 (Q)], (49)

where the angular frequencies

2 1
’Yg = g |:gzz - Q(grx +gyy) /'LBBO/h
1
Vs = %(Qm — Gyy) B Bo /R (50)

4We follow Freed et al. (1971) and consider the effect of the g-tensor anisotropy only on the secular terms in the electronic spin Hamiltonian, i.e., those

proportional to the spin operator .S, . The response of the non-secular terms to the g anisotropy is neglected.

13
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are formed from the components gz, g,y and g.. of the g-tensor in the molecular frame.
Because the electronic Larmor frequency depends on 2, the offset frequency A also becomes a function of the molecular

orientation. As an example, for a fixed € the Bloch equations (17) should be modified as
3(t) = —[Bo + F(Q)]3(t) + R1ks<, (51)
where the orientation dependence is confined to the 3 x 3 matrix

Q) = {18 Z50(Q) +73[225(Q) + Z5, (D]} G. (52)

(The matrix G was introduced in (36).) It should be stressed, however, that (51) is not a legitimate equation of motion, as it
does not account for the dynamics of the orientation €.
The SLE formalism remedies this deficiency by introducing the orientation-conditioned averages 3(£2,t), whose spatial part

evolves according to the Bloch equations (51) and whose €2 dependence evolves according to the diffusion equation (44):

0

%g(Q’t) = —(KQ QE + Eq ®Bo) g(Q,t)

— Eq ®F(Q)3(t) + Ry ksZp®i(Q). (53)
Here E is the 3 x 3 identity matrix in 3D space and E, is the identity operator in the same abstract space as Kq. The outer

product ® is needed to create a combined operator that acts simultaneously in both of these spaces.

Since the functions 2, (€2) form a complete set, we expand 3(€2,¢) as follows:

- 1 & L L B
{=0m=—fn=—/4

The coefficients 5¢,,,, which contain the time-dependence, can be obtained from 3(€2,¢) using the orthogonality of 2L, ()

(eq. (47)):

) = (2L +1) J 3(92,t)dQ. (55)

Ultimately, the only property that we care about is the integral of the SLE variable $(£2,¢) over all orientations:
fé’(ﬂ,t) a0 = f T (Q)F(Q,1)d = 0y (1). (56)

In that sense, the (vector) coefficient 53, (t) is the main object of interest, while all other coefficients 5%, (¢) play an auxiliary,
book-keeping role.

Substituting 3(£2,¢) from (54) into (53), multiplying both sides by Z1* () and integrating over ), we get
S () = lese%Lo(SMo(ﬁvo

2L +1
D Q)dQ | 3 (1). (57)
[mn( [zt @r@) ) 0
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Clearly, the terms proportional to K¢ and By in the SLE (53) do not mix coefficients 5%, 5, with different values of L, M and
N. In other words, these two operators are diagonal in the selected representation. The term proportional to F(£2), on the other
hand, mixes coefficients with different L and M (but not IV, as we discuss below).

The integral in the last line of (57) contains the product of three Wigner rotation matrix elements. These can be expressed in

therms of the Clebsch-Gordan coefficients Cf:). , . Specifically, for the 2% () in eq. (52), we have

2L + 1
S [ i (@) (00 - O OB (58)
which leads to

shn(t) = leﬂseq(sLo(SMo(SNo

Z C3ttmm + 73 (C3 50m + Cae ) 1C500n G (1), (59)

mn

In (59), the sum over ¢ mixes only expansion coefficients whose values ¢ differ by two from L, in both the positive and
negative directions, because all three Wigner rotation matrix elements in I have L = 2 (eq. (52)). Since we need §80 at the
end, it is sufficient to consider only coefficients with even values of ¢. Furthermore, as the Wigner rotation matrix elements in
F have M = 0,£2 and N = 0, the sum over m mixes only coefficients whose values m are either equal to M or differ from it
by two units, while the sum over n does not mix any coefficients with n different from N. These considerations imply that the

triple sum in (59) will go only over 5%, , with even £ and m. Finally, because the Wigner rotation matrix elements with M = 2

and M = —2 appear in a symmetrical way in [, it becomes possible to work with the symmetrized coefficients (Freed et al.,
1971)

S _ L oor 2L

s = 5(3—1\/10 +5110); (60)

thus restricting M to non-negative values (0 < M < L). The lowest-order coefficients that are coupled by the SLE dynamics

are thus g00, §20, g22 40 g42 244 60 e

4.2 Matrix representation of the SLE dynamics

While the above considerations greatly reduce the needed coefficients, there is still an infinite number left. In any practical
work, this infinite set is truncated by selecting a maximum value of L to account for, and setting to zero the coefficients
with L > L. Since the total number of even L such that L < Lyyax is 7, = Liax/2 + 1, the total number of remaining

coefficients ¥ is nyoy = np(np +1)/2 = L2
(with 390, 320

2 ax/8 + 3Lmax/4 + 1. For the smallest non-trivial choice of Lyax = 2, gy = 3
and $%2). The number of coefficients increases quadratically with Ly ax (€.8., nyor = 15,28,45 for Ly =

8,12, 16, respectively).
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To compactly write down how these coefficients are mixed by the SLE dynamics, we introduce the following abstract vectors

with no¢ elements:

1 s20(t)
0 20t
0= | L s =] ) (61)

S,(t 82(t) 0
Sy(t) = -8 sy(t) +Ri| 0 qu, (62)
5.(t) s.(t) 190
where
R, A 0
By=|-A Ry wE (63)

0 7LL)1E R1

is a 3ngot X 3nior matrix, and E, R1, Ry and A are ni,; X niot matrices.

The first three of these sub-matrices are purely diagonal: E is the identity matrix and
Ris=Ri2E+ D,Cp, (64)

with the diagonal elements of Cp being equal to L(L + 1). For the simplest case of Ly, = 2 with only three coefficients (57,

520 and 32?),
E= 1 , Cp= 6 . (65)

In (63), the diagonal matrices R » and E, which originate from the second line in (59), do not mix coefficients with different

L and M. Only the sub-matrix A, which is of the form
A = AE +12Cy + 73 Cy, (66)

mixes coefficients of different orders. In fact, the mixing is due to the matrices C 2, which modify the frequency offset A in

proportion to the g-tensor anisotropies 73 and v3. For Lyax = 2,

0 ix2
0 —%x2 . (67)

2

0 0
O 9 02: 0
1

o ot

Co =

S = O
[an}

2
7
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(The factors of two in the last column of C, arise from the fact that coefficients with A/ = 0 pose an exception to the sym-

metrization (60).) The matrix elements of these two matrices in the most general case are

 ~NLM ~LO
[Colzn,em = Copem Caot0

[Calrarem = (C3250m + Cosim + 0a10C350m) Catto, (68)

where the summand proportional to d7¢ in the second line accounts for the factor of two that is needed by the coefficients 3-0.
Selecting L.y = 0 in the above formalism amounts to retaining only the (3D vector) coefficient 3°°. Then the matrix By

in (63) reduces to By, and (62) reduces to the classical Bloch equations for a homogeneous line. For L, > 0, the diagonal

M LM
and Sy s

being suppressed more strongly by the tumbling. Analogously to the Bloch equations, the mw excitation mixes the y and z

matrices R; and R cause the coefficients s respectively, to decay exponentially, with those with larger L
components of 8% without mixing their LM dependence. The latter is mixed only by the offset matrix A, as elaborated
above.

By building the SLE dynamics on top of the classical Bloch equations, we have arrived at a rather intuitive picture of how the
g-tensor anisotropy is incorporated into the spin dynamics. Specifically, every element of the Bloch matrix By (eq. (19) with
wr = 0) is replaced by a matrix in the space of LM indices (eq. (63)). In this replacement, all elements except the frequency
offset become diagonal matrices in the LM space, with the mixing in this space being entirely due to the offset. Since we
describe the solid effect by two coupled Bloch equations, this intuition about the effect of g-tensor anisotropy on the spin

dynamics will be helpful when adapting the approach to SE-DNP.
4.3 EPR spectrum

The cw-EPR spectrum and the electronic saturation factor under g-tensor anisotropy are obtained from the steady state of (62),

s 0
Bo|sF|=Ri| 0 [s, (69)
s5s 100

z
which can be solved by inverting the 3nq; X 310t matrix By numerically. However, it is also possible to solve (69) by inverting
a single matrix with dimensions that are three times smaller (i.e., 1ot X Mot ), a5 We show next.

First, taking advantage of the zeros in By (eq. (63)), we express s3° and s7° in terms of s
s = fR:,_lAsZS
52 =R sy + RiRy s 70

100

Because only the first element of is non-zero, and the diagonal matrix R; does not mix coefficients with different values

of LM, the second equality in (70) becomes

st _ wllelszs 4 loosiq. (71)
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For the 00th (i.e., first) element of s5° we thus have s2° = w; T} 820 + 524, which is identical to the second equality in (12). We
thus conclude that the proportionality between the electronic saturation factor and the in-phase EPR line shape (eq. (16)) is not
limited to a homogenous line but applies also under g-tensor anisotropy.

Second, from the middle row of the matrix 5y (eq. (63)), and after substituting s5° and s3° from (70), we find

85 = —w Py 19089, (72)

where we have introduced the 1oy X ntot Matrix
P= (R2+iw1)+w%(R1 +iw1)_1+A(R2 +iw1)_1A (73)

and Py = P(w; = 0). The matrix P generalizes Py (eq. (14)) and (72) generalizes (13) to the case of g-tensor anisotropy.

From the 00th components of s7° and s7° we find
abs = —wi [Py 11, dsp = wi To[AP; 11, (74)

where we used the fact that Ry is a diagonal matrix. These expressions generalize eqs. (15) to the case of g-tensor anisotropy.

The corresponding saturation factor as a function of the offset is then (from eqs. (16) and (74))
s(8) = wiT1[Pg (A)]. (75)

As claimed, to solve for the steady state numerically we need to invert the matrix Py, whose dimensions are three times
smaller than those of By. (The two matrix inversions needed to calculate P, itself involve the diagonal matrices R 2.)

The cw-EPR spectrum in derivative mode can be calculated from the derivative of P with respect to the (scalar) frequency
offset A:
0Py

A =R;'A+ AR (76)
The in-phase and out-of-phase derivative spectra are then obtained from the first (i.e., 00th) components of the vectors

0

% —w Py (Ry'A + AR, )P 11905

0s 0s

— =-Ry" AY). 77
oA 2 (Sy + oA ) ( )

These expressions are used in Sec. 5 to fit the experimental EPR spectra from fig. 1.

In fig. 2 we show examples of (integral) EPR spectra calculated using the presented approach for different tumbling times
Trot- The different columns in the figure correspond to different choices of Ly,ax. The g-tensor values used in the simulations
are characteristic of nitroxide spin labels. We also selected a small mw magnetic field (B; = 0.02 G) to mimic the low-power
conditions typical for cw-EPR. The main message of this figure is that slower tumbling requires larger L., ,x. At the same time,
we see that L, = 8 is already good enough for 7,..; < 10 ns, which is the range of rotational time scales of relevance to our
experimental data (Sec. 5). By selecting L,,,, = 10, to be on the safe side, we only need to invert a 21 x 21 matrix at every
frequency offset, which makes the calculation of g-broadened EPR spectra very fast. This allows us to perform an automated

search over the various parameters and fit the experimental cw-EPR spectra in less than a minute.
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1ns

Trot

H Dispers
| — Absorpt

=3ns

Trot
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Trot
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Trot

—400 0 400 —~400 0 400 —400 0 400
Frequency offset [MHz]

Figure 2. Continuous-wave EPR spectra for g = diag(2.00755,2.00555,2.0023) and different tumbling times Tyot. Larger Lmax is necessary
for slower tumbling. The needed Lmax also depends on the anisotropies, which are (yo,72) = (—373,107) MHz for By = 9.403 T. Other

simulation parameters were B; = 0.02G, Ty = 100 ns, T2°™% = 20 ns.

4.4 Solid effect in ‘solids’

Extending the above treatment to SE-DNP, we combine the spin dynamics in (35) with the rotational dynamics in (44) to form
the following SLE:

0
591 = ~(Ko®E + Ea ©B)g(Q.1)

— Eq@F(2)4(92,t)

- iAl(Gﬁ(Q,t) - %Alkiz(t)peqm). (78)

As before, we introduce the expansion

o0 ¢
Si Z Z Q) glo(t), (79)
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where we have set n = 0 from the start, and find

510(t) = —[Drot L(L + 1) + Bgkyo (t)
- Z[’Yg 500 + V3 (C52% 0 + Co1 )1 C3010 G (1)

1 N A
— ZAlGSJI\/JO(t) —11A1k12(t)6L0($M0. (80)

Again, we switch to the symmetrized coefficients

N 1. N
gt = 5(9£Mo +G110) (81)

and form the following three, n,;-dimensional vectors from the spatial components of the 3D vectors g=:

00

9;
20

9;

g, = 22 (Z = l’,y,Z). (82)
9;

The steady state of the resulting spin dynamics is then

) I I

B gbh = *1141 —s¥| - iZAl 0 |3, (83)
g 0 100

where

B =By +iwy (84)

generalizes the matrix By from (63).

Our goal is to solve for g3° since its 00th component should be used in (23) to calculate the rate constants pv_ and v . After
inverting B in (83) we find
g% =~ AB Leasy — Ay ()

1 .
— iZAl [B~1]..1%95. (85)

Note that now [871]”_ denotes the nyo; X Moy sSub-matrix of B~ at position ij, and not a scalar matrix element. Using s;by

from the previous subsection, we find that the first component of g3° is
1 — — e
92° =wi - A[([B™]oe + [B71].y Ry T A)PG 1153

—i- Ay [[B7 .2 e (86)
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Substituting this result into (23) we obtain

Riy = 8°Re{[[B,_o]::]u1}
vy = 6°Re{[[B].2]11) — Rf]
po_ = =% Im{[([B~ .0 + [B71]., Ry AP 11} &7)

These expressions, which require the inversion of the 3n; X 3n.t matrix B, are directly generalizable to liquids (Sec. 4.5).
In ‘solids’, it is possible to obtain alternative expressions that require the inversion of a smaller, n, X 4ot matrix. To this end,

we express g;” and g7 in terms of g3 using the first and last rows of B:

. N « 1 . NSl s
gy =—(Ra+iwy) 1Agy _ZAl(RQ‘f'IWI) lsy

gy =wi (R + 1u)1)_1gzs - 11A1(R1 +iwr) 1004, (88)
Substituting the first (i.e., 00th) component of g3° in (23) we find
Ri; = 0°Re{[(Ry +iwr) ']} (89)

Because R is a diagonal matrix, this result is identical to (29), showing that R} is not affected by the anisotropy of the g
tensor.
Similarly, from the middle part of B we obtain
ss _ 1 ss N
Pg; = ZAl[sx — ARy +iwy) sy

1
+ wliZAl(Rl +iwy) 119055, (90)

We first observe that (R +iwy)711% = 1°°(R; +iw;)~! because R, is diagonal. Then we substitute 85, from before to get

gy = w&Alpfl[RglA + ARy +iwy) Py 11905
+wli%A1P‘110°(R1 iwp) L. ©1)
Finally, substituting the 00th element of g7’ in (30) we find
vy = —62wiRe{(Ry +iwr) 2[P 111}

pu_ = —62wim{(R; +iwy)~?
x [PT'(Ry'A + ARy +iwy) NPy i) (92)

Observe how these expressions generalize (33) and (34) to the case of g-tensor anisotropy.
In the last two rows of fig. 3 we show v, /62 and pv_ /62, which have units of time. Although the electronic non-saturation

factor p and the rate constant v_ always appear together as pv_, it is helpful to separate these two factors when rationalizing
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Tt =2 NS Tt =4 ns Tot=6nNs Trot =10 ns Trot =20 Ns

Non-saturation

v_/62 [ps]

v 4 /62 [ps]

T
I
I
I
|
I
|
|
|
|
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I
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pU_
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1
1
; }
0 400
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Figure 3. Solid-effect rates v (red line) and pv_ (green line) calculated at high mw power (B = 5.5 G) for static dipolar interaction (i.e.,
‘solid’) and several different rates of rotational tumbling. The factorization of pv_ into p (blue line) and v_ (orange line) is also shown. All

other parameters as in fig. 2 and Lax = 10. In particular, 77 = 100 ns.

SE. We show p and v_ /62 in the first two rows of fig. 3. Note that v, /6% and pv_ /6% were calculated directly from (92),
whereas v_ /62 was determined by dividing pv_ /62 by p = 1 — w?T1 [Py ']11 (eq. (75)).

The columns in fig. 3 reveal the effect of the g-tensor anisotropy on the different factors relevant to SE. v, /62 in the third
row of the figure is composed of two SE lines centered at —w; and +w;j. At the fastest tumbling (leftmost column), each of
these two lines is symmetric and approximately Lorentzian. When the tumbling slows down, each line broadens and becomes
asymmetric. At the slowest tumbling rate (rightmost column), each line resembles a powder EPR spectrum with anisotropic g
tensor. We see that in the regime of slow tumbling the profile of v /§2 is no longer symmetric (i.e., even) with respect to the
electronic resonance at zero offset frequency.

In the second row of fig. 3 we show v_/§% (orange line), which is also composed of two SE lines centered at —w; and
+wr, with the former flipped with respect to the horizontal axis. For comparison, in the second row we also plotted v /52
and —v, /62 (dashed red lines). We see that, for all tumbling rates, the two SE lines comprising v_ /§? exactly match their
counterparts in v /2.

The first row of fig. 3 shows the electronic saturation under g-tensor anisotropy (we actually plot the “non-saturation”

p=1—15). Because of the large B; used in the calculations (B; = 5.5 G) appreciable electronic saturation is achieved for
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all shown tumbling rates. From the perspective of the solid effect, it is noteworthy that the saturation is more localized to
on-resonance conditions when the g-tensor anisotropy is averaged out by the tumbling, and spreads to larger off-resonance
frequencies when the tumbling slows down. This spread broadens the saturation profile and reduces its maximum. However,
in spite of the substantial increase of the spectral width of the saturation when going from 7,4 = 2ns to 7o; = 20 ns, the
maximum decreases only moderately, remaining close to 50% at the slower tumbling rate.

Of course, the amplitude of the saturation profile depends not only on B; but also on the electronic 73 relaxation time. To
illustrate this dependence, we recalculated all curves in fig. 3 after increasing T five-fold to 500 ns. The result, which is shown
in fig. A1, demonstrates larger saturation for all tumbling rates. At the same time, v_ /6% and v, /62 (second and third rows)
remain entirely unaffected. This demonstrates that the SE lines do not experience the power-broadening that affects the EPR
spectrum.

Finally, the last row of fig. 3 shows pv_ /62 (solid green line), which equals the product of the first and second rows. From
(7) we know that pv_ /52 basically gives the SE-DNP spectrum, up to an overall scaling factor. Since pv_ is suppressed by the
electronic saturation compared to v_, we see that pv_ /32 is somewhat reduced at offsets between the canonical SE positions
+wy. Because both the electronic saturation profile and the profile of v_ are asymmetric in the slow motional regime where the
EPR line exhibits clear g-broadening, the line shape of the SE-DNP spectrum (proportional to pv_) is no longer antisymmetric
(i.e., odd) with respect to the electronic resonance. This is most visible for the green line in the lower rightmost corner of fig.

3.

4.5 Solid effect in liquids

In the light of Sec. 3.3, the generalization to liquids consists of calculating the matrix

Q =ju(B), (93)
and using it instead of B! in (87):

Riy = (6*)Re{[[Qu,~0]:2]11}
vy =0 Re{[[Q].2]11} — RY,
bv_ = —<62>w11m{[([Q]m + [Q]znglA)Pgl]ll}' ©4)

Because the zz sub-block of B is diagonal and does not couple to the rest when w; = 0, we deduce that
R{y = (6*)Re{ju (Ry +iwn)}, (95)

which is identical to (43). Thus, as we already observed for ‘solids’, the expression for Rf‘l is not affected by the anisotropy of
the g tensor and the slow tumbling of the radical.
In fig. 4 we show the same properties as in fig. 3 but now in the presence of translational diffusion treated by the FFHS

model with motional time scale 7gs = 6 ns. Several changes compared to ‘solids’ (fig. 3) are worth pointing out.
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Figure 4. Same as fig. 3 for the FFHS model of translational diffusion with 7ns = 6 ns.

In line with our previous understanding (Sezer, 2023b), the SE lines comprising v, /{§?) are broadened by the translational
motion that modulates the dipolar interaction (red lines in the third row of fig. 4). This motional broadening reduces their
maximum intensities compared to ‘solids’ (fig. 3, third row). Previously, in the case of Lorentzian lines, the reduction of
intensity in the transition from solids to liquids was dramatic, by more than a factor of ten (Sezer, 2023b, figs. 3, 4 and 5). In
contrast, the reduction in the presence of g-tensor broadening is about a factor of two (compare third rows of figs. 3 and 4).
This observation may help rationalize why the maximum SE-DNP enhancement in liquids, e.g., about 50 for trityl in glycerol
at 320 K (Kuzhelev et al., 2023), is not negligibly smaller compared to the enhancements that are obtained in the solid state. We
also point out that, while reducing the maximum SE intensities in the vicinity of +wy, the motional broadening substantially
increases the intensities at the smaller offsets around the electronic resonance.

Besides the motional broadening, the progression from left to right in the third row of fig. 4 demonstrates additional g-
tensor broadening, which was present also in ‘solids’. However, now the two SE lines are affected differently by the g-tensor
anisotropy, making the profile of v /(§2) at slow tumbling rates rather irregular.

Moving on to the second row in fig. 4, we see that the SE lines that make up v_ /{62) (orange) are now completely different
from their counterparts in v /{62) (dashed red). The increased intensity in the vicinity of the electronic resonance due to
motional broadening is also manifested by v_ /{52). For the fastest tumbling in the figure (leftmost column), the fluctuations of

the dipolar interaction not only broaden the SE lines but also enable a new phenomenon, which is manifested as near-resonance

24



565

570

575

580

585

590

https://doi.org/10.5194/mr-2023-10 MAGNETIC

Preprint. Discussion started: 31 July 2023 RESONANCE
(© Author(s) 2023. CC BY 4.0 License.

Discussions

peaks that are comparable in magnitude to the peaks at +w; but clearly distinct from them (orange line). These peaks reflect
the multiplicative contribution of the dispersive EPR signal to v_ (Sezer, 2023a, b). For faster translational diffusion the near-
resonance peaks may become larger than the peaks at +w;y, as can be seen in the leftmost column of fig. A3a (orange line).
Because they are more strongly suppressed by the electronic saturation, however, these peaks do not exceed the SE peaks in
the final enhancement profile (fig. A3a, leftmost column, green line).

Up to an overall scaling factor, the green lines in the last row of fig. 4 correspond to the SE-DNP enhancement profile.
Because its middle part is suppressed by the electronic saturation, this profile in the presence of g-tensor broadening becomes
very non-symmetric and responds sensitively to the tumbling of the polarizing agent. To further illustrate the influence of
the electronic saturation on the SE-DNP spectrum, in fig. A2 we show the same curves but calculated with five-fold longer
electronic spin-lattice relaxation time (77 = 500 ns), which leads to larger saturation. Similarly, to illustrate the effect of trans-
lational diffusion, we recalculated the curves in fig. 4 for 7gns = 3 ns (two times faster) and 7gns = 12 ns (two times slower).
The results are presented in fig. A3. These additional simulations show that the SE-DNP line shape is very sensitive to the
times scales of molecular motion.

In the next section, we systematically vary the degrees of power broadening and motional broadening to match the experi-

mental DNP profiles from fig. 1.

5 Disentangling the solid and Overhauser DNP effects

Using the developed methodology, we now analyze the experiments from fig. 1. In the light of eqs. (2) and (7) for the OE
and SE enhancements, we will identify the profile of the electronic saturation (fig. 4, first row) with o and the profile of
pu_/{8?) (fig. 4, last row, green line) with esg. The tumbling times to be used in the DNP calculations will be obtained by
fitting the experimental cw-EPR spectra. We start with 10-Doxyl-PC (fig. 1a,c) as its experimental spectra were more amenable

to unrestricted fits of all parameters.
5.1 10-Doxyl-PC
5.1.1 Fit to the cw-EPR spectrum

Derivative EPR spectra were calculated from the first (i.e., 00th) components of the expressions in (77) for different values
of the fitting parameters. In the fit, we varied the time scale of tumbling, 7,.¢, as well as the g-tensor anisotropies 3 and 73
(eq. (50)). As we have no precise knowledge of the field By at the sample, we freely shifted the calculated spectra along the
horizontal axis to achieve best match with experiment. Since this leaves one of the g-tensor components undetermined we took
9. = 2.0023, which is typical for nitroxides.

The numerical integrals of the derivative EPR spectra in figs. 1a and 1b (dotted-dashed blue lines) do not come down exactly
to zero at the end of the integration range at high frequency offsets. This points to the possibility that the in-phase component,

sy, is mixed slightly with the out-of-phase component, s,.. To account for this possibility, we fitted the derivative EPR spectra
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by calculating
a;g) cos¢p + a;—io sin ¢, (96)
where the angle ¢ controlled the degree of mixing.

All in all, not counting the shift along the horizontal axis, we had four fitting parameters: 'yg, 'y22, Trot and ¢. The best fit to
the cw-EPR spectrum of 10-Doxyl-PC is shown in fig. 5a. The corresponding fitting parameters are given in the upper half of
Table 1.

Encouragingly, our fitted spectrum shows rather good agreement with experiment, in spite of the simplifying assumptions of
the theoretical model, namely isotropic rotational diffusion and absence of hyperfine interaction. To check the effect of the latter
on the cw-EPR spectrum, we used Easyspin (Stoll and Schweiger, 2006) to simulate spectra with our fitted parameters but now
also including a nitroxide hyperfine tensor, A = diag(14,14,90) MHz. The result is given in fig. A4a. The modification due to
the hyperfine interaction, although small as expected at high magnetic fields, is clearly visible. Nevertheless, the comparison
of the integrals of the cw-EPR spectra in fig. A4b suggests that the error made by neglecting the hyperfine interaction when
calculating the DNP spectrum should be small.

Regarding the values of the fitted parameters, it was encouraging to see that the fit resulted in a negligibly small mixing angle
of ¢ = —1.3°, indicating that the measured spectrum correctly reflects the in-phase EPR component. With By = 9.4029 T and
9. = 2.0023, the fitted g-tensor anisotropies that are given in Table 1 implied

Gzz = 2.00755, 9. = 2.00555. 97)

These values are rather reasonable for a nitroxide spin label. Finally, the fitted time scale of rotational diffusion was 7, =
5.2 ns. For comparison, the same time scale for the nitroxide free radical TEMPOL in water is about 20 ps (Sezer et al., 2009).

However, unlike TEMPOL, our spin label is covalently attached to the lipid chain.
5.1.2 Fit to the DNP spectrum

Fixing the g-tensor components and the tumbling time to the values obtained from the fit to the cw-EPR spectrum, we proceeded
to fit the DNP spectrum of 10-Doxyl-PC (fig. 1c). In the calculations, we fixed the mw field to B; = 5.5 G, which is our best
estimate for the home-built Fabry-Pérot resonator operating at maximum power (Denysenkov et al., 2022). During the fits,
we again allowed for global shift of the calculation along the horizontal axis. In addition, we fitted the electronic 7T time,
which has a direct effect on the electronic saturation profile, as well as the time scale of translational diffusion, 7gys, which is
responsible for the motional broadening of the SE lines.

In the fit, we calculated the electronic saturation factor (eq. (75)) and the time scale pv_ (A)/{5%) (last equation in (94)) as
functions of the offset frequency A. Up to unknown multiplicative factors, these correspond to, respectively, the OE and SE

enhancement profiles (egs. (2) and (7)). We then fit the experimental DNP spectrum by calculating

€(A) = oog X $(A) 4+ osg % &(A), (98)

2%
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line), both of which are affected by the g-tensor anisotropy. The fit parameters are given in Table 1.

Table 1. Parameters obtained from the fits to the experimental data. B; = 0.02 G for EPR and 5.5 G for DNP. Homogeneous Ty *™°% = 20 ns

was used for both EPR and DNP.

fit parameter 10-Doxyl-PC 16-Doxyl-PC
~2, 72 (MHz)  —373,107 from 10-PC
é Trot (NS) 5.2 1.9
?(°) -1.3 -2
shown in figure Sa 6a
Tehs (1S) 6.4 from 10-PC  15.3
% T1 (ns) 123 153 141
A ook (-) 2.43 2385 257
ose (ps—") 1.51 1.35 1.09
shown in figure 5b 6b 7

where the scaling parameters oo and ogg were also allowed to vary freely. As a result, not counting the shift along the

horizontal axis, our fit contained four fitting parameters: 7y, 11, cog and ogg. The best fit to the DNP spectrum of 10-Doxyl-

PC is shown in fig. 5b. It is noteworthy how the total DNP enhancement (dashed black line) emerges from the sum of the SE

(green line) and OE (dotted-dashed blue line) contributions. The corresponding fitting parameters are given in the bottom half
of Table 1.

In the case of 10-Doxyl-PC, the intuitive analysis of Neudert et al. (2017) for identifying the OE and SE components of

a mixed DNP spectrum using the integrated cw-EPR line shape already performed very well (fig. 1c). It is, therefore, not

surprising that our analysis, which has more fitting parameters, agrees better with the experimental DNP spectrum (fig. 5b).
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Both deficiencies of the intuitive approach, namely, too narrow OE and SE contributions due to the lack of, respectively, power
broadening and motional broadening, appear to be satisfactorily addressed.

On a more fundamental level, our simulation shows that, due to the simultaneous power- and motional-broadening, the
OE and SE contributions to the DNP enhancement are not only rather asymmetric but also overlap extensively. It should,
therefore, be practically impossible to extract any molecular information from the mixed DNP spectrum without a complex,
quantitative analysis. In our specific case, the fit resulted in a translational time scale 7g,s = 6.4 ns, and suggested that the
electronic relaxation time should be about 77 = 120 ns. At the high magnetic field of the experiment (B = 9.4 T) this spin-
lattice relaxation time is practically impossible to measure in the liquid state.

In addition to Tans and 77, the fit to the DNP spectrum of 10-Doxyl-PC also produced the following numerical values for
the two scaling parameters in eq. (98): oog = 2.4 and ogg = 1.5 ps~!. These will be analyzed in Sec. 5.3 together with the

corresponding values for 16-Doxyl-PC.
5.2 16-Doxyl-PC

Because the g-tensor anisotropies are largely averaged in the cw-EPR spectrum of 16-Doxyl-PC (fig. 1b), we did not attempt
to fit them. Instead, we fixed all three components to the values obtained from 10-Doxyl-PC. This left only the rotational time,
Trot, and the mixing angle, ¢, as fitting parameters, not counting the shift along the horizontal axis. As the automated fitting
did not behave well, we varied these two parameters manually. One satisfactory fit, obtained with the parameters that are given
in Table 1, is shown in fig. 6a. We mention that the relative heights of the two lines in the calculation were slightly improved
by using a small mixing angle of ¢ = —2°.

Although, overall, the fit is not bad, the middle part of the calculated spectrum changes too sharply and its high-frequency
line is too narrow compared to experiment. We again used Easyspin to check whether these deficiencies are due to the lack of
hyperfine interaction. The spectra for 7,4 = 1.9 ns with and without hyperfine interaction are shown in fig. A5a. As the whole
spectrum is narrower than that of 10-Doxyl-PC, the effect of the hyperfine tensor is comparatively larger. Nonetheless, the
integrated EPR lines in fig. ASb show that the extra width due to the hyperfine tensor should not compromise our subsequent
analysis of the DNP spectrum, which will experience additional power-broadening and motional-broadening.

Moving on to the DNP spectrum, we observed that the free fit of all parameters resulted in 7q¢ that was more than two
times larger than that of 10-Doxyl-PC, as we explain below. Considering this to be unrealistic, we fixed 7gy5 to the value that
was obtained from 10-Doxyl-PC. Thus, not counting the horizontal translation of the calculated DNP spectrum, our automated
fit had three fitting parameters: 77, cog and osg. The outcome is shown in fig. 6b. The corresponding parameters are given in
the second-last column of the lower half of Table 1.

At 9.4 T the electronic Larmor precession time scale is about half a picosecond, which is three orders of magnitude less than
the rotational time scales inferred from the cw-EPR spectra. On such sub-ps time scales, the local dynamics of the spin labels
at positions 10 and 16 should not be very different from each other. Since the spin-lattice relaxation is determined by dynamics

on the electronic Larmor time scale, we were satisfied that the fitted 77 = 150 ns was close to that from 10-Doxyl-PC.
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Figure 6. Same as fig. 5 but for 16-Doxyl-PC. The fitted parameters are given in the second to last column of Table 1. Because all fitted lines

in figs. 5, 6 and 7 are calculated only at the experimental offsets, the green SE lines are not perfectly smooth.

The performance of the simple analysis of Neudert et al. (2017) was poorer for 16-Doxyl-PC (fig. 1d). Compared to it, our
fit to the DNP enhancement profile is excellent (fig. 6b). The only part of the DNP spectrum that our calculation systematically
underestimates are the five leftmost experimental points. Although there are other individual experimental points that lie further
from the calculated spectrum, these five points are persistently lower by about 0.2 enhancement units.

Observe that the downward shift of the fifth experimental point (together with the first four points) produces an enhancement
peak at around —400 MHz. The only way our automated fit can create a pronounced peak at this offset is by making the SE
contribution (green line) more “solid-like”, i.e., by increasing 7gns and reducing the motional broadening. (The lower left
corner of fig. A3b provides an example of such more solid-like SE line shape.) We thus identify the systematic displacement
of the leftmost five points to be responsible for the increase of a5 when it is allowed to vary freely during the fit.

The best fit that we obtained when 7q,s was included among the other fitting parameters is shown in fig. 7. (The resulting
fit parameters are given in the last column of the lower half of Table 1.) Indeed, with T4,s = 15.3 ns, the SE lines (green) have
become sharper and a small enhancement peak at —400 MHz has emerged (dashed black line). Although the enhancement
around +400 MHz has been compromised in the process, the overall fit to all experimental points is improved compared to fig.
6b.

The two alternative fits in figs. 6b and 7 correspond to very different time scales of translational diffusion. Nevertheless,
within the variability of the measurements, they both agree with the DNP data. Considering the experimental challenges of
liquid-state DNP at such high magnetic fields and large mw powers, further decreasing the experimental variability will be
very hard. It is, therefore, important to analyze together several different experimental constructs, like our 10- and 16-Doxyl-
PC. The final decision of which fit to the DNP spectrum of 16-Doxyl-PC is “better” can only be based on the overall consistency

of the fitted parameters across all analyzed data. We return to this point in Sec. 5.3.
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Figure 7. Same as fig. 6b but also fitting 7#ns. The fitted parameters are given in the last column of Table 1. Observe that the OE contribution to
the DNP spectrum (dotted-dashed blue line) is narrower (i.e., more “liquid-like”) than that of 10-Doxyl-PC (fig. 5b), while the SE contribution

is more ““solid-like” because the time scale g5 is 2.4 times longer.

The other two parameters that emerged from the fit to the DNP spectrum of 16-Doxyl-PC were osg, and oog. These deter-
mine the amplitudes of the SE contribution (solid green lines in figs. 6b and 7) and OE contribution (dotted-dashed blue lines)

to the DNP enhancement (dashed black lines). We now turn to the analysis of these scaling parameters.
5.3 Additional molecular parameters

Ultimately, the motivation to disentangle a mixed DNP spectrum into its OE and SE components lies in the desire to extract
information about the molecular and spin properties that the respective DNP mechanism depends on. The main advantage of
our procedure over the intuitive approach of Neudert et al. (2017) is that our decomposition produces physically interpretable
parameters, like 7ans and 7. In addition, our scaling parameters oo, and osg, multiply, respectively, the saturation factor and
v/ <52>, whose absolute magnitudes are part of the calculation (fig. 4, vertical axes). Thus, we can extract further information
from the fitted values of cor and ogg. In contrast, because the simple approach rescales the integrated cw-EPR spectrum
whose amplitude is arbitrary, the values of its scaling factors are not informative.
Using eq. (2) for the OE enhancement, the coupling factor c is readily expressed in terms of oog:

OOE I
c=—=, (99)
[ lysl

where the leakage factor f can be obtained by measuring the nuclear spin-lattice relaxation times (eq. (4)).

We measured the 7} values for the chain protons of DOPC (without spin-labeled lipids) at 310 K and 330 K using the Fabry-
Pérot probe. These are given in the T, column of Table 2. Additionally, we measured the nuclear spin-lattice relaxation times
in the presence of either 10- or 16-Doxyl-PC (column 77 ; of Table 2). The target temperature of the DNP experiments (320 K)

lies between the two temperatures at which the nuclear 77 times were measured. However, considering the possibility of mild
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Table 2. Analysis of the scaling parameters oo and osg. Nuclear spin-lattice relaxation times with (773 7) and without (77;) spin labels were
measured at two different temperatures. These determine the leakage factor f. The coupling factor c is obtained from f and oo using eq.
(99). The magnitude of the dipolar interaction responsible for SE ((62)), obtained from os using eq. (100), provides information about the

effective contact distance (b). Combining b with 715 from Table 1, we estimate the diffusion constant of the FFHS model (D).

Temp. Nuclear 77°s Overhauser Solid effect
Doxyl-PC T (K) T (ms) Tir(ms) | f oor ¢ (o) | ose (ps™!)  (8HDTir as™h)  b(mm)  Dgys (nm?/pus)

310 580 44 0.92 3.99 0.61 59
10 2.43 1.51 2.29

330 910 52 0.94 3.92 0.65 66

310 580 93 0.84 4.32 0.81 104
16 2.385 1.35 2.05

330 910 120 0.87 4.17 0.89 123

310 " " " 4.65 0.87 50
16%* 2.57 1.09 1.66

330 " " " 4.50 0.95 59

temperature rise by several degrees, we expect the values at 330 K to closely reflect the DNP conditions. Nonetheless, we carry
out the following analysis using the 73 values measured at both 310 K and 330 K.

The leakage factors obtained from (4) are shown in the column f of Table 2. Using the values of oog from Table 1 in (99),
we arrived at the coupling factors in column c of Table 2. In the case of 16-Doxyl-PC, the analysis was performed for the
fit where a1, was fixed at 6.4 ns (denoted 16 in Table 2) as well as for the fit where 71,4 was free to change (denoted 16%).
(These two alternatives correspond to the last two columns of Table 1.) For both choices, somewhat larger coupling factors
were deduced for 16-Doxyl-PC compared to 10-Doxyl-PC. The estimated coupling factors are less than two times smaller than
what we have obtained previously for TEMPOL in DMSO, and about four times smaller than the coupling factors between
TEMPOL and the protons of toluene (Prisner et al., 2016; Sezer, 2013; Kiiciik et al., 2015).

Turning now to SE, using the enhancement in (7) we express the unknown strength of the dipolar interaction in terms of the

scaling parameter ogg, as follows:

(6T = osp . (100)
5]

The values of <(52>T1 1, which were calculated from the right-hand side of (100), are about 2 ns~! for 10, 16 and 16* (Table 2).
Since v /<62> is about 1 ps (fig. 4, third row), we conclude that v, T7; « 1, which justifies our use of the approximation (7)
throughout the analysis, including during the fit to the DNP spectra.
From the expression of (§2) (eq. (39)), we can write the contact distance of the translational FFHS model as
b = N21D§li &@, (101)
5 Pose 1

where N is the number density of the electronic spins. Since, in principle, all parameters on the right-hand side of (101) are
measurable, we can determine b. To estimate N, we note that the molecular volume of DOPC is 1.3 nm? (Greenwood et al.,

2006). Since there are 20 unlabeled lipids for one labeled one, we estimate N = (20 x 1.3nm3)_1, which corresponds to a
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molar concentration of 64 mM. Using this number in (101), we obtained the values of b that are given in the second to last
column of Table 2.

When the values of b are interpreted literally as “contact distance” between the nitroxide spin label and the protons of the
lipid chains, their substantial variation between 10- and 16-Doxyl-PC is disturbing. From that perspective, it is clear that the
parameter b of the FFHS model, which we used to account for the fluctuations of the dipolar interaction due to molecular
translations, cannot reflect the actual molecular distances of closest approach.

Because b was obtained from the scaling parameter osg, only information about the amplitude of the SE enhancement has
been directly used in its estimate. In contrast, the motional time scale 7gy¢ (Table 1) encodes information about the line shape
of the SE enhancement. From these complementary features of the SE contribution to the DNP spectrum, we have managed to
determine both b and 7#1,s. Having access to these two parameters, we can calculate the diffusion constant of the FFHS model
from (38). The results are given in the last column of Table 2. To our surprise, we obtained very similar values for 10 and 16%*,
while the diffusion constant for 16 is two-fold larger. (Given the variability in the experimental data and the fact that the fits to
the DNP spectra are not unique, the differences between Dgy,s of 10 and 16* should not be seen as meaningful.)

In an effort to identify a potential candidate for the physical motion that the FFHS model emulates, we observed that the
coefficients of lateral translational diffusion for DOPC in oriented bilayers are 20 nm? ps~*! at 323 K, and 26 nm? us~! at 333 K
(Filippov et al., 2003, fig. 6a). These, we expect, bracket the value at our DNP conditions. The diffusion in the FFHS model
corresponds to the relative translation of the nuclear and electronic spins, i.e., Dgns = D5 + Dg. Assuming that the lateral
diffusion of spin-labeled PSPC in a DOPC bilayer is similar to that of DOPC, from the measured values given above we would
expect Dy, between 40 and 52 nm? ps . This range is surprisingly close to the estimates of 10 and 16* in the last column of
Table 2, which suggests that the FFHS model in our analysis likely accounts for the lateral diffusion of the lipids in the plane
of the bilayer.

Since it leads to a diffusion constant that is similar to (i) the known lateral diffusion of DOPC and (ii) the estimate obtained
for 10-Doxyl-PC, we conclude that the fit to the DNP spectrum of 16-Doxyl-PC that is shown in fig. 7 (i.e., the one that led
to “unreasonably” large 7qys) is more realistic than the one with fixed 7,5 (fig. 6b). From the perspective of the diffusion
constant, the longer motional time scale of 16* compared to 10, which resulted in more solid-like SE line shape with less
motional broadening, reflects the fact that the “contact distances” in the two cases are different. In retrospect, it is amazing
how the independent estimates of b and 7g1,s combine to yield practically identical diffusion constants for the two spin-labeling
positions.

At the moment, it is not clear to us how to properly interpret the different values of b at positions 10 and 16. Atomistic
molecular dynamics simulations (Orug et al., 2016) could, in principle, be used to investigate whether these effective contact

distances reflect differences in proton density along the normal of the lipid bilayer, or arise for some other reason.
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6 Conclusion

In the time-domain description of SE that we developed recently (Sezer, 2023a), the relevant spin dynamics is pictured in terms
of two connected Bloch equations. Due to this central role of the Bloch equations in our formalism, we first rephrased Freed’s
treatment of slow tumbling as a generalization of the classical Bloch equations, where the scalar elements of the Bloch matrix
became matrices in the space of the angular-momentum indices LM . For this reformulation to work, we had to neglect the
hyperfine interaction, which is in fact treated by Freed et al. (1971). As a result, our analysis is formally deficient for nitroxide
radicals. Nevertheless, it should be valid approximately at high magnetic fields where the influence of the hyperfine tensor is
smaller than that of the g tensor. The experimental data that we analyzed fell into this regime.

DNP experiments with nitroxide free radicals in viscous liquids invariably manifest a mixture of SE and OE (Leblond et al.,
1971b; Neudert et al., 2017). As these two DNP mechanisms are sensitive to molecular motions on vastly different time scales,
it should be possible to obtain rich dynamical information by analyzing their contributions to the overall DNP enhancement.
Disentangling the SE and OE contributions, however, has proven to be challenging (Leblond et al., 1971a). Here we fitted
liquid-state DNP spectra by calculating enhancements that were affected by both the translational diffusion of the spins and the
rotational diffusion of the free radical. Since different motions modify the amplitude and the shape of the DNP spectrum in a
highly concerted manner, by fitting the entire line shape of the enhancement we also gained access to the absolute magnitudes
of the SE and OE contributions.

Our current treatment of SE-DNP in liquids uses only the correlation function of the dipolar interaction to describe the
translational motion of the spins (Sezer, 2023b). This is formally correct only when the diffusion is much faster than the
nuclear 77 relaxation. It should be possible to relax this condition and model slower spin diffusion, as relevant for SE in the

solid state.
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Figure A1l. Same as fig. 3 but with 77 = 500ns (i.e., five-fold longer), which leads to larger saturation of the allowed electronic transition.

Only the first and last rows are affected.

Figure A2. Same as fig. 4 but with 71 = 500 ns, which leads to larger electronic saturation. As in the case of ‘solids’, only the first and last

rows are affected.
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Figure A4. Effect of hyperfine tensor on the calculated EPR spectrum of 10-Doxyl-PC. Various derivative cw-EPR spectra (a) and their

numerical integrals (b) are compared with each other. Our calculation (solid black line) agrees perfectly with the Easyspin (Stoll and

Schweiger, 2006) simulation without a hyperfine tensor (dashed blue line). Including a hyperfine tensor with components (14, 14,90) MHz

in the Easyspin calculation (dotted-dashed orange line) leads to visible changes in the derivative cw-EPR spectrum. However, the difference

of the integrated EPR lines with and without a hyperfine tensor in (b) should be negligible as far as the simulation of the DNP spectrum is

concerned.
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Figure AS5. Same as fig. A4 but for 16-Doxyl-PC. Because the cw-EPR spectrum is narrower to begin with, the relative contribution of the

hyperfine tensor with components (14, 14,90) MHz is larger than in the case of 10-Doxyl-PC. Considering that the EPR line will experience

additional power-broadening and motional-broadening in DNP, it should still be possible to safely neglect the extra width that the hyperfine

tensor brings to the integrated EPR line in (b).
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