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1 Analysis of the DNP spectra

The DNP spectra for the 20 mM and 5 mM samples were measured as a function of temperature and
as a function of MW irradiation time t;. All the spectra were then analyzed by decomposing them
into two, SE-DNP and CE-DNP, lineshapes, varying their relative contributions as a function of
temperature and t,;. Before the analysis we modified the basic SE lineshapes by slightly changing
their frequency profiles. To demonstrate the need for these modifications we show in Fig. S1 the
analysis of the steady state DNP spectra at 6 K and 10 K for the 20 mM and 5 mM samples,
respectively, using the non-modified SE spectra. As can clearly be seen, the best fit spectra deviate
from the experimental ones at the frequency edges. The modification of the SE spectra (see Fig.
5), which is explained in the text, corrects for these deviations. In Figs. S2-S9 we show high quality
fits of many DNP spectra relying on the modified SE spectra Fsg(wyw) and the original basic CE

spectra Fop(waw)-
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Fig. S1: Analysis of the frequency swept DNP spectra E(tymw,wymw) (circles) of (a) the 20 mM
sample measured at 6 K at ¢,;1y=320 sec and of (b) the 5 mM sample measured at 10
K at tp/w=320 sec. Shown are the SE contribution bsg(tyw)Fég(wyw) (magenta lines),
the CE contribution bCE(tMW)FCE(wMW> (blue lines) and the fit Ssim<tMW7WMW) (black
lines) done with F¢p(wamw) taken exactly as calculated and without modification. The
fitting procedure is described in the text.
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Fig. S2: Analysis of the frequency swept DNP spectra E(tpyw,wyw) (circles) of the 20 mM sam-
ple measured at 6 K starting at £p;;y=0.2 sec and ending with £y, = 320 sec =~ 5Ty,.
Shown are the SE contribution bsg(tyw)Fse(waw) (magenta lines), the CE contribution
bC’E(tMW)FCE<wMW) (blue lines) and the fit Ssim(tMW7wMW) (black lines). The ﬁttlﬂg
procedure is described in the text.
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Fig. S3: Analysis of the frequency swept DNP spectra E(tyw,wyw) (circles) of the 20 mM sample
measured at 10 K starting at ¢p;,y=0.2 sec and ending with ¢y, = 240 sec = 5Ty,.
Shown are the SE contribution bsg(tyw)Fse(wyw) (magenta lines), the CE contribution
bCE<tMW)FCE(WMW) (blue lines) and the fit Ssim(th,wa) (black lines). The ﬁttlng
procedure is described in the text.
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Fig. S4: Analysis of the frequency swept DNP spectra E(tyw,wyw) (circles) of the 20 mM sample
measured at 20 K starting at ¢p;y=0.2 sec and ending with ¢y = 240 sec = 5Ty,.
Shown are the SE contribution bsg(tyw)Fse(waw) (magenta lines), the CE contribution
bog(tuw)For(wayw) (blue lines) and the fit Sgy, (taw, warw) (black lines). The fitting
procedure is described in the text.
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Fig. S5: Analysis of the frequency swept DNP spectra E(tyw,wyw) (circles) of the 20 mM sam-
ple measured at 40 K starting at ¢;;;7=0.1 sec and ending with ¢y = 30 sec = 5Ty,.
Shown are the SE contribution bsg(tyw)Fse(wyw) (magenta lines), the CE contribution
bC’E(tMW)FC’E<WMW) (blue lines) and the fit Ssim(th,u}Mw) (black lines). The ﬁttll’lg
procedure is described in the text.
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Fig. S6: Analysis of the frequency swept DNP spectra (circles) of the 5 mM sample measured at 10
K starting at ¢,y =0.1 sec and ending with ¢,y = 1000 sec ~ 5T},. Shown are the SE con-
tribution bSE(tMW)FSE(wMW) (magenta lines), the CE contribution bCE<tMW)FC’E(wMW)
(blue lines) and the fit S, (tpw,wyw) (black lines). The fitting procedure is described

in the text.
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Fig. S7: Analysis of the frequency swept DNP spectra E(tymw,wyw) (circles) of the 5 mM sample
measured at 20 K starting at ¢p;,y=0.1 sec and ending with ¢y, = 560 sec = 5Ty,.
Shown are the SE contribution bsg(tyw)Fse(waw) (magenta lines), the CE contribution
bCE<tMW)FCE(WMW) (blue lines) and the fit Ssim(th,wa) (black lines). The ﬁtting
procedure is described in the text.
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Fig. S8: Analysis of the frequency swept DNP spectra E(tymw,waymw) (circles) of the 5 mM sample
measured at 30 K starting at ¢p;,y=0.1 sec and ending with ty;y = 480 sec =~ 5HTy,.
Shown are the SE contribution bsg(tyw)Fse(waw) (magenta lines), the CE contribution
bCE<th)FCE(u)Mw) (blue lines) and the fit Ssim(tMI/VawMW) (black lines). The ﬁttlﬂg
procedure is described in the text.
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Fig. S9: Analysis of the frequency swept DNP spectra E(tyw,wyw) (circles) of the 5 mM sample
measured at 40 K starting at tp;,y=0.1 sec and ending with ty;y = 240 sec = 5Ty,.
Shown are the SE contribution bsg(tyw)Fsp(wamw) (magenta lines), the CE contribution
bCE<tMW)FCE(WMW) (blue lines) and the fit Ssim<tMW7wMW) (black lines). The ﬁtting
procedure is described in the text.
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2 TEMPOL DNP spectra

In our previous work on samples of TEMPOL we measured DNP spectra as a function of temperature
only after reaching the steady state enhancement and did not measure DNP spectra as a function
of tyrw [1]. We were able to get good fits at all temperatures. For the 40 mM degassed TEMPOL
sample the analysis indicated that at 6 K the DNP spectrum was mainly determined by the SE-
lineshape. For comparison with the TOTAPOL results described in this paper, we measured two
new DNP spectra of TEMPOL at 6 K; one at ty;y = 0.2 sec and one at the steady state with
tyw = 240 sec. Both spectra show very similar shapes and both can be analyzed by the basic non-
modified SE and CE shapes as previously described [1]. From these spectra we therefore conclude

that for TEMPOL at 6 K and above there is no need to modify the basic SE lineshape.
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Fig. S10: Normalized frequency swept DNP spectra E(tyw, wyw) of a 40 mM degassed TEMPOL

sample (in 54/46 v% DMSO/H,0) at tpm = 0.2 sec (black squares) and ¢y = 240sec
(red circles). The lines in this figure are to guide the eye.
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3 From small to large spin systems

Quantum mechanical based DNP simulations of the spin dynamics of electrons and nuclei are limited
by the size of the matrix representing the spin Hamiltonian. For full Liouville space calculations
including relaxation our calculations are restricted to 5-6 spins. Clearly more spins are needed in
order to describe the macroscopic effects of DNP such as those we see in experiments. In order to
study the propagation of nuclear polarization in model systems Hovav et al. [2| used rate equations
for the density matrix populations for the SE-DNP mechanism, which allowed simulations of up to
10 spins. Also for the case of SE-DNP, Kockenberger et al. increased the spin system to 25 spins
[3]. A more simplified approach to large spin systems is to write rate equations for the dynamics
of the polarization of each electron and nuclear spin in the system. The problem with this type
of approach is that one is presumably losing the quantum character of the system. In this paper
we are interested in understanding the DNP dynamics in real samples. We therefore decided it
was essential to use the spin polarization rate equation approach so that we can come as close
as possible to simulating real systems. However in order to preserve the quantum nature of the
problem, we performed full quantum simulations on small systems to estimate the DNP buildup
rate of each nuclear spin. We then assume that these rates are good representatives of the build up
rates in large spin systems. For the SE-DNP case the estimation for these rates from small systems
is straightforward as we will describe in the next section.

The CE-DNP case is, however, more complex because the effective MW irradiation strength
depends not only on the interaction between the electron and nuclear spin but also on the proximity
of the electron-nuclear system to the CE-condition [4]. When dealing with a macroscopic sample
with many electrons and nuclei the state mixings defining the CE-conditions are complex and it
will be necessary to extend the definition of the CE-conditions before we can incorporate those in
DNP calculations of larger model system. Therefore at the moment our calculations are restricted
to SE-DNP on systems with one electron and many nuclear spins.

After approximating the buildup rates of the nuclei we add spin diffusion terms to the polarization
rate equations which spread the nuclear polarization throughout the bulk [5, 6, 7, 8, 9]. Similar
rate equations for the polarizations have been used recently by Griffin and coworkers in order to
describe the effect of the spin diffusion process on the nuclei close to the electron and the bulk
nuclei [10]. Here we use a similar set of coupled rate equations in order to provide a qualitative
description of the effects of the change of temperature (and thus of relaxation times) on the SE-DNP
enhancement mechanism. As discussed below, the individual MW irradiation rates in our equations
are adapted from the quantum mechanical behavior |2, 11] by calculating them from the pseudo-

hyperfine interactions and the nuclear Zeeman frequency and neglecting off resonance effects. In
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addition a spin diffusion rate is introduced as well as spin-lattice relaxation parameters.

4 A two-dimensional model system of nuclei surrounding an
electron

To demonstrate the SE-DNP spin dynamics we composed a two-dimensional square grid of nuclei ¢
surrounding a single electron with a lattice parameter of 3.1 A (the average distance between protons
in bulk water). The purpose of the simulations is to calculate the dependence of the electron and
nuclear polarizations, P, and P; respectively, on the MW irradiation time ¢,;1,. To do so we assign

to each nucleus an effective DQ irradiation field (in practice applied at w, — w,,) of strength

A%

oy — Qﬂpo%wﬂi - 3cos(0)sin(0)

2wy, Adw,r3_. “ (1)

SE o
Wieffi = 2T

which depends on the distance r._; between the electron and nucleus i , the angle 6 between this
vector and the magnetic field, the MW irradiation strength w; and the Larmor frequency of the
nuclei w, [2, 11]. po is the permeability of free space and v, and vy are the gyromagnetic ratios of
an electron and a proton, respectively. For protons at a distance of 7 A Wf,fff,i ~300 kHz for an
applied field of wy/2m = 1 M Hz. Thus these effective fields wf’fff’i can easily become two orders of
magnitude smaller than the actual applied field w; itself.

In real systems the nuclear dipolar interaction modifies wifff,i' As was shown for linear systems
this interaction mixes the nuclear spin states spreading the DQ MW matrix elements to states that
belong to nuclei that are not directly interacting with the electron and causing their polarization
enhancement [2]. This dipolar-assisted DNP enhancement process is of course also present in real
systems, thus increasing the area of directly polarized nuclei around the electron. The three dimen-
sionality of real systems prevents this area from expanding by much because of the conservation of
the norm of the DQ part of the MW irradiation matrix and the confinement of the polarized area
due to the action of T}, |2, 11]. Without a theoretical framework that enables exact evaluation of the
dipolar-assisted effective MW fields, we can only mimic the effect of the nuclear dipolar interaction
by spreading the direct effective field wfff 1. of each nucleus 7 to its neighbors. In the present calcu-
lations we distributed each wfff 1. value between the nucleus i itself, leaving a field wif = fi,iwfff i
and contributing to its neighboring nuclei j a field szZE = fj7iwifff7i , with f;; = \/Lg and f;;, = ﬁg
for the 4 nearest-neighbor nuclei j that are 3.15 A away from nucleus i and fii = %@ for the 8

next-nearest-neighbor nuclei 57 removed by 6.25 A or less from nucleus 7. After this redistribution
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of the effective MW fields the effective excitation rate of each nucleus k is defined as
Ryl = (D wit) Ta, (2)

with the introduction of an electron-nuclear cross relaxation time 75, |2, 11]. The f;; values are

chosen such that 3 (f;:)* = 1 so that

1eff, Z {W (3)

and the overall effective irradiation rate ), Rbm stays constant in the system. In this way the
nuclear dipolar interaction does not modify the overall buildup rate of the system, but changes the
individual rates of the different nuclei.

The electron spin lattice relaxation rate Ri. is chosen to be much larger than all Rffi, such that
it has little effect on the buildup times of the nuclei. As long as R, is large the electron states are
maintained at their Boltzmann distribution and the MW field determines the buildup of nuclear
polarization. For small R, values (approaching the nuclear spin-lattice relaxation rate) the electron
polarization cannot recover from the partial saturation of the DQ or ZQ transition and as a result
it lowers the nuclear polarization [11].

The nuclear spin-lattice relaxation rates R;; of nucleus ¢ can have one of two values: when i
belongs to the “core nuclei” that are at a distance of 9 A or less from the electron R;; = Ry, [11]
and for the rest of the nuclei R, ; = Ry,. To represent the fact that the core nuclei relax faster than
the bulk nuclei due to hyperfine relaxation we chose R;. = 10 - Ry,.

The spin diffusion is represented in the polarization rate equations by a dipolar relaxation rate
Ri4,j, defining the characteristic time of equalization of the polarization of neighboring nuclei, as
was done in earlier studies |7, 8, 12, 13]. The quenching of the nuclear dipolar interaction by the
electron-nuclear hyperfine interaction is taken into account by using a spin diffusion rate Ryq;;
between core nuclei ¢ and j that is 100 times smaller than R;4,; between bulk nuclei 7 and j. In all
cases Ryq,;; > Ry ; such that all bulk nuclei are polarized almost uniformly and all nuclei (except for
part of the core nuclei) experience about the same polarization buildup rate RyZ and reach about
the same end polarization PSE.

The differential equations for the electron and nuclear polarization, P, = P.(tyyw) and P, =

P,(tyw), used during our simulations are:

dP;

dtMW

—Ry P — Z ~Rigi(P, = P) + Rbm(Pz P.) (4)
(4)i
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dP,

dt prw

1
= —Rie(P = Poo) + ) 5 Boil( P = P2) (5)

where the sum over (j); is restricted to nuclei that are nearest neighbors of i, and where the number
of nuclei in the model are N,. The initial electron polarization equals P, = P.(0) and in all
simulations we neglected the initial nuclear Boltzmann polarizations. We also ignore off-resonance
effects due to frequency shifts due to hyperfine and dipolar interactions and off-resonance irradiation
on the electron SQ transitions. Solving this set of equations results in the time dependent nuclear
polarizations and their steady state values P55 ..

The effect of fast spin diffusion and the dependence of the SE steady state polarizations on Ry, is
shown in Figs. 10-11 of the main text. Fig. 10a shows the distance and angular dependence of the
nuclear polarization without spin diffusion (Riq = 0 sec™!). The angular dependence caused by the
pseudo-secular hyperfine interaction is partially wiped out by the dipolar-assisted DNP mechanism.
Figs 10b-c show the same model system with spin diffusion, where lengthening R;,, increases P55

end,i”

Fig. 11 summarizes the values of P54 = 1/N7F 3 PSE . and RJF = 1/NJE Y7 RyE, as a function
of Ry, and the number of nuclei N;?E in the grid. These figures are described in more detail in the
main text. As the buildup times are proportional to T5,, increasing its value increases the individual
buildup rates Rfﬂ, extends the area of direct polarization around the electron and increases both
PSE and RSP

In real samples most nuclei are polarized by more than one SE-active electron. When irradiating
with a certain frequency wyw electrons with a Larmor frequency of wyw + w, result in positive
nuclear polarization (DQ irradiation) and electrons at wyy —w, result in negative nuclear polariza-
tion (ZQ irradiation). Our DNP spectrum analysis model assumes that the final enhancement when
irradiating at wy;y is proportional to the difference between the number of electrons at wyw + w,
and the number of electrons at wyw — w,. The effect of different electrons partially canceling
each other’s DNP induced polarization is shown in Fig. S1. Here the electron in the bottom right
corner results in positive polarization and the electron in the top right corner results in negative
polarization. The hyperfine interactions of the negative polarizing electron with the nuclei were arti-
ficially weakened by 80% in order to show the averaging of the nuclear polarization originating from

two electron polarizing sources. This simulation was performed by extending the rate equations

described above to include a second electron spin.
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Fig. S11: 2D contour plot of the steady state nuclear polarization for a system of two SE electrons
(marked by black pixels), one in the lower left corner with MW irradiation on its DQ
transition and one in the upper right corner with MW irradiation on its Z(Q) transition. The
hyperfine interactions of the negative polarizing electron with the nuclei were artificially
weakened by a 80%. Each nucleus is a pixel whose color represents the nuclear polarization
normalized to the electron thermal equilibrium polarization. The nuclei are 3.1 A apart
in both dimensions, and there are 960 nuclei in all. The other parameters of the system
are: Ry, = 100 sec™!, Ry. = 10 Ry, sec™!, Ry, = 1072 sec™t, R}, = 10® sec™!, R}, = 10
sec™!, w; =1 MHz and T5, = 5usec. The rate equations used to calculate these plots are
given above.
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