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Measurements and simulations of the electron spin polarization along the EPR
spectrum of TEMPOL and trityl radicals, under DNP conditions
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Abstract

Dynamic nuclear polarization is typically explained either using microscopic sys-
tems, such as in the Solid Effect and Cross Effect mechanisms, or using the macroscopic
formalism of spin temperature which assumes that the state of the electrons can be de-
scribed using temperature coefficients, giving rise to the Thermal Mixing mechanism.
The distinction between these mechanisms is typically done by measuring the DNP
spectrum - i.e. the nuclear enhancement profile as a function of irradiation frequency.
In particular, we have previously used the Solid Effect and Cross Effect mechanisms to
explain temperature dependent DNP spectra. Our past analysis has however neglected
the effect of depolarization of the electrons resulting from the microwave (MW) irradia-
tion. In this work we concentrate on this electron depolarization process and performed
MW electron-electron double resonance (ELDOR) experiments on TEMPOL and trityl
frozen solutions, in a 3.34 Tesla magnet and at 2.7-30 K, in order to measure the state of
the electron polarization during DNP. The experiments indicate that a significant part
of the EPR line is affected by the irradiation due to spectral diffusion. Using a theoreti-
cal framework based on rate equations for the polarizations of the different electron spin
packets and for those of the nuclei we simulated the various ELDOR line-shapes and
reproduced the MW frequency and irradiation time dependence. The obtained electron
polarization distribution cannot be described using temperature coefficients as required
by the classical Thermal Mixing mechanism, and can therefore not be described by this
mechanism. Instead, the theoretical framework presented here for the analysis of the
ELDOR data forms a basis for the future interpretation of DNP spectra in combination

with EPR measurements.

Dynamic Nuclear Polarization (DNP), Electron Electron Double Resonance (ELDOR), Spin
Temperature, Thermal Mixing, Solid Effect.
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1 Introduction

The inherently low signal to noise ratio detected in NMR can be dramatically increased by
the use of Dynamic Nuclear Polarization (DNP). In this technique the large polarization
of unpaired electrons, mainly of stable radicals, is transferred to their neighboring nuclei,
typically using continuous wave (cw) microwave (MW) irradiation. This technique has been
known for more than 60 years [1, 2, 3], but it has only recently become of high interest to the
NMR and MRI community due to the introduction of new technological and methodological
developments. These enabled DNP in the solid state to be combined with magic angle
spinning (MAS) NMR [4, 5, 6, 7, 8, 9, 10|, or with the dissolution DNP methodology [11],
which can be combined with high resolution liquid state NMR and MRI.

The fundamental mechanism of DNP is of interest both from the point of view of the
basic spin physics, which differs from most pulsed magnetic resonance experiments due to
its non-coherent nature, and from a practical point of view - allowing better understanding
of the processes that can lead to higher NMR and MRI signals. Three main mechanisms
were used over the years to explain DNP in non-conducting solid samples: The Solid Effect
(SE) [3], the Cross Effect (CE) [12, 13, 14, 15, 16] and the Thermal Mixing (TM) [17,
18, 19| mechanisms. The SE and CE mechanisms were originally explained based on rate
equations for the electron and nuclear polarizations, derived from the microscopic quantum
mechanical (QM) description of small spin systems, and taking into account the effects
of irradiation using a perturbation approach [20] and the effects of relaxation. This QM
description was recently extensively studied for DNP on static |21, 22, 23, 24, 25, 26, 27|
and rotating|28, 29, 30] samples. Alternatively, the electron and nuclear polarizations can be
considered using the macroscopic concept of spin temperature[31, 32, 20, 33|, as used in the
TM and SE[17, 34, 35] mechanism in EPR lines broader or narrower than the nuclear Larmor
frequency, respectively. In this case the state of the spin system is described using several
temperature baths, each associated with a part of the system’s Hamiltonian and characterized
by its own spin temperature. In particular, the electron polarization in inhomogeneously
broadened EPR lines is described using an electron Zeeman temperature and an electron non-
Zeeman temperature, with the latter corresponding to the change in the electron polarization
across the EPR line.

The DNP mechanism is typically studied based on measurements of the nuclear enhance-
ment as a function of the MW frequency, termed the DNP spectrum. For radicals with
an EPR line-width larger than the nuclear Larmor frequency these are interpreted either
using the TM mechanism|36, 37, 38, 35, 18, 39, 40, 41, 42, 43, 44] or a combination of the

SE and CE mechanisms|[45, 46, 47]. There are only a few cases where the existence of spin
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temperature was directly detected experimentally [48, 49, 50]. In addition, the DNP results
were only rarely analyzed together with EPR, data [49, 51|, where in both cases spin tem-
perature formalisms were used. In particular, while the SE and CE based analysis of the
DNP line-shapes results in good fitting of the experimental line shapes, this model did not
take into account the non-thermal distribution of the electron polarization within the EPR
line-shape during DNP. This can influence the resulting DNP enhancement when different
from its thermal value|21]. As such, much insight on the DNP mechanism can be gained
by first measuring the electron polarization distribution during MW irradiation (sometimes
called the electron saturation profile) [51, 52, 53, 54, 55|. The latter can be explored using
electron-electron double resonance|56] (ELDOR) experiments, where the change in the EPR
signal intensity due to a MW irradiation at different frequencies is observed. Such an ex-
periment was performed by Granwehr and Kockenberger [52] on DNP samples containing
TEMPOL and trityl radicals, using longitudinally detected EPR at 1.5 K and 3.34 Tesla.
The electron polarization distribution is expected to change from its thermal value due to
the MW irradiation on the electronic transitions, and because of the spread of polarization
across the EPR line due to the electron spectral diffusion (eSD) process. The latter is used
in the context of the TM mechanism to explain the formation of the electron non-Zeeman
temperature, when its rate is faster than the electron spin lattice relaxation rate[57, 50, 18,
19]. In addition, it is of much interest in EPR|[58, 59, 60, 61, 62], mainly in the context of time
dependent echo detection, where it is explained based on electron spin flips which induce
stochastic fluctuating dipolar fields at the positions of their neighboring electrons. These
electron spin flips are induced by dipolar flip-flop quantum fluctuations, the electron spin
lattice relaxation mechanisms, or by hyperfine fluctuations induced by spin diffusion|20, 62|.
In this paper the electron polarization distribution of TEMPOL and trityl containing
samples under DNP conditions is monitored at 2.7-30 K, using detailed ELDOR measure-
ments performed on a 3.34 Tesla combined pulsed-EPR and NMR spectrometer|63]. The
ELDOR line-shapes are analyzed using a theoretical model based on rate equations on the
polarizations of the electrons (and nuclei) in the system, resulting in a good agreement be-
tween the simulations and the experimental line-shapes. This model includes a QM based
description of the electron polarization loss due to (i) MW irradiation on the single quan-
tum (SQ) electronic transitions, and due to (ii) SE DNP type of polarization transfer to
the nuclei induced by irradiation on the electron-nucleus zero quantum (ZQ.,) and double
quantum (DQ,,,) transitions. In addition it includes the effects of (iii) spin-lattice relaxation
as well as a phenomenological description of the (iv) spread of the electron polarization due
to the eSD process. The influence of the electron polarization redistribution on the DNP

mechanism and specifically on the DNP spectral profiles will be described in upcoming pub-
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lications. Finally, we show that the measured electron polarization distribution cannot be
described using the spin temperature coefficients, which forms the basis of the classical TM
mechanism|64, 50, 35, 18, 44].

2 Experimental

2.1 Sample preparation

Samples were prepared with 15 mM trityl (OX63) radical and 40 mM TEMPOL radical,
dissolved in 56/44 wt % mixtures of dimethyl sulfoxide (DMSO) / H,O. 25 pul of each
solution were placed in a Teflon sample holder for measurement. TEMPOL and DMSO were

purchased from Sigma-Aldrich, and the trityl radical from Oxford Instruments.

2.2 The NMR / EPR spectrometer

The experiments were conducted in a 3.34 T field using a combined EPR (95 GHz) and
NMR (144 MHz) spectrometer [63], under experimental conditions which were previously
used to study DNP enhancements and line-shapes of similar samples [45, 46, 47, 65]. This
setup is very flexible in terms of the range of possible sample temperatures and of the
MW irradiation duration, and in terms of the range of available excitation and detection
frequencies. MW excitation and detection was performed using a home-built bridge with
two channels, controlled by the Specman4EPR software package |66]. The radio frequency
(RF) excitation and detection are controlled by an APOLLO spectrometer from Tecmag
inc., externally triggered by a logic pulse generated by Specman4EPR. The probe-head and
sample were located inside a Janis Research inc. liquid helium flow cryostat, and experiments
were performed in the temperature range of 2.7-30 K. Reaching 2.7 K required a reduced

pressure in the cryostat, which was obtained by pumping.

ELDOR experiment

The ELDOR pulse sequence used is shown schematically in Fig. 1. The experiments were
conducted by applying a cw-MW excitation pulse at a frequency wezcire for a duration of ¢.,qize
using one of the two EPR channels. This was followed by an EPR echo detection using a 5 —
Tdetect — T Pulse sequence, with 7 pulses of 450 ns, produced by the second channel at wgeect-
Prior to each experiment a train of RF pulses was applied on the protons in order to remove
their polarization between successive scans. As a result the delay between single experiments

could be set to about 573, where T}, is defined below. The MW amplitude, w; /27, was
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600 kHz, as measured by a nutation experiment. Due to the low Q of our resonator we
assume that this value is uniform over the frequency range used in the experiments. For the
experiments performed around 2.7 K the power was reduced, w;/27 =30 kHz, in order to
limit sample heating within a range smaller than 0.5 K.

The detected signals for a given wegeire and te,eire values can be expressed in terms of

the electron polarization of the detected electrons prior to the application of the detection

PUISGS,Pe (wexcitea tea:citea wdetect)a USing:
S(we:pcitea texcitev wdetect) = S(Wdetect)Pe (Wexcitea tea:citea wdetect) + b(wdetect)u (]-)

where b(wgetect) 18 @ baseline artifact contribution to the echo (which can also depend on
tescite), Which probably originates from pulse ringing. $(wgereet) represents the wgegeer depen-
dent proportionality factor between the actual signal and the electron polarization, which
depends on the electron concentration and volume, the fraction of electrons contributing to
the detected signal (which is EPR line-shape dependent), and the Q factor of the probe.
It is possible to normalize the detected signal with respect to the thermal equilibrium

signals|52], Sp, which are detected using the same experimental parameters but with excita-

/

cscite that are situated far outside the EPR spectrum, such that irradiation

tion frequencies w

on them does not have any direct or indirect effect on the detected electrons. In prac-

/

ercite Values.

tice So(W.,uites tezcite, Wdetect) Was evaluated using signal averaging over several w
When b(wgereet) is small compared to the signals, Sy can be used to evaluate the relative sat-
uration of the electrons, E, = P,(t)/P.(0), where P,(0) is the thermal electron polarization.
For electrons positioned around wgeteet and MW irradiation at wegeite for a duration of Z.,.ize

this is given by:
/
Ee (Wea:citea temcitea wdetect) - S<wezcite7 tercite; Wdetect)/SO (wezcitm temcz'tea Wdetect) . (2)

When E.(Wegcites texcites Waeteet) 1S one it means that the MW field at wepeie does not affect
the detected electrons and when it is zero it indicates full saturation. When b(wgetect) is non
negligible Eq. 2 will result in E.(Wezcite, tezcites Waeteet) 7 0 under full saturation. For clarity,
we will define E,cite and Fyeee as the E, frequency profile obtained using a constant .,
value for either a constant wyereer Or @ constant we,qire values, respectively. The former shows
the dependence of the detected echo on weyeire, as given in a regular echo detected ELDOR
experiment, and the latter shows the polarization of the different electrons when irradiating

at a certain wegeire frequency. Note that Egeen requires measurements at both wegeire and

/
excite?

The actual intensity of the EPR spectrum S*(waetect; Wexcite, texcite) at the end of a MW ir-

w for normalization.
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radiation of duration ... at frequency weyeire can be calculated by multiplying Fyerect (Wezcites Lecites Wsdetect )

by the EPR line intensity f(wgetect) for each wyerect:

S* (wdetect; Wezcites texcite) = f(wdetect) * Edetect (wexcitea texcitea wdetect) . (3)

This value is proportional to the total electron polarization around the detected frequency.

wexcite m;
/1 /\
wdetect 1/ H

Figure 1: A schematic representation of the ELDOR sequence used. This included a satu-
ration pulse train on the 'H nuclei, followed by MW irradiation at wegeize for a duration of
texeite, and a detection of an echo at a frequency of wyereer. This sequence was then repeated
with a delay between scans of about 57}, or longer.

2.3 7T} measurements

The electron and nuclear relaxation times, 7T}, and T7,, were determined by analyzing the re-
covery of the echo intensity after signal saturation by a long cw MW pulse (using tezcite > Tie)
or a RF pulse train, respectively. The NMR recovery curves could be analyzed by a single
exponential functions with time constant 73,. The intensity of the EPR echo signals were
recorded and fitted using either a single exponential or when required using a double exponen-
tial function with the slow (and major) component assigned to Tj.. The electron relaxation

times were only collected around the frequencies of the maximum EPR line intensity.

3 Experimental results

In this section we show the results of ELDOR measurements on samples containing TEMPOL
and trityl radicals as a function of t.pcite, Waetect; ANd Wegeite. In particular, Fgee.: profiles
were measured using t.,.;;. irradiation times of the order of T}, in order to allow for a possible
electron non Zeeman temperature to form in the system. The spin-lattice relaxation rates of
these samples were measured and are summarized in Table 1. For convenience, the values of
Wezeite ANA Wyereer Will be given in frequency units relative to a fixed reference frequency, w,,

uSing 0Vegcite = (Wezcite — We) /27 and Vgepeet = (Waeteet — we) /2. The value of w,./2m was set
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to 95 GHz in the TEMPOL case and to 94.86 GHz in the trityl case, such that w,. is about
equal to the center frequency of the EPR line.

Radical TEMPOL Trityl
Temperature [ 20 K [ 7K [27K |30 K | 27K
Tie [ms] 55 | 50 | 240 | 32 | 270
Ty, [8] 13 [ 30 | 220 | 14 | 250
teweite [ms| | 20 [ 100 | 1000 | 100 | 1000

Table 1: The electron and nuclear relaxation times of the two samples measured at the
different temperatures. The lengths of the saturation pulses,t.,cire, used during the Ti,.
measurements are also given.

3.1 TEMPOL sample

The ELDOR measurements on a 40 mM TEMPOL solid solution were performed at 20 K,
7 K, and 2.7 K. Here the baseline distortions b(dVgesect) Were significant with respect to the
detected echo intensities, causing the detected echo signals to be different from zero even
at full saturation conditions, resulting in a distortion of the E. values calculated using Eq.
2. Fig. 2a shows a contour of E.(0Vescite, texcites OVdetect) Obtained from ELDOR signals for
different 0vgesecr and Oveqeire frequencies at 20K, using te,eire =10 ms. Individual F.,.;. and
Egereer profiles are plotted in Fig. 2b and c, respectively. The latter have a lower spectral
resolution and are therefore more susceptible to noise and to changes in the experimental
b(0Vgetect) values. The FEgueie profiles show sharp minima at 0Vegcire = Vgerect, and a broad
minima around 0Veg.ie = 0. The first minima are a result of on-resonance MW saturation
and the second minima is attributed to the eSD mechanism. These broad minima appear
in the Eje: profiles as an increase of their slopes around 0Vegeite = OVgetect When 0Vegeize 1S
moving away from the center of the EPR line. In other words, irradiating at the center affects
most of the electron packets composing the EPR line, while irradiation at the side affects
only neighboring packets. In addition to these minima, some depolarization is observed for
irradiation outside of the EPR line (see for example arrows in Fig. 2b). This is attributed to
polarization loss to the 'H nuclei in the sample due to irradiation on DQ.,, or ZQ,,, transitions.
The result of MW irradiation on the expected EPR line intensity S*(wWaetect; Wewcites texcite )
defined in Eq. 3, is plotted in Fig. 2d. As can be see, irradiation close to the center of the
EPR line results in a large reduction of the total electron polarization, whereas irradiation
at the side of the spectrum has a relative small effect on it.

In Fig. 3 E...ite spectra obtained for different ... values using dvgeeer = 0 are plotted.
For short irradiation times the MW irradiation results in a relatively narrow hole which is

burned in the E.,. spectrum around around 0Vegcite = OVgetect, due to MW irradiation on

7
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the SQ transitions. In addition to this some depolarization can be observed when irradiating
around 0Vegcite = OVgeteet £ 144 MHz, corresponding to polarization loss to the nuclei when
irradiating on DQ., and ZQ., transitions of the detected electrons. For increasing t.,cie
values the widths of the profile increases and after 50 ms it decreases again to some extend.
A steady state profile is reached in a time shorter than 1 s, which is much longer than Ti.,
indicating that this narrowing effect involves polarization transfer to the 'H and N nuclei
in the sample [53|. This process is shorter than the nuclear polarization buildup time of the
order of 13 s. The ELDOR results obtained at long t.,.t times were recorded using a single
scan, and therefore show a reduced signal to noise ratio (SNR).

In Figs. 4 Eepeire spectra measured at 7 K (a,b) and 2.7 K (c,d) are plotted as a function
for (a,c) several 0vVgeter frequencies, with teueie = 0.1 s at 7 K and 0.5 s at 2.7 K; and
(b,d) for several toycire values and 0vgeeee = 0. Once again, at 2.7 K the MW power was
reduced and was set to about w;/2m = 30 kHz. As can be clearly observed, the width of
the enhancement profiles broadens with the decrease in temperature, with the effect of the
eSD process becoming strong enough to almost saturate the whole EPR line for MW fields
applied at any 0vegeire frequency inside the EPR line. As before, the saturation profiles
reach their maximal width in a timescale comparable to T}., after which they show a slight

narrowing.
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Figure 2: Normalized electron polarizations FEe(0Vercite, tewcites OVdetect) measured on the 40
mM TEMPOL sample at 20 K. This was done for a set of excitation and detection frequencies
Vegcite = Vo + 5Vexcite and Vgegeer = Vo + 6l/detect; with vy = 95 GHZ; USing Legcite = 10 ms.
In (a) the measured data are presented in a contour plot and in (b) and (c¢) individual
Eercite(0Vescite) and Egerect(0Vgetect) profiles are shown. In (b) the colors of the different
profiles correspond to constant dvgee values that are assigned inside the figure. In (c)
the colors of the profiles correspond to constant 0v,,.ie values using the same color codes
as defined inside (b). The black arrows in (b) indicate depolarizations due to irradiation
outside the EPR spectrum and at the top the EPR spectrum si shown taken from Ref. [45]
. In (d) the expected EPR signal intensity S*(0Vgetect; OVexcite, Lecite) 1S plotted as a function
of OVgetect, for different dve,qie values, and has been derived from the EPR line-shape (gray
line) and the profiles in (c), as given by Eq. 3.
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Eexcite

0.0

-400 -200 0 200 400
6vexcite (M HZ)

Figure 3: Measured Feycite(0Vezcite) sSpectra at different e values of the 40 mM TEMPOL
sample at 20 K for a set of excitation frequencies Vegeite = Vo + OVegeite, With 1y = 95 GHz,
using a detection frequency of Vgeteer = 95 GHZ (0V4etect = 0) . The tezeire values are defined
by the color coding inside the figure.
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Figure 4: Normalized electron polarizations E.(0Vezcite, tezcite, OVdetect) measured on the 40
mM TEMPOL sample at 7 K and 2.7 K for a set of excitation and detection frequencies
Vegcite = Vo + 5Vexcite and Vgegeer = Vo + 5Vdetect7 with vy = 95 GHz. In (a) Eexcite(éyexcite)
profiles obtained at 7 K using t...ite = 100 ms are plotted for different dv/gese; values, defined
by the color coding inside the figure. In (b) Eepeite(0Vercite) profiles obtained at 7K using
OVgetect = 0 are plotted for increasing t...i;. values, defined by the color coding inside the
figure. In (c) and (d) similar profiles are plotted as in (a) and (b) but at 2.7K, w; /27w =30
kHz instead of 600 kHz, and using t.cite = 500 ms in (c).

3.2 Trityl sample

The ELDOR measurements on a 15 mM trityl solid solution were performed at 30 K and
2.7 K. The detected echoes were much higher than the baseline artifacts b(Vgerect), thus
the latter could be neglected. In Fig. 5a the results of the ELDOR experiments at 30 K
are summarized by plotting the contour FE.(0Veycite, texcites Vaetect) TOT tezeie = 0.1 8. The
ELDOR results can be divided into three dv,.i. frequency regions: The SQ center region,
where the MW irradiation frequencies cover the frequency span of the EPR line, result in

a direct saturation of the electrons; and the DQ., and ZQ., frequency regions, which are

11
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removed by Fvy from the center region, where irradiation on the electron -'H DQ,, and
7.Q).,, transitions results in electron polarization loss due to SE type of polarization transfer
to the surrounding nuclei[53]. In addition to this, the polarization loss can spread through
the EPR line due to eSD. Polarization loss in the SQ region can also occur due to irradiation
on the electron -'*C DQ,, and ZQ., transitions, influenced by the hyperfine interaction of
the electrons with the natural abundance '3C nuclei of the trityl radicals themselves [67].
This will only be considered in the supplementary information.

We first examine several FE..,.. profiles, as plotted in Fig. 5b. Starting from MW
irradiation in the SQQ region, clear minima are observed when 0v . cite = 0Vgereer and in addition
broader minima appear at 0Vey.ie values between 0vgees and zero. Small depolarization
and hyperpolarization (FEgeer > 1) effects are also observed when detecting around the
edges of the EPR spectrum, as indicated by the black arrows in the figure. The obtained
profiles are about antisymmetric with respect to 0vVgeeer = 0, reflecting the symmetry of
the EPR line-shape. A similar behavior as in the SQ region can be seen when inspecting
the smaller depolarization at the DQ., and ZQ., regions. The extra depolarization and
hyperpolarization features are not observed here, possibly due to low SNR.

Several Egeeer profiles are plotted in Fig. 5c., with 0.4 located inside the SQ region.
Single minima are found at dVegeire = OVgetect, and the shapes of these profiles around these
minima have faster slopes towards the center EPR frequency than toward the edges of the
EPR spectrum. In addition, the inward slopes increase when the |[0vezcie| frequencies move
away from zero. Once again, electron hyper-polarizations are observed for high |dv/getect| and
|0Vescite| values, and the results show an inverse symmetry with respect to dVegeire = 0.

The expected EPR signal intensity S*(Waetect; Wezcite, texcite) @s a function of dvgeteet for
different dv.,cire values are plotted in Fig. 5d. In this non-normalized representations the
electron hyperpolarization is hardly recognized. Thus, at this stage we ignore these small
features, and discuss possible mechanisms leading to these effects in the SI.

In Fig. 6 Eepeire profiles are plotted for several t...ie values, with dvgees equal to (a)
10 MHz or to (b) -30 MHz. In both cases the irradiation initially burns a narrow hole in
the EPR line due to irradiation on the electron SQ transitions or the electron -'H DQ,,, and
7Q)., transitions, which broadens with time. The steady state polarization distribution is
reached in the timescale of the order of T7..

In Fig. 7a the experimental Fe(0Veycite; Lewcite; IVaetect) Values obtained at 2.7 K are shown,
with tezeire = 18. Once again, here the MW intensity was much lower (730 kHz) than during
the measurement at 30 K. The E.,.. profiles (Fig. 7b) again show a minima at dveyeite =
O0Vgetect and an additional broad minima closer to dvezeire = 0. Some hyperpolarization can

be seen when vge.q is close to zero, as indicated by the arrows in the figure, , which goes

12
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together with a narrowing of the profile. The minima in the ZQ and DQ regions are all at
about the same frequency, with large electron depolarization for large [0vgesect| values.

The Egeieq profiles, plotted in Fig. 7c, again show global minima around 0vgeiect = OVescite,
however here there is also a local maximum around 0vgee; = 0, with lower electron polariza-
tion around it. This may indicate that electron packets which are removed in frequency are
connected to one another by both eSD and another mechanism. Possible explanations for
this are proposed in the supplementary information. The virtual symmetry axis of these pro-
files is slightly shifted with respect to the 30 K profiles, and is at about 0v.ere =5 MHz. The
real magnitudes of these effects are relatively small when considering the actual measured

signal, as seen in Fig. 7d.

13



Physical Chemistry Chemical Physics

w
o

N
o

—~
T
10
=
N
ey 0
O
3
3 10
BN
Q20
-30
-40
1.2
1.0+
0.8
3
g 0.6
£3)
0.49_— 30 (MHz)
1——-10 (MHz)
0.2{—0(MHz)
----10 (MHz)
----30 (MHz)
00 T M T T T T T M T T T T
-200 -150 -100 -50 0 50 100 150 200
6Vexcite (MHZ)
1.0
(d)
0.8
-
€06
o
[
N
« 0.4
%)
0.2
00 T T T T - T 00' T =
-40 -20 0 20 40 -40 -20 0 20 40
6Vdetect (MHZ) Svdetect (MHZ)

Figure 5: Measured electron saturation values as a function of dvggeire and 0Vgeseer Of the 15
mM trityl sample at 30 K. In (b) and (c) several E.,cite and Egeeet spectra are plotted, as
taken from the full E, contour shown in (a). This is done for several 0Vgerect and dVezeievalues,
respectively, with the values given by the color-code in (b). In (d) the expected signal
intensity S* is plotted using the values obtained from (c), as in Eq. 3. The EPR line, taken
from Ref. |45], is plotted in gray in (b) and (d). The arrows in (b) show the position of
the electron hyper- and de- polarization features, which are not taken into account in the
simulations, as explained in the text. The measurements and simulations were obtained
using fe.eire = 100 ms, and a delay of 200 ms was kept between the measurements. All
frequencies are given with respect to 94.86 GHz.
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Figure 6: Measured FE...q. spectra at different ... values of the 15 mM trityl sample at
30 K. The detection was performed at 0vgeet 0of (a) 10 MHz and (b) -30 MHz. All other
parameters are as in Fig. 5.
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Figure 7: Measured electron saturation values as a function of dvegeire and 0Vgeseer Of the 15
mM trityl sample at 2.7 K. In (b) and (c) several Ee,cite and Egeeer Spectra are plotted, as
taken from the full E, contour shown in (a). This is done for several 0Vgerect and dVezeievalues,
respectively, with the values given by the color-code in (b). In (d) the expected signal
intensity S* is plotted using the values obtained from (c), as given in Eq. 3. The EPR line,
taken from Ref. |45], is plotted in gray in (b) and (d). The arrows in (b) show the position of
the electron hyperpolarization. t...i;e = 1 s was used, and a delay of 1.5 s was kept between
the measurements. All frequencies are given with respect to 94.86 GHz.
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4 Spin temperature and the experimental results

As mentioned in the introduction, one of the fundamental assumptions of the TM mecha-
nism is that the distribution of the electron polarizations can be described using a Zeeman
temperature, 7., associated with the weight averaged center electron frequency we, and
an additional electron non-Zeeman spin temperature, 1., , for the parts of the Hamiltonian
which contribute to the inhomogeneous EPR line shape, namely the hyperfine with strongly
coupled nuclei and the g-anisotropy [64, 57, 50, 38, 35, 18, 44, 19]|. The direct contribution
of the dipolar interaction to T,z is assumed to be negligible. However, it plays an impor-
tant indirect role as the source of the eSD process, which enables the creation of the T,z
temperature in the system when its rate is faster than 77.'[57, 50, 18, 19]. Under these
assumptions, for long enough MW irradiation the polarization of the electrons P.(w;) at a

frequency w; = we o + 0w, ; can be described in the wyy MW rotating frame as:

Awch dw. jh
P.(wjt) = —tanh ( - e ) :

UipTer(t)  2hpTonr(t) “
where h and kp are the Planck and Boltzmann constants, and Aw, = weo — wpyw. These
P.(w;) values result in a monotonic change in Egetert, with a slope proportional to T.", that
can be positive or negative depending on the value of wyy .

We can next compare this prediction to the experimentally detected FEyeteet profiles. These
profiles, obtained for the TEMPOL sample at 20 K and for the trityl sample at 30 K and
2.7 K as shown in Figs. 2c¢, 5c¢, and 7c, respectively, do not follow the expected monotonic
change in P,(w;). Instead they show a clear minima around Wgeteet = Wegeite and an increase
of the polarizations on both sides of these conditions. In particular, the results shown in
Figs. 2d, 5d, and 7d can be compared with the measurements shown in Refs. [48, 49, 50|,
where spin temperature was observed. The E,.,.;. contours detected at 7 K and 2.7 K and
plotted in Figs. 4a and 4c show only very little dependence on dv4eee:, Which could perhaps
justify the introduction of very large T),., values. Yet in the supplementary information we
show that at 7 K such a T, does not exist. At 2.7 K further measurements are needed to
verify the existence of T,,.z. Inspection of the ELDOR results obtained by Granwehr and
Ko6ckenberger [52] at 1.5 K leads to the same conclusion, namely that the system cannot be

described by using 7.7 and T, temperatures for describing the Fg...s profiles.

5 Theoretical analysis of the ELDOR spectra

In this section we present a model for the time evolution and frequency dependence of the

electron polarization that accounts for the major parts of the experimental ELDOR results.
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It takes into account the effects of the spin-lattice relaxation, MW irradiation (including
off-resonance effects), and eSD. In addition, the influence of the nuclei on the electrons, as
was seen in the experiment, is taken into account by relying on the QM descriptions of the
SE DNP processes in small spin systems [21|. A justification for relying on the spin dynamics
of small model spin systems to capture the physics of large and complex spin systems can
be found in Refs. [45, 46, 47]. Although the CE mechanism can have a large influence on
the nuclear polarization |45, 46, 47| we did not take it into account in this model. This can
be justified by the fact that during ELDOR measurements the electron polarizations do not
show significant changes in timescale of the DNP enhancement buildups, and since only a
small fraction of the electrons satisfy the CE condition |25, 26]. The model presented here
does not rely on spin thermodynamics related parameters, such as spin temperature, energy

conservation, and heat capacities of spin baths.

5.1 Theoretical model

The model presented here describes the temporal evolution of the electron and nuclear po-
larizations in our systems. The electron spins in these systems are assumed to have an
inhomogeneous broadened spectrum due to the anisotropy of the g-tensor. As such, in the
present discussion we ignore for simplicity the fact that some of the EPR features can origi-
nate from hyperfine interactions, as in the TEMPOL case. As in previous theoretical models
|64, 16, 18, 51, 44, 68, 69, 70| we divide the electrons into a set of electron packets with
constant average resonance frequencies, w;, and define an average electron polarization for
each packet, P, ;. The relative weights of the packets, f; ,are determined by normalization
of the integral of the EPR line, ) f; = 1. As such, the detected EPR signal at a frequency
w; is proportional to N.f;P. ;, where N, is the number of unpaired electrons in the system.
To add the effect of the nuclei on the electrons we distinguish between two nuclear types[47|:
(i) the “local” nuclei , with average polarizations P, ;, which are directly or indirectly dipolar
coupled to the electrons at w;, and which get polarized due to irradiation on the DQ., and
ZQe, transitions; and (ii) the remote “bulk” nuclei, with an average polarization of Py,
which get polarized due to spin diffusion with the local nuclei. The latter determine the
signals during DNP experiments.

The general form of the set of homogeneous rate equations for the electron and nuclear

18
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polarizations, for a system with J frequency bins (j = 1,..., N) can be represented as:

1 1
Pe,l Pe,l
d PeN PeN
— ’ t)=R ’ t), )
il p | O=R| 0 © )
Pn,N Pn,N
| Pbulk i L Pbulk ]

The rate matrix R in these coupled equations contains the actions of the electron (R;.) and
nuclear (Ry,) spin-lattice relaxation, the MW irradiation (Ryw), the nuclear spin diffusion
(Rnsp), and the eSD (R.sp) processes:

R = (Rye + Rin + Ryw + Rusp + Resp)- (6)

The resulting polarizations can then be calculated by solving these equations for a given

MW irradiation frequency wezeite and time,

— ) - _ . -
Pe,l Pe,l
Pe N R ) ) Pe N
’ we:):ci o texci o) = e (Wea:czte)tezczte ) O . 7
i | (st e |© (7
Pn,N Pn,N
| Poutk | | Poutk |

The explicit form of this set of equations is derived in what follows by summing up rate
equations affecting one or two of these populations, derived from the rate equations for the
populations in small systems, as described in Refs. [21, 22|. To transfer such rate equations

on the p, and pg populations of a single spin % to its corresponding polarization ,P = pg—pa,

B 1 1 Da
L) .

which conserves the total population of the system, p, 4+ pg = 1. In analogy, the populations

we use the transformation:
1

P
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of an electron-nuclear two-spin system, P, a,, Pac.fns Phe.ans Phepn, (assuming a nucleus
1

2
Pae.an —Pae.fn +PBe,an — Ps..3, POlarizations, the difference polarization P, = pa..a, — Pac,8n —

with spin 5 ) can be transferred to the P. = —pa..an — Pac.g, + Ppoan + Ppop, and P, =

PBe.an T PB..g. and the conserved sum polarization 1 = p,, o, + Pac,8. + Pse.an + D305, -

1 1 1 1 1 Pave,
P, _ -1 -1 +1 +1 Da.pn 9)
P, 1 -1 1 -1 DBean
P, 1 -1 -1 1 D35,

Here we have neglected the effect of the small state mixing that is present in a electron-nuclear
system due to the non-secular hyperfine interaction. This effect is compensated for by the
introduction of the effective DQ., and ZQ., irradiation derived from the MW irradiation
in the case of the SE. The transformation results in two time independent polarization
components 1 and P,, and the latter can therefore be neglected. This approach is obviously
a simplified version of the calculations of the quantum dynamics in a many-spin systems|21,
71, 23, 25, 26].

5.1.1 The spin-lattice relaxation rates

The electron spin-lattice relaxation rate matrix is given by R;. = ST RI,, where R], are

0 0 1
matrices with non zero-elements of the form 77" in the subspace
“ Peo’] _1 Pe,j
[72, 73], where P?; = —tanh(w, ;h/2kpT}) are the thermal equilibrium polarizations of the

electrons, and 7; is the lattice temperature. In analogy, the nuclear spin-lattice rate matrix of

the nuclei is defined as Ry ,, = Y Rip j+ Ripuik, Where Ry, ; are the non-zero elements given by

0 O
1—n1’j o . in the [ ] subspace, and the bulk relaxation rate matrix R, has the
n n,j
1 0 ) 1 ey . .
form T ik in the subspace. The equilibrium polarization of the nuclei
’ P bulk

equals P? = tanh(w,h/2kpT;), where w, is the magnitude of the nuclear Larmor frequency,
and for simplicity we assume that the nuclei have the same sign of the gyromagnetic ratio
as for 'H nuclei.

In the present model we do not consider explicitly electron-nuclear cross-relaxation pro-
cesses. We realize however that during calculations the effects of cross relaxation pro-
cesses can in many instances be mimicked by combining electron and nuclear relaxation

processes|21].
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5.1.2 The MW irradiation

The MW irradiation field, of strength w; and applied at a frequency wezcire, can excite in
our model the SQ transitions, the DQ.,, and the ZQ., transitions. To make a distinction
between the three types of contributions to the relaxation matrix R,y representing the MW

irradiation effect we write:

Ruw =Y Rig+ > R+ Y Rl (10)

The quQ matrices have a single diagonal element operating on P, ; with a value

w . =

so_ (T (11)
) 1+ Aw?TL

where Ty, is the electron spin-spin relaxation time of the system (rather than the phase
memory time measured in time domain EPR) and Aw; = we j — Wegeite 15 the off resonance
value of the electron packet at w;. The expressions for these rates rely on the assumption
that |wi| < |T5.' +iAw| [21, 22]. When this does not hold this will result in a saturation
time constant that is larger than Th,.

The MW irradiation on the DQ., or ZQ., transitions of an electron coupled to neigh-
boring nuclei becomes allowed due to the state mixing induced by the pseudo-secular parts
of their hyperfine interactions. This irradiation results in a SE process polarizing the nuclei
and is represented by the matrix elements of RJéQ /D" This DQ,,, or ZQ.,, irradiation results
in an equilibration of the polarizations of the electron and the nuclei [21]. If on average
an electron in bin j transfers its polarization to n nuclei, and assuming the polarizations of
these nuclei become all equal due to fast spin diffusion rates or dipolar state mixing, the MW
irradiation will result in the ideal case in a steady state polarization of the electron given
by P.; = £P,; = P?;/(n+ 1). To accomplish this, the sub-matrices R%Q and RjZQ in the
subspace Feg have the general form %w{)Q __} _1 __1 __1 ,

Poj o Tt o—n
respectively. The actual steady state polarization of the electrons and nuclei during the MW

1,0
and jwyzq B

irradiation will be influenced not only by the action of these DQ and ZQ effective irradiation,
but also by the relaxation times of the system[21]. The values of the w%Q/ZQ rates can be

estimated using perturbation theory on the Bloch equations|21, 22| as

Ai
DQ/ZQ _ (mwl)2T2,e
J 1 + (we:ccite - (w@j :F wn))2T22,e7

(12)
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where A" is some effective hyperfine coefficient that corresponds to the average root mean
square sum of the pseudo-secular hyperfine term of the nuclei polarized by each electron.
Although here the bulk nuclei are polarized wvia the local nuclei (i.e their hyperfine
interaction value is taken to be zero), it is possible to conduct the simulations by considering
both of these nuclei together. This is justified for fast spin diffusion rates. In such a case

only the bulk polarization should be taken into account in Eq. 5, and Rpg/zq in Eq. 10

should be substituted by R%g/ZQ = ZR{%;’CZQ with rate matrices RjD’bg?kZQ with elements
; -1 1 ; -1 -1 P, ;
1,,J.bulk 1, jbulk - e,j
SWp B | and Swy B | in the subspace .
2P [(n?) U 2O =) =) 1] il

The expressions for w%lg‘;’;Q are the same as in Eq. 12 by replacing AT by an effective bulk

hyperfine coefficient Ab_ulki. The 77? parameter must be adjusted to the average number
of polarized bulk nuclei per electron, which can be defined by 17;’ = Cy/ fejCe, where C,
and C),, are the concentrations of the electrons and nuclei, respectively, and f.;C. is the
concentration of the electrons with a frequency w;. Once again, here we will consider the

bulk nuclei to be polarized via spin diffusion by the local nuclei, as explained in what follows.

5.1.3 Spin Diffusion

The spin diffusion process, which transfers polarization between the local and bulk nuclei, is

introduced using a rate matrix R,sp. This matrix is given by R,sp = > RiSD, with RiSD

having non-zero elements w"™”

~1 1 P,
) , | in the 7| subspace [74, 47|, where
n/m; —n/n; bulk

w™ P is the effective nuclear spin diffusion rate between neighboring nuclei and 77;? /n is the

ratio between the bulk and local nuclei.

5.1.4 Spectral Diffusion

Finally, the spectral diffusion rate matrix R.sp must be added to the rate equations. Deriving
the general form of this matrix, we make the following assumptions: (i) The eSD process
can be described by introducing effective (single) rate constants defining the polarization

transfer process between pairs of bins. (ii) At thermal equilibrium the polarizations satisfy

PO,
€7

O .
Peu’

the Boltzmann distribution €;; = And (iii), the eSD process conserves the total
polarization of the electron spin system, %(N6 > fiP;) = 0. As a result our eSD model is
not energy conserving, as is required in the spectral diffusion process considered in the theory
leading to the TM mechanism [75|. Based on these assumptions, the polarization exchange

process described by the R.sp matrix can be expressed as a sum of R;?D rate matrices ,
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Resp = Y, BRSSP, which have non-zero elements of the form

—€&i i Iy
13
&ifi  —J ] 13)

—eSD 1
2
J5J Ej,j’ + 1

P..

in the 7 ] subspace. For the E;?D polarization exchange rate, and in particular its
67]'/

dependence on the frequency difference between the bins, we choose the from:

eSD
—eSD o A

i — (14)
9 oy P

where A®*P is a fitting parameter. A justification for expressing the rates in this form is
given in appendix A. As will be show in the next sections, this form enabled us to analyze
all detected ELDOR spectra, indicating the validity of this (w; — w;/)dependence.

In order to characterize the effect of the R.gp rate matrix we can define a characteristic
polarization exchange rate constant by considering the exchange rate between the polariza-

tions of the electrons in neighboring bins j,; and jmee—1 with the largest f; values, fioz

and fmaazfl:

_ 1 AeSD(f + f —1)
TeSD 1 _ _—?SID, . - )= mazx mazx . 15
( ma:r) 2w_],_] Imaz,Jmaz—1 (f + f 1> 2(wjmax - wjmuzfl)2 ( )

5.2 Simulations of the experimental data

In order to compare the simulations with the experimental results, the electron polarizations
were calculated using Eq. 7, with the initial values of the polarization set to their thermal
values for the electrons and set to zero for the nuclei, where the latter mimics the effect of
ideal saturation of the nuclei. The simulated saturation values of the different electrons can

then be obtained using

Ee (weazcitea texcitea wj) = Pe,j (We:r:citea texcite)/Pe,j(0)> (16)

in analogy to Eq. 2 with wgereer = wj. The Eegeite and Egeeer profiles are defined, in analogy
to the experimental profiles, as the E, ; value of the single electron packet at w; = Wgerect as
a function of the excitation frequency wegcite, and as the E, ; profile of the different electron
packets obtained using a single w.,.ite value, respectively, and for a given t.,.i. value. The
simulated profiles were compared with experimental E, profiles, and the fitted values were

determined using a visual fitting procedure, by varying the parameters defining the matrix
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elements of the rate matrix in Eq. 7. In addition, the expected EPR signal can be calculated
using
S* (wj; Wezcite texcite) = fj : Ee (wexcitea texcitea wj)? 17 (17)

in analogy with Eq. 3.

The parameters entering the total rate matrix can be divided into two groups: those that
are experimentally determined - i.e. the 7', and T1,, y, relaxation times, the values of f;, the
MW irradiation strength w; and the concentrations of the electrons and bulk nuclei, C, and
C); and those that we cannot determine experimentally are chosen to fit the experimental
results - i.e. the T, relaxation time (which is longer than the phase memory time of the
system), the A* value, the w"5P rate and the A°“” coefficient, the T3, ; relaxation time of
the local nuclei, and their concentration nC.. In addition, we must choose the width of the
frequency bins, w; — w;j_;. These parameters depend on one another, and in particular on
bin size, which changes the frequency range on which the averaging is performed. As there
are many unknown parameters the fit to the data was done manually and the parameter set
chosen is not necessarily the only possibility to fit the data. The significance of the parameter
values used in our simulations, as summarized in Table 2, is then in their consistency for
different experimental conditions, rather than in their absolute value. In order to simplify
the problem, a single 7). ; time was used for all j and was set equal to the experimental
Ti. value, the T, value used was not changed with temperature, and w; was assumed to be
frequency independent. A bin width of (w; —®;_1)/21t =2 MHz was used due to computation
limitations when considering the TEMPOL sample, and was kept the same in the case of
the trityl sample for comparison, although in the latter a smaller value could be used.

The fitting of the experimental data was performed based on the F.,.q. profiles in two
steps. At first only the electron system was considered, by removing the Rpgq/z¢ irradiation
matrices (Eq. 10) and by varying wegeire Only in the frequency range of the EPR line.
The shape of the simulated ELDOR spectrum then depends on the Ty, and AP fitting
parameters, with the former influencing the MW saturation efficiency as given in Eq. 11.
For the TEMPOL sample, where the MW irradiation can directly saturate only a small
fraction of the EPR line and the spectral diffusion was dominant for the given experimental
conditions, 75, had a relatively small effect on the ELDOR profile. The measured ELDOR
spectra were then fitted by varying the A®*? rate and using Th. = 10 us, which is a reasonable
guess. A ten-fold increase in T,, had a negligible effect and a small effect could be seen for
a twofold change of the bin width. In the trityl sample the direct MW excitation can have
a large influence on the entire EPR line, and a longer value of T, =100 us had to be used
to reduce this effect and allow for the experimental ELDOR profiles to be fitted. A®°? was

then found for this particular choice of 75, and bin width.
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In the second step the Rpg,zo rates were reintroduced. In the trityl case, where the
EPR line is much narrower than the 'H Larmor frequency, this step only affects the ELDOR
results for irradiation outside of the EPR line, and therefore has no effect on the results of
the first step within physical limits. In the TEMPOL case the MW irradiation can excite SQ,
DQ and ZQ transitions simultaneously. However, for the parameters used in the first step,
the Rpg/z¢ rates had little Influence on the ELDOR profiles for ve,cie within the EPR line.
This may not be the case when the influence of the spectral diffusion is reduced. Therefore,
in both cases the main influence of these rates was for the case of irradiation outside of the
EPR line. The ELDOR spectrum in this region was then influenced A*, n, w™”, and the
Ty, parameters, as well as on theTb, and A®*? parameters. The latter two were chosen based
on the values used in the first step. The ELDOR profiles where hardly influenced by the loss
of polarization to the local nuclei and was strongly influenced by the polarization transfer
to the bulk nuclei. As such 77, ; were chosen to be equal to the experimentally measured
T puik- The value of w™P was chosen to be of the order of the nuclear dipolar interaction,
1000 s~1, resulting in strong coupling between the local and bulk nuclei. The polarization
transfer between the electrons to the bulk nuclei then depended on A* and 7 parameters,
with a faster polarization transfer for larger values of the two. Here the experimental ELDOR

spectra where fitted by varying the A* while using 1 = 4 as a reasonable guess.

| Radical | TEMPOL | Trityl |
wig /27 (MHz) 144
we/2m (GHz) ~ 95
'H concentration (M) 100
Radical concentration (M) 0.04 0.015
(wj - Wj_l)/27T(MHZ) 2
Ty (1) 10 100
ASD (1i579) 2000 10
w™P (us=1) 0.001
A% (MHz) 10 | 01
wi/2m (MHz) 0.6

Table 2: Parameter values used in the simulation of the E, profiles. The values of 717, and
T1,, were taken from Table 1.

*wi/2m = 0.03 MHz was used at 2.7 K
5.2.1 TEMPOL sample

In order to fit the experimental data shown in Figs. 2-4 the TEMPOL EPR line-shape
shown in Ref. [45] (gray line in Fig 8b,d) was used. The N nuclei of TEMPOL have a large

influence on this line-shape, through their hyperfine interactions, and their relaxation may
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have a significant effect on the ELDOR, line-shapes|76, 52, 77, 78|. However, for simplicity
their presence was not taken explicitly into account in the simulations, except for their
influence on the EPR line-shape itself. The results of these simulations for the measurements
at 20 K are shown in Figs. 8 and 9, and Fig. 10 for 7K and 2.7 K. The parameters used

in these simulations are summarized in Table 2. The fits were obtained using an eSD rate
TeSD

max

oz + fnaz—1 = 0.017 in Eq. 15 ). This rate is much faster than 77!, even at 20 K, and
f [ q :

le »

constant A®*P = 2000 (us)~3, resulting in a characteristic time of about 10 us (with
therefore has a significant influence on the electron polarization distribution.

Starting with the data obtained at 20 K it can be seen that a good agreement is obtained
between the experimental and simulated results, with the simulations showing all main
features of the Feyite and Egeee profiles (as well as the corresponding S* profiles). This
includes both the effects of direct irradiation on the detected electrons close t0 0Vjerer: =
OVeyeite, the polarization spread due to the eSD mechanism, and the effect of irradiation on
the DQ., and ZQ,, transitions. There are however some differences that will be discussed
now.

First, the temporal dependence of the experimental E.,.;. profiles shows some narrowing
of its shape at relatively long times. This is not fully reproduced by the simulations. The
source of this effect can be due to an oversimplification of the nuclear saturation process, or
due to the presence of the *N nuclear relaxation that was not taken into account in the rate
equations. In addition, the polarizations at 0Vgetect = OVegeite 1S lower in the simulation than
observed experimentally. This is a result of an over estimation of the SQ MW representation
in Eq. 11, in particular since a single off resonance value is used for all electrons in each bin.
These differences could have been corrected by applying a simple convolution procedure on
the simulated profiles, mimicking the action of the detection sequence. This was not done
in order to demonstrate the sharp saturation features resulting from this model. An average
off resonance value could also have been added to the calculation to reduce these differences,
which would also have resulted in an increase of the A* value needed in order to fit the
experimental results.

The ELDOR data recorded at 7 K and 2.7 K are again in good agreement with the
simulated results. In particular, it is apparent that the broadening of the FE...;. ELDOR
profiles is a consequence of the lengthening of 7j.. The simulated spectra reach values
that are somewhat lower than the experimental ones, and which could be a result of the
finite baseline artifact, b, as described around Eq. 2. The influence of the nuclei on the
ELDOR data manifests itself in the form of sharp features that are more pronounced in the
simulated profiles than in the experimental one. Possible changes in the EPR line-shape

at low temperatures are not investigated and are left for future studies, together with the
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influence of the instantaneous and eSD on the spin relaxation measurements. It should
be noted that some mismatches between the simulations and the experiments at different
temperatures can be reduced when the individual ELDOR spectra are fitted independently.
In addition, the influence of the nuclei on the ELDOR data could also have been calculated

by considering both the local and bulk nuclei together, as explained in section 5.1.2.
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Figure 8: Normalized electron polarizations FEe(0Vegcite, Lexcites Vaetect) Simulated for the 40
mM TEMPOL sample at 20 K for a set of excitation and detection frequencies Ve cite =
Vo + Wegeite a0 Vgereet = Vo + OVgetect, With vy = 95 GHz, and using t.pcire = 10 ms. In (a) the
simulated data are presented in a contour plot and in (b) and (c) individual E.,cite(0Vercite)
and Fgerect(0Vgetect) profiles are shown. In (b) the colors of the different profiles correspond
to constant dvgeeq values that are assigned inside the figure. In (c) the colors of the profiles
correspond to constant dveg.ie values using the same color codes as defined inside (b). The
top spectrum in (b) is the EPR spectrum taken from Ref. [45]. In (d) the expected EPR
signal intensity S*(Vietect; OVexcite, texcite) 18 Plotted as a function of dvgetect, for different
OVeseite Values, derived from the EPR line-shape (gray line) and the profiles in (c), as given
by Eq. 3. The parameters used in the simulations are given in Table 2.
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Figure 9: Simulated E.,cite(0Vercite) spectra for different ¢.,qie values of the 40 mM TEMPOL
sample at 20 K with vegeire = Vo + OVegeite, Yo = 95 GHz, and using a detection frequency of
Vaetect = 95 GHZz (0V4getect = 0) . The tepeire values are defined by the color coding inside the
figure. The parameters used in the simulations are given in Table 2.
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Figure 10: Normalized electron polarizations FEe(0Veycite, tencites Vdetect) Simulated for the
40 mM TEMPOL sample at 7 K and 2.7 K. These were done for a set of excitation and
detection frequencies Vegcite = Vo + OVegeite aNA Vgeteet = Vo + OVetect, With 19 = 95 GHz. In
(2) Fegeite(OVercite) profiles at 7 K are plotted for several dv e values, defined by the color
coding inside the figure, and using t.zcire = 100 ms. In (b) Eepcite(0Vercite) profiles at 7 K are
plotted using for increasing t.,.i;e values, defined by the color coding inside the figure, with
Waeteet = 0. In (¢) and (d) similar profiles are plotted as in (a) and (b) but at 2.7K, with
wi /21 =30 kHz in stead of 600 kHz, and using te;cire = 500 ms in (c). The parameters used
in the simulations are given in Table 2.

5.2.2 Trityl sample

The experimental profiles in Figs. 5 and 6 can also be analyzed by simulating similar
saturation profiles using the coupled rate equations in Eq. 5. Relying on the EPR line-shape
reported in Ref. [46], the simulated profiles are shown in Figs. 11 and 12, where we used
the parameters summarized in Table 2. Once again, a relatively short 7,. value had to
be used during these simulations in order to reduce the electron depolarization originating

AeSD

from off resonance irradiation on the SQ transitions. The fitted value of results in a

characteristic T3P time of about 250 ps (with fiee + fimae—1 = 0.125 in Eq. 15), which is

max
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again much faster than 7i..

The shapes of the simulated FE,.,.; profiles, as plotted in Fig. 11b, show many of the
experimental features, but do not capture exactly the change in the position of the broad
minima. As expected, the extra depolarization and hyperpolarization effects are not repro-
duced, because the source of these effects is not present in our rate equations. The individual
simulated Fge e shapes in 11c have the same general features as in the experiment, with
a minima around 0Vegeite = OVgeteet With a larger recovery towards the thermal value for
irradiation farther away from 0v,,.ic = 0. However, the experimental Ey.;.; curves obtained
for high |dVezeire| values are less symmetrical with respect t0 OVezcite = OVgeteet than the sim-
ulated ones. These differences are much less pronounced when comparing the total electron
polarization at each frequency bin derived from S;-‘ = fiPe j(0Veucite, texcite), as shown in Fig.
11d. The simulated time dependence of the E..q. profiles (Fig. 12), showing the gradual
change from a narrow hole in the electron polarization to broad eSD mediated features, are
in agreement with the experimental results.

Some specific features appearing in 2.7 K measurements (Fig. 7) cannot be captured using
our present model, and we therefore leave their interpretation for a later study. Whether or
not their appearance are correlated with the unique extra features observed at 30 K must still
be studied. Possible sources for these observations are large dipolar or hyperfine interactions,
which cause large splittings in the SQ spectra of electrons such that only one transition can
be detected|79]. This is illustrated in the supporting information, based on QM calculations

performed on small model spin systems.
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Figure 11: Simulated E. as a function of veieire and Vgereer, using the parameters of the 15
mM trityl sample at 30 K, as given in Table 2, and using t.,cite = 0.1 s. Several individual
E. spectra are plotted vs. dVegeite in (b) and (c), and vs. IVgeteet, USING OVgetect AN IWegeite
values as given in (b). In (d) the expected signal intensity S* is plotted using the values
obtained from (c). The EPR line used in the simulations, which was taken from Ref. [46],
is plotted in gray in (b) and (d). A reference frequency of 94.86 GHz was used in all cases.
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Figure 12: Simulated E. as a function of dve,.;e for several ¢, values, using the parameters
of the 15 mM trityl sample at 30 K, and with dvgeee of (2) 10 MHz and (b) -30 MHz. All
other parameters are as in Fig. 11.

6 Discussion

In this study we have focused on the electron depolarization during static ELDOR exper-
iments in the solid state. From the ELDOR data it immediately follows that for both the
trityl sample, at 30K and 2.7 K, and the TEMPOL sample, at 20, 7, and 2.7 K, the electron
polarization is highly affected by the electron spectral diffusion (eSD) process. The ELDOR
results were used to monitor the polarization of the electrons during MW irradiation at
a fixed frequency, offering a way to infer whether a spin temperature was created in the
electron non-Zeeman manifold, in analogy to the cw EPR detected results shown in Refs.
[48, 49, 50]. Although an energy conserving eSD mechanism was postulated to lead to the

creation of such a temperature, our measurements on the TEMPOL sample at 20 K (and

32

Page 34 of 43



Page 35 of 43

Physical Chemistry Chemical Physics

the 7 K results to a lesser extent) and the trityl containing sample at 30 and 2.7 K, show
clearly that the distribution of the electron polarization cannot be described using the two
spin temperatures coefficients appearing in Eq. 4. We conclude that the TM mechanism,
as described by the Provotorov based high temperature rate equations or the low tempera-
ture Borghini based model [64, 50, 35, 18, 44|, can not be used to analyze DNP data under
the conditions used here. However, these results do not show whether a common dipolar
temperature|50| exists in our samples, and does not directly contradict the assumptions of
the bin-based TM models presented in Refs. [51, 68, 69, 70].

The experimental results presented here differ from those of Granwehr and Kéckenberger
[52], where the double minima in the ELDOR spectra was not observed. This may be due to
the difference in samples, measurement conditions, or detection schemes has to be addressed
elsewhere. However, in both cases the eSD has a large influence on the electron polarization.
Analyzing their results in the same manner as in section 4 does again not show the formation
of the above mentioned spin temperatures.

The theoretical model describing the electron depolarization presented here captures
almost all of the experimental ELDOR features in the TEMPOL and the trityl case, and
especially the main features due to the eSD mechanism in the TEMPOL sample. This can
next be used to study the effects of the eSD on the shapes of DNP spectra, which will enable
us to improve the SE and CE based analysis used in Refs. [45, 46, 47] and our understanding
of the electron and nuclear spin dynamics during MW irradiation. In particular, the electron
depolarization is expected to result in a reduction of the DNP efficiency [21, 55|, which can
lead to a change in the expected SE and CE line-shapes and may explain the decrease of the
DNP efficiency at low temperatures reported earlier|45, 46, 47|.

The eSD rates used here do not depend on temperature, and resulted in A®*Pand 7P
parameters of 10 (us)™® and 250 us for the trityl sample and 2000 (us)™® and 10 us for
the TEMPOL sample (as defined in Eq. 15). As the magnitude of A®*? is expected to
scale with the cube of the average dipolar interaction (see appendix A), it can be expected
that A®5P for 15 mM trityl will be about an order of magnitude smaller than for 40 mM
TEMPOL. That the actual ratio is still another order of magnitude smaller can be attributed
to model limitations or to physical differences between the radicals. The former includes
effects of the finite bin size and uncertainty in the simulation parameters - such as the value
of T,.. Physical reasons include non-eSD electron polarization transfer mechanisms, such as
polarization transfer to the nuclei and electron-nucleus relaxation, and in particular to the
1N nuclei in the TEMPOL sample[76, 52, 77, 78]. Such non-eSD mechanisms can explain the
narrowing of the Fe,.;. profile of the TEMPOL sample at long MW irradiation times (Figs.

3 and 4). As a result of this discussion we must conclude that at this point the fitted values
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of A®SP cannot yet be straightforwardly correlated to network of interacting electrons and
the fluctuating dipolar interactions between them. More experimental results are necessary

A°SP values and to investigate their temperature dependence.

to enable us to interpret the
These experiments must include measurements at different electron concentrations on each
of the radical types and replacing 'H nuclei by 2H, and in nitroxide based radicals “N by
I5N. In addition, a better knowledge of the mechanism can be gained by measuring the
electron polarization distribution as a function of time.

To conclude, in this articles we have shown that the electron spectral diffusion mechanism
has a large influence on the electron polarizations distribution in samples presently used
during DNP experiments. These distributions can be explained using a set of rate equation
for the electron and nuclear polarizations, and introducing a model for taking the eSD process
into account. In future studies this model will be used to explain the influence of the electron
polarization distribution on the DNP enhancements, and can also be beneficial in the context
of EPR spectroscopy. The resulting distribution profiles cannot be described relying on the
classical TM mechanism and this should therefore not be used during the interpretation of

the DNP induced nuclear enhancements observed in our samples.

Appendix A: Derivation of the electron spectral diffusion

rate

In this Appendix we discuss the assumptions and some considerations leading to the form
of the w;;j,’:’ polarization exchange rates between the frequency bins given in Eq. 14. The
dependence of these rates on the interaction parameters of the spin system is difficult to
derive, however a dependence on the frequency differences between the electron bins, |w; —
wj|, the EPR line-shape, and on the bin size, |w; —w;_1| can be suggested. In order to propose
such a dependence we first consider the polarization exchange between two single electrons
at frequencies wj and w’j in the system. This exchange process, ignoring the effect of all
other interactions, depends on the magnitude of the off-diagonal dipolar flip-flop terms in the
two-electron spin Hamiltonian. Electron spin flips modulating this dipolar interaction are
the source of the eSD exchange process|20, 60, 62]. For a fixed electron pair the efficiency of
this process is largest when the resonance frequencies of the electrons are equal and decreases

for increasing frequency difference |w; — w;,| . Thus, the dependence of the exchange rate
eSD
a3y’
Without deriving an explicit expression for the exchange rate between the electrons that

between these electrons, w on the frequency difference must have some bell shape form.

can directly be transferred to the exchange rates between the bins, we assume a Lorenzian
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line-shape dependence of the form

esp _ (8y)° 055 (18)
VIV 2 I \2?
T 03+ (W — W)

where 26, ; is the width of the Lorenzian and A, is a coefficient determined by the mag-
nitude of the dipolar interaction between the electrons. Considering that the value of d;
is determined by the dipolar spin fluctuations, we expect that ¢;;; < A; ;. The transforma-
tion of this expression to the polarization exchange rate between bins in real samples is not
straightforward and we therefore assume that the expression for the average (macroscopic)
exchange rate between the polarizations of electrons in bin j and bin j’ has the same form
as Eq. 18:

weSP = Z—Z o (19)

P (wy —wp)?

Here the value of the dipolar parameter A is expected to be smaller than the dipolar in-
teraction between neighboring electrons, and the width coefficient § is again smaller than
this value. The frequency differences become a multiple of the frequency width of the bins

|w; — w;_1|. BEq. 19 can be simplified if § < |w; — wjr|, resulting in

eSD
aesp — A
33t T

[ 20

with AP = ZTQ‘S <A’ This assumption is justified for the systems considered in the present
study, where the value of A and the bin width are both of the order of a couple of MHz.
We next consider the bin structure of our macroscopic system composed of N, electrons,
with IV; = N, f; electrons in each of the w; bins. The rate of polarization exchange between
the average polarizations P; in bin j and Pj in bin j’ depends on the number of electrons in
each of these bins, N; and N;/, the average exchange rate between pairs of electrons, E;?,D ,
and the number of such electron pairs, n;;. Realizing that we average over all possible
polarization distributions inside each bin and that the average exchange rates inside the
bins is faster that the inter-bin polarization exchange, such that at all time each bin can be
described by an average P; polarization, the macroscopic exchange rates VV;?,D between the

pairs of bins can be estimated to have the following dependence:

”feSD _  77¢SD,, . . .

jvj/ — wjyj/ n‘]’]//N]

”/'eSD -=eSD ’ (21)
j/,j - U)j7j/ nJJ//N]/

Assuming that each electron in bin j has only a single directly exchanging electron in bin j’
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. the parameter n; j can be expressed by

njj = Nefjfy (22)
and Eq. 21 can be rewritten as:
eSD __  -=eSD r.
Wiy~ = Wity (23)
eSD _  =eSD ’
Wiy = w5l

Thus, without taking polarization conservation into account but leaving the Boltzmann
steady state conditions, we get that the exchange dynamics between pairs of polarizations
is given by

d

dt

b
P;

—€ 0 fir fi
—€ 5l =i

This form is identical to the form used to describe the effect of the Rjﬁp matrices on the

B
Py

_ —eSD 1

!
Mgy 1

. (24)

polarization distribution, as given in Eq. 13, with Eq. 14 given by Eq. 20.
In future studies Eqgs. 18 and 19 must be justified theoretically, and the exact dependence
of the parameters in the latter (and therefore also in Eqgs. 14) on the electron concentration

and the bin size must be derived.
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