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Maximizing NMR signal per unit time by facilitating the e-e-n
cross effect DNP rate

Alisa Leavesleyl, Sheetal Jainl, llia Kamnikerl, Hui Zhang?, Suchada Rajca?, Andrzej
Rajca?”, and Songi Han1:3"
1Department of Chemistry and Biochemistry, University of California, Santa Barbara, CA

?Department of Chemistry, University of Nebraska, Lincoln, NE

3Department of Chemical Engineering, University of California, Santa Barbara, CA

Abstract

The dynamic nuclear polarization (DNP) efficiency is critically dependent on the properties of the
radical, solvent, and solute constituting the sample system. In this study, we focused on the three
spin e-e-n cross effect (CE)’s influence on the nuclear longitudinal relaxation time constant 77,
the build-up time constants of nuclear magnetic resonance (NMR) signal, 7pnp and DNP-
enhancement of NMR signal. The dipolar interaction strength between the electron spins driving
the e-e-nprocess was systematically modulated using mono-, di-, tri-, and dendritic-nitroxide
radicals, while maintaining a constant global electron spin concentration of 10 mM. Experimental
results showed that an increase in electron spin clustering led to an increased electron spin
depolarization, as mapped by electron double resonance (ELDOR), and a dramatically shortened
T1n and 7pnp time constants under static and magic angle spinning (MAS) conditions. A
theoretical analysis reveals that strong e-¢ interactions, caused by electron spin clustering, increase
the CE rate. The three spin e-e-n1 CE is a hitherto little recognized mechanism for shortening 77,
and 7pnp in solid-state NMR experiments at cryogenic temperatures, and offers a design principle
to enhance the effective CE DNP enhancement per unit time. Fast CE rates will benefit DNP at
liquid helium temperatures, or at higher magnetic fields and pulsed DNP, where slow e-e-n
polarization transfer rate is a key bottleneck to achieving maximal DNP performance.

Introduction

Dynamic nuclear polarization (DNP) is a powerful technique that enhances the nuclear

magnetic resonance (NMR) signal intensities by several orders of magnitude. The improved

sensitivity by DNP promises to transform the scope of solid state (ss) NMR towards
achieving molecular imaging, surface characterization of materials and minute structural
biology samples, previously inaccessible to NMR. In DNP, the NMR signal intensities are
enhanced via the transfer of polarization from electron spins to the surrounding nuclear
spins, facilitated by microwave (uw) irradiation. The source of electron spins for DNP is
usually an extrinsic, paramagnetic, polarizing agent added to the sample in the form of a
stable organic radical. The mechanism and efficiency of DNP depends on the electron and
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nuclear spin interactions, which are strongly modulated by the properties and concentration
of the paramagnetic species. Notably, DNP has been successfully implemented for the study
of solid interfaces to biological samples,1~® even in-cell systems®-8 under both static and
magic-angle-spinning (MAS) conditions, most commonly acquired around 90 K.%-11
However, to fully establish DNP as a technique to predictably enhance the sSNMR
performance, a better mechanistic understanding is needed of the DNP processes than
currently available. Generally, maximizing the DNP performance implies maximizing the
equilibrium DNP enhancement factor and minimizing the signal build-up time. In this study,
we focus on the latter, specifically the spin dynamics that modulates the build-up time of
NMR and DNP-NMR signal.

ss-DNP has two primary mechanisms: the solid effect (SE) and the cross effect (CE), where
SE relies on a two-spin interaction (one electron and one nuclear spin)12 and CE relies on
three-spin interactions (two electron and one nuclear spins) to achieve polarization transfer
from the electron spin(s) to the nuclear spin.13 Direct pw irradiation on the forbidden
transition between the electron and the hyperfine coupled nuclear spins results in SE DNP.14
In contrast, CE DNP occurs when the Zeeman energies of two dipolar coupled electron spins
differ by the Zeeman energy of a nuclear spin (|ve1 - vez| = v,) that has unequal hyperfine

couplings with the two CE-fulfilling electron spins.1®> The maximum polarization that can be
transferred by the CE is determined by the polarization difference between the CE-fulfilling
electron spins.16-18 This polarization difference can be induced by direct uw irradiation on
one of the electron spin populations, or may result from spectral diffusion via saturated
electron spins that are not part of the CE-fulfilling electron spin pair—a mechanism also
referred to as indirect CE.1® The strength of the exchange and/or dipolar coupled electron-
electron (e-¢) network, which is tunable by the local radical concentration, can modulate the
effective DNP mechanism between the SE and CE.20-22 Another classification of DNP is
dissolution DNP (dDNP), where a static frozen sample is hyperpolarized at 0.8-5 K, and
rapidly melted to carry out solution state NMR or magnetic resonance imaging (MRI)
experiments at room temperature using the hyperpolarized sample. The thermal mixing
(TM) mechanism is used primarily to rationalize dDNP processes that describe strongly
coupled multi-electron and multi-nuclei spin systems utilizing a spin temperature formalism.
23.24 However, a fully quantum mechanics based theory of the DNP process of a multi-
electron and multi-nuclei spin system, representative of a realistic sample, is lacking.23

The focus of DNP developments in recent years have been on the design and synthesis of
efficient paramagnetic polarizing agents to reliably boost ss-DNP enhancement factors at
high magnetic fields (Bg). As predicted by theory and verified experimentally, the SE and
CE mechanisms become less effective at higher By. 22-27 Since the CE is more efficient at
higher By than SE, most DNP applications rely on the CE. To improve CE efficiency,
designer bi-radicals have been synthesized with specific properties, such as long electron
spin longitudinal relaxation time constants ( 71,), significant e-e couplings, and fixed
electron spin gtensor orientations of tethered bi-radicals.?228-31 These designs generally
focused on satisfying the CE condition by frequency matching, maximizing electron spin
saturation via long 73, or more recently, reducing the depolarization induced by CE under
MAS in the absence of pw irradiation. However, none of the existing DNP polarizing agents
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or methods are geared towards shortening the time constant for NMR and DNP signal build-
up.

In this study, we thus focus on the understudied, yet critical, parameter to achieve optimal
DNP performance, namely the effect the rate of polarization transfer from the electron
spin(s) to the nuclear spins has on DNP. Detrimentally, the electron-nuclear (e-) and
electron-electron-nuclear (e-e-n1) transfer rates for the SE and CE respectively are inversely
proportional to By. Additionally, these polarization transfer rates must compete with the
electron relaxation rates. Therefore, these combined effects can be key bottlenecks to
achieving efficient e-nand e-e-ntransfers under high Bg and high temperature conditions.
The polarization transfer rates are also crucial for pulsed DNP experiments, which are
gaining interest due to the developing pw instrumentation, where optimum DNP is obtained
with high power, but relatively short, pw pulses.32-36

The e-nand e-e-ntransfer rates can influence, or even determine, the bulk nuclear
polarization build-up time constant ( 7ppp), which depends on a number of factors, including
the underlying DNP mechanisms, the strength of the e-n7interactions, and the external
magnetic field strength that affects the polarization transfer rate, the electron spin relaxation
rate, and the nuclear spin-diffusion rate.3” In fact, many studies have utilized nuclear spin
diffusion to enhance the polarization of nuclear spins located on interior surfaces of micro/
nano-porous materials that the polarizing agents cannot physically reach given their bulky
sizes. The DNP build-up curve has also been proposed as a method to characterize pore
sizes.38-40 For such studies to come to fruition, the contribution of the e-7and e-e-n transfer
rates to 7pnp Must be understood, and rendered negligible (i.e. fast), in order to reliably
extract information on nuclear spin diffusion from the DNP build-up curves. Identifying the
mechanisms to minimize 7pppis especially relevant for dDNP, where signal build-up can
take hours to maximally hyperpolarize a single sample for MRI studies,*142 for ss-DNP
NMR imaging at liquid helium temperatures,*3 as well as for MAS-DNP under cryogenic
temperatures, where the shot repetition time for signal averaging limits the acquisition rate.
44 To date, Tpnp has rarely been used as an explicit design parameter to optimize CE DNP.
This can be attributed to an incomplete understanding of factors that tune e-r7and e-e-n
transfer rates and 7ppp.

The radical concentration also affects the nuclear spin relaxation times (7, and 7,) via the
paramagnetic relaxation enhancement (PRE) effects. The PRE effect on 7, has been
extensively studied and utilized in NMR to determine structural constrains.*>~47 However,
the effect of multi electron spin interactions, such as that of the e-e interactions on 7y, is not
known.#8 The existing PRE theories are valid under high temperature and low radical
concentration conditions, where the e-n7spin correlation time is very short and the effect of
e-e interactions can be ignored.#9-51 Under such conditions, 77, determines the correlation
time of the local magnetic field fluctuations that governs the PRE effects on 77, 47
However, under DNP conditions both assumptions of short e- correlation times and
negligible e-e interactions are invalid, given the cryogenic temperatures and typically high
radical concentrations employed for DNP. Recently, the effect of pw irradiation on the PRE
effect has been demonstrated by Jain et al. under DNP conditions below 10 K;>2 however,
the effect of e-einteractions on 73, was not the focus of that study.>2 The effect of e-e
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coupling on 73, has been observed in crystals of copper Tutton salts at temperature 1.4
K53.54 and in frozen solutions of copper histidine at 5.5 K, where 77, was reduced with
stronger e-¢ interactions in both cases. These two studies, however, proposed two different
mechanisms for the reduction of 7, as will be discussed later.

In order to examine the role of e-e dipolar interactions on the e-e-n polarization transfer and
electron and nuclear spin relaxation rates, we examined a series of radicals with a systematic
increase in their /ocalelectron spin concentration (mono-radical, bi-radicals, tri-radical, and
a dendrimer with 9 nitroxide moieties — shown in figure 1), while maintaining a constant
global electron spin concentration of 10 mM. The active DNP mechanisms and DNP
enhancement factor (e) for these systems, along with their experimental electron spin (7
and 7, and nuclear spin relaxation time constants were analyzed. The experimental results
combined with a theoretical analysis of the CE DNP polarization transfer time (%) and the
rate equations defining 7pppdemonstrated that the number and strength of the e-e dipolar
interactions significantly shorten both 7;,and 7ppe under static and MAS conditions.
Electron-electron double resonance (ELDOR) experiments were used to directly measure the
effect of these e-¢ dipolar coupled networks on the depolarization of the EPR spectrum when
driven by pw irradiation. We found that the strength of the e-e dipolar coupled network
correlates with the extent of electron spin depolarization, the CE efficiency, and the nuclear
spin relaxation rates. The shortening of the nuclear spin relaxation rates can serve as a
design criterion for choosing DNP radical/solvent system, where long 7;,and 7pppare
limiting factors at cryogenic temperatures and higher magnetic fields.

Materials and methods

4-amino-TEMPO (4AT, Sigma-Aldrich), TOTAPOL (TOT, DyNuPol), AMUpol (AMU,
CortecNet), DOTOPA-ethanol (DOT-et, provided by Tycko), deuterium oxide (Cambridge
Isotopes), and dg-glycerol (Cambridge Isotopes) were used as received. DOT-et was
synthesized according to Yau et al and is a tri-radical,>6 and the G3N9 dendrimers®’ were
synthesized according to the procedure in the electronic supplemental information (ESI) and
scheme S1 and have an average of 9-electron spins per dendrimer according to end group
analysis (ESI, figures S1-S3, and table S1). The structures for the radicals are shown in
figure 1. Each nitroxide radical was dissolved in a stock solution of 6:3:1 by volume of dg-
glycerol : D50 : H,0 and diluted to 10 mM electron spins, where the radical concentrations
of 4AT was 10 mM, TOT and AMU were 5 mM, DOT-et was 3.33 mM, and G3N9 was 1.11
mM. Water was purified with a p-Pure water system (Pure Power, Korea; 12.5 MQ) prior to
use. 40 pL of sample was pipetted into a cylindrical Teflon sample holder (6 mm i.d. and 7
mm height with 1 mm wall thickness) and was cooled to 4 K by continuous helium flow.

The hardware for DNP and EPR based experiments have been previously described, where
all static DNP, NMR, and EPR experiments were conducted at 7 T and at 4 K.10 MAS-DNP
experiments were conducted on a Bruker 400 MHz ASCEND DNP-NMR spectrometer for
solids at 92 K. All static 1H experiments were obtained with a saturation recovery pulse
sequence followed by a 60 s delay and a solid echo detection (90x-t-90y), with the pulse
sequence shown in the inset of figure 2b. MAS DNP experiments utilized a saturation
recovery pulse sequence followed by a standard cross polarization from 1H to 13C. DNP
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enhancements are the NMR signal with pw irradiation relative to the NMR signal without
uw irradiation (Spwon/Smwoff)- DNP profiles and power curves were obtained by measuring
the DNP enhancement as a function of uw frequency (vy) and power (Pyy), respectively.
The pulse sequence for acquiring electron spin relaxation measurements is shown in figure
S4. Further descriptions of the hardware and experimental methods used for DNP and EPR
can be found in the ESI.

Results/Discussion

As this study is focused on minimizing nuclear relaxation and polarization build-up time
constants, we first recapitulate the relation between these time constants and the nuclear
magnetization at any given time. Equations 1 and 2 determine the net magnetization in the z
— direction without and with pw irradiation, respectively.

-t
fa
1
M opf =M opp 1= "7 D)
_7T
DNP
M, 0 =M, Oneqll —e 0

M orp My oy s T1m and Tpppare determined by fitting these equations to experimental
leqg T 7eq

data, where zis the build-up time (Zyy;/4.p) varied without or with pw irradiation. The initial
magnetization at #=0is assumed to be zero in both the cases as pre-saturation pulses were
used in the measurements. The time constants 7pypand 7, are critical in determining the
net NMR signal per unit time. The DNP signal enhancement at any time ¢, (&, is determined
by the signal ratio of pw on and off when recorded using the same build-up time or can be
calculated using equation 3.

M, (1)
e, =———~ (3)
CM 1)
-t
l1—e / "
MZ (meq Mz, on(t)

(4)

-t
T
l_e/DNP
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The equilibrium enhancement, e, was determined by fitting the 7;,and 7py, models to
the experimental data as shown by equation 4. Note e, can be significantly different from &;
at an arbitrary ¢depending on the difference in 7;,and Tpypvalues.36 7;,> Tpap, as will
be discussed later, therefore, ¢, > Eo where &;is significantly larger at short build-up times

and approaches e, as the build-up times lengthen. This is evident from figure S5 that
illustrate the relationships of M, o f(z), M, .0, & and gy for 10 mM 4AT.

To see the impact of local electron spin concentration on the two build-up rates, 7;,and
Tpnp, and hence on the DNP enhancement, we performed experiments DNP experiments
with 5 different radicals with varying number of electron spins per radical. A global electron
spin concentration of 10 mM was chosen to limit the strength of the inter-radical interactions
for the radical with the highest radical concentration, here the monoradical. The nitroxide-
based radicals chosen for this study included a monoradical (10 mM 4-amino TEMPO
(4AT)), a flexible and rigid bi-radical (5 mM TOTAPOL (TOT) and AMUpol (AMU),
respectively), a tri-radical (3.33 mM DOTOPA-ethanol (DOT-et)), and a G3 dendrimer
decorated with an average of 9 nitroxide moieties per macromolecule (1.1 mM G3N9), as
depicted in figure 1.

In order to use the optimal DNP conditions to determine the 7ppp, Which are critically
dependent on the radical concentration and type as well as pw frequency and power, we
begin by showcasing the enhancement factors dependence on pw frequency and power as
shown in figure 2. The e;vs pw frequency (vy) curves, known as “DNP profiles” can be
used to distinguish the active DNP mechanism(s) in the system. The v, difference between
positive and negative maxima (Apnp) is less than 2w, for CE DNP and equal to 2w, for SE
DNP. Furthermore, in the case of CE, the whole profile falls within the range of the allowed
EPR spectrum of the radical, 173758 whereas it can extend beyond the allowed electron
spectral density in SE DNP.5%-61 A system with both CE and SE contributions will display
attributes of both mechanisms in the DNP profile lineshape.?!

The DNP profiles for all the radicals are shown in figure 2a, which were measured with a
touilg-up Of 60 s and optimum pw power (P) as determined from the DNP power curves
shown in figure 2b. The DNP profile of the mono-radical, 4AT, shows a Apnp of 550 MHz,
while the wings of the profile extended beyond the allowed EPR spectrum (black trace,
figure 2a), which is a manifestation of mixed SE and CE contributions. This indicates that
inter-radical interactions are present at 10 mM mono-radical, otherwise the mechanism
would be purely SE. All the other radicals studied here display DNP profiles with primarily
CE contributions: with a Apyp of 450 MHz and the DNP profiles fitting within the range of
the allowed EPR spectrum, as best seen in the normalized DNP profiles shown in figure S6,
where further discussions of distinguishing the DNP mechanism from the DNP mechanism
are presented in the ESI.

The normalized DNP power curves in figure 2b were recorded using a Zjg.p 0f 60 s, ego,
and vy, corresponding to the positive maximal condition from figure 2a. All DNP power
curves reach a plateau at Py, ~65 mW of power, except for the dendrimer. Instead the
maximum of egq occurs at P, ~20 mW for the dendrimer, and the egp Was reduced by 45%
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when irradiating with 120 mW instead of 20 mW. Such behavior is known as oversaturation,
which has been observed for high global electron spin concentrations (>20 mM) at 4-6 K,
and was hypothesized to result from electron spectral diffusion (eSD) achieving beyond
optimal electron spin depolarization for CE DNP.18.20 The manifestation of oversaturation
with 10 mM of global electron spins indicates a strong eSD process that is driven by the
dendritic intra-radical e-e interactions, as discussed later. These determined optimal v, and
Puw to achieve maximum positive DNP enhancement for each radical were then used to
acquire the 7pppdata.

The T;,and Tppp values for the five radicals studied here are listed in table 1, and were
found to decrease significantly from mono-, bi-, tri-radical to the dendrimer. Notably, the
dendrimer has 37-fold and 60-fold smaller 73, and 7pnp than the monomer, respectively
(figure 3, raw data in figure S7) and both the values are an order of magnitude smaller than
those of DOT-et. Interestingly, the bi-radicals (TOT and AMU) show distinctly different 73,
values (attributed to the difference in the rigidity of the molecular structures), whereas the
Tpnp Values are comparable for the two. The egg and egq for the five radicals are also
reported in table 1, and in general increase from mono- to tri-radical, but both decrease for
the dendrimer. Under these experimental conditions, TOT has the lowest e¢q. Besides the
signal enhancement factors, an important practical figure of merit is the signal or signal to
noise (SNR) ratio per unit time that determines the experimental efficiency, which is
proportional to 1/,/T,, ,, and ”\/TTn for the uw on and off cases, respectively. Since a

comparison of SNR for experimental data from different samples is difficult, we instead rely
on the normalized signal per unit time at equilibrium, sy, as defined in equation 5.

) 4 e
“ \/TDNPJMZ,OffL,q \/TDNP

N

Seq is proportional to the SNR normalized to the equilibrium magnetization without pw

irradiation, as M of f should ideally be the same for fixed sample volumes and constant
:0ff o

global electron spin concentrations. We found that s, increases with increasing local
electron spin concentration, such that the dendrimer provides the largest s,; owing to its
extremely short 7pnp (Table 1). This implies that the dendrimer can outperform the other
radicals by enabling fast signal averaging, as the repetition delay should be 5 times 7pnp to
ensure full signal build-up—this will be explicitly demonstrated in the conclusion section
(see ESI for additional discussion, figure S8). Care must be taken when comparing gy
between different DNP systems, even between nominally comparable sample systems,
because temperature, magnetic field, pw power, and nuclear spin relaxation rates can
influence. Sgq

These observations indicate that the time constants 73, and 7pnp are shortened with
increasing local electron spin concentrations — i.e. increasing e-e dipolar coupling, as shown
in table 1 and figure 3. Given the constant global electron spin concentration, the trend in
T, values cannot be explained by existing PRE theories as they do not consider the effect of
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the local electron spin concentrations or the e-e couplings.#%-51 This can be substantiated by
checking the correlation between 77, and electron relaxation times constants (the 77.and
electron spin phase memory time, 7,,), which should relate to the correlation times that
modulate the PRE effect. The measured 7;.and 7, values are given in table 2, and the raw
data are shown in figure S9. In general, 73, moderately increased, and 7y, decreased with
increasing local electron spin concentration, which is in agreement with previous studies.5?
The T3¢ for AMU is longer than TOT or the tri-radical, likely due to the rigidity of AMU
compared to the other radical systems, which is consistent with the shorter 77, of AMU
compared to TOT according to PRE effects. However, there is no obvious correlation
between the electron and nuclear spin relaxation time constants, e.g. TOT has shorter 7,
and the longer 7, compared to both 4AT and AMU, yet the TOT 73, is shorter than that of
4AT and longer than that of AMU. This indicates that the PRE effect alone cannot explain
the observed trend of 7;,shortening with increasing local electron spin concentration.
However, there are studies that suggest at low temperatures 7,4, instead of 7, determines
the e-n correlation time, and thus the PRE effect,52:63 but no correlation was found between
Tymand 77, as mentioned above. These results together suggest that incoherent e-n
relaxation is not the dominating modulator of 77, and 7pnp. We observe that the 7,,values
of the bi-, tri-, and dendritic radicals decrease with increasing local electron spin
concentration, which agrees with literature, where 7, decreases with increasing local
radical concentrations due to stronger e-¢ interactions at low temperatures.®2 The shorter 7,
for the mono-radical is likely due to stronger inter-radical coupling.

Since the existing theories of PRE are not applicable, we postulate that the underlying DNP
mechanism is sensitive to the local electron spin concentration resulting in the dramatic
changes in both 7pppand 77, through coherent processes. The dominant DNP mechanism
in the present cases is CE as verified by the DNP profiles, shown in figure 2, and discussed
in ESI section 4. A significant contribution from the SE is observed only for the mono-
radical sample. In CE DNP, the polarization difference of two electron spins that meet the
CE condition is transferred to a hyperfine coupled nuclear spin with an e-¢-r transfer time
for optimal CE, &ep, as expressed in equation 6. We derived this equation from first
principles using average Hamiltonian theory (AHT) for the CE, with the full derivation
provided in the ESI, yielding:

27ra)0 7

teen = :
(Beln - Bezn)(d + 2J)

(6)

This equation shows that the e-e-n polarization transfer time constant at the CE condition,
t.en, depends on the nuclear Larmor frequency, awy,, the e-einteraction strengths including
both dipolar coupling, ¢, and Fcoupling, J, and the difference of the hyperfine couplings

between each of the two electron spins and the nuclear spin, 4B =B, , - B, . An analogous
1 2

relationship was recently derived by Thankamony et al. using a different approach with a
unitary transformation to diagonalize the electron spin Hamiltonian and obtain the transition
moment for the e-e-ntransition.54 In the current analysis (presented in detail in the ESI), we
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have additionally explicitly derived a scaling factor for CE, k-, = 42/ (A.Qé +(d+ 21)2),

that dictates the maximum possible transfer at a given field and e-¢ interaction strength (see
the discussion after equation 21 in the ESI for more details). Here, 4 is the difference in

the resonance frequencies of the participating electron spins. Interestingly, « . decreases

with stronger e-e interactions at any given field, and increases with increasing field strength
in the presence of strong e-¢ coupling, or remains constant if e-e coupling is weak. This
result is counter to the common belief that CE DNP enhancement should principally
decrease with increasing field strength. However, the polarization transfer rate becomes
faster with stronger e-e interaction strengths (shortening Z.,) and significantly slows down
at higher fields as shown in equation 6. This slow-down of the e-e-ntransfer rate is the basis
of the typically observed decrease in CE DNP enhancement with increasing magnetic fields.
Thus, the main bottleneck of CE DNP is the competition between the e-¢-ntransfer rate and
the electron spin relaxation rates. Therefore, fast e-e-n1rates can be beneficial for achieving
high performance CE DNP at high magnetic fields, where the electron spin relaxation rates
become faster. We show that in the presence of multiple electron spin pairs fulfilling the CE
condition, the effective e-e-n polarization transfer rate constant is the sum over all 1/¢,.,

rates for the available e-e-nensemble, culminating in ki{r{ as expressed in the following

equation (and derived in ESI equation 24), where k_, =1/t !
j j

eff — e _ AB@+2)Y7
een j=1 ee;n - 2750)01

()

As (d +2)%7 is the cumulative coupling strength between all the e-¢ pairs, it increases with
the number of e-e pairs satisfying the CE condition (/) and/or the e-¢ coupling strength
itself (as described below and in ESI section 8), hence the e-¢-ntransfer rate, kz’g nf , becomes

faster. A faster e-e-n polarization transfer rate, kif ,{ , can subsequently shorten 7pnp, Which

is modulated by both the e-e-n polarization transfer rate and the nuclear spin-diffusion rate,
as long as the nuclear spin diffusion rate is not solely rate limiting, as will be discussed next.

The Tpppis influenced by the e-e-n polarization transfer rate as well as the nuclear spin
diffusion rate. If the two rates are significantly different, then the slower process determines
the value of Tpppe. However, if these two rates are comparable, then both the e-e-ntransfer
rate and the nuclear spin diffusion rate will affect the 7ppp. To verify the hypothesis that the
CE transfer rate is dictating the trend in Tpppand 77, we simulated the 7pp curves for the
different radicals using a model system that represents a sample with N, number of ¢-¢
pairs at the CE condition coupled with A, nuclear spins with different hyperfine coupling
strengths. We used equation 7 to calculate the effective e-e-ntransfer rate constant and
incorporated a spin-diffusion rate constant Ky in the differential equations describing

nuclear and electron polarizations (see ESI section 9). The calculation of kifnf was

performed in two steps: first, we calculated the effective e-e interaction strengths (d + et !
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and then calculated the hyperfine coupling difference, 4B, using the model system
comprising multiple electron and nuclear spins.

The effective e-¢interaction strengths (d + 2J)ef fwere calculated by determining the
cumulative dipolar coupling (d = /40)/61)/62/471726) resulting from all the possible intra- and

inter-radical e-e pairs when considering pairs of radicals, while the effect of Jcoupling was
not considered here. To calculate the dipolar interaction strength, intra-radical e-e distances
of .. = 1.3 nm were used for the bi- and tri-radicals. For the dendrimer, the intra-radical r,,
values were calculated based on the distances between 9 uniformly distributed electron spins
on a sphere of radius 2 nm, with a distribution that maximizes the minimum distance
between any pair of spins (according to the Tammes problem).85-67 The calculated 7., values
are 2.31, 2.98, 3.46, 3.65, and 3.77 nm. Gratifyingly, DEER performed at Q-band and at 80
K, with data analyzed by denoising analyses relying on WavPDS and singular value
decomposition as developed by Srivastava, Freed, and coworkers,%8:69 experimentally
validated the Tammes distances, with the most prominent distance found at approximately
2.3 nm, together with distances identified around 2.8 nm and 3 — 4 nm. The DEER
measurement and analysis are detailed further in section 10 and figure S11 of the ESI. Given
the experimental validation, the calculated Tammes distances were used in the model to
extract the weighted intra-dendrimer e-¢ distances. To determine the inter-radical e-¢
interaction strengths, the average intermolecular distance between two neighboring radicals
(considering each radical concentration) was assumed to be the same distance between all
inter-radical e-¢ pairs. This average intermolecular distance was set to be the peak distance
from the intermolecular nearest neighbor radical distribution curves as shown in figure S12
in ESI section 10. The effective e-einteractions were then calculated by taking the sum of all
the intra- and inter-radical e-e interactions, g, weighted by the total number of e¢-e pairs
resulting between two radicals for each radical type.

Next, to calculate the AB, we assumed that the nuclear spins are located in six spheres of
radii 7., = (r, 4r, 8r,121,16r,20/) centered at a polarizing center representing all the coupled
electron spin pairs in the system with the effective e-e coupling strength calculated by the
aforementioned method, as illustrated in figure S10. Here ris the distance at which 4Bis 1
kHz for the given orientation angles of the e-/7 hyperfine interaction, which was chosen such
that the mono-radical simulations were in agreement with the experimental results. The

hyperfine coupling strengths and hence their difference, ABmi, were scaled by 1/rgnl_, where

r,,,. 1S the distance between the electron spin with the stronger hyperfine interaction and the
12

" nuclear spin. The effective e-e-n polarization transfer rate constant (Eeen ) for each
1

nuclear spin type was computed, using wg; = 294.026 MHz, the e-¢interaction strength
(d + 2%/ calculated as described above, and the scaled AB for all renvalues as expressed in
equation 6.

Finally, the nuclear spin diffusion rate constant K, = 0.005 s~ was used together with the
kf;g;{ in the rate equations defining the electron and nuclear spin polarization to connect the
4
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nearest nuclear spins to each other. The K;ywas chosen to fit the experimentally observed
mono-radical 7pppvalues. No relaxation processes were considered in these rate equations
because the electrons spins are at a quasi-steady state during DNP, and the nuclear relaxation
time is too long to impact these processes considering that 73, ~ 10% sec for the vitrified
solvent system without any paramagnetic species. These rate equations were used to
determine the nuclear spin polarization build-up as function of time (section 9 of ESI), and
the value for 7pppwas then extracted via a mono-exponential fit to the computed nuclear
spin polarization build-up curves, as illustrated in figure S10c. A more detailed description
of the model system, derivation of the rate equations, and fits to simulated data is given in
section 9 of the ESI.

These computed 7ppp Values are compared to the experimental 7ppp values in figure 3b.
For easy visualization, the calculated and experimental 7pp,evalues for the dendrimer
sample are shown with a 10x magnification, and the calculated 7pppfor DOT-et with a 5x
magnification. We note that a key assumption made in these calculations are that all possible
e-einteractions fulfill the CE condition; therefore, the computed 7pnp Vvalues are
underestimated for all radical systems. Despite these simplifications, there is remarkable
agreement between the trends for the experimental and calculated 7pnp values. More

realistic calculations of kif rf would require the consideration of many other factors: the

entire gand A anisotropy of the nitroxide radicals and their powder averaging to properly
account for the statistics of electron spin pairs meeting the CE condition, the full distribution
of e-einteraction distances for both inter- and intra-radical interactions, and accounting for
multi-spin and multi-radical interactions in a sample instead of considering only pairwise
interacting electron spins and radicals. This is beyond the scope of this work and the existing
literature. Albeit simple, this model calculation clearly demonstrates the conditions under
which £, is a dominant modulator of 7ppp and these conditions match our experimental
conditions well.

The shortening of Tpppwith increasing local electron spin concentration has been attributed
to e-e-nprocesses; however, the question remains what induces the dramatic reduction of
T, with increasing radical concentration. Interestingly, the trend of 77, closely tracks that
of Tpnp, as illustrated in figure 3b (solid), while the absolute values differ by an order of
magnitude. We hence posit that the same e-e couplings that shorten 7pnp also shorten 77,
via the same e-e-n CE transitions, where the polarization flows from the bulk nuclear spins
to the core nuclear spins located in proximity to the paramagnetic centers that are then
rapidly relaxed by the e-e-n CE processes. The primary difference between 7;,and 7pppis
that 7pnp is driven by pw irradiation that generates a polarization difference between the
electron spins that is then transferred to the nuclear spins. In the 73, process no pw
irradiation is applied, but the same e-e-r7 process modulates the nuclear spin polarization and
enhances its relaxation rate to reach thermal equilibrium. Therefore, besides increasing the
e-e interaction strength, increasing the number of pairs fulfilling the CE condition will also
expedite the 71, nuclear relaxation processes. We note that the effect of multi e-e
interactions on 77, has been observed and analyzed earlier by Houten et al. and Stoll et al.,
where the studies were performed at lower magnetic fields of 1.13 T and 3.34 T,
respectively.53-55 Houten et al. rationalized the shortening of 7;,as an enhanced cross-
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relaxation induced by dipolar coupled electron spins separated by wgp, (i.e. CE condition),
while Stoll et al. utilized a 7;z-driven mechanism to explain the shortening of 7;,. Our
findings agree and expand upon those presented by Houten et al.53:54

Even under MAS conditions with 8 kHz sample spinning at 92 K, the dendrimer radical
shortened both 77, and 7pnp by more than 2-fold compared to AMU (the gold standard for
MAS-DNP at ~100 K). Specifically, a 7pppof 1.97+0.33 s was found with G3N9 and
4.02+0.35 s with AMU, while a 77, 0f 2.12 £ 0.55 s was found with G3N9 and 4.25 + 0.46 s
with AMU. This indicates that the reduction of nuclear relaxation rates via CE transitions is
consistent, independent of whether static or MAS conditions apply, and over a wide range of
temperatures. The MAS-DNP experiments were performed in a 9.4 T DNP system (Bruker
Biospin) on a 13C-glycine sample vitrified in DNP juice with either AMU or G3N9 at a 10
mM global electron spin concentration, (see figure S13). Details of the experimental
parameters for the MAS-DNP measurements can be found in the ESI.

Although we have compelling arguments for the role of e-e dipolar coupling in modulating
Tonp and Ty, it is desirable to experimentally and directly quantify the extent of the e-e
interactions of the different radical systems. To do so, electron depolarization profiles were
acquired by Electron-eLectron DOuble Resonance (ELDOR), a pump-probe experiment,
where the detection frequency (vgetect) Was held constant, and the excitation frequency
(Vexcite) Was stepped across the EPR spectrum.1970 |n ELDOR, a hole is burnt into the EPR
spectrum, the depth of which is influenced by the combined effects of 73, electron spectral
diffusion (eSD), and Py,"® and the width determined primarily by eSD and the pw
irradiation bandwidth.18 Here, eSD is a process facilitated by e-e interactions, where
polarization is transferred between dipolar coupled electron spins at different resonant
frequencies.

The ELDOR profiles for each radical system are shown in figure 4, where four vgetect
frequencies were chosen to sample the eSD effect across the EPR spectrum (the ELDOR
pulse sequence is shown in the inset of figure 4d). With increased local electron spin
concentration, the depth and width of the ELDOR profile increased, to the point where the
dendrimer showed depolarization even beyond that of its allowed EPR spectral density
(figure S14). The mono-radical, and to some extent the bi-radicals, do not display significant
eSD, as found by limited depolarization in the center of the ELDOR spectrum. The ELDOR
profiles of 4AT and TOT revealed forbidden transitions due to e-n7 hyperfine interactions (i.e.
SE for each nuclear spin hyperfine coupled to the electron spin) as sharp symmetric peaks
positioned the nuclear Larmor frequency away from the allowed EPR transition
(Vdetect=Vexcite, aNNotated as peak 1 in figure 4c). The hyperfine coupled peaks for 14N, 2H,
and 1H forbidden transitions are identified in figure 4c as 2, 3, and 4, respectively. It is only
with = 3 coupled electron spins per radical that consistently large eSD effects were evident
in the ELDOR profiles at all vgetect- Simulations of these profiles that account for
differences in electron and nuclear relaxation rates can extract a phenomenological eSD
parameter (A&SP), following the theory and simulation method described by Shimon et al.
2171 These extracted A®SP are listed in table 2. A comparison of the simulations and
experimental ELDOR profiles are presented in figure S15, where good agreement was
generally observed, with the relevant simulation parameters discussed in the ESI and
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reported in table S2. The A®SP determined from simulations increased with the increased
number of electron spins per radical, where both rigid and flexible biradicals yielded the
same &SP, Therefore, we can conclude that eSD, as reflected in A8SP increases with local
electron spin concentration, independent of 7;.. The presence of strong eSD provides direct
evidence for a strongly coupled electron spin network. This enhances the e-e-n1 polarization
transfer rate (i.e. CE efficiency), as indicated by equation (6) and reflected in the broad
depolarization of the electron spins that generate polarization differences between coupled
pairs of electron spins, resulting in shorter 7pnp and 77, values. This is especially
noteworthy for the two bi-radicals, AMU and TOT, as they have nearly identical A¢SP
(Table 2) and Tppe (Table 1) under uw irradiation. The ELDOR profiles also explain why
the eeq of the dendrimer system is so low—the electron spin population across the whole
EPR spectrum is nearly completely depolarized by strong eSD, where the lack of a
polarization differential between the dipolar coupled electron spins limits the net transfer of
polarization from the electron spins to the nuclear spins.

If we consider the system with the strongest e-¢ dipolar coupled network, the dendritic
G3N9 radical with 10 mM electron spin concentration revealed three outlying results: the
power curve displaying DNP oversaturation (figure 2b), short 7 (figure 3b), and
extensive electron spin depolarization according to the ELDOR profiles (figure 4). Before
we look closer at these three results, we confirm that the CE in the dendritic radical arise
from intra-radical interactions. A 1.7 mM electron spin concentration of G3N9 was used to
confirm that only the CE DNP mechanism is active via a DNP profile analysis (figure S16).
As the intra-radical distance for 1.7 mM electron spin dendrimer is > 11 nm on average, the
observed CE DNP must solely originate from the intra-radical e-¢ dipolar couplings within a
single dendritic G3N9 radical. This, in fact is largely confirmed experimentally by the
DEER derived electron spin distance distribution, A7), in G3N9, which is similar at electron
spin concentrations of 1.7 and 10 mM (see figure S11). The full relaxation and enhancement
values for the 1.7 mM and 10 mM electron spin G3N9 are shown in table S3. While we
proposed in prior studies that DNP oversaturation is caused by broad depolarization across
the EPR spectrum, measurement of power dependent electron spin depolarization profiles
were not available at the time.20 We confirm experimentally with ELDOR profiles measured
as a function of P, for the first time, that the DNP oversaturation observed at higher P,
originates from beyond-optimal electron spin depolarization for CE DNP as shown in figure
5a. Under oversaturation conditions, the effective polarization differentials between the
electron spins meeting the CE condition were reduced; therefore, the CE polarization
potential to polarize hyperfine coupled nuclear spins is also reduced. The exceptionally large
eSD found for the dendrimer sample can explain why only the dendrimer sample exhibited
DNP oversaturation at a global electron spin concentration of 10 mM.

Finally, Tpppas a function of Py, was measured, and shown in figure 5b. The observed
shortening of 7pypwith increasing Py is due to an increase in the cumulative e-e-n7
polarization transfer rate. This rate increases with Py, due to an increase in the number of e-
e pairs participating in CE, as verified by the ELDOR profiles. In the ELDOR profiles
broader electron spin depolarization indicates that more frequency sets of e-¢ pairs can
participate in CE DNP, while the deeper depolarization indicates that more e-e pairs can
participate at a single frequency set given the equalization of spin states. It should be noted
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that if the P,y increases sufficiently to saturate the electron spins such that the polarization
difference between the participating pair of electron spins (4P.g) reduces, then 7ppp will be
shorter, but also the net transferred polarization lower, resulting in the oversaturation effect.

Conclusion

This study provides design rules for DNP polarizing agents, which facilitate fast NMR
signal build-up rates in presence and absence of pw irradiation based on a mechanistic
understanding of the process involved. Higher local electron spin concentrations induced by
either radical clustering or achieved with designer multi-electron spin radicals lead to an
increased probability of e-e-ntransitions that meet the CE condition. The increased e-e-n
polarization transfer rates lead to shorter 7 under the experimental conditions presented
here, demonstrating that the e-e-n7 polarization transfer rates are smaller or comparable to the
nuclear spin diffusion rates. These same e-e-n transitions also caused fast relaxation of core
nuclear spins that are connected to the bulk nuclear spins via spin-diffusion, and hence
shortened the 7;,. The shortening of 7;,and 7pppare observed under both static and MAS
DNP conditions. This effect can be used to optimize the equilibrium DNP signal per unit
time, s, by shortening 7ppnp—a hitherto underutilized tuning parameter for CE DNP.
Choosing conditions and radical systems that yield a fast e-e-ntransfer is particularly
advantageous for CE DNP at high magnetic fields, where the e-e-ntransfer rates become
slower with higher nuclear Larmor frequency, whereas the competing electron spin
relaxation rates become faster. The CE DNP efficiency at high magnetic fields can be
maximized with (i) high populations of e-e pairs fulfilling the CE condition, and (ii) rapid e-
e-ntransfer rates. The problem of fewer e-¢ pairs fulfilling the CE conditions at high
magnetic fields that have a net polarization differential can be solved by using shaped broad
band pulse trains for continuous pw irradiation,8 or short, high-powered pw pulses for
broad EPR depolarization in driven processes, such as pulsed DNP.”2 This study shows that
rapid e-e-ntransfer rates can be designed by choosing DNP polarizing agents with clustered
radicals. Fast e-e-ntransfer is also paramount to achieve coherent transfer for pulsed DNP.
Interestingly, high Py, shortened 7ppp, independent of whether DNP oversaturation
occurred or not, which is rationalized by the increased electron spin depolarization that
increases the population of excited electron spins that will relax to their ground state with
higher P, as revealed by the ELDOR profiles.

The effect of 7pppon the accumulated NMR signal, amplified by DNP, can be effectively
illustrated by simulating the effects of signal averaging for a total NMR acquisition time of 1
hour based on the measured 7pppand eeq of the G3N9 dendrimer compared to the other
radical systems studied here. The benefit of short 7pp,p with increasing shot repetition time
is illustrated in figure 6 (see ESI section 6 for more details and examples). We find that the
dendritic G3N9 yields the largest NMR signals for shot repetition delays < 10* 7ppp, Where
it can clearly be seen that G3N9 outperforms its counterparts at low shot repetition delays.
We conclude that shortening 7ppp by increasing the local electron spin concentration is a
promising avenue to maximize the recorded NMR signal.

This study also points out that the polarization efficiency of nuclear spins tens to hundreds of
nm away from the polarizing agent can result from a combination of direct e-e-n polarization
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transfer and nuclear spin diffusion processes, in which the direct transfer to nuclear spins
further away from the polarizing agent can be a significant path if the polarizing agent has
efficient e-e-ntransfer rates. A full understanding of the polarization build-up process is
necessary for quantitative studies that extract information about domain sizes, and surface
morphology from the polarizing agent based on the shape and time constants of DNP build-
up curves, or enable the polarization of remote nuclei,38-40

Finally, this study provided the first direct experimental evidence by ELDOR that DNP
oversaturation is due to electron spin depolarization beyond optimal conditions with the
dendrimer sample. This is attributed to the presence of strong e-e dipolar couplings that
resulted in extensive eSD, where effective eSD was not observed for the mono- or bi-
radicals at a global electron spin concentration of 10 mM.

In summary, from the experimental observations and theoretical analysis made in this study,
it is evident that the e-e interaction strength and the number of e-e interactions should be a
design criterion for the next generation radicals for DNP applications at high magnetic fields
to tune the e-e-n polarization transfer rate and the value of and mechanism underlying 7pne.
Given that the overall performance of DNP is dictated by the amplified signal per unit time,
shortening Tpppis an effective, yet hitherto underutilized, approach to enhance the impact
and broaden the scope of DNP enhanced NMR spectroscopy to imaging.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The chemical structures of the mono-, bi-, and poly-radicals used in this study are shown.
An average of 9 electron spins per dendrimer radical were considered based on end-group
analyses
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Figure 2.
(a) DNP profiles at 4K and at 7 T for 10 mM 4AT (black diamond), 5 mM TOT (blue

triangle), 5 mM AMU (yellow small diamond), 3.33 mM DOT-et (red circle), and 1.11 mM
G3N9 (green square) in 6:3:1 dg-glycerol:D,0:H»0. The dashed lines represent the width of
the allowed EPR spectrum. (b)The normalized DNP power curves acquired with pw
irradiation at 193.65 GHz. All data was acquired with a saturation recovery solid echo pulse
sequence as shown in the inset of (b) with t, = 2.5 s, © = 110 ps, tgt = 2.4 S, tysat = 380 LS,
n =10, and tyyijig-up = 60 s.
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Figure 3.
Experimentally determined Ty, (a) and Tpnp (b-solid) for each radical. (b) A comparison of

experimental (solid) and simulated (checkered) Tpnp for each case. The values for G3N9 in
(b) are 10x to ease visualization, while those of the simulated DOT-et Tpyp are magnified
5x. Here the simulated Tppnp is extracted from the mono-exponential fit of the total nuclear
spin polarization shown in figure S10, where Kgq = 0.001 Hz, AB = 1 kHz, and the values of
teen are extracted from equation 7 for each radical. Further details of how tee, and Tpnp Were
calculated can be found in the ESI.
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Figure 4.
Electron spin depolarization profiles measured via ELDOR at 4K with Vggtect Of 193.52

GHz (a), 193.67 GHz (b), 193.887 GHz (c), and 194.06 GHz (d) for 10 mM 4AT (black), 5
mM TOT (blue), 5 mM AMU (purple), 3.33 mM DOT-et (red), and 10 mM electron spin
dendrimer G3N9 (green) in 6:3:1 dg-glycerol:D,0:H,0. Allowed EPR transitions are
denoted by 1, while 2, 3, and 4 denote the forbidden 14N, 2H, and 1H transition, respectively.
The ELDOR pulse sequence is shown as an insert in (d), where tg; = 100 ms, t, = 750 ns, tg
=10 ps, and T = 500 ns, with a recycle delay of 600 ms.
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Figure 5.
(a§J Electron depolarization profiles of the 10 mM electron spin sample at different Py, for
the saturation pulse: 120 mW (Oversaturation regime, green), 20 mW (Maximum DNP
enhancement, black), and 5 mW (Equivalent enhancement as 120 mW, red). In the ELDOR
pulse sequence, Vetect = 193.67 GHz, ts5 = 100 ms, t, = 750 ns, ty = 10 ps, and © = 500 ns,
with a recycle delay of 600 ms and (b) DNP power dependent Tppp for 10 mM electron spin
of G3N9 in 6:3:1 dg-glycerol:D,0:H,0 at 4 K and at 7 T when irradiated with 193.65 GHz.
—t
Tpnp

Tpnp was determined at each Py, by fitting experimental results to M@O=M_ [l-e ,
eq

with the resultant fitting error shown in the figure.
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m 4AT

m TOT
AMU
DOT-et
G3N9

Simulated NMR signal (Mg, on(t)) after signal averaging for a total timeframe of 3600 sec,
where the tyyjjg-up*number of scans = total timeframe. Equation 2 was used and for this
simulation with each radical’s respective eeq and Tpnp, Where M, on(t)*number of scans
produced the reported NMR signal.
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Signal enhancement, Tpnp and nuclear relaxation times for the different radicals with 10 mM global electron

spin concentration in DNP juice at 7 T magnetic field and 4 K temperature.

Sample T (8) Tone (5) €0 By Sy
4AT 5987.0+ 172 560.25+10.1 83 10.7 0.45
TOT 4511.6 £67.8 287.95+6.14 117 76 045
AMU 2951.1+34.6 286.36+278 105 109 0.64

DOT-et 3213.8+129 15341+567 173 138 111
G3N9 106.26 +1.21 15.06+0.23 177 8.7 224

*
T1n of solvent only is 9789.5 + 367 s
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Electron relaxation times and spectral diffusion rates for different radicals with 10 mM global electron spin

concentration in DNP juice at 7 T magnetic field and 4 K temperature.

Sample  Tie (MS) Tm (Hs) AP (ps®)
AAT 942+7.2 13.7+£0.3 10
TOT 86.0+2.0 16.3+£0.7 25
AMU 1385+49 13203 25

DOT-et 88.6+16.6 126%0.2 50
G3N9 151.81+75 72+0.1 1400
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