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Fast and accurate M AS-DNP simulations of large spin ensembles
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E-mail:  gael.depaepeQcea.fr
b CEA, INAC, MEM, F-38000 Grenoble, France and
¢ Weizmann institute of Science, Rehovot, Israel
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A deeper understanding of parameters affecting Magic Angle Spinning Dynamic Nuclear Polar-
ization (MAS-DNP), an emerging nuclear magnetic resonance hyperpolarization method, is crucial
for the development of new polarizing agents and the successful implementation of the technique at
higher magnetic fields (> 10 T). Such progress is currently impeded by computational limitation
which prevents the simulation of large spin ensembles (electron as well as nuclear spins) and to
accurately describe the interplay between all the multiple key parameters at play.

In this work, we present an alternative approach to existing Cross-Effect and Solid-Effect MAS-
DNP codes that yields fast and accurate simulations. More specifically we describe the model, the
associated Liouville-based formalism (Bloch-type derivation and/or Landau-Zener approximations)
and the linear time algorithm that allows computing MAS-DNP mechanisms with unprecedented
time savings. As a result, one can easily scan through multiple parameters and disentangle their
mutual influences. In addition, the simulation code is able to handle multiple electrons and protons,
which allows probing the effect of (hyper)polarizing agents concentration, as well as fully revealing
the interplay between the polarizing agent structure and the hyperfine couplings, nuclear dipolar
couplings, nuclear relaxation times, both in terms of depolarization effect, but also of polarization

gain and buildup times.

The combination of Dynamic Nuclear Polarization
(DNP) and Magic Angle Spinning (MAS) is currently
deeply impacting high-field solid-state Nuclear Mag-
netic Resonance (NMR). Although DNP is not a recent
phenomenon,[1, 2| the potential of the technique for
high magnetic fields was only recently demonstrated
thanks to the pioneering work carried out in the Grif-
fin laboratory [3-6|. Following this effort and the intro-
duction of commercial systems [7], DNP experiments
are currently carried out in an increasing number of
laboratories, continuously expanding the scope of the
technique.[8-13] The interest stems from the huge gain
in NMR sensitivity obtainable though DNP, where the
large intrinsic polarization of electrons is transferred
to nuclei, using appropriate microwave (pw) irradia-
tion. So far, most DNP experiments are conducted
successfully at 10-20 T at around 100 K using high
power continuous wave (CW) pw sources often com-
bined with the use of binitroxide radicals as sources
of free electrons, as introduced in the Griffin group
[3, 14, 15]. Current on-going effort include improved
polarizing agents and optimized sample preparation
protocols [16-33], while challenging instrumental de-
velopments are also under progress in several labora-
tories, such as the design of more flexible high power
uw sources, probe-heads with smaller diameter sample
holders (rotors) and optimized pw coupling, the access
to helium sample spinning and ultra-low temperature
MAS-DNP experiments [34-42].

In addition, the field of MAS-DNP has also strongly
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benefited from recent improvements in theoretical un-
derstanding. Several groups have contributed from the
experimental side by reporting DNP studies related to
the effect of polarizing agents’ concentration, sample
spinning frequency, temperature, partial deuteration,
electron spin relaxation times, and radical structure
[7, 21, 22, 24, 26, 31, 43-49]. Despite these attempts to
experimentally rationalize the performance of nitroxide
biradicals, a clear picture has still not emerged, mostly
because the DNP enhancement factor (defined as the
ratio of signal with and without uw, €on /of = Son/Sofr)
can lead to a misleading picture of the DNP perfor-
mance while overestimating the true DNP gain signif-
icantly [50].

Previously, the most efficient and commonly used
DNP mechanism, the Cross Effect (CE) was crudely
described using arguments based on static (i.e. with-
out sample spinning) experiments, which fails to pro-
vide valuable insights such as the dependency with re-
spect to the magnetic field, the polarizing agent geom-
etry, the uw power, electron/nuclei relaxation times,
etc. Things have improved with the recent theoretical
developments by Tycko and Thurber, as well as Vega et
al. [50-54]. These contributions have not only brought
valuable insights into the DNP mechanism, but also il-
lustrated the complexity of high magnetic field exper-
iments and proven the necessity to rely on numerical
simulations to understand precisely the mechanisms at
play in MAS-DNP experiments. The mechanism has
been understood through numerical simulation tools
able to describe a series of discrete events that occur
periodically within one rotor period (rotor events) [50—
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53]. In the case of binitroxides, modeled by 2 electrons
and a nucleus, four types of rotor events need to be
considered:

the pw rotor events, that induce a change in the
electron polarization,

e the electron Dipolar - J (exchange) rotor events
that tend to swap the electron polarization,

e the Cross-Effect rotor event (CE) that exchanges
part of the electron polarization difference to the
nuclear polarization of the hyperfine coupled nu-
clei,

e and the Solid-Effect rotor event (SE), that ex-
changes part of the electron polarization to the
nuclear polarization of the hyperfine coupled nu-
clei.

The nuclear polarization under MAS-DNP conditions
is typically computed through the use of advanced
quantum mechanical simulations able to account for
relaxation. More specifically the evolution operator
was computed either in the Hilbert space by Thurber
and Tycko [51] or in the Liouville space in the work
of Mentink-Vigier et al. [50, 52, 54| and Mance et al.
[55]. These computations are largely in agreement and
were successfully used to simulate hyperpolarization as
well as depolarization effects for various systems and
experimental conditions, [50-55] and clearly highlight
the complexity of this multi-parameter problem. The
order and duration of the rotor events are directly re-
lated to the structure of the polarizing agent but also to
the position and strength of the pw irradiation. For a
given crystallite orientation, each rotor event type can
typically occur 0, 2 or 4 per rotor period. When the
nuclear polarization has reached a steady-state value,
the electrons and nuclei still see periodic changes in
their polarization due to the rotor events and the elec-
tron and nuclear relaxation (77, T7"). Ultimately it
is important to note that the nuclear polarization can
only be equal to or lower than the maximum electron
polarization difference observed during the course of a
rotor period at steady state [50, 54].

Based on these initial results, we now seek to further
develop this computational approach towards its usage
as a predictive tool. Challenges along this direction
are numerous but offer the perspectives to perform in
silico rational design of polarizing agents. This consti-
tutes an important research direction since polarizing
agent design has so far relied on empirical approach.
The main hindrance in this approach is associated with
the duration of MAS-DNP simulations, especially for
large spin systems (> 4 spins) and the number of in-
put parameters that needs to be accounted for such as
the spin relaxation times, the biradical geometry, the
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pw power, the nuclear Larmor frequency, etc. So far
full quantum calculations (Hilbert- or Liouville-based)
have been limited to 3 or 4 spins because extension to
larger spin system requires the introduction of approxi-
mations. For instance, size restrictions have been used
and developed by Karbanov et al. in the static case
[56, 57] while Thurber and Tycko [53] have recently re-
ported a MAS-DNP simulation code able to compute
the population changes of a 1000 x 3 spins system (2
electrons and 1 nucleus) randomly dispersed in a box
using the Landau-Zener (LZ) approximation. [58] This
last model allows describing the effect of biradical con-
centration and was used to simulate a depolarization
mechanism in the absence of pyw irradiation.

In this work we present another approach based on
Liouville-type calculations that yields fast and accu-
rate simulations compared to exact Liouville calcula-
tions. Since the goal is to build a tool that can possibly
be used in a quasi-predictive fashion, the code needs:

e to be as fast as possible by building a periodic
propagator,

e to be able to increase both the number of electron
and nuclear spins while keeping a moderate sized
problem (linear scaling),

e to be accurate in predicting the electron polar-
ization difference at steady-state, i.e. account
for electron T7 and T§ relaxation during rotor
events.

The code presented is fast and flexible (as detailed be-
low) and constitutes the first step towards predictive
MAS-DNP simulations. For the 3 spins case (2 elec-
trons and 1 nucleus), a 30-point CE field sweep profile
can be computed in only 20 to 30 minutes (on a desktop
computer) while keeping an excellent agreement with
the previous code (based on full-Liouville calculations
which take 6 - 8 hours). This represents a significant
improvement in time-savings, about a factor 15 for a
3-spin system, which allows checking efficiently the ef-
fects of changing different parameters, such as the po-
larizing agent geometry, the external magnetic field By,
the MAS rotation frequency, the relaxation rates and
the spin-spin interaction strengths. In this model, each
type of rotor event is treated separately using a simpli-
fied subspace (spanned by reduced Liouvillian opera-
tors). The relevant spin dynamics during a rotor event
are computed either by relying on Bloch-type equa-
tions accounting for electronic and nuclear relaxation
or using the LZ formula. The former are particularly
important for rotor events that act on timescales of the
order of the relaxation times, which therefore cannot
be ignored. As demonstrated in the following, each
rotor event is thus described with a set of first-order
linear equations. The overall evolution is then com-
puted assuming that every rotor event is independent
and that the superposition principle can be applied.
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Importantly, we also show that the number of elec-
trons and nuclei can easily be increased so as to account
for multi electron effects as well as nuclear spin diffu-
sion. This new feature can be used to compute DNP
enhancement factors and polarization build-up times
for the various protons present in large spin assemblies
of tens to thousands of spins. This provides great in-
sight into many key parameters, such as the electron
concentration, the magnetic field dependency, polar-
izing agent geometries, and nuclear relaxation times
of bulk versus local protons, explaining physically ob-
served phenomena.

I. MATERIALS AND METHODS

The simulation codes have been written in Mat-
lab (MATLAB and Statistics Toolbox Release 2013a,
The MathWorks, Inc., Natick, Massachusetts, United
States.) and optimized to minimize computational
time. In particular we made use of the Suite Sparse
Matlab toolbox when considering large spin system
[59]. The simulations have been run on a Dell Pre-
cision T5500, using 2 Intel Xeon(R) CPU X5650 @
2.67GHz (24 logical cores), using Ubuntu 15.10 as the
OS.

Except when specified otherwise we performed cal-
culations assuming a temperature of 100 K, either on a
biradical geometry close to bTbK [60] using [g-, gy, 9]
= [2.0024, 2.0063, 2.0097] for the g-tensor values, or
close to TOTAPOL using [g., gy, 9] = [2.0094, 2.006,
2.0017] as used in previous work [52, 54, 61]. The ni-
trogen hyperfine couplings, when included, had the fol-
lowing principal values [98, 16, 17] MHz expressed in
the principal axis system (PAS) of the closeby electron
g-tensor.

As introduced in Mentink-Vigier et al. [50, 54|, we
define the polarization gain ep as the ratio between the
nuclear polarization with pw (uw) irradiation and the
nuclear Boltzmann Polarization

P, (pwon)
€= ———"—
B P, (Boltzmann)
the nuclear depolarization factor epepo as the ratio be-
tween the nuclear polarization without pw irradiation
and the nuclear Boltzmann Polarization

P, (uw off)

€Depo = P, (Boltzmann)

and the classical “DNP enhancement factor” o, on as
the ratio of nuclear polarization with and without pw
irradiation

P, (puw on)

EOD/OH = Pn (‘[LW Oﬁ-)
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One should note that €p, 0 does not represent the
true polarization gain induced by biradicals [53, 54],
which is given by €p.

Finally we define the DNP build-up time T3 as the
time-constant obtained by fitting the nuclear polariza-
tion build-up curves with a single exponential function.

II. FAST SIMULATION CODE:
SUPERPOSITION OF REDUCED
LIOUVILLIAN SUBSPACE SPIN DYNAMICS

High magnetic field MAS-DNP simulations can be
efficiently computed in the puw rotating frame as de-
scribed in refs [50-55]. The corresponding Hamilto-
nian for N, electrons (with indices 4,7’ = [1, N.]) and
N nuclei (with indices n,n’ = [1, N]) can be written:

H(t) = Ho(t) + Hye

~ ~ ~ ~ ~

Ho(t) = Hz(t) + Hur (t) + Hy + Hpip(t) + Hd(t),( :
1

with

~

Hz(t) = Z(gl(t)ﬂeBO - w,uw)‘/g\i,z - anfn,z
Hyp (t

~ o~ 1 ~ ~ ~
Hy =Y —2J;:(5: .80 - + 5(S,fs; +S7S5)

1<’
1 ~ ~ ~ ~
Hpip(t) = > D; 0 (£)(25;,2Sir - — 5(8?5; +5781))
1<’
1 ~ ~ ~ A~
n<n’

2l w — W1 ZS\Z’I (2)

where Hy(t) stands for the Zeeman interaction of the
spins, ﬁHF(t) for the secular and pseudo-secular part
of the hyperfine coupling between the electrons and
the nuclei, H y for the exchange interaction between
two electrons, }AIDip(t) for both the secular and flip-
ﬁop parts of the electron-electron dipolar interactions,
Hd( ) for the homonuclear nuclear dipolar interaction,
and H uw for the pw irradiation. Using the notation
w; = giBeBy, we can describe the 4 rotor events in-
duced by the sample spinning [51, 52, 54]:

e the uw rotor events, active when w; — w,w = 0,
which induce changes in the electron polarization
through the effect of H,,

e the electron or nuclear dipolar rotor events, ac-
tive when w;/, — wy s,y = 0, which induce

A 1 ~ o~ ~ o~
Z Az 5(A+ )Si L+ A7, (1)S;-1,,)
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exchanges of electron or nuclear polarizations
through the action of the flip-flop of the dipolar
coupling and exchange interaction when present,

e the CE rotor events, active when w; —w;» =~ +w,,
which induce a exchange between the electron
polarization difference and the proton polariza-
tion, through the combined effect of the flip-flop
dipolar and pseudo-secular hyperfine couplings.

e the SE rotor events, active when w; —w,w ~ fwp,
which induce a transfer of polarization between
the electron and the proton, through the com-
bined effect of the pseudo-secular hyperfine in-
teraction and pw irradiation.

For a simplified three spin system e, - e; - n, equation
2 can be rewritten as:

~

]/‘\Iz(t) = (Wa(t) - Wuw)ga,z + (wb(t) - W;Lw)Sb,z
7ann,z
ﬁHF(t) - Az(t)ga,zfn,za
1 PN PN
+§(A+ (t)Sa,zI: + A7 (t)Sa,zIr:)

ﬁ,uw = wl(:g\m,a + §m,b)
~ o~ 1 ~ ~ o~
Hy = —2J, (8025 + i(Sij‘ +5,8)
~ o 1 ~ ~ o o~
Hpip(t) = Dy p(t)(25,,25p,. — §(S“+Sb_ +5,8;))3)

Note that in this simplified case, the nucleus is only
coupled to electron a.

A schematic illustration of the rotor events is pro-
vided in figure 1. We can observe the evolution of the
electron and proton polarizations for the three main
rotor events (uw, dipolar and CE). The effect of the
pw and electron dipolar rotor events can be seen on
the electron polarization curves whereas the effect of
the CE rotor event appears too small to be seen on
that scale. On the other hand the presence of CE ro-
tor events is observed on the proton polarization curve.
Note that the SE rotor events can not be observed in
this simulation.

As described in previous work, the calculation of the
spin evolution involves solving the time dependent (due
to the sample spinning) master equation, including all
necessary interactions and relaxation processes. This
requires the computation of the propagator superoper-
ator of a rotor period, using small stepwise integration

and calculating this propagator superoperator ﬁ,ﬁ for
every (k') rotor-step[52, 54|. For the three-spin sys-
tem of two electrons and one nucleus the spin density
matrix, representing the state of the system at any
time p(t) has a dimension of 23 x 23 = 64 and is thus
defined by 64 independent parameters. Thus in ear-
lier work we presented the Liouville-von Neumann rate
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=
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FIG. 1. Evolution of the electron and nuclear polarizations
during a rotor period at quasi periodic steady-state for a
single crystallite orientation. The black, blue (dashed) and
red lines correspond to electron a, electron b and the nu-
cleus respectively. Note that the nuclear polarization dif-
ference with respect to Boltzmann is normalized to observe
the CE rotor events. The rotor events are labeled with
different colors, grey corresponds to a puw rotor event on
electron a, blue to a uw rotor event on electron b, green
to an electron dipolar rotor event and red to a CE rotor
event. On the right hand-side, the corresponding opera-
tors involved in the rotor events are displayed.

equation as a Liouville superoperator acting in the vec-
tor composed of all elements of p(¢). For the present
study we replace this superoperator by a Liouville op-
erator acting on the vector o(t) built of the coefficients
s(M(t) (m € [1,64]) of a set of 64 independent opera-

o~

tors S("™) composing the spin density operator:

(4)

)

64
pt) =sDHE+ > 250 (1) S

m=2

where E is the identity operator. In this expansion we
choose operators with 7r((S§(™)2) = 1/2 and there-
fore the elements of o(t) are the expectation values
oM = Tr(ﬁg(m)) = 1/2. The large dimension, and
the time dependence of the evolution operator are the
main cause of the long time necessary to solve the mas-
ter equation. Typically, using a full Liouville calcula-
tion, and a 3 spin system, a powder-averaged 30 points
field-sweep was simulated in 6 to 8 hours. Therefore
larger spin systems are not currently accessible: a 5
spin simulation takes about 1 day per crystallite ori-
entation. The duration of such simulations prohibits
in-depth analysis (that would require scanning through
multiple parameters) or the extension to much larger
and therefore realistic spin systems.

In this work, we achieve a drastic reduction of the
vector size o to shorten significantly the computational
time. To that purpose, we assume that the spin dy-
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namics are well described by a series of successive rotor
events, with each corresponding to a two-level anti-
crossing problem,along with spin-lattice relaxation to-
wards Boltzmann equilibrium. As discussed in the fol-
lowing section, each rotor event is treated/computed
using either Bloch-type derivation in a reduced Liou-
villian subspace for which relaxation can be simply in-
troduced or with the LZ formalism (accounting for the
variation in polarization operator). In between rotors-
events, the spin dynamics are well described by the
secular part of the full Hamiltonian (see Eq. 3) and
correspond to a return to Boltzmann equilibrium. In
the following, section A describes the general approach
to treat and approximate the spin dynamics in between
rotor events and during each individual rotor event.
Section B and C describe the computation of a propa-
gator superoperator over a rotor period when all rotor
events are treated with the LZ formalism or using a
combination of the LZ and Bloch-type formalisms, re-
spectively. Finally section D describes the extension to
large spin assemblies (multiple electrons and protons).

A. Independent diabatic rotor events - The
Bloch-type approach and rotor synchronized
propagation

Every rotor event previously described involves only
two energy levels. Therefore in the following we as-
sume that rotor events, which correspond to diabatic
passages, are well separated and independent. For a
given rotor event involving the two levels |1) and |2),
one can derive an effective Hamiltonian of the form:

His(t) = Awia(t)S12 + £22(4)S12 + €12(1)8)2,
1 < Awia(t)  &i2(t) )
- —Awlg(t)

€,(0) ®)
Where &15(t) = (1/2)(£3% — i€)?) and 512, 552, 512 are
the fictitious spin-1/2 operators corresponding to the
transition |1) — |2). Awjo and &;o are the time de-
pendent energy difference between the two states |1)
and |2) and the magnitude of matrix element con-
necting them, respectively. In the absence of relax-
ation we can derive a Liouville superoperator oper-
ating on the o vector composed of the coefficients
{s12(t),s,2(t),s3*(t)} of the spin density operator ex-
pansion

pt) =so(E+ > 2s)2(t)S{*?

p=x,y,z

(6)

resulting in the Liouville-von Neumann equation:

do =12
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with

12 0 =&2(t) &)
Ly ()= | &) 0 —Aw2(r)
—£L2(1) Aw'?(t) 0

Y

(8)

which corresponds to homogeneous linear first-order
differential equations (also known as the Bloch equa-
tions) for which the density matrix can easily be com-
puted. The relaxation can also be efficiently intro-
duced while keeping a homogeneous set of equations
[62, 63] by increasing the matrix dimension by one
unit. In this case, the vector vectoro is extended to
{1,512(t),5,2(t), s3*(t)} and the 4 x 4 Liouvillian takes
the form of a homogeneous Bloch operator:

0 0 0 0
a2 geegr _yn —g2n a2
Lp =17 """ ey jm —Awi(y

0 —€2(1) AwlXt) —1/Ty

(9)

from which the propagator of a short time inter-
~1,2

val [0, (k+1)0t] can be obtained via Ug, =
~12

exp(EB (Kt)ot).

Following this approach, the complete derivation for
each type of rotor event can be obtained (see Support-
ing Information). The full Liouvillian superoperator —
accounting for all types of rotor events — can then be
obtained by applying the superposition principle since
the rotor events are assumed to be independent. In the
end, the spin dynamics can be described by the evolu-
tion of a o vector with dimension 18 and thus by a 18
x 18 Liouvillian superoperator. The elements of o (t)
in this case become the 18 prefactors of the opera/‘gors
{E Sa 2 Sa Y Sa T Sb z Sb Y Sb T SZQ y» SZQ x n 29
SCE+ SCE+ SCE_ SCE SDQa SDQa SZQa SZQa}
(see Supportlng Informatlon for the derlvatlon details).
This constitute a drastic size reduction compared to
64 x 64 in the full Liouville approach that results in
massive time savings with minimal compromise on the
accuracy (as demonstrated in the rest of the paper).
As described previously,[52, 54| the rotor synchronized
propagator is simply obtained by step integration over
one rotor period:

~ Ns
Urotor = H U (10)
wherg Ny standAs for the number of integration poAints7
and U, = exp(L, x 6t) with 6t = 1/(Nsv,) and L,, =
Li(kdt).

Note that in previous MAS-DNP calculations, the

relaxation times 77 and T, were determined after diag-
onalization of the Hamiltonian (without the pw term).
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As a result the T; and T5 relaxation values were not
constant during sample rotation because of the strong
state mixing that occurs during the D-J and CE ro-
tor events. On the contrary, with the Bloch-type ap-
proach presented in this work, we assume such relax-
ation times to be constant in order to optimize the
computational performance. Such an approximation
can be justified by the fact that the duration of state
mixing is shorter than the electron 7> in most cases
and that the coherences created during the events de-
cay after the mixing period. As shown below, this is
further validated by the very good agreement with full
Liouville calculations. More details can be found in
the SIL.

Accounting for relaxation effects is especially impor-
tant when probing cases with large w; and/or short
electronic 75. This is notably also the case for strong
puw irradiation strength, large dipolar and/or J inter-
actions, radicals with narrow EPR lines such as Trityl,
and short electron relaxation times. In all other cases,
the Bloch type treatment can be simplified using the
LZ approximation.

B. Independent diabatic rotor events -
Combining Landau-Zener approximation and
rotor synchronized propagation

Coming back to the two level system as defined by
the Hamiltonian in eq. 5 we can follow Vitanov [64]
and define a scaled dimensionless coupling parame-

J

Uy = eXP(§15t) X ﬁLZ,n =

If there is no crossing during this interval, then ﬁLZ,R
is identity.

On the three-spin system the rotor events usually
occur at different time-steps, and in the following we
assume that they can be successively treated. This
allows to rely on a LZ formulae for each rotor event
separately. For each type of event one can identify the
two levels involved in the diabatic passage and define
the coefficient sgm) of the z-operator §§m) that changes
at this passage. As is shown in the SI, the changes in
all of these coefficients can be transferred to changes
in only the coefficients {s, 2, Sp,z, Sn,» } Of the operators
{gz,a, §z,b, fzn} Adding relaxation, the Liouville su-
peroperator representing all events while relying on LZ
formula, operates on the vector {1, s 2, Sp,z, Sn,»} and

the propagator at step x can be written in the basis F,

453
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s2e0(1 = =T ] [T (1 2617

481

482

ter derived from &12(t), wia(tx) = &2(tx)/P12 and

Bra = (‘m“&iltz(tv and a time parameter 715 = B1at.
te

For rotor events where wj, < 1, the LZ approxima-
tion, which gives the variation of population across a
resonant condition (diabatic passage), can be safely ap-
plied and the transition jump time Tjump [64] is about
constant and equal to v/27, [64] which translates to a
jump time of ~ 1 us or smaller, as compared to the
rotor period which is typically about 10-1000 ps. In
this case, assuming that levels |1) and |2) cross at time
t«, the LZ formula, expressing the changes in popula-
tions, can bg formulated as the change in the coefficient
of the the S1'2) operator in the spin density operator
expansion in eq. 6. This translates onto s12 as:
sb2(th) = [1 — 2612] sh2(ty)

(11)
with

e'? =1—exp

(12)

7T|§12(t><)|2] '

2|%Aw12|tx

Here t} is the time just after the crossings. As the
calculation are performed by step integration, we as-
sume that tx and t} are within a time step interval
[ti,tx + 0t]. When a crossing occurs we then assume
that ¢, = tx and that the propagator for the time
interval [t,t.+1] can be written in the reduced basis
{1,512} as follows:

0 0

(

~ ~ ~

Sz.ar Sz, 1. as follows:

~ ~puw  ~D-J ~CE ~SE

~

U, = exp(Ri (kdt) x U1z, Urz,xUrzx ULz, (14)

where Ry represents the longitudinal relaxation dur-
ing the time interval [ty t, + dt] and its 4x4 evolution
operator has the form:

1 0 0 0

oo | /i, YTi. O 0

' Sze,?z/be 0 71/T1€,b 0
suls /T 0 0 =Yy

The explicit forms of the Liouvillians in Eq. 14 are
given in the SI. As above, the rotor synchronized prop-
agator is obtained by step integration over one rotor
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period:
(15)

The novelty here relies on the fact that the LZ for-
mula are applied to the z-coefficients of the spin den-
sity operator expansion and not on the populations
of the spin system, which allows deriving a rotor-
synchronized evolution operator while accounting for
relaxation. As discussed in the previous section, the
simulation code is much faster than the full Liouville
calculation thanks to the reduced matrix dimensions.
This LZ treatment is appropriate when the rotor events
can be considered infinitely sharp. When the diabatic
passages at the rotor events cannot be described ac-
curately enough by the LZ formalism, because their
corresponding wrg (RE = DJ, CE, SE) parameters

are greater than 1, then their Liouville superoperators
~RE
ULz, must be replaced by the Bloch-type of operators
~RE
Ug,x-
C. Combining Bloch-type and Landau-Zener
formalism with rotor synchronized propagation

For diabatic passage where w?, > 1, it is impor-
tant to stress that the LZ formula only gives a crude
approximation of the variation in population. This is
potentially the case for uyw and electron dipolar rotor
events when dealing with strong pw irradiation, large
electron dipolar interactions, or radicals with narrow

J

r 0 0 0 0
SS9.(4)/TE  —1/Tf w1 0

0 —wi —1/T5 —Awa(t)

0 0 “Aba(t) —1/T¢

N s°9 (1) /T¢ 0 0 0
Lo =| =" 0 0 0
0 0 0 0
0 —DJgp(t)/2 0 0
0 0 0 0
L snl./T0 0 0 0

where we defined a transverse relaxation time for the
D-J rotor events Ty ;o = T5/2 and DJy, = (Do +
2J4.) (See SI for details). The time-step integration is
still used to obtain the periodic propagator

~ NS o~
Urotor = H Urc (16)
k=1

and at each time-step x, the propagator is the product
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0 0 0 DJap(t) 0 0
0 0 0 0 0 0
0 0 0 0 0 0
—1/T¢ w1 0 —DJap(t) 0 0
—wi 71/T2c 7Awb(t) 0 0 0
0 —Awy(t) —1/T% 0 0 0
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0 0 0 Awp (t) 0 0

0 0 0 0 0 -1/

545

EPR lines. In such cases, the dimensionless jump time
can be approximated by Tjump = 2wi2, which trans-
lates to a jump time greater than 1 pus , [64] i.e. much
larger than the integration step dt and potentially even
larger than the corresponding electron/nuclei relax-
ation times. In such cases the Bloch-type formalism, as
described above, should be preferred since it allows ac-
counting for longitudinal but also transverse relaxation
effects during rotor events. Furthermore, for very short
T§ (~ us) values, possibly leading to off-resonance and
saturation effects when wy /27 and 1/T% are in the MHz
range or larger, we must also turn to the Bloch ap-
proach.

On the other hand, the LZ treatment can be safely
applied for SE and CE rotor events (as well as inter-
molecular electron dipolar rotor events, see section D)
for which wcg/sg is always much smaller than 1 and
the associated jump time is much smaller than the us
timescale. In addition 73" and 75 are usually long
enough to be safely neglected during the SE and CE
crossings.

Here we propose to combine both approaches: i.e.
to treat SE and CE rotor events with the LZ approach
and the pw and D-J rotor events using “Bloch-type”
derivations. For a two electrons and one nucleus spin
system, this can be done resulting in a Liouville super-
operator of dimension 10 x 10 operating on the vec-
tor {1a Sz,a5 Sy,ay Sz,ay Sz,bs Sy,by Sx,bys 832Q7 522(%7 Sz,n}
where the LZ part of the CE and SE events has matrix
elements only between {s. q, ., 5.} and the Bloch

part of the pw and D-J events has the form

(

between the Bloch and LZ part

B,Hl/jLZ,H (17)

)
=Y

K

where ﬁBW = exp(Lp(kdt) x 6t), and l?zrq,,.g = (7SE,,.i X

U ci,x- This (Hybrid) approach ensures accurate sim-
ulations even for short electron T (i.e < 2 us for ni-
troxides at 9 T), for large wrp interactions (e.g strong
puw fields) or narrow EPR line widths (e.g in the case
of Trityl).
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D. MAS-DNP simulation of large spin ensembles
(tens to thousands of spins): extension to multiple
electrons and nuclei

Here we extend our three-spin system by adding
many electrons and nuclei with the aim to gener-
ate more realistic simulations able to reproduce the
electron concentration and nuclear spin diffusion ef-
fects found in contemporary experiments. The pres-
ence of intermolecular electron-electron dipolar inter-
actions generates a MAS-induced spectral diffusion
phenomenon which tends to equilibrate the polariza-
tion throughout the EPR line,[53] and directly impacts
the intramolecular polarization difference and thus the
overall nuclear polarization enhancement. Moreover,
the presence of additional nuclei induces new CE rotor
events and tends to equilibrate the polarization among
the nuclei. In order to meet both challenges, two mod-
els and codes were developed and are described below.

1. Increasing the number of electron spins: accounting
for the electron concentration effect (the box model)

We simulate N biradicals (each modeled by 2 elec-
trons and 1 proton) randomly distributed in a box so
as to meet a given biradical concentration. In this
model, referred as the box model in this work, interac-
tions between biradicals are restricted to nearest neigh-
bors. This approximation allows keeping an efficient
computational code while accounting for intermolec-
ular dipolar rotor events, i.e. electron spectral spin
diffusion, in a similar fashion as nuclear spin diffusion
process [65, 66]. A similar approach was previously de-
scribed by Thurber et al. [53]. During standard DNP
experiments, the biradical concentration is ~ 5 - 30
mM which translates to ~ 0.3 - 1.5 MHz and 0.45 - 2
kHz of intermolecular dipolar and hyperfine couplings
respectively. These additional interactions induce in-
termolecular rotor events (dipolar, CE, SE) that can
efficiently be computed using the LZ computational
approach. More precisely, the code generates N copies
of a 3 spin system (2 electrons and one nucleus) with a
fixed configuration, which are randomly dispersed and
oriented in a box.

In order to allow the use of the LZ approach, some
constraints must be applied:

e Two identical crystallite orientations cannot co-
exist within the same box (in order to avoid fre-
quency degeneracy).

e The intermolecular electron-electron distance
(dmin) is always larger than 1.7 nm (~ 10 MHz
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616

622

623

624

625

626

dipolar coupling) so that LZ can be applied ac-
curately.

e For simplicity, the effects on the spin system of
the dipolar rotor events between electrons that
are more than dp.x = 6.4 nm (~ 0.2 MHz dipolar
coupling) are ignored.

The calculation is then modified in order to account
for intermolecular rotor events. For a given integration
step, the propagator is now written:

~
=~

v =Ug, X Uiz,

=)

(18)

where where Uy ,, is obtained from the previous sec-
~ CE,inter
X Uyz

~SE,inter

ULZ,K

~ ~SE,intra

tion, and Upy , = XUz, X
~CE,intra ~
Uiz Thus the overall U, has a dimension of

10N x10N |, scaling linearly with N.

X (m)

y (m)

FIG. 2. Example of a spin system used in the box model
corresponding here to a random distribution of N = 40
biradicals (15 mM concentration). In blue electron of
type “a”, yellow, electron of type “b”, orange, nucleus.
The black dotted lines correspond to the intermolecular
electron-electron dipolar couplings active during the simu-

lation.

Figure 2 shows a typical random distribution gener-
ated by the code: 40 biradicals with 15 mM concentra-
tion, with dyin = 1.7 nm and d,2x = 6.4 nm. Note that
the box model presented here excludes the possibility
of having two coupled biradicals with exactly the same
orientation since it would complicate exact simulations
and that this possibility is highly improbable.

Numerical stability of the output can be improved
by increasing the number of biradicals and/or averag-
ing the results over several randomly generated boxes.
40 to 50 biradicals, averaged over 10 different boxes,
is sufficient to achieve < 5 % stability. Typically, the
computation of the propagator (eq. 18) for 40 biradi-
cals takes about 100 to 170 seconds (on a single CPU
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thread) for the full LZ or the Hybrid approach respec-
tively. In the end, a 30 point field sweep profile can be
computed in 20 minutes for quick tests (averaging over
4 boxes) or in about 1 hour for an accurate computa-
tion (averaging over 10 boxes).

2. Including additional nuclei

The introduction of additional (hyperfine coupled)
nuclei leads to more CE/SE rotor events but also to
a new type of event, the nuclear-nuclear dipolar rotor
event,[51, 54] which occurs when two nuclei with dif-
ferent hyperfine couplings have the same instantaneous
resonant frequency. These rotor events allow hyperpo-
larized nuclei close to the unpaired electrons to prop-
agate their polarizations to more distant spins. This
MAS-dependent effect has been accounted for theo-
retically [see ref [54] for details] to predict a reduc-
tion/removal of the so-called diffusion barrier present
in the static case [67-71]. As in the electron spins’
case, the nuclear dipolar rotor events induce a partial
exchange of the nuclear polarization which can be accu-
rately computed using the LZ derivation. Such a treat-
ment is applied to “local nuclei” (also called closeby
or ENDOR nuclei) for which hyperfine couplings are
larger than the mean nuclei-nuclei dipolar interaction.
In addition we can refine our model and add additional
“bulk” nuclei, which are not directly coupled to the
electrons but are in contact with some of the “local nu-
clei”. The nuclear spin diffusion among the bulk nuclei
is simulated using rate equations that equilibrates the
polarization between two connected nuclei [66, 72, 73]
and for nucleus j is given by

eq
ds, ; st
Jo_ SD 2,J

= g =175 (82,5 — Sz,5) +
dt — 7,3 ( 5J J ) Tl,j

J

where j' corresponds to the index of the neighboring
nucleus, and 752, = d3 ,T3'/4. Hence the assump-
tion used to build our model containing two electrons
(ea,ep) and N, nuclei can be listed as follows:

e CE rotor events involving “local” nuclei occur
when |w, — wp| = w,. Each CE rotor event, in-
volving a given nucleus, can be a priori treated
using the derivation provided in the SI for a 3
spin case. In addition this CE rotor event condi-
tion is a priori also influenced by the presence of
other hyperfine coupled nuclei which induce split-
tings of the effective electron resonance, lead-
ing to a quasi-continuum of CE sub-conditions.
Overall these additional splittings can be safely
ignored since they all contribute identically to
the CE polarization transfer and it simplifies the
treatment.
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e The local nuclei are connected among themselves
via nuclear dipolar rotor events. The LZ ap-
proach can be used safely here to describe the
energy crossing with Awy = (4,1 — A, 2)/2.

e Couplings among “bulk” nuclei are introduced
through a semi-classical spin-diffusion treatment.

e The last shell of the Local nuclei are connected
to bulk nuclei via nuclear dipolar rotor events.

e The evolution operator at each step can thus be

written as
Up=Ug, XUz, (19)
where
- Ne ~cej  Ne asej  No Noo_dip,jj’
Uiz = H Urz,x X H Urz,x X H H Uzi.x
=1 j=1 j=1j'=n

and where the Bloch part accounts for electrons’ dy-
namic (dipolar and uw rotor events), relaxation and
the semi-classical spin diffusion among the Bulk nu-
clei. To perform the simulations, the code generates
a partially random distribution of nuclei. The local
nuclei Ny, are only connected to the electron a, and
distributed within a cone shape of variable solid angle.
Within this cone, the nuclei are arranged in layers and
the nuclei are spaced by a mean distance that corre-
sponds to a given nuclei concentration. The choice of
the cone geometry was driven by computational trade-
off and simplicity. In particular the cone angle chosen
allows computing a large number of local nuclei while
keeping the computational time reasonable. The nu-
clei in the cone are only coupled to one electron here
which allows relating their positioning (i.e. distance to
electron) to the polarization transfer efficiency. Nev-
ertheless, the code could easily be modified to account
for couplings to both electrons, since only CE rotor
events are impacted.[74-76] This would provide more
accurate simulations but is beyond the scope of the
current article.

Figure 3 shows a typical cone distribution. The po-
sitions of “bulk” nuclei are not computed, instead the
dipolar couplings between nearest neighbors are con-
sidered equal to an average value. More precisely, each
nucleus is connected to six partners with a correspond-
ing semi-classical rate defined by the mean nuclear-
nuclear dipolar coupling and the 73'. This geome-
try is basically the same for all the simulations pre-
sented in this manuscript where we probed the influ-
ence of changes in parameters such as nuclear relax-
ation times, electron-electron dipolar interactions, and
hyperfine coupling to the closest nuclei. The interplay
between the geometry of the local and bulk nuclei and
the DNP efficiency will be investigated in future work.
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FIG. 3. Example of spin system used in the bulk model:
here N;, = 182 local nuclei were randomly generated. The
blue sphere corresponds to electron of type “a”; the yellow
sphere to electron of type “b”, and the dark blue spheres to
local nuclei.

In the simulations presented below, the two closest
local protons have a hyperfine coupling in frequency
units that ranges between 1 and 4 MHz, whereas the
farthest local nuclei have a hyperfine coupling of about
16 - 20 kHz. The mean nuclear dipolar coupling be-
tween all protons was equal to 1.7 kHz (considering a
20 M proton concentration). The two electrons used in
the model have geometries and interactions similar to
the biradical TOTAPOL [50, 52, 54]. The system’s {bi-
radical+nuclei} orientation with respect to the mag-
netic field has been averaged using 144 ZCW crystal
orientations, and to account for the electron Ty the Hy-
brid approach has been used. The nuclear 75" is only
added to account for the the spin diffusion. In all the
simulations, 75" was set to 10 ms and it’s worth not-
ing that an increase up to 200 ms did not significantly
change the results.

IIT. ON THE ACCURACY OF THE NEW
CODE COMPARED TO FULL LIOUVILLE
SIMULATIONS

A. Comparison between Liouville, LZ and the
Hybrid approaches

To assess the relevance of the approximations pre-
sented above, the full Liouville, Hybrid and LZ meth-
ods were compared in the 3 spin case. The spin sys-
tem was built around a TOTAPOL-like geometry, and
the calculations performed using standard spin relax-
ation properties along with powder averaging over 144
ZCW orientations. The temperature was fixed at 100
K (defining the thermal equilibrium), By = 9.394 T,
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10

Wuw/2m = 263.45 GHz, and wy/2m = 0.85 MHz, and
except where otherwise specified the MAS frequency
was wy /27 = 8 kHz.

ep at steady-state has been calculated as a function
of the MAS frequency. Several electron dipolar cou-
pling strength were tested for all three methods.
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FIG. 4. (Three spins (e-e-n) simulations) (a) MAS depen-
dence of ep for full Liouville calculations (full lines) and the
Hybrid model (dashed lines) after powder averaging, (b) for
full Liouville calculations (full lines) and LZ model (dashed
lines) after powder averaging, computed for different dipo-
lar interaction strength: Dg /27 = 12 MHz (black circles),
Dg /2w = 23 MHz (blue squares), D,,5/2m = 50 MHz (red
diamond). For all the simulations, 7f = 0.3 ms, 11" = 4
S, A1,q/2m = 1.5 MHz and Ty = 1 ps (full Liouville and
Hybrid model), 75 = 0.2 ms (full Liouville model).

In figure 4 (a) and (b), solid lines are the complete
Liouville calculations, dashed lines are respectively the
Hybrid method in (a), and LZ method in (b). In the
full Liouville model e increases as the MAS frequency
is increased up to 2-3 kHz, then after a maximum, eg
decreases highlighting a reduction of the DNP mech-
anism efficiency. This loss is more drastic in the case
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of weak dipolar couplings compared to larger ones, a
behavior that was previously explained [54], and could
be summarized as: the MAS frequency is increased,
the dipolar rotor events do not succeed in maintaining
a large polarization difference between the electrons
| P, — Pp|max, leading to lower ep.

The Hybrid method generates almost an identical
outcome as compared to the Liouville one, with a sur-
prisingly good numerical accuracy. Similarly, a good
agreement is achieved using the LZ as it reproduces
well at a high MAS frequency even if it remains a bit off
in the slow MAS regime. For a 3 spin system problem,
the two simplified methods capture the spin physics.
It highlights the accuracy of the methods at a fraction
of the time cost, as simulations are 15 times faster for
the Hybrid, and 20 times for the LZ approach.

B. Accurate DNP field-sweep profile: the bTbK
example

Thanks to the significant time-savings, one can now
easily account for the presence of N spins in the bi-
nitroxides, which induce hyperfine EPR lineshifts. The
resonant frequency of electron ¢ can be written as fol-
lows, assuming that the nuclear state of the N is m; ;
and that the secular hyperfine coupling is AZ{Z:

wi(mr) = giBBy + mi 1Al ..

Note that this approach has already been implemented
by other groups [51, 53, 55] using other numerical codes
with the goal to improve the field-sweep accuracy.

The importance of this feature is illustrated in Fig-
ure 5 for the bTHK biradical case using a three spin sys-
tem. Figure 5 (a) shows the simulated DNP field-sweep
profile in the presence and absence of nitrogen hyper-
fine couplings. Their presences induce clear edges in
the g, part of the profile, as well as a slight decrease of
the positive maximum. In the end, this demonstrates
that this new simulation tool is able to generate a field
sweep profile in excellent agreement with previously
published experimental data.[16]. This is of course of
prerequisite for future work targeting in silico radical
design.

In addition, Figure 5 (b) shows the effect of an in-
crease of the pyw irradiation strength w; on the DNP
field-sweep profile: not only can it change the field-
sweep profile (e.g. features in the negative part of the
field sweep) but it can also increase the enhancement
factor at the optimal field position (about 4.696 T).
Remarkably, the ratio between the positive and nega-
tive part of the spectrum is also w; dependent. Note
that simulations performed with multiple biradicals in
a box gave the same normalized profile (not shown).
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FIG. 5. (Three spins (e-e-n) simulations) Theoretical DNP
Field sweep computed with the bTbK geometry in the three
spin system case. In figure (a), with (red) or without ac-
counting the *N hyperfine couplings. (b) Effect of the
pw irradiation strength on the DNP Field sweep for 4 ir-
radiation strengths (black circles wi/2mr = 0.1 MHz, blue
squares w1 /2w = 0.4 MHz, green down-pointing triangles
w1/2m = 0.7 MHz, red diamonds w1 /27 = 1MHz. For all
the simulations, 7Y = 0.3 ms, T5 = 1 us, 7" = 0.2 s,
A1,q/2m = 1.5 MHz, v,w /27 = 131.725 GHz, v, = 5 kHz
and wi /27 = 0.7 MHz for figure (a) where the pw irradi-
ation strength has been used to obtain a good agreement
with experimental data published in [16].

C. Insight into multiple electron spin effects.

Biradical concentration and T effect: The effect
of the biradical concentration was probed by comput-
ing the polarization gain ep, the depolarization factor
€Depo, and the enhancement factor eon/on following
the methodology described in section II D 3 (see Fig-
ure 6). In all panels, the dotted line represents the
simulations when the intermolecular interactions are
zeroed. As clearly seen from Figure 6, the intermolec-
ular effect is not present for a 1 mM concentration and
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FIG. 6. (Boz model simulation) Effect of the biradical concentration on the polarization gain eg (a and d), depolarization
€Depo (b and e) and epn 0 (¢ and f) as a function of electron relaxation time 77 = 0.1 ms (blue squares), 0.3 ms (green up-
pointing triangles), 0.5 ms (red down pointing triangles), and 1 ms (purple diamonds). In all cases, T5 = 1 us, A1,./27 = 1.5
MHz, wyw /27 = 263.45 GHz, By = 9.394 T, v, = 8 kHz and wy /27 = 0.7 MHz. For top part figures (a-c) 77* = 0.1 s, and for
bottom part figures (d-f) 77° = 4 s. Simulations were performed by averaging 12 randomly distributed boxes containing 40
biradicals orientations (picked up among 144 ZCW crystal orientations), and dmin = 2 nm. Dashed and solid lines represent

respectively the isolated and interacting biradical case.

gradually increases with the biradical concentration.
Figure 6 (a) and (d) show that the polarization gain
ep decreases with the concentration and that this ef-
fect is more pronounced for longer nuclear 77" (0.1 ver-
sus 4 s) and electronic (0.1 up to 1 ms) TF relaxation
times. Similarly epepo (Figure 6 (b) and (e)) decreases
(which means a greater depolarization effect) with in-
creased concentrations and/or longer electron TF. At
this point it is worth noting that intermolecular ef-
fects can account for up to a factor 4 difference in
terms of epcpo between isolated and coupled 3 spin sys-
tems at large biradical concentrations (> 10 mM). The
presence of additional intermolecular electron-electron
dipolar rotor events leads to a MAS-induced spectral
diffusion, a mechanism that tends to equilibrate the
electron polarization through the EPR line [53]. Such
an effect is stronger at large electron concentration
and for long 7T7. Even with a simple “TOTAPOL-
like” 3 spin system where only one nucleus collects the
electron spin polarization difference, the MAS-induced
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spectral diffusion clearly affects the electron polariza-
tion difference at steady state leading to a reduced hy-
perpolarization (i.e. smaller eg) and a stronger depo-
larization effect (i.e. smaller epepo) [50, 53, 54]. Note
that a longer 77" for the local nuclei leads to a higher
ep and lower epepo in general.

On the contrary, the enhancement factor eon /o
commonly used, quoted, and relied upon in DNP stud-
ies has a very different behavior with respect to the
electron concentration as can be seen in Figure 6 (c)
and (f), and depends strongly on 77" values. With the
geometry and parameters considered here, €g, /0 de-
creases with concentration for short 77" (0.1 s) while
it increases for longer values (4 s). Overall, the inter-
molecular couplings have a less pronounced effect on
€on/of than on ep factors which highlights once more
the limits of relying only on the former when compar-
ing biradical efficiency or optimizing biradical geome-
try. Also, the bias introduced when using €, o0f is
illustrated by the fact that values larger than the ratio
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of electron versus proton gyromagnetic ratio (~660)
were easily computed with this reduced 3 spin system.

All in all, these simulations indicate the interest of
using rather low biradical concentrations (<10 mM)
and relatively long electron relaxation times (up to
T¢ < 0.5 ms). At this point, it is important to note
that the results discussed here were obtained for a
given biradical geometry (close to TOTAPOL) and a
selected set of nuclear/electron relaxation times, and
neglecting the role of the bulk nuclei. We believe that
such simulations give a good qualitative picture of the
CE MAS-DNP mechanism but that different results
could be obtained with other input parameters, and
when the bulk nuclei are taken into account the be-
havior of the concentration may be changed.

Main magnetic field dependency Figure 7 presents
similar simulations as in Figure 6 but exploring the ef-
fect of the magnetic field (corresponding to 200 to 800
MHz 'H Larmor frequencies) on the CE MAS-DNP
efficiency. The spin system is the same as in the previ-
ous section and the biradical concentration fixed to 15
mM. Overall the polarization gain e (panels (a) and
(d)) decreases with increasing magnetic field and this
effect is more pronounced for short nuclear relaxation
times (0.1 versus 4 s). In-line with the previous sec-
tion, we observe that the polarization gain €p is hardly
affected by the presence of MAS induced spectral dif-
fusion at short electron relaxation times 77 = 0.1 ms
(blue squares) but strongly decreased at longer times
(Tf > 0.3 ms). For instance, for Tf = 1 ms, ep is
reduced from 380 to 200 when taking into account
intermolecular interactions (15 mM concentration) at
By = 4.7 T. Figure 7 also illustrates that long 77 are
especially preferred at high magnetic fields (> 15 - 20
T) but not necessarily for lower field studies. Once
more these simulations illustrate the importance of re-
lying on the polarization gain ¢g and not the eon/of
enhancement factor since they clearly give two different
qualitative pictures: longer T always provide higher
€on/of values whereas the situation is more complex
in terms of real polarization gain. Notably, long T (1
ms) at low field yield a lower polarization gain. The
discrepancy between ep and €, 0 can be explained
by looking at the depolarization factor epepo. It is
worth noting that a significant part of the depolariza-
tion comes from intermolecular effect and that this con-
tribution gets smaller at higher fields. This is actually
consistent with recent experimental findings[50]. The
depolarization effect (intra and intermolecular contri-
bution) is larger at low magnetic fields and/or for long
Ty values.

The theoretical results presented here are inline with
the trends previously observed experimentally and the-
oretically for €on /0, €Depos and ep [50, 54]. We must
of course emphasize that the results presented here
were obtained for 40 biradicals with a TOTAPOL-like
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geometry in a box with a set of interaction and relax-
ation parameters. Therefore these results should not
straightforwardly be compared with experimental ob-
servations from samples that contain different types of
biradicals and differ in their nuclear conformations.

D. Accounting for multiple nuclear spins

In this section we investigate the polarization of a
large set of protons in a two-electron system as de-
scribed in section II D 2. The spin system considered
in this section consists of isolated biradicals coupled
to a set of 400 protons. These protons are divided in
Local(or ENDOR) protons directly coupled to the elec-
trons and bulk protons coupled to the Local ENDOR
protons that exchange their polarization via spin diffu-
sion. A key feature of the model is that one can easily
introduce non-uniform nuclear relaxation times among
the local protons in order to account for the fact that
they are not all located at the same distance from the
electrons. More precisely the model presented below
assumes that the electron spin-flips induce through the
pseudo-secular hyperfine coupling (Ain) a field fluc-
tuation at the proton position that leads to a nuclear
relaxation mechanism [69] given by 77"

1
o JAEP(S(S + 1))
17 '

.
1+ w2r?

where 7 is an electron spin-flip correlation time that
can be close to either 77 or T5 depending on the con-
centration [69]. The nuclear relaxation is then propor-
tional to the square of the hyperfine coupling (77"
|Aa.n|72 o< r9). Nonetheless, the biradicals are not the
only source of relaxation. Indeed, in an undoped frozen
solution the relaxation time has still a finite value (of
30 - 80 s [19, 30, 50]), which originates from other
relaxation mechanisms such as proton-proton dipolar
relaxation or dissolved paramagnetic oxygen. It is rea-
sonable to assume that these additional mechanisms
are responsible for the relaxation of the bulk nuclei,
while the local protons relax under the influence of the
biradicals. The nuclear relaxation rates can then be
written as the sum of the two contributions

1 1 1

R +
n n n
Tl Tl,a—n Tl,Bulk

As the exact values are not known, we assumed that
the relaxation time of nucleus ¢ is given by

1 1 (A1) 1
o (5) +m 20)
Tl,i T1,1 Aa,i Tl,Bulk

where T7'; is the relaxation time of the closest nuclei
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FIG. 7. (Boz model simulation) Dependence of the polarization gain ep (a and d), depolarization €epepo (b and e) and
€onsog (¢ and f) as a function of the main magnetic field and electron relaxation time , 7Y = 0.1 ms (blue squares), 0.3 ms
(green up-pointing triangles), 0.5 ms (red down pointing triangles), and 1 ms (purple diamonds). The biradical structure
used corresponds to TOTAPOL, T5 = 1 us, A1,4/27 = 1.5 MHz, w,w /27 = 263.45 GHz, By = 9.394 T, v, = 8 kHz and
w1/2m = 0.7 MHz. Top figures (a-c) 71 = 0.1 s, and bottom figures (d-f) 77" = 4 s. Simulations with the Hybrid approach
have been performed by averaging 10 randomly distributed boxes containing 40 biradicals orientations (picked up among 144
ZCW crystal orientations) with a concentration of 15 mM, and dmin = 2 nm. Dotted and solid lines represent respectively

the isolated and interacting biradical case.

and T7'g ) the bulk nuclear relaxation times. This ar-
bitrary choice allows to have a continuous set of 77"
that that can reach very short values. The calcula-
tion presented in Figure 8 was performed with a spin
system made of N; = 60 local nuclei spread over a
4 layers cone. Details about the spin system and the
calculation can be found in section II D 2. The typical
simulation time required for a single orientation and
400 nuclei (60 local, 340 bulk) is about 200 s, about 20
times faster than a full Liouville calculation with only
3 nuclear spins. The simulated build-up times 75 were
obtained after fitting the average build-up curve of the
bulk nuclei with a single exponential.

Effect of the nuclear dipolar rotor events: absence of
a spin diffusion barrier Figure 8 presents the polar-
ization build-up eg(t) of the local nuclei in the absence
(a) and presence (b) of the nuclear-dipolar couplings.
The spin system is described in section II D. 2. In
Figure 8 (a), the build-ups can be classified into four

groups, each of them corresponding to one of the four
layers of local nuclei. The two closest nuclei (black
and blue curves) have a fast build up and reach signif-
icant polarization while the other nuclei tend to have
a slower build-up time and reach a lower polarization
gain. The mean polarization build-up is represented by
the thick blue line. It corresponds to a stretched ex-
ponential shape and only reaches up to a polarization
gain of 5. Note that in this simulation, bulk protons
were not considered. In Figure 8 (b), only 3 build-
ups can be observed: the two closest nuclei can still
be differentiated ((black and blue lines) in terms of
€p, whereas the rest of the local nuclei now have the
same polarization build-up. The first two nuclei reach
a higher polarization compared to the other local nu-
clei, and have a build-up that is bi-exponential, with
a fast and a much slower component. The other local
nuclei have a common build-up time equal to the slow
component of the first two nuclei.
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FIG. 8. (Bulk model simulation) Polarization build-up ep
for local nuclei without (a), and (b) with nuclear-dipolar
rotor events (i.e. nuclear spin-diffusion). Black curve cor-
responds to the first proton, blue curve to the second pro-
ton, and the following to the other shells. In (a), the
thick blue curve represents the mean polarization build-
up. Simulation performed for TOTAPOL geometry with
wi/2m = 0.85 MHz, T¥ = 0.3 ms, T5 = 1 pus, A1,./27 =3
MHz, wyw/2m = 263.45 GHz, By = 9.394 T, v, = 8 kHz.
In (a), the bulk relaxation time was T7'g, = 10 s, the
closest proton relaxation time was 77'; = 0.15 s.

When the nuclear-nuclear dipolar couplings are ab-
sent, Figure 8 (a) shows that the polarization among
the nuclei presents a steep gradient, that the mean
polarization only reaches a small value, and that long-
distant nuclei are hardly polarized. In addition, the
mean polarization curve does not appear to be a simple
exponential similar to what is observed in certain DNP
experiments where spin diffusion is inefficient [77-79].
In contrast, in presence of nuclear-dipolar rotor events,
even inefficient ones, the polarization is homogeneous
amongst the nuclei. The polarization of the two closest
nuclei is heavily reduced and tends to be much closer
to the polarization of the rest of the local nuclei. The
mean polarization is higher than in Figure 8 (a). The
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fact, however, that the proton polarization tends to be
equalized highlights the lack of a “spin diffusion bar-
rier”. Figure 8 (b) indicates that the first and second
nuclei layers, are the polarization “feeding source” of
all nuclei as the mean polarization of the local nu-
clei is higher in case (b) than in (a). The presence
of nuclear spin diffusion (via the nuclear dipolar rotor
events) allows more than just averaging the polariza-
tion, it allows the high polarization to flow from the
very close protons to the distant ones. This confirms
preliminary simulations [54] and reveals that even the
very close protons (those on the biradical) can be ac-
tive members of the DNP process. Note that this last
observation can be inferred from experimental results
on deuterated biradicals [45, 47, 48], but was lacking
theoretical support up to now. It is also interesting to
note that increasing the number of protons to more re-
alistic values allows predicting polarization gains and
build-up times much closer to the experimental values.

Effect of the T{"y and 17" g, The impact of the nu-
clear relaxation times on the mean e and mean polar-
ization time Ty was probed. The evolution is plotted in
Figure 9 (a) for different 77"} and in Figure 9 (b) for dif-
ferent T7'g . In (a) T7'g,y is constant, 77", is varied
and the relaxation times of local nuclei obey Equation
20. ep is larger with increased relaxation time T7';.
Remarkably it appears that the polarization time Tg
and the final enhancement ep vary linearly. This is
represented in the insert of Figure 9 (a) (black curve).
A similar behavior is observed in Figure 9 (b) where
T7'; was kept constant while 7'y, is varied. Here as
well, when the bulk relaxation g7ets longer the build up
times also become longer and the polarizations reach
higher values. On the range tested, the relationship
between ep and Tp seems to obey a very similar law
(see blue curve in the insert of figure (a)). This linear
behavior is also observed for larger electron-electron
dipolar interactions (See SI section C.).

In conclusion we observe that for a given geometry
(electrons and protons) the DNP efficiency, i.e. the
polarization gain and the polarization buildup time,
is directly influenced by the local protons’ relaxation
properties as long as the bulk proton T7* (obtained in
absence of radicals) is longer than the build-up times
Ts.

Effect of the number of nuclei Figure 10 reports
the effect of the number of bulk protons Ny on the
DNP efficiency (polarization gain g and build-up time
Tg). When Np,x increases, the build-up time gets
longer while the polarization gain ep is decreased. This
observation (that can be intuitively assessed) is valid
for the two T7'g, . values tested here (60 and 5 s) and
more pronounced for the shorter T g value.

Effect of the electron-electron dipolar and hyper-
fine interaction The electron-electron dipolar cou-
pling D, and the external magnetic field were var-
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FIG. 9. (Bulk model simulation) (a) Effect of 77’ on the
polarization gain ep (black curve, left axis) and build-up
time Tp (black dashed curve, right axis). (b) Effect of
T{'guy on the polarization gain ep (blue curve, left axis)
and build-up time Tgu (blue dotted curve, right axis) Cal-
culations were performed with the spin system described in
section II D 2 using a “TOTAPOL-like” geometry and the
following input parameters: wy /27 = 0.85 MHz, 77 = 0.3
ms, Ty =1 us, A1,q/2m = 3 MHz, wyw /27 = 263.45 GHz,
By =9.394 T, v, = 8 kHz. In (a), the bulk relaxation time
was T1'gx = 60 s, while in (b) 77'; = 0.1 s. Insert in (a)
represents eg as a function of Ty in both cases.

ied and the simulations are reported in Figure 11. As
in the 3 spins system case, the increase in the mag-
netic field leads to a significant decrease of the po-
larization gain ep while increasing the build-up times
Tg. The calculations are inline with experimental ob-
servations reported for the two water soluble biradi-
cals TOTAPOL and AMUPol [21, 50]. The polariza-
tion build-up times increase with the magnetic field for
both biradicals, whereas the higher dipolar coupling in
AMUPol explains why it polarizes better and faster
than TOTAPOL.
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FIG. 10. (Bulk model simulation) Effect of the number of
bulk nuclei Nguik on the final e (black curve, right axis)
and build-up time Tg (black dashed curve, right axis) for
T{'gux = 60 s, and ep (red curve, left axis) and build-
up time Ty (red dashed curve, right axis) for T{'g = 5
s. Simulations performed for TOTAPOL geometry with
w1/2m = 0.85 MHz, Tf = 0.3 ms, T5 = 1 us, A1,./27 =3
MHz, Wy /27 = 263.45 GHz, Bo = 9.394 T, v, = 8 kHz,
the closest proton relaxation time was 77'; = 0.1 s.

Figure 12 shows the dependence of both the polariza-
tion gain e and the build-up time 7 when varying the
hyperfine couplings to the local protons. In the sim-
ulation presented here, all the protons are moved to-
gether as a whole and the effect on the DNP efficiency
is plotted against the hyperfine coupling to the closest
proton. Note that for each cases, all hyperfine cou-
plings and 77"; relaxation times are changed according
to their distance to electron a and the formulae given
in equation 20 respectively. Figure 12 presents two sets
of curves for which77'; = 0.1 or 0.5 s respectively for
a hyperfine coupling of A, 1/2m = 3 MHz. A stronger
hyperfine coupling generates a higher polarization gain
and a faster build-up time. As discussed in a previous
paragraph, longer nuclear relaxation times of the clos-
est protons 77"y induces larger polarization gain and
longer build-up time. It is interesting to note that a
given polarization gain can be reached either with a
small hyperfine coupling and a long nuclear relaxation
time T7'; of the closest nuclei or with a stronger hy-
perfine and a shorter nuclear relaxation time. It is also
worth noting that reasonably short build-up times are
only obtained when the strongest hyperfine coupling
are of the order of 1 MHz. This again supports the
strong role of nearby nuclei in the MAS-DNP process.
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IV. CONCLUSION AND PERSPECTIVES

In this work, we introduce a new model to com-
pute efficiently Cross-Effect and Solid-Effect MAS-
DNP mechanisms with the aim to build a predictive
tool that can be used not only to understand polariza-
tion transfer mechanisms but also to design efficient
polarizing agents in the future. The formalism is a
combination of Bloch-type derivations and Landau-
Zener approximations and is in excellent agreement
with full Liouville calculations. Overall, we provide
simulations of the DNP efficiency, in terms of polariza-
tion gains ep and “enhancement factors” ep, o but
also build-up times, for various key parameters. As
demonstrated in this work, and thanks to the signif-
icant time-savings afforded by the approach, one can
easily scan through multiple parameters and disentan-
gle their mutual influences. In addition, the simula-
tion code is able to handle multiple electrons and pro-
tons, which allows probing electron concentration ef-
fects as well as fully revealing the interplay between
nuclear dipolar couplings, hyperfine couplings, nuclear
relaxation times, and the important role of the nearby
nuclei. It was possible to easily account for the N
hyperfine couplings so as to provide bTHK field-sweep

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

17

profiles in very good agreement with experiments. Fi-
nally simulations performed with multiple nuclei re-
vealed the impact of the close nuclei on the DNP pro-
cess, and also allowed discussing the absence of spin-
diffusion barrier, and the difference between the appar-
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FIG. 12. (Bulk model simulation) Effect of the hyperfine
coupling to the closest nuclei on the mean ep (full curve,
left axis) and build-up time T (dashed curve, right axis),
for two different cases, for which the closest nuclear relax-
ation time was first calibrated to T7'; = 0.1 s (black) and
0.5 s (red) for Aq;1/2m = 3 MHz. The simulations were
performed for a TOTAPOL geometry with wq /27 = 0.85
MHz, Tf = 0.3 ms, 15 = 1 us, wuw/2m = 263.45 GHz,
Bo =9.394 T, v, = 8 kHz, and, the bulk relaxation times
was T{'gu = 60 s. Details can be found in the text.

ent DNP buildup time T and the local/Bulk nuclear
relaxation times..
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