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Time-optimized pulsed dynamic nuclear polarization
Kong Ooi Tan’, Chen Yang', Ralph T. Weber?, Guinevere Mathies'*, Robert G. Griffin'"

Pulsed dynamic nuclear polarization (DNP) techniques can accomplish electron-nuclear polarization transfer
efficiently with an enhancement factor that is independent of the Zeeman field. However, they often require
large Rabi frequencies and, therefore, high-power microwave irradiation. Here, we propose a new low-power
DNP sequence for static samples that is composed of a train of microwave pulses of length 7, spaced with
delays d. A particularly robust DNP condition using a period t,,, = 7, + d set to ~1.25 times the Larmor period
TLarmor IS iNvestigated which is a time-optimized pulsed DNP sequence (TOP-DNP). At 0.35 T, we obtained an
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enhancement of ~200 using TOP-DNP compared to ~172 with nuclear spin orientation via electron spin locking
(NOVEL), a commonly used pulsed DNP sequence, while using only ~7% microwave power required for NOVEL.
Experimental data and simulations at higher fields suggest a field-independent enhancement factor, as pre-

dicted by the effective Hamiltonian.

INTRODUCTION

Dynamic nuclear polarization (DNP) (1, 2) is a powerful technique
used to enhance the sensitivity of nuclear magnetic resonance (NMR)
spectroscopy by transferring the high polarization of unpaired elec-
trons to the nuclear spins of interest. The maximum enhancement
factor is determined by the ratio of the electron to nuclear gyromag-
netic ratios, which, for protons, is y/Y1; ~ 658. DNP experiments are
typically performed by dispersing stable free radicals in a glassy matrix
containing the sample of interest and by applying microwave ir-
radiation at or near the electron Larmor frequency to mediate the po-
larization transfer. Over the past two decades, this technique, together
with refinements in methods and instrumentation, has improved sub-
stantially particularly in magic angle spinning (MAS) NMR experi-
ments conducted at high fields (>5 T) (3). However, essentially all
current high-field DNP experiments use continuous-wave (CW) ir-
radiation that exploits DNP mechanisms such as solid effect (SE),
cross effect, or Overhauser effect (4-8). These DNP techniques have
successfully enabled many new structural studies in both materials
and biological science that were previously impossible, for instance,
diamond nitrogen vacancy centers (9), membrane proteins (10, 11),
amyloid fibrils (12, 13), and porous materials (14). However, the CW
techniques have been predicted and demonstrated experimentally to
yield a lower enhancement at higher fields. Accordingly, pulsed DNP
techniques were proposed as promising and robust approaches to
increasing sensitivity because the enhancement factor is theoretically
field independent (15, 16). Another advantage of using pulsed DNP
methods is that the experiments can potentially be performed at higher
temperatures for specific systems, rather than at cryogenic tempera-
tures (<100 K), because the polarization transfer mechanism is not a
saturation-based or CW technique. For instance, it was demonstrated
experimentally that NOVEL (nuclear spin orientation via electron
spin locking) was able to transfer polarization efficiently at room tem-
perature (15, 17). Despite a lower Boltzmann population, this could be
an important advantage in situations where there is significant line
broadening at lower temperatures.
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Nevertheless, a concurrent disadvantage of the existing repertoire
of pulsed DNP methods is that they often necessitate high micro-
wave Rabi frequencies. For example, NOVEL (15, 18, 19) requires
that the electron Rabi frequency, w;s, matches the nuclear Larmor
frequency oy (0,5 = ;) for optimal polarization transfer. This mo-
tivated us to search for different strategies to circumvent the direct
dependence on the magnitude of the Rabi frequency, and we de-
scribed two low-power alternatives, off-resonance NOVEL (20) and
frequency-swept integrated SE (21, 22). Both approaches yielded
significant enhancements using only a fraction of microwave power
required by NOVEL. In addition, a different pulsed DNP mechanism
exploiting both electron paramagnetic resonance (EPR) and NMR ex-
citation pulses combined with specific relaxation pathways was dem-
onstrated on a special system of the endohedral fullerene, N@C60,
although direct detection of the NMR signal was not reported (23).
In this contribution, we demonstrate an alternate low-power approach
where the DNP matching condition is predominantly determined by
the strategic timing of the microwave pulses, rather than the Rabi fields.
The experiment is inspired by the theory of dipolar recoupling experi-
ments in MAS NMR.

In contemporary MAS NMR experiments, anisotropic interactions
like dipolar couplings are attenuated by MAS yielding high-resolution
spectra but are reintroduced during mixing periods to mediate polarization
transfer. The reintroduction of dipolar couplings is known generically as
recoupling (24, 25), and they are often performed using rotor-synchronized
pulse sequences such as radio frequency driven recoupling (RFDR)
(26). In the case of DNP NMR, the pseudosecular hyperfine interaction
is modulated by the larger nuclear Zeeman interaction in a mathemat-
ically similar way to the averaging of anisotropic interactions by MAS.
Thus, we anticipate that the pseudosecular term can be recoupled to
polarize the nuclei via microwave pulses time-synchronized with or
close to the Larmor period. This is in analogy to rotor-synchronized se-
quences in MAS NMR. We show that by choosing the pulse length 1,
and delay d (Fig. 1) in a microwave pulse train strategically (27), i.e.,
satisfying the hyperfine recoupling condition (vide infra), an efficient
and broad-banded DNP field profile can be achieved. In particular, we
achieve enhancements ~15% larger than NOVEL but with only ~7% of
the microwave power. Simulations performed for two cases at @y /21 =
800 MHz suggest that efficient DNP can be performed at similarly
modest Rabi frequencies. Accordingly, we denote such a sequence as
TOP-DNP (time-optimized pulsed DNP).
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Fig. 1. Schematic diagram of a TOP-DNP sequence performed at 0.35 T. The
TOP-DNP pulse sequence is composed of a train of m microwave pulses of a
length 1, separated by a delay d in between the pulses, in static (nonspinning)
samples. The sequence is repeated h times with a repetition time tge,, to build up
bulk "H polarization. The sequence becomes pulsed SE if d = 0.

Theory

We will show that the effective Hamiltonian of TOP-DNP can be
derived analytically using Floquet theory (28-33). Let us consider a
two-spin e -'H system with the general Hamiltonian in the electron
rotating frame given by

H(t) = QS — woil; + AS.I, + BS.I, + ws(t)Sx (1)

The symbols A and B are the secular and nonsecular part of the hyper-
fine interaction, and the microwave Rabi field is wg(f) = m;5 during the
pulse 7, or wg(#) = 0 during the delay d (Fig. 1). Next, an interaction-frame
transformation is performed to obtain

H(t) = U, ()0 HUaU () — (5. + o5(t)S, — oul.)
=3S.(1) (AI + B(I ccos(mgit) + 1 ysin(wort))) (2)

where U, () = Texp(—if'(QsS, + os(t1)Sy)dt), Un(t) = exp(ioortl,),
T is the Dyson time-ordering operator, and
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Note that the time-dependent Hamiltonian 7 (¢) in the interac-
tion frame (Eqs. 2 and 3) is modulated by the three characteristic
frequencies (29, 30) involved in TOP-DNP, namely, the nuclear Larmor
frequency wyy, the modulation frequency ®,, = 21/1,,, and the effective
field wegr (29, 30). The modulation frequency is determined by the
cycle time 1, = 7, + d at which the sequence is repeated, and it is
a fundamental parameter in designing pulse sequences for MAS
NMR experiments. For instance, the value of 1, is often chosen to
be a multiple integer of the rotor period for a recoupling experiment,
i.e., rotor-synchronized sequences. The effective field e = Pege/ Ty 1S
defined as the net rotation angle B¢ over the cycle time t,,, of a pe-
riodic sequence. The notion of an effective or net rotation angle B is
an essential element in designing multiple-pulse sequences, and a
feature that was exploited in a similar context when composite pulses
were first introduced (34). A famous example includes the composite
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pulse (90,180,90,) that generates an effective Beg = m pulse. If the
composite pulse, or, in general, any multiple-pulse sequence, were to
repeat itself periodically with a cycle time 1,,,, then the Hamiltonian will
be modulated by a frequency of @ = Bef/Tr,. Thus, the composite ro-
tation induced by the pulse and a delay in TOP-DNP was determined
using quaternions (35), and we obtained

Oer = 2c0s” ' (cos(Qsd/2)cos(w,T,/2) —

c0sBsin(Qsd /2)sin( 0,7 /2)) /T (4)

where @, = /o152 + Qg? and 6 = tan™ ' (w,5/Qs) (see the Supplemen-
tary Materials for derivation). Note that the effective field w.g has an
indirect dependence on the Rabi w;s and offset Qg5 = w, — @, frequen-
cies. This could be advantageous because it relieves the critical
dependence of the transfer efficiency on the Rabi frequency across
the sample or pulse imperfections, as anticipated from the concept of
composite pulse. Note that the sequence reduces to the SE (0.4 = ®,) in
the special case of d = 0.

The effect of the characteristic frequencies ®,, and ®s in the
interaction-frame Hamiltonian and information are embedded in
the Fourier coefficients a(k‘l (Eq. 3), which are complex numbers
bounded by |an1 |<1. They can be interpreted as the scaling factors
(29, 30, 36) that dictate the performance of a particular TOP-DNP
sequence. For instance, a large scaling factor that scales the polariza-
tion transfer terms gvide infra) is desirable for robust performance.
The coefficients a, "’ were calculated numerically by Fourier-
transforming the interaction-frame trajectory of the S,(t) term
(Eq. 3), ie., a&k ) = [La,(t)e *keomte~lowtds, The integration limits
in a Fourier transform are, by definition, from —oo to co. However, this
is not computationally practical, and we have chosen a value for time T,
such that it is longer than both 2n/w.g and 21/®,,, to ensure the con-
vergence on the value of a; . Alternatively, the coefficients can be
determined efficiently using a more advanced method introduced re-
cently (31). The analytical description of the interaction-frame
transformation and the calculation of the Fourier coefficients (Eq. 3)
were performed in Mathematica (Wolfram Research) and MATLAB,
respectively.

By combining Egs. 2 and 3, we can rewrite H (t) as a Fourier series
with three characteristic frequencies

. 1 1

7:l Z z Z H (nk1) ginout yikont yilodt (5)

nf—lk_—ool_—l
with the Fourier components 7 **!) given by

A(ai D8, + a4 o )SZ)L

6)
(#Lkl) B . A A I (
== (98, + a3, + a3, ) (17il,)

1
. Last, the, ﬁrst order effective Hamiltonian, given by H( )

H (000 4 57 (kD can be determined if the matching conditions
are fulfilled

nor + kom + log =0 (7)

20of 7



SCIENCE ADVANCES | RESEARCH ARTICLE

where # and [ are integer numbers running from -1 to 1 and k is an
integer. The absolute values of both n and [ are limited to 1 because we
consider only one proton in the system. In principle, they can be
larger integers when more nuclei are involved and higher-order terms
can appear. An alternate interpretation of the DNP matching condi-
tion (Eq. 7) is when the sum or difference of the time ratio T,/ armon
with the effective rotation B./2m, is equal to an integer number &, ie.,
Ton/TLarmor £ Pe/2T = k. Again, the idea of matching the rotations in-
duced by the microwave irradiation, the periodicity of the pulses, and
the Larmor interaction to transfer polarization condition is anticipated
from the recoupling experiments in MAS NMR. We will focus on
(LD (Eq 6) because H %) commutes with the nuclear I, terms
and thus cannot mediate polarization transfer. Numerical simulations
werg performed (results not shown) to ensure that the presence of A
in H %9 js insignificant and can be safely neglected.

There are, in principle, many ways of choosing the frequencies woy,
O and o to satisfy the hyperfine recoupling conditions (Eq. 7).
Nevertheless, we will focus on the matching condition @, + g =
®op, Which results in the effective Hamiltonian given by

Fron g 2B geing gy

s

aT ST 4240 IS ) Fce (8)

and another matching condition 2w, —
Hamiltonian

W = Wop With effective

o]

(120 | gy (121 Z(a(_*“)g I+
a&—zfl)gﬁ'ji + Za‘(zfzﬁl)szji) + c.c. (9)

The symbol c.c. stands for complex con)ugate § =38, +iS y are the
ladder operators, and a®) = 4V 5 ialtD. The operators 3 1,81,
and S, 1" are double- -quantum (DQ) zero-quantum (ZQ), and single-
quantum (SQ) terms, respectively. The DQ and ZQ terms are respon-
sible for mediating positive and negative polarization transfer, respectively,
while the SQ terms could interfere with the transfer term if their mag-
nitudes become comparable to the DQ/ZQ terms. In an ideal situ-
ation, a purely ZQ or DQ effective Hamiltonian is desired for an
efficient polarization transfer. Thus, the difference between ZQ and
DQ contributions, i.e., the magnitudes of a_ and a, coefficients in
the effective Hamiltonian (Eq. 8), is computed to gauge the performance
of TOP-DNP (vide infra).

RESULTS

Experimental and numerical results at 0.35 T

An EPR spectrum of trityl and DNP field profiles for pulsed SE (20) and
NOVEL are shown in Fig. 2A. We obtained a maximum enhancement
of € ~ 172 at the NOVEL condition, ®,s/(27) ~ 15 MHz (see the Sup-
plementary Materials), and we recorded € ~ 150 and —170 at the SE
condition, Q * ®y;. Following that, we transformed the pulsed SE
sequence into the TOP-DNP sequence by interleaving the microwave
pulses of length 1, with delays of duration d. We found a robust DNP
condition using the parameters T/ Trarmor ~ 1.25 with 1, = 28 ns and
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Fig. 2. EPR spectrum, field profiles of various DNP experiments, and
calculated characteristic frequencies of TOP-DNP at 0.35 T. DNP enhance-
ments of (A) pulsed SE and NOVEL, (B) TOP-DNP, and (C) the matching conditions
as a function of Q = ©g por — ®e. In (C), the matching conditions are fulfilled at the
intersections between g, (blue) and o, + e (red) or 2o, — wes (black), which
can then be compared to the experimental (Expt)/simulated (Sim) results (B) via
the vertical dashed lines. The values of the scaling factors kpq — Kzq (Square markers
of respective colors) are shown on the right y axis.

d = 56 ns, which then yields a field profile (Fig. 2B) that is notably dif-
ferent from the one obtained with the SE. One can see that the TOP-
DNP field profile has multiple DQ and ZQ DNP conditions spanning
a very broad range of frequencies, i.e., at Q ~ + 0.25 mqy, + oy, and + 2wy
Using a Rabi frequency of @,¢/(2w) = 4 MHz at Q/(2r) ~ 29 MHz, we
observed a maximum enhancement of ~200, which is higher than
€ ~ 172 from NOVEL. The lower enhancement in NOVEL is likely
because it is more susceptible to resonance mismatch, which explains
superior improvement in adiabatic NOVEL (37).

In addition, we performed numerical simulations using a custom
simulation package in MATLAB (The MathWorks) to substantiate
the experimental results. We performed the simulations on a three-spin
¢ -'H-"H system. We found that the major features observed in the
experimental data, i.e., the positions and the intensities of the DNP
minima/maxima, are well reproduced in the numerical simulation
on a three-spin system. Initial simulations using idealized parameters
without relaxation yielded high enhancement factors that were larger
than the experimental results. This is because each radical is, in reality,
surrounded by many solvent protons. We have therefore incorporated
a relaxation mechanism by introducing relaxation superoperators
(38, 39) in the Liouville space into the simulation package. We have
adapted the values for the relaxation parameters, number of loops m,
and h, so that the simulated enhancement resembles a more realistic
value of ~200. The details of the simulation package and the values of
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the parameters used for the experimental and simulated data are shown
in Table 1.

In addition, we also calculated the characteristic frequencies o, +
Oefr = Wor and 20, — W = Wop (Egs. 4 and 7) to verify the DNP
matching conditions observed in Fig. 2B. One can see that all the
DNP conditions observed have been predicted accurately by the the-
oretical calculations (Fig. 2C). Nevertheless, satisfying the matching
conditions does not dictate the signs and efficiencies of the DNP en-
hancements. Thus, the difference between the ZQ and DQ contribu-
tions Kpq — kzq = |a%P| — |a(k'l)| (Egs. 8 and 9) is computed to

DQ ZQ +
dictate the sign and performance of the polarization transfer. One
can infer from the resulting plot (Fig. 2C) that the scaling factor
Kpq — Kzq is large and negative at Q/(2n) ~ 27 MHz, leading to a
ZQ transfer with a strong negative enhancement. The converse is al-
so true; i.e.,, a small positive value of kpq — kzq at /(2w) ~ 9 MHz
predicts a weak positive enhancement. It also follows that the absence
of DNP enhancement at /(2r) = +21 MHz can be explained by realiz-

ing that the ZQ and DQ terms have almost equal sizes and thus canceled
each other’s contributions, despite the fulfillment of the matching
conditions. Most features observed in the simulated field profiles, for
instance, the positions, relative magnitude, and signs of the DNP
conditions, are well predicted by the theoretical evaluation of the
resonance conditions (Eq. 7) and the Fourier coefficients (Egs. 8 and
9). On the other hand, the maximum scaling factor of TOP-DNP at this
experimental condition (~0.02) is low by comparison to NOVEL's.
Hence, we anticipate that TOP-DNP will have a longer buildup time
and therefore be more susceptible to lower T, relative to NOVEL. We
have measured the enhancement buildup curve (Fig. 3) as a function of
mixing time T,,; by incrementing the loop m (Fig. 1). The single expo-
nential fit yields a time constant of Ty,,;, ~ 2.5 us, which is longer than the
~300 ns reported for NOVEL in the literature (19). Nevertheless, the bulk
polarization time T;pnp is found to be ~8.4 s (Fig. 3B) compared to ~8 s
for NOVEL (19). For practical DNP NMR experiments, the recycle delay
is set to ~1.3 Typnp for optimal sensitivity, while the mixing time T, is

Table 1. Values of the parameters used for both the experimental and simulated results.

SE-DNP TOP-DNP TOP-DNP TOP-DNP 2D TOP-DNP TOP-DNP
(experimental; (experimental; (simulated; (experimental; (experimental; (experimental; (simulated;
Fig. 2A) Fig. 2B) Fig. 2B) Fig. 3) Fig. 4) Fig. 5A) Fig. 5B)
®s/(2m) 4 4 4 4 2 20 50*
(MH2) 200"

B, field (T)

*Performed at 18.8 T and tgep, = 100 ps on BDPA with isotropic hyperfine couplings of 5.3 and 5.6 MHz and g values of [2.0032, 2.0033, 2.0034] to mimic a

Gaussian EPR line.

tPerformed at 18.8 T and trep, = 100 us on trityl with literature g values of [2.00258, 2.00319, 2.00319] and with isotropic hyperfine couplings set to 0.

$Performed using Tpep = 130 ps.
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Fig. 3. Experimental buildup curves of TOP-DNP at 0.35 T. The buildup curves show the enhancement factor as a function of (A) the mixing time 1, by incrementing
the loop m, which spans a period of 1, + d = 84 ns, while keeping the time tpnp constant at ~8 s and (B) time tpnp by incrementing the loop h (Fig. 1) while keeping the time
Tmix CONstant at ~9.7 us. The fitted single exponential curves (blue) yield time constants of (A) Timix ~ 2.5 us and (B) tipnp ~ 84 s.
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relevant only if the microwave amplifier has a limited operational duty
cycle. Thus, we have demonstrated that the relatively low scaling factor
of TOP-DNP has negligible influence on the performance of DNP
NMR experiments.

To investigate the dependence of the matching conditions on the pre-
cise settings of the pulse width 1, and delay d, we performed a pseudo-
two-dimensional (2D) experiment to measure the DNP enhancement as
afunction of 7, and d at a fixed offset €2. The contour plot (Fig. 4) shows a
narrow diagonal band of positive enhancement along the predicted con-
dition @, — e = g and another broader diagonal band of negative
enhancement at ®,,, + W = Wor. The experimental results show that
the matching condition is sensitive to the cycle time 1, = 1, + d, much
like the importance of ensuring rf pulses are synchronized with the rotor
period during the recoupling sequences in MAS NMR experiments.

Experimental and numerical results at 1.2 and 18.8 T
It was shown that the effective Hamiltonians (Egs. 8 and 9) do not have
an explicit dependence on the static magnetic field By, as expected from

60
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-20
-40
-60

10 20 30 40 50 60 70
d (ns)

Fig. 4. A contour plot showing 2D optimization of the TOP-DNP enhance-
ment factor against pulse length 7, and delay d at 0.35 T. The experimental
data were acquired using a Rabi frequency of w;s/(2n) = 2 MHz at a fixed offset of
Q/(21) = 4 MHz, an optimum condition from the field profile (not shown). The
matching conditions ®p, + wess = Wg (red) and o, — we = wg (black) are indicated
with straight lines.
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the first-order recoupling sequence in MAS NMR. This opens the
potential to theoretically attain large enhancement factors at higher
fields, provided the timing of the microwave pulses and sufficiently
high microwave power are feasible. Thus, we have investigated the
sequence using the current state-of-the-art microwave amplifiers at
~1.2 T/34 GHz/51 MHz, which shows that an absolute enhancement
of ~188 (Fig. 5A) was obtained using a Rabi frequency of w;5/(2n) =
20 MHz, 1, = 10 ns, and d = 14 ns. The experimental result shows that a
similar enhancement factor can be achieved upon repeating the TOP-
DNP experiment at 1.2 T, which is a factor of ~3.5 times the magnetic
field used in a previously shown experiment (Fig. 2A). This is a clear
indication for a proof of principle that it is very likely that TOP-DNP
will be as efficient at higher fields, as predicted theoretically.

Since the microwave technology to perform such an experiment at
higher fields is under development (40, 41), we performed a numerical
simulation at 18.8 T using the matching condition T,,,/Tiarmor ~ 1.2 (T, =
0.7 and d = 0.8 ns), as anticipated from scaling the parameters in our
current experiment (t,,, = 84 ns at 0.35 T). The simulated field profile for
trityl using w;¢/2m = 200 MHz (Fig. 5B) yields an enhancement of ~200,
which again demonstrates a field-invariant enhancement factor. In ad-
dition, we show that similar enhancement can be achieved on BDPA
(1,3-bisdiphenylene-2-phenylallyl) using a lower Rabi field [@;s/(27) =
50 MHz] because the radical is homogeneously broadened by 'H hyper-
fine couplings and hence yields a narrower linewidth than trityl at high
fields. The details of the parameters used for the numerical simulations
are tabulated in Table 1. We note that these predicted power levels
amount to <7% of that required to meet the NOVEL condition. Thus,
TOP-DNP or a related sequence may well be the method of choice for
DNP at very high fields.

DISCUSSION

Inspired by recoupling sequences in MAS NMR, we proposed and
examined a new hyperfine recoupling sequence, referred to as TOP-
DNP, that is composed of a train of microwave pulses of a judiciously
chosen width separated by delays. When the linear combination of the

B 200

150}
100}

50}
N

50+

-100} . .
Simulation

at18.8 T
200 _—
-2000 -1500 ~1000 -500 0 500 1000 1500 2000

Q/2n (MHz)

-150t

Fig. 5. TOP-DNP field profiles at 1.2 T (experimental) and 18.8 T (simulated). (A) The experiment was performed at ~1.2 T (Q-band) using a Rabi frequency of w,s/
(2m) = 20 MHz, 1, = 10 ns, and d = 14 ns. Note that the sign of enhancement appeared to be inverted compared to other field profiles because the data were acquired
by varying the magnetic field B, while keeping the microwave frequency constant. (B) The simulated field profile at 18.8 T was performed using 1, = 0.7 ns and d = 0.8 ns on
trityl and BDPA with ®;s/(2r) = 200 and 50 MHz, respectively. Further details are tabulated in Table 1.
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Fig. 6. Schematic diagram of the TOP-DNP experiment.

characteristic frequencies (0, and w.g) governed by the microwave
pulse train matches the nuclei Larmor frequency (see Fig. 6), it results
in the electron spin evolving with Fourier components at the nuclear Lar-
mor frequency. This TOP-DNP effect then mediates transfer of polariza-
tion to the nuclei. The resulting field profile is multibanded and spans 4g;
with a maximum 'H enhancement of ~200 compared to & ~ 172 for
NOVEL at X-band frequencies. Moreover, a Rabi frequency of 4 MHz
used in TOP-DNP represents ~7% of the microwave power needed
for the case of NOVEL (~15 MHz at 0.35 T). This shows the utility of
TOP-DNP over NOVEL at higher fields or microwave frequency,
where high-power microwave sources are not readily available. Futher-
more, numerical simulations and analytical theory are in good agree-
ment with the experimental data. Last, experimental data at 1.2 T and
numerical results at 18.8 T have confirmed that the enhancement of
TOP-DNP is field independent, i.e., a promising candidate for DNP ap-
plications at higher fields. One of the issues expected of TOP-DNP at
higher field is that it requires shorter pulse lengths and delays. These are
technically feasible as commercial arbitrary waveform generators (for
instance, M8190A, Keysight Technologies) have a time resolution of
11.1 ps. Moreover, a recent experiment demonstrated the capability
of amplifying (40) ~100-ps pulses using a gyrotron amplifier (41).
Alternatively, the issue can be circumvented using longer a pulse 1,
(or lower ®,,,, which corresponds to a larger integer k in the matching
condition; Eq. 7).

Another feature of the sequence is that its efficiency is primarily
determined by the timing of the pulses and delays rather than the
microwave power. This is advantageous because it is more reliable to con-
trol the timing than the microwave power, which can be inhomogeneous
across the sample. Thus, we have demonstrated the innovative design of a
pulsed DNP sequence by adopting a similar theoretical treatment in MAS
NMR. We foresee that more advanced sequences involving phase mod-
ulation of microwave pulses can be investigated in future experiments,
either for EPR, hyperfine recoupling (DNP), or decoupling (42).

MATERIALS AND METHODS

Experimental design at 0.35 T

We performed the experiments at 0.35 T/9.8 GHz/15 MHz on a sample
of ~5 mM trityl OX063 in a mixture of ds-glycerol/D,0/H,0 (6:3:1 by
volume), i.e., “DNP juice”, at 80 K. All field profiles except NOVEL were
obtained by varying the ELDOR (electron-electron double resonance)
frequencies while keeping the magnetic field constant. The EPR
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spectrum was obtained by using spin echo detected spectra in a field-
swept experiment at @,,,,/21 = 9.771 GHz. The presaturation of the 'H
channel (Fig. 1) was implemented before the DNP sequence to suppress
the remaining NMR polarization. This is achieved using eight 30° pulses
spaced by a delay (tgepay) of 100 ps. An echo of the 'H signal was gen-
erated using solid echo with tsg = 20 us, so that the signal remains de-
tectable beyond the receiver dead time and avoids the distortion by the
ringdown in the probe. The 'H spectrum at thermal equilibrium was
measured with 1120 scans with a recycle delay of ~3T},, = 39 s. In this
contribution, we define the enhancement factor as the signal measured
scaled with the fully relaxed 'H signal without microwave irradiation,
calculated from the measured signal at ~3T7,,.

Experimental design at 1.2 T

We repeated the experiment at 1.2 T (Q-band) and at 80 K using the
same sample, i.e., 5 mM trityl OX063 in “DNP juice”, but loaded in a
CFQ EPR tube with an outer diameter of 1.6 mm (Wilmad-LabGlass).
The NMR acquisition was performed using a standard Bruker
AVANCE 1I console with a 300-W rf amplifier connected to ENDOR
probe model number Bruker EN5170-D2 via a Bruker H132224 tuning
and matching circuit. In contrast to the NMR acquisition regime used at
0.35 T, we used spin echo (/2 — T — 1t — T — echo) with a delay of 40 us,
and n/2 and 7 pulse lengths of 4 and 8 us, respectively, to attenuate the
large 'H background signal present in the probe. The residual 'H con-
tribution present in the DNP experiment was removed by taking a
difference spectrum with and without a loaded sample tube. The relaxa-
tion times T}, of the 'H background and sample signals are ~1 and 40 s,
respectively. Note that a relatively small loop number of m = 400 was
used in TOP-DNP (Fig. 5A) due to a limitation of the EPR hardware.
Consequently, a short repetition time (Tgep)= of 130 s was used to ex-
ploit the full duty cycle (~10%) of the 150 W microwave traveling-wave
tube amplifier model Bruker E5805830.

Computational method

The DNP numerical simulations were performed in a Liouville space
with powder orientations chosen using the Zaremba-Conroy-Cheng
scheme (43). A point-dipole model was used to model both electron-
nuclei dipolar couplings with a distance of 4.3 A, and the isotropic hy-
perfine interaction was not considered, i.e., a;, = 0. We used a set of g
values = [2.0046, 2.0038, 2.0030] to mimic the EPR Gaussian signal in
Fig. 2A. The Euler angles in the principal axis system for the g tensor and
the hyperfine interactions for e — n; and e — n, are set to be (0°, 40°, 0°),
(0°, 0° 0°), and (30°, 90° 70°), respectively. The relaxation mechanism
was modeled using relaxation superoperators or double commutators
I = Yy—xy.z Ky [SX[SX, o] (38), where ¢ is the density operator and k,
incorporates the details of the relaxation constants. The double
commutator mimics the isotropic uncorrelated fluctuation of the local
magnetic field that induces relaxations on the spin system. We used re-
laxation times of Ty =1 ms, To. =5 usand Ty, =13 s, T>,, = 1 ms for the
electron and "H nuclei, respectively. The details of the numerical
simulation package will be discussed in a future publication.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/1/eaav6909/DC1

Section S1. Determining the effective field wes with quaternions

Section S2. Experimental details of NOVEL

Fig. S1. Experimentally measured enhancements of the NOVEL sequence as a function of the
Rabi frequency at 0.35 T.
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