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Observation of strongly forbidden solid effect dynamic nuclear polarization
transitions via electron-electron double resonance detected NMR
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We present electron paramagnetic resonance experiments for which solid effect dynamic nuclear
polarization transitions were observed indirectly via polarization loss on the electron. This use of in-
direct observation allows characterization of the dynamic nuclear polarization (DNP) process close
to the electron. Frequency profiles of the electron-detected solid effect obtained using trityl radical
showed intense saturation of the electron at the usual solid effect condition, which involves a sin-
gle electron and nucleus. However, higher order solid effect transitions involving two, three, or four
nuclei were also observed with surprising intensity, although these transitions did not lead to bulk
nuclear polarization—suggesting that higher order transitions are important primarily in the transfer
of polarization to nuclei nearby the electron. Similar results were obtained for the SA-BDPA radical
where strong electron-nuclear couplings produced splittings in the spectrum of the indirectly ob-
served solid effect conditions. Observation of high order solid effect transitions supports recent stud-
ies of the solid effect, and suggests that a multi-spin solid effect mechanism may play a major role in

polarization transfer via DNP. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4832323]

. INTRODUCTION

Dynamic nuclear polarization (DNP) is a method of sig-
nal enhancement in nuclear magnetic resonance (NMR) ex-
periments which involves the transfer of the large electron
polarization to the nuclear spin system.'-? In recent years, the
state of the art of DNP experiments has improved dramati-
cally with the introduction of many new radicals*!' and im-
proved technique and instrumentation.'>'® Because NMR is
an inherently insensitive technique, DNP allows prohibitively
long experiments to become feasible. There are a variety of
recent applications of DNP including biological studies,'”>?
surface studies,? and dynamics studies?*%5 which would not
otherwise be possible.

Aside from pulsed-DNP, microwave-driven DNP mech-
anisms in the solid-state can be categorized into three mech-
anisms, depending on the relative sizes of the homogenous
linewidth (§), the inhomogeneous linewidth (A), and the nu-
clear Larmor frequency (wq;): The solid effect (SE) is a
two-spin mechanism where microwave irradiation simultane-
ously flips an electron and nucleus, and is dominant when
wor > 8,A.2%?" The cross effect (CE) is a three-spin mech-
anism, for which microwave irradiation saturates one elec-
tron, and then a three-spin electron-electron-nuclear transi-
tion polarizes the nucleus. CE is dominant when § < wq;
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< A2 Thermal mixing is a multi-electron process simi-
lar to CE which results in a nuclear spin flip and is dominant
when wg; < §,A.31733

Continued advancement of DNP requires a better under-
standing of the transfer mechanisms, and recently there has
been a renewed effort to better characterize the SE. In the
case of an electron-nuclear pair, it is straightforward to ob-
tain the transition probability and matching condition of the
SE. The latter is given by Awgs = £wq;, where Awgs is the
offset of the microwave frequency from the electron Larmor
frequency.** 3> However, the multiple-spin mechanism is far
more complicated, because of higher order spin interactions
that are accessible in strongly coupled systems, and because
of the role that spin-diffusion plays in transporting polariza-
tion from an electron to the bulk nuclei that are observed
in NMR. Hovav et al. described a variety of simulations of
the SE that highlight the complicated nature of the match-
ing condition.’® They also discuss the role that higher order
interactions play in the polarization of bulk nuclei for larger
spin systems.?” We have also been working to elucidate de-
tails of the SE mechanism for multiple spins via experimen-
tal methods. Recent experiments were performed on static
samples for which nuclear polarization buildup rates and en-
hancements were measured. We explained our results with a
model in which nuclei near an electron compete with bulk
nuclei for polarization, and therefore deplete the final bulk
polarization.38 More recently, we showed that our model is
consistent with results obtained for samples in magic angle
spinning (MAS) experiments.>

In this paper, we focus on the SE DNP mechanism,
which we observe indirectly via loss of electron polarization.
The advantage of this indirect observation is that it provides
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insight into the DNP processes occurring near the electron,
rather than only seeing the results of DNP on the bulk nu-
clear polarization. Our experiments utilize trityl radical and
a water-soluble BDPA (SA-BDPA),” and are performed at
5T (140 GHz EPR, 211 MHz 'H frequency).*’ We irradiate
the sample with a swept microwave frequency, followed by
detection of the electron polarization via a Hahn echo. Schos-
seler et al. originally introduced a very similar sequence, in
order to record broad hyperfine lines, free of distortion,*' and
the approach has recently seen application in studies of wa-
ter binding in Photosystem II,** being a useful alternative to
ENDOR experiments.*>*} In our case, however, we use the
sequence to characterize the SE DNP mechanism. In our ex-
periments, rather than only observing a decrease in the elec-
tron polarization at the SE matching condition, as one might
expect from basic SE theory and other recent results,* we
observe polarization depletion at the SE matching condition
and additionally at Awgs = £nwq;, where n = 2, 3, 4, which
correspond to higher-order SE conditions. These results are
compared to the enhancement of bulk nuclear polarization,
observed via NMR, where enhancement is only seen for n
= 1. We also see that the SE matching condition is split into
many peaks by hyperfine coupling to nearby protons when us-
ing SA-BDPA, which has many protons strongly coupled to
the electron.

Il. THEORY

In order to gain insight into the SE mechanism, we start
by considering the Hamiltonian of a system of many nuclei in
the rotating frame of the microwave field,

H=H;+H;s+H;;+Hy

H; = AwosS; — ZCUOI,j[jZ
j
Hys = Z(AjSZIjZ—i-BjSzljx+CjSszy) M

J
Hip =) 1Dl
Jok>j
H M = Wi SSx~
H, contains the Zeeman interactions where Awys is the mi-
crowave frequency offset and the wyy,; are the nuclear Zee-

man frequencies. Hjg is the electron-nuclear coupling where
A, B;, and C; are the couplings in the z, x, and y directions.

Hj; is the nuclear-nuclear coupling where D .k 1s the nuclear-
nuclear coupling tensor. Finally, Hy, is the microwave field
where wy is its field strength. It is straightforward to diago-
nalize H,; 4+ Hjs, by first rotating each nucleus about the z-axis
by an angle x; using the unitary operator U, (H; is invariant
to this rotation so we only show Hjs), which leads to

Uy = [ explix;1;:]
J

tanszCj/Bj (2)

UyHisUp' = Y (A;8.05: + (B2 + C3)'25.1,.).
j
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We define B} = (BJZ + C?)l/ 2 for convenience, and complete
the diagonalization of H, + Hjs by repeating the steps given
by Hu et al.® for each nucleus, resulting in

Uy = [ [ expli(ra.; — 1p.)S: 1y
J

+ 5 + 1p.)1jy]

B*
tanng, ; = —————, 3)
’ Aj — 26001,]
B*
tan nﬁj = SR
’ Aj + 20)01’1'

Uy(Hz + Hi)U; ' = AwosS: + Y (=dorj1j: + A;S.1;z).
J

We have introduced additional terms to simplify the resulting
Hamiltonian, which are given by

@o1,; = $wor,j(COS 1, j + COS g, ;)
— %Aj(cos Na,j — COSTg ;)

—%B;‘(sin Na,j — SiNNg, ;)

“4)

2
|

= —woy,j(COS Ny, j — COSNg,j)
+ %Aj(cos N, j + COSNp, ;)

+ %B;’f(sin Ne,j + sinng, ;).

We focus on the effects that the partial diagonalization
has on H)j, since application of U, and U, to Hj is very
involved but does not contribute as much insight. Defining
1n; = (Na,j — Np,;)/2 for convenience, we obtain

U,UyHy U U,

Sy [Tcosn; —ZZS},IJ-), sinnjl_[cosm
J .
J

I#]
= w1s
+2ZZSXID'II<>' sinn; sin ng l_[ cosn —...
jok>j I#].k
= w15S(k) [ [ (cosn; —il}ysinn)), (5)
j

where the sin n; are typically small and cosn; ~ 1. The sec-
ond form of (5) uses S(k); S(k) is evaluated by first expanding
the product, then for terms containing an even number of [;,
operators, S(k) = S, and for terms containing an odd number
of I, operators, S(k) = —iS,.*°
Examining (5), we see that the first term drives off res-
onant saturation of the electron. The next term drives the
usual SE transition, and all other terms drive higher order
SE transitions. In this case, the intensities of higher order
transitions are a product of several sinz;. Since the n;, nz,
. are small, the probability of these transitions becomes
rapidly smaller as the number of nuclear spins increases.
The matching condition of a specific transition (ignoring
Hj;), for which the electron and nuclear spins j, k, ... are
flipped, and nuclear spins p, g, ... are not flipped is given
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by
1Sa/81j.aspliasp - Ipasplyarp---)

Apasplyarp---)
+ Awos = (F@or,j £ @orx £...)+ 5(FA, £ A, +..),

(6)

where «/f indicates that a spin is in the spin-up or spin-down
state, and the sign on a term corresponding to the jth, kth, pth,
or gth nucleus depends on its initial state. The matching con-
dition reduces to Awps = £nwy when the electron-nuclear
coupling of the fixed spins is neglected. However, if there is
a strong electron-nuclear coupling to some of the fixed spins,
then this coupling cannot be ignored. We do not explicitly
calculate U, U, H; U, v !> but note that the nuclear-nuclear
couplings in Hy, when tilted by U,, will lead to an indirect
coupling of the electron to the nuclei, and will therefore con-
tribute to the SE mechanism. In our experiments, we observe
higher order transitions- transitions involving two or more
nuclei- and see that the intensity of these transitions is much
higher than predicted by (5). Therefore, the nuclear-nuclear
couplings must contribute to the mixing that leads to the DNP
enhancement, since the electron-nuclear coupling cannot ac-
count for the transition intensity alone.

= 1Sg/adjpralicpra - -

lll. RESULTS AND DISCUSSION

We have performed -electron-detected SE-DNP ex-
periments on a 140 GHz pulsed-EPR/DNP system de-
scribed recently*” utilizing a fundamental mode TEq,; coiled
resonator.*’ In each experiment, the variable frequency
electron-electron double resonance (ELDOR) channel of the
EPR bridge was used to apply continuous-wave microwave
irradiation to the sample. After a period of irradiation and a
short delay (10-20 us to eliminate any electron coherence),
the on-resonant polarization was measured using a Hahn
echo, as shown in Figure 1(a). Experiments were performed
with samples using 40 mM radical concentration, correspond-
ing to typical concentrations used in DNP experiments.

(@) e” (swept)

w2 &

e (on resonance)

(b) T 8 Trityl (OX063)
HOH,C ><S S_ CH,OH
HOH,C s S CH2OH(SO3Na)n
COO'Na*
SA-BDPA
(SOaNa)
(SOsNa

FIG. 1. (a) Pulse sequence for the electron-detected SE. (b) Structures of
trityl (OX063) and SA-BDPA radicals used for SE experiments.
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FIG. 2. Frequency sweep of the electron-detected solid effect of 40 mM trityl
in 60:25:15 (v/v/v) BC-glyerol:D,0:H,0 at 80 K. The power dependence
of SE is shown for 5 ms of microwave irradiation. Electron polarization was
measured near the center of the trityl EPR spectrum (4993.6 mT). Microwave
field strengths are given in the figure below each frequency sweep, and have
been determined for Awgs = 0.

Figure 2 shows the results of irradiating the sample at
various frequencies, using three different microwave field
strengths (yB; = 2.5, 1.7, 1.2 MHz). As expected, the elec-
tron polarization is depleted when irradiating on resonance
with the EPR spectrum, and when the microwave frequency
is offset by 212 MHz, corresponding to the SE condition
(Awgs = Lwor). However, polarization depletion is also ob-
served at Awgs = £nwy;, where n = 2, 3, 4. Unfortunately,
the high quality factor (Q) of the cavity, which allows for effi-
cient solid effect also leads to a narrow frequency bandwidth
of the cavity—hence attenuation of some of the transitions on
the high-frequency side of the spectrum.

Observation of transitions for n > 1 is not entirely un-
expected: Higher order terms in (5) suggest that higher order
transitions should exist. Also, the n = 2 transition was ob-
served via '"H NMR by de Boer, although the relative inten-
sity was far lower than observed here.*®*° In fact, the intensi-
ties observed here are far higher than one should expect. The
strongest e-'H dipole coupling is not expected to be more than
several MHz,”" so even the n = 2 intensity should be at most
a few percent of the n = 1 intensity, based on (5). One should
note, though, that (5) does not take account of the contribu-
tion of nuclear-nuclear couplings. Therefore, strong nuclear
mixing contributes to the observation of intense, higher order
contributions. Also, note that the relative intensities of the var-
ious SE transitions remain similar in the three experiments in
Figure 2. This is consistent with (5), where all SE transition
amplitudes are linear to the microwave field strength (wg).
One expects the degree of electron saturation for the SE to be
proportional to the square of the transition amplitude when
the relaxation rate constant is significantly larger than the
transition amplitude, and the electron does not become fully
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saturated. One can see in Figure 2 that the electron is not fully
saturated. Because the electron T, ~ 1 ,us,‘“’ the decay rate of
the electron coherence is on the order of the microwave field
strength (several MHz). However, for n = 1-4 transitions, the
decay rate is much larger than the transition amplitude, due to
scaling of these transitions by the nuclear Larmor frequency.
We see then that the presence of higher order SE transitions is
not a result of higher order dependence on the microwave field
strength, but results from a strong network of electron-nuclear
and nuclear-nuclear couplings. We further note that the obser-
vation of higher order transitions for n = 2, 3, 4 indicates that
it is possible that similar high order transitions contribute to
DNP at the usual, n = 1, condition. For example, if three nu-
clei and one electron begin in the state |S,/; oIi, o1;, g), then all
spins can be inverted, yielding the final state |Sgl; gl pl; o),
and having a transition frequency of Aws ~ wy, ;, according
to (6). Thus, this would be observed at the n = 1 condition,
although the transition itself involves three nuclear spins. We
believe this type of mechanism can play a major role in polar-
izing nuclei that are strongly coupled to the electron.

In Figure 3, we show similar experimental results, using a
slightly different sample and different microwave tuning con-
ditions. In this case, we vary the duration of the microwave ir-
radiation and are able to observe the equilibration of the elec-
tron polarization during the SE. As one might expect, electron
polarization is destroyed almost immediately when applying a
microwave field on-resonance with the EPR spectrum. How-
ever, when the microwave frequency is set to a SE condition,
one can see the polarization is depleted more slowly since in

' ' ' '

-400 -200 0 200 400
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FIG. 3. Frequency sweep of the electron-detected SE of 40 mM trityl in
60:25:15 (v/v/v) BC-glycerol:D,0:H,0 at 80 K. The duration of the mi-
crowave irradiation was varied for the four sweeps. The microwave field
strength was ~2.5 MHz at Awgs = 0.
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FIG. 4. (a) SE-DNP frequency profile observed after 10 s microwave irra-
diation via NMR cross polarization from 'H to '3C. (b) NMR spectra at the
SE-DNP conditions Awgs = —wqor and Awgs = +2wqy, also observed via
CP, where no significant enhancement can be seen for Awos = £2wo;. The
microwave field strength is ~2.5 MHz.

this case the transition moments are much smaller as given
in (5). The additional peak at Awys = +240 MHz is an ar-
tifact of the EPR system. It is not saturation due to SE, as
can be seen by the different rate of buildup from the peak at
AL()QS = +210 MHz.

One may note that we have used '3C labeled glycerol in
our experiments. This was done so that one could observe nu-
clear polarization via a '"H-'3C cross polarization experiment,
as shown in Figure 4. Direct observation of 'H polarization
can be difficult due to a large "H background, whereas '3C
does not suffer from background signal. It might be expected
to see peaks in Figures 2 and 3 resulting from polarization
transfer to '3C. However, one should note that coupling to '3C
is smaller than to 'H, both due to the smaller '*C gyromag-
netic ratio, and also because some 'H are part of the radical
molecule, whereas the radical is not 1*C labeled, so that most
13C nuclei will be further away. Furthermore, peaks arising
from couplings to '3C for the n = 1 condition will be overlap-
ping the peak resulting from direct saturation of the radical.

In Figure 4(a), we show a frequency profile for which
we observe the 'H polarization resulting from SE, rather than
observing the electron polarization. An NMR cross polar-
ization experiment was used to transfer 'H polarization to
13C, after 10 s of microwave irradiation. As expected, we
see DNP enhancements at the usual SE matching condition,
Awos = Lwy;. In light of our electron-detected SE results, one
might expect to also see enhancements at Awgs = Fnwy; (for
n = 2, 3, 4). However, this was not the case. In Figure 4(b),
the microwave frequency was set to meet the condition Awgg
= +2wo and also the microwave cavity was retuned to
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obtain maximum microwave field strength. Whereas at the
n = —1 condition, one sees an enhancement of 70, no sig-
nificant enhancement is observed at the n = &2 conditions.

The absence of bulk nuclear enhancement at the n = £2
SE conditions, despite a significant polarization loss observed
on the electron, is consistent with our recent model of electron
to bulk polarization transfer.*® In our model, we proposed that
electron polarization was transferred directly to both nearby
and bulk nuclei. However, the polarization transfer to nearby
nuclei is not subsequently transferred via spin-diffusion to
the bulk, but rather fast nuclear spin-lattice relaxation near
the electron destroys this polarization. As a result, the nearby
nuclei deplete the amount of polarization available for direct
electron-nuclear transfer to the bulk nuclei. The results shown
here for the n = +2 SE condition suggest that polarization
loss observed on the electron is primarily a result of transfer
of polarization to nearby nuclei, since the 7, are largest for
these nuclei, making the transfer more likely. However, be-
cause these nuclei do not efficiently transfer polarization to
the bulk, a large loss of polarization is observed on the elec-
tron without a significant gain of bulk nuclear polarization.
One also should note that direct observation of polarization
on these nearby nuclei is difficult, because of their proximity
to the electron that can result in very broad linewidths, and
that there are only a few nuclei that are considered nearby to
the electron, whereas there are many nuclei in the bulk. There-
fore, without transfer of polarization between nuclei near the
electron and the bulk nuclei, we would not expect to observe
an NMR signal, even if nuclei near the electron are highly
polarized.

In Figure 5, we illustrate the electron-detected SE exper-
iment for the SA-BDPA radical, with a 10 us irradiation time.
For this frequency sweep, we see the transitions for n = 1, 2.
In contrast to trityl, we see a large number of individual peaks
around each transition. In contrast to trityl, for which there
are very few protons near the radical center, the SA-BDPA
molecule has 14—17 protons with large hyperfine couplings.’
Hovav et al. predict the splitting of the DNP matching condi-
tion due to the electron-nuclear couplings of nearby nuclei,*®
as do we in (6). When comparing the trityl and SA-BDPA fre-

-400 -200 0 200 400

Aw, /21t (MHZ)

FIG. 5. Frequency sweep of the electron-detected solid effect of 40 mM SA-
BDPA in 60:40 (v/v) 3C-glyerol:D,0 at 80 K. Microwave irradiation is ap-
plied for 10 us, followed by polarization detection at the center of the SA-
BDPA spectrum (4995.05 mT). The microwave field strength was ~2.5 MHz
at Awps = 0.
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quency sweeps, we see that this effect is clearly demonstrated
here. Also, we note that one would not normally be able to re-
solve this splitting when observing SE via NMR detection; the
many different orientations of the radical, each with a slightly
different Larmor frequency, will broaden the condition and
cover the splitting. However, due to the orientation-selective
nature of the Hahn echo in high field EPR, we are able to
observe the splitting.

IV. CONCLUSIONS

We have shown via electron-detected SE experiments
that it is possible to observe depletion of polarization of the
electron spin via the SE mechanism. This occurs both for the
expected n = 1 transition, but also for n = 2, 3, 4. Obser-
vation of these higher order transitions is thought to be a re-
sult of both strong electron-nuclear and nuclear-nuclear cou-
plings. Despite the fact that electron saturation occurs for the
n = 32 condition, bulk nuclear polarization is not observed
at this condition. This is consistent with the polarization of
nuclei that are nearby to the electron. We predicted, in our
recent model of the solid effect, that nuclei near the electron
do not transmit polarization to the bulk. The current result,
therefore, adds further supporting evidence for this model of
polarization transfer, and suggests that complex, higher order
transitions may further accelerate the transfer of polarization
to these nearby nuclei, but not to bulk nuclei. The result also
suggests that it should be possible to improve SE DNP con-
ditions via local reduction of 'H polarization near the elec-
tron, while maintaining higher concentration throughout the
sample.
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