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We propose a new mechanism for dynamic nuclear polarization that is different from the well-known
Overhauser effect, solid effect, cross effect and thermal mixing processes. In particular, we discovered
that the evolution of the density matrix with the simple Hamiltonian of a coupled electron-nuclear spin
pair with weak microwave irradiation yields a nuclear polarization enhancement when irradiating near
the electron Larmor frequency. We denote the mechanism as Resonant Mixing (RM). We believe that this
mechanism is responsible for the observed dispersive shaped DNP field profile for trityl samples near the
electron paramagnetic resonance center. This new effect is due to mixing of states by the microwave field
together with the electron-nuclear coupling, and involves the same interactions as the SE. However, the
SE is optimal when the microwave field is off-resonance, whereas RM is optimal when the microwave

field is on-resonance.
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Dynamic nuclear polarization (DNP) is used to enhance the
polarization of nuclear spins by transferring polarization
from unpaired electrons via microwave irradiation 1.
Accordingly, in the last two decades high frequency DNP has
evolved as one of the most powerful and widely applicable
techniques to mitigate the chronic issue of sensitivity in
nuclear magnetic resonance (NMR) spectroscopy % 3. In
particular, in the recent past microwave driven DNP has been
successfully applied to protein structural studies *+11, to a
variety of problems in materials science %14, and to
applications of magnetic resonance imaging (MRI) using
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dissolution-DNP 15 16, Descriptions of the theoretical
background of DNP can be found in review articles and one
monograph?3.17-22,

The collection of the four fundamental mechanisms used
in continuous wave (CW) DNP experiments are the
Overhauser effect (OE), the solid effect (SE), the cross effect
(CE) and thermal mixing (TM). The conventional wisdom
states that the OE and the nuclear Overhauser effect (NOE)
require rapid motion that governs the relaxation of the
electron or nuclear spins and are typically observed in
conducting solids (metals and low dimensional conductors)
and liquids, respectively. In the case of OE DNP using
electrons, near on resonance irradiation yields a symmetric
absorptive DNP Zeeman field profile centered about the
electron paramagnetic resonance (EPR) line. In contrast, the
SE, CE and TM do not require dynamic spins and are
observed in insulating solids and yield asymmetric Zeeman
profiles. The SE dominates with narrow line polarizing
agents (PA) and off-resonance irradiation excites the
forbidden DNP transitions at w, + w,,. The CE and TM rely
on the three spin couplings and yield dispersive field profiles
whose shape depends on the details of the EPR spectrum.

In this paper we consider insulating solids immersed in a
strong magnetic field and doped with a PA whose EPR
linewidth, Awos/2m, is much narrower than the nuclear
magnetic resonance (NMR) Larmor frequency, woi/2m. In this



case, the CE is attenuated because it requires pairs of
electron spins, such that their EPR Larmor frequencies,
wos/2m differ by the NMR frequency. Furthermore, TM is
present when the EPR spectrum is strongly homogeneously
broadened, for example, when the PA is small, so the
interaction between pairs is large, and the nuclear Larmor
frequency low. Finally, when the zero quantum (ZQ) and
double quantum (DQ) cross relaxation rates are different, the
Overhauser effect yields a symmetric Zeeman profile
centered about the electron Larmor frequency 23-27,

However, about a decade ago % 28.29 and more recently in
high field DNP experiments using trityl radicals, a dispersive
DNP field profile was observed, 30-32, which is difficult to
explain as TM. We believe this is because the trityl molecules
are bulky, and the interaction between pairs cannot be much
larger than about 50 MHz 33 34 Furthermore, in the
Supporting Information (SI) we calculate the dipole sum for
the case that generates the maximum possible electron spin
frequency shift in a cluster and the electron frequency shift
should be well below 600 MHz where we have performed
experiments.
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FIG. 1: DNP field profile for a 80mM Trityl-0X063 in
deDMSO0:D20:H20 (6:3:1) sample at wo/2m = 600MHz,
95K with a 8 kHz spinning rate, irradiated with a
gyrotron. The solid line is the SpinEvolution simulation
using the following parameters: wi/2m = 1.6MHz, Tie =
1ms, T2e = 0.2us and the cross relaxation times Tiz
=0.99975 ms, Tipg= 1ms, T2z0= T2pg = 0.2us.

In addition, Karabanov, et al. 32 observed a well-resolved
dispersive signal near the EPR center with a trityl
concentration of only 15 mM. This low concentration further
suggests that it is not TM and probably is an effect involving
a single electron spin interacting with surrounding nuclear
spins. Furthermore, the experiments were performed under
experimental conditions where the OE, the SE, and the CE
cannot provide such enhancement.

Finally, in a recent paper3s, we show that even with

aggregation of the trityl radicals the electron-electron
interaction is not strong enough to induce triple spin flip for
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FIG. 2: DNP field profile for a 100 mM Trityl-0X063 in
de-DMS0:D20:H20 (6:3:1) sample at woy/2mr = 380
MHz, 100 K with a 6 kHz spinning rate, irradiated by a
160 mW solid state source. The solid line is the
SpinEvolution simulation using the following
parameters: w1/2m = 0.25 MHz, Tie= 4 ms, T2e= 0.05
us and the cross relaxations T1zo= 1.9995 ms, Tipgp= 2
ms, T2zq9= T2pg=0.05 ys.
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TM and the spin temperature of the 13C is completely
decoupled from H. The spin temperatures of 13C and 'H can
even have different signs with microwave irradiation. This
proves that the electron-electron coupling is not strong
enough to span the nuclear Larmor frequency of 1H at 380
MHz so that H and !3C can reside in the same electron spin
bath.

In this paper we propose a new mechanism, termed
resonant mixing (RM) that explains this dispersive DNP field
profile. We first present experimental results illustrating the
effect, and then outline the basic principles of this
mechanism. We show that it yields a dispersive Zeeman field
profile similar to TM.

In order to verify our theory, we recorded the *H DNP
Zeeman field profile of a 80mM Trityl-0X063 in de-
DMSO0:D20:Hz20 (6:3:1) sample at &/2n = 8 kHz and wor/2m =
600MHz, T=95K using a ~ 17W gyrotron microwave source.
The Zeeman field profile is shown in Figure 1 together with
a simulation performed with SpinEvolution3¢ software. For
simulation, typical Tie and T2e values for samples with such
concentration are used. A small difference between the ZQ
and DQ cross relaxation values are used in order to fit the
slight asymmetry between the positive and negative RM
enhancements. If the ZQ and DQ cross relaxations are the
same, an antisymmetric RM DNP field profile should be
obtained as shown by the dashed line in Figure 4. An even
larger difference between the two cross relaxations would
lead to an Overhauser DNP. We believe that this is presently
the highest field where a distinctive RM profile is observed.
Furthermore, this high nuclear Larmor frequency, quenches
the TM, further confirming our argument that the center DNP
field profile is due to RM rather than TM. The details of the



simulation using the SpinEvolution software are provided in
the SI. In SpinEvolution, the cross relaxation rates are simply
defined as the relaxation of the off-diagonal elements of the
density matrix as in the Solomon equations 37. Furthermore,
if the electron-electron coupling were greater than 600MHz
to allow TM, then TM would be much stronger at low fields,
which is not the case. In addition, in Figure 2 we show a
Zeeman field profile recorded from a sample containing
100mM Trityl-0X063 in ds-DMS0:D20:Hz0 (6:3:1) at w/21=
6 kHz and woi/2m = 380 MHz, 95 K. We used a frequency
swept ~ 160 mW solid state microwave source, and again
observed a moderate enhancement €~ 5 instead of the order
of 100 observed at 20 K 38. This may suggest that the
temperature and relaxation play a significant role in
achieving large enhancements.

Finally, echo detected EPR spectra were recorded with a
140 GHz EPR spectrometer at 80K for an 80mM sample and
compared to results from a lower concentration, 8mM
sample, shown in Figure 3. We observe a small asymmetry

in the lineshape from the g-anisotropy, which should
2.0032—2.0026
contribute about 140GHz * 2 ™~ 40MHz line

width (the g-tensor value is taken from 39). The detected line
width is 45G ~ 120 MHz for both samples. The extra
broadening from 8 to 80mM is ~11 MHz. Thus, the electron-
electron dipolar interaction should be below 100 MHz as
predicted from the size of trityl radicals. Assuming a
homogeneous distribution of radicals in the solvent, we
estimate the distance between the electron spins for the
80mM sample to be 2.7 nm, corresponding to an electron-
electron dipolar interaction of 8 MHz. This confirms the
measured line broadening from 8 to 80mM. Therefore, our
EPR study argues against the proposition of thermal mixing,
as the EPR line width though broadened by the electron-
electron dipolar interaction remains below the nuclear
Larmor frequency. Thus, the fundamental triple spin flip
processes for thermal mixing are attenuated. In going from
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FIG. 3: Echo detected EPR spectra of 8 and 80 mM Trityl

in de-DMSO, D20 and H20 (60:30:10) matrix at 140 GHz

and 80 K.
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140 GHz to 395 GHz, the g-anisotropy of trityl will broaden
the EPR line by another ~60 MHz, while the electron-
electron dipolar interaction is invariant, further attenuating
TM. Additional EPR data at 9 GHz is included in the SI.

In an attempt to understand this dispersive shape of the
DNP field profile, we initially performed simulations using
SpinEvolution3é. The results are presented in Figure 4 for a
system consisting of a single S = 1/2 electron spin interacting
with a single I = 1/2 nuclear spin. In the absence of relaxation,
we observe a weak dispersive DNP enhancement at the EPR
resonance. As the simulation involves a single electron spin
and hence no electron-electron interactions, this
enhancement cannot be ascribed to the CE or TM. In addition,
there is no cross relaxation, thus it cannot be due to the OE.
Finally, this cannot be the SE, which is observed at wos * wor.

To understand its origin, we studied the Hamiltonian of a
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FIG. 4: DNP Zeeman field profile from a SpinEvolution
simulation (black) and an analytical calculation using
(5) (red) for 1 electron spin interacting with 1 nuclear
spin. The red trace is offset from the simulation for
clarity. The following parameters are used, wo/27 = 600
MHz, w1/2m = 0.5 MHz at ¢t = 50 ns (in the order of the
spin coherence time Tzs, see (17)). The dotted line (blue)
shows the SpinEvolution simulation in the case of CW
irradiation using the following relaxation times: Tie= 1
ms, Tze= 0.2 us and the cross relaxations T1zg = Tipg = 1
ms, T2zq = T2pg = 0.2 ps.

coupled electron-nuclear spin pair with microwave
irradiation, which is essential for DNP. Our calculations
reveal a new DNP mechanism, different from the OE, SE, CE
and TM, that has previously been overlooked. We term this
effect Resonant Mixing (RM), since it originates from state
mixing induced by microwave irradiation near the EPR
frequency.

We start by following the treatment for coherent DNP
described in 21 34 40, We consider a system consisting of a
single S = 1/2 electron spin interacting with a single I=1/2
nuclear spin in the presence of a static magnetic and a
microwave field. Per usual, we choose the z-axis of the
laboratory frame of reference along the static magnetic field
and the x-axis along the microwave field. In a frame rotating



with the microwave frequency wmabout the z-axis and with
h =1 the truncated spin Hamiltonian is then

H = (WOS _Wm)Sz + wlSSx - W(]IIZ

+ S.ALL 4+ 1S, (AL + Ayl (1)

The first two terms represent the Zeeman and microwave
Hamiltonians of the electron spin in the rotating frame,
where wys — w,, is the electron resonance offset term and
wisthe electron Rabi frequency. The next term is the nuclear
Zeeman interaction, where wos is the nuclear Larmor
frequency. Finally, the last term is the part of the dipolar
interaction between the electron and nuclear spin, where I+
= Ik = ily. As in the description of nuclear orientation via
electron spin locking (NOVEL) and the integrated solid effect
(ISE) we neglect the S:Az:I: term in the dipolar interaction*!-
43

Our aim is to determine the evolution of the nuclear
polarization, P, (t)

_ 1Tr{p(®)I;}
Pi(8) =7 Tr{p(t)}

after switching on the microwave field, and assuming
initial conditions P/(0) = 0 and the electron polarization,

Pg (1),

(2)

P (t) - _ lTT{p(t)SZ}
S

S Tr{p(t)}
Here p(t) is the density matrix.

In the first step we tilt the frame of reference for the
electron spin by 8 such that tan 8 = w1s/(wos - wm). Thus the
“z-axis of the tilted rotating frame is aligned along the
effective field. Next, we construct the matrix representation
of the Hamiltonian using the basis states,

(3)

|m§7m1> = |+%7*%>7 |4%77%>3 |+%7+%>,|7%7+%>

of the Z-component of § in the tilted rotating frame and the
z-component of [ in the laboratory frame:

Weff + Wor 0 %AZJF cos —L1A, sind

1 0 ~wef +wor —3A._sind —3A., cosf
2 %AZ_ cos) —L1A.. sin0 weg —wor 0

—%AH sinff —5A,_ cosf 0 —Weff — Wo7

(4)

Here wWef = /(Wos —wm)? +wis is the effective
resonance frequency of the electron spin in the tilted
rotating frame.

Next, we ignore the matrix elements 2A,, cos6 that
slightly mix the nuclear spin states, but not the nuclear and
electron spin states, so these terms do not contribute to
polarization transfer between the two spins (see Supporting
Information)4%.42. Thus, the matrix representation reduces to
two independent 2 x 2 sub-matrices—one corresponding to
zero quantum (ZQ) transitions (the central four elements 22,
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23, 32 and 33) and one corresponding to double quantum
(DQ) transitions (the outer four elements 11, 14, 41 and
44)—allowing us to solve the Liouville-von Neumann
equation analytically. The procedure is straightforward, see
for instance the treatment of the solid effect in Wenckebach?!
and similarly for NOVEL and ISE*!43. The ZQ and DQ
transitions give different signs of the polarization transfer.
Accordingly, we subtract the contribution of the ZQ and DQ
transitions and find

P(t) = — Pocosﬂsin29|%z42+|2

1 1
X | = (1 —cosa_t) — — (1 —cosa4t)
E 7

()

for the evolution of the nuclear polarization. Here we define

ay = \/(weff +uwor)? + |1 A. [P sin® 6, )

and Py as the electron polarization.

In the SE and related mechanisms like NOVEL and ISE,
the nuclear polarization occurs at wetf = wos, but here we
are interested in the growth of nuclear polarization when
weff K wor . To explore this limit we rewrite the
expression for Pi(t) as

P[(t) = —P0C05981H29|%AZ+|2
1 1 _ - _
x{[ 5 T 2]51n tis a +a+t
« s 2
1 1 _
+ [—2 — —2] [2005 e a +a+t]}
(%l ay 2

1
In addition to Wet < Wor, we also have | 2AZ+| < WoI so
we can expand

ad = wi(l -z (8)
where
2 2
We We o
o] = (#2228 4 2 T <1
wor Wor Wor 9)
Then
1 1 4Werf
2 T2~ T 3
a= a4 Wor
1 1 2
T2~ (10)
a= oy W
a_ +a+= 2(1)01
a_— a, = —2weff
and



Pr(t) = —Pocos9s1n29|%Az+|2

2 .
X { —5— SinWefrt Sinwort
Wor
4wcﬁ“
+—
Wor

[2 — cosweat coswyrt] }

(11D

In a real sample the ESR transition is broadened by
anisotropy of the g-tensor, hyperfine interaction with
neighboring nuclear spins and interaction with neighboring
electron spins. This implies a distribution in the values of wett
corresponding to the ESR lineshape. After integration over
this lineshape the oscillating terms are averaged with a
characteristic time similar to the free induction decay (FID)
time, Ty = 1/Agsg in which Aggg is the ESR linewidth.
After averaging the cos w.srt and sinw,gst terms in (11)
and inserting the definition of 8, we find an enhanced nuclear
polarization
2 |AZ+I2 W%S (UJOS - Wm)
wir (wos — wm)? +wig

P® = — B (12)

Here we also expand the definitions of 8 and weft. In a
completely similar way we find that the component of
the electron polarization along the effective field is
reduced by an amount
2
[ Az | wis (wos — wm)
wor  lwos —wm)? +wigl??
(13)

The final polarization P/ has the shape of the
derivative of a Lorentzian as a function of the
microwave frequency, just as the dispersive shape seen
in the center of Figure 4. It has extrema at wos - wm =
*w1s. In these extrema

AP = — P,

AP wrs
PP = ¥ P, %
Wor . (14)

It should be noticed that the transfer of polarization
to the nuclear spins is almost instantaneous upon
switching on the microwave field: a stationary nuclear
polarization is achieved coherently in a time of the
order Ty . It is due to mixing of the electron and
nuclear spin states induced by the microwave field,
when it is tuned near the resonance frequency of the
electron spins. Therefore, we refer to the effect as
resonant mixing (RM). It is also a differential effect
because the resulting nuclear polarization is the
difference between the contributions of ZQ and the DQ
matrices. Furthermore, not all electron polarization is
transferred to the nuclear spin.

We note that RM differs fundamentally from the SE
because it cannot be described as a process evolving
slowly in time with a rate that can be calculated with
perturbation theory. For this reason it is difficult to
compare the effectiveness of RM and the SE directly.
For such a comparison we need a non-trivial extension

of our model system which includes relaxation
processes.

We assume that the electron spin-lattice relaxation
time is sufficiently short, so the electron spin
polarization is maintained at its thermal equilibrium
value Po at all times. We also assume that the nuclear
spin transfers its polarization through flip-flop
transitions to its neighboring nuclear spins at a rate of
the order of nuclear transverse relaxation rate TZ_,1 .In
this case the nuclear spin can be considered to be
polarized according to the rate equation

oP AP w 1
(3 )= " 0
t ) rum Wor 21, (15)

This expression enables us to compare the rate of RM with
the rate of the well-resolved SE. Here we ignore any
inhomogeneous broadening of the ESR line, but we add
transverse relaxation of the electron spin with a time
constant Tzs. Then 21,

oP 1 A w?

(16)
Here h(w) is a Lorentzian with a width TZ_Sl and extrema at
wos — Wm = Fwor. At these limits

& — —1p |Az+|2W%ST2S
ot = Tl w?
SE oI

Thus, we find that RM is slower than the SE by a factor

P P 8
Go) o/ G, = s 0®
ot Jpm' \ 0t Jsg  worwisT21T2s

Using some typical values for samples used for DNP: Tazs =
0.05 us, T2r= 2 ps, wo/2m = 400 MHz and w1s/2m = 0.2 MHz.
Then we find for this ratio 1.

In addition, upon comparing (15) and (18), we see that the
growth of the SE scales quadratically with w1s while linearly
for RM. In addition, in a low magnetic field the SE becomes
less resolved so the SE and RM will be more difficult to
distinguish. Thus, we expect that RM is most easily
distinguished from the SE in a high magnetic field using weak
microwave irradiation. Additionally, according to (18), a
shorter T2sand Tzrcan lead to a stronger RM/SE ratio. This
may potentially explain why RM is more significant with a
higher radical concentration 38. Of course, it is more
complicated, as Tisand T are also affected by the electron
spin concentration.

The red curve in Figure 4 shows an analytical calculation
of the DNP field profile using (5) directly with the same
parameters for the SpinEvolution simulation. Note that it
reproduces our simulation result. Furthermore, this
illustrates that the SE and RM can be calculated from the

(17)



same equation (5) derived from the fundamental
Hamiltonian (1).

In summary, we propose a new DNP mechanism, Resonant
Mixing (RM), that is mediated by state mixing of the
microwaves and the hyperfine interaction. It results in a
dispersive DNP field profile when microwave irradiation is
applied near the EPR resonance, hence the name. The
Zeeman field profile is similar to that observed for TM, and
we believe RM explains the DNP Zeeman field profile of the
some recently published trityl data 3538,

The physical origin of RM is a state mixing process induced
by the microwave and the hyperfine interaction, similar to
the SE. However, SE transitions occur when the microwave
field is off-resonance at wys + wy;. In contrast the nuclear
polarization in RM is enhanced when the electron and
nuclear spin states are mixed when applying an on-
resonance microwave field.

We have discussed the transition rates for RM and SE. In
the case of CW microwave irradiation, where relaxation has
to be considered, the static solution for the Liouville-von
Neumann equation balanced by the relaxation is calculated
instead of the instantaneous evolution with the Hamiltonian.
In this case RM can dominate the field profile as shown by the
solid lines in Figures 1 and 2 as well as the dashed line in
Figure 4 which is a simulation result using the SpinEvolution
software. As this paper focuses on understanding the origin
of the RM effect, a more sophisticated approach for treating
relaxation together with the careful experimental studies of
the RM effect will be presented in a forthcoming paper.

Finally, we point out that this is the first proposition and
theoretical study of the resonant mixing DNP mechanism. The
RM could be an ideal method to enhance MAS NMR to study
biomolecules where high magnetic fields are essential for
high resolution NMR, and where the microwave power is
limited. Karabanov, et al. 32 showed a strong effect with trityl
compared to SE and more recently an enhancement of 110
has been observed for by Equbal, et al. 38, illustrating the
potential. We believe that understanding the RM mechanism
should provide a new path to improve DNP enhancements
and expect advances in understanding this mechanism in the
future.
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