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J-Driven dynamic nuclear polarization for
sensitizing high field solution state NMR†

Maria Grazia Concilio, *a Ilya Kuprov b and Lucio Frydman *ac

Dynamic nuclear polarization (DNP) is widely used to enhance solid state nuclear magnetic resonance

(NMR) sensitivity. Its efficiency as a generic signal-enhancing approach for liquid state NMR, however,

decays rapidly with magnetic field B0, unless mediated by scalar interactions arising only in exceptional

cases. This has prevented a more widespread use of DNP in structural and dynamical solution NMR

analyses. This study introduces a potential solution to this problem, relying on biradicals with exchange

couplings Jex of the order of the electron Larmor frequency oE. Numerical and analytical calculations

show that in such Jex E �oE cases a phenomenon akin to that occurring in chemically induced DNP

(CIDNP) happens, leading to different relaxation rates for the biradical singlet and triplet states which are

hyperfine-coupled to the nuclear a or b states. Microwave irradiation can then generate a transient

nuclear polarization build-up with high efficiency, at all magnetic fields that are relevant in

contemporary NMR, and for all rotational diffusion correlation times that occur in small- and medium-

sized molecules in conventional solvents.

1. Introduction

Higher NMR sensitivity could bring transformative break-
throughs to analytical, pharmaceutical and biophysical chem-
istry. NMR sensitivity can be enhanced by higher external
magnetic fields B0, but this is a slow, expensive approach. An
alternative arises if electron magnetization is transferred, from

a stable radical, to the nuclei to be detected. By irradiating
electrons with microwaves a their Larmor frequency, oE, the so-
called Dynamic Nuclear Polarization (DNP) effect can then
enhance NMR sensitivity up to the ratio between the gyromag-
netic constants of the electron and the nucleus: gE/gN. Based on
the irradiation of a stable organic monoradical, such effect can
enhance the Boltzmann equilibrium nuclear magnetization by
factors of hundredfold, thereby transforming the analytical
potential of NMR. Predicted by Overhauser in 19531 and there-
after confirmed by Carver and Slichter,2 DNP has

revolutionized solid state NMR;3–6 it has also made inroads
into in vivo spectroscopy, based on rapid melting approaches.7,8

DNP, however, has not yet impacted what is arguably the widest
of NMR realms – high-field solution-state studies. This long-
standing problem arises from an Overhauser DNP efficiency,
that in liquids depends on the electron-nuclear cross-relaxation
rate sE,N:

The typical rotational correlation time tc of a radical/nucleus
dipolar-coupled spin pair is tc E 0.1–1 ns, while typical
electron and nuclear Larmor frequencies in mid- to high-field
scenarios are oE Z 200 GHz and oN Z 300 MHz. This leads to
(oE � oN)2tC

2
c 1; i.e., negligible cross-relaxation rates in

eqn (1) for most cases of practical analytical interest, and
Overhauser DNP efficiencies that decrease quadratically with
B0. Consequently – and unless aided by the contact couplings
that can arise for certain radicals and solutes9–13 – typical 1H
DNP enhancements drop from a maximum of E330� when
B0 r 0.4 T, to E1.001� at the Z7 T fields were contemporary
NMR is done.11,14–17 We recently discussed a way to bypass this
bottleneck, proposing a cross-correlated (CC) DNP strategy
involving biradicals as polarization sources.18 CCDNP, how-
ever, required significant coincidences between nuclear/
electron spin interaction tensors, and long-term stability in
the nuclear-electron geometry; for optimal conditions, it then
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provided steady-state NMR enhancements that approached
E10–20�. This study reports a further investigation into the
physics of a three-spin biradical/nuclear system, revealing a
new polarization transfer possibility. Unlike CCDNP, the
mechanism that is here introduced: (i) does not put stringent
conditions on multiple independent coupling tensors; (ii) can
lead to nuclear polarization enhancements of E100–200� for
B0 ranging from r1 T to Z20 T and for rotational correlation
times in the 0.1–1 ns range; and (iii) does not result from a
steady state arising upon electron saturation, but rather from
transient phenomena. At the centre of this proposal are two
electrons interacting through an exchange coupling Jex in the
order of oE, a chemically tuneable condition that can be
fulfilled by many biradicals known to have exchange couplings
in the 0 r Jex r 1 THz range.19–21 Under such conditions we
found that moderate microwave fields can lead to the DNP
enhancement improvements shown in Fig. 1. The present study
demonstrates and explains the basis of this J-driven ( J-DNP)

mechanism based on Liouville space numerical simulations, and
on analytical calculations using Redfield’s relaxation theory.22–26

The latter serve to highlight similarities between the roles that the
electronic singlet and triplet states play in polarizing nuclei in J-
DNP, and those played by singlet and triplet states arising in
chemically-induced DNP (CIDNP) experiments.27–30

2. Spin system and
theoretical methodology

The system examined in this work was a biradical interacting
with a proton exclusively through dipolar (aka anisotropic
hyperfine) couplings. Hyperfine couplings were assumed
between both electrons and the proton, the inter-particle dis-
tances were assumed fixed. These distances between the two
unpaired spin-1/2 electrons (belonging to the radical) and the
spin-1/2 proton (belonging to the solvent) were 8.6 Å and 11.1 Å
respectively (see Table 1 for the actual proton and electron

Fig. 1 On the left: Comparison between the maximal enhancements delivered by the Overhauser and by J-driven DNP, as function of B0. On the right: Models of
the biradical/nuclear system assumed for simulating J-DNP (A) and of the monoradical/nuclear system used for Overhauser DNP (B). The only nucleus in the system
(a proton) was assumed in the ‘‘solvent’’ molecule; the red arrows represent dipolar interactions between the electron(s) placed in the centre of the radical and the
proton in this ‘‘solvent’’. No other protons/nuclei were assumed. The J-DNP simulation was performed using a biradical/proton dipolar-coupled triad (A) with a tc =
500 ps rotational correlation time, a Jex = +(oE + oN) at each field strength, and other parameters as given in Table 1. The Overhauser DNP simulation was
performed for a monoradical/proton dipolar-coupled pair (B) with tc = 157 ps (typical of trityl31) and other parameter as given in Table 1 – but with one of the
electrons in the table absent. The enhancement in the J-DNP was calculated after 20 ms of microwave irradiation; the Overhauser DNP enhancements were
calculated vs. field at the steady state (Overhauser enhancements slightly larger than those predicted in the Fig. 1 were observed in water solutions at 1.4 T and
3.4 T;32,33 this likely arises due to translational diffusion effects, which were not consider in this work).

Table 1 Biradical/proton parameters used in the simulations shown in Fig. 1–5. B0, Jex and tc were set as described in the figures; all other coupling
parameters relied on the inter-spin distances

Parameter Value

1H chemical shift tensor, ppm [5 10 20]
g-tensora for electrons 1 and 2, Bohr magneton [2.0032 2.0032 2.0026]
1H coordinates, [x y z], Å [�3 0.5 1.3]
Electron 1 coordinates, [x y z], Å [0 0 �9.37]
Electron 2 coordinates, [x y z], Å [0 0 9.37]
Scalar relaxation modulation depth, GHz 3
Scalar relaxation modulation time, ps 1
Microwave nutation frequency, omw, MHz 1
Temperature, K 298

a Simulations used identical Zeeman interaction tensors, that were made axially symmetric along the main molecular axis (corresponding the
linker connecting the two trityls).
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Cartesian coordinates). Scalar electron-nuclear couplings were
set to zero. The J-DNP mechanism described in this study was
assumed driven by a rotational dynamics, modulating the
relaxation of the three-spin system with a rotational correlation
time, tc, as shown in Fig. 1. The two electrons were assumed to
have identical g-tensors, assumed anisotropic for the sake of
realism (even if the ESI† 6, shows that neither nuclear shielding
anisotropy nor g-anisotropy are required for the J-DNP enhance-
ment). The most important variable in the system is the
isotropic inter-electron exchange coupling Jex, which was mod-
elled on the basis of trityl-based symmetric biradicals for which
such couplings have been observed.19,20 These parameters were
used to create the spin Hamiltonian, and to calculate the
evolution subject to microwave irradiation and relaxation as
per Redfield’s theory22,25 (see ESI† 1, for additional discussion
of these radicals, including their estimated solution-state T1s
and T2s34,35).

The bulk of this study focuses on a Jex c oDe scenario, where
oDe = oe1 � oe2 is the difference between the Larmor frequency
of the two electrons. In such cases the electron Zeeman
eigenstates |ae1be2i and |be1ae2i are no longer eigenfunctions
of the spin Hamiltonian; the relevant Hamiltonian was there-
fore treated in the singlet/triplet electron basis set {Ŝ (e1,e2)

0 ,
T̂(e1,e2)

0 ,T̂(e1,e2)
�1 }. As shown in ESI† 2, this leads to a microwave

rotating frame Hamiltonian:

Ĥrot = ĤS0T0 + ĤT+1T�1 + Ĥmw (2)

where ĤS0T0 is a Hamiltonian acting in the Ŝ 0T̂0 sub-space,
ĤT+1T�1 acts in the T̂+1T̂�1 sub-space, and Ĥmw is the microwave
operator (see ESI† 2, for further definitions). With this Hamil-
tonian, Liouville-space time domain calculations were per-
formed based on the equation of motion:

@

@t
r̂ tð Þ ¼ �i ^̂Lr̂ tð Þ; ^̂L ¼ ^̂Hrot þ i ^̂R;O tð Þ ¼ Ô

�� r̂ tð Þ
� �

(3)

where r̂(t) is the state vector of the system, and ^̂L is the
Liouvillian containing the rotating frame Hamiltonian super-

operator plus the relaxation superoperator ^̂R accounting for the
stochastic rotation of all anisotropies. The latter was computed
according to the Bloch–Redfield–Wangsness relaxation
theory22,36 both by analytical24 and numerical25,26 means,
including all possible longitudinal, transverse and cross-
correlated pathways. Since the spin system was considered at
room temperature, Di-Bari–Levitt thermalization was used.37

Considering that the exchange coupling has the same order of
magnitude as the electron Larmor frequency, these calculations
incorporated into the relaxation superoperator a scalar relaxa-
tion of the first kind.38 This did not have an effect on the DNP
enhancement, since in the oDe - 0 case in question, the

exchange coupling, b~E1 � b~E2, commutes with the Zeeman inter-
action, Ê1Z + Ê2Z. Time evolution Ô (t) of multiple spin state
populations was calculated by taking their scalar products with
the state vector r̂(t) at each time.

3. Features of J-DNP

Fig. 2 shows how the isotropic exchange coupling modulates
the maximum nuclear enhancement achievable by J-DNP upon
on-resonance irradiation at the electron Larmor frequency of
the biradicals, as a function of magnetic field B0. These
numerically simulated plots39 predict that, for every field
strength, there are two Jex = �(oE + oN) values for which
microwave irradiation leads to a nuclear enhancement close
to the maximum gE/2gN achievable value.

Unlike Overhauser DNP and CCDNP enhancements,18 where
nuclear polarization enhancements are observed at the steady
state, the nuclear polarization enhancements shown in Fig. 2
and arising at the Jex = �(oE + oN) conditions, are transient
phenomena. This is illustrated in Fig. 3, which shows the
enhancement’s time-dependence for different rotational corre-
lation times and magnetic fields, for spin systems with an
optimally chosen Jex = +(oE + oN) coupling. These graphs show
a nuclear polarization that rapidly builds up and then decays
into steady states which, at the usual NMR fields used in
analytical/biophysical studies, are essentially the Boltzmann
equilibrium nuclear magnetization. However, in all cases, sub-
stantial transient enhancements are observed after 10–50 ms of
continuous microwave irradiation, with precise timings and
maximal values that depend on B0 and on the correlation time
tc of the biradical/proton triad. In fact, notice that these
transient enhancements improve slightly with both higher B0s
and slower tcs of the biradical/proton triad. Additional differ-
ences between the behaviours of Overhauser and J-DNP are
discussed in Fig. S3 of ESI† 1, which compares expectations
from a two-spin proton/electron system (Overhauser DNP), and
the changes arising when a second electron is added to form a
three-spin proton/biradical system, where the two electrons
interact with Jex = +(oE + oN). Upon introducing such second

Fig. 2 Simulated DNP enhancement achieved within 20 ms of microwave
irradiation as a function of Jex and B0. The plots arise from time domain
simulations using the parameters in Table 1, a biradical/proton dipolar-
coupled triad tc = 500 ps, and an on-resonance irradiation at the electron
Larmor frequency of the biradicals. In this and other graphs shown below,
DNP enhancements denote the achieved nuclear polarization, normalized
by its Boltzmann counterpart at the same temperature and field.
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electron, weak steady-state nuclear polarization values similar
to those arising in Overhauser DNP are reached – but on the
way to those steady states, there are strong transient enhance-
ments of the nuclear polarization.

4. The physics of J-DNP

The physics that drives the J-DNP effects summarized in Fig. 2
and 3, is reminiscent of the cross-correlations arising in the
CIDNP mechanism. According to the radical pair theory,28,29,40

nuclear magnetization enhancement in CIDNP proceeds from
three processes: (i) singlet/triplet interconversion within a spin-
correlated biradical; (ii) a modulation of the rate of this inter-
conversion by hyperfine couplings (i.e., different fates of the
electron states depending on whether the nuclear spin state is a
or b); and (iii) a rapid nuclear spin relaxation of the unreacted
triplet biradical, acting as a nuclear spin state filter. In the
J-DNP case, the biradical is not (photo)chemically produced
and does not recombine after a transient action; still, the
singlet–triplet behaviour vis-à-vis the nuclear spin once again
becomes relevant. In the J-DNP case, it is microwaves (rather
than a laser) that drive the system away from the thermal
equilibrium. As in CIDNP, it is essential that the nucleus is
differentially hyperfine-coupled to the two electrons for the
J-DNP enhancement to occur (the effect disappears otherwise,
see ESI† 6). It is then the different relaxation characteristics of
the two-electron singlet/triplet states when facing the nuclear a
or b states, that build up the nuclear polarization. Fig. 4a–d
further clarify this, by showing the time dependencies of the
three-spin population operators Ô a/b,41,42 computed from
direct-product of two-electron triplet/singlet states with a
nuclear spin state in Zeeman basis, that can be in either the
a or b state. These states are represented as T̂�1,a/b,T̂0,a/b and

Fig. 4 Time evolution of the three-spin population operators: T̂�1,a/b, T̂ 0,a/b and Ŝ 0,a/b (a–d), and of the N̂ ZŜ 0, N̂ ZT̂�1 and N̂ ZT̂ 0 states (e) arising from the
difference between the various Ô a and Ô b. Time evolution of the overall longitudinal nuclear magnetization N̂ Z (f), showing the sum of all N̂ Z-related
contributions, normalized by the thermal nuclear magnetization under the same conditions. Plots (a–d) are normalized to a total electron spin population
of one, as defined in ESI† 3. Jex = +(oE + oN) was used for the dashed lines calculations, and Jex = �(oE + oN) was used for the continuous lines. In (e), the
red and green traces are barely seen as they fall underneath an overlapping black trace. The slightly different curves in (f) reflect Jex = �(oE + oN)
conditions, respectively. For all these calculations B0 = 14.08 T, tc = 500 ps for the biradical/proton dipolar-coupled triad; all other parameters as given in
Table 1.

Fig. 3 Time domain simulations showing the evolution of the DNP
enhancement observed under continuous microwave irradiation of the
electrons, for an array of B0 and of tc values of the biradical/proton
dipolar-coupled triad. For all fields Jex was set to +(oE + oN); other
simulation parameters were as given in Table 1.
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Ŝ 0,a/b (see ESI† 3, for the expressions of these Ôa/b as Cartesian
operators). Fig. 4e shows the states arising from the difference
between Ôa and Ôb, defined as:

Ô e1e2ð ÞN̂Z ¼ Ô e1e2ð Þ�� E
Ô e1e2ð Þ
D ��N̂Z ¼

1

2
Ôa � Ôb
� �

(4)

where Ô (e1e2) denotes the two-electron singlet and triplet, and
N̂Z is the longitudinal nuclear magnetization. Fig. 4f shows the
overall N̂Z amplitude calculated upon summing the amplitudes
of Ŝ 0N̂Z, T̂0N̂Z and T̂�1N̂Z, normalized to the equilibrium
nuclear magnetization.

At time zero, the system is at thermal equilibrium, and
negligible differences arise between the populations of the a
and b nuclear states – even if singlet and triplet electron state
populations differ. When the microwave irradiation is turned
on, the electron spin is taken out of the thermal equilibrium
and electron saturation sets in, the triplet states are mixed, and
their populations start to converge to similar amplitudes
(Fig. 4a–c). However, at the Jex = �(oE + oN) condition, the
rates at which electron states settle into this new equilibrium
are different for a and b nuclear components: when Jex = +(oE +
oN) the a component of the triplets (Fig. 4, blue dashed line)
reaches the steady state faster than the b component (red

dashed line), while the b component of the singlet (red dashed
line) reaches steady state faster than the a component of the
singlet (blue dashed line).43 The opposite a/b behaviour arises
when Jex = �(oE + oN). Still, because different initial conditions
exist when Jex = �(oE + oN), both situations lead to similar
transient nuclear polarization build-ups, as shown in Fig. 4e.
Consequently, due to the different self-relaxation rates of the a
and b nuclear components of the triplet and singlet electron
states, a sizable nuclear polarization N̂Z builds up. As can be
appreciated in Fig. 4f, this polarization is only weakly depen-
dent on the sign of Jex. Also note that, as eventually all electron/
nuclear states reach the same populations, this J-DNP build up
is transient: no nuclear polarization gains are predicted when
the steady-state conditions examined in conventional Over-
hauser DNP analyses, are considered.

The plots shown in Fig. 4 were computed assuming continuous
microwave irradiation. To avoid the decay of the enhancement –
dominated by the nuclear T1 decay draining the N̂ZŜ0 state – micro-
waves could be turned off when nuclear magnetization has reached a
maximum; the electron population operators would then relax back to
thermal equilibrium, and the build-up could be ‘‘pumped’’ again by
repeated irradiation. However, in an actual J-DNP enhancement
experiment, the polarizing proton would not be covalently bound;
rather, it would be randomly diffusing at rates of ca. 1 mm ms�1.31 The
interaction with the polarizing biradical would thus be short-lived,
and the proton pool would get repeatedly polarized by different

transient encounters with different biradicals; a certain ‘‘pulsing’’ of
the effect will therefore occur spontaneously.13,44,45

5. Analysis of the self-relaxation rates
driving J-DNP

Fig. 5 examines another facet of J-DNP, by showing how the
self-relaxation rates of the T̂�1,a/b,T̂0,a/b and Ŝ 0,a/b population
operators driving the population decays of the various nuclear
spin states, change over a range of magnetic fields B0 and
exchange couplings Jex. Notice the marked differentials arising
whenever Jex matches �(oE + oN), between the self-relaxation
rates of various Ô a and Ôb operators. It is these differential
decays that drive the enhancements shown in Fig. 1–4.

The numerical trends in Fig. 5 can be explained by considering
the analytical expressions for the relaxation rates of singlet and the
triplet states, as derived from Redfield’s relaxation theory.24,36 As
long as this theoretical model is valid (which for the present
scenario we estimate at tc r 2 ns), these rates will be given by
sums of terms involving products of second-rank norms squared
and/or other quadratic products,46 times spectral density functions.
For the Ŝ0,a/b operators these rates can be summarized as:

and

�R Ŝ0;a
	 


¼ D2
DHF

180
J Jex þ oE � oNð Þ þ D2

DHF

30
J Jex � oE � oNð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex � oEð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex þ oEð Þ þ . . .

(6)

For the T̂+1,a/b operators, the self-relaxation rates are:

�R T̂þ1;b
	 


¼ D2
DHF

180
J Jex þ oE � oNð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex þ oEð Þ þ . . . (7)

and

�R T̂þ1;a
	 


¼ D2
DHF

30
J Jex þ oE þ oNð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex þ oEð Þ þ . . . (8)

For the T̂0,a/b operators, the self-relaxation rates are:

�R T̂0;b
	 


¼ D2
CSA

15
J oNð Þ þ . . . (9)

�R Ŝ0;b
	 


¼ D2
DHF

180
J Jex � oE þ oNð Þ þ D2

DHF

30
J Jex þ oE þ oNð Þ þ

D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex � oEð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex þ oEð Þ þ . . .

(5)
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and

�R T̂0;a
	 


¼ D2
CSA

15
J oNð Þ þ . . . (10)

and for T̂�1,a/b operators, the self-relaxation rates:

�R T̂�1;b
	 


¼ D2
DHF

30
J Jex � oE � oNð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex � oEð Þ þ . . . (11)

and

�R T̂�1;a
	 


¼ D2
DHF

180
J Jex � oE þ oNð Þ

þ
D2
DHF þ 4@DG;DG�DHF

	 

120

J Jex � oEð Þ þ . . . (12)

where DG = G1 – G2 and DHF = HFC1–HFC2 are anisotropies
associated to the differences between the two g- and electron/
nuclear hyperfine coupling tensors, respectively; CSA is the
chemical shift anisotropy tensor; and, as is usual in spin

relaxation theory,22,23 all rates contain combinations of
second-rank norms squared DA

2 for all the aforementioned
tensors A,46 and second-rank scalar products @A;B of tensors
A and B. The ‘‘. . .’’ in eqn (5)–(12) denote terms that contribute
equally to Ôa and Ôb and thus are not relevant for the J-DNP effect;
full analytical expressions for all the self-relaxation rates in eqn (5)–
(12) are given in ESI† 4, and the definitions of second-rank norm
squared and of scalar product are given in ESI† 5.

As mentioned for the Overhauser DNP, at high B0 fields, the
contribution of terms J(oE) E 0, to the rates in eqn (5)–(12), can be
disregarded. Exceptions, however, will arise when a spectral densi-
ty’s o-argument is oN, or when it can be made zero by Jex – such
spectral density functions will no longer be negligible and the
terms cannot be disregarded. Eqn (5)–(12) reveal many of such
potential terms; as a result of them, large differences will arise
between the self-relaxation rates of the Ôa and Ôb population
operators under Jex E �oE conditions, leading to the transient
generation of non-zero N̂ZŜ0, N̂ZT̂�1 states, as shown in Fig. 4.
This can be most easily appreciated for the Ŝ0,a and Ŝ0,b

relaxation rates: the latter will be dominated by the J( Jex + oE + oN)
term if Jex = +(oE + oN), and the former by the J( Jex � oE � oN)
if Jex =�(oE + oN). In either case, such Jex condition will result
in large differences between �R[Ô a] and �R[Ô b], due to the
cancellation of oE by Jex. Similar differences can be observed
in Fig. 5 also for T̂�1,a and T̂�1,b; ESI† 4 provides additional
information about these self-relaxation rates. Note as well
that, even though the absolute values of these rates decrease
with B0 and tc, their differences actually remain present
(Fig. S4 and S5, ESI†). This helps to understand the increased
efficiencies that J-DNP enhancements exhibit as a function of
B0 and tc, leading to the sizable transient longitudinal
nuclear magnetizations shown in Fig. 1–4.

It is also instructive to consider the maximum enhancement
expected from the differences between the �R[Ôa] and the �R[Ôb]
relaxation rates. Assuming for simplicity that one of the states relaxes
infinitely fast while the other has no relaxation, an assumption of
complete microwave-driven electron saturation will lead to a nuclear
polarization reaching a 0.5 value – i.e., the NMR signal would be
enhanced by |gE/2gN|. The data in Fig. 1–4 show N̂Z enhanced to a
significant fraction of this ‘‘back-of-the-envelop’’ upper bound.

6. Conclusions and outlook

The present study introduced a new proposal for enhancing
signals in solution state NMR, that could provide substantial
sensitivity gains for a wide range of magnetic fields and
rotational correlation times. The J-DNP mechanism underlying
this proposal uses biradicals, it is transient, and it emerges in
the hitherto unexplored Jex = �(oE + oN) regimes. This requires
exchange couplings in the order of the electron Larmor fre-
quencies; i.e., ranging between E200–700 GHz for NMR mea-
surements in 7–23.5 T fields. Such Jex values are not out of the
ordinary: radical monomers connected by conjugated linkers
having inter-electron exchange couplings in this order, have
been reported in the literature.19–21 Under such conditions,

Fig. 5 Numerically computed (Redfield theory) self-relaxation rates of the
three-spin population operators as a function of Jex and B0. Rates of Ŝ 0,b,
T̂ 0,b and T̂�1,b are on the left, and rates of Ŝ 0,a, T̂ 0,a and T̂�1,a are on the
right. Calculations relied on the parameters of Table 1 and on tc = 500 ps
for the biradical/proton dipolar-coupled triad.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 5
/2

2/
20

26
 5

:1
1:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp04186j


2124 |  Phys. Chem. Chem. Phys., 2022, 24, 2118–2125 This journal is © the Owner Societies 2022

both numerical and analytical simulations provide coinciding
predictions of significant NMR polarization build-ups. These
enhancements require irradiation times lasting a fraction of a
second and, if implemented at the right electron Larmor
frequency, they can proceed efficiently with microwave nuta-
tion fields r1 MHz (see ESI† 1 for additional details). ESI† 6
demonstrates that similar enhancements are reached with zero
g- and shielding tensor anisotropies; the enhancements are also
preserved if the two electrons have different but isotropic
g-tensors. Much like the radical pair mechanism of CIDNP,
the mechanism of J-DNP requires different hyperfine coupling
to the two electrons; this drives nuclear state dependent
electron relaxation which disappears if the nucleus is symme-
trically placed between the two electrons. The enhancement is
also quenched if the two electrons have different anisotropic
g-tensors, as the resulting Dg-driven electron relaxation would
then, at high magnetic fields, overtake the weaker differential
relaxation mechanism arising from distinct intermolecular
nuclear hyperfine couplings to the two electrons. Likewise,
the enhancement goes to zero if the nucleus remains too
distant from the biradical: for instance, a proton placed 20 Å
away from the biradical may require over 1 s to achieve
significant polarization gains – a time by which the DNP effect
will lose against competing relaxation pathways.

Despite its encouraging conclusions, the present study also
made a number of strong assumptions. It assumes that the non-
Redfield relaxation terms in monoradicals resembled those acting
in biradicals (ESI† 1); it remains to be seen how realistic this
assumption is. Another major approximation was assuming a fixed
electron/electron/nuclear geometry over the course of the DNP
process: as the latter requires 10–100 ms and molecules in regular
liquids diffuse tens of microns over such times, this fixed molecular
geometry assumption is clearly unrealistic. On the other hand, a
similar fixed-geometry assumption is successfully used and leads to
realistic predictions in Overhauser DNP, where it works by virtue of
DNP’s independence on maintaining specific cross-correlations (a
requirement present in our previous CCDNP proposal). Likewise,
we hypothesize that the different �R[Ôa/b] rates required for J-DNP
will be preserved regardless of the transient contact that a specific
nucleus makes with an ensemble of biradicals over the course of its
spin polarization process. Experiments are in progress to evaluate
the correctness of these assumptions.
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