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The eﬀectiveness of dynamic nuclear polarization (DNP) as a tool to enhance the sensitivity of
liquid state NMR critically depends on the choice of the optimal polarizer molecule. In this study
the performance of 15N labelled Frémy’s salt as a polarizing agent in Overhauser DNP is
investigated in detail at X-band (0.35 T, 9.7 GHz EPR, 15 MHz 1H NMR) and compared to that
of TEMPONE-D,15N employed in previous studies. Both radicals provide similar maximum
enhancements of the solvent water protons under similar conditions but a diﬀerent saturation
behaviour. The factors determining the enhancement and eﬀective saturation were measured
independently by EPR, ELDOR and NMRD and are shown to fulﬁl the Overhauser equation.
In particular, following the theory of EPR saturation we provide analytical solutions for the
dependence of the enhancement on the microwave ﬁeld strength in terms of saturation transfer
between two coupled hyperﬁne lines undergoing spin exchange. The negative charge of the radical
in Frémy’s salt solutions can explain the peculiar properties of this polarizing agent and indicates
diﬀerent suitable application areas for the two types of nitroxide radicals.

I

Introduction

In recent years, a multitude of studies on dynamic nuclear
polarization (DNP) as a tool to enhance the sensitivity of liquid
and solid state NMR experiments have underlined the signiﬁcance of this technique for high-ﬁeld NMR investigations of
biologically relevant samples.1–3 The underlying principle of
DNP, i.e. polarization transfer from a higher polarized electron
spin system to nuclear spins by pumping electronic transitions,4
hinges on the choice of the adequate electron spin system—that
is the polarizer species introduced into the sample.
In liquid DNP, the enhancement of the NMR signal e is
described as a product of three quantities, which depend on
the intrinsic properties of the chosen polarizer/solvent system
and the pumping conditions—i.e. the coupling factor x, the
leakage factor f and the eﬀective saturation factor seﬀ of the
EPR transition(s)—with the gyromagnetic ratio of the electron
ge and the nucleus under investigation gI:5
e = 1  seﬀ fx|ge|/gI

(1)

Over the past years it has been established6–9 that small
nitroxide radicals lead to high coupling eﬃciency and 15N and
2
H labelling of the polarizing agent substantially improves
the eﬀective saturation achieved upon pumping one of the
EPR transitions. At X-band, we have recently reported signal
enhancements of the surrounding bulk water protons close
a
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to 180 using 25 mM TEMPONE-D,15N (4-Oxo-TEMPO)
with saturation and leakage factors approaching unity.10
Concomitantly, Prandolini et al.11,12 reported high enhancement factors using the 15N labelled nitroxide Frémy’s salt
with an in situ liquid-state DNP set up at 9 T (260 GHz EPR,
400 MHz 1H NMR). The high performance of this polarizer
was mainly attributed to its narrow EPR line width, which
allows for higher seﬀ levels in the non-saturating regime. Such
properties are useful particularly at high microwave frequencies, where elevated microwave power levels Pmw are diﬃcult
to achieve and introduce unwanted microwave heating eﬀects
in the aqueous solution. The maximum extrapolated enhancement was found to coincide for Frémy’s salt and TEMPONE
at rather large concentrations of 40 to 50 mM, suggesting a
similar coupling factor despite the smaller molecular size of
Frémy’s salt.
In this paper we investigate the performance of 15N labelled
Frémy’s salt in Overhauser DNP at X-band (0.34 Tesla). At
this frequency high microwave B1 ﬁelds (B1 E Pmw1/2) are
available to achieve maximum saturation and hence record
the full power dependence of the DNP enhancement.13 We
measure all other factors in the Overhauser equation independently, i.e. seﬀ of the whole electron spin system by pulse
electron double resonance (ELDOR) and the coupling factor x
from nuclear magnetic relaxation dispersion (NMRD).14
In the past, several theoretical models were evoked to quantitatively describe the saturation factor of nitroxide radicals.7,10,15,16
Here, particular interest will be devoted to the description of
the B1 dependence of the eﬀective saturation factor in the case
of Heisenberg spin exchange between the two EPR transitions
as encountered for 15N labelled nitroxide radicals. To this end,
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the theory of saturation transfer and double resonance eﬀects
in EPR17,18 will be recapitulated.
The results of our study on 15N labelled Frémy’s salt are
discussed in a systematic comparison with TEMPONE-D,15N
in terms of suitability of the two radicals as polarizing agents
in liquid state DNP at diﬀerent frequencies.
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II Theoretical background
Previously,10 we have reported the maximum eﬀective saturation factor achieved for 15N labelled nitroxides when continuously irradiating one of the two hyperﬁne transitions as a
steady-state solution of the coupled rate equations describing the
populations of a four-level-system (e.g. S = 1/2, I(15N) = 1/2).
It is given by


w1n
oex
ð2Þ
¼
1

1
2
þ
þ
smax
eff
w1e 2w1e
and includes the following relaxation rates in solution:19
(1) the electron spin lattice relaxation rate w1e = 1/(2T1e),
(2) the nitrogen nuclear spin lattice relaxation rate w1n,
(3) the Heisenberg spin exchange rate oex.
Eqn (2) was also derived by Hyde et al.19 within the framework of saturation transfer and double resonance eﬀects in
EPR.17,18 This theory provides the power dependence of the
intensity for each coupled hyperﬁne line in the EPR spectrum
and is outlined in the following.
In the absence of spin exchange a spin system is described by
the Hamiltonian
hH(t) = hH0 + hH1(t) + he(t)

(3)

and contains the time independent Hamiltonian H0, randomly
modulated perturbations of the lattice leading to relaxation
eﬀects H1(t) and the contribution from the interaction of the
electron spins with the microwave ﬁeld e(t). Here the Hamiltonian
is presented in units of angular momentum, i.e. divided by the
reduced Planck constant h.
In the high-ﬁeld approximation for one electron and i coupled
nuclei experiencing a static magnetic ﬁeld B0 along the z-direction,
we can write
P
P
(4)
hH0 = gemBB0Sˆz  h igiIˆziB0  hge iaiSˆzIˆzi
with the well-known terms for electronic Zeeman, nuclear
Zeeman and isotropic hyperﬁne interactions. The electron
and nuclear spin operators along z are represented by Sˆz and
Iˆzi and the averaged values of the g-tensor and the isotropic
hyperﬁne interactions by ge and ai, respectively. mB is the Bohr
magneton.
Freed18 expanded the equation of motion of the spin density
matrix to consider exchange eﬀects:
s_ ¼ i½H0 þ eðtÞ; s  Gðs  s0 Þ þ Fðs  s0 Þ:
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w  s  s0

(6)

(7)

a steady state solution was given with the matrix elements
describing the two electronic transitions factorized in the
following way:
w1: = hkm|w|mmi = Z1eiot

(8a)

w2: = hkk|w|mki = Z2eiot

(8b)

Z1 and Z2 are time-independent steady state solutions describing the eﬀect of continuous irradiation on the EPR transitions.
In general,21 the power absorbed by the electron spins is
P ¼ M

dB1 ðtÞ
dt

ð9Þ

with M being the macroscopic magnetization expressed in
terms of the spin operator Sˆ, so that M(t) = Mx(t)  iMy(t)
results in:
M = N
hgeTr[s(t)Sˆ].

(10)

N represents the spin concentration. Consequently, the power
absorbed by the hyperﬁne line is given as
Pi ¼ N
hoge B1 S^;i Zi00

ð11Þ

and is proportional to the imaginary part of Zi ¼ Zi0 þ iZi00 .
Hence, Z100 and Z200 derived from the relevant spin density
matrix elements subject to eqn (6) can be used to describe
the intensities of the two hyperﬁne lines. In ref. 17, 18, and 20
a detailed derivation is carried out yielding a matrix equation
for the coupled saturated Lorentzian lines with a vector Z00
containing Z100 and Z200 . The solutions were given by19
Z00 = M1(R1)Q,

(12a)

M = 1 + (R1K)2 + (R1)S

(12b)

with the matrices
R

1

T2e

0

0

T2e

!

Do1

0

0

Do2

; K¼

¼

ð5Þ

Here G(s  s0) and F(s  s0) are matrices containing the
respective relaxation and spin exchange eﬀects, s0 is the
equilibrium spin density matrix.
Eqn (5) is valid in case the hyperﬁne lines remain separated
during saturation, i.e.
1
1
|geB0|, |giB0|, |geai|, t1
c , td c e(t), G(s  s0), tex

where tc is the correlation time describing the motion responsible for H1(t) relaxation and td is the duration of contact
between an exchanging pair whereas tex is an eﬀective
exchange time.18
A general solution of eqn (5) and deﬁnitions of the relaxation and spin exchange matrices can be found in ref. 17, 18,
and 20.
Here we consider a four level system for coupled spins S = 1/2,
I = 1/2 in a static magnetic ﬁeld as relevant for 15N labelled
nitroxides.
Then, considering the deviation of the spin density matrix
from thermal equilibrium under the eﬀect of an oscillating
ﬁeld (with angular frequency o and strength B1) deﬁned by

0
S¼@

!
;

ð1=4Þg2e B21;1 O1

ð1=4Þg2e B1;1 B1;2 O1;2

ð1=4Þg2e B1;1 B1;2 O2;1

ð1=4Þg2e B21;2 O2

1
A
ð13Þ

describing the transverse electronic relaxation determined by
the relaxation time T2e—assumed equal for both spin moieties,
Phys. Chem. Chem. Phys., 2012, 14, 502–510
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the frequency deviations from the two resonance positions
Do1 and Do2 and the saturation, i.e. the B1 ﬁelds applied at
transitions 1 and 2 as well as the so-called saturation parameters Oi and Oi,j, respectively. Q is a vector containing the
population diﬀerences of the two transitions with entries
(
h/(2kT))geB1,ioe, where k is the Boltzmann constant and T
the temperature. The nuclear Zeeman and hyperﬁne terms are
neglected with respect to the electron Zeeman energy 
hoe, so
that o1 = o2 = oe.
The ‘saturation matrix’ S expresses the coupling of the two
lines as it contains oﬀ-diagonal elements and includes the
relaxation rates relevant for the polarization transfer process,
w1e, w1n, oex. In particular, for an S = 1/2, I = 1/2 spin system
the saturation parameters are19
O1 ¼ O2 ¼

2þc
c
; O1;2 ¼ O2;1 ¼
w1e ð1 þ cÞ
w1e ð1 þ cÞ

ð14aÞ

where
w1n oex
þ
c¼
w1e 2w1e

ð14bÞ

Then each of the two EPR lines is given by19
Zi00 ¼

ðh=ð2kTÞge oe B1;i T2e ð1  xi =Oj;i Þ
2 þ ð1=4Þg2 B2 T ðO  x Þ
1 þ Do2i T2e
i
i
e 1;i 2e

xi ¼

ð1=4Þg2e B21;j T2e Oi;j Oj;i
2 þ ð1=4Þg2 B2 T O
1 þ Do2j T2e
e 1;j 2e j

ð15aÞ

ð15bÞ

that corresponds to the familiar Bloch solution22 with two
additional terms xi arising from polarization transfer between
the electronic transitions. Obviously the Bloch solution is recovered
for oex - 0 and w1n - 0.
In the situation of Overhauser DNP, when one of the lines is
actively pumped but both contribute to the overall polarization, it is crucial to investigate the behaviour of both lines and
distinguish between the saturation achieved on the pumped and
the other (‘detected’) transition. In the following we will discuss
the eﬀective DNP saturation factor as seﬀ = (spump + sdet)/2
with spump ¼ 1  Z100 =Z000 and sdet ¼ 1  Z200 =Z000 and Z000 corresponding to the signal in thermal equilibrium.
We let B1,2 - 0 since this line is not pumped in our DNP
experiment and only used for detection by short pulses in the
pulsed ELDOR experiments which should not change the saturation level. Only the dependence on the pump power represented
by B1,1  B1 is retained. Additionally, we set Do1 = Do2 = 0.
Then, according to eqn (15a, b), the saturation levels of the two
lines are derived as
sdet ðB1 Þ
¼

ð1=4Þg2e B21 T2e ð2w1n þ oex Þ
þ 2w1n þ oex Þ þ w1e ð2ðw1e þ w1n Þ þ oex Þ

ð1=4Þg2e B21 T2e ð4w1e

ð16aÞ
and
spump ðB1 Þ
¼1

w1e ð2ðw1e þw1n Þþoex Þ
ð1=4Þg2e B21 T2e ð4w1e þ2w1n þoex Þþw1e ð2ðw1e þw1n Þþoex Þ
ð16bÞ
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and the eﬀective saturation factor in Overhauser DNP with
N labelled nitroxides results in

15

seff ðB1 Þ
¼

ð1=4Þg2e B21 T2e ð2ðw1e þw1n Þþoex Þ
ð1=4Þg2e B21 T2e ð4w1e þ2w1n þoex Þþw1e ð2ðw1e þw1n Þþoex Þ
ð17Þ

For full saturation of the pumped line, i.e. B1 - N, we
recover eqn (2) as should be expected.
In the past, it has been proposed to plot the Overhauser
DNP enhancements as 1/(e – 1) versus 1/P or 1/B21 and linearly
extrapolate to inﬁnite power.23 For a single EPR line obeying
the Bloch equations the linear behaviour of 1/s in 1/B21 is
immediately evident. For the case of two coupled hyperﬁne
transitions, we inspect 1/seﬀ from eqn (17) and ﬁnd
1
2ð2w1e þ w1n Þ þ oex
2
¼
þ
seff
2ðw1e þ w1n Þ þ oex
T1e T2e g2e B21

ð18Þ

which indeed represents a straight line with slope 2/(T1eT2eg2e)
and the intercept corresponds to the maximum achievable
saturation 1/smax
eﬀ described by eqn (2).
Then we can rephrase the Overhauser eqn (1) as a linear
dependence on 1/B21
1
1
2
1
¼

e  1 emax  1 g2e T1e T2e f xðjge j=gI Þ B21

ð19Þ

where emax = 1  smax
eﬀ fx|ge|/gI represents the theoretical
maximum enhancement and evaluates the maximum eﬀective
saturation factor from the intercept whereas the slope contains
the saturation factor of the pumped line as known from the
Bloch case.

III Results and discussion
CW-EPR line widths and B1 dependent DNP enhancements
In Fig. 1 we display CW-EPR spectra of 15N labelled Frémy’s
salt dissolved at three diﬀerent concentrations, i.e. 5, 10,
25 mM, under non-saturating conditions. The EPR line widths
at these concentrations are 0.3, 0.4 and 0.8 G, respectively,
which correspond to transverse electronic relaxation times of
T2e = 232, 168 and 77 ns. This slower transverse relaxation
with respect to TEMPONE9 let us expect to reach maximum
EPR saturation and with it maximum DNP enhancement at a
lower incident microwave B1 ﬁeld than in previous studies on
TEMPONE-D,15N.10,13
The achieved DNP enhancement factors on the water 1H are
plotted over B21 in Fig. 2 at 5, 10 and 25 mM concentration of
the polarizing agent. The data were ﬁtted according to eqn (19)
by performing a linear ﬁt of 1/(e  1) versus 1/B21 (Fig. 2, inset).
The ﬁts were redrawn as e versus B21 and are represented
together with the data. As can be observed from Fig. 2 and
especially from the linear behaviour displayed in the 1/(e  1)
plots, the measured enhancements follow the theoretical expectations within error. The maximum attainable enhancements—
extrapolated to inﬁnite power—which are read from the intercept
of the linear ﬁts are in very good agreement with the maximum
This journal is
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Table 1 Overhauser DNP parameters achieved with
Frémy’s salt as a polarizing agent at room temperature
Conc/ e
mM (DNP)
5
10
25

e
(ﬁt)

seﬀ
(ELDOR)

15

N labelled

seﬀ
f
xa
(calc) (NMRD)

94  13 91 0.58  0.02 —
119  14 117 0.67  0.01 0.66
172 17 175 0.86  0.03 0.85

0.73
0.83
0.92

0.34  0.05
0.33  0.04
0.33  0.04

a
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x is calculated from the quantities directly measured by DNP,
ELDOR and NMRD using eqn (1).

Fig. 1 Continuous wave (CW) EPR spectra at X-band of 5, 10 and
25 mM 15N labelled Frémy’s salt. The spectra were acquired at
0.8 mW, modulation amplitude of 0.1 G and time constant of 20 ms.
Each spectrum is an average of 4 scans.

longitudinal relaxation time T1e. The latter will be determined
in the context of the polarization recovery experiments.
The highest value of e = 172  17 at 25 mM of the
present study is comparable to the value derived for 25 mM
TEMPONE-D,15N, i.e. e = 178  13.10 However, the
maximum reached (and also reachable) enhancement factors
of the solutions containing 15N labelled Frémy’s salt are lower
than for TEMPONE-D,15N at 5 and 10 mM polarizer concentration (see Table 2).
As pointed out by Prandolini et al.,11 the observation of
similar maximum DNP enhancements at large concentrations
also at X-band combined with a diﬀerent power dependence
suggests that the main distinction arises from diﬀerent saturation behaviour rather than the coupling factor. This is immediately evident from eqn (1) when considering that seﬀ contains
the sole power dependence and should approach unity at high
B1 ﬁelds and concentrations as well as f - 1 for c - N.5,7,10
Evaluation of the saturation and coupling factors

Fig. 2 1H-NMR signal enhancement of water containing 15N labelled
Frémy’s salt at 5, 10, 25 mM concentration as a function of the
microwave B1 ﬁeld. tmw = 4.25, 2.25 and 1 s for these concentrations,
respectively. The ﬁts were performed according to eqn (19) of the linear
representations (inset) and redrawn for e versus B21.

enhancements actually achieved in the DNP experiment. These
values are summarized in Table 1.
Moreover, the B1 ﬁeld needed to achieve 90% of the
maximum DNP enhancement now lies between B1 and 2 G—
distinctly lower than using TEMPONE-D,15N as polarizing
agent, where B1 values of B2 to 3 G were needed to reach the
same level (see Table 2). This behaviour is consistent with the
longer T2e times of Frémy’s salt which result in a less steep
slope of the 1/(e  1) curve according to eqn (19) for similar
This journal is
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To investigate the factors determining the maximum reachable
DNP enhancement within the Overhauser theory as expressed
by eqn (1), we have used independent methods, i.e. pulsed
ELDOR10 to measure the eﬀective saturation factor seﬀ and
NMRD14 to deduce the coupling factor x.
Fig. 3 illustrates the separate saturation levels of the two
coupled hyperﬁne lines s1 and s2 of 15N labelled Frémy’s salt at
5, 10 and 25 mM concentration observed in the pulse ELDOR
experiment. At the available microwave B1 ﬁeld of 2.7 G
full saturation is achieved on the irradiated EPR line as visible
by the reduction of the EPR FID intensity and therefore
maximum eﬀective saturation is achieved like in the DNP
experiment at maximum power. The baseline corrected and
normalized EPR FID intensity of the high-ﬁeld EPR line is
plotted as a function of the frequency of the saturating ELDOR
pulse. The error was estimated by comparison of the saturated
FID level to the one observed at an oﬀ-resonance ﬁeld position
and is taken into account for the calculation of the overall
eﬀective saturation of the two EPR transitions given by seﬀ =
(spump + sdet)/2. Resulting total saturation levels are 58  2,
67  1 and 86  3% at 5, 10 and 25 mM polarizing agent
concentration, respectively. The values at 5 and 10 mM are
markedly lower than the ones derived for TEMPONE-D,15N
(see Table 2 for comparison) in accordance with lower maximum
DNP enhancements at these concentrations.
Table 1 summarizes the eﬀective maximum saturation and
maximum enhancement factors obtained with 15N labelled
Frémy’s salt as polarizing agent. The corresponding leakage
factors were derived from the NMR relaxation rates with and
Phys. Chem. Chem. Phys., 2012, 14, 502–510
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Table 2

Comparison of

Conc/mM

15

N labelled Frémy’s salt and TEMPONE-D,15N as a polarizer in Overhauser DNP at room temperature

5
T1e/ns T2e/ns oex/MHz B1 (90% e)/G smax
cm2 s1) d/Å
eﬀ (ELDOR) f (NMRD) x (NMRD) emax(DNP) D (10

15

N Frémy’s salt
5
10
25
TEMPONE-D,15Na
5
10
25

—
268
285

232
168
77

—
3.4
16

1.0
1.2
1.8

0.58
0.67
0.86

0.73
0.83
0.92

0.34
0.34
0.34

94
119
172

298
298b
298b

86
52
25

9.8
20b
49b

1.9
2.1
2.7

0.78
0.85
0.87

0.78
0.88
0.95

0.33/0.35
0.33/0.35
0.33/0.35

131
157
178

tD/ps

2.86–3.05

2.9–3.1 29–31

2.87

2.7

26
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a
The values were taken from ref. 10, 13, and 14. b In this study10 these parameters were only measured for the 5 mM sample. T1e was assumed
equal for all concentrations and oex was scaled linearly with concentration.

be xNMRD = 0.34, in excellent agreement with the value derived
from the Overhauser equation using ELDOR determined
eﬀective saturation factors. It also coincides with our former
NMRD based analysis for TEMPONE-D,15N/water which
yields a coupling factor of 0.33/0.35 (with/without including a
contribution from contact interaction in the ﬁt of the relaxation proﬁles).14
In order to check the assumption of purely dipolar interaction for Frémy’s salt and to determine the relaxation parameters such as diﬀusion constants and distance of closest
approach, a ﬁt of the proton relaxivity was performed similar
to the former study on TEMPONE.
The ﬁt displayed in Fig. 4 was accomplished exclusively
using outer-sphere relaxation while the inclusion of inner-sphere
contributions decreases the quality of the ﬁt. Similar to solutions
containing TEMPONE-D,15N the diﬀusion coeﬃcient amounts
to D = 2.86105 cm2 s1.14 Remarkably, the distance of closest
approach is somewhat larger for Frémy’s salt, i.e. d = 2.9 Å
resulting in a larger correlation time of 29 ps (eqn (21), Section IV)
despite its smaller molecular size.
Fig. 3 Normalized and baseline corrected EPR FID intensity of
the hyperﬁne line at 9.74 GHz as a function of the ELDOR frequency,
i.e. the frequency of the saturating pulse, and of diﬀerent concentrations of 15N labelled Frémy’s salt in aqueous solution at room
temperature.

without the polarizing agent at 14 MHz according to eqn (22),
Section IV. From these three factors the (concentration independent) coupling factor is determined to be x = 0.33  0.03
using the Overhauser eqn (1). This value is indeed identical
to the coupling factor of the TEMPONE-D,15N/water system,
i.e. 0.33  0.02 derived in a similar fashion.10
Independently, the coupling factor was determined by NMRD
measurements. The water 1H relaxation rate proﬁles were
recorded for 5, 10 and 25 mM concentration of Frémy’s salt
as well as for the pure buﬀer solution and the relaxivity was
derived for each concentration. For a linear dependence of the
paramagnetic relaxation enhancement on the radical content
the relaxivity is expected to emerge as independent of concentration. We have observed that the curves at 10 and 25 mM
concentration have deviated to some degree from the one at
5 mM, i.e. they are reduced by a factor of 10 and 15%, respectively.
However, the evaluation of the coupling factor for purely
dipolar interaction (eqn (20), Section IV) is not aﬀected by this
rescaling since it basically depends on the ratio of two relaxation
rates. Bearing this in mind, the coupling factor is determined to
506
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Fig. 4 Proton relaxivity of aqueous solutions containing 15N labelled
Frémy’s salt depending on the nuclear Larmor frequency as measured
in a ﬁeld cycling relaxometer together with the best ﬁt using outer-sphere
contributions and the term resulting solely from nuclear dispersion as
dashed line. The relaxation curve of the 5 mM sample was used as basis
for this proﬁle.
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The deviation observed in the relaxivity mentioned above
for higher radical concentrations may be caused by an error in
the estimation of the radical concentration; indeed we observed
that Frémy’s salt tends to precipitate at higher concentrations if
a variation of the temperature occurs. If the ﬁt is performed
using the proﬁle collected with the 25 mM sample, values of
D = 3.05105 cm2 s1, d = 3.1 Å and t = 31 ps are found
with a slightly increased discrepancy to the parameters of
TEMPONE-D,15N (see Table 2 for comparison).
Overall it can be concluded that the diﬀerences in the performance of 15N labelled Frémy’s salt as a polarizing agent in
Overhauser DNP chieﬂy originate in its speciﬁc saturation
behaviour.
Polarization recovery studies
Consequently, we have performed a study of the relevant
relaxation rates governing polarization transfer to the coupled
hyperﬁne line and thereby determining the eﬀective saturation
factor by polarization recovery EPR (PREPR) and (PRELDOR)
experiments. The recovery curves of the EPR FID intensity at
the high-ﬁeld position were measured after initial polarization
of either the same or the other (coupled) hyperﬁne line at 5,
10 and 25 mM polarizing agent concentration. The curves—
illustrated in Fig. 5—were ﬁtted using a biexponential function
with shared time constants previously described.10,24–26 Since
the nitrogen nuclear relaxation rate is negligible with respect to
the electronic relaxation rate as evident from the small polarization transfer eﬀect at 5 mM (Fig. 3) it is omitted in the analysis
of the relaxation rates. However, this additionally means that
Heisenberg spin exchange plays only a minor role at this concentration, too, and we do not use the corresponding recovery
curves for the analysis of the relaxation times. In contrast, 5 mM
TEMPONE-D,15N has already exhibited pronounced exchange
eﬀects.10 The ﬁts of the recovery curves at 10 and 25 mM 15N

Fig. 5 Recovery curves of the EPR FID in polarization recovery
EPR (&) and ELDOR (J) for three concentrations of 15N labelled
Frémy’s salt. For each of the 10 and 25 mM concentrated samples a
biexponential ﬁt with shared time constants was performed on the
corresponding PR-EPR and PR-ELDOR trace (—).
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labelled Frémy’s salt result in T1e = 268 and 285 ns as well as
oex = 3.4 and 16 MHz, respectively. From these values we
have calculated the expected eﬀective saturation factors for
these two concentrations using eqn (2). The obtained saturation levels are in good agreement with the measured saturation
obtained from ELDOR experiments (see Table 1).
In the past, several studies have been performed to examine
the concentration dependence of the spin exchange exhibited
by Frémy’s salt.27–29 In the earlier studies a non-linear dependence of the exchange rate on concentration C was found
by analysing the EPR linewidths which can be expressed by
oex = K(C)C and a concentration dependent proportionality
factor K. Later Bales and Peric29 stated that K depends on
temperature, viscosity, charge of nitroxide, ionic strength and
possibly steric factors, whereas C inﬂuences ionic strength and
viscosity. They could minimize the dependence of K on C by
keeping all of the above mentioned quantities stable and found
a linear dependence of oex on concentration yielding oex/C =
9.6108 s1 M1 at 67 1C by EPR line shift and line shape
analysis. We note that in our experiments the ionic strength
and the viscosity vary with polarizing agent concentration and
accordingly the two values of oex derived at 10 and 25 mM
indicate a non-linear dependence on concentration.
Comparison of Frémy’s salt and TEMPONE-D,15N as DNP
polarizing agents
In Table 2 the factors of the Overhauser eqn (1) and the
relaxation parameters are compared for 15N labelled Frémy’s
salt and TEMPONE-D,15N. The diﬀerences in the maximum
enhancement levels can be directly correlated with the diﬀerences in the eﬀective maximum saturation factors.
The leakage and coupling factors basically coincide for the
two radicals although the molecular size of Frémy’s salt is smaller.
However, the diﬀusion coeﬃcient should not be strongly aﬀected
by the size since it is mainly determined by the fast motion of
the water molecules and indeed it remains almost equal for the
two molecules. In contrast, the distance of closest approach is
even slightly larger for Frémy’s salt and hence also the correlation time. Since the unpaired electron is located at the same
subgroup (N–O) in both radicals, these results indicate that the
access of water molecules to this group should be somewhat
hindered in Frémy’s salt. These ﬁndings are in agreement with a
recent molecular dynamics (MD) and electron-nuclear double
resonance (ENDOR) study by Heller et al.,30 in which it was
observed that the electron-rich sulfonate oxygens are fully solvated
with hydrogen bonds whereas the coordination number of the
nitroxide oxygen is reduced. This is attributed to steric hindrance
by the sulfonate groups making the nitroxide group diﬃcult to
access. In our study this is reﬂected in the fact that the NMRD
relaxation proﬁles are better ﬁtted without appreciable innersphere contributions as opposed to the former study with
TEMPONE-D,15N14 where a slight improvement of the ﬁts
was achieved by its inclusion.
The presence of the charged sulfonate groups can also explain
the observed diﬀerences in the eﬀective maximum saturation
factors. For both polarizing agents seﬀmax given by eqn (2) is
mainly determined by the exchange term since T1e is quite
similar and the contribution of the nitrogen nuclear relaxation
Phys. Chem. Chem. Phys., 2012, 14, 502–510
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can mainly be neglected. However, oex depends on the nature of
bimolecular encounters of the radical molecules. Since Frémy’s
salt forms radical anions these molecules are repulsive and
therefore the distance of closest approach between two radical
molecules is increased so that the exchange integral J decreases.
This in turn lowers the eﬃciency of spin exchange which is
clearly visible in the overall smaller exchange rates of 15N
labelled Frémy’s salt with respect to TEMPONE-D,15N resulting in lower maximum saturation levels. Speciﬁcally, it was
found28 that Frémy’s salt exhibits intermediate exchange instead
of the strong exchange observed for most other radicals.
At the same time, transverse relaxation is severely decreased
as expressed by the long T2e times displayed by Frémy’s salt.
This leads to saturation of the pumped EPR transition at
rather low B1, that is, the slope in eqn (18) and (19), which
contains the Bloch saturation factor, is steeper than for other
polarizing agents such as TEMPONE. The B1 ﬁelds needed to
achieve 90% of the maximum enhancements illustrate this
fact. At certain B1 levels below full saturation it is therefore
possible that a higher enhancement is achieved with Frémy’s
salt despite lower maximum enhancements.11
Therefore, the main advantage of using 15N labelled Frémy’s
salt as a polarizing agent for liquid state DNP instead of
other nitroxide radicals such as TEMPONE-D,15N is in its
easy saturation of the single hyperﬁne lines. It is particularly
useful if the DNP experiment is power limited or heating
eﬀects at high microwave power have to be avoided and may
therefore play an important role at high microwave frequencies where these issues are especially severe.
In the present X-band study, where full saturation can easily
be achieved and heating eﬀects are not an issue, Frémy’s salt
provides lower enhancements than TEMPONE-D,15N at 5 and
10 mM concentration. Going to higher concentrations such as
25 mM where seﬀ and f are close to 1 both polarizing agents
provide equal enhancements.

IV Materials and methods
15

N labelled Frémy’s salt

All experiments were carried out using 15N labelled Frémy’s
salt as paramagnetic species, that is the paramagnetic nitrosodisulfonate anion ON(SO3)2 from K2ON(SO3)2, which was
synthesized in house. To increase the stability of Frémy’s salt it
was dissolved in 50 mM K2CO3 buﬀer (pH E 11) solution.
Samples of 5, 10 and 25 mM concentration of 15N labelled
Frémy’s salt were prepared. These were degassed for 10 min by
N2 ﬂow, loaded into 0.45 mm inner diameter (ID) tubes and
sealed.
The radical concentration was checked by optical absorption31
and EPR double integral intensities as compared to other
nitroxides (TEMPONE, TEMPOL). The EPR signal intensity
of Frémy’s salt was found to remain stable for several months
if stored at 4 1C.
DNP experiments
DNP was performed with the DNP spectrometer at X-band
(0.35 T, 9.7 GHz EPR, 15 MHz 1H NMR) described in ref. 13.
The microwave B1 ﬁeld achieved with this setup ranges up to
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4.8 G and the temperature is known to remain stable at room
temperature with the sample tube size used (0.45 mm ID,
3 mm ﬁlling height).
The microwave irradiation times were optimized to yield
maximum DNP enhancement for each concentration, i.e.
1, 2.25 and 4.25 s at 5, 10, 25 mM concentration of Frémy’s
salt. Subsequent to the microwave irradiation the free induction decay (FID) of water 1H was recorded with a 1.5 ms NMR
pulse. To calculate the 1H DNP enhancements the ﬁrst point
of the magnitude of the FID was taken as a measure of the
intensity I and divided by the corresponding value without
preceding microwave irradiation I0, so that e = I/I0. The
signal at thermal equilibrium was averaged for 4096 scans and
the DNP enhanced signal for 8 scans to complete a full phase
cycle. The error of the enhancement was estimated from the
noise level of the magnitude FID.
EPR/ELDOR experiments
The continuous wave (CW) EPR measurements as well as the
pulsed ELDOR and polarization recovery EPR (PREPR) and
ELDOR (PRELDOR) measurements were conducted on a
pulsed Bruker ElexSys 580 X-band spectrometer utilizing the
same ENDOR cavity (Bruker EN4118X-MD4) as employed
for DNP. During the pulsed experiments the cavity was overcoupled and a TWT ampliﬁer was used that can provide B1
levels up to 10 G in this setup. A 12 ns detection pulse was
applied to register the EPR FID which was set 40 MHz oﬀresonance to the high-ﬁeld side of the high-ﬁeld line so that
simultaneous detection of both EPR transitions was avoided.
In the pulsed ELDOR experiment, a 1 ms saturating pulse
was applied in the ELDOR channel prior detection and the
ELDOR frequency was swept stepwise over the range of the
EPR spectrum.
For the polarization recovery traces the ELDOR pulse was
reduced to 100 ns and it excites at a ﬁxed frequency of either the
detected (PREPR) or the coupled hyperﬁne line (PRELDOR)
while the time delay to the detection pulse was incremented
in steps of 2 ns. All experiments were carried out at room
temperature.
NMRD experiments
The NMRD relaxation proﬁles at 298 K were obtained using a
fast ﬁeld cycling relaxometer32 that records the 1H relaxation
rates in a range of 0.01 to 40 MHz.
After subtraction of the relaxation rates of the buﬀer and
division by the radical concentration, i.e. 5, 10, 25 mM, the
proton relaxivity in the presence of 15N labelled Frémy’s salt
was obtained. For a purely dipolar mechanism as can be assumed
for nitroxide radicals33–35 the coupling factor at a nuclear frequency
oI can be calculated from the observable nuclear relaxation
rates R1


5
2wI
1
:
ð20Þ
x¼
7
R1 ðoI Þ  R01
Here, 2wI corresponds to the relaxation value at very high oI
(which is 3/10 of the relaxation value at a very low ﬁeld), R1 is
directly measured at the desired oI with the polarizing agent
while R01 is the diamagnetic relaxation rate.
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Furthermore, the curves were ﬁtted according to the full
theory for dipolar relaxation as previously discussed,14 so that
the diﬀusion coeﬃcient D and the distance of closest approach
d could be obtained. The correlation time is then deﬁned as
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d2
d2
¼
tD ¼
D Dwater þ Dradical

ð21Þ

Note that this correlation time is mainly determined by the
diﬀusional coeﬃcient of water Dwater and the distance of
closest approach and is therefore not concurrent with the
correlation time tc mentioned earlier (eqn (6)) depending on
the diﬀusion coeﬃcient of the radical species, which is picked
up in EPR studies.
Additionally, the leakage factors can be derived from the
relaxation rates measured with and without polarizing agent
f ¼1

R01
R1

ð22Þ

They contain the major concentration dependence apart from
exchange eﬀects inﬂuencing seﬀ.

V Conclusion
In this study we have investigated 15N labelled Frémy’s salt as
a polarizing agent in liquid state DNP at X-band (0.35 T, 9.7 GHz
EPR, 15 MHz 1H NMR) as compared to TEMPONE-D,15N
previously used. The factors of the Overhauser eqn (1) were
determined by independent methods such as DNP, NMRD
and pulsed ELDOR. They were found to agree with the measured
maximum enhancements within error and therefore conﬁrm the
validity of this approach for a diﬀerent polarizing agent.
Here, the dependence of the eﬀective saturation factor on
the microwave B1 ﬁeld was described within the theory of
saturation transfer in EPR.17,18,20 The maximum achievable
eﬀective saturation factor and enhancement depends on the
relaxation and exchange rates w1e, w1n, oex while the increase
with power is described by a ‘Bloch-like’ factor containing
w1e = 1/(2T1e) and T2e.
The negatively charged sulfonate groups of Frémy’s salt
shield the nitroxide group from approaching water molecules,
and also repel two approaching polarizing molecules. Therefore, the distance of closest approach of water protons and
the associated diﬀusional time constant are slightly larger than
for TEMPONE-D,15N rather than decreasing, as might be
expected due to the smaller molecular size. The coupling and
leakage factors turn out similar for the two polarizing agents
leading to similar maximum enhancements at high concentrations and microwave powers.
Additionally, the distance of closest approach for two Frémy’s
salt radical anions is also raised so that the exchange rates drop
with respect to TEMPONE. This is especially evident at lower
radical concentrations where the eﬀective maximum saturation
and enhancement factors achieved with 15N labelled Frémy’s salt
are lower. At the same time less microwave power is necessary to
reach maximum saturation caused by slow T2e relaxation.
Hence, 15N labelled Frémy’s salt might be an ideal polarizing agent under power-limited conditions as is often the case at
high microwave frequencies and corresponding static magnetic
This journal is
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ﬁelds, i.e. in a regime most desirable for high-resolution NMR
and biological applications.
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