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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 >N 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 '"H NMR) and compared to that
of TEMPONE-D,*N 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 signifi-
cance of this technique for high-field NMR investigations of
biologically relevant samples.' > The underlying principle of
DNP, i.e. polarization transfer from a higher polarized electron
spin system to nuclear spins by pumping electronic transitions,*
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 ¢ 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 &, the
leakage factor f and the effective saturation factor s.q of the
EPR transition(s)—with the gyromagnetic ratio of the electron
7. and the nucleus under investigation y;:>

6= 1 — s fElyelim M

Over the past years it has been established®® that small
nitroxide radicals lead to high coupling efficiency and >N and
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
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to —180 using 25 mM TEMPONE-D,'"’N (4-Oxo-TEMPO)
with saturation and leakage factors approaching unity.'”

Concomitantly, Prandolini ez al.!"*'? reported high enhance-
ment factors using the '’N labelled nitroxide Frémy’s salt
with an in situ liquid-state DNP set up at 9 T (260 GHz EPR,
400 MHz "H NMR). The high performance of this polarizer
was mainly attributed to its narrow EPR line width, which
allows for higher s.q levels in the non-saturating regime. Such
properties are useful particularly at high microwave frequen-
cies, where elevated microwave power levels P, are difficult
to achieve and introduce unwanted microwave heating effects
in the aqueous solution. The maximum extrapolated enhance-
ment 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 '°N labelled
Frémy’s salt in Overhauser DNP at X-band (0.34 Tesla). At
this frequency high microwave B fields (B; ~ Pp'?) are
available to achieve maximum saturation and hence record
the full power dependence of the DNP enhancement.!> We
measure all other factors in the Overhauser equation indepen-
dently, i.e. sor of the whole electron spin system by pulse
electron double resonance (ELDOR) and the coupling factor &
from nuclear magnetic relaxation dispersion (NMRD).'

In the past, several theoretical models were evoked to quanti-
tatively describe the saturation factor of nitroxide radicals.”'%!%16
Here, particular interest will be devoted to the description of
the B, dependence of the effective saturation factor in the case
of Heisenberg spin exchange between the two EPR transitions
as encountered for '°N labelled nitroxide radicals. To this end,
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the theory of saturation transfer and double resonance effects
in EPR'7!® will be recapitulated.

The results of our study on '°N labelled Frémy’s salt are
discussed in a systematic comparison with TEMPONE-D,'°N
in terms of suitability of the two radicals as polarizing agents
in liquid state DNP at different frequencies.

IT Theoretical background

Previously,'® we have reported the maximum effective satura-
tion factor achieved for '°N labelled nitroxides when continu-
ously 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(*°N) = 1/2).

It is given by
Win Wex
max =11 2 2
Seft /( * Wie +2W1e) 2)

and includes the following relaxation rates in solution:'

(1) the electron spin lattice relaxation rate wi, = 1/(2T1,),

(2) the nitrogen nuclear spin lattice relaxation rate wy,,

(3) the Heisenberg spin exchange rate wey.

Eqn (2) was also derived by Hyde et al.'® within the frame-
work of saturation transfer and double resonance effects in
EPR.'7!® 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

WA () = Wy + hAA(1) + he(t) 3)

and contains the time independent Hamiltonian #, randomly
modulated perturbations of the lattice leading to relaxation
effects #(¢) and the contribution from the interaction of the
electron spins with the microwave field &(7). Here the Hamiltonian
is presented in units of angular momentum, i.e. divided by the
reduced Planck constant /.

In the high-field approximation for one electron and i coupled
nuclei experiencing a static magnetic field B, along the z-direction,
we can write

hty = geﬂBBogz - hZiniziBo - h“/ezz‘aigzizi 4)

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 S. and
I; and the averaged values of the g-tensor and the isotropic
hyperfine interactions by g. and «;, respectively. ug is the Bohr
magneton.

Freed'® expanded the equation of motion of the spin density
matrix to consider exchange effects:

6= —i[#o+¢(t),06] — T(o — ag) + (6 — a9). (5)

Here I'(6 — 0¢) and ®(¢ — o) are matrices containing the
respective relaxation and spin exchange effects, oy is the
equilibrium spin density matrix.

Eqn (5) is valid in case the hyperfine lines remain separated
during saturation, i.e.

1

eBol, [7iBol, [eail, we ', 1 > o(1), T(6 — a), ek (6)

where 7. is the correlation time describing the motion respon-
sible for #(t) relaxation and 74 is the duration of contact
between an exchanging pair whereas t., is an effective
exchange time.'®

A general solution of eqn (5) and definitions of the relaxa-
tion 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 >N labelled
nitroxides.

Then, considering the deviation of the spin density matrix
from thermal equilibrium under the effect of an oscillating
field (with angular frequency w and strength B;) defined by

L=0— 0o @)

a steady state solution was given with the matrix elements
describing the two electronic transitions factorized in the
following way:

(L1 1) = Zye™ (8a)

w = (LT = Zoe™ (8b)

Z1 and Z, are time-independent steady state solutions describ-
ing the effect of continuous irradiation on the EPR transitions.
In general,®! the power absorbed by the electron spins is

. dB](Z)
P=-M=L 9)

X1

with M being the macroscopic magnetization expressed in
terms of the spin operator S, so that M.(1) = M(t) £ iM(t)
results in:

My = Ry Tr[o(1)S4]. (10)
N represents the spin concentration. Consequently, the power
absorbed by the hyperfine line is given as
P; = WhayB\S_,Z) (11)

and is proportional to the imaginary part of Z; = Z] + iZ!.
Hence, Z{ and ZJ 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 Z”
containing Z/ and Zj. The solutions were given by'®

Z' = M '(-R™H0, (12a)
M=1+ (R'K?+ (-RHS (12b)

with the matrices

T2e 0 Aw1 0
-R' = , K= :
0 Tx 0 Aw

(1/4)pBy @ (1/4)72B11 812212
S =
(1/4)72B1.1B1 20 1 (1/4)72 Bt ,Qa

(13)

describing the transverse electronic relaxation determined by
the relaxation time 7>.—assumed equal for both spin moieties,

This journal is © the Owner Societies 2012

Phys. Chem. Chem. Phys., 2012, 14,502-510 | 503


http://dx.doi.org/10.1039/c1cp22332a

Downloaded by Max Planck Institut fuer on 10 April 2012
Published on 09 November 2011 on http://pubs.rsc.org | doi:10.1039/C1CP22332A

View Online

the frequency deviations from the two resonance positions
Aw; and Aw, and the saturation, i.e. the B; fields applied at
transitions 1 and 2 as well as the so-called saturation para-
meters Q; and Q, ;, respectively. Q is a vector containing the
population differences of the two transitions with entries
(h/(2kT))yB; rwe, 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 fiw., SO
that w; = Wy = ..

The ‘saturation matrix’ § expresses the coupling of the two
lines as it contains off-diagonal elements and includes the
relaxation rates relevant for the polarization transfer process,
Wies Win, @Wex- In particular, foran S = 1/2, 1 = 1/2 spin system
the saturation parameters are'’

2+4+¢ c

Q==———0/,=0, = 14a
! : wie(1 + ¢) 12 > wie(1+¢) (142)
where
Win Wex

= 14b
¢ Wie 2Wie (14b)

Then each of the two EPR lines is given by'’
7 — (1) (2kT)peweB1iTae(1 = &/Q;4) (15a)

L1+ A0 T A+ (1/4)92B2 Ta(Qi — &)
1 4“2B2-T Ql"Q'l‘

¢, (1/4)7; 1,4 2e3%0,/2%), (15b)

T T AT 1 (1/4)2B, o8y

that corresponds to the familiar Bloch solution®? with two
additional terms ¢&; arising from polarization transfer between
the electronic transitions. Obviously the Bloch solution is recovered
for wex — 0 and wy, — 0.

In the situation of Overhauser DNP, when one of the lines is
actively pumped but both contribute to the overall polariza-
tion, 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 Sex = (Spump T Sdet)/2
with spump = 1 — Z{/Zj and sqe = 1 — Z5 /77 and Zjj corres-
ponding to the signal in thermal equilibrium.

We let B;, — 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 satura-
tion level. Only the dependence on the pump power represented
by By = B is retained. Additionally, we set Aw; = Aw, = 0.
Then, according to eqn (15a, b), the saturation levels of the two
lines are derived as

Sdet (Bl )

(1/8)y2 B Tae (2w1n + 0cx)
(1/4)}'§B% Toe(4wie + 2Win + Wex) + Wie(2(Wie + Win) + Wex)
(16a)

and
Spump (B1)

Wie(2(Wie +Win) 4+ wex)
(1/4)72 B2 Tae (4Wie +2Win + ex) + Wie(2(Wie +Win) + 0ex)
(16b)

and the effective saturation factor in Overhauser DNP with
5N labelled nitroxides results in

Seff(Bl)

(1/4)V§B% T (2(”’16 + Wln) +0~’ex)
(1/4)«,¥§B% Toe(dWie+2Win + Wex ) + Wie (2(Wie +Win) + @ex)

(17)

For full saturation of the pumped line, i.e. By —» o0, we
recover eqn (2) as should be expected.

In the past, it has been proposed to plot the Overhauser
DNP enhancements as 1/(s — 1) versus 1/P or 1/B3 and linearly
extrapolate to infinite power.?* For a single EPR line obeying
the Bloch equations the linear behaviour of 1/s in 1/B7 is
immediately evident. For the case of two coupled hyperfine
transitions, we inspect 1/s.¢ from eqn (17) and find

1 22w ) X 2
~ 2(2wie + win) 4 @ . (18)

Q - 2(Wle + Wln) + Wex Tie TchgB%

which indeed represents a straight line with slope 2/(TcTa¢72)
and the intercept corresponds to the maximum achievable
saturation 1/s5f described by eqn (2).

Then we can rephrase the Overhauser eqn (1) as a linear
dependence on 1/B7

1 2 1 (19)
e—1 Emax — 1 yngeTZQfé(‘ye‘/Vl)B%
where enax = 1 — shi fE|el/71 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 B, dependent DNP enhancements

In Fig. 1 we display CW-EPR spectra of '°N 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
T>. = 232, 168 and 77 ns. This slower transverse relaxation
with respect to TEMPONE? let us expect to reach maximum
EPR saturation and with it maximum DNP enhancement at a
lower incident microwave B field than in previous studies on
TEMPONE-D,""N.'!?

The achieved DNP enhancement factors on the water 'H are
plotted over B 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/(¢ — 1) versus 1/B} (Fig. 2, inset).
The fits were redrawn as ¢ versus Bi and are represented
together with the data. As can be observed from Fig. 2 and
especially from the linear behaviour displayed in the 1/(¢ — 1)
plots, the measured enhancements follow the theoretical expec-
tations 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
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Fig. 1 Continuous wave (CW) EPR spectra at X-band of 5, 10 and
25 mM °N 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.

0 v I/
20 4 v 4&_
20 i MR /2 FID
-40
4 = 5mM
60 e 10 mM
4 A 25mM
= -804
1 1 -1’
@ -100 o.oﬁ) )
120 _' -0.02
1 -00s
-140 - 006
H -008
-160 o .10
-180 — _0'120 10 20 30 40 Eie
T llllllll T T lllllll T IIIIIIII T 1
0.01 0.1 1 10
B,%/G’
Fig. 2 'H-NMR signal enhancement of water containing '°N labelled

Frémy’s salt at 5, 10, 25 mM concentration as a function of the
microwave B, field. t,,, = 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 ¢ versus Bi.

enhancements actually achieved in the DNP experiment. These
values are summarized in Table 1.

Moreover, the B; field needed to achieve 90% of the
maximum DNP enhancement now lies between ~ 1 and 2 G—
distinctly lower than using TEMPONE-D,'’N as polarizing
agent, where B; values of ~2 to 3 G were needed to reach the
same level (see Table 2). This behaviour is consistent with the
longer T, times of Frémy’s salt which result in a less steep
slope of the 1/(¢ — 1) curve according to eqn (19) for similar

Table 1 Overhauser DNP parameters achieved with N labelled
Frémy’s salt as a polarizing agent at room temperature

Conc/ ¢ € Seff Ser S &

mM  (DNP) (fity (ELDOR) (calc) (NMRD)

5 —94 +13 -91 0.58+0.02 — 0.73 0.34 + 0.05
10 —119 £ 14 —117 0.67 + 0.01 0.66 0.83 0.33 + 0.04
25 —172 £17 —175 0.86 + 0.03 0.85 0.92 0.33 + 0.04

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

longitudinal relaxation time 7.. The latter will be determined
in the context of the polarization recovery experiments.

The highest value of ¢ = —172 + 17 at 25 mM of the
present study is comparable to the value derived for 25 mM
TEMPONE-D,""N, ie. ¢ = —178 £ 13."° However, the

maximum reached (and also reachable) enhancement factors
of the solutions containing '°N labelled Frémy’s salt are lower
than for TEMPONE-D,"’N at 5 and 10 mM polarizer concen-
tration (see Table 2).

As pointed out by Prandolini e al.,'' 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 satura-
tion behaviour rather than the coupling factor. This is imme-
diately evident from eqn (1) when considering that s.g contains
the sole power dependence and should approach unity at high
B, fields and concentrations as well as f — 1 for ¢ » o0.>"1°

Evaluation of the saturation and coupling factors

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
ELDOR' to measure the effective saturation factor s.; and
NMRD™ to deduce the coupling factor €.

Fig. 3 illustrates the separate saturation levels of the two
coupled hyperfine lines s, and s, of '’N labelled Frémy’s salt at
5, 10 and 25 mM concentration observed in the pulse ELDOR
experiment. At the available microwave B; 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 s.q =
(Spump T Sde0)/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,'°N
(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 "N labelled
Frémy’s salt as polarizing agent. The corresponding leakage
factors were derived from the NMR relaxation rates with and
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Table 2 Comparison of '°N labelled Frémy’s salt and TEMPONE-D,"*N as a polarizer in Overhauser DNP at room temperature

Conc/mM Tie/ns Tae/ns we/MHz By (90% £)/G s%X (ELDOR) f (NMRD) & (NMRD) £,0x(DNP) D (1075 cm?® s™") d/A  tp/ps
SN Frémy’s salt 2.86-3.05 2.9-3.1 29-31
5 — 232 — 1.0 0.58 0.73 0.34 —94

10 268 168 3.4 12 0.67 0.83 0.34 —119

25 285 77 16 1.8 0.86 0.92 0.34 —172

TEMPONE-D,"> N* 2.87 2.7 26

5 298 8 9.8 1.9 0.78 0.78 0.33/0.35 —131

10 208° 52 20° 2.1 0.85 0.88 0.33/0.35 —157

25 298" 25 49" 2.7 0.87 0.95 0.33/0.35 —178

“ The values were taken from ref. 10, 13, and 14. ? In this studylo

these parameters were only measured for the 5 mM sample. 7. was assumed

equal for all concentrations and w, was scaled linearly with concentration.

IF\D/IOF\D

L L L L L L
9.65 9.70 9.75 9.80 9.85 9.90

/ GHz

VELDOR

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 concen-
trations of '*N 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 inde-
pendent) coupling factor is determined to be £ = 0.33 + 0.03
using the Overhauser eqn (1). This value is indeed identical
to the coupling factor of the TEMPONE-D,!’N/water system,
i.e. 0.33 + 0.02 derived in a similar fashion."

Independently, the coupling factor was determined by NMRD
measurements. The water 'H 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 concen-
tration. We have observed that the curves at 10 and 25 mM
concentration have deviated to some degree from the one at
5SmM, 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

be E&nmrp = 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,’N/water which
yields a coupling factor of 0.33/0.35 (with/without including a
contribution from contact interaction in the fit of the relaxa-
tion profiles).'

In order to check the assumption of purely dipolar inter-
action for Frémy’s salt and to determine the relaxation para-
meters 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, "N the diffusion coefficient amounts
to D = 2.86:107° cm? s~ '.'* Remarkably, the distance of closest
approach is somewhat larger for Frémy’s salt, i.e. d = 2.9 A
resulting in a larger correlation time of 29 ps (eqn (21), Section V)
despite its smaller molecular size.

0.4 —
3K measured relaxivity
. — best fit
T 03
£
" i
z
2
% 02—
Q
14
c
S o
j<
o
1 T ceeal
0.0 T llllll'll T lllll'l'l" T lllll'l'l'l T llllll'l'l
0.01 0.1 1 10 100

Proton Larmor Frequency / MHz

Fig. 4 Proton relaxivity of aqueous solutions containing '°N 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 = 305107 cm?s !, d = 3.1 Aand t = 31 ps are found
with a slightly increased discrepancy to the parameters of
TEMPONE-D,"°N (see Table 2 for comparison).

Overall it can be concluded that the differences in the perfor-
mance of '°N 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.!®?*2° Since
the nitrogen nuclear relaxation rate is negligible with respect to
the electronic relaxation rate as evident from the small polari-
zation 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 con-
centration, too, and we do not use the corresponding recovery
curves for the analysis of the relaxation times. In contrast, 5 mM
TEMPONE-D, !N has already exhibited pronounced exchange
effects.'® The fits of the recovery curves at 10 and 25 mM "°N

o PR-EPR
S
& N
72 FID
o PR-ELDOR
i s I
_ t—TN_
2 FID
' | ! I
0 1000 2000

Fig. 5 Recovery curves of the EPR FID in polarization recovery
EPR (J) and ELDOR (O) for three concentrations of '°N 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 (—).

labelled Frémy’s salt result in 77, = 268 and 285 ns as well as
Wex = 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 satura-
tion 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.>’° In the earlier studies a non-linear depen-
dence of the exchange rate on concentration C was found
by analysing the EPR linewidths which can be expressed by
wex = K(C)C and a concentration dependent proportionality
factor K. Later Bales and Peric®® 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 w.yx on concentration yielding we,/C =
9.6-10% s7! M~! at 67 °C 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 we derived at 10 and 25 mM
indicate a non-linear dependence on concentration.

Comparison of Frémy’s salt and TEMPONE-D,'>N as DNP
polarizing agents

In Table 2 the factors of the Overhauser eqn (1) and the
relaxation parameters are compared for '°N labelled Frémy’s
salt and TEMPONE-D,'’N. The differences in the maximum
enhancement levels can be directly correlated with the differ-
ences 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 correla-
tion 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 ez a/l.,** 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 inner-
sphere contributions as opposed to the former study with
TEMPONE-D,"’N'* 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 s.g™** given by eqn (2) is
mainly determined by the exchange term since 7. is quite
similar and the contribution of the nitrogen nuclear relaxation
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can mainly be neglected. However, w., 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 "N
labelled Frémy’s salt with respect to TEMPONE-D,'N result-
ing in lower maximum saturation levels. Specifically, it was
found?®® 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 T, times displayed by Frémy’s salt.
This leads to saturation of the pumped EPR transition at
rather low Bj, 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 B fields needed to
achieve 90% of the maximum enhancements illustrate this
fact. At certain B, levels below full saturation it is therefore
possible that a higher enhancement is achieved with Frémy’s
salt despite lower maximum enhancements.'!

Therefore, the main advantage of using '°N labelled Frémy’s
salt as a polarizing agent for liquid state DNP instead of
other nitroxide radicals such as TEMPONE-D,!’N 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 frequen-
cies 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,'*N at 5 and
10 mM concentration. Going to higher concentrations such as
25 mM where s and f are close to 1 both polarizing agents
provide equal enhancements.

IV Materials and methods
15N labelled Frémy’s salt

All experiments were carried out using >N labelled Frémy’s
salt as paramagnetic species, that is the paramagnetic nitroso-
disulfonate anion ON(SO;™), from K,ON(SOs3),, which was
synthesized in house. To increase the stability of Frémy’s salt it
was dissolved in 50 mM K,COj; buffer (pH &~ 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
N, flow, loaded into 0.45 mm inner diameter (ID) tubes and
sealed.

The radical concentration was checked by optical absorption’!
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 °C.

DNP experiments

DNP was performed with the DNP spectrometer at X-band
(0.35T, 9.7 GHz EPR, 15 MHz "H NMR) described in ref. 13.
The microwave B; field achieved with this setup ranges up to

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 induc-
tion decay (FID) of water 'H was recorded with a 1.5 ps NMR
pulse. To calculate the "H DNP enhancements the first point
of the magnitude of the FID was taken as a measure of the
intensity / and divided by the corresponding value without
preceding microwave irradiation Iy, so that ¢ = I/l,. 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 over-
coupled and a TWT amplifier was used that can provide B;
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 off-
resonance 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 ps 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 relaxometer™? that records the 'H 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 '°N labelled Frémy’s salt
was obtained. For a purely dipolar mechanism as can be assumed
for nitroxide radicals®> the coupling factor at a nuclear frequency
oy can be calculated from the observable nuclear relaxation
rates R

o 5 _ 2W1
5_7(1 Ri(wr) —R?)' 20)

Here, 2wy corresponds to the relaxation value at very high w;
(which is 3/10 of the relaxation value at a very low field), R; is
directly measured at the desired w; with the polarizing agent
while R 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,'* so that
the diffusion coefficient D and the distance of closest approach
d could be obtained. The correlation time is then defined as

d? d?

S (21)
D Dwater + Dradica]

™D

Note that this correlation time is mainly determined by the
diffusional coefficient of water Dy, and the distance of
closest approach and is therefore not concurrent with the
correlation time 7. 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

g
f= R (22)

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

V Conclusion

In this study we have investigated '°N labelled Frémy’s salt as
a polarizing agent in liquid state DNP at X-band (0.35 T, 9.7 GHz
EPR, 15 MHz '"H NMR) as compared to TEMPONE-D,'*N
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 B, field was described within the theory of
saturation transfer in EPR.'7'®2° The maximum achievable
effective saturation factor and enhancement depends on the
relaxation and exchange rates wi, Wi, Wex While the increase
with power is described by a ‘Bloch-like’ factor containing
Wie = 1/(2Tle) and T2eA

The negatively charged sulfonate groups of Frémy’s salt
shield the nitroxide group from approaching water molecules,
and also repel two approaching polarizing molecules. There-
fore, the distance of closest approach of water protons and
the associated diffusional time constant are slightly larger than
for TEMPONE-D, !N 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 concentra-
tions 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 '*N labelled Frémy’s salt
are lower. At the same time less microwave power is necessary to
reach maximum saturation caused by slow 7>, relaxation.

Hence, '°N labelled Frémy’s salt might be an ideal polariz-
ing agent under power-limited conditions as is often the case at
high microwave frequencies and corresponding static magnetic

fields, i.e. in a regime most desirable for high-resolution NMR
and biological applications.
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