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Dynamic Nuclear Polarization methods are used for improving the quality of the NMR data, opening new
possibilities by increasing both the sensitivity and the selectivity in NMR relaxation experiments.
Recently, Fast Field Cycling relaxometry combined with DNP was introduced, demonstrating that molec-
ular dynamics studies in the presence of natural or artificial radicals are indeed feasible under conditions
where the signal-to-noise ratio is frequently critical. In this work, the extension of NMR relaxation dis-
persion beyond 1H NMR, by hyperpolarization of X-nuclei, is demonstrated. Overhauser effect via nitrox-
ide radicals in simple (low viscous) liquids and saline solutions was observed for 2H, 7Li and 13C nuclei at
ambient temperature. Substantial NMR signal enhancement up to several hundred was achieved for the
studied samples. An advanced approach for reconstructing of the original relaxation dispersion of pure
substances is used to eliminate the effect of the additional radical relaxivity of the X-nuclei.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Dynamic Nuclear Polarization (DNP) Fast Field-Cycling (FFC) is a
new combination of methods that was recently reported [1] to pro-
vide a signal-enhanced access to the frequency dependence of the
longitudinal relaxation time, or relaxation dispersion (NMRD), for
studying molecular dynamics in various systems [2–5]. The main
concept of FFC [6] is using electronic switching between different
magnetic field strengths in the range of typically 0.1 mT–1 T within
a few milliseconds, which allows one to obtain information about
molecular motions in the corresponding time scale of 10�8–10�3 s
in a variety of samples of fundamental interest, including proteins
[7], liquid crystals [8,9], crude oil [10,11], and polymer systems
[12]. Furthermore, cross relaxation [13,14] and electron-nuclear
interaction features [15] can be investigated using the FFC tech-
nique. However, low sensitivity due to the limitation of the polar-
ization field leaves many materials out of reach of the FFC method,
such as diluted solutions, or X-nuclei systems with target nuclei
with low natural abundance or low gyromagnetic ratio c and,
correspondingly, low thermal polarization. One of the main
approaches to increasing sensitivity in NMR measurements is
hyperpolarization. A variety of different hyperpolarization tech-
niques are now available that allow to generate an NMR signal
enhancement of up to several thousand for applications in spec-
troscopy and MRI studies. However, approaches such as changing
the phase state as in dissolution DNP [16], designing chemical
reactions in CIDNP [17,18] or the necessity to use gas as a hyperpo-
larization agent in SABRE [19,20], are frequently not applicable for
molecular dynamics studies in viscous liquids, polymer melts and
solutions. Thus, DNP is suggested as a suitable technique to obtain
hyperpolarization in the above-mentioned systems.

DNP as a method assumes using radicals as a source of unpaired
electron spins from which polarization is ‘‘borrowed”. The use of
the microwave field to manipulate electron energy levels satura-
tion makes it possible to transfer higher polarization from the elec-
tron spin system to the nuclear spin system, while both are
coupled to each other. The higher polarization of the electrons
due to the higher gyromagnetic ratio compared to the nuclei theo-
retically allows to achieve corresponding NMR signal enhance-
ments of several thousands in the case of 13C, 2H and 7Li nuclei.
Despite hardware limitations and undesirable sources of DNP
enhancement reduction, such as quadrupolar relaxation and com-
petition between scalar and dipolar electron-nucleus interactions,
relatively high values of DNP enhancement in X-nuclei system
were reported [15,21–24]. The implementation of DNP to the FFC
methods requires the use of additional hardware such as a double
resonance probe [25,26], a microwave bridge and the correspond-
ing pulse protocols [27].

The Overhauser DNP effect (OE) which often dominates in liq-
uids and solutions generates maximum enhancement when elec-
tron levels are saturated and the microwave irradiation
frequency equals the Larmor electron frequency. Of course, this
requires the existence of a corresponding electron nuclear coupling
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and interaction which is modulated by processes such as transla-
tional or rotational diffusion with a rate being high enough to pro-
vide a significant contribution to the spectral density component at
the electron Larmor frequency. This is commonly observed for liq-
uids at low or intermediate magnetic field strength. However, it
has also been shown theoretically and experimentally that OE
remains effective even at high fields above 10 T [28], where it is
preferably related with fast sub-ps local dynamics. Enhancements
on the order of the theoretical limit, i.e. of up to several hundred-
fold, were already achieved for the abundant nuclei 1H and 19F in a
variety of systems such as polymer melts [2] and solutions [29],
oils [3] and simple liquids [30]. A preliminary study [1] of 13C
relaxation showed the potential of DNP FFC for studying the
dynamics in systems by means of X-nuclei relaxation.

The requirement of having stable radicals present in the sam-
ples as a source of unpaired electrons, usually in the form of a
low concentration of organic radicals such as TEMPO [31,32] or
BDPA [33], necessarily leads to additional contributions to the total
NMR relaxation rate [34,35]. If a significant signal enhancement is
desired, the corresponding radical concentrations often leads to a
relaxation rate contribution that is similar or larger than the intrin-
sic nuclear relaxation rate, and furthermore possesses its individ-
ual frequency dependence which masks the actual NMRD
behavior of the sample that is required for verifying models for
molecular dynamics. However, under the assumption that the
radical-driven relaxivity is proportional to the radical concentra-
tion in homogeneous systems, the true nuclear relaxation disper-
sion can be recovered by using a difference approach [36] where
results obtained at two or more radical concentrations are com-
pared to each other. The main area of interest for the implementa-
tion of the difference approach is in systems with a low thermal
polarization, which renders reliable relaxation times measure-
ments within reasonable experimental time unfeasible. X-nuclei
systems are one of the focus areas due to the low natural abun-
dance of some isotopes, such as 13C, and the relatively low gyro-
magnetic ratio of nuclei, such as 2H, 7Li etc. Despite the existence
of a small number of studies of NMRD of X-nuclei systems, such
as deuterated polymer systems [37], and D2O in hydrated proteins
[38] and in porous media [39], a considerable paucity of NMR stud-
ies of NMRD on X-nuclei is observed in the literature.

One of the advantages of using deuterated samples in molecular
dynamics studies is the prevailing quadrupolar relaxation, which is
almost entirely related to intramolecular dynamics, allowing one
to neglect the intermolecular interactions contribution to the
relaxation [39–41]. On the other hand, low thermal polarization
and low sensitivity, consequently, requires time consuming exper-
iments even for fully deuterated substances.

Lithium ions remain of considerable interest in the field of bat-
tery research; while published field-cycling studies of 7Li [42] have
demonstrated the feasibility of exploiting thermal polarization
with dedicated hardware, the low c certainly suggests that lithium
studies will benefit from signal enhancement, particularly if the
ions exist at low concentration. 7Li DNP-FFC is thus considered in
this paper as a feasibility study being representative for a number
of low-c ionic species such as 23Na or 39K.

The 13C isotope is of paramount importance in metabolic and
MRI studies, and is thus frequently studied in high-field DNP inves-
tigations [15,43–45]. However, the low natural abundance in com-
bination with the low gyromagnetic ratio of 13C nuclei puts even
further constraints on the feasibility of extended studies. Further-
more, scalar contribution to the electron-nuclear interaction,
which effects on 13C DNP enhancement, is a matter of detailed
investigations [15,43,46]. In this work, we are employing 13C-
enriched species for demonstrating the feasibility of DNP-FFC also
for this nucleus, and comment on the potential of related applica-
tions in the future.
In this contribution, applications of DNP-FFC and the difference
approach to improve quality of the NMRD data of X-nuclei systems,
such as a deuterated liquid (benzene-d6) in porous silica and an
aqueous solution of LiCl, is presented. Additionally, the potential
applications of using DNP-FFC to obtain relaxation properties of
13C containing species are discussed on the example of benzene-
d6 with a natural abundance of 13C. Standard dynamics models
are used to fit DNP and NMRD data.
2. Methods

Samples of radical solutions were prepared using deuterated
benzene-d6 (99.5%, Deutero GmbH, Germany). An aqueous solution
of 6 M LiCl (>99%, Carl Roth GmbH, Germany) was prepared with
bidistilled deionized water. In order to generate the DNP effect,
2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) (98%, Sigma-
Aldrich) and 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPOL) (97%, Sigma-Aldrich) were used as radicals in the
benzene-d6 and LiCl aqueous solution, respectively. The radicals
were dissolved in the respective liquids to obtain concentrations
of 100 and 200 mM of TEMPO in benzene-d6 and between 3.5
and 89 mM of TEMPOL in LiCl aqueous solution. The radical solu-
tions as well as the bulk liquids were filled into 2.5 mm inner
diameter (3 mm outer diameter) borosilicate glass tubes
(Wilmad-LabGlass, U.S.A.), which were flame-sealed immediately.
All samples were stored at +5 �C and were measured within 1 week
of preparation.

Monodisperse silica fine particles were purchased from Sigma
Aldrich. The grade A380 is characterized by an average particle
diameter of 7 nm and a specific surface of 380 ± 30 m2/g. The silica
particles in 3 mm tubes were saturated by 100 and 200 mM
TEMPO solutions in benzene-d6, resulting in an amount of solution
of 1.5 g per g of silica after centrifugation at 5000 rpm during
15 min and removing excess solution on the top of the sample.

The benzene sample for 13C DNP was prepared by dissolving
TEMPO in 13C6D6 (99% of 13C and 99% of 2H, Sigma-Aldrich) to
obtain 70, 135 and 320 mM solutions, respectively. The sample
with 70 mM of TEMPO was degassed by two freeze-thawing cycles
under continuous pumping (30 mbar) and were subsequently
flame-sealed.

The radical concentrations in the samples were controlled by
employing a benchtop EPR spectrometer Magnettech 5000 (Mag-
nettech, Freiberg Instruments, Freiberg, Germany).

DNP experiments and relaxation dispersion measurements
were performed using a FFC relaxometer (Spinmaster FFC2000,
Stelar, Mede, Italy) and a home-built DNP console with the probes
combining an RF coil for excitation and detection of the NMR signal
and a microwave resonator operating at X-band (�9.5 GHz micro-
wave frequency) in the TM110 mode with a conversion factor c = 16
lT/W�0.5, and at S-band (�2 GHz) with an Alderman-Grant res-
onator with c = 80 lT/W�0.5 [25,26], respectively. For the purpose
of measuring DNP spectra and standard NMRD measurements on
the FFC relaxometer, an advanced pulse sequence including micro-
wave irradiation during the polarization interval and a CPMG pulse
sequence during signal acquisition was used [1,47]. The measure-
ments of pure benzene-d6 and LiCl water solution were performed
using 10 mm tubes and a standard NMR 10 mm probe for conven-
tional NMRD measurements.

For detection, the probes were tuned to 3.2 MHz (2H and 13C)
and 4.4 MHz (for 7Li), respectively, with the detection field set at
the corresponding strength of 0.49 T, 0.30 T and 0.27 T. Signal
acquisition was realized with a CPMG pulse sequence. All signal
decays were fitted to a monoexponential function. All experiments
were carried out at room temperature (293 K).
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The temperature was controlled by heated dry air flow. The
heating in DNP experiments at 5 W microwave power did not
exceed 3–5 degrees. Pre-adjustment of temperature and dummy
scans [25] were used to achieve a constant temperature of the
sample during all experiments. Due to the impossibility of direct
measurement of sample temperature the latter was controlled by
comparison of the measured relaxation times under microwave
irradiation and previously obtained temperature dependence of
corresponding relaxation times without microwave irradiation
during the polarization time interval. To eliminate microwave
heating effects of the resonator itself during the polarization time,
preliminary tests of different recycle delay times at particular
microwave power and experimental parameters were performed.
The optimal microwave power for performing NMRD experiments
was estimated from power dependencies of enhancement for par-
ticular samples as the point when a further increase of the micro-
wave power leads to an increase of the enhancement by a factor
less than the corresponding time penalty which is necessary to dis-
sipate additional power from resonator heating due to the micro-
wave irradiation [25]. In the current setup, the necessary time to
dissipate the adsorbed power after using 1 W of microwave irradi-
ation during 1 s was 4 s at 20 l/min of cooling airflow. The obtained
values of microwave power for the studied system were estimated
in the range of 2.5–4.3 W.

3. Theory and models

3.1. DNP

At steady state DNP conditions, the DNP enhancement by OE is
given by [48,49]:

E ¼ PDNP

PTP
¼ 1� nfs

ce
cn

����
����; ð1Þ

where ce and cn are the gyromagnetic ratios of the electron and
nuclear spins, respectively, and PDNP and PTP are the polarizations
of the nuclear spins in the hyperpolarized and the thermal state.
The three parameters n, f and s in the right-hand side of Eq. (1)
are the coupling, leakage and saturation factors, respectively, which
are defined as:

n ¼ w2 �w0

w0 þ 2w1 þw2
¼ w2 �w0

R1para
; ð2Þ

f ¼ R1para

R1
; ð3Þ

where

R1 ¼ R1para þ R10 ¼ r1radc þ R10 ð4Þ
and w1, w2 and w0 are the relaxation rates for single-, double- and
zero-quantum transitions due to coupling with an electron spin. R10
is the nuclear spin-lattice relaxation rate measured in the absence
of the radicals, whereas r1rad is the radical-induced relaxivity nor-
malized to concentration c. For a single, homogeneous EPR line,
the saturation factor is given by [50]:

s ¼ c2eB
2
1T1eT2e

1þ c2eB
2
1T1eT2e

; ð5Þ

where B1 is the magnetic field strength of the microwave field, and
T1e and T2e are the corresponding electron relaxation times.

The coupling factor describes the efficiency of electron-nucleus
cross relaxation processes to the paramagnetic relaxivity. The leak-
age factor f constitutes the paramagnetic relaxation contribution to
the nuclear relaxation rate, while the saturation factor s describes
the efficiency of the microwave irradiation.
In the ideal case, when saturation of electron levels and concen-
tration of radicals are sufficiently high to generate conditions of s
and f approaching 1, the coupling factor n plays the role of the
restricting factor of DNP enhancement via OE, exhibiting, according
to (1), the maximal enhancement levels of, e.g. �4270n for 2H
nuclei. A positive enhancement is attributed to the prevailing of
scalar interaction with the maximal value of n = �1, while the
dipolar coupling limit approaches the value of n = 0.5 with a corre-
sponding negative net enhancement, i.e. an antiphase signal com-
pared to the thermal polarization NMR signal. However, in real
systems both contributions may exist, thus reducing the experi-
mentally observed DNP enhancement [51].

The saturation factor s can be separated into two factors
s = srel(P)smax(c) which depend on the microwave power and radi-
cal concentration, respectively, and where smax(c) depends on the
number of electron spin transitions and on exchange effects mixing
them, with 1/3 < smax < 1 for 14N nitroxide radicals. By using Eq. (5)
the relative saturation factor is written as [30]:

srel Pð Þ ¼ P=Phalf

1þ P=Phalf
; ð6Þ

where Phalf ¼ c2eC
2T1;eT2;e

� ��1
is a fitting parameter for which

srel(Phalf) = 0.5, while ceB1 ¼ ceC
ffiffiffi
P

p
depending on the strength of

the microwave field in the resonator with conversion factor C.
From the power dependency of the enhancement E(P), the lim-

iting value extrapolated to infinite power enhancement Emax can be
calculated by [30]:

E Pð Þ ¼ 1� 1� Emaxð Þ P=Phalf

1þ P=Phalf
; ð7Þ

The maximum of the DNP saturation factor for a system with
three EPR transitions, as is the case for the 14N nitroxide radical
with its triplet hyperfine splitting due to the I = 1 nuclear spin, is
then given by [30,52]:

smax cð Þ ¼ 1
3

3� 4 2þ kexchc
We

� ��1
" #

; ð8Þ

where We = 1/T1e is the longitudinal electron spin lattice relaxation
rate and c is the concentration of radicals. The Heisenberg exchange
constant kexch can be estimate from EPR experiments, and in case of
TEMPO in benzene and TEMPOL in water can be taken as 3.3 [30,53]
and 1.9 mM�1s�1 [54], respectively.

Finally, using Eqs. (1), (7) and (8) the expression for the extrap-
olated to infinite power value of enhancement can be written as
[52,30]:

Emax cð Þ ¼ 1� n
rrad1;nc

R1;n 0ð Þ þ rrad1:nc
1
3

3� 4 2þ kexchc
We

� ��1
" #

ce
cn

: ð9Þ

Thus, the coupling factor nDNP can be estimated both from
experimentally measured as well as from the fitted concentration
and power dependencies of the DNP enhancement.

3.2. NMRD

In order to test the feasibility of the application of FFC-DNP to
X-nuclei, several compounds containing 2H, 7Li, 13C in different
states, solutions or confinement were studied. Depending on the
particular case, the NMRD dispersion could be fitted with a suitable
model.

The paramagnetic relaxation and coupling factor (see Eq. (1))
can be determined using the relaxation rates for zero-,
single- and double quantum transitions, which are given as
[34,49,55]:
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w0 ¼ Cdipj xn �xe; sdip
� 	þ Cdiff jdiff ðxn �xe; sdiff ÞþCscal j xn �xe; sscalð Þ½ �

ð10Þ

w1 ¼ 3
2
Cdipj xn; sdip

� 	þ 3
2
Cdiff jdiff ðxn; sdiff Þ ð11Þ

w2 ¼ 6Cdipj xn þxe; sdip
� 	þ 6Cdiff jdiff ðxn þxe; sdiff Þ ð12Þ

with the Lorentzian spectral density function

j x; tð Þ ¼ s
1þx2s2

ð13Þ

and the reduced spectral density function for translational diffusion
[56,57]:

jdiff zð Þ ¼ 1þ 5z=8þ z2=8
1þ zþ z2=2þ z3=6þ 4z4=81þ z5=81þ z6=648

ð14Þ

where z ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xsdiff =2

p
, and

sdiff ¼ 2d2

Dn þ De
ð15Þ

with Dn and De being self-diffusion coefficients of the molecules
containing nuclear and electron spins, respectively, and d is the
minimal distance between electron and nucleus, sdip, sscal and sdiff
being the correlation times of dipolar, scalar interaction and inter-
action modulated by translational diffusion, respectively, and Cdip,
Cscal and Cdiff are corresponding prefactors. Since the Larmor nuclear
frequency is negligibly small in comparison with the electron Lar-
mor frequency, the relaxation rate of nuclear spins due to the
electron-nuclear coupling in the presence of dipolar and scalar
interactions is given by [58,59]:

R1para ¼ R1dip þ R1scal þ R1diff

¼ Cdip 7j xe; sdip
� 	þ 3j xn; sdip

� 	
 �þCscal j xe; sscalð Þ½ �
þ Cdiff 7jdiff xe; sdiff

� 	þ 3jdiff xn; sdiff
� 	
 � ð16Þ

In addition, the relative contribution of scalar interaction was
calculated as Mscal ¼ lim

xe;n!0
R1scal=R1para. Combining Eqs. (2) and

(10)–(12) [59] one obtains for the coupling factor:

nNMRD ¼ 5
7

1� 3Cdipj xn; sdip
� 	þ 3Cdiff jdiff ðxn; sdiff Þ

R1para

" #
� 12

7

� R1scal

R1para
: ð17Þ

Analysis of NMRD of liquids in different porous media is pre-
sented by a variety of approaches in the literature [60–63]. Consid-
ering the absence of paramagnetic impurities in studied samples of
silica particles, a mechanism of relaxation of adsorbed benzene-d6
in silica particles caused by ‘‘reorientations mediated by transla-
tional displacements” (RMTD) was used to describe the obtained
NMRD data. Thus the expression for the relaxation rate of
benzene-d6 in silica is given as:

R1RMTD ¼ C jRMTD xð Þ þ 4jRMTD 2xð Þ½ � ð18Þ
where jRMTD xð Þ, assuming the strong adsorption limit and Lévy-
walk statistics with an expected Cauchy distribution, can be written
as [61]

jRMTD xð Þ ¼ b
4p sin p

2 v
� 	 c� 1�vð Þx�v ð19Þ

where b and c are constants, and v is a parameter related with the
‘‘roughness” of the surface (0 < v < 1). The parameter c, possessing
the dimension of velocity, can also be written as:

c ¼ D=h ð20Þ
where D is the bulk diffusivity and h is the ‘‘adsorption depth”,
which is related with the retention time of the molecules adsorbed
on the surface. Thus, the complete expression including the men-
tioned relaxation mechanisms is given by:

R1 ¼ R1;0 þ R1;para þ R1;RMTD ð21Þ
where R1,RMTD equals to zero in the case of bulk liquids, when Eq. (4)
is valid. Considering of relaxation rate of the system without radi-
cals R1,pure = R1,0 + R1,RMTD and, like in Eq. (4), the additivity of the
radical induced relaxivity r1rad [35,59] leads to:

R1 ¼ R1;pure þ R1;para ¼ R1;pure þ cr1rad ð22Þ
A consequence of Eq. (22) is that, given two NMRD datasets cor-

responding to different radical concentrations c1 and c2, the disper-
sion R1,pure of the pure substance can be recovered,

R1;pure ¼ c2
c2 � c1

R1;c1 �
c1

c2 � c1
R1;c2 : ð23Þ

According to Eq. (23) one of the important requirements to reli-
ably recover the NMRD of the pure substances is the precise prepa-
ration and measurement of the radical concentration in the
samples. On the other hand, an even distribution of the radicals
in the whole or particular parts of the system becomes mandatory.
In addition, using (23) for recovering NMRD of pure samples allows
to estimate relaxation times T1 much higher than the maximum
achievable for conventional FFC experiments due to hardware lim-
itations, provided a sufficient accuracy in the measured quantities
can be obtained under conditions of signal enhancement by DNP.

4. Results and discussion

4.1. Benzene-d6

A remarkable level of OE DNP enhancement of 2H NMR signal
exceeding 200 at moderate power of microwave irradiation was
observed in bulk deuterated benzene with 100 and 200 mM of
TEMPO (Fig. 1). By comparison, the enhancement is found to be
at least three times lower for benzene-d6 in silica. This may be
explained by an equivalent slowing-down of molecular motions,
which modulate electron-nuclear interaction and can be related
to the translational diffusion [56,57]. Despite of this reduction,
the enhancement of the NMR signal is still totally sufficient to
acquire 2H NMRD data with high SNR.

The single line in the DNP spectra for all samples is an attribute
of the so-called Heisenberg exchange effect on the hyperfine split-
ting of the TEMPO radical ESR spectra, when the three hyperfine
lines collapse due to fast exchange processes. Moreover, Heisen-
berg exchange, the efficiency of which depends on the radical con-
centration, is more pronounced in the sample with higher
concentration, thus leading to the narrower lines in the EPR and
DNP spectra, respectively. In general the exchange line narrowing
simplifies calculations of the coupling factor n due to the relevant
assumption about saturation factor s � 1 at high concentrations
of radicals. However, taking into account the exchange rate by fit-
ting of the power dependencies of the DNP enhancement to Eq. (7),
a more precise estimation of the coupling factor is possible. The
saturation factor smax obtained by fitting to Eqs. (8) and (1) and
the calculated coupling factors are presented in Table 1.

The DNP enhancements Emax, extrapolated to infinite power, are
rather high in direct comparison with 1H data in benzene [30].
However, c(1H)/c(2H) = 6.51 and the corresponding maximal 2H
DNP enhancement is ��2140 in the dipolar interaction limit
(n = 0.5) [51]. In case of the 200 mM TEMPO benzene-d6 solution
the value of Emax is only 25% of its theoretical maximum. One of
the main reasons of low DNP enhancement of 2H nuclei in compar-
ison with 1H DNP data [30], assuming the same coupling factor, is



Fig. 1. 2H DNP spectra at 1 W microwave power (a) and power dependencies (b) of DNP enhancement of deuterated benzene with 100 and 200 mM of TEMPO in bulk and
adsorbed in silica, respectively. Lines in (b) correspond to fits by Eq. (7).

Table 1
Parameters of fitting of power dependencies of 2H DNP and NMRD of benzene-d6 with 100 and 200 mM of TEMPO in bulk and in the silica system.

TEMPO/sample Emax Phalf f smax nDNP
a nNMRD

a tdiff, ps Mscal

100 mM in silica �132 ± 19 6 ± 1 0.27 ± 0.04 0.96 ± 0.02 0.12 ± 0.02 0.10 ± 0.05 60 ± 15 0.04 ± 0.01
200 mM in silica �153 ± 12 13 ± 3 0.39 ± 0.03 0.98 ± 0.01 0.09 ± 0.01 0.11 ± 0.05 70 ± 20 0.03 ± 0.01
100 mM bulk �419 ± 13 6.2 ± 0.4 0.35 ± 0.02 0.96 ± 0.03 0.29 ± 0.01 0.30 ± 0.04 30 ± 5 0.03 ± 0.01
200 mM bulk �531 ± 19 8.2 ± 0.4 0.54 ± 0.02 0.98 ± 0.02 0.23 ± 0.01 0.27 ± 0.04 40 ± 6 0.05 ± 0.01

a The values of coupling factors are presented at 293 K and 340 Mt.
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the quadrupolar relaxation, which leads to a low leakage factor,
and was found to be f = 0.54 for the case of the 200 mM TEMPO
solution. The ratio of the radical-induced relaxivities normalized
to the radicals concentration r1rad(1H)/r1rad(2H) for benzene [30]
and deuterated benzene at polarization magnetic field (340 mT)
is in the order of � 30, which is close to the ratio obtained in
[24] and theoretical ratio of c(1H)2/c(2H)2 � 42.5, showing that
unpaired electrons are 42.5 times more effective to increase the
relaxation rate of the protons than deuterons. Additionally, the
relaxation rate of the bulk deuterated benzene is �2.5 times faster
(in the non-degassed samples) [30]. Furthermore, relaxation in the
system becomes faster due to the RMTD process caused by interac-
tion of the benzene-d6 molecules with the surface of the silica
nanoparticles, which leads to the value of leakage factor of
f = 0.27 and f = 0.39 for the case of 100 and 200 mM TEMPO solu-
tions in silica, respectively. The low enhancement may as well be
a result of the counteraction of dipolar and scalar relaxation mech-
anisms, which leads to the lower coupling factor in comparison
with the system with only dipolar electron-nuclear interaction.
Indeed the coupling factor obtained from DNP data for benzene-
d6 TEMPO solution is slightly reduced by �15% in comparison with
1H DNP measurements in benzene [30], which is in the range of
experimental error. On the other hand, a similar effect can be
caused by scalar interaction which is present on the order of a
few percent (see Table 1) in the studied system. Furthermore,
benzene-d6 in silica exhibits a 2–3 times lower coupling factor
reflecting a slower dynamics of both benzene-d6 and TEMPO mole-
cules in silica. This point is also discussed below when the T1 dis-
persion results are analyzed.

The obtained DNP spectra were used to define the optimal
polarization field to achieve maximum enhancement in the DNP-
FFC experiments. At the same time, using high microwave power
will increase the heating effect due to absorption by the sample
because of dielectric losses, and by heating of the microwave res-
onator itself. Moreover, the dielectric constant of benzene is quite
low (around 2.3) as compared with the dielectric constant of water
(�80).
The DNP enhanced 2H NMRD of T1 deuterated benzene with
TEMPO at different concentration and the recovered NMRD of
deuterated benzene without radical using Eq. (23) in comparison
with the directly measured NMRD of deuterated benzene acquired
with the conventional FFC technique at thermal polarization are
presented in Fig. 2.

The recovered NMRD of pure benzene-d6 is characterized by a
constant value of T1 in the range of experimental error in the whole
studied frequency range, i.e. by absence of relaxation dispersion in
studied frequency range, as is expected for simple liquids [6,58].
Furthermore a good agreement between recovered and directly
measured NMRD is observed according to Fig. 2(a), showing an
error of around 15%.

The DNP-enhanced 2H NMRD curves of benzene-d6 in silica
A380 with TEMPO are presented in Fig. 2(b). The recovered NMRD
of benzene-d6 in silica is characterized by significantly lower scat-
tering and uncertainty in comparison with the thermal polariza-
tion data. Moreover, the scattering of the NMRD of benzene-d6
obtained at thermal polarization is too large to even distinguish
it from the results in the presence of radicals, such a distinction
would necessitate a dramatic increase of the number of scans if
DNP were not applied. This shows the advantage of using DNP in
X-nuclei systems in order to enhance the signal for NMRD
purposes.

The moderately strong dispersion of benzene-d6 in silica is
explained by the RMTD process which was reported in several
basic papers [60,61,64]. The use of the spectral density function
given by Eq. (19) which corresponds to the Cauchy propagator
[61] results in a good fitting with corresponding parameters pre-
sented in Table 1. The parameter v which is related with the
‘‘roughness” of the surface obtained from fitting of experimental
data by (18) and (19) exhibits a value of 0.52 ± 0.02. The general
theory of RMTD [39,65] assumes low adsorption limit and weak
interaction for organic molecules like n-alkanes and strong interac-
tion for polar molecules. Previous works [61,60] showed weak
NMRD for non-polar organic fluids, in comparison with polar liq-
uids such as water or DMSO with strong adsorption and values



Fig. 2. 2H NMRD of deuterated benzene in the bulk (a) and adsorbed in silica (b) without radicals (‘‘pure”) and with 100 and 200 mM of TEMPO in comparison with the data
recovered by the difference approach. The lines represent fits by Eq. (16) (see the text) and (18) for bulk and adsorbed benzene-d6, respectively.
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of v exceeding 0.5, which can be explained by the presence of
hydroxyl groups on the surface of silica nanoparticles. In the case
of benzene-d6 in the silica system, the strong dispersion can be ten-
tatively explained by interaction of benzene-d6 molecules and
hydroxyl groups via p-electron interaction [66,67] which renders
the molecules preferentially oriented at the surface.

4.2. 7Li in aqueous solution

7Li with �93% natural abundance and a spin 3/2 is an isotope
occasionally used in DNP studies [21,51,68]. Materials containing
lithium are used in a wide range of applications including batteries,
semiconductors, lasers etc.

S-band 7Li DNP spectra of 6 M LiCl aqueous solution with TEM-
POL radical presented in Fig. 3 exhibit positive OE with the shape of
the spectra corresponding to the ESR lineshape due to hyperfine
splitting by the 14N (I = 1) nucleus in the TEMPOL radical. Contrary
to TEMPO in the benzene-d6 solution with a concentration of
100 mM, the three hyperfine lines are still observable in the aque-
ous LiCl solution with 89 mM TEMPOL, which is a consequence of a
slower Heisenberg exchange in comparison with the benzene-d6
solution. On the other hand, according to the literature [53,69]
three lines collapse to one line in pure aqueous TEMPOL solution
at concentration higher than 50–70 mM – this reflects the strong
LiCl influence on the dynamics of the TEMPOL radical. The analysis
of the linewidth dependence of the EPR line of TEMPOL in LiCl
aqueous solution (data not shown) exhibits slower Heisenberg
exchange with an exchange constant of 0.9 ± 0.1 mM�1s�1 in
Fig. 3. 7Li DNP spectra (a) of 6 M LiCl in H2O at 2.2 W with 18 mM and 89 mM TEMPO
TEMPOL. Lines in (b) correspond to fits by Eq. (7).
comparison with pure water TEMPOL solution (kexch = 1.9 mM�1-
s�1) [69].

The obtained coupling factor from DNP experiments using (9) is
relatively low with �0.06 at 3.5 mM of TEMPOL, restricting the
maximum enhancement to less than 60, which is about 3% of the
maximal theoretical enhancement value of c(e)/c(7Li) � 1693.
The value of T1e was taken from [53] as 287 ± 30 ns to calculate
the coupling factor at 3.5 mM TEMPOL in LiCl aqueous solution.
An increase of the TEMPOL concentration does not lead to the
expected increasing of the enhancement [30,52], one rather
observes the opposite effect of a decrease of Emax. The T1e concen-
tration dependence was calculated using both, Eq. (9) and the
experimentally obtained Emax(c). Both are represented in Fig. 4.
Therefore the coupling parameter was fixed at the value of
0.057 ± 0.004 for the dataset of samples with TEMPOL concentra-
tions above 3.5 mM, when only the parameter We = 1/2T1e was fit-
ted. To the knowledge of the authors, there is no information in the
literature about concentration dependence of the coupling factor.
Even though, one cannot exclude that the scalar contribution
might be concentration dependent, leading to the changing of
the coupling factor. On the other hand it should be reflected on
the relaxation dispersion as well, which was not observed in the
results. The obtained concentration dependence of T1e exhibits a
pronounced decrease of the relaxation time down to 1 ns with
increasing of concentration to 85 mM of TEMPOL. Actually, a
relatively strong concentration dependence of the electron longitu-
dinal relaxation time T1e was indeed reported [53,70] in solutions
of different nitroxide radicals in the low concentration range,
L and power dependencies of DNP enhancement (b) at different concentrations of



Fig. 4. Concentration dependences of 7Li extrapolated enhancement Emax obtained
with Eq. (7) and electron relaxation time T1e obtained using Eq. (9).
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approaching a constant value of around �100 ns above 10 mM of
radical concentration. On the other hand the presence of Li+ ions
in aqueous solution may affect the dynamics of TEMPOL radicals
leading to slower Heisenberg exchange and lower values of the
T1e electron relaxation time. However, the thorough analysis of
obtained concentration dependence of T1e is beyond the goal of this
work.

The measured 7Li NMRD of LiCl in aqueous solution (Fig. 5)
exhibits strong dispersion at Larmor frequencies above 100 kHz
with a well-pronounced low frequency plateau, both features fol-
lowing from electron-nuclear interaction modulated by the rela-
tive dynamics of radical and lithium ions. The different dynamics
of nitroxide radicals was reported in aqueous solutions [1,53] in
comparison with organic non-polar organic solvents such as ben-
zene [30], n-alkanes [71] etc, exhibiting an increasing rotational
diffusion contribution due to a competition of nitroxide radical
and water molecules for the hydration of salt ions [21].

The observation of a net positive OE DNP enhancement reflects
the fact that a significant, and dominating, contribution of scalar
interaction between the nuclear spin of lithium ions and the elec-
tron spins of TEMPOL radical exists. A prevailing scalar contribu-
tion of up to 70% was reported [21] for a low field 7Li DNP study
in aqueous solution with different radicals. The relative contribu-
tion of scalar interaction was found in the range of 58–68 % (see
Fig. 5. 7Li NMRD of 6 M aqueous solution of LiCl with TEMPOL at different
concentration. The recovered NMRD of the solution is presented for comparison
with directly measured T1 values of the pure 6 M LiCl aqueous solution. The solid
lines present fitting of experimental data by Eq. (16).
Table 2) using fitting of experimental data with Eq. (16) consider-
ing a Lorentzian spectral density (13) and a non-zero contribution
of the scalar term in (16). The results of the fitting procedure are
presented in Table 2.

The coupling factor values obtained from NMRD data (see
Table 2) possess somewhat higher uncertainties, however being
in good agreement with value of coupling factor obtained from
DNP data.

The value of the relaxation time of pure LiCl aqueous solution
without TEMPOL measured at several values of the magnetic field
strength lacks a significant dispersion with T1 = (3.7 ± 0.3) s, which
is common for low viscous liquids and solutions [6] at ambient
temperature in the studied frequency range. Furthermore, the
recovered NMRD of pure LiCl aqueous solution using the difference
approach (23) also shows no dispersion and a T1 = (3.4 ± 0.5) s in
good agreement with values obtained by conventional FFC at ther-
mal polarization in pure LiCl solutions.

4.3. 13C-enriched benzene-d6

Benzene-d6 enriched at 99% with 13C was used to calibrate the
hardware and adjust the polarization field to achieve maximum
enhancement (see Fig. 6). In addition, using a degassed sample
allows to estimate the effect of oxygen on the achieved DNP
enhancement. One broad line in the DNP spectrum is observed
instead of the three hyperfine lines of TEMPO similar to the situa-
tion found with deuterated benzene, the Heisenberg exchange pro-
cess (with k = 3.3 mM�1s�1 [30]) being efficient already at 70 mM
concentration of TEMPO. The corresponding power dependence
of 13C DNP enhancement was obtained and fitted with Eq. (7),
showing the values of Emax of �294 ± 4 and �344 ± 11 for
135 mM and 320 mM TEMPO concentration, respectively, and
Emax = 257 ± 4 for 70 mM of TEMPO in degassed benzene-d6. The
estimated level of DNP enhancement in non-enriched benzene-d6
samples (see Table 3) is in good agreement with the results for
enriched benzene-d6, considering �1.1% of natural abundance of
13C isotope and using the thermal polarization signal of the 13C
enriched benzene-d6 with TEMPO as a reference.

The deviating saturation behavior for the degassed sample
reflects the effect of oxygen on the electron relaxation time leading
to a 30% higher enhancement values at maximum power for the
degassed sample. However, the corresponding value of maximal
enhancement Emax is still higher for the solution with higher con-
centration of TEMPO, in good agreement with literature
[30,52,69]. Thus, the optimal effective enhancement at moderate
power can be reached even at moderate concentrations with
degassing, considering a possible concentration dependence of
the T1e electron relaxation time in degassed liquids [53] and its
effect on the calculated parameters, e.g. using Eq. (9). The optimal
values of power of microwave field of around 2W and 3.5 W were
found for 70 mM and 350 mM TEMPO concentration, which was
used to obtain NMRD curves enhanced by DNP, presented in Fig. 7.

A simple calculation using the DNP experimental data of 13C
enriched benzene-d6 allows estimation of the expected level of
DNP enhanced NMR signal with natural abundance of 13C nuclei
in benzene-d6 (see Table 3). The corresponding NMRD of enriched
benzene-d6 with 70 mM, 135 mM and 320 mM were measured to
obtain values of the relaxation time T1 in pure 13C enriched
benzene-d6 (combination of 135 mM and 320 mM of TEMPO in
benzene-d6), resulting in a value of T1 � 12 s. The reliable compar-
ison with independently measured T1 in pure benzene-d6 is cum-
bersome due to the low thermal polarization of 13C nuclei and
the restriction of the hardware which limits measurements of
relaxation times T1 > 10 s. However, the obtained value of relax-
ation time in 13C enriched benzene-d6 is in good agreement with
literature data [72], taking into account that the relaxation time



Table 2
Experimental and fitting parameters of power dependencies of DNP enhancement of 7Li of 6 M LiCl in water solution with different TEMPOL concentrations.

TEMPOL mM Emax Phalf f smax nDNP
a nNMRD

a tdip, ps tscal, ps Mscal

3.5 53 ± 1 1.4 ± 0.1 0.86 ± 0.01 0.65 ± 0.02 �0.057 ± 0.004 �0.05 ± 0.02 40 ± 5 450 ± 75 0.60 ± 0.05
9 47 ± 2 1.6 ± 0.2 0.94 ± 0.01 0.52 ± 0.01 �0.057b �0.06 ± 0.02 35 ± 6 420 ± 50 0.65 ± 0.04
18 48 ± 2 1.6 ± 0.2 0.97 ± 0.01 0.52 ± 0.01 �0.057b �0.06 ± 0.02 39 ± 4 440 ± 40 0.63 ± 0.02
55 42 ± 2 3.6 ± 0.3 0.99 ± 0.01 0.43 ± 0.02 �0.057b �0.04 ± 0.01 42 ± 3 480 ± 35 0.58 ± 0.02
89 39 ± 2 5.5 ± 0.4 0.99 ± 0.01 0.40 ± 0.02 �0.057b �0.05 ± 0.01 49 ± 4 495 ± 25 0.68 ± 0.04

a The values of coupling factors are presented at 293 K and 70 mT.
b The value of coupling factor was fixed for concentrations of TEMPOL above 3.5 mM.

Fig. 6. 13C DNP spectrum (a) at 1 W and power dependency (b) of 13C enriched benzene-d6 with TEMPO. Lines in (b) correspond to fits by Eq. (7).

Table 3
Parameters of fitting of power dependencies of 13C DNP and NMRD of 13C enriched benzene-d6 with 70 and 350 mM of TEMPO.

Sample TEMPO Emax Phalf f smax nDNP
a nNMRD

a tscal, ps tdiff, ps Mscal

13C6D6 135 mM �294 ± 4 7.2 ± 0.1 0.93 ± 0.02 0.96 ± 0.01 0.13 ± 0.01 0.13 ± 0.02 21 ± 4 62 ± 10 0.10 ± 0.02
320 mM �344 ± 11 8.5 ± 0.4 0.96 ± 0.02 0.97 ± 0.01 0.14 ± 0.01 0.15 ± 0.02 15 ± 5 55 ± 11 0.09 ± 0.02
70 mMb �257 ± 4 1.5 ± 0.1 0.85 ± 0.03 0.94 ± 0.01 0.13 ± 0.01 0.15 ± 0.2 21 ± 4 60 ± 10 0.10 ± 0.02

C6D6 85 mM �248 ± 65 6.5 ± 3.8 0.89 ± 0.06 0.97 ± 0.01 0.13 ± 0.05 0.13 ± 0.06 18 ± 8 65 ± 28 0.10c

155 mM �310 ± 80 10.1 ± 4.8 0.94 ± 0.06 0.99 ± 0.01 0.12 ± 0.06 0.14 ± 0.05 23 ± 11 58 ± 21 0.10c

a The values of coupling factors are presented at 293 K and 340 mT.
b Degassed.
c The value of scalar contribution Mscal was fixed as 0.1 for better fit.

Fig. 7. 13C NMRD of enriched deuterated benzene-d6 with TEMPO in comparison
with recovered NMRD of the pure substance and with NMRD of benzene-d6 with
natural abundance of 13C. The solid lines present fitting of experimental data by Eq.
(16).
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of 13C in enriched benzene-d6 is about half that of benzene-d6 with
natural abundance of 13C isotope (T1 � 20 s at ambient tempera-
ture in non-degassed sample [72]) due to the additional contribu-
tion from 13C–13C dipolar interaction, which can be roughly
estimated based on the ratio c(13C)2/c(2H)2�2.5 and C–C and C–D
interatomic distances in d6-benzene (�0.14 nm and 0.11 nm,
respectively), using expression for spin–lattice relaxation rate
[50,55,58]. However, the NMRD data quality for the samples of
benzene-d6 with natural abundance of 13C with 85 mM and
155 mM of TEMPOwas not sufficient to recover long T1 values. This
is due to the fact that the recovered NMRD values from Eq. (23) are
characterized by a low relaxation rate in comparison with NMRD of
the samples with radicals. In this case, a moderate scattering or
error of the R1,c1 and R1,c2 data leads to the unreliably recovered
R1 of the pure substance. One possible solution is the increase of
SNR by increasing DNP enhancement and/or sensitivity improve-
ment of the hardware. On the other hand, the temporal and spatial
magnetic field instability characteristic of the FFC method may
increase the uncertainty in the experimental data affecting the
recovery of the NMRD by using the suggested method. Neverthe-
less, this shows the high potential of the difference approach for
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studying X-nuclei systems when direct measurement of the relax-
ation time is limited.

The application of Eq. (16) for fitting of the NMRD data confirms
literature results of correlation times and the contribution of scalar
interaction as well. The coupling factor values obtained by both
DNP and NMRD dataset shows good agreement with literature
data [1]. However the coupling factor value of �0.13 (at 293 K
and 0.34 T) is 2–3 times less than the reported value for benzene
1H DNP [5,30]. This can be explained by a significant contribution
of scalar interaction to 13C relaxation on the order of 10% as
obtained from fitting the NMRD data by (16), where it was
assumed that the electron-nuclear interaction is modulated by
translational diffusion and additional scalar interaction with a
corresponding spectral density function which is given by (13)
and (14).

5. Conclusion and perspectives

Molecular dynamics investigations of X-nuclei systems by
means of DNP FFC were demonstrated. DNP enhancement up to
�300 of 2H nuclei of deuterated benzene at ambient temperature
and X-band was achieved and was employed for increasing the
sensitivity of 2H NMRD measurements, showing an appreciable
increase of SNR, corresponding to DNP enhancement. The percep-
tible positive 7Li DNP enhancement by OE up to �40 shows pre-
vailing scalar contribution in LiCl water solution.

In the case of the 13C DNP FFC study, a level of enhancement up
to �250 was reached, allowing for the first time to obtain 13C NMR
signal to perform NMRD at natural abundance of 13C in benzene-d6
at ambient temperature. This result is extremely important
because of its outstanding potential to measure NMRD of organic
compounds without the need of isotope enrichment. Of particular
interest is the study of 13C relaxation dispersion in the context of
the development of new contrast agents for 13C MRI applications
where the dependence of the relaxivity on the magnetic field
strength allows optimizing experimental condition for a higher
efficiency of contrast agents. The use of more recent polarizing
agents in hyperpolarization techniques such as NV-centers,
parahydrogen etc. requires additional information about the relax-
ation dispersion of nuclei at low magnetic field, which represents
the conditions of transport in between the location of hyperpolar-
ization and the actual MRI scanner or high-field spectrometer.

X nuclei DNP-FFC relaxometry opens up a new pathway to
specific molecular dynamics investigations that have previously
suffered from low signal-to-noise ratio or were entirely impossible
due to low sample amounts. The simplification of dynamics studies
by studying 2H relaxation which contains only intramolecular con-
tributions, and the observation of monatomic ionic mobility and
interaction which was shown for, but is not limited to, 7Li nuclei
are but two examples for this approach. The difference method
used for recovering relaxation dispersion of pure species by elimi-
nating the additional relaxivity of the radicals was proven to work
also for nuclei other than 1H. The recovered dispersion functions
were shown to be in good agreement with thermal data of the pure
substances where these were within reach of the instrument’s sen-
sitivity. Dispersion of the longitudinal relaxation times not only
provides a basis for developing models for molecular dynamics,
but also deliver an independent means of determining
molecule-radical interaction or quantification of coupling factors
and distinction of competing relaxation mechanisms, which com-
plement the parameters extracted from lineshape analyses and
power-dependence measurements of the enhancement factor.
Given sufficient solubility of suitable stable radical species, the dif-
ference method can be applied to a wider range of X nuclei in solu-
tions and possibly solids, the main limitations being given by the
minimum nuclear and electron relaxation times of the systems.
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