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Nanoparticle-assisted dynamic nuclear
polarization in liquids

Beatrice Bernadette Mascitti, a Giordano Zanoni, a Alex van der Ham, b

Luming Yang, b Lorenzo Franco, a Fabrizio Mancin, a Federico Rastrelli *a

and Tomas Orlando *c

Gold nanoparticles (AuNPs) protected with self-assembled organic monolayers represent versatile

nanostructures with applications in catalysis, molecular sensing, and recognition. The ordered arrange-

ment of ligands within the monolayer promotes specific orientations and proximities of functional

groups, facilitating weak yet selective interactions with small molecules in solution. In the context of

nuclear magnetic resonance (NMR), AuNPs can act as magnetization reservoirs, allowing selective

transfer to interacting molecules and making them promising chemosensors. While ‘‘NMR chemo-

sensing’’ typically exploits nucleus–nucleus magnetization transfer mechanisms, we explored the

potential of electron–nucleus interactions to allow selectively enhanced Overhauser effect dynamic

nuclear polarization (OE-DNP). To this aim, we designed AuNPs simultaneously functionalized with two

different thiols: a radical-bearing thiol as a polarizing agent for OE-DNP and an organic thiol tailored

with different head groups to impart selective recognition. To evaluate both the polarization transfer

efficiency and the selectivity, we performed OE-DNP experiments on a mixture of chloroform and

methanol. Our results show sizeable enhancements on chloroform, possibly limited only by the mobility

of the radical. On the other hand, the affinity for methanol does not correspond to greater

enhancements on this target molecule. Although the system, as designed, does not provide efficient

DNP on methanol as expected, our results confirm that AuNPs may be used as polarizing agents at

magnetic fields up to 9.4 T. We foresee that future modifications of the nanoparticles’ monolayer will

allow the combination of spin polarization transfer efficiency with molecular recognition, offering a

novel strategy to boost hyperpolarization techniques and expanding their application towards NMR

detection of specific analytes.

Introduction

Gold nanoparticles (AuNPs) protected by monolayers of organic
molecules are self-organized and multivalent entities able to
perform different functions.1–3 Their applications in a variety of
contexts have been extensively demonstrated and reviewed,
spanning fields as diverse as bioimaging, nanomedicine, sensing
and catalysis.4–10

The large interest in this class of molecular systems arises
because the self-assembly of a monolayer of ligands onto the
surface of a metal core offers a distinct pathway for achieving
ordered and rather complex molecular architectures. Within

the monolayer, in fact, the ligands are aligned and kept in close
proximity, which restricts the possible configurations. These
arrangements enable cooperative interactions that can be
exploited to execute defined tasks such as, for example, mole-
cular recognition.

The combination of NMR and AuNPs endowed with pre-
defined binding affinity for specific classes of molecules lies at
the basis of ‘‘NMR chemosensing’’.11 In fact, the reduced
rotational diffusion constants of NPs provide a magnetization
reservoir within the monolayer that can be selectively trans-
ferred via nuclear Overhauser effect (NOE) only to molecules
interacting with the monolayer. As such, when employed in the
analysis of complex mixtures, NMR chemosensing typically
provides an edited NMR spectrum showing only the signals
of specific target molecules.

In recent years, NMR chemosensing has established remark-
able achievements in terms of selectivity, and the advent of
‘‘high-power’’ water saturation transfer difference (STD) experi-
ments allowed to partly overcome the inherent sensitivity
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limitations.9,12 In this context, it seems plausible to investigate
whether the nucleus–nucleus dipolar interactions at the basis
of the chemosensing phenomenon can be paralleled by elec-
tron–nucleus interactions, which would open the pathway to
hyperpolarized chemosensing experiments via electron–
nuclear polarization transfer (Fig. 1a).

Among the various existing hyperpolarization techniques13 –
some of which successfully used for selective chemo-
sensing,14,15 dynamic nuclear polarization based on the Over-
hauser effect (OE-DNP) in the liquid state seems the most
appropriate for our applications. In OE-DNP, high electron
spin polarization is transferred to nearby nuclear spins via
electron–nuclear cross-relaxation enabled by microwave irra-
diation, thereby enhancing their NMR signal.16–19 The effi-
ciency of OE-DNP at high magnetic fields depends on two
factors:20 (i) the presence of a large (a few MHz) electron–
nuclear coupling,20–23 often favoured by non-covalent interac-
tions, such as hydrogen bonds,24,25 halogen bonds,26–28 or van
der Waals interactions.29 (ii) The presence of fast dynamics
(enabled by molecular diffusion, collisions, structural reorien-
tations, etc.)22,30–33 that modulate the electron–nuclear cou-
plings on the picoseconds or sub-picoseconds timescale.34,35

In the context of 13C-OE-DNP, those conditions are satisfied in
systems constituted by an organic radical such as nitroxide as a
polarizing agent (PA) and small molecules as OE-DNP targets.
Although small molecules in low viscosity media perform
significantly better than systems characterized by slower
dynamics,36–39 it has been recently proven that OE-DNP can
be effective in viscous matrices like lipid bilayers,40–42 and even
on solid surfaces.43 Similarly, bulky polarizing agents such as
BDPA radical29,44,45 or substrates functionalized with
nitroxide33,46–48 could be used as PAs in DNP, and their efficacy

relies not only on OE-DNP but also on other mechanisms that
work in liquids under specific circumstances.40,41,49–51 In the
same context, other groups have explored the idea of grafting a
PA on solid beads to polarize via OE-DNP a flowing
liquid,46,47,52,53 or to use OE-DNP as a tool to explore the
complex surface dynamics.54–56

With the aim of achieving DNP-enhanced chemosensing
(Fig. 1a) and considering the requirements for efficient OE-
DNP, we designed and synthesized gold nanoparticles (AuNPs)
o2 nm in diameter functionalized with two surface ligands
(Fig. 1b). The first ligand is a thiol (R1) featuring a nitroxide
radical (one of the most efficient PAs for 13C-DNP of small
molecules in liquids) as a head group, and a C7 aliphatic spacer
(Fig. 1b), which provides enough molecular mobility to favour
fast dynamics and limit the downsides arising from the large
size of the AuNPs. The second ligand is a thiol that either acts
as an inert ‘‘dilutant’’ (S1) or can form non-covalent interac-
tions (namely hydrogen bonds) with suitable target molecules
(S2) On the OE-DNP side, we selected two target molecules:
chloroform, which gives high DNP enhancements at high
magnetic field, and methanol, which is prone to interact with
the oxomethylene groups of thiol S2. Their performance was
compared to that of the free nitroxide radical TEMPOL and
TEMPONE. Our results show that AuNPs can be used as PAs for
OE-DNP at high magnetic fields (9.4 T). Although the molecular
recognition properties do not offer a significant advantage to
boost OE-DNP performance, AuNPs remain promising systems
for OE-DNP, and their versatility in terms of chemical functio-
nalization make these systems an optimal platform to achieve
selective NMR hyperpolarization in liquids.

Materials and methods
Synthesis and functionalization of AuNPs

The AuNPs in this work were prepared following a two-step
procedure involving the spontaneous formation of gold cores in
solution through the reduction of gold salts (see SI). In general,
a weak ligand (dioctylamine) is initially employed and then
exchanged with a thiol: this procedure is known to improve the
size control of the final nanoparticles.

The ligand TM-thiol R1 carrying the TEMPO headgroup was
synthesized with the procedure outlined in Scheme 1, involving
the condensation of 8-(acetylthio)octanoic acid with 4-amino
TEMPO. The insertion of TM-thiol R1 in AuNPs covered with
homogeneous monolayers of S1 was realized by chemical
exchange (see SI for details) to obtain nanoparticles R1S1-
AuNP. Nanoparticles R1S2-AuNP were obtained from direct
synthesis, meaning that both R1 and S2 were added in the
desired proportions to form a mixed monolayer. Similar AuNPs
functionalized with radicals have been prepared with a differ-
ent protocol by Chechik et al., 2004.57

Sample preparation for magnetic resonance spectroscopy

Solvents (CHCl3, 13C-methanol, methanol) and radicals (TEM-
POL: 4-Hydroxy-TEMPO and TEMPONE: 4-Oxo-TEMPO) were

Fig. 1 (a) Cartoon of the DNP-chemosensing experiment. (b) Gold nano-
particles functionalized with the deprotected radical thiol R1 and coated
with organic thiols S1 or S2.
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used as received from the supplier, while 13C-CHCl3 was
stabilized with 1% of ethanol and K2CO3 was added to neu-
tralize acid species in solution. Samples for magnetic reso-
nance measurements were prepared by dissolving the PA
(nitroxide or R1SX-AuNPs) in the organic solvent used as target
for DNP experiments. To reduce the content of dissolved
oxygen, all samples were degassed with at least three freeze–
pump–thaw cycles and then transferred in quartz tubes that
were either flame-sealed or closed with air-tight caps.

Electron paramagnetic resonance (EPR)

CW-EPR was used to probe whether the radical thiols are bound
to the AuNPs, quantify their actual concentration, and evaluate
their mobility compared to the unbound nitroxide radical.

Electron paramagnetic resonance experiments were per-
formed on a Bruker Elexys E580 operating at B9.6 GHz and
0.34 T. Modulation was 100 kHz and modulation amplitude
was kept in the range 0.02–0.05 mT, which is below the radical
linewidth. The EPR spectra were fitted with the Matlab package
Easyspin.58,59 Other characterizations and the calibration
experiments in Fig. 2c were performed on a Bruker ECS106
spectrometer operating at 9.6 GHz (see SI for details).

Dynamic nuclear polarization: experiments

DNP measurements at 1.2 T were performed on a Bruker Elexys
E580 operating at 34 GHz with 40 W microwave (MW) power
interfaced with a Bruker Avance III console for NMR
detection.26 The double resonance (electron and 13C) probe
consists of a cavity for MW irradiation, and a custom-made
copper coil for radiofrequency irradiation and detection.26 In
the case of 13C, the excitation and detection are at B13 MHz.
Samples were B7 mL in volume sealed in a 1.6 mm outer
diameter quartz tube. The lack of active cooling in combination
with the small sample volume prevented the use of neat 13C-
MeOH due to its high MW absorption.

The DNP instrument at 9.4 T consists of a 263 GHz gyrotron,
an NMR magnet, and a 1H–13C double-resonance probe with
MW irradiation specifically designed for experiments in liquids.27

Samples were prepared by degassing via freeze–pump–thaw cycles
B60–70 mL of sample and transferring it in a 5 mm outer-diameter
quartz tube. A 4 mm outer diameter tube was used as an insert to
decrease the sample thickness along the MW propagation direc-
tion, which is orthogonal to the tube axis.27 The temperature of the

sample under MW irradiation was controlled with a flow of cold
nitrogen gas. Despite the sample being exposed to high-power MW
irradiation, we did not notice any degradation of the AuNPs, which
could arise if the temperature of the sample is not optimally
controlled.

Dynamic nuclear polarization: theory

The spin polarization transfer between electron and nuclei is
driven by the modulation of the electron–nuclear hyperfine
couplings, both scalar and dipolar, which give counteractive
contributions. Molecular mobility, and in particular the relative
motions between the PA and the target molecule, determines
the ratio of the two: molecular diffusion (translation and
rotation) modulates the dipolar coupling, while molecular
collisions modulate the scalar one. The NMR enhancements e
is given by the Overhauser equation:

e ¼ 1� s � f � x � gej j
g13C

(1)

Scheme 1 Synthetic scheme of TM-thiol 2 which is then grafted on the
particle as radical thiol R1.

Fig. 2 (a) TEM image of the sample R1S1-AuNP, and histogram of the
gold core size distribution. The curve was fitted with a Gaussian distribu-
tion with mean and standard deviation dAu = 1.90 � 0.38 nm. (b) CW-EPR
spectra of 4-Amino-TEMPO and R1S1-AuNP in solutions recorded at
9 GHz. The intensities have been normalized. The area under the peaks
(highlighted in color) is calculated by taking the double-integral of the
spectrum. (c) Calibration curve for the radical concentration obtained for
4-amino-TEMPO (blue) and calibrated data for sample R1S1-AuNP. The
numbers marked with * indicate the nominal concentration of R1 esti-
mated from structural data. (d) Double-integral value of CW-EPR spectra
recorded over B24 hours on a sample of R1S1-AuNP dispersed in CHCl3.
The grey bands indicate �10% around the mean value (dotted line).
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where: |ge| and g13C are the electronic and nuclear gyromag-
netic ratio, respectively; s is the saturation factor, namely the
degree of saturation of the electron resonance; f (leakage factor)
is the contribution of the paramagnetic relaxation over the total
nuclear relaxation; and x is the coupling factor, which defines
the efficiency of the spin polarization transfer process.

When experiments are performed under similar conditions
(microwave irradiation, sample formulation) the DNP effi-
ciency, and therefore the enhancement, depends mainly on
how the molecular motions modulate the electron nuclear
hyperfine coupling, i.e. on x. The coupling factor x can be
written as a function of the spectral densities J(o) associated
with given molecular motions:

x ¼ 5

7
� 1� 7kDJD on; tDð Þ þ 7krotJrot on; trotð Þ

R1

� �
þ

� 12

5
� 0:5Jsc oe; tscð Þ

R1

� �
;

(2)

where on and oe are the nuclear and electron Larmor frequen-
cies, respectively; ti are the correlation times; ki are constants.
The subscript ‘‘D’’ indicates the terms describing the transla-
tional diffusion, ‘‘rot’’ the rotational diffusion, and ‘‘sc’’ the
scalar coupling. The term R1 is the sum of all contributions:

R1 ¼
1

2
Jsc oe; tscð Þ þ

X
i¼D;rot

ki 7Ji oe; tið Þ þ 3Ji oe; tið Þ½ �: (3)

Results and discussion
Structural characterization

The size and size-distribution of R1SX-AuNPs was estimated by
transmission electron microscopy (TEM) images taken after the
synthesis (Fig. 2a and SI). The average size of the gold core is
dAu t 1.9 nm, while the size distribution follows a narrow
Gaussian profile (Fig. 2a and Table 1). UV-vis spectra validate
these results and confirm that the average size of the gold core
is dAu o 2 nm (SI).

With the morphological data obtained from TEM and ther-
mogravimetric analysis (TGA), and considering the amount of
radical thiol S1 added in the synthesis step (SI), we estimated
the average composition of R1SX-AuNPs. However, to precisely
estimate the amount of radical thiol R1 grafted on the Au-NPs
surface, we utilized CW-EPR (Fig. 2b). Specifically, we quanti-
fied the number of unpaired electron spins in the sample,
which is proportional to the double integral of the EPR spec-
trum (Fig. 2b). A calibration curve was obtained by dissolving 4-

Amino-TEMPO in dichloromethane with precise concentra-
tions ranging from 1 mM to 100 mM (Fig. 2b). Using this same
procedure and ensuring consistency in solvent, sample tubes,
and sample volume, we prepared samples of R1SX-AuNP with
known concentration of radical thiol R1 derived from the
structural characterization obtained with TEM and TGA
(Fig. 2a and Fig. S15). From this analysis we estimated that
the amount of radical thiol R1 over the total amount of thiols
grafted onto the gold surface is B5% for R1S1-AuNP, and
B7.5% for R1S2-AuNP (Table 1). Notably, AuNPs without R1
functionalization do not show any EPR signal.

To verify the stability of R1SX-AuNPs in organic solvents, we
conducted spin counting experiments with CW-EPR as a func-
tion of time. As representative sample, we selected R1S1-AuNP
dissolved in CHCl3 and monitored it over approximately 24
hours. The results (Fig. 2c) show that the double-integral values
fluctuate by B10% around the mean value, possibly due to
slightly different experimental conditions (temperature and
sample positioning in the resonator), but there is no indication
of radical quenching. Importantly, the shape of the CW-EPR
spectrum does not change over time, indicating that the radical
thiol R1 does not detach from the AuNPs.

Radical mobility via EPR

The CW-EPR spectrum of a nitroxide radical dispersed in low-
viscosity organic solvents (e.g. CHCl3, CH2Cl2) shows three lines
separated by the isotropic hyperfine coupling Aiso, which are
equally intense due to the complete averaging of the g-tensor
due to the fast tumbling of the molecule (Fig. 2b). This is also
the case for radical thiol 2 (Fig. 3a). When the mobility of the
radical is constrained, as in the case of R1 bound to AuNPs, the
g-tensor is only partially averaged. This causes the lines to
broaden, and the high-field line to appear less intense (Fig. 3b
and c). Considering the difference in EPR spectra between
radicals bound to the AuNPs and those that remain unbound,
the spectra of samples R1S1-AuNP and R1S2-AuNP (Fig. 3b and
c) indicate that all radicals are bound to the AuNPs, as there is
no contribution from fast-tumbling nitroxides that might have
remained unbound during the synthesis. This is further corro-
borated by the fact that the spectra can be fitted with a single
component.

The rotational correlation time tc was estimated by fitting
the CW EPR spectra. Nitroxide radicals TEMPOL and TEM-
PONE as well as radical thiol 2 have correlation times of few
picoseconds (B7 ps and B5 ps, respectively, Table 2). When
the radical thiol is grafted onto the AuNP surface (R1), its
mobility is drastically reduced, as evidenced by the reduced
intensity and broadening of the high field line in the CW-EPR

Table 1 Structural properties of AuNPs systems. The diameter of the gold core dAu was obtained by TEM measurements, and the values indicate the
mean of the Gaussian distribution of sizes and its standard deviation. The thiols surface density and the total number of thiols per single AuNP were
obtained by TEM and TGA (Supplementary Information), while the amount of radical thiol R1 was quantified with CW-EPR

Sample Synthesis method Formula dAu (nm) Thiols surface density (nm�2) Total thiols per AuNP R1/total thiols

R1S1-AuNP Chemical exchange Au211R17S1125 1.90 � 0.38 11.6 132 5.3 � 0.3%
R1S2-AuNP Direct synthesis Au134R15S267 1.63 � 0.30 8.6 72 7.5 � 0.7%
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spectra (Fig. 3b and c). In particular, the longer the chain of the
thiol adjacent to R1, the slower the correlation time, which
increases from tc = 183 ps for R1S1-AuNP to tc = 565 ps for
R1S2-AuNP (Fig. 3d and Table 2).

These correlation times are comparable to those reported for
fullerenes (C60) functionalized with nitroxide derivatives, which
have also been used as PAs for OE-DNP.33 In our case, the
correlation time tc of the radical thiol R1 is shorter than the

correlation time of the whole AuNP system, tc,NP. The latter can
be qualitatively assessed with the Stokes–Einstein–Debye equa-
tion tc,NP = 4p�Z�r3/(3�kBT),60,61 where Z = 0.563 mPa s is the
viscosity of CHCl3 at room temperature, r is the radius of the
object, and kBT is the thermal energy. Considering the radius of
the gold core (rAu = dAu/2) and the length of the thiol chain fully
extended, the resulting correlation time is at most tc = 4.6 ns,
an upper bound estimate within the limits of the current model
(Table 2). As demonstrated in a previous study, the mobility of
the carbons in the alkyl chain increases upon moving away
from the AuNP surface (Fig. 3e). Therefore, the radical thiol R1
retains a degree of mobility due to flexibility, even when grafted
on the NP surface (Fig. 3e). It is worth pointing out that, in the
case of TEMPO radicals grafted on a silica surfaces, the solu-
tions are heterogeneous and exhibit a much-reduced mobility
of the radical moiety.47

Nanoparticle-assisted dynamic nuclear polarization

The recognition capabilities of R1S2-AuNP were tested by 1H-
NMR. To avoid the effect of paramagnetic broadening of the
NMR lines caused by the TEMPO headgroup, we tested AuNPs
bearing only the group S2 (S2-AuNP). The AuNPs were dissolved
in CD2Cl2 along with CHCl3 and MeOH, both at 20 mM. Fig. 4
shows a comparison of this spectrum with that obtained from a
similar system without nanoparticles. There is a marked broad-
ening of the MeOH signals in the presence of S2-AuNPs
(Fig. 4c), whereas the signals of CHCl3 are unaffected
(Fig. 4b). This effect likely arises from the tendency of S2-
AuNPs to act as hydrogen bond acceptors for MeOH molecules,
thus concentrating them in the monolayer and increasing the
exchange rate of OH protons. It is it worth pointing out that
such evidence could not be corroborated by saturation transfer
experiments typically used in NMR chemosensing, due to the
overlap between the MeOH signals and those arising from the
oxomethylene headgroups of S2 (B3.5 ppm in Fig. 4).

Fig. 3 CW-EPR spectra and fit. (a)–(e) CW EPR spectra recorded at 9 GHz
for TM-thiol 2, R1S1-AuNP, and R1S2-AuNP. Fits (solid lines) are obtained
with the Matlab package Easyspin using the fitting routine for slow motions
regimes (chili). Magnetic field axis are not calibrated. (d) Correlation times
obtained from the fit of EPR spectra. Error bars are estimated by averaging
the result from multiple samples. (e) Sketch of the mobility of thiols. Red
arrows indicate the mobility of the methyl groups on the alkyl chain S1 as
assessed by Piserchia et al., 2015.63 We infer that the same mobility is
retained for the alkyl chain of TM-thiol 2 (blue arrows). The amine group
has free rotational freedom along the bond axis.

Table 2 Correlation times tc of the radical are obtained from fitting the
CW-EPR spectra. Fits were performed with Easyspin, using the routine
chili. Error bars (in parentheses) are estimated from fitting multiple spectra.
The correlation time of the AuNP tc,NP has been estimated with the
Stokes–Eistein–Debye equation with the radius rAu given by rAu = dAu/
2 + lSX where lSX were estimated considering the chain fully extended and
are lS1 = 1.4 nm and lS2 = 1.7 nm. The viscosity of CHCl3 is Z = 0.563 mPa s
at 20 1C

Radical tc (ps) tc,NP (ps)

TEMPOL 7(1) —
TEMPONE 5(1) —
TM thiol 2 5(1) —
R1S1-AuNP 183(33) 3.7 � 103

R1S2-AuNP 565(113) 4.6 � 103

Fig. 4 500 MHz 1H NMR. (a) NMR spectra of CHCl3 20 mM + MeOH
20 mM in CD2Cl2 recorded at 298 K without (black) and with (red)
additional 5 mM S2-AuNP, without the TEMPO headgroup. Other peaks
are assigned to residual H2O (1) and to the thiols of S2-AuNP: (2) OCH2CH2;
(3) OCH3; (4) OCH2. (b) Magnification of the line of CHCl3, which is virtually
unaffected by the presence of AuNPs. (c) Magnification of the peaks
of MeOH, which appear broadened due to fast chemical exchange with
S2-AuNP.
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Nonetheless, as a control experiment, we acquired 1H NMR
spectra at varying temperatures (298 K, 283 K, and 278 K).
These spectra exhibit changes predominantly limited to the
chemical shifts of the peaks (see SI), thereby suggesting that the
line broadening observed in presence of S1-AuNPs is unlikely
due to be due to a decrease in correlation time but rather due to
chemical exchange.

We performed OE-DNP experiments both at low (1.2 T) and
high magnetic fields (9.4 T) recording the 13C enhancements
(13Ce) on CHCl3 and on mixtures of CHCl3 and MeOH doped
with R1SX-AuNPs or nitroxide radicals. The results are sum-
marized in Fig. 5. At 1.2 T, 13Ce on CHCl3 doped with R1S1-
AuNP is 13Ce B 145, which is only B25% smaller than 13Ce =
195 obtained with TEMPOL (Fig. 5a). At 9.4 T, we tested a
mixture of 500 mM 13C-CHCl3 and 500 mM of 13C-MeOH
dispersed in CHCl3. The analyte concentration was selected
as in ref. 27 in order to optimize the 13C sensitivity and the
acquisition time on the DNP instrument. Once again, the
enhancements obtained with TEMPOL (13Ce B 60 on 13C-
CHCl3 and 13Ce B 5 on 13C-MeOH) are larger than those
obtained with R1SX-AuNP: on CHCl3, R1S1-AuNPs provide
13Ce B 24, which is further reduced to 13Ce B 5 when using
R1S2-AuNPs (Fig. 5b). Although R1S2-AuNPs recognize MeOH
molecules, we do not observe an enhancement on 13C-MeOH.

These results can be interpreted with analytical models that
describe the spin dynamics of OE-DNP in the liquid state
(eqn 2).19,25,33,34,62 All 13Ce measured on 13C-CHCl3 are positive,
indicating that the electron–nuclear scalar coupling is larger than
the competing dipolar one.35 The rotational correlation time of the
radical can contribute to the electron–nuclear dipolar coupling
when for tc 4 10–20 ps, effectively counteracting the scalar
coupling and therefore reducing the enhancements.33,62

Using the approach discussed in ref. 33, eqn (1) and (2) with
trot = tc, we extrapolated the 13Ce enhancements as a function of
the rotational correlation time tc of the radical (Fig. 5c), which
is included in the term Jrot(o,tc) in eqn (2), while considering

unchanged all the other elements in the equations (s and f in
eqn (1), JD(o,tD) and Jsc(o,tsc)) in eqn (2). Despite the crude
approximation, the simulations reproduce the trend observed
in the experimental data and suggest that the low 13Ce observed
for R1SX-AuNP can be mainly ascribed to the slow rotation
of the radical. By way of comparison, nitroxides grafted on
silica surfaces show tc of the radical on the order of few
nanoseconds,47 which would lead to lower DNP performances
at high magnetic fields as compared to AuNPs.

Finally, we will discuss why MeOH is not an optimal target
for NP mediated OE-DNP, despite R2S2-AuNPs effectively work-
ing as molecular recognition agents for it. As suggested by our
simulations on 13C-CHCl3 data, the enhancement 13Ce B 5
obtained with TEMPOL should be reduced by Z60% in
presence of R1S2-AuNPs solely due to the radical mobility
making it undetectable under our experimental conditions.
Second, the requirements for an optimal agent for chemosen-
sing and an optimal PA for OE-DNP are different. The spin
polarization transfer in OE-DNP is very effective when there are
modulations of the electron–nuclear hyperfine coupling on the
order of the electron Larmor frequency ( J(oe), eqn (2)): these
arise from fast molecular dynamics (collisions, vibrations) on
the order of picoseconds and lower. In contrast, as far as NMR
chemosensing is concerned, effective nuclear-nuclear cross-
relaxation requires the analyte’s residence time within the
monolayer to be comparable to, or exceed, the nanoparticle’s
rotational correlation time (tc,NP), which is in the order of
nanoseconds. This discrepancy in the dynamics might explain
the limited efficacy of R1SX-AuNPs in polarizing the recognized
target molecule via OE-DNP.

To possibly overcome these limitations and effectively enable
molecular recognition, it appears necessary to modify the organic
thiol and/or the linker to the nitroxide to adjust the mobility.
AuNPs are an ideal platform for this task, due to the versatile
chemistry of their monolayers, which can be controlled by adjust-
ing the length and nature of the spacer between the Au core and

Fig. 5 (a) MW on and MW off 13C DNP-NMR spectra of CHCl3 doped with TEMPOL and R1S1-AuNPs. Spectra were rescaled to the same noise level.
(b) MW on and MW off 13C DNP-NMR spectra of 13C-CHCl3 (500 mM) and 13C-MeOH (500 mM) dissolved in CHCl3 and doped with (c) TEMPOL, and
R1S1-AuNPs, and R1S2-AuNPs. Spectra were acquired with 1H decoupling. The vertical axis is in arbitrary. (c) Experimental and predicted 13C-NMR
enhancements of 13C-CHCl3 as a function of the PA correlation time. 13Ce at 1.2 T and 9.4 T plotted as a function of the rotational correlation time tc

estimated from the EPR measurements. units. The colored band represents an error bar of 20% on the simulated points.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
au

gu
st

a 
20

25
. D

ow
nl

oa
de

d 
on

 1
2.

6.
20

26
 7

:0
1:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02465j


22372 |  Phys. Chem. Chem. Phys., 2025, 27, 22366–22374 This journal is © the Owner Societies 2025

the headgroup, as well as by leveraging inter-chain interactions.
Alongside this ‘‘direct’’ approach, where the nanoparticle head-
group carries the unpaired electron, we are currently investigating
the feasibility of a ‘‘reverse’’ approach, wherein the nanoparticle
headgroup is functionalized with a suitable moiety to be polarized
through interaction with a radical species present in solution.

Conclusions

In this study, we investigated the feasibility of achieving selective
OE-DNP in the liquid state by designing monolayer-protected
nanoparticles that combine molecular recognition properties with
the ability to function as polarizing agents for OE-DNP. Specifi-
cally, we designed and synthesized AuNPs (o2 nm in diameter)
functionalized both with nitroxide radicals to act as PAs and with
organic thiols that favour the formation of hydrogen bond net-
works. The morphological characterization shows that functiona-
lized AuNPs are soluble and stable in organic solvents, and that the
radical headgroup retains fast mobility (correlation time tc B 200–
600 ps) thanks to the flexibility of the alkyl chain. Furthermore,
AuNPs act as a molecular recognition agents for MeOH, as
demonstrated by the increased line broadening due to its inter-
action with the monolayer. With OE-DNP measurements per-
formed at low (1.2 T) and high (9.4 T) magnetic fields, we
showed that AuNPs can be used as PAs. Although the interaction
between MeOH and the functionalized AuNPs does not lead to a
significantly enhanced polarization efficiency—likely due to the
restrained mobility of the nitroxide headgroup—our results vali-
date these nanostructures as viable polarizing agents in the context
of OE-DNP. Furthermore, under optimal conditions, they might
enable DNP-enhanced NMR-chemosensing experiments in
solution for targeted selective DNP of small molecules. While
silica has been suggested as a substrate to graft PAs, the modular
and tunable surface chemistry of AuNPs establishes them as an
ideal platform for designing DNP systems with additional chemo-
sensing capabilities in solution. By exploiting diverse interactions,
including hydrophobic forces, ion pairing, and metal–ligand coor-
dination, these nanoreceptors can be precisely engineered to
provide highly specific binding sites across a broad range of
substrates. Indeed, the extensive variety of monolayers that can
be assembled enables fine-tuning not only toward analyte selectiv-
ity but also over the strength and potentially over the dynamic
features of the analyte binding process. Together, these features
make AuNPs a uniquely controllable platform for precise modula-
tion of analyte binding thermodynamics and kinetics, enabling the
development of highly versatile chemosensors.
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26 T. Orlando, R. Dervis-oğlu, M. Levien, I. Tkach, T. F. Prisner,
L. B. Andreas, V. P. Denysenkov and M. Bennati, Dynamic
Nuclear Polarization of 13C Nuclei in the Liquid State over
a 10 Tesla Field Range, Angew. Chem., Int. Ed., 2019, 58,
1402–1406.

27 M. Levien, L. Yang, A. van der Ham, M. Reinhard, M. John,
A. Purea, J. Ganz, T. Marquardsen, I. Tkach, T. Orlando and
M. Bennati, Overhauser enhanced liquid state nuclear mag-
netic resonance spectroscopy in one and two dimensions,
Nat. Commun., 2024, 15, 5904.

28 L. Yang, T. Orlando and M. Bennati, Halogen-Bond-
Mediated 13C Overhauser Dynamic Nuclear Polarization at
9.4 T, J. Phys. Chem. Lett., 2025, 4505–4514.

29 M. Reinhard, M. Levien, M. Bennati and T. Orlando,
Large 31P-NMR enhancements in liquid state dynamic
nuclear polarization through radical/target molecule non-
covalent interaction, Phys. Chem. Chem. Phys., 2023, 25,
822–828.

30 W. Müller-Warmuth, R. Vilhjalmsson, P. A. M. Gerlof,
J. Smidt and J. Trommel, Intermolecular interactions of
benzene and carbon tetrachloride with selected free radicals
in solution as studied by 13C and 1H dynamic nuclear
polarization, Mol. Phys., 1976, 31, 1055–1067.

31 S. G. J. Van Meerten, M. C. D. Tayler, A. P. M. Kentgens and
P. J. M. van Bentum, Towards Overhauser DNP in super-
critical CO2, J. Magn. Reson., 2016, 267, 30–36.

32 D. Sezer, Rationalizing Overhauser DNP of nitroxide radi-
cals in water through MD simulations, Phys. Chem. Chem.
Phys., 2014, 16, 1022–1032.

33 M. Levien, M. Hiller, I. Tkach, M. Bennati and T. Orlando,
Nitroxide Derivatives for Dynamic Nuclear Polarization in
Liquids: The Role of Rotational Diffusion, J. Phys. Chem.
Lett., 2020, 11, 1629–1635.

34 M. Bennati, C. Luchinat, G. Parigi and M. T. Türke,
Water 1H relaxation dispersion analysis on a nitroxide
radical provides information on the maximal signal
enhancement in Overhauser dynamic nuclear polariza-
tion experiments, Phys. Chem. Chem. Phys., 2010, 12,
5902–5910.

35 G. Parigi, E. Ravera, M. Bennati and C. Luchinat, Under-
standing Overhauser Dynamic Nuclear Polarisation through
NMR relaxometry, Mol. Phys., 2019, 117, 888–897.

36 P. Neugebauer, J. G. Krummenacker, V. P. Denysenkov,
C. Helmling, C. Luchinat, G. Parigi and T. F. Prisner,
High-field liquid state NMR hyperpolarization: a combined
DNP/NMRD approach, Phys. Chem. Chem. Phys., 2014, 16,
18781–18787.
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Mazzanti, C. Copéret and L. Emsley, Surface Enhanced
Nuclear Magnetic Resonance Spectroscopy at Solid–Liquid
Interfaces Using Overhauser Dynamic Nuclear Polarization,
J. Am. Chem. Soc., 2025, 147(25), 21297–21301.

44 N. M. Loening, M. Rosay, V. Weis and R. G. Griffin, Solution-
state dynamic nuclear polarization at high magnetic field,
J. Am. Chem. Soc., 2002, 124, 8808–8809.

45 Y. Rao, F. De Biasi, R. Wei, C. Copéret and L. Emsley,
Probing Homogeneous Catalysts and Precatalysts in
Solution by Exchange-Mediated Overhauser Dynamic
Nuclear Polarization NMR, J. Am. Chem. Soc., 2024,
146(18), 12587–12594.

46 R. Gitti, C. Wild, C. Tsiao, K. Zimmer, T. E. Glass and H. C.
Dorn, Solid-Liquid Intermolecular Transfer of Dynamic
Nuclear Polarization. Enhanced Flowing Fluid 1H NMR
Signals via Immobilized Spin Labels, J. Am. Chem. Soc.,
1988, 110, 2294–2296.

47 H. C. Dorn, T. E. Glass, R. Gitti and K. H. Tsai, Transfer of
1H and 13C dynamic nuclear polarization from immobilized
nitroxide radicals to flowing liquids, Appl. Magn. Reson.,
1991, 2, 9–27.

48 N. Enkin, G. Liu, M. del, C. Gimenez-Lopez, K. Porfyrakis,
I. Tkach and M. Bennati, A high saturation factor in Over-
hauser DNP with nitroxide derivatives: the role of 14N
nuclear spin relaxation, Phys. Chem. Chem. Phys., 2015, 17,
11144–11149.

49 T. V. Can, M. A. Caporini, F. Mentink-Vigier, B. Corzilius,
J. J. Walish, M. Rosay, W. E. Maas, M. Baldus, S. Vega,
T. M. Swager and R. G. Griffin, Overhauser effects in
insulating solids, J. Chem. Phys., 2014, 141, 064202.

50 Y. Li, A. Equbal, T. Tabassum and S. Han, 1H Thermal
Mixing Dynamic Nuclear Polarization with BDPA as Polariz-
ing Agents, J. Phys. Chem. Lett., 2020, 11, 9195–9202.

51 F. A. Perras, F. Mentink-Vigier and S. Pylaeva, Perspectives
on the Dynamic Nuclear Polarization Mechanisms of Mono-
radicals: Overhauser Effect or Thermal Mixing?, J. Phys.
Chem. Lett., 2025, 16, 3420–3432.

52 R. Kircher, H. Hasse and K. Münnemann, High Flow-Rate
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