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Abstract

In this trends article, we review seminal and recent studies using static and magic-angle spinning
solid-state NMR to study the structure of nanoparticles and ligands attached to nanoparticles.
Solid-state NMR techniques including one-dimensional multinuclear NMR, cross-polarization,
techniques for measuring dipolar coupling and internuclear distances, and multidimensional NMR
have provided insight into the core-shell structure of nanoparticles as well as the structure of
ligands on the nanoparticle surface. Hyperpolarization techniques, in particular solid-state
dynamic nuclear polarization (DNP), have enabled detailed studies of nanoparticle core-shell
structure and surface chemistry, by allowing unprecedented levels of sensitivity to be achieved.
The high signal-to-noise afforded by DNP has allowed homonuclear and heteronuclear correlation
experiments involving nuclei with low natural abundance to be performed in reasonable
experimental times, which previously would not have been possible. The use of DNP to study
nanoparticles and their applications will be a fruitful area of study in the coming years as well.

1. Introduction

Nanoparticles, defined as particles with dimensions between 1 and 100 nm, are an interesting
class of materials having properties intermediate between the molecular and bulk scales. In
particular, nanoparticles have a significant fraction of their atoms at the surface. The ease of
functionalization of materials such as gold nanoparticles, and the highly reactive surfaces, make
nanoparticles ideal heterogeneous catalysts.” The possibility of defects at the surface increases
the number of possible catalyst sites available on nanoparticles. In biomedicine, nanoparticles
have a size that allows them to interact with cells? and cross the blood-brain barrier.®> Thus they
have been proposed for use as drug-delivery vehicles,* as imaging contrast agents,>® and as in
vivo sensors.’

Due to their large size, nanoparticles are not usually amenable to study by solution-state NMR,
since their slow molecular tumbling leads to short nuclear T, relaxation times and broad lines.
Ligands that are strongly bound to the nanoparticle surface will also be invisible in solution-state
NMR, unless the ligands have some flexibility that affords additional motion. Thus, most of the
characterization of nanomaterials and bound ligands has been done by solid-state NMR.
Nanoparticle samples are often also porous, amorphous, contain surface defects, and may have
a polydispersity of particle sizes in a given sample. Solid-state NMR is especially helpful in the
characterization of nanoparticles in this regard, since it is one of the few techniques capable of
providing information on non-crystalline solid materials. The importance and timeliness of atomic-
level structural characterization of nanoparticles is highlighted in several recent reviews on solid-
state NMR studies of nanoparticles.®°

This review will present seminal papers and recent developments in the field of nanoparticle
characterization by solid-state NMR. Solid-state NMR has been used to study the core-shell
structure of nanoparticles composed of a variety of inorganic and carbon-based materials. It has
also been used extensively to study the structure and dynamics of ligands or catalytic substrates
on the surface of nanoparticles. The large surface area of nanoparticles is often enough to
overcome the sensitivity limitation of NMR; however, the use of hyperpolarization techniques has
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driven the field forward by allowing characterization of small amounts of sample with
unprecedented sensitivity. The ability to perform two-dimensional homonuclear and heteronuclear
correlation experiments involving traditionally unreceptive nuclei has shed new light on the
structure of nanoparticles.

This review is organized as follows: the next section will present studies using primarily one-
dimensional multinuclear NMR, which can provide a wealth of information from chemical shifts,
linewidths, and peak intensities. Section 3 focuses on solid-state NMR techniques for measuring
dipolar coupling and internuclear distances, which have been used to deduce the location of
dopants or intercalants into nanoparticles, to study the core-shell structure of nanoparticles, and
to determine the structure and packing density of ligands on nanoparticle surfaces. Two-
dimensional NMR techniques have also been extensively used to study ligand structure, and are
covered in section 4. Section 5 presents “other” traditional NMR techniques that have been used
to study nanoparticles, including high resolution magic angle spinning (HR-MAS) and very fast
magic angle spinning techniques. Section 6 covers the study of nanomaterials by DNP-enhanced
solid-state NMR. Last, section 7 provides a summary and outline of future directions in the field.

2. Multinuclear One-Dimensional NMR

One-dimensional solid-state NMR spectra can provide a wealth of information. Chemical shifts
depend on particle size and coordination environment, and can be predicted with computational
(including density functional theory, or DFT) methods. Knight shifts become important in metallic
nanoparticles. Many nanoparticle samples contain several NMR-active nuclei in the same
material ("""113Cd, *'P, "’Se, 7O, etc), so one dimensional static or magic angle spinning (MAS)
spectra alone can be used to gain a substantial understanding of nanoparticle structure.

In a beautiful work, Wang et al."* used 7O NMR to study the surface and defect sites of ceria
nanoparticles. DFT chemical shift calculations predict distinct 7O chemical shifts for oxygen on
the surface and subsurface layers, which can be observed in experimental spectra of "7O-labeled
ceria nanoparticles annealed at various temperatures. Similar work was done for ceria nanocubes,
which expose polar (100) facets.'? A comparison of calculated and experimental ’O chemical
shifts indicate a significant presence of CeOs-terminated surface reconstructions. Quantitative 'H
solid-state NMR was used to quantify the amount of terminal and bridging OH groups on the
surface of ceria nanoparticles enriched with 7O, or H,'O. Similar methods were also used to
characterize ZrO, nanocrystals." These studies demonstrate the incredible sensitivity of 7O
chemical shifts to the local environment, and demonstrate the use of solid-state 7O NMR as a
more general method to study surfaces and defects.

Becerra et al.™ used *'P solid-state NMR to determine that trioctylphosphine oxide (TOPQO) and
trioctylphosphine selenide (TOPSe) form a close-packed structure on the surface of CdSe
nanocrystallites, with all Cd sites coordinated. The inhomogeneous linewidth of the 3'P spectra of
the capping ligands upon coordination to CdSe nanoparticles indicates that the capping ligands
experience a variety of chemical environments on the nanoparticle, leading to a distribution of
chemical shifts. Tomaselli et al.”® observed a downfield chemical shift of the *'P resonance of
TOPO ligands capping InP quantum dots with increasing size of the quantum dot. This shift was
attributed to increasing downfield contribution from the paramagnetic shielding as more low-lying
excited states are present in larger particles.

Solid-state "*C NMR has been used to show that nanodiamonds have a core-shell structure, with
a crystalline diamond core and paramagnetic defects arranged in a layer 0.4-1 nm from the
surface.’® Although an aromatic shell around nanodiamonds has been proposed in the
literature,"” the amount aromatic carbon in pristine, purified detonation nanodiamond has been



shown to be less than 2% of all carbon.' The Panich group has used solid-state NMR, focusing
on relaxation and spin diffusion, combined with electron paramagnetic resonance (EPR), to
characterize detonation nanodiamonds. This work has been summarized in recent reviews.'®%

Ladizhansky and Vega?' used "'*Cd solid-state NMR to study the location of Co?* ions doped into
CdS nanoparticles. The spectra of different size nanoparticles indicate a structural transition from
zinc blende to wurtzite when the nanoparticle diameter exceeds about 8 nm. Based on the
integrated intensities of the different ""*Cd sites upon doping with Co?* ions, it was determined
that the paramagnetic dopants are homogeneously dispersed within the nanoparticle both in the
zinc blende and wurtzite structures.

Faulkner et al.?? used 'H and ?°Si MAS NMR, combined with quantum mechanical chemical shift
calculations, to characterize nano-silicon. These 40-nm nanoparticles are comprised of a
crystalline silicon core and a surface rich in Si-H groups and containing silanols as well. The core
and shell are connected by Si-O-Si and Si-Si bonds. Solid-state "*C NMR spectra of labeled and
unlabeled alkylthiol groups on gold nanoparticles indicated that the Ci and C, peaks are
heterogeneously broadened, representing a variety of chemical environments present for carbons
near the gold surface.?*?* Similar broadening of the C1 and C. resonances was also observed in
solution-state NMR of alkanethiol ligands on nanoparticles.?®

Ladizhansky, Hodes, and Vega presented several seminal studies on the surface of CdS
nanoparticles. The '"*Cd solid-state NMR spectrum of CdS nanoparticles consists of a sharp
resonance attributed to the core Cd atoms and a broad band corresponding to surface Cd sites.
This broad band spans a chemical shift region incorporating cadmium bound to sulfur and oxygen,
and is consistent with a range of chemical environments for the surface Cd groups (some are
expected to be oxidized and some bound to S-O). The broad peak due to surface cadmium atoms
also has a shorter T; relaxation time than the peak corresponding to the core cadmium sites, as
expected due to kinetics and dipolar interactions with protons in the surface cadmium sites.?®

The 'H solid-state NMR spectrum of CdS nanoparticles that were precipitated from solution?”
consists of peaks at 4.2 and 6.1 ppm, corresponding to bound water molecules associated with a
sulfur site and a cadmium site, respectively. An additional peak at 1.9 ppm is attributed to hydroxyl
protons. Sideband analysis and two-dimensional exchange spectroscopy indicate that different
molecules in each site exchange rapidly and experience molecular reorientation, whereas
exchange between molecules among the different sites occurs on a timescale longer than 50 ms.
Based on these results, the authors conclude that the most likely scenario for the structure of
water bound to the CdS nanoparticle surface is that of water adsorbed in isolated islands of Cd-
bound and S-bound water.

Solid-state NMR studies have provided important insight into nanoparticle catalysts. Peng et al.?®
cleverly used changes in *'P chemical shift of a reporter molecule, trimethylphosphine, to examine
the surface of different facets of ZnO nanocrystals with different morphologies (nanoplates,
nanorods, and nanopowders). With the help of DFT calculations, different *'P chemical shifts were
assigned to trimethylphosphine adsorbed to different surface structures on different facets of the
ZnO surface, and integration of the different *'P NMR peaks indicates the proportion of each facet
that is exposed in each of the different morphologies. By comparing the different amounts of OH
versus vacancy sites for the different morphologies with the catalytic activity of the respective
morphologies, they found that OH sites may be more important to catalytic activity than oxygen
vacancies. This work has implications for the use of metal oxide nanoparticles in personal care
products, such as sun creams, since the nanoparticles have a high concentration of surface OH
sites, which can easily photocatalyze the formation of radicals.



Rothermel et al.?® used ®C and 3*'P MAS NMR to show that the 1,4-Bis(diphenylphosphino)
butane capping agent remains on the surface of metal nanoparticles, even after several cycles of
catalyzing the deuteration reaction of aliphatic substrates with addition of D, gas.

Guo et al.*° used a combination of solid-state NMR and Fourier transform infrared spectroscopy
to show that fumed silica nanoparticles catalyze the reaction of alanine to the cyclic alanine
anhydride with a catalytic yield approaching 100%. By contrast, the same reaction catalyzed by
colloidal silica nanoparticles has a yield closer to 50%. These results are interesting to the study
of prebiotic chemistry as the condensation of alanine to alanine anhydride represents formation
of a peptide bond, and the catalysis of this reaction by a mineral (silica) could explain how the first
peptide bonds formed.

Chemical shift anisotropy (CSA) is an important parameter in solid-state NMR. The presence of
chemical shift anisotropy indicates departure from cubic symmetry in the chemical environment
of the nucleus. This has been shown in '"3Cd and 7’Se spectra of CdSe nanoparticles.3' The CSA
also reports on the size of metal oxide nanoparticles. As the nanoparticles become smaller, the
NMR linewidth is expected to increase, and the CSA is expected to become more asymmetric.3?33

Cross-polarization (CP) from nuclei that are known to be located exclusively on the nanoparticle
surface can be used to selectively observe NMR spectra of nuclei in close proximity to the
nanoparticle surface. For example, Figure 1 shows how CP from 'H nuclei located at the surface
of silicon nanoparticles can be used to deduce the core-shell structure of these nanoparticles.*
As the CP mixing time increases, the 2°Si NMR spectrum begins to show narrow features, which
are attributed to quasi-ordered silicon sites in the subsurface, superimposed on the broad
resonance that is attributed to the disordered surface. By contrast, the direct-polarization 2°Si
NMR spectrum is dominated by the narrow resonance that is attributed to Si in a well-ordered
environment in the nanoparticle core.
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Figure 1. Use of cross-polarization to differentiate surface and subsurface Si sites from core
Si sites in 64-nm silicon nanoparticles. Reprinted with permission from Thiessen, A. N.; Ha,
M.; Hooper, R. W.; Yu, H.; Oliynyk, A. O.; Veinot, J. G. C.; Michaelis, V. K. Silicon
Nanoparticles: Are They Crystalline from the Core to the Surface?, Chem. Mater. 2019, 31,
678-688. Copyright 2019 American Chemical Society.

Cross-polarization magic angle spinning (CP-MAS) has similarly been used to selectively observe
the 3'P NMR spectra of phosphorus atoms close to the surface of InP quantum dots®® and TOPO-
passivated InP quantum dots' Surface-selective techniques have also been highly used in
combination with solid-state dynamic nuclear polarization, as will be discussed in section 6.

Lucier et al.*® used a clever set of static and MAS '"F-8Y CP experiments to enhance the
sensitivity and observe #Y NMR in yttrium fluoride nanoparticles. Based on integrated intensities
as a function of nanoparticle size, the two &Y signals can be assigned to core and surface yttrium
sites. Additionally, 'F MAS NMR indicated three distinct '°F sites, all of which are in chemical
environments that are different from that of '°F in bulk YFs.

3. Measurement of Internuclear Distances

A major strength of solid-state NMR is that dipolar coupling can be measured through techniques
such as rotational echo double resonance (REDOR)?® and rotational resonance, and these dipolar
couplings can be converted to internuclear distances. Distances derived from solid-state NMR
measurements are useful not only for deducing core-shell structure of the nanoparticles
themselves, but have also been especially useful in deducing the structure of ligands on the
nanoparticle surfaces. Distances have been measured between nuclei in ligands and the
nanoparticle surface to confirm ligand attachment, and distances between nuclei in different
ligands have been used to deduce packing density and structure.



Avadhut et al.®® used ""°Sn{'H} C-REDOR and "°F{'H} C-REDOR experiments to measure '°F-
1198 distances in fluorine-doped SnO- nanoparticles. From the observed internuclear distances,
combined with "'°Sn{"°F} CP-MAS NMR, 'F-'°F correlation experiments, and quantum chemical
calculations, they deduced that fluorine atoms are situated within the nanoparticle core, not
localized to the surface. Fluorine atoms occupy an oxygen vacancy, with only one F atom bound
to each Sn atom, and fluorine atoms tend to cluster at grain boundaries.

BC{"F} REDOR has been used® to determine the location of cholic acid guest molecules that
have been adsorbed into shell cross-linked nanoparticles composed of poly(4-fluorostyrene)-
block-poly(acrylic acid) copolymers. These nanoparticles have a core-shell morphology, and the
REDOR NMR results indicate that no cholic acid molecules are located in the core, 28% of the
cholic acid molecules are located near the core-shell interface, and 72% of the cholic acid
molecules are located more than 25A from the core-shell interface.

Rotational resonance experiments were used to measure internuclear distances between 3C
labeled sites in amyloid-like peptides as they form self-assembled monolayers on the surface of
gold nanoparticles.®® The peptide CFGAILSS is based on the FGAIL sequence of human islet
polypeptide amylin, and spontaneously forms fibrils with an antiparallel B-sheet structure in
solution. Another peptide studied, CALNN, does not spontaneously form fibrils in solution. When
CGFAILSS is adsorbed on the surface of gold nanoparticles, the measured '*C’-'3C,, distance of
4.9 + 0.3 A indicates that the peptides do not form B-sheets, but instead are oriented in an in-
register, parallel arrangement. On the other hand, no intermolecular dipolar coupling was
observed between *C’ and *C,, for the CALNN peptide forming self-assembled monolayers on
the same size gold nanoparticles. The difference in dipolar coupling measured through rotational
resonance indicates that the two peptides form structurally-different self-assembled monolayers
on the gold surface.

Gutmann et al.*' used *'P-3C REDOR to investigate the arrangement of phosphine ligands and
reporter CO molecules on the surface of phosphine-stabilized Ru nanoparticles. For the well-
characterized system, Ru nanoparticles functionalized with 1,3,5-triaza-7-phosphaadamantane,
the nearest-neighbor *'P-"°C distance was found to be 3.1A, in good agreement with DFT
calculations. For another system, Ru nanoparticles functionalized with triphenylphosphine, side
reactions led to a variety of surface functional groups, including PPhs and PCys ligands, as
evidenced by a dispersity of 3'P-'3C distances, between 3 and 4A.

In a beautiful work by Abraham et al.,*> REDOR solid-state NMR was used to examine the binding
of cysteine on the surface of gold nanoparticles. The full '*C solid-state NMR spectrum of cysteine
interacting with gold nanoparticles consists of a broad resonance that can be deconvoluted into
four peaks, corresponding to two different orientations of the B and y carbons of cysteine.
Intensities of peaks in the reduced REDOR spectrum were used to assign these four peaks.
Based on the chemical shifts of the assigned peaks, it was concluded that there are two different
chemical environments of cysteine interacting with the nanoparticle surface. The first surface
layer binds to the gold through the cysteine sulfur, with the carboxylate groups of cysteine
extending out from the surface. The second cysteine layer then interacts with the first layer
through hydrogen bonds.

Kurihara et al.** used a clever combination of "N-'3Cd J-single quantum filtered (J-1QF)
experiments, which report on through-bond interactions through J-couplings, and '>N-''3Cd
REDOR experiments, which report on through-space interactions through dipolar couplings, to
examine amine-nanoparticle interactions in cysteine-capped CdSe magic-sized clusters. They
found that ~54% of the cysteine amines in solution were located within close spatial proximity to
a cadmium atom. Additionally, ~43% of the amines were shown by the J-filtered experiment to
have a chemical bond with cadmium, which means that ~11% of the total amines are located



close to the cadmium selenide surface without forming a chemical bond. In later work,** they used
'H, 13C, and #Na solid-state NMR to deduce the structure of cysteine capping: two binding modes
are possible — one involving simultaneous sulfur-cadmium and nitrogen-cadmium bonds, and the
other involving only sulfur-cadmium bonds.

4. Multidimensional NMR

As with all NMR studies, the characterization of nanoparticles by solid-state NMR benefits from
the improved resolution and information content of multidimensional NMR experiments.
Heteronuclear correlation (HETCOR) experiments are especially useful for examining
correlations between nuclei in the nanoparticle and attached ligands. Capping ligands on the
nanoparticle surface are useful for controlling growth of nanoparticles during synthesis,*
stabilizing the nanoparticles in solution, and preventing dissolution or aggregation. Ligands can
also affect the resulting structure*® and optical properties*’ of the nanoparticle.

Berrettini et al.*® used CP-MAS '3Cd and ""Se NMR to examine the structure of 2-nm CdSe
nanoparticles that have been capped with hexadecylamine (HDA) ligand. A comparison of direct
polarization (spin echo) experiments and CP experiments indicate that cadmium is less sensitive
to changes in chemical environment than the selenium nucleus. Five different selenium sites were
observed in the CP-MAS spectrum, which were assigned to edge, vertex, two chemically distinct
facet sites, and tetrahedrally-coordinated Se sites one layer deep in the nanoparticle. 'H-'"*Cd
and 'H-"Se HETCOR spectra indicate that HDA and thiophenol ligands are both interacting
strongly with cadmium atoms in the nanoparticle. Methylene protons in HDA interact strongly with
selenium sites, indicating that the ligand adopts a tilted structure, whereas no interactions
between thiophenol protons and selenium atoms are observed. This indicates that thiophenol
may be binding to the nanoparticles by occupying a selenium vacancy site. Figure 2 illustrates
the binding of HAD and thiophenol to the CdSe surface.

W Cd-top layer

@ Se- top layer Figure 2. Proposed structures for
et (a) hexadecylamine and (b)
O Cd-below -n=16 thiophenol interacting with the

surface of CdSe nanoparticles. The
hexadecylamine adopts a tilted
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and the thiophenol fills a selenium
vacancy site. Reprinted with
permission from Berrettini, M. G,;
Braun, G.; Hu, J. G.; Strouse, G. F.
NMR Analysis of Surfaces and
Interfaces in 2-nm CdSe, J. Am.
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Rapp et al.*® used "*C-"H and 3'P-"H indirectly detected heteronuclear correlation (idHETCOR)
techniques to confirm that rhodium phosphine ligands had been attached to mesoporous silica



supports. Cano et al.®® used multidimensional solid-state NMR to characterize the surface sites
in iridium catalysts that are selective for the hydrogenation of cinnamalydehyde to the
corresponding unsaturated alcohol. *'P solid-state NMR was used to observe that the secondary
phosphine oxide capping ligand on the Ir nanoparticle catalyst can adapt three different binding
modes. 3C solid state NMR was used to explore the free surface sites that are available to
coordinate CO, which was used as a probe molecule to examine surface sites of the Ir catalyst
nanoparticles. Guo et al. studied the binding of alanine®! and lysine® to the surface of fumed silica
nanoparticles using one dimensional solid-state NMR, two-dimensional heteronuclear correlation
experiments, and two-dimensional multiple quantum-single quantum spectroscopy experiments.

Multinuclear and multidimensional NMR was used to probe the binding of the ligands
methylphosphonic acid (MPA) and phenylphosphonic acid (PPA) on the surface of fumed silica
nanoparticles.®® In the mixed-ligand samples, an exchange spectroscopy (EXSY) spectrum
contains cross-peaks between methyl protons of MPA and phenyl protons of PPA, indicating that
these two ligands are spatially close. Similarly, '"H-"H double quantum—single quantum (DQ-SQ)
back-to-back (BABA) two-dimensional experiments (Figure 3) indicate that the two ligands are
strongly dipolar coupled with a maximum average distance of 4.2 + 0.2A. This short distance
suggests that the two ligands are randomly mixed when binding to the silica surface. When an
equal mixture of MPA and PPA was used to functionalize the nanoparticles, MPA was found to
preferentially bind. This is attributed to the lower acidity of MPA compared to PPA, making MPA
more stable on the SiO- surface. In a similar study of mixed phosphonic acids binding to CdSe
and ZnS quantum dots, solid-state 3'P NMR was used to quantify remaining phosphonic acid
ligands after washing and concomitant quantification of the displaced ligands using solution-state
3P NMR.5

Figure 3. (a) 'H-'H double
quantum-single quantum (DQ-SQ)
back-to-back (BABA) spectrum of a
mixed methylphosphonic acid (MPA)
and phenylphosphonic acid (PPA)-
functionalized sample of fumed silica
nanoparticles. (b) Structural model
showing interactions between protons
of MPA, PPA, and surface silanol
groups, with colors corresponding to
diagonal and cross peaks in the
121;51'0; 8 6 'Ft'l 20 spectrum in (a). Reprinted with

ingle Quantum Frequency (ppm) permission from Davidowski, S. K.;
Holland, G. P. Solid-State NMR
Characterization of Mixed Phosphonic
Acid Ligand Binding and Organization
on Silica Nanoparticles, Langumir
2016, 32, 3253-3261. Copyright 2016
American Chemical Society.
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Many inorganic nanoparticles contain quadrupolar nuclei, and multiple quantum magic angle
spinning (MQMAS)%%%6 experiments allow the study of half-integer quadrupolar nuclei by removing
line broadening due to anisotropy in second-order quadrupolar effects. For example, Goldbourt
et al.%” used 3QMAS and 5QMAS to investigate aluminum that was grafted into the pores of
mesoporous silica MCM-41. Al(O-sec-Bu)s was grafted into the wide pores of the starting material,
and MQMAS experiments were used to deduce the relative amount of aluminum in tetrahedral
and octahedral sites.

Avadhut et al.%® used #’Al solid-state NMR, as well as correlation experiments between aluminum
and carbon and proton, to examine the chemical environment of 2’Al that has been doped into
aluminum doped zinc oxide. MQMAS-NMR was used to show that 2’Al peaks are broadened due
to second-order quadrupolar broadening and not a distribution of chemical environments. 2’ A{'H}-
REDOR and ?’Al{"H}-phase-shifted recoupling effects a smooth transfer of order (PRESTO)-III
experiments indicate short internuclear distances between 2’Al and 'H coming from organic
capping molecules that are present in the nanoparticle shell, indicating that 2’Al is located in the
nanoparticle shell. A comparison of experimental 2’Al NMR and calculated chemical shifts,
quadrupolar coupling constants, and quadrupolar anisotropies indicates that ?’Al is incorporated
into the nanoparticle core as well. Upon reduction, ?’Al experiences a Knight shift, indicating that
the reduced nanoparticles obtain some metallic character. These results are important to the use
of aluminum doped zinc oxide as a transparent conducting oxide for optoelectronic applications.

5. Other Conventional NMR Techniques

Rees et al.>® used ultrawideline solid-state NMR techniques to collect the solid-state '*>Pt NMR
spectrum of various platinum nanoparticles used as catalysts. Experimental lineshapes could be
convoluted and combined with theory to determine the number of Pt atoms in the core and shell
of the nanoparticle.

Henoumont et al.®° propose the use of HR-MAS NMR to study ligand bound to the surface of
nanoparticles. Zhou et al.®" used one- and two-dimensional HR-MAS NMR experiments to study
organic ligands attached to the surface of gold nanoparticles through thiol groups. They found
that signals from protons closer to the gold surface were broadened more than those from protons
farther from the gold surface.

Giuntini et al.®? showed that at high field and very fast magic angle spinning (60KHz), techniques
that are usually reserved for solution-state NMR become practical for characterizing proteins that
are conjugated to nanoparticles using solid-state NMR. Using '"H NOSEY, CP-HSQC, and 3D
(H)CANH and (H)CONH experiments, they were able to observe spectral changes of the protein
E. coli asparaginase Il (ANSII) upon conjugating it to gold nanoparticles through a poly(ethylene
glycol) tether. Kobayashi et al.%® used 'H very fast magic angle spinning solid-state NMR to
characterize the surface coverage of aminopropyl groups on mesoporous silica nanoparticles
(MSN). Through triple quantum-single quantum correlation spectra, they found that the majority
of aminopropy! groups were clustered on the MSN surface, even at very low aminopropyl loadings.

6. Dynamic Nuclear Polarization-Enhanced Solid-State NMR

An emerging trend in the study of nanoparticles by solid-state NMR is the use of hyperpolarization
methods.%4%° Due to the low sensitivity of NMR, this technique is not inherently suited to the study
of surface interactions. Hyperpolarization techniques, such as optical pumping,®%” DNP,%8° or
para-hydrogen based methods,”®”"! boost the sensitivity of NMR by driving spin populations away
from their thermal equilibrium values. Solid-state DNP in particular has enabled studies of



nanoparticles, especially the study of nanoparticle surfaces and experiments which distinguish
between the nanoparticle surface and the bulk. These studies have been vital in determining the
core-shell structure of several nanoparticles.

Solid-state DNP improves the signal-to-noise of NMR by transferring the high spin polarization of
an unpaired electron to nearby nuclei. Depending on the radical EPR linewidth, the polarization
transfer may be through the solid effect, the cross effect, and/or thermal mixing.”?> Nuclei that are
close enough to the unpaired electron are polarized directly, but these nuclei are often not
observed because their relaxation is too fast.” Polarization spreads to the bulk sample through
spin diffusion.” CP can also be combined with DNP, such that a high-gamma nucleus such as
'H is polarized directly, and polarization is transferred to low-gamma nuclei such as *C through
CP.” The DNP enhancement factor (usually defined as the ratio between the NMR signal intensity
with microwaves on and the signal intensity with microwaves off) is therefore influenced by a
combination of several factors, including polarization transfer efficiency, nuclear and electron
relaxation times, and spin diffusion.”® Sample considerations, such as aggregation of radicals and
the glass-forming ability of the solvent, can also affect the resulting DNP enhancement factor,
since the best polarization transfer is achieved when radicals are homogeneously dispersed
among the nuclei to be polarized.

In 2010, Lesage et al.” developed surface enhanced NMR spectroscopy (SENS)-DNP. The key
to this technique is the incipient wetness impregnation sample preparation strategy. In incipient
wetness impregnation, the radical DNP polarizing agent is dissolved in a solvent, minimal
amounts of which are then used to wet an insoluble solid that is the target of the DNP-enhanced
NMR studies. Because the radicals remain dissolved in the solvent, only nuclei on the surface of
the insoluble solid, in contact with the solvent, are hyperpolarized. The SENS-DNP technique was
first demonstrated on mesoporous silica because of its high surface area, but since then the
SENS-DNP technique has been used to selectively enhance the surface of a variety of
materials.”’

The surface-selective nature of SENS-DNP has been used to examine the core-shell structure of
ligand-capped Sn/SnOx nanoparticles”® and a silica-polymer hybrid nanoparticle system
composed of a poly(methyl methacrylate) (PMMA) polymer core, a silica shell formed by the
hydrolysis and condensation of tetraethylorthosilicate (TEOS), functionalized with
trimethylethoxysilane (TMES).” SENS-DNP has also been used to determine the location of the
cargo (subcore vs surface) in lipid nanoparticles loaded with RNA.&

Pinon et al.®" used relayed DNP to elucidate the core-shell structure of nanocrystals composed
of the active pharmaceutical compound P. Lafon et al.82 have shown that polarization can be
transferred from radicals dissolved in a glassing solvent through pores in mesoporous silica
nanoparticles through spin diffusion when indirect DNP (polarizing 'H nuclei followed by spin
diffusion and CP to low-gamma nuclei) is used. MAS NMR, CP MAS NMR, and DNP have been
used to study the mechanism of CO oxidation supported Pt catalysts.8

Johnson et al.®* were the first to use DNP to study ligands adsorbed on the surface of noble metal
nanoparticles used as heterogeneous catalysts. Using SENS-DNP, they were able to record two-
dimensional *C-'3C correlation spectra for methionine adsorbed on the nanoparticle surface,
which allowed them to elucidate the initial steps of methionine degradation on these catalysts.
This approach could have far-reaching implications in catalysis as it allows the study of the initial
degradation process, whereas previous experiments have only been able to probe the poisoned
catalyst after reaction.

Piveteau et al.® pioneered the method of dispersing colloidal quantum dots in mesoporous silica
in order to homogeneously disperse the radical polarizing agents and quantum dots. Using
mesoporous silica as a sample matrix prevents aggregation of quantum dots, and results in only



a minimal dilution factor. In fact, when comparing the DNP-enhanced signal of QDs in
mesoporous silica with the DNP-enhanced signal of dispersed QDs with radical, the overall
enhancement was still a factor of 51, indicating that dispersing the radical and QD more than
compensated for the dilution factor. Another interesting aspect of this study was that by
sequentially filling the mesoporous silica with quantum dots, evaporating the solvent, and then
filling the silica with a radical solution, hydrophobic radical solutions could be used to polarize
hydrophilic quantum dots and vice versa.

Hanrahan et al.?®¢ found that by dispersing nanoparticles in hexagonal boron nitride, rather than
mesoporous silica, they could obtain even better DNP enhancements. The boron nitride has more
favorable dielectric properties than silica and is free of background signal for most semiconductor
nanoparticles. Precipitating the nanoparticles and physically mixing the nanoparticle power with
boron nitride before impregnating with radical solution led to a reduction in DNP enhancement,
but better overall NMR sensitivity due to being able to get more nanoparticles into the rotor. The
improved sensitivity allowed the authors to perform two-dimensional NMR experiments, including
3Cd-""3Cd and "*C-2°Si correlation experiments, on natural abundance samples in a reasonable
experimental time. As an example, a '"3Cd-""*Cd incredible natural abundance double-quantum
transfer experiment (INADEQUATE) spectrum, acquired in only 12 hours, is reproduced in Figure
4. The spectrum shows correlation between Cd atoms in the nanoparticle core and at the
nanoparticle surface. The ability to record correlation spectroscopy between nuclei that have very
low natural abundance is a major advantage of the increased signal intensity from DNP. For
example, DNP-enhanced NMR has been used to observe 2°Si-**Si correlations in mesoporous
silica nanoparticles.®’

Figure 4. DNP-enhanced '"3Cd-'3Cd

refocused INADEQUATE-CPMG 2D
correlation spectrum of CdSe quantum dots.
The improved sensitivity due to DNP and

INADEQUATE i dispersing nanoparticles in hexagonal boron
nitride allowed this spectrum, which shows
correlation between core and surface Cd
sites, to be collected in 12 hours. Reprinted
with permission from Hanrahan, M. P.; Chen,
Y.; Blome-Fernandez, R.; Stein, J. L.; Pach,
G. F.; Adamson, M. A. S.; Neale, N. R;;
Cossairt, B. M.; Vela, J.; Rossini, A. J.
Probing the Surface  Structure  of
Semiconductor Nanoparticles by DNP SENS

12 h with Dielectric Support Materials, J. Am.
""3'00 Chem. Soc. 2019, 141, 15532-15546.
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Oxygen is an important atom in biology, materials, and catalysts, yet the extremely low natural
abundance of the 'O nucleus makes oxygen NMR exceedingly challenging. Hope et al.®8 have
used DNP-enhanced direct 7O NMR spectroscopy to study CeO, nanoparticles. Oxygen atoms
in the first three surface layers can be distinguished on the basis of their '’O NMR chemical shifts.
Within these three layers, the ones closest to the solvent and radicals have the fastest DNP
buildup curve, while the oxygen in the core has a significantly slower DNP buildup. The DNP
enhancement in the first three surface layers is approximately equal, and the authors attribute
this to the more effective DNP polarization transfer concomitant with increased quenching for the
surface layers that are closest to the radicals. Indirect DNP, polarizing 'H nuclei and then



transferring polarization to '’O using cross-polarization, leads to observation of oxygen in Ce-OH
and adsorbed H>O molecules, but no enhancement of surface or core oxygen.

Previously,?® we have investigated the effect of size on the DNP polarization efficiency when using
the intrinsic paramagnetic defects in diamond as polarizing agents for the '*C in diamond. We
found that we could only obtain significant DNP enhancements for larger (100-nm and larger)
diamond particles. For the smaller particles (as small as 5 nm), dangling bonds on the
nanoparticle surface led to short electron and nuclear relaxation times. The short electron
relaxation time prevented saturation of the electron and the short nuclear relaxation time
prevented efficient spin diffusion, both of which are necessary for obtaining high DNP
enhancements.

Kwiatkowski et al.®® found a similar dependence of maximum DNP enhancement on electron and
nuclear relaxation times when examining the use of intrinsic defects in silicon nanoparticles to
hyperpolarize 2°Si. They found that the ratio of surface defects to surface atoms was a key
parameter in achieving the maximum DNP enhancement, and that sample preparation methods,
especially ball milling and laser-assisted etching, were promising ways to reliably create
nanoparticles with the desired ratio.

On the other hand, when using exogeneous radicals as polarization agents, Akbey et al.®' found
that higher DNP enhancement factors were obtained for smaller silicon nanoparticles. Indirect
DNP resulted in higher enhancement factors for the surface silicon sites, while direct CP resulted
in higher enhancement factors for the core silicon sites. From the size dependence of the DNP
enhancements, the authors were able to estimate the length of a DNP penetration depth of 4.2
nm for indirect DNP and 5.7 nm for direct DNP.

Ha et al.®2 compared two DNP methods for hyperpolarizing hydride-terminated silicon
nanoparticles: standard indirect DNP, in which the nanoparticles are dispersed in a glassing
solvent containing radicals and hydrogen nuclei in the solvent are polarized and polarization is
transferred to silicon through CP, and direct DNP of the 2°Si nucleus using endogenous radicals
(dangling bonds). Endogenous unpaired electrons in the silicon nanoparticles are located mainly
in the disordered surface or subsurface layers. The use of endogenous radicals was found to lead
to better DNP enhancements, for the primary reason that the exogeneous radicals were destroyed
by reaction with the silicon nanoparticle surface within about 30 minutes of sample preparation.
On the other hand, using endogenous dangling bonds as DNP polarizing agents, the authors
were able to observe #Si signal from the core, surface, and sub-surface layers. Notably,
significant DNP enhancements were found only for the largest nanoparticle (64 nm diameter). In
smaller particles (3-21 nm diameters) the majority of 2°Si nuclei are too close to dangling bonds
on the surface, leading to reduced T1 relaxation times. Short nuclear T; relaxion times prevent
spin diffusion which is required to obtain DNP enhancement.

Cassidy et al.®® showed that dangling bonds on the surface of silicon nanoparticles in water can
be used as polarizing agents to enhance the signal of both 2°Si in the nanoparticle and 'H of the
water solvent. Two different nuclear spin baths were present — one that consists of nuclei directly
polarized by the unpaired electrons, and another that is polarized indirectly through spin diffusion.

Shimon et al.® used only the intrinsic dangling bonds located between the silicon and silicon oxide
layers of silica nanoparticles to hyperpolarize hydrogen nuclei located near the nanoparticle
surface. They found that there are two distinct environments for hydrogen on the nanoparticle
surface, both of which lead to NMR linewidths of approximately 5 kHz. The high frequency peak
at 10 ppm was attributed to -OH protons, while the low frequency peak was highly shielded,
appearing between -19 and -37 ppm with different intensity in different samples. This peak was
attributed to a weakly-bound proton species.



Leskes and coworkers®° pioneered a method by which paramagnetic metal ions are doped into
inorganic lattices (including lithium ion battery anode materials and phosphor materials) so that
these metal ions can act as intrinsic DNP polarization agents. This method may be applicable to
nanoparticles in the future.

Presti et al.®” point out that the paramagnetic centers in the dangling bonds on the surface of
nanodiamond make the study of nanodiamonds by solid-state NMR similar to the study of any
paramagnetic species, with the same inherent opportunities and challenges. The short T,
relaxation times of nuclei near the surface make CP less efficient, but can contribute to a
sensitivity advantage in direct polarization as short relaxation delays can be used to obtain more
scans per unit time. The authors found that direct polarization magic angle spinning (DEMAS)
was actually more efficient (better sensitivity) than CP-MAS for characterizing organic moieties
that are grafted onto the surface of nanodiamonds. The authors also found that conventional
DEMAS was preferable to DNP-enhanced DEMAS due to polarization leakage that was driven
by the paramagnetic centers on the nanodiamond surface.

7. Future Directions

The development and use of DNP for the study of nanoparticles themselves as well as the
structure and dynamics of ligands or catalytic substrates adsorbed on the surface of nanoparticles
will have far-reaching implications. The increased sensitivity allows the study of low-populated
defect sites, surfaces and adsorbed molecules, observation of low-gamma nuclei like 7O, which
comprises metal oxide nanoparticles and is present on the surface of catalysts, and correlation
spectra between nuclei that have low natural abundance. As solid-state DNP hardware becomes
more commercially available and more groups are able to make use of this technique,
nanoparticles with defined surfaces will be able to be prepared, catalytic mechanisms will be
deduced, and surface coatings for biocompatible nanoparticles will be optimized. In tandem with
advances in DNP methodology and applications, faster MAS and higher magnetic fields will allow
solid-state NMR studies of nanoparticles with better resolution.
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