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ABSTRACT: Understanding the surface of semiconductor
nanocrystals (NCs) prepared using colloidal methods is a long-
standing goal of paramount importance for all their potential
optoelectronic applications, which remains unsolved largely
because of the lack of site-specific physical techniques. Here,
we show that multidimensional '"*Cd dynamic nuclear
polarization (DNP) enhanced NMR spectroscopy allows the
resolution of signals originating from different atomic and
magnetic surroundings in the NC cores and at the surfaces.
This enables the determination of the structural perfection, and
differentiation between the surface and core atoms in all major
forms of size- and shape-engineered CdSe NCs: irregularly
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faceted quantum dots (QDs) and atomically flat nanoplatelets, including both dominant polymorphs (zinc-blende and wurtzite)
and their epitaxial nanoheterostructures (CdSe/CdS core/shell quantum dots and CdSe/CdS core/crown nanoplatelets), as
well as magic-sized CdSe clusters. Assignments of the NMR signals to specific crystal facets of oleate-terminated ZB structured
CdSe NCs are proposed. Significantly, we discover far greater atomistic complexity of the surface structure and the species
distribution in wurtzite as compared to zinc-blende CdSe QDs, despite an apparently identical optical quality of both QD

polymorphs.

B INTRODUCTION

Semiconductor nanocrystals (NCs) prepared via colloidal
approaches are materials of interest to diverse scientific
communities due to their unique photophysical and electronic
and emerging commercial applications such as in
television displays (Samsung, Sony, and several other major
companies). With at least one dimension smaller than their
exciton Bohr radius, they also exhibit quantum-size effects in
their optical and electronic properties; they thus often are called

by their alternative names—quantum dots (QDs, sub-20 nm

NCs, confined in three dimensions), quantum wells (or
nanoplatelets, NPLs, which are atomically flat, sub-10 nm
thick NCs), or quantum wires (nanowires, typically sub-20 nm
thick). These small crystallites are inherently high-surface-area
materials, whose surface is a key player in the material’s physical
and chemical behavior.>™® Effects from NC cores and surfaces
are practically never independent of each other, be it synergistic
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or counteracting with respect to observable physical properties.
For instance, radiative recombination of electron—hole pairs,
generated in the NC core, is nearly always negatively influenced
by the surface states, localized on the undercoordinated surface
atoms, leading to diminishing of the photoluminescence
quantum yield and/or emergence of trap-related photo-
luminescence bands. On a positive note, rationally engineered
surface traps have enabled high photoconductivity in densely
packed solids of NCs.”™"" Characterizing and understanding
surfaces of semiconductor NCs are therefore necessary to
rationally control and tune their properties, eventually enabling
numerous applications in electronics'*~"® and optoelectronics
(light-emitting diodes, photodetectors, photovoltaics, lasers,
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and many more photocatalysis, photoelec-
trochemistry,’® and life sciences (as luminescent labels).**' ~**

Colloidal semiconductor NCs typically comprise three
regions: a crystalline core, a NC surface region, and molecular
ligands, which are covalently attached to the NC surface. These
ligands ensure chemical integrity of the NC and colloidal
stability in apolar and polar solvents, and may serve as a platform
for further functionalization. Because the complexity of these
entities exceeds those of smaller, atomically defined molecules
and extended solids, a typical characterization toolbox consists
of a diversity of methods applied in a combined manner: in
particular, transmission electron microscopy (TEM), X-ray
scattering methods (in the small- and wide-angle region, pair-
distribution-function analysis, etc.), photoelectron spectros-
copies, X-ray absorption and fluorescence, thermal analysis
(thermogravimetric analysis, differential scanning calorimetry,
etc.), Fourier-transform infrared spectroscopy, nuclear magnetic
resonance spectroscopy (NMR), and optical characterization by
absorption and emission spectroscopies. Among these, NMR
techniques continue to hold a prominent position with great
potential for further development. Solid-state and solution
NMR, widely used in chemistry and materials science, is capable
of providing a full description in terms of atomic connectivity,
oxidation state, geometry of local environment created by other
atoms, as well as dynamics for a broad range of systems: organic/
inorganic, crystalline/amorphous, surface, or the core. Un-
surprisingly, NMR has been widely used over the last two
decades for characterizing colloidal semiconductor NCs,
foremost for characterizing semiconductor NC surface
ligands.>~>* When molecular capping ligands are observed,
the information obtained by conventional solution NMR rapidly
diminishes once the molecular tumbling is restricted, e.g., upon
binding, from the free dissolved state to the surface. The greatest
utility of solution NMR thus far has been in observing and
quantifying the binding dynamics of organic ligands at the NC
surfaces.”>** Solid-state NMR, on the contrary, can probe all
magnetically active nuclei in a statistically averaged ensemble of
semiconductor NCs,*»#344875L35758 Eor example, for various
WZ-CdSe, ZB-CdSe, and InP QDs, assignments of the core and
surface ''/113Cd, 77Se, and 3'P species were pro-
posed.**>49395¢ Berrettini et al. identified five different 7’Se
species in WZ-CdSe QDs, one tetrahedrally coordinated within
the core region and the others being rather surface species
(vertex, edge, and on two different facets).56 Furthermore, two
possible ligand attachment modes were elucidated on the basis
of their NMR spectra.”

However, NMR in general, and its applications to inorganic
materials in particular, suffers from inherently poor sensitivity,
especially for isotopes that are low in natural abundance or have
alow gyromagnetic ratio. The sensitivity problem culminates on
NC surfaces, wherein additional factors reducing the NMR
signal intensities are various inhomogeneities and overall
reduced number of atoms.

It was recently shown that solid-state NMR measurements,
exploiting signal enhancements from dynamic nuclear polar-
ization (DNP),*"® can be conducted directly on colloidal
semiconductor NC solutions (InP, CdSe, CdTe, PbSe, PbTe
QDs).>>° This approach transfers electron polarization from a
stable radical, added to a NC solution, to the nuclei of interest.
DNP NMR experiments are optimal at low temperatures
(approximately 100 K) where electron and nuclear relaxation
rates are reduced.””*® For the avoidance of NC aggregation in
low-temperature experiments, NC colloids have been impreg-
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nated first into nanosized pores of mesoporous silica (meso-
$i0,).”° This sample preparation method was a key for
maximizing the signal enhancement, as it ensures that NCs
and organic radicals remain homogeneously mixed throughout
the experiment. Enhancement factors of 56 were obtained for
3P nuclei of InP NCs at a magnetic field of 9.4 T.° For
challenging cases such as CdSe NCs, DNP enhanced NMR was
the only method for obtaining and resolving the "'/!*Cd signal
from the NC surface. With just 1-2 mg of NCs in a native
colloidal state, DNP enhanced spectra can be acquired within
minutes for simple one-dimensional (1D) NMR spectra and
within hours for more complex experiments including two-
dimensional (2D) NMR spectroscopy. Other formulations
suited for DNP experiments on colloidal nanomaterials include
incorporation into acrylamide gels®® or impregnation with
meso-SiO, for which nitroxide radicals were incorporated into
the walls of the pores.””

In addition to the need for sensitivity enhancement, another
major challenge is to extract useful information from the broad
and overlapping signals: a problem inherent to all NCs. Because
of the small size and the high surface area, the environmental
anisotropy is large for every single spin in the NC. This results in
significant inhomogeneous broadening. In ordered solids, this
can be addressed by magic-angle spinning (MAS), where the
broad pattern splits into a manifold of relatively sharp spinning
sidebands flanking the centerband at integer multiples of the
rotation rate. However, when distributions of isotropic
resonances are present, the one-dimensional MAS NMR spectra
will consist of interdigitated sideband manifolds, and spectral
resolution will not be significantly improved. To retain the
information from chemical shift anisotropy (CSA) while
obtaining a high-resolution spectrum from the isotropic
components, the principles of sideband separation, introduced
by Dixon,”’ can be implemented in the form of 2D NMR
experiments. The archetypical experiments of this class are the
closely related 2D phase adjusted spinning sideband (2D
PASS)”" and magic-angle turning (MAT)”*~"* experiments.
The MAT archetype, in particular, has been the subject of
numerous extensions,” >~ " having been adapted even to
broadband refocusing pulses’® and indirect detection;”’
however, 2D PASS should be the preferred experiment when
transverse coherence lifetimes are comparable to or shorter than
the sample rotation period.”"

In this work, we demonstrate how 2D PASS experiments,
enhanced by phase-incremented echo-train acquisition
(PIETA),* allow discerning isotropic chemical shifts of various
3Cd species existing in well-defined Cd-chalcogenide NCs of
various morphologies and evaluation of the anisotropy of these
'3Cd species. Our implementation is improved by the
incorporation of surface-based hyperpolarization using DNP
NMR:*°**%%7 3 strategy which has already been adapted to
MAT and PASS experiments.®’ ~**%° We refer to the combined
experiment as DNP enhanced PASS-PIETA, which affords 2D
sideband correlation spectra at over 100-fold improvement in
NMR sensitivity relative to the conventional 2D PASS. In
particular, we use DNP enhanced PASS—PIETA to characterize
the surface sites in CdSe-based nanostructures, a canonical
family of semiconductor NCs. Diverse NC morphologies were
probed, ranging from magic-sized clusters to sub-10 nm NCs
and atomically smooth NPLs. In particular, sub-10 nm CdSe
NCs, crystallized in both polymorphs (zinc-blende, ZB; and
wurtzite, WZ), were characterized and compared to the core/
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Figure 1. Scheme of the DNP enhanced PASS—PIETA experiment on NCs and its pulse sequence used in this work. DNP enhanced NMR makes use
of the large polarization of unpaired electrons (top left) from radicals to enhance the NMR signal and to make complex NMR experiments, such as the
acquisition of PASS—PIETA spectra (top right), feasible for low-concentration species. In cross-polarization-DNP (CP-DNP), continuous application
of microwaves (CW prw) spontaneously hyperpolarizes the protons by the cross effect. TEKPol,” a well performing and established radical for DNP
experiments, is depicted here as an example of a polarization source. A judicious choice for a solvent was 1,1,2,2-tetrachloroethane, which is highly
suited for studying colloidal NCs with organic ligands, since it yields good DNP enhancement’* and maintains colloidal stability of the NCs. From the
protons, the hyperpolarization is then transferred to "'*Cd nuclei in the NCs by CP.”>” The obtained signal enhancements (e, ~30—-35at14.1T) at

PYRE .

the surface or inside the NCs are large enough for informative but otherwise time-consuming NMR experiments to become feasible. In the pulse
sequence shown here, the PASS pulse elements follow the CP step and retard the anisotropic chemical shift evolution at the end of the constant time
block TV by an amount given by the parameter &,,, which is controlled by the timings of the five hard 7 pulses within the block. The dependence of €,
on these timings is governed by the Dixon’s PASS equations.”””" The echo shift of ntg in between the fourth and fifth 7 pulses sets the length of the
acquisition windows in between the refocusing 7 pulses of the echo train. The phase-incremented pulses are indicated by the symbol ¢.

shell CdSe/CdS NCs with CdS coatings of various thicknesses. colloidal state using a solvent suitable for DNP experiments
Likewise, pristine CdSe NPLs were compared to core/crown (1,1,2,2-tetrachloroethane). Such a methodology is thus readily
CdSe/CdS NPLs. Distinct DNP enhanced PASS—PIETA applicable to all common ligand-capped colloidal NCs and
spectra are obtained of each of these structurally, morpholog- requires only 1—2 mg of NCs dispersed in as little as 20—30 uL
ically, and compositionally different NCs. In particular, these of the solvent. No crystal phase transition of CdSe is known to
spectra can capture small differences in the degree of the overall occur between room temperature (RT) and 100 K (DNP NMR
atomistic order (QDs versus NPLs, clusters versus QDs, etc.) as experiment). In the following, we first outline the measurement
well as the differences in the surface termination (sulfide versus methodology, and then discuss the results for each specific class
selenide). Surfaces of ZB polymorphs of CdSe QDs appear of studied NCs.

much less disordered than those of WZ counterparts. This study DNP Enhanced PASS—PIETA NMR Spectroscopy of
validates DNP enhanced PASS—PIETA NMR spectroscopy as a Colloidal NCs. The DNP enhanced PASS—PIETA experiment
powerful characterization tool for inorganic nanostructures. is schematically summarized in Figure 1: polarization is
Future avenues thus include the monitoring of the chemical transferred from unpaired electron spins, whose transitions are

transformations at the NC surface and core by, for instance,

i i ) k saturated by monochromatic microwave, to protons of the
ligand-exchange and ion-exchange reactions, respectively.

solvent through the cross effect.>’ Signal enhancement of the
nucleus of interest, such as '"*Cd, is then achieved by

B RESULTS AND DISCUSSION conventional cross-polarization (CP) from '"H. The interaction
Our goal is to unravel the potential of DNP enhanced PASS— enabling polarization transfer through CP is the dipolar
PIETA NMR spectroscopy for probing the atomistic structure of interaction, whose distance-dependent coupling strength leads
colloidal semiconductor NCs in their native colloidal state. As to a better polarization of the NC surface region than the core
model systems, we have chosen the state-of-the-art long-chain- region, making the combination of DNP and CP a surface-
ligand-capped colloidal Cd-chalcogenide nanomaterials, synthe- enhanced NMR method.”> All experiments described in this
sized by nonaqueous, high-temperature solution methods (at work are conducted with the CP step (thus the abbreviation CP
240—360 °C): sub-10 nm ZB-CdSe NCs** and WZ-CdSe,”* is omitted for simplicity). If only CP were used for signal
core/shell CdSe/CdS NCs,* magic-sized CdSe clusterS,86 enhancement, conventional 2D PASS experiments would be
pristine CdSe NPLs,"”** and core/crown CdSe/CdS NPLs.*’ prohibitively time-consuming’® for the concentrations of NCs
For the subsequent studies, these NCs were maintained in a that are accessible to us. DNP provides sufficient signal
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Figure 2. (1) DNP enhanced PASS—PIETA NMR spectra of (a) oleate-capped ZB-CdSe QDs on which a CdS shell of (b) 0.1 nm, (c) 0.4 nm, and (d)
0.9 nm thickness was grown. (3) Optical absorption spectra illustrate the gradual shift of the excitonic peak to lower energies with increasing shell
thickness (reduced quantum confinement). The TEM images of these four QDs samples are shown in Figure S3. Insets in the absorption spectra are
schematics of CdSe and CdSe/CdS core and core/shell QDs. The centerband spectra (solid black line in panels 2a—2d, corresponding to the zero
frequency cross-sections in panels 1la—1d) show only isotropic chemical shift frequency components, providing qualitative information about the
number and distribution of "'*Cd species present in the QDs. It is noted that centerband spectra, unlike full isotropic projections, are not generally
quantitative, as the signal intensity of species giving large spinning sideband manifolds is reduced in comparison with the spectrum that one would
obtain at infinite spinning speed. Information accessibility is strongly reduced in conventional 1D DNP NMR (dashed blue line in the panels 2a—2d).
The surface, core and, if present, shell signals are specially labeled in panels 1a, 2a, 1d, and 2d. The signal assignments in panels 1b, 2b, 1¢, and 2c have
been omitted as they are very similar to signals from core CdSe and thick shell CdSe/CdS core/shell QDs. Spinning side bands are marked with

asterisks.

enhancement of the colloidal NC surfaces to perform complex
experiments such as D-HMQC>’ or, as proposed in this work,
PASS—PIETA, yielding 2D spectra that clarify interactions,
structures, and other spin-specific information that are not easily
interpreted from 1D NMR spectra. The 2D PASS experiment '
is used to separate and correlate the chemical shift signal
components, allowing access not only to the high-resolution
isotropic spectrum, but also to the size and distribution of the
anisotropic components of the chemical shift tensor for distinct
cadmium sites of the NC, resolved by their isotropic shifts. For
the NC systems in this study, the inhomogeneous broadening of
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the isotropic resonances was generally sufficiently large and
3Cd transverse coherence lifetimes suitably long to permit the
collection of 60 full PASS—PIETA echoes of significant
intensity, with the duty cycle of the proton decoupling ultimately
limiting the number of echoes that could be collected. Under
these conditions, the estimated sensitivity enhancement from
multiple echo acquisition over conventional PASS is roughly a
factor of 3.5. It is worth pointing out that, in each of the model
systems investigated here, transverse coherence lifetimes are
much longer than the sample rotation period. In such a limit,
MAT—-PIETA”" is an equally valid choice of experiment.
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Processing MAT—PIETA data entails a similar amount of effort
as PASS—PIETA data, but the former pulse sequence may be
easier to implement on some spectrometers. It is important to
remember, however, that when transverse coherence lifetimes
are comparable to or shorter than the sample rotation period,
conventional 2D PASS will be the preferred sideband separation
experiment.71

Altogether, we find our implementation of DNP enhanced
PASS—PIETA improves the sensitivity of two-dimensional
sideband separation experiments by roughly 2 orders of
magnitude, enabling a high-throughput investigation of diverse
high-surface-area materials, in the present case, cadmium-based
NC systems. Herewith, the issue of overlapping signals is solved
for NCs, where most of the spins are at or in close vicinity to the
surface and experience highly anisotropic chemical and
magnetic surroundings, leading to large CSAs. It is the higher
spectral resolution due to PASS which enables (i) the
identification of individual species, or of distributions of species,
by their respective isotropic chemical shifts and (ii) the
correlation of the spinning sideband manifolds to their
respective isotropic chemical shifts. The CSA parameters of
individual species can then be evaluated from the spinning
sideband patterns, and compared to structural models obtained
from density functional theory (DFT)”' or Hartree—Fock
theory.”” Previously, such structural information was either
inaccessible or involved elaborate first principle calculations. For
example, Cadars et al. attempted determination of the chemical
shifts of all ”’Se species within ZnSe NCs of different sizes, trying
to reconstruct the observed spectra, without having the separate
information on isotropic and anisotropic chemical shifts at
hand.>® Validation of such an analysis remains challenging since
the contributions of the line-broadening effects such as site
disorder or CSA oftentimes cannot be distinguished from one
another in simple 1D NMR spectra with broad line widths. In
summary, the DNP enhanced PASS—PIETA NMR experiment
allows the number of different species, or their distribution, to be
identified inside the sample (isotropic dimension, x-axis) and
the species’ surroundings (CSA-dimension, y-axis) to be
determined.

Case of Oleate-Capped ZB-CdSe QDs. We begin our
study by revisiting the oleate-capped ZB-CdSe QDs. The DNP
surface-enhanced CP MAS NMR spectrum of nearly spherical
oleate-capped ZB-CdSe QDs (e.g, 3.6 nm diameter, first
absorption peak at 573 nm), a popular QD system, was reported
in a previous investigation.”” Two types of signals were observed
in the '*Cd spectrum: a narrow signal located at —60 ppm and a
broad signal centered around —320 ppm. With the aid of a DNP
enhanced *C—"""Cd-D-HMQC spectrum, the former type of
signal was attributed to core cadmium atoms and the latter to
cadmium oleate at the surface of the NC. The breadth of the
surface signals had the appearance of a spinning sideband
manifold, a consequence of large CSA due to the relatively
asymmetric environment of the cadmium nuclei. In contrast, no
significant spinning sidebands were observed for the signal
corresponding to the cadmium in the core, thus indicating that
the CSA for such sites is negligible, consistent with their
isotropic, tetrahedral environment. Cadmium oleate (surface
cadmium bound to oleate ligand) appears as the sole kind of
cadmium species at the NC surface. The DNP enhanced PASS—
PIETA experiments on the same oleate-capped ZB-CdSe QDs
are in excellent agreement with the earlier assignments from ref
50 (Figure 2, panels 1a—3a): a signal with small CSA, i.e., witha
symmetrical surrounding, was found at 8, = —66 ppm, and a
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signal with larger CSA, corresponding to an asymmetric
surrounding such as for surface cadmium, was located at
—323 ppm. By separating the anisotropic and isotropic
contributions in a 2D spectrum using PASS the signals from
the two cadmium species are well-separated and resolved
(Figure 2, panel 1a), unlike in conventional 1D DNP NMR
(blue dashed line in Figure 2, panel 2a). The centerband
spectrum (black solid line in Figure 2, panel 2a) is the horizontal
cross-section taken from the center of the ordinate of the
double-sheared (TOP) processed 2D PASS—PIETA spectrum
(Figure 2, panel 1a), and it shows dramatically improved spectral
resolution (i.e., narrower, distinguishable signals) in comparison
to the conventional 1D DNP NMR spectrum (very broad signal,
blue dashed line in Figure 2, panel 2a). This demonstrates the
advantage of sideband separation, as possible in PASS
experiments. Spins with highly asymmetric and anisotropic
chemical and electronic surroundings possess large CSA tensors
and produce numerous, and in the case of NCs oftentimes
overlapping, spinning sidebands in MAS NMR spectra. When
one cannot suppress these spinning sidebands by faster spinning
of the sample because of hardware limitations, conducting 2D
PASS, or other sideband-separating experiments such as MAT,
can yield a result equivalent to infinitely fast MAS. Such desired
information, e.g., number, nature, and distribution of species,
could be obtained by looking at the infinite speed spectrum of
2D PASS (projection along the indirect dimension) or the
centerband spectrum. Additionally, the information contained
in the CSA, ie. asymmetry and anisotropy of the chemical
surrounding of a spin, remains accessible for 2D PASS, which is
not the case for spinning sideband suppression through fast
MAS. The indirect dimension of 2D PASS corresponds to the
sideband profile of the corresponding isotropic chemical shift
and can be read out directly from the 2D PASS spectrum. The
CSA parameters of a certain species can be extracted by fitting
the slice of the 2D PASS spectrum at the corresponding isotropic
chemical shift of the studied species. The fit results can then be
correlated to actual chemical structures with the help of DFT.”
Such a detailed analysis is in progress. Here, we opt instead for
presenting a great utility, a qualitative interpretation of the CSA
dimension.

Case of Oleate-Capped Core/Shell ZB-CdSe/CdS QDs.
Oleate-capped ZB-CdSe QDs (Figure 2, panels la—3a) are
overcoated by an epitaxial shell of CdS leading to an increase in
NC diameter by 0.1 nm (Figure 2, panels 1b—3b), 0.4 nm
(Figure 2, panels 1c—3c), and 0.9 nm (Figure 2, panels 1d—3d).
The shell growth is monitored with optical absorption
spectroscopy and TEM (Figure 2, panels 3a—3d and Figure
S3). Growing a CdS shell affected ''*Cd NMR signals from both
the surface and the core. Isotropic chemical shift values from the
surface peaks all are in the region of around —310 ppm (Table 1
and Figure 2). A clear deshielding trend, from —323 to —297
ppm, is observed when increasing the CdS shell thickness. This
correlates also with the bulk isotropic chemical shift, exhibiting
similar deshielding behavior (—83 ppm for CdSe and 65 ppm for
CdS).*® Similar to the trend seen for the excitonic peak in the
absorption spectrum, the shift of the core signal is greatest after
the first step of growing a CdS shell. The CdS shell decreases the
band gap of the QDs by reducing the confinement of electrons
and better delocalizing them while the confinement for holes
remains nearly unchanged. In the absorption spectra, the
excitonic peak shifts thereby to the red (Figure 2, panels 3a—3d).
Likewise, in the NMR spectra, the CdSe core signal in core/shell
CdSe/CdS is deshielded to —37 ppm, compared to the core
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Table 1. Isotropic Chemical Shift Values Observed for
Various NCs Studied in This Work

shell . )
NC type (nm)  Giocore” (PPM)” o urtace” (PPD)

oleate-capped CdSe QDs 0 —66 —323

oleate-capped core/shell 0.1 16, —37 -316
CdSe/CdS QDs

oleate-capped core/shell 0.4 24, -37 —308
CdSe/CdS QDs

oleate-capped core/shell 0.9 §3, =37 —297
CdSe/CdS QDs

oleate-capped CdSe NPLs 0 —62 =311

oleate-capped core/crown 0 57, —61 —281, —-310
CdSe/CdS NPLs

oleate-capped CdS QDs 0 S2 -293

“Oisoycore A0 Oigy curiace indicate the isotropic chemical shifts of cadmium

from the core and the surface of the NCs. ?The resolution limit of the
DNP enhanced PASS—PIETA NMR experiments was 7 ppm.

signal of the pristine CdSe QDs found at —66 ppm (Figure 2,
panels 2a—2d and Table 1). Such correlations between chemical
shift and overall electronic structure of NCs have been already
reported previously.*”*>*> The isotropic chemical shift of NCs
was different for various particle sizes which was explained by the
sensitivity of the chemical shift to the changes in the electronic
structure of NCs (band gap width, absolute positions of the
valence and conduction bands), caused by quantum-size effect.

While the CdSe core signal is deshielded with the growth of a
CdS shell, a second signal is emerging as well, at higher
frequencies. This second peak, attributed to the CdS shell,
continues to rise in intensity and is further deshielded with
increasing CdS shell thickness (Table 1 and Figure 2 panels
2b—2d). The CdS shell signal has an isotrogic chemical shift
similar to that of bulk CdS (65 ppm).*® In a reference
experiment with oleate-capped ZB-CdS QDs (Figure S4), the
two signals attributed to the core (52 ppm) and the surface
(—293 ppm, cadmium oleate) are in full agreement with the
isotropic chemical shift values found for the shell in core/shell
CdSe/CdS NCs.

Case of Oleate-Capped ZB-CdSe QDs versus ZB-CdSe
NPLs. Comparing QDs and NPLs provided insight into the
effect of NC shape and surface faceting. Surfaces of ZB-CdSe
QDs consist of numerous crystal facets, edges, and corners,

which are prone to dynamic rearrangements and defects. ZB-
CdSe NPLs are unique in that their surfaces are atomically flat;
namely, these are (001) facets.*””® CdSe platelets that are 4-
monolayers thick (one layer = one Cd—Se distance), terminated
with one additional cadmium layer, to which ligands bind,
exhibit a thickness of 1.2 nm and a first absorption peak at 512
nm, in agreement with ref 97. In the DNP enhanced PASS—
PIETA NMR spectra of these NPLs and ZB-CdSe QDs (3.0 nm
diameter, first absorption peak at 547 nm), the signals from the
cores are identical in isotropic and anisotropic chemical shifts
within spectral resolution (Figure 3). This stands in expected
agreement, because cadmium atoms in both types of particles
have an identical highly symmetric tetrahedral environment of
the ZB-lattice; in fact, also their optical band gaps are similar. On
the contrary, the surface ''>Cd signals are measurably different:
8io = —311 ppm (NPLs) versus ;, = —323 ppm (QDs).

In NPLs, the CSA of the surface signal is just slightly larger
than that of the core, highlighting the expected effect of the
atomic flatness. On the contrary, the isotropic broadening of the
surface signal of QDs is about twice as large compared to the
surface signal of NPLs. In QDs, the surface curvature, edges,
corners, and defects contribute to the increase of CSA of the QD
surface signal. The core signals from both shapes have similar
broadening in the isotropic dimension.

In the studied NPLs with dimensions (widthl X width2 X
thickness) of (10—15) nm X (20—30) nm X 1.2 nm, at least 85%
of the surface area is associated with (001) facets. The NPL
surface signal at 6, = —311 ppm can thus be attributed to
cadmium oleate on a (001) facet. Since ZB-CdSe QDs are
mostly terminated with (001) and (111) facets,” one can
hypothesize that the surface signal of QDs originates mainly
from cadmium oleate on (001) and (111) facets. The (111)-
related signal is found at &;,, = —33S ppm after subtracting the
(001) signal at —311 ppm. In QDs, additional factors—edges,
surface defects, etc.—turn these two signals into a continuous
distribution.

Case of Core/Crown CdSe/CdS NPLs. Core/crown NPLs
(Figure 4) represent another recent addition to the family of
complex NC heterostructures,””””'% featuring enhanced
optical properties such as greater photostability and higher
photoluminescence quantum yield efficiency as compared to
core-only CdSe NPLs. The band gap energy and the atomic
order in the emissive CdSe core are largely unaffected by the
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Figure 3. (left) Atomic models of cadmium-terminated ZB-CdSe QDs and NPLs are depicted. (middle) Superposition of oleate-capped ZB-CdSe
NPLs (blue) and oleate-capped ZB-CdSe QDs (gray) DNP enhanced PASS—PIETA spectra. The core signals of NPLs and QDs are the same within
the resolution limit of the PASS—PIETA experiment (Table 1). The surface signal of the NPLs is significantly narrower in the isotropic dimension and
lies on the higher-frequency part of the QD surface signal. Most probably the QD signal is constituted of a signal from cadmium oleate on (001) facets
(common with NPLs) and cadmium oleate on (111) facets (not overlapping with the NPL signal). Furthermore, QD signals exhibit a broader isotropic
line width than NPLs indicating a larger diversity of sites and potentially disorder for QDs. (right) The absorption spectra show narrow excitonic peaks
corresponding to monodisperse NC samples with similar absorption wavelength, i.e., similar band gaps.
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Figure 4. (left) In the top left corner, an atomic model of a cadmium-terminated core/shell CdSe/CdS NPL is depicted. From the conventional 13cd
1D DNP NMR spectrum of oleate-capped core/shell CdSe/CdS NPLs (blue dashed line in panel a), little information can be obtained because of large
inhomogeneous broadening, including convolution of spinning sideband manifolds of surface species, causing extensive overlap of an unknown
number of signals. The centerband spectrum (black solid line in panel a) of the DNP enhanced PASS—PIETA spectrum (panel c) shows only the
isotropic chemical shift values with all spinning sidebands removed. Four cadmium species could be clearly resolved and assigned to cadmium in the
CdS core (57 ppm) and in the CdSe core (—61 ppm), and to cadmium oleate at the surface of CdS (—281 ppm) and CdSe (—310 ppm). In the
absorption spectrum (panel b), the excitonic peaks of the CdS and CdSe regions of the oleate-capped core/crown CdSe/CdS NPLs are clearly visible.
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Figure S. (1) DNP enhanced PASS—PIETA NMR spectra of (a) phosphonate-capped WZ-CdSe QDs and (b) benzoate-capped magic-sized CdSe
clusters. The centerband spectra (black solid line in panels 2a and 2b) show only isotropic chemical shift frequency components, providing information
about the number and distribution of ''*Cd species present in the WZ-QDs and in sub-2 nm CdSe clusters. This information was not accessible with
conventional 1D DNP NMR (dashed blue line in panels 2a and 2b). (3) Absorption spectra of the colloidal dispersions of both kinds of CdSe species.
The insets in the absorption spectra are schematics of a WZ-CdSe QD (3a) and a possible structure for magic-sized CdSe clusters (3b), as suggested on
the basis of a pair-distribution-function study.'®

CdS crown. The peculiar core/crown morphology has been Conventional '*Cd 1D DNP NMR yields only a broad
thoroughly characterized with TEM, elemental mapping, and spectrum (dashed blue line in Figure 4a), and unambiguous
optical spectroscopy (Figure S5 and the literature®””*'*%). CdSe assignment of the core and surface signals of CdSe and CdS
core and CdS crown have identical thickness. regions is rather impossible. On the contrary, the DNP
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enhanced PASS—PIETA NMR spectrum of such NPLs (Figure
4c, centerband spectrum, black solid line in Figure 4a) allows for
aneeded insight: four peaks are identified at 57, —61, —281, and
—310 ppm. The first two exhibit very small CSAs, are well-
resolved, and can each be, respectively, attributed to core CdS
and core CdSe peaks, based on their isotropic chemical shifts
(Table 1). The CdSe core signal at —61 ppm closely matches the
pristine CdSe NPLs (—62 ppm, Table 1). The signal at 57 ppm
can be assigned to the core of CdS crown, consistent with the
general trend of the isotropic chemical shift values of bulk CdE
(E = S, Se, Te) shifting to lower frequencies for heavier
chalcogenides.*® Isotropic chemical shift of ZB-CdS QDs peaks
at 52 ppm (Figure S4). The literature value for bulk CdS is also
closely located (65 ppm).*® The surface-related signals at —281
and —310 ppm are assigned to CdS and CdSe regions,
respectively. A relatively small chemical shift difference for
surface signals (in comparison to core regions) correlates with
the expectation that surface Cd atoms are in joint coordination
with oleate ligands, and the chalcogenides constitute only
approximately half of the coordination sphere.

The fact that CdSe-related isotropic chemical shifts of the
core and the surface are nearly identical to those of pristine CdSe
NPLs confirms that the CdS crown grew exclusively by lateral
extension of the platelet, without concomitant deposition of
CdS onto the large (001) facets. Furthermore, the surface
species on the CdSe and the CdS regions are apparently of the
same identity (Cd-oleates). Further support to this conclusion
comes from the optical absorption spectra, where the first
absorption peak of CdSe is only slightly red-shifted by ca. 4 nm
(Figure SS), indicating the preservation of strong quantum
confinement. Conversely, growing a CdS shell onto CdSe NPLs
of the same thickness reportedly causes a shift of at least 60 nm
to the red after adding just one monolayer of CdS.*>?7'%0~1%*

Effect of the Core Crystal Structure. Thus far, the crystal
structures of all discussed NC systems were of ZB-type. For an
illustration of the effect of the crystal structure, Figure S presents
NMR spectra from WZ-CdSe QDs (3.6 nm diameter, sub-10%
standard size-deviation, first absorption peak at 572 nm) and
magic-sized CdSe clusters (1st absorption peak at 423 nm, sub-2
nm size). Importantly, direct comparison of ZB versus WZ
crystal structure cannot be carried out with bulk references,
because bulk CdSe crystallizes exclusively in a WZ polymorph.

The DNP enhanced PASS—PIETA NMR spectrum of WZ-
CdSe QDs exhibits more than two signals, covering a broad
distribution of isotropic chemical shift values (Figure S, panel
1a; centerband spectrum, black solid line in panel 2a), making
clearly evident a far greater atomistic complexity compared to
ZB-CdSe QDs (Figure 2). Our interpretation is that the signal at
—80 ppm, which cannot be observed in the conventional 1D
DNP NMR spectrum (blue dashed line in Figure S, panel 2a),
corresponds to the core signal, which is relatively close to the
—66 ppm found for the core of ZB-CdSe QDs. The remaining
signals in WZ-CdSe QDs can be attributed to various surface
cadmium atoms. Indeed, the faceting of the hexagonal crystal
structure is expected to be more complex,w‘?"104 including the
existence of polar terminations (Cd or Se terminations of
opposite facets).'”> Further, the capping ligands of the studied
WZ-CdSe QDs are phosphonate molecules and not oleate as for
ZB-CdSe. This complexity is rather hidden in optical absorption
and emission spectra, wherein both crystal polymorphs feature
identically sharp excitonic bands (absorption spectra of ZB-
CdSe QDs Figure 2, panel 3a and Figure 3 top right; absorption
spectrum of WZ-CdSe QDs Figure S, panel 3a).

1120

In the case of magic-sized CdSe clusters, prepared according
to ref 86, the crystal structure differs from both polymorphs and
is not precisely known. It could be described as a molecular
structure with very limited periodicity in atomic positions.
Hence, every single atom is expected to engender a signal at a
different isotropic chemical shift value. This provides a plausible
explanation of the striking broadness of the featureless
centerband spectrum (black solid line in Figure S, panel 2b).
By removing the spinning sidebands, this spectrum is
significantly narrower than a conventional 1D DNP NMR
spectrum (blue dashed line in Figure S, panel 2b). The
remaining inhomogeneous broadening is ascribed to the site
disorder, i.e, a continuous distribution of '"*Cd isotropic
chemical shift values, in a manner similar to that observed in
glassy materials. Analogously, it may be possible to use the
information content of the CSA to accurately quantify
distributions'*”'*® of Se—Cd—Se bond angles and Cd—Se
bond lengths and perhaps even their electronic and optical
properties. Future work along these lines is in progress.

B EXPERIMENTAL SECTION

Materials. Benzoic acid (Brunschwig AG), cadmium acetate
dihydrate (Cd(OAc),-2H,0, Fluka, >98%), cadmium nitrate
tetrahydrate (Cd(NO;-4H,0),, Fluka, >99%), cadmium oxide
(CdO, Armar Chemicals, >99.99%), diphenylphosphine (DPP,
Aldrich, 98%), dodecylamine (Aldrich, 98%), 1-octadecene
(ODE, Aldrich, 90%), n-octadecylphosphonic acid (ODPA, PCI
Synthesis), octylamine (Aldrich), oleic acid (OA, Aldrich, 90%),
oleylamine (OLA, Aldrich, 70%), selenium (Se, Aldrich, 100
mesh, 99.99%), selenium dioxide (SeO,, Strem, 99.8% ), sodium
myristate (Na(myr), TCL >98%), sulfur (S, Aldrich, 99.998%),
trioctylphosphine (TOP, 97%, Strem), and trioctylphosphine
oxide (TOPO, ACROS or Aldrich, 99%) were used. All
materials were used without further purification. The solvents
ethanol (EtOH), hexane, methanol (MeOH), and toluene as
well as anhydrous acetone, acetonitrile, ethanol, hexane, and
toluene were obtained from various sources (Aldrich, VWR,
Merck). The biradical polarizing agent TEKPol'” was provided
by Dr. Olivier Ouari, Dr. Gilles Casano, and Prof. Dr. Paul
Tordo (Aix-Marseille Université). The meso-SiO, matrices
hexagonal mesostructured silica (MSU-H, 7 nm pore size,
Aldrich cat. 643637), silica gel (Davisil grade 643, 1S nm pore
size, Aldrich cat. 236810), and silica gel (spherical shapes, 30 nm
pore size, AlfaAesar cat. 44101) were used as supplied.
Cadmium is a toxic heavy metal, and handling of cadmium-
containing chemicals and NCs should be done with appropriate
safety precautions.

Cd and S Precursors. Cadmium myristate, Cd(myr),, was
synthesized following a procedure from the literature,” i.e., by
dropwise addition of 3.1 g of Cd(NO;),-4H,0 (10 mmol) in
100 mL of MeOH to 7.5 g of Na(myr) (30 mmol) in 1 L of
MeOH. Precipitated Cd(myr), was filtrated, washed twice with
MeOH, and dried in a vacuum oven at 50 °C for 16 h. Cadmium
oleate in 30 mL of ODE (0.1 M) was prepared using 0.544 g of
CdO (4 mmol) and 7.5 mL of OA (21 mmol). The mixture was
degassed for 10 min at RT and subsequently heated to 240 °C
under argon until the solution became colorless. The mixture
was then cooled down to 100 °C and dried for 1 h under
vacuum. The S-ODE precursor (0.1 M) was prepared by adding
0.096 g of S (3 mmol) into 30 mL of ODE, heated up to 160 °C
under argon, and then cooled down to 100 °C and dried for 1 h.

Oleate-Capped ZB-CdSe QDs. Oleate-capped ZB-CdSe
QDs of 3.0 and 3.6 nm diameter (determined from absorption
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spectra) were synthesized following a literature method, with
minor modifications.”” In a typical synthesis, 115 mg of CdO (1
mmol) and 1.5 mL of OA (4 mmol) were mixed with 15 mL of
dried ODE in a 100 mL three-neck flask and degassed for 10 min
at RT. The mixture was then heated under nitrogen to 240 °C
until the solution became colorless. After cooling to 100 °C, the
solution was evacuated for 1 h and then cooled to RT. A 0.1 g
portion of SeO, (1 mmol) was added under nitrogen flow, and
the mixture was heated to 240 °C at a rate of 20 °C/min. After 3
min at 230 °C, or 240 °C for the larger QDs, the crude solution
was cooled down to RT. CdSe QDs were washed three times
with hexane and EtOH. After purification, CdSe QDs were
dispersed in hexane for NMR experiments or for the growth of
CdSe/CdS core/shell NCs. Powder X-ray diffraction (PXRD)
patterns are shown in Figures S1 and S2 and the absorption
spectra in Figures 2 and 3. QD sizes determined from the TEM
images (Figure S1) were found to be 2.9 nm (15% size
distribution) and 3.7 nm (11% size distribution).

Oleate-Capped CdSe/CdS Core/Shell QDs. Oleate-
capped CdSe/CdS core/shell QDs were prepared by growing
a CdS shell onto oleate-capped ZB-CdSe QDs by successive ion
layer adsorption and reaction (SILAR).*® The precursors for the
alternative injections, cadmium oleate and S-ODE, were
prepared in advance, as described above, and stored under
argon. A 100 mL flask was loaded with 40 mg of oleate-capped
ZB-CdSe QDs [3.6 nm diameter size by absorption, 3.7 nm
(119% size distribution) from TEM images] dissolved in 1 mL of
hexane, 2 mL of OLA, and 5 mL of ODE. The mixture was kept
for 1 h under vacuum at 100 °C. After switching to argon, 0.1 M
cadmium oleate was injected, and the temperature was increased
to 240 °C. After 10 min, the S-ODE precursor was injected.
Successive injections of alternatively cadmium and sulfur
precursors had been carried out every 10 min until precursor
quantities for 4, 7, and 10 layers of CdS were converted (0.1, 0.4,
and 0.9 nm shell thickness with size distributions of 13%, 14%,
and 13%, respectively, were obtained as estimated from TEM
images in Figure S3). Simple geometric calculation defines the
quantities of Cd and S precursors: the first injection of
precursors with 0.1 M concentration was 0.25 mL, followed
by 0.34 mL up to 1.67 mL for a 10th layer. After the last
injection, the flask was cooled to RT, and the NCs were purified
with toluene and EtOH three times. PXRD patterns are reported
in Figure S2, and the absorption spectra are found in Figure 2.

Oleate-Capped ZB-CdSe NPLs. Oleate-capped ZB-CdSe
NPLs with emission peak centered at 512 nm were synthesized
as reported elsewhere,””*® with slight modifications. A 222 mg
portion of Cd(myr), (0.4 mmol), 15.7 mg of Se powder (0.2
mmol), and 20 mL of ODE were degassed in a three-neck flask at
RT for 30 min and heated up to 100 °C under vacuum. Then, the
flask was filled with argon, and the mixture was quickly heated to
240 °C. When the temperature reached 190—195 °C, 52 mg of
Cd(0OAc),2H,0 (0.2 mmol) was introduced as a powder
together with 1 mL of hexane under argon. The reaction mixture
was kept at 235—240 °C for 5 min and cooled to RT, adding 2.6
mL of OA and 3 mL of hexane while at 65—70 °C. NPLs were
separated by centrifuging and redispersed in 4.5 mL of hexane,
mixed with 2.5 mL of EtOH, and centrifuged again. NPLs were
then dispersed in 1 mL of hexane and filtered through a 0.45 ym
PTEFE filter. For characterization of the NPLs, TEM, PXRD
(both Figure S1), and absorption spectrum (Figure 3) were
acquired.

Oleate-Capped CdSe/CdS Core/Crown NPLs. Oleate-
capped CdSe/CdS core/crown NPLs of large size were
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synthesized as described elsewhere®” with some modifications.
Cd(OAc),-2H,0 (480 mg, 1.8 mmol), OA (340 L, 1 mmol),
and ODE (2 mL) were mixed and heated to 150 °C for 12 h
while stirring under air. A 3 mL portion of 0.1 M S solution in
ODE was added, and the obtained dispersion, the anisotropic
growth mixture, was kept stirring until injection. Core CdSe
NPLs were synthesized as described above but were not purified.
The entire product of a CdSe NPLs synthesis (~25 mg of
unwashed NPLs) was mixed with 3.3 mL of ODE in a three-neck
flask, degassed for 20 min, and heated to 240 °C under argon for
10 min. A 3.3 mL portion of the anisotropic growth mixture was
then injected with a syringe pump at a rate of 8 mL/h
maintaining reaction temperatures of 240 °C. The obtained
CdSe/CdS core/crown NPLs were precipitated with EtOH and
dispersed in hexane. Full characterization is shown in Figure SS.

Phosphonate-Capped WZ-CdSe QDs. Phosphonate-
capped WZ-CdSe QDs of 3.6 nm in diameter (by absorption
spectroscopy, see Figure S) were prepared according to Bawendi
et al”’* A 60 mg portion of CdO (0.467 mmol), 282 mg of
ODPA (0.843 mmol), and 3 g of TOPO (7.798 mmol) were
dried under vacuum for 1 h at 150 °C. The mixture was heated to
230 °C under nitrogen flow until a transparent colorless solution
was obtained, and further heated to 320 °C, at which point 1 mL
of TOP was added. At 360 °C, TOP-Se solution (61 mg, 0.772
mmol of Se in 500 uL of TOP) was swiftly injected, and the
heating mantle was removed. After 90 s, the reaction mixture was
quickly cooled down to RT. A S mL portion of anhydrous
toluene was added during cooling to prevent TOPO from
solidifying. The QDs were washed using a toluene/EtOH
solvent/antisolvent system. Small quantities of octylamine were
used to facilitate purification of the QDs. TEM images in Figure
S6 yielded an average particle size of 4.0 nm (13% size
distributions). PXRD is shown in Figure S6.

Benzoate-Capped CdSe Magic-Sized Clusters. Ben-
zoate-capped CdSe magic-sized clusters with an absorption peak
at 423 nm were synthesized according to the procedure of
Cossairt et al.,*® with minor modifications. A 310 mg portion of
selenium (3.9 mmol) was dissolved in 730 uL of DPP (4.2
mmol) and 10 mL of anhydrous toluene inside the glovebox. A
25 mL three-neck flask was loaded with 0.5 g of CdO (3.9
mmol), 1.5 g of benzoic acid (12.3 mmol), and 2.0 g of
dodecylamine (10.8 mmol). The Cd-benzoate was dried at 110
°C for several hours under vacuum and was then heated to 210
°C under nitrogen for 10 min until the mixture had become a
colorless solution. The temperature of the reaction flask was
reduced to 110 °C and degassed again under vacuum. After 40
min, the temperature was reduced to 55 °C. DPP-Se solution
was injected, and the reaction was stirred for 170 min. The
reaction mixture was dried using vacuum distillation and
transferred into the glovebox, followed by the addition of 10
mL of anhydrous hexane. The resulting suspension was
centrifuged (at RT); the supernatant was stored in the freezer
for 3 days and centrifuged again (at S °C). The new supernatant
was dried. The resulting solid of CdSe clusters was purified twice
by dissolving in 15 mL of anhydrous toluene, adding 30 mL of
anhydrous acetonitrile, and centrifuging, and was stored airless
in an anhydrous toluene solution. The absorption spectrum is
displayed in Figure S.

DNP NMR Experiments. DNP NMR spectra were acquired
at about 100 K using a Bruker Avance III spectrometer operating
at 14.1 T and a 395 GHz gyrotron microwave source with an
output power of approximately 6 W."'” The 3.2 mm HX and
HXY low-temperature MAS probes were used with sapphire
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rotors. CP transfer was conducted with ramped
contact."'" Delay times were set to be 1.3 times the T, obtained
from saturation recovery experiments of the protons of the
solvent. The SPINAL-64 heteronuclear decoupling sequence''*
with a radio frequency field of 100 kHz was used for all DNP
NMR experiments. Chemical shifts were referenced to Me,Cd
(*3Cd). Detailed experimental conditions such as pulse
sequence, spinning frequency of the MAS, pulse length, etc.
for each NMR experiment are listed in the Supporting
Information.

DNP Enhanced Phase Adjusted Spinning Sidebands
with Phase-Incremented Echo-Train Acquistion (PASS—
PIETA). The direct excitation version of PASS—PIETA”' is
adapted for DNP by replacing the ''*Cd excitation pulse with 'H
— '3Cd CP in the presence of microwave irradiation, as
depicted in Figure 1. After this process generates hyperpolarized
'13Cd transverse magnetization, PASS signal is prepared by the
application of five hard 77 pulses over a constant time interval T(!)
to retard the CSA evolution by &, while leaving the isotropic
chemical shift evolution unchanged at the end of the interval.
The indirect dimension of the experiment completely samples
the CSA evolution over one rotor period f, and the number of
steps taken to advance &, over this interval determines the size
of the spectral window of this dimension. On the basis of the
number of samples taken in the indirect dimension, the pulse
sequence automatically calculates the five 7 pulse timings for the
desired number of samples in the indirect dimension based on a
lookup table giving the solutions of the Dixon equations for
1024-step 2D PASS.”” To adapt PASS for multiple echo
acquisition, an echo shift equal to an integer multiple of the rotor
period is included between the fourth and fifth 7 pulses in the
constant time block. Obtaining a valid signal for both odd and
even echoes requires delaying the onset of echo-train acquisition
after TV by &, and all sets of echoes must each be processed
using different double-shear (TOP) transformations to separate
and correlate the anisotropic and isotropic signal components.”®
In PASS—PIETA, the signal is also acquired as a function of a
pulse phase parameter at a constant receiver phase, allowing the
symmetry pathways carrying artifactual PASS signals to be
eliminated by a few simple additional signal Erocessing steps
instead of complicated phase cycling schemes.” >

DNP NMR Sample Preparation. DNP NMR sample
preparation was performed using meso-SiO, as reported
previously:*” a highly concentrated colloidal NC solution was
mixed with a solution of the organic biradical TEKPol in 1,1,2,2-
tetrachloroethane”'*” to yield a homogeneous solution which
is impregnated with a minimal amount of meso-SiO, of optimal
pore size before being packed into a sapphire rotor. The
interested reader is referred to the Supporting Information for
further details on sample preparation for each individual
experiment.

B CONCLUSION AND OUTLOOK

An NMR toolbox for characterizing inorganic nanostructures
that significantly improves NMR resolution (2D PASS) with
efficient sensitivity enhancement methods (DNP, PIETA) is
presented. Two-dimensional PASS resolves the limitations
related to the separation of overlapping sideband signals caused
by large CSA, a typical case for nanomaterials. The combined
method, called DNP enhanced PASS—PIETA, has been
showcased and validated for structural characterization of
colloidal semiconductor Cd chalcogenide NCs with high
structural and compositional complexities. Such NMR studies
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can be conducted on NC samples that retain a pristine colloidal
state, without invasive sample preparation. Because of the 100-
fold improvement in NMR sensitivity, well-resolved NMR
spectra can be obtained from small quantities of nanomaterials
(1—2 mg). All observed '*Cd NMR signals were confidently
assigned to NC cores and surfaces, as well as to CdSe and CdS
regions, and some first suggestive attempts were undertaken to
assign crystal facets of ZB-CdSe NCs. DNP enhanced PASS—
PIETA spectra enabled us to track the evolution of the isotropic
chemical shift signals upon formation of CdSe/CdS nano-
heterostructures (core/shell NCs or core/crown NPLs). A large
decrease in the atomic order has been detected between ZB-
CdSe nanostructures and WZ-CdSe QDs or magic-sized CdSe
clusters. Future work will focus on signal assignments and
analysis of CSA tensor parameters with the aid of DFT
simulations.
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