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ABSTRACT

Colloidal atomic layer deposition (c-ALD) enables the growth of hybrid organic/inorganic
oxide shells with tunable thickness at the nanometer scale around ligand-functionalized
inorganic nanoparticles (NPs). This recently developed method has demonstrated improved
stability of NPs and of their dispersions, a key requirement for their application. Nevertheless,
the mechanism by which the inorganic shells forms is still unknown, as is the nature of the
multiple complex interfaces between the NPs, the organic ligands functionalizing the surface,
and the shell. Here, we demonstrate that carboxylate ligands are the key element that enables
the synthesis of these core—shell structures. Dynamic nuclear polarization surface enhanced
nuclear magnetic resonance spectroscopy (DNP SENS) in combination with density functional
theory (DFT) structure calculations show that the addition of the aluminum organometallic
precursor forms a ligand—precursor complex that interacts with the NP surface. This ligand—

precursor complex is the first step for the nucleation of the shell and enables its further growth.




INTRODUCTION

Hybrid organic—inorganic materials are used in a wide range of applications, spanning from
energy generation and storage to biomedicine.!!® Tuning the composition and structure of both
their organic and inorganic components modulates the functional properties which can
therefore be optimized for the targeted application.**-!* Furthermore, synergistic interactions
at the interfaces can generate unexpected phenomena.’

Among different methods for the preparation of organic—inorganic hybrids, sol—gel approaches
provide a large degree of freedom in the synthesis of materials that include inorganic clusters
in polymeric matrices or organic molecules trapped in inorganic networks.!>"!® For example,
hydrolysis/condensation reactions of alkoxide precursors were utilized to embed metal oxide
clusters into polysiloxane chains or photoactive molecules inside silica matrices.!>!® However,
the chemistry behind the formation of these materials mostly relies on the particular reactivity
of Si-C bonds and silicon alkoxides (R’1Si(OR)4.), thus it is not trivial to extend it beyond
siloxane-based hybrids.!”!¥

Very recently, a solution-based approach, referred to as colloidal atomic layer deposition (c-
ALD), was introduced to deposit amorphous oxide shells around nanoparticles (NPs).!” These
NPs are made by colloidal synthesis and thus consist of an inorganic core stabilized by organic
capping ligands. The sequential injection of a highly reactive metal precursor and oxygen gas
prompts the formation of an amorphous oxide network around the NPs.!” This methodology
enables the growth of a thickness-tunable shell, exemplified by aluminum oxide (AlOx), and
has been demonstrated for different semiconductor NPs (PbS, CsPbX3 with X=Br, I) as well
as metallic (Ag) and metal-oxide (CeOz) NPs. These c-ALD grown core—shell NPs have been
used to investigate distance-dependent charge-transfer, and anion-exchange reactions via in-
situ X-ray diffraction.!”?? A recent study demonstrated that the organic surface ligands remain
embedded in the AlOy shell.?! Thus, these core—shell particles emerge as a novel class of
organic—inorganic hybrids with compositional flexibility of the NP core, the oxide network,
and the organic ligands.

The c-ALD method holds the promise to expand sol-gel chemistry to a broader compositional
range, with a higher level of control at the nanoscale. Knowledge of the mechanisms involved
in the hybrid formation is essential to realize this potential. However, due to the compositional
and structural complexity of these materials, atomic-level characterization is challenging.
Solution nuclear magnetic resonance (NMR) spectroscopy is among the most common tools to

study NP-ligand interactions.??-3° This technique focuses mainly on the organic species, since



the resolution is often limited by the slow overall tumbling of the NPs. On the other hand, solid-
state NMR can provide rich structural and dynamic information for both the core and the
capping groups.’!™#! However, NMR experiments are often limited by low sensitivity,
especially in the case of NPs with thin shell layers. In recent years, dynamic nuclear
polarization surface enhanced NMR spectroscopy (DNP SENS) has been developed to

overcome these limitations.*> 8

In these experiments the system is wetted with a solution
containing a stable radical, and the greater polarization of the unpaired electrons is transferred
to enhance the NMR signal of nuclei at the surface of the material. DNP SENS has been
exploited to characterize both the organic and inorganic components of colloidal

semiconductor NPs and to discriminate between the NP core and surface atoms.**>4

Herein, we elucidate the local structure and bonding in c-ALD grown CdSe@AlOx core—shell
materials by DNP SENS in combination with solution NMR and density functional theory
(DFT) structure calculations. We find that the oleate ligands, which cap the surface of the
colloidal nanoparticles, provide nucleation sites for the organometallic aluminum precursor,

thus enabling the further growth of the shell.

RESULTS AND DISCUSSION

CdSe@AIlOy core—shell hybrids were chosen as a representative model system in order to
exploit the previous knowledge on the CdSe quantum dots (QDs) surface chemistry available
across the literature.?>*3>1:33-57 Zinc blende CdSe QDs were synthesized following a previously
reported procedure with an excess of oleic acid (OLAC) being injected at the end of the
synthesis.>® This ligand binds to the positively charged Cd rich surface to yield oleate-capped
QDs.’® The position of the first excitonic transition in the UV-vis absorption spectrum
corresponds to QDs with a diameter of 2.3 nm (Figure S1), and the full width at half maximum
(FHWM) of 25 nm indicates an ensemble of monodisperse QDs, as depicted in the transmission
electron microscopy (TEM) images (Figure S2).>° A ligand density of 5.3 oleate/nm? was
quantified from the solution '"H NMR spectrum (Figure S3), which corresponds to around 85
oleate molecules per QD, in good agreement with the literature.?>-60-62

The QDs were then coated with an AlOx shell to obtain the CdSe@AI1Ox hybrids, by following
the previously developed c-ALD protocol.!® A typical synthesis is illustrated in Figure 1. CdSe
QDs are first redispersed in octane, then trimethylaluminum (TMA) is added at a rate of 1 mL/h

to the suspension under constant stirring. One c-ALD cycle (n = 1) is completed by bubbling
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O: gas in the reaction flask (details in the Experimental Section). After 2-3 cycles, additional
OLAC is added, instead of O, to prevent precipitation of the core—shell structures. These steps

can be repeated until the desired shell thickness is achieved.
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Figure 1. Schematic illustration of the c-ALD process. The first 1 to 3 cycles render a thin shell
that can be comparable to a surface treatment of the inorganic cores. Further depositions form

a thicker metal-oxide shell which embeds the organic ligands.

Figure 2 reports the characterization of representative CdSe@AIOxu) samples obtained for
different numbers of c-ALD cycles (total n = 3, 5, 10). The UV—vis spectra in Figure 2a show
that the position and the FWHM of the first excitonic transition remains unchanged between
the as-synthesized QDs and those with different alumina shell thicknesses, indicating that
neither change in the size nor in the monodispersity of the QDs occurs during the c-ALD. The
same samples were analyzed by diffusion ordered NMR spectroscopy (DOSY)® (Figure S4)
to extract the hydrodynamic diameter (du), which is reported in Figure 2b. The initial du of
around 3 nm increases to approximately 5 nm after 10 cycles. Because of the small size of the
CdSe core and the lack of contrast for amorphous oxides, TEM analysis cannot supply clear
information on the shell. However, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images evidence no change in the morphology of the
QDs before and after c-ALD (Figure 2c¢,d), which is consistent with the optical
characterization. The different assembly on the TEM grid for CdSe QDs and CdSe@AlOx
provides indirect evidence of a different surface chemistry (Figure 2¢,d). Additionally, energy-
dispersive X-ray (EDX) spectroscopy presents a good spatial correlation between the Se and
Al signals (Figure 2e), which is clearer when comparing the EDX spectra of the areas with and
without CdSe@AIlOxn=10) (Figure 2f). Finally, the absence of isolated alumina aggregates

confirms that the alumina is deposited only on the QD surface.
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Figure 2. (a) UV—vis absorption spectra of CdSe QDs before (black) and after (blue tones) 3,
5 and 10 cycles of c-ALD. (b) Hydrodynamic diameter of the same samples calculated from
DOSY (Figure S4). (c,d) HAADF-STEM images of (c) as-synthesized CdSe QDs and (d)
CdSe@AIlOxn-=10y along with (e) the EDX colored map of CdSe@AlOxwn=10) and (f) spectra of
the areas with and without CdSe@AlOxw=10) in the yellow squares numbered (1) and (2),

respectively. Asterisks indicate Si and Au signals arising from the grid.

Surface characterization

X-Ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR)
were performed on CdSe QDs and CdSe@AlOxn-2) to learn about the effects of alumina
nucleation on the surface chemistry. These analyses were carried out on samples obtained for
n = 2 to avoid interference from the additional OLAC. XPS shows the presence of two peaks
in the Cd 3d region (Figure 3a), in both the as-synthesized CdSe QDs and in the core—shell,
corresponding to Cd 3d32 and Cd 3dsn. Each of these peaks can be fitted with two
contributions, positioned at 405.3 and 406.2 eV for Cd 3ds». The low binding energy
contribution is assigned to fully coordinated Cd atoms in a core environment, while the high
binding energy signal corresponds to under-coordinated Cd atoms at the QD surface, in line
with previous reports.’%64% The O 1s region for the CdSe QDs shows only one peak at 531.7

eV corresponding to the oleate species present on the QDs surface as native ligands (Figure



S5).56-6% The absence of cadmium oxide or -OH groups is confirmed by these spectra,
consistent with the literature.®-"°

After the deposition of the alumina shell, a single peak appears in the Al 2s region (119.2 eV),
expected for AI-O species. This signal can be correlated to the O 1s spectrum of
CdSe@AlOxn-2), where the peak is fitted at 531.7 and 532.1 eV for C-O and Al-O species,
respectively (Figure S5). The Cd 3d region does not show significant differences after the
deposition of alumina and, remarkably, no Cd-O signals are observed, indicating that the c-
ALD protocol does not oxidize the QDs. Table S1 in the Supporting Information lists the
binding energy, area, peak width and assignment of the peaks presented in Figure 3a and
Figure SS.

The FTIR analysis (Figure 3b) confirms the presence of alumina in the region between 450
and 750 cm!, which corresponds to Al-O-Al vibrations. The binding mode of the ligands can
be assessed based on the wavenumber difference (A) between the asymmetric (vis) and
symmetric (Vsym) stretching modes of the carboxylic/carboxylate moiety, in the region between
1400 and 1700 cm™. A A > 250 cm™! generally indicates a monodentate coordination, as can
be observed for free OLAC.”!2 The difference is narrowed down to ~100 cm™ for both as-
synthesized and coated QDs, confirming that native oleate ligands are bound mostly in a
chelating configuration.”’:’? However, the asymmetric COO" stretching band becomes broader
at higher wavenumber for CdSe@AlOxwn-2). According to previous reports, this shoulder
located at around 1550 c¢cm™ indicates the presence of carboxylates bound in a bridging
configuration, with each oxygen coordinating to different metal centers.”:”> This result points
to changes in the ligand binding mode upon nucleation of the alumina. Bands at 722, 2844,
2920 and 3007 cm™ indicate that the alkyl and alkene regions of the ligand chain remain
unaltered during the process. Finally, the broad feature in the high-wavenumber region is
indicative of -OH groups after the deposition of the AlOx shell. Based on the XPS results, this
feature is attributed to Al-OH.
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Figure 3. (a) XPS spectra of CdSe QDs (black) and CdSe@AlOxn=2) (green) for the Cd 3d and
Al 2s core-level regions. (b) FTIR spectra of the same samples along with pure OLAC and
AlOx as references. The yellow and green regions highlight the v(O-H) and v(Al-O-Al) broad

signals, respectively.

Surface titration with TMA monitored by solution NMR

In gas-phase ALD, it is known that oxidized surface species (most generally surface -OH) react
with TMA to nucleate the AlOx layer and anchor it to the substrate.”*”> The surface analysis
discussed above shows that there are no -OH groups on the surface of the CdSe QDs, and that
oleate ligands are the only oxygen-containing species present on the as-synthesized QDs.
Interaction of the aluminum precursor with the positively charged Cd-rich surface is unlikely.”®
As such, it is reasonable to hypothesize that the oleate ligands interact with the TMA and are
involved in the nucleation of the shell.

To investigate the changes to the CdSe QDs and the ligands on addition of TMA, CdSe QDs
were titrated with TMA and the outcome was followed by UV—vis absorption and solution 'H

NMR, as summarized in Figure 4.



The colloidal stability is clearly preserved up to 25 molecules of TMA per QD (i.e. around 30%
of the original oleate molecules on the surface) with no band shifting, but the QDs start to lose
colloidal stability for larger amounts of TMA (Figure S6).

Figure 4a shows that the first excitonic peak of the absorption spectra remain in the same
position up to 25 TMA molecules with only a small broadening of the excitonic band, while
for greater additions of TMA the band significantly red-shifts and broadens, which is a clear
indication of sample aggregation, consistent with the observed loss of colloidal stability.

In the 'H NMR spectrum of as-synthesized CdSe QDs (Figure S3), the alkene resonance of
OLAC at 5.7 ppm is well separated from other resonances and provides a diagnostic tool to
track the fate of the ligands through the titration. The QD-ligand interaction results in a
significant line-broadening and shift of the alkene 'H resonance towards higher frequency in
the as-synthesized QDs compared to free OLAC (Figure 4b).”’

The chemical shift of the alkene resonance is progressively displaced towards lower frequency
as TMA is titrated into the QDs solution. Above 25 TMA molecules, when the QDs lose
colloidal stability, the alkene resonance sharpens significantly. Nevertheless, the peak remains
broad enough to obscure the J-coupling pattern of the free OLAC alkene resonances. A similar
signal is seen in the '"H NMR of a (1:1) mixture of TMA and OLAC (Figure S7). This result
suggests that a variety of multinuclear TMA—OLAC complexes form (Figure S7 and Figure
S8). The coordination of an oleate to multiple aluminum atoms causes its desorption from the
QD surface, which therefore precipitates.

Altogether, these data indicate that the TMA does interact with the oleate ligands to the point

that their chemical affinity towards the surface is finally modified.
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Figure 4. (a) Normalized UV—vis absorption spectra of the first excitonic peak of the TMA
titrated CdSe QDs. (b) Alkene region of the 'H NMR spectra for CdSe QDs titrated with

increasing amounts of TMA in toluene-ds. The labels indicate the number of TMA molecules

per QD.

Structural insight via solid state NMR

In order to determine the interaction between the TMA and the ligands on the surface of CdSe
QDs, DNP SENS NMR experiments were performed.

Cadmium NMR can be used to probe the inorganic core of the QDs; cadmium has two NMR
active isotopes, ''"'Cd and ''3Cd, with similar natural abundances (~12%) and Larmor
frequencies (84.8 MHz and 88.8 MHz at 9.4 T), although ''3Cd has a slightly higher
sensitivity.'H—!!*Cd cross polarization (CP) transfers magnetization from 'H nuclei in the
ligands to ''3Cd nuclei at and near the surface of the QD, resulting in a surface-selective
spectrum. Hyperpolarization of the 'H nuclei by DNP affords a signal enhancement in the ''3Cd
spectrum, here by a factor of 33 for the as-synthesized CdSe QDs, and therefore high sensitivity
(Figure S9a); however, due to the combination of multiple broad resonances with reasonably

large chemical shift anisotropies (CSAs), the 1D ''3Cd spectrum is largely unresolved at the
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moderate MAS rate of 8 kHz. Consequently, 2D phase-adjusted spinning sidebands (PASS)
spectra were measured, which yield a resolved sideband-free spectrum in the direct dimension
(x axis) and show the CSA for each site in the indirect dimension (y axis).’"’® Figure 5 reports
the DNP-enhanced '"H—!'!3Cd CP-PASS spectra of pristine CdSe QDs and CdSe@AlOxn-1),
with the extracted chemical shift parameters given in Table S2. The signal at =50 ppm with a
small CSA corresponds to the symmetric ''*Cd site in the core of the CdSe QDs.*¢%>* The
more anisotropic signals at =320 and —440 ppm correspond to chelating CdSe>O: and bridging-
tilting CdSeOs surface sites on {100} and {111} facets, respectively, according to recently
reported calculations;>* the greater CSA arises from the lowering of symmetry at the surface.
The narrow signal at —630 ppm has been previously attributed to isolated Cd(oleate)>
impurities.>

The CdSe@AlOx@n-1) sample exhibits a DNP enhancement of a factor 50 (Figure S9b). The
alumina deposition with 25 molecules of TMA prompts the appearance of two new ''3Cd
signals located at —140 and —600 ppm. The former can be identified as surface CdSe;O species,
which can be found in bridging configurations for {111} facets.* In contrast, the signal at -
—600 ppm corresponds to a new Cd environment that we attribute to the proximity of the newly
added AlOy to Cd surface sites. This assignment is corroborated by the ''!Cd{?’Al} resonance
echo saturation pulse double resonance (RESPDOR)” spectrum (Figure S10) which shows
dephasing of ''Cd signal near ca. =500 ppm, indicating that these environments are proximal
to 2’Al. For the CdSe@AIlOxx=3) sample (Figure S11 and Table S2), a similar ''*Cd spectrum
is observed, but with a greater relative proportion of the new signal at —600 ppm, and slightly
less of the major —320 ppm signal (Figure 5c¢). This suggests that after one c-ALD cycle, not
all the QD surface has been functionalized with the deposited alumina and that there can still

be available QD surface regions to interact with on the following cycles.
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Figure 5. DNP-enhanced 'H—''3Cd CP-PASS spectra of (a) CdSe QDs and (b)
CdSe@AlOxn=1), labelled with the isotropic chemical shifts. The CSA parameters are given in
Table S2. (¢) Comparison of the isotropic ''*Cd spectra obtained by summation of the slices

in the PASS spectra for 1 and 3 cycles of c-ALD, normalized to the core signal at =50 ppm.

The inorganic and organic components of the hybrid shell can also be probed individually using

27Al and 3C NMR, respectively. The formation of the AlOx shell is evident from the DNP-
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enhanced 'H—?’Al CP spectra shown in Figure 6a. Here, three signals are observed which
correspond to aluminum oxide environments with 4-, 5-, and 6-fold coordination by oxygen.3°
There is a greater relative proportion of octahedrally coordinated Al(6) after three c-ALD
cycles (n =3) compared to n = 1, consistent with a thicker shell, which contains more bulk like
(octahedrally coordinated) alumina.

The DNP-enhanced 'H—!3C CP spectra of CdSe QDs (Figure 6b) reveal the typical signals
for oleate ligands. The broader signals covering the range from 20—40 ppm correspond to
carbons of the alkyl chain and the signal at 15 ppm is attributed to the methyl terminating
moiety of the oleate ligands. The intense signal at 74 ppm corresponds to TCE from the DNP
sample preparation. The signals at 130 and 184 ppm are attributed to the alkene and carboxylate
carbons of the oleate ligands respectively. The chemical shifts of most of the signals are not
affected by the deposition of an alumina layer; however, a clear shift and shoulder can be
observed for the carboxylate signal (Figure 6b and deconvolution in Figure S12). Consistently
with the FTIR results (see above), the low-frequency asymmetry in the carboxylate signal can

be ascribed to a contribution of ligands in a bridging coordinating mode.”?
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Figure 6. (a) 'H—?’Al CP spectra of CdSe QDs with one and three cycles of alumina

deposition, normalized to the same Al(4) intensity for comparison. (b) 'H—!3C CP spectra of
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as-synthesized CdSe QDs and CdSe QDs with one and three cycles of alumina deposition,
normalized to the alkene intensity. The larger relative intensity of the alkyl *C signal for the

pristine sample is ascribed to differences in dynamics between the samples.

To interrogate the local bonding between the inorganic AlOx shell and the organic ligands at
the surface of the QDs, we performed *C{?’Al} RESPDOR experiments on CdSe@AlOxm-1),
which are enabled by the high sensitivity afforded by DNP. In a RESPDOR experiment, a 1*C
spin echo is performed while recoupling heteronuclear (i.e. '*C-?"Al) dipolar interactions; if
the 2’Al spins are saturated half way through the echo, the 3C—?"Al coupling is not refocused,
resulting in a decay for the signals of any !3C spins that are near >’Al (Figure S13). In the 1*C
RESPDOR spectra of CdSe@AlOxwu-1) (Figure 7a), a clear dephasing on the carboxylate
carbon of the native ligands is observed, indicating that this is the moiety in atomic-proximity
to Al atoms. In contrast, the rest of the oleate signals do not exhibit dephasing, as after one
cycle of c-ALD the AlOx shell does not extend towards the ligand tails.

Varying the recoupling time in the RESPDOR experiment yields a dephasing curve which
allows the 3C—2Al dipolar coupling to be quantified and the 3C—2"Al distance calculated.
Figure 7b plots the 3C{?*’Al} RESPDOR dephasing curve obtained up to 3 ms recoupling
time. The curve was fitted with a previously described analytical expression®! (see Supporting
Information for details) that results in an average '3C—2"Al dipolar coupling of 503 Hz,
corresponding to a 3C—2"Al distance for the carboxylate carbon of 2.5 A. The fitted pre-factor
of /= 0.24 indicates that approximately a quarter of the ligands are bonded to Al (assuming the
27Al is fully saturated), consistent with the ratio of the 25 TMA molecules added and the
expected coverage of 85-90 ligands per QD. In summary, the short distance determined from
the RESPDOR dephasing indicates that there must be direct bonding between Al and the
carboxylate group of the ligand.

Having established the C—Al distance by NMR, the structure of the complex was investigated
via DFT structure calculations for an oleate passivated CdSe {100} surface, directly after
reaction with a TMA molecule and an O> molecule. In the simplest case, with only one
chelating ligand present at the surface (Figure 7¢, Figure S14), a 3C—2"Al distance of 2.9 A
was observed. Calculations were also performed in more complex scenarios, where ligands are
present on the surface with a density closer to the experimentally measured one (Figure 7d,
Figure S14). In such cases, a shorter distance of 2.8 A was found. These distances are in fair
agreement with the RESPDOR results. Some discrepancy between the NMR and DFT

distances may arise from some ligands being near to multiple ?’Al ions, leading to greater
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dephasing and an overestimation of the '*C—?’Al dipolar coupling. Interestingly, during the
relaxation of one of the structures including additional ligands, the originally chelating ligands
modify their binding mode to be more bridging-like (Figure 7d). This computational result
concurs with the FTIR and ')C NMR characterization showing that the coordination
configuration of ligands presents features from chelating as well as bridging upon alumina

deposition by c-ALD.
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Figure 7. (a) 3C{*’Al} RESPDOR spectrum with 3 ms of REDOR recoupling, with (S1) and

without (So) 2’Al saturation. The difference spectrum (So — S1) shows dephasing of the
carboxylate carbon signal. Asterisks indicate spinning sidebands. (b) Dephasing curve for the
carboxylate signal with simulated curves using a previously described analytical expression for
different 2’Al-!3C distances (see Supporting Information for additional details).®! (c,d)
Schematics of the ligand—-TMA complex on the CdSe {100} surface from DFT structural
calculations considering (c) one ligand and (d) four ligands on the surface. The black circles

indicating the carbon and aluminum atoms probed in the recoupling experiment.
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CONCLUSION

We have determined the mechanism, and the vital role of the ligands, for AIOx deposition on
oleate-capped CdSe QDs to form CdSe@AIlOx hybrids by c-ALD. 'H solution NMR confirmed
the interaction of the native oleate ligands with the TMA precursor, and FTIR and XPS analysis
provided insight into the surface chemistry changes caused by the shell deposition. Finally,
DNP SENS recoupling experiments and DFT structure calculations proved that TMA reacts
with the oxygen-containing carboxylate moiety and remains attached to the QD surface. This
new knowledge highlights that the organic ligands on the surface of colloidal NPs are the
keystone for the nucleation of the metal-oxide shell in c-ALD via the formation of a ligand-
precursor complex.

Having learned this, precursors for the oxide matrix can be selected to specifically react with
the NP surface ligands. The c-ALD chemistry can then be further exploited towards the
synthesis of multifunctional organic—inorganic hybrid materials where the two components can
be modified to tailor the desired properties. For example, the presence of the organic
component in the inorganic network could be used to add photoactive moieties, or alternatively,

removal of the organic species via annealing might be considered to create controlled porosity.
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EXPERIMENTAL SECTION

Chemicals. Cadmium nitrate tetrahydrate (Cd(NOs), - 4H>O, >99%), selenium powder
(99.99%), myristic acid (98%), oleic acid (OLAC, 90% technical grade), ethanol (EtOH,
anhydrous, 95%), hexagonal boron nitride (h-BN, 98%) and octane (anhydrous, >99%) were
purchased from Sigma-Aldrich. Octadecene (ODE, 90% technical grade), toluene-d8 (Tol-ds,
99.5 atom % D), 1,1,2,2-tetrachloroethane (TCE, 99%) and dibromomethane (CH2Br2, 99%)
were purchased from Acros. Hexane (anhydrous, >96%) was purchased from TCI.
Trimethylaluminum (TMA, 98%) was purchased from Strem. The TEKPol biradical was
provided by Dr. Olivier Ouari (Aix Marseille University).

Materials synthesis. All procedures are performed connected to a standard N> (g) Schlenk
line.

Cd(myristate);. Cd(myr), was synthesized by adapting a protocol from Knittel and co-
workers.’® Myristic acid (6.85 g, 30 mmol) and Cd(NO3), - 4H,0 (4.62 g, 15 mmol) were
dissolved in 650 mL of MeOH under magnetic stirring. 1.81 g (45 mmol) of NaOH in 50 mL
MeOH were added dropwise with a dropping funnel, followed by vigorous stirring for 30
minutes. Cd(myr): precipitated as a white, fluffy solid. The product was filtered, washed three
times with MeOH and dried overnight under vacuum.

CdSe quantum dots. CdSe QDs were synthesized by adapting a protocol from Knittel and co-
workers. A mixture of 96 mL of ODE, Cd(myr), (1.022 g, 1.8 mmol) and Se (0.072 g, 0.9
mmol) was degassed at room temperature for 30 min in a 250 mL three-neck round-bottom
flask. The solution was heated to 240 °C under N> in a few minutes without overshooting. Oleic
acid (3 mL, 9.5 mmol) was injected after 5 minutes of reaction before the heating mantle was
removed to quench the reaction. The nanocrystals were then washed by six cycles of
precipitation with ethanol and redispersion in hexane (EtOH:hexane 1:1, 13500 rpm, 20 min).
Sample preparation for 'H NMR titrations. The concentration of the CdSe QD stock solution
was determined from the first excitonic transition absorbance according to previous reports
(see Supporting Information for further details).>® 120 uM samples of QDs were prepared from
the stock solution in 0.4 mL toluene-d8. Increasing volumes of a stock solution of TMA in
toluene-ds (6.5 mM) were titrated into the CdSe QDs samples. Additional toluene-ds was added
to ensure all aliquots had a final 50 uM concentration.

AlOx shell deposition. A diluted solution of CdSe QDs in octane (3 pM) was stirred in a three-
necked flask under N> flow. One c-ALD cycle consists of (1) dropwise addition of a 1.6mM
TMA solution (volume corresponding to 25 TMA molecules per QD) to the reaction flask at 1
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mL/h and (2) addition of O; (in excess at 1.5 mL/min) by means of a mass flow controller.
Both steps are followed by 5 min waiting time to ensure half-reactions are completed.

For controlled additions of TMA, a SGE gas tight syringe (5 mL) with a removable stainless
steel Luer-lock needle (22 gauge, 12 inches) was used combined with a Chemyx Fusion 200
two-channel injection pump.

Characterization. UV—vis absorption measurements were performed in a Perkin Elmer
Lambda 950 Spectrophotometer equipped with deuterium and tungsten halide light sources and
a photomultiplier tube with Peltier-controlled PbS detector. Colloidal suspensions of QDs in
hexane were measured in quartz cuvettes.

XPS measurements were recorded using a Kratos Analytical instrument, using the
monochromatic Ko X-ray line of an Al anode. The pass energy was set to 20 eV with a step
size of 0.1 eV. The samples were prepared by drop-casting nanocrystal films onto clean Si
substrates. The samples were electrically insulated from the sample holder and charges were
compensated. Curve fitting was performed using the CasaXPS software. Spectra were
referenced at 284.8 eV using the C-C bond of the Cl1s orbital.

FTIR measurements were carried out on an attenuated total reflectance (ATR) PerkinElmer
Two spectrometer. Samples dispersed in hexane were directly deposited by drop-casting on the
ATR plate after measuring the background with air. The resolution used to acquire the spectra
was 4 cm’!,

HAADF-STEM imaging and energy dispersive X-ray analysis (EDX) were performed on a
FEI Tecnai Osiris TEM in scanning mode at an accelerating voltage of 200 kV. This
microscope is equipped with a high brightness X-FEG gun, silicon drift Super-X EDX detector
and a Bruker Esprit acquisition software. Samples were drop-casted on a gold TEM grid (Ted
Pella, Inc.) prior to imaging.

Solution NMR measurements were recorded on a Bruker Avance III HD 400 MHz 9.4 T
spectrometer equipped with a BBFO liquid probe. One dimensional (1D) 'H and 2D DOSY

spectra were acquired using a standard pulse sequence from the Bruker library.

DNP experimental details. DNP-enhanced solid-state NMR spectra were acquired at 100 K
on a 9.4 T Bruker AVANCE III spectrometer, corresponding to a '"H Larmor frequency of 400
MHz, using a 263 GHz gyrotron microwave source and a low-temperature MAS probe for 3.2
mm outer-diameter rotors. QDs were precipitated by the addition of an antisolvent (EtOH) and
physically mixed with hexagonal boron nitride to disperse the QDs and maximize microwave

penetration,>?#? followed by impregnation with a 16 mM solution of the TEKPol biradical in
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degassed 1,1,2,2-tetracholoethane (TCE).%* The samples were prepared and packed into
sapphire rotors in a nitrogen glovebox. 13C spectra were recorded by taking the isotropic slice
of a CP PASS experiment, 2’Al spectra used an echo-detected CP experiment, and !'*Cd spectra
were obtained using CP PASS or CP Carr—Purcell-Meiboom-Gill (CPMG) experiments;** see
Table S3 for details. RESPDOR experiments were performed with the pulse sequences shown
in Figure S13.7%81 Cd{?’Al} experiments were performed using adiabatic SR4?
recoupling,®87 CPMG acquisition,®® and a triple resonance probe configuration. 3C{*’Al}
experiments were performed using REDOR recoupling® (i.e. a train of & pulses applied every
half rotor period), in a double mode configuration with the tuning split by a REDOR box (NMR
Service GmbH) (Figure S13b). Further details are given in Table S4. '*C spectra were
referenced to TCE at 74 ppm at 100 K, 2’Al spectra to an aluminum nitrate solution at 0 ppm
at room temperature, and ''/!13Cd spectra to Cd(acac), at —596.9 ppm at 100 K (relative to
dimethyl cadmium as the primary reference). Spectral deconvolution was performed with the

0

dmfit software,”® and CPMG spectra were processed to give the conventional spectra by

summing the echoes before Fourier transformation using the RMN 2.0 software (PhySy Ltd.).
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