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ABSTRACT: Herein, we report the successful characterization of sulfur vacancies in ZnS
nanoplatelets by in-depth high-field and DNP-enhanced solid-state NMR of **S and %’Zn nuclei
and DFT modeling. This two-dimensional 1 nm thick nanomaterial was obtained by reacting
dicyclohexyl zinc complex, ZnCya, with (TMS).S as the S source under mild conditions (45 °C)
in dodecylamine. The joint experimental and theoretical study on these nanoplatelets evidenced
that a large fraction of the Zn and S atoms are located near the surface covered by dodecylamine
and that the deviation from stoichiometry (agreeing with energy gap and photoluminescence
properties of non-stoichiometric material) is due to sulfur vacancies. Additionally, this work
reports the first >*S DNP-NMR spectrum reported in the literature alongside several ultra-high-

field S and %’Zn solid state NMR spectra.

INTRODUCTION



Metal sulfide (MS) nanomaterials constitute an important class of functional materials'-? whose

properties have great potential for applications in energy storage devices™ *

including Li- or Zn-
ion batteries,> © electrochemical water splitting,”® as well as photocatalysis.!*!? In addition, their
magnetic properties make them suitable for magneto-optic devices.!* As such aforementioned
applications are primarily related to the MS structural variability, deriving not only from the
nature of the involved transition metal, but also from deviation of stoichiometry,'* MSs have
therefore attracted great attention, and numerous pathways have been designed for their

synthesis.!>18

The basic question of interest is the interrelation between their properties and the nanoparticle
(NP) size, morphology, and atomistic structure. For example, it has recently been shown that
localized surface plasmon resonance (LSPR), arising from the oscillation of the electrons in the
conduction band, appears not only in metallic materials, but also in MS with appreciable carrier
density.'” The hole density, which is related to the stoichiometry of the MS, affects not only the

LSPR intensity but also the LSPR frequency.

Of all the MS, ZnS has been extensively studied because of its appealing electronic properties:>*-
22 It exhibits a wide band gap (3.7 eV) and a high exciton binding energy (40 meV), which
enable the direct conversion of electric energy into visible light, without generating heat, or
requiring chemical or mechanical triggers.?*?? For these reasons, it is widely used in lasers,
electroluminescent devices, flat panel displays, field emitters, infrared windows, and UV-light
detectors.?® It is environmentally friendly and non-cytotoxic,?* thus suggesting possible
applications also in biomedicine.?> Additionally, ZnS exhibits excellent photocatalytic capacity
owing to its strong oxidation and high negative potentials of excited electrons.?® This has been

demonstrated by Peng and co-workers, who have found optimum conditions to enhance the



stability and photocatalytic activity of ZnS materials, while at the same time they have noticed an

inverse effect of the amount of S vacancies on the photocatalytic activity.2’-°

Surprisingly, the reported studies dealing with the characterization of these S vacancies at the
atomic scale remain scarce and most of the results are based on theoretical calculations. This is
certainly due to the difficulty in obtaining experimental evidence of these S vacancies at atomic

level 3!

As a local characterization technique reaching atomic resolution, nuclear magnetic resonance
(NMR) spectroscopy is a promising approach to probe the structures of vacancies. Nowadays,
NMR is widely used to study the ligands at the surface of the inorganic NPs* or to characterize
the inorganic core of NPs** when it contains isotopes with good receptivity, such as *'P or 2’Al.3*
However, a major limitation of NMR spectroscopy is its lack of sensitivity, especially for
isotopes with low natural abundance, low gyromagnetic ratio and with spin number / > 1, such as
67Zn and **S, which often prevents the detection of most of the nuclei present in the inorganic NP
cores.>® This sensitivity issue is further exacerbated for the observation of defects, which
represent a limited fraction of the NP atoms. To the best of our knowledge, no **S NMR
spectrum of NPs has been reported so far, whereas ®’Zn NMR signals of NPs have only been
detected for a few NPs, including 7ZnS,*® ZnSe,’” and ZnO.» Recently we demonstrated the
possibility to acquire the NMR signals of ®’Zn nuclei located near the surface of commercial Al-
doped ZnO NPs using dynamic nuclear polarization (DNP).*® Therefore, the NMR
characterization of ZnS remains a challenge, which if met, could provide access to new
information for improving our understanding of the links between these S vacancies and the

properties of the material.



Here, for the first time, the presence of S vacancies in ZnS nanoplatelets (NPIs) obtained by an

organometallic approach is jointly studied by DFT modeling and NMR spectroscopy.

RESULTS AND DISCUSSION

Synthesis

The preparation of colloidal ZnS NPs has been often carried out by the hot injection or heat-up
methods at elevated temperatures.**** Traditionally, the sources of sulfur atoms have often been
elemental sulfur,*® 4’ thioureas,**->! and thiols.>*>* Additionally, commercially available bis-

(trimethylsilyl) sulfide ((TMS).S), has been reported as good sulfur atom precursor.>>

56-58

Considering our previous work on the synthesis of ZnO NPs,’*~° we reasoned that the synthesis

of ZnS nanomaterials could be achieved using our ZnCy> complex as the precursor in presence

of (TMS),S as the S source (see Fig.1).

(TMS),S
(1 or 4 equiv.)
—_—

ZnCy, + L (1, 10 or 50 equiv.
nCya+ L (1 10 or 30 equive) 2o mse

ZnS'L +2 TMSCy

neat or in THF




Figure 1: General reaction scheme of the synthesis of ZnS NPs (L — ligand, octylamine (OA),
dodecylamine (DDA)) and TEM image of the obtained ZnS nanoplatelets under optimized

conditions (vide infra).

Several experimental conditions were tested to achieve the controlled synthesis of the ZnS NPs
(Table S1). Typically, ZnCy> was mixed with a given amount of the chosen ligand (i.e.
octylamine, OA; or dodecylamine, DDA) at a given temperature (room temperature or 45 °C), in
a THF solution or in the absence of solvent. Then (TMS),S was introduced in the reaction vial
under stirring and the reaction media was left to react from 16 up to 96 h. Under optimized
reaction conditions (at 45 °C) without any added solvent lamellar nanosheets (nanoplatelets,
NPIs) were reproducibly obtained. No trace of Si was detected by NMR measurement. The
growth of our ultrathin NPIs can be attributed to the templating effect of formed micellar
structures, which has previously been reported.”” Indeed, the TEM image shown on Fig. 1 is
similar to those reported by Zhang and co-workers. It is most possibly the same growth
mechanism by soft templating that is responsible for this shape; the existence of a pre-
organization with amines having already been suggested with organometallic precursors.
Compared to previously reported synthesis of ZnS lamellar nanosheets in an autoclave at 140
°C,%! our approach allowed to obtain these nanoobject at 45 °C and under atmospheric pressure.
In addition, the contrast of the TEM images is low, possibly because of the extremely small

thickness of the sheets.®?

TEM images also show the “moiré” patterns caused by the interference between the crystalline
lattices of the stacked NPls. The distance of ~2 nm between the adjacent NPIs implies the
retention of capping ligands on the NPIs surfaces, which was further confirmed by NMR

spectroscopy (see below). Note that TEM images of ZnS particles with homogeneous contrast



might also indicate small quantity of interfacial defect structures, such as stacking defects and

twin structures.®

Structural characterization and physical properties.

Figure 2 shows the powder X-ray diffraction pattern of the as-obtained ZnS NPls, which
corresponds to the hexagonal phase obtained usually at much higher temperature*” (space group
P63mc). In our case, the respective peaks of ZnS NPIs in the 25 — 80° 20 range are shifted
towards larger 20 values, suggesting a shrinkage of the cell parameters evaluated to 3.5%. Such
distortion of the network could be a consequence of the very small thickness of the NPls,
eventual undercoordination of Zn or both. In addition, as already observed, additional peaks

characteristic of the ligand used in the synthesis are observed at lower 20 values (10 — 25°).%8
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Figure 2: Powder X-ray diffraction of ZnS nanoplatelets.

The as-obtained ZnS NPIs exhibit optical properties characteristic of small size NPs in
agreement with TEM and powder diffraction pattern. The room temperature reflectance spectrum

of the powder is shown in Figure 3. Compared with bulk ZnS for which regardless of the



polymorph, the band gap is equal to 3.68 eV, i.e. 337 nm at room temperature,** ®° the absorption
peaks for the ZnS NPlIs exhibits a large blue shift. An intense peak is observed at 250 nm (4.96
eV). Such a strong and narrow peak observed in the optical absorption spectrum of
semiconductors is known to arise because of quantum confinement effect, which occurs in the
case of NPs when the particle size becomes comparable with or smaller than the Bohr radius of
exciton, i.e. bound electron-hole pairs.®® In ZnS, assuming the effective mass of electron m." =
0.40m., where me 1s the rest mass of the electron, and hole mass mn = 0.61m. with dielectric
constant € = 5.2, the Bohr radius of exciton turns out to be 1.1 nm, which means that the
quantum confinement effect becomes observable for NPI thickness of 1.1 nm. The
photoabsorption onset corresponding to bulk semiconductor (energy gap ~ 3.54 eV) expected at
about 344 nm is observed in Figure 3 at 264 nm (energy gap ~ 4.7 eV) which stems also from a

strong confinement effect of the exciton. This observation agrees with previously reported

results.®’
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Figure 3: Optical properties of ZnS nanoplatelets: reflectance spectrum and photoluminescence

spectrum (insert).



The insert of Figure 3 reports the room temperature photoluminescence (PL) of the sample at
excitation wavelength of 275 nm. Due to the high surface-to-volume ratio in these
nanostructures, the PL is characterized by a high number of peaks indicating the presence of a
variety of defect-related emission, such as surface defects, sulfur and zinc vacancies or
interstitial atoms. We observe an overall higher intensity and marked dominance of the UV-blue
region for the ZnS NPIs sample compared to commercially available bulk ZnS reference.
Although no consensus exists in the literature on the precise identification of the spectral lines, it
has been suggested that S or Zn vacancies are at the origin of an efficient PL emission in the UV-
blue region.®® ® The higher observed intensity indicates that there are more emitting sites in the
ZnS NPIs than in the bulk ZnS suggesting a larger stoichiometric deviation in the case of the

NPIs.

Electrical resistance measurements performed on the ZnS NPIs powders, after washing processes
to remove excess of ligands, show a very high electrical resistance value over 1 GQ. Even at
high temperatures - over 300 °C and up to 500 °C - the resistance of the ZnS NPIs remains above
several hundred of megaohms. Generally, point defects, such as S vacancies in the structure, are
associated as electron donors that can be transferred to the conduction band under thermal
activation.”® 7! Similarly, Zn vacancies may act as hole carriers in the structure. However, in our
case it appears that the low dimensionality of the structure limits the conductivity level due to a
strong trapping of the charge carrier (either electron or holes) associated with a very low

mobility.

The optical results on the one hand, with a very high PL intensity indicate a large number of
emissive sites. On the other hand, electrical conductivity suggests the presence of defects in the

material, whose nature needs to be further analyzed. Therefore, NMR spectroscopic studies in



both the liquid and solid states, and DFT calculations were conducted to investigate the atomic-

level structure of ZnS NPIs.
NMR spectroscopic study.

The presence of DDA ligands on the ZnS NPIs were probed using 'H—!3C cross-polarization
under magic-angle spinning (CP-MAS) NMR experiments (Figure S1). The changes in isotropic
chemical shifts (Table S2) of the CH» groups in the o and 3 positions of the amine function of
DDA ligand between DDA alone and ZnS-DDA NPIs evidence the coordination of the DDA at
the ZnS surface. Moreover, several '*C signals of ZnS-DDA NPIs, especially the CH, groups in
the B and y positions, are split into a major and a minor component, indicating the presence of
two different types of coordinated DDA. The isotropic chemical shift of central methylene C
atoms provides insights into the conformations of the alkyl chain. In the case of ZnS-DDA NPls,
the isotropic chemical shift of CH> group is equal to stx 0p= 32.1 ppm, which indicates an all-
trans conformation. It can be concluded that ZnS-DDA NPIs has, as for DDA alone, an extended
alkyl chain made of mainly methylene groups in #rans conformation (as shown in Figure S2), in
contrast to what is observed for ZnO NPs - synthesized following similar organometallic route -
for which the DDA alkyl chain adopts a more bent structure with a higher population of

trans/gauche or gauche-gauche conformations.>

To characterize the inorganic core of ZnS NPIs and especially to probe the presence of defects,
the NMR spectra of 4’Zn and **S isotopes were recorded. Figure 4 shows the ¢’Zn signals at
natural abundance of ZnS NPIs by improving their detection using high magnetic fields (18.8
and 35.2 T), irradiation of the satellite transition and quadrupolar Carr-Purcell Meiboom-Gill

(QCPMG) detection.”> 7® These spectra, for which ’Zn nuclei are directly excited, contain the

10



signals of both the surface and bulk sites. They exhibit discontinuities and cannot be simulated
with a single ’Zn site, which indicates the presence of different Zn local environments.
Furthermore, it was not possible to simulate the two spectra acquired at two different fields using
Czjzek model,”* which has been employed for ZnSe,?” and ZnO NPs.** Hence, the Zn local

environments in ZnS NPlIs are partially ordered. Conversely, the spectra acquired at 18.8 and

35.2 T can be approximately simulated using three ®’Zn sites with isotropic chemical shifts, STSX op,
ranging from 297 to 313 ppm and quadrupolar coupling constants, Cq, of 2.5, 7.5 and 10 MHz,

respectively (Table S3).

352T
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Figure 4: (a) Experimental (black) and simulated (red) conventional ®’Zn direct excitation

spectrum of pristine ZnS-DDA NPIs acquired at 18.8 T (top) and 35.2 T (bottom). The simulated
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spectrum is the sum of three sites with Cq = 2.5 (orange), 7.5 (blue), and 10.0 (green) MHz. The

panel (b) shows an expansion of the spectrum acquired at 35.2 T.

The measured isotropic chemical shifts are lower than that of ZnS4 sites (denoted Znac hereafter)

in microcrystalline wurtzite ZnS (365 ppm).”

Furthermore, the Cq values are significantly
higher in ZnS NPlIs than in microcrystalline ZnS (Cq < 0.5 MHz), where cubic symmetry results
in vanishing quadrupolar interaction. This discrepancy indicates environment distortion breaking
the cubic symmetry around %’Zn nuclei,*® such as the presence of defects or surfaces.
Furthermore, the spectrum at 35.2 T exhibits a broad peak near 200 ppm. This signal is more
visible in the QCPMG spikelet spectrum shown in Figure S3. This weak signal might arise from
677n nuclei near surfaces with Cq = 10 MHz but also near S vacancies (see DFT calculations
below). No signal is detected below 180 ppm. Note that the QCPMG experiment is not

quantitative since the different ®’Zn sites can exhibit different decays of their signal intensity

during the QCPMG acquisition.

High magnetic field was also employed to acquire 1D **S direct excitation NMR spectra of ZnS
NPIs at 18.8 and 35.2 T (Figure 5). These spectra were simulated simultaneously as a single

central transition (CT) broadened by second-order quadrupolar interaction with best-fit

exp

parameters &,

=—621 ppm, Cq = 5.2 MHz and an electric field gradient (efg) asymmetry

parameter, g = 0.40. The presence of a single CT for **S nuclei, instead of three distinct CTs for
67Zn nuclei, stems from the lower sensitivity of >*S NMR parameters to the local environment,
compared to those of ®’Zn isotope (see DFT calculations below). This lower sensitivity results

from the smaller atomic number of S element. The isotropic chemical shift is approximately 60

Sexp —

s =— 564 ppm in microcrystalline wurtzite ZnS.”*”® Like

ppm lower to that of Szu4 sites with

12



for %7Zn nuclei, the **S nuclei are subject to much larger quadrupolar interaction in ZnS NPls
than in microcrystalline wurtzite ZnS, which exhibits a vanishing quadrupolar interaction (Cq =
0.3 MHz). The larger quadrupolar interaction in ZnS NPls stems from the presence of surface or

defects, which increases the efg.

188 T

Vg = 17.857 kHz

352T
Vg = 16 kHz
2000 0 -200  -400  -600  -800  -1000 -1200 -1400

33 /ppm

Figure 5: Experimental (black) and simulated (red) conventional **S direct excitation NMR
spectra of ZnS-DDA NPIs acquired at 18.8 T (top) and 35.2 T (bottom). The spectra are the FT

of the sum of QCMPG echoes.

In order to observe the Zn and S sites located near the surface of ZnS-DDA NPIs, we also
transferred the "H magnetization to ®’Zn and *3S nuclei using dipolar-mediated refocused INEPT
scheme (D-RINEPT),*® 7 and enhanced the signal using QCPMG detection along with dynamic
nuclear polarization (DNP).3# 808! For the DNP-NMR experiments performed at 9.4 T and 105
K, the unpaired electrons were introduced in the sample by impregnating ZnS-DDA NPIs with a

solution of 13 mM TEKPol nitroxide biradicals in 1,1,2,2-tetrachloroethane (TCE).
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Figure 6: Experimental (black) and simulated (red) DNP-enhanced 'H—%’Zn D-RINEPT spectra
of ZnS-DDA NPIs impregnated with 13 mM TEKPol solution in TCE acquired at 9.4 T and 105

K with vg = 13.89 kHz. The spectrum was the FT of the sum of QCMPG echoes.

The DNP-enhanced '"H—%"Zn D-RINEPT spectrum of ZnS-DDA NPIs shown in Figure 6 is
dominated by a manifold of narrow spinning sidebands with a centerband at 140 ppm. The
centerband was identified by recording this NMR spectrum at four distinct MAS frequencies,
13.89, 12.5, 10.0, and 8.0 kHz, as shown in Figure S4. This spinning sideband manifold was
simulated using a central transition line shape broadened by second-order quadrupolar
interaction. As seen in Figure 6, the simulated NMR spectrum for a single site does not fully
agree with the experimental one. This discrepancy might stem from different efficiency of D-

RINEPT transfer for the different crystallite orientations, bulk magnetic susceptibility effects due

14



to the paramagnetic frozen radical solution®? as well as the presence of different local
environments near ZnS surface. The isotropic chemical shift is comparable to those measured in
the conventional direct excitation spectrum of Figure 4, whereas the Cq value is close to 7.5 MHz
value measured for one signal of the same spectrum. Conversely, the sites with Co= 2.5 MHz are
not detected in the DNP-enhanced spectrum, which indicates that these sites are more distant
from the ZnS surface. It should be noted that the signal with Co= 10 MHz is too broad at 9.4 T

to be detected.

The sensitivity gain provided by DNP was employed to detect the NMR signals of **S nuclei
located near the surface. The corresponding DNP-enhanced 'H—*S D-RINEPT variable offset
cumulative spectrum is shown in Figure 7. It represents the first example of >*S DNP-NMR

spectrum reported in the literature. This *S NMR spectrum can be simulated as a central

Sexp -

transition broadened by second-order quadrupolar interaction with best-fit parameters &;

603 ppm, Cq = 5.0 MHz and ng = 0.55 (see Figure 7). The NMR parameters are also similar to

those measured in the conventional **S direct excitation NMR spectrum of Figure 5.
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Figure 7: Experimental (black) and simulated (red) DNP-enhanced 'H—*S D-RINEPT variable
offset cumulative spectrum of ZnS-DDA NPls impregnated with 13 mM TEKPol solution in
TCE acquired at 9.4 T and 105 K with vr = 13.89 kHz. The spectrum is the sum of four sub-

spectra obtained by the FT of the sum of QCMPG echoes.
DFT Computational Studies.

To simulate the NMR properties of ZnS films, we used fully optimized slabs of different
thickness: 6, 8, and 14 atomic layers, corresponding to 0.78, 1.1 and 2.1 nm thickness,
respectively (the corresponding structures are displayed in Figures S5, 8a, and S6, respectively).
Notice that with the notation Zn,. we refer to the number n of S atoms covalently bound to Zn.
The results, however, are only moderately dependent on the number of layers in the slab. For

each atom in the slab we calculated using DFT the NMR parameters, Siso, Cq and 1q, of ¢’Zn and

16



338 nuclei. A summary of the most important results extracted from the different models used in

this study can be found in Table 1.

G

Figure 8: Side view of the 1.1 nm slab used to model ZnS NPIs with ZnS(10-10) surface and

wurtzite structure with adsorbed NH2Me molecules on one side a) devoid of vacancy and b) with

one S vacancy created in the inner layers. The stagc (ppm) are given for selected atoms. Zn and S

8_calc

atoms are displayed as grey large and yellow small spheres, respectively. For the full set of i, ",

Cq and nq values, see Tables S5 and S9.
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Table 1: Overview of 2>S and ®”Zn NMR and DFT data obtained in this work.

NMR
Sample Nuclei Sie;? /ppm Cé"p /MHz
7nS NPlIs 5771 310/313/296 2.5/7.5/10
77n (DNP) 320 6.7
33S (HF-1) —621 5.2
33S (DNP) —-603 5.0
ZnS wurzite 877n 365 <0.5
Bulk?®:!1% 338 —564 0.3
DFT®
Model Atom sites 853 /ppm C§*'° /MHz
Free surface Zn3c 314 to 345 ~45.5
S3c —538 to —528 ~7.0
Free sub- Znac 325to 342 10.5t0 11.7
surface Sac —547 to —533 ~2.7
Amine Zn3¢ 303 to 338 11.5t0 18.1
coordinated Sse 602 to —571 6.7
surface
Amine Znac 325t0 338 ~7.3
coordinated Sac 606 to —595 ~16
sub-surface
Surface site Zn3c 200 to 385 13.2t0 46.7
close to Znac 330 to 345 2.8t013.5
S-vacancies Sac —536to —416 4.4t08.2
Sac —536 to —476 34t05.9
Core site Znoc —43 to 35 13.8 to 34.0
close to Zn3¢ 124 to 215 1.7to 15.2
S-vacancies Znac 320 to 390 0.9to4.5
Sac —592 to —394 1.2t0 7.5
“bulk” sites Znac 353 to 363 0.2t0 0.6
Sac —580 to —585 0.3t00.6

% value calculated from reference 79. ® The Céalcrange is based on the amplitude values ignoring
the sign.

The "Zn nuclei in the most inner layers of Zn of the largest simulated slab (with a thickness of
2.1 nm, as shown in Figure S6) exhibit an isotropic chemical shift of ca. 360 ppm and a small Cq
values (0.17 MHz for Zn 8 in Table S6). These parameters are consistent with the experimental

values obtained for microcrystalline ZnS exhibiting isotropic shifts of 365 ppm and Cq values <

18



0.5 MHz (Table 1). Zn3. atoms of the clean surface (see Figure S6 bottom layer, Zn 14 in Table
S6) has an isotropic chemical shift of 331 ppm, about 30 ppm lower than in the “bulk” but with a
large Cq value of 45 MHz. Similar isotropic chemical shifts are calculated for Znsc nuclei in the
first atomic layer below the surface (Zn 2 in Table S6). The Cq value of Znac nuclei gradually
increases from the center of slab to the first layer below the surface (11.22 MHz for Zn 13 in

Table S6).

When a very thin layer of 0.78 nm (Figure S5 and Table S4) is considered the main features are
maintained: the Zns. atoms of the clean surface have a chemical shift at 328 ppm (Zn 1 in Table
S4), while Znyc in the inner layers are close to 350 ppm (Zn 3 and 4 in Table S4), consistent with
their higher coordination number. Similar chemical shift of 354 ppm, is computed for Zn4. atom
in a 1.1 nm films, (see Figure 8a and Zn 4 to 6 in Table S5. Interestingly, the average of Cq
values for ®’Zn nuclei in the core of slab with a thickness of 1.1 nm (Zn 3 to 6 in Table S5) is
equal to 2.3 MHz, which is comparable to the smallest Cq value (2.5 MHz) used to simulate the
677Zn NMR spectra. Conversely, this average Cq value is significantly lower (1.0 MHz) for a
thickness of 2.1 nm (Zn 3 to 12 in Table S6), whereas the minimal Cq value of 3.05 MHz for a
thickness of 0.78 nm (see Table S4) exceeds that measured experimentally. Therefore, the results
obtained using the 1.1 nm thin layer that are consistent with both the TEM measurements and the
strong quantum confinement effect observed in the reflectance spectrum, gives us confidence

that the DFT model is appropriate in the NMR assignments.

Interestingly, the presence of amines on the ZnS NPIs does not induce a significant shift in the
677n NMR signal whether it is NH,Me or NH2Et (Figure S7, Table S7) with binding energy of
1.10 or 1.16 eV, respectively. However, it strongly reduces the Cq value of Zn3c and Znasc surface

sites, which vary from ca. 45 MHz (Zn 14 in Table S6) to ca. 12 MHz (Zn 1 in Table S6).
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The ©’Zn signal with 8. ~ 320 ppm, Cq = 6.7 MHz and nq = 0.2 detected in DNP-enhanced

1S0

NMR spectrum shown in Figure 6 stems primarily from Zns. atoms located in sub-surface layers
of an amine covered ZnS NPIs. These subsurface ®’Zn nuclei must also predominantly contribute
to the signal with Cq = 7.5 MHz in the direct excitation spectrum, whereas the signal with Cqo =
10 MHz must stems from surface sites bound to amine or sub-surface sites of free surface. The

signals of ©’Zn nuclei on free surface are too broad to be detected.

To go further in the simulation of the ZnS NPIs obtained by this organometallic route, we
included the presence of S vacancies, which seem to be responsible for the PL emission in the
UV-blue region (Figure 3). To this end, S atoms have been removed in various positions, from
surface, sub-surface and inner layers of the slab (Figure 8b and Figures S8 to S11). The
concentration of S vacancies was notably checked by considering supercells of different sizes,
Ix1 and 2x2, containing a single vacancy, which corresponds to a high (Figure S8, Table S9)
and medium (Figure S9, Table S10) concentrations. The discussion refers to 14 layer slabs but

results obtained with the 8 layer slabs were similar. A high concentration of S vacancies leads to

calc

the formation of Zns. and Zna. local environments, with shielded ;5

values. In particular, Zn3c
nuclei (bulk S vacancies) have isotropic chemical shifts of approximately 170 ppm (Zn 6 and 7
in Table S10) and Cq values between 4.8 and 10 MHz. Nevertheless, this shift can vary from 124
to 215 ppm, depending on the position of the vacancy (198-213 ppm in the 1.1 nm film, Figure
8b and Table S8). These Zns. sites could contribute to the weak signal at 200 ppm in the

conventional ®’Zn NMR spectra (Figure 4), even if it can also stems from surface ®’Zn nuclei

subject to large quadrupolar interaction. Two-coordinated Zna. nuclei resonate at 853i¢ shifts

ranging from —43 to 35 ppm (17 ppm in the case shown in Figure S8). A full set of NMR data

for the S vacancies at high concentration is reported in Table S9. Interestingly, the Zna. sites do
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not form if the vacancies are sufficiently diluted (Figure S9, Table S10). The weak intensity
around 180-200 ppm in the ’Zn NMR spectrum (Figure 4) acquired at 35.2 T suggests that the
ZnS NPIs contain only a small amount of S vacancies since this spectrum is dominated by

exp

iso = 310 ppm. However, as most of the Cq values simulated for 77n;. are high

signals with 6
(between 1.7 and 15.2 MHz), these species are more difficult to observe than those subject to
smaller quadrupolar interaction and as a consequence, their amount can be underestimated.
Furthermore, the small thickness of NPIs does not help to evidence vacancies since ’Zn nuclei
near vacancies are subject to larger quadrupolar interaction near surfaces than in the core region
(see Tables S8 to S12). Moreover, the intensity of ¢’Zns. signal in QCPMG spectrum may be
decreased by the faster decay of their signals during the acquisition compared to other ¢’Zn sites.

Note also that some Znyc sites located close to the S vacancies (Zn 4 and 10 in Table S9, Zn 25,

26 and 31 in Table S10, Zn 8 in Table S11) have 853I¢ ranging between 321 to 343 ppm and Cq
values ranging between 0.6 and 4.2 MHz. For instance, the average Cq values of core ®’Zn nuclei
in Table S12 is equal to 3 MHz, which is close to 2.5 MHz value measured in the direct

excitation spectrum. Finally, the central Zn4c sites of ZnS NPIs without defects (Figure 8a, Zn 3

to 6 in Table S5) are predicted to have 8$3€ above 354 ppm that do not seem compatible with the

1sO

exp

experimental NMR observations (6;,

~ 310 ppm). These results strongly suggested that the ZnS

NPIs most probably include Zn close to S vacancies.

Further proof to strengthen the latter observation was obtained by the simulation of the **S NMR
signals. The Ssc atoms of the inner layers have 853€ of — 593 ppm and Cq = 0.7 MHz (Figure 8a,
S 4 in Table S5). When thicker layers were considered, the inner S atoms had chemical shifts

closer to those of the bulk microcrystalline wurtzite (— 564 ppm in Table 1). For example, the Sac

atoms in the central layers of Figure S6 possess a 8531¢ = — 582 ppm (S 6 and 7 in Table S6). The

1sO
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S3c atoms of the free surface (Table 1) have 852i¢ values ranging from — 538 to — 528 ppm and

Cq =7 MHz. The adsorption of NH2Me molecules has a considerable effect on the isotropic
chemical shift of the surface Ssc atoms as 852I¢ becomes — 599 ppm (Figure 8a, S 1 in Table S5),
whereas the Cq value is only slightly affected. Remarkably, the isotropic chemical shift values
calculated around — 600 ppm are more shielded than the values measured for microcrystalline
wurtzite. On the other hand, the Cq value of about 7 MHz calculated for the surface sites is

exp

consistent with the experimental parameters to simulate the conventional **S NMR signal (8.,

=— 621 ppm, Cq = 5.2 MHz) in Figure 5 and the DNP-enhanced NMR S NMR signal in Figure

7 (8P =~ 603 ppm and Cq = 5.0 MHz). This strongly suggests that a large fraction of the S

1S0

atoms is located close to the surfaces where amine ligands are present.

Calculations of >3S NMR parameters for ZnS NPIs containing S vacancies were also performed
(see Figures S8 to S11). For high concentrations of vacancy or vacancy aggregations, we found
S4c nuclei near S vacancies with 8531¢ of — 421 and — 465 ppm (Cq = — 7.5 and — 5.4 MHz,
respectively), as seen in Figure S8 and Table S8. For diluted S vacancies (see Figure S9), the S4c
nuclei near S vacancies exhibit chemical shifts around — 534 and — 561 ppm, and Cq values

ranging from — 5 to — 7 MHz. For a 1.1 nm-thick ZnS slab with adsorbed NH>Me molecules (see

Figure 8b and Table S8), 53¢ is of — 411 and — 512 ppm (Cq = — 4.8 and — 3.8 MHz,

1s0
respectively). We can also note that for ZnS NPIs without defects (S 3 to 6 in Table S5), core Sac
nuclei are predicted to have 8521 between — 573 and — 593 ppm with small Cq values (less than
1.1 MHz) that do not seem to be compatible with the NMR observations, especially for the Cq

values. Indeed, the presence of defects increase the Cq values (between 2.6 and 5.4 MHz) of S4c

nuclei close to the vacancies (S 9 in Table S9, S 23 to 28, 34 and 36 in Table S10, S 9 in Table
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S11). Unfortunately, the resolution and the sensitivity of the **S spectra at natural abundance
even at 35.2 T is not good enough to be able to clearly evidence the S4c nuclei close to S
vacancies with deshielded resonances (from - 561 up to - 386 ppm) and high Cq absolute values
of >4 MHz. However, the absence of a *3S signal with weak Cq is consistent with the presence

of vacancies inside the core of ZnS NPIs.

To summarize, the proposed model consists of a 1 nm thickness ZnS film with coordinated

amine ligands, and a low but significant concentration of S vacancies. The majority of Zn sites

exp
iso

have chemical shifts (296 ppm < 8. "< 313 ppm) and Cq values (2.5 MHz < Cg) significantly

different from bulk Zns sites (8;.2 = 365 ppm and Cq < 0.5 MHz) but in agreement with Znac

1S0

sites close to amine bound surface of ZnS and to S-vacancies. The Cq value was even higher (6.7

MHZz) for the Zn sites closest to the surface evidenced by DNP-enhanced 'H—%"Zn D-RINEPT

experiment. The presence of S vacancies also lowered the 8{21¢ of Zny, sites close to them

(mostly between 320 to 345 ppm) and increased the Cq values (between 0.9 and 13.5 MHz)
compared to bulk Zngc sites. Znsc nuclei in contact to S vacancies were also potentially observed
under a weak ®’Zn NMR signal around 180-200 ppm. Due to a lack of resolution and sensitivity
even at 35.2 T, the >*S NMR spectra are less informative. Most of the S sites detected by **S

NMR have chemical shift and Cq (8;..0 = — 621 ppm, Cq = 5.2 MHz) in agreement with S3. and

1SO

S4c atoms at or close to amine bound surface of ZnS (8521¢ around — 600 ppm, Cq up to 6.7

MHz), and significantly different from bulk S4c sites (850> = — 564 ppm and Cq ~ 0.3 MHz). The

1S0

presence of S vacancies leads also to an increase of Cq values (up to 8.7 MHz) for S4. sites close

calc

to them but should additionally lead to an increase of 8i5, (up to — 386 ppm). Overall, our model

1SO

of ZnS NPIs of about 1 nm with coordinated amine ligands and S vacancies reproduces the
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majority of the NMR data and is consistent with the results of the optical and conductive
properties. In particular, the presence of S vacancies is supported by experimental 3*S Cq
constant value and ®’Zn isotropic chemical shifts, higher and lower, respectively, than those
calculated for ZnS nanoplatelets devoid of S vacancies (see Table S5), but also by the
observation of ®’Zn signal near 200 ppm and efficient photoluminescence emission in the UV-

blue region (Figure 3).

CONCLUSIONS

In this work, ©’Zn and **S solid-state NMR experiments at ultra-high-fields and DNP
experimental data coupled with DFT calculations allowed for the first time to propose a
structural model in full agreement with the observed optical and conductive properties of ZnS
nanoplatelets. This nanomaterial obtained by an organometallic approach under mild conditions
consists of ZnS nanoplatelets with a thickness of 1 nm covered by dodecylamine. These
nanoplatelets contained defects based on sulfur vacancies and their presence was evidenced in
photoluminescence and electrical resistance measurements. Furthermore, this study represents a
step towards the use of NMR spectroscopy coupled with DFT calculations for a better
understanding of the structure-properties relationship of metal sulfide nanocrystals, a very large

family of materials with broad potential uses.
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