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Disclosing Interfaces of ZnO Nanocrystals Using Dynamic Nuclear Polarization: Sol-Gel versus Organometallic Approach
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The unambiguous characterization of the coordination chemistry of nanocrystal surfaces that have been produced by a wetchemical synthesis presently remains a highly challenging issue. Here, zinc oxide nanocrystals (ZnO NCs) coated by monoanionic diphenyl phosphate (DPP) ligands were derived by a traditional sol-gel process and a one-pot self-supporting organometallic (OSSOM) procedure, and advanced atomic-scale characterization through dynamic nuclear polarization (DNP-)enhanced solid-state nuclear magnetic resonance (ssNMR) spectroscopy has notably enabled resolving their vastly different surface-ligand interfaces. For the OSSOM-derived NCs, DPP moieties form stable and strongly-anchored µ2-and µ3-bridgingligand pairs that are resistant to competitive ligand exchange processes. Contrastingly, the sol-gel-derived NCs contain a wide variety of coordination modes of DPP ligands and a ligand exchange process takes place between DPP ligands and glycerol molecules. This highlights the power of DNP-enhanced ssNMR for detailed NC surface analysis and the superiority of the OSSOM approach for the preparation of high quality ZnO NCs.

Zinc oxide (ZnO) is a versatile material of long-standing interest due to its unique catalytic and electro-optical characteristics. 1 The inherent and distinctive physicochemical properties of ZnO nanocrystals (NCs) are dependent on a variety of factors that are largely determined by the applied synthetic procedure and the character of the resulting nanocrystal-ligand interface including intimate interactions on NC surfaces, the surface ligand dynamics, ligand packing density, and their binding mode and/or affinity. In this regard, classical wet-inorganic sol-gel methodology has played a key role in advancing ZnO NC science by providing access to a multitude of tailored nanostructures. 2 While this process is versatile, it showcased some significant drawbacks. Erreur ! Signet non défini.b, 3 For instance, the reproducibility of this method can be hardly regulated as the formation of quantum-sized ZnO NC is kinetically controlled. The lack of direct control over the fast NC formation at the stage of quantum-sized crystals 2a,b likely inhibits both the uniformity of particle morphology and nanocrystal-ligand interface composition, including the density and homogeneity of any ligand shell. [START_REF] Sakohara | Note that colloidal surfaces structure of ZnO NCs derived from sol-gel methodology is not yet well understood and its determination is still challenging[END_REF] It could also be related with an inherently highly-defected and corrugated surface structure, and an unstable resulting nanocrystal-ligand interface (e.g., Gong et al. demonstrated that sol-gel derived ZnO NCs with a stable surface structure could be achieved after a one-month aging process 4f ). An alternative to the omnipresent sol-gel method are highly promising wet-organometallic approaches. 5,6 In this regard, Chaudret and co-workers pioneered the preparation of ZnO NCs, utilizing dicyclohexylzinc as the precursor in the presence of long-chain amines acting as L-type ligands, 5 where the resulting amine-stabilizing layer has the 'dynamic structure '. 5d,7 More recently, we have elaborated the one-pot selfsupporting organometallic (OSSOM) procedure based on the controlled exposition of a [EtZn(X)]-type precursor (X = monoanionic organic ligand) to air leading to ZnO NCs coated with an organic shell composed of surface-anchored X-type ligands. 8 The OSSOM process is thermodynamically controlled and affords stable, bio-safe 8e and well-passivated ZnO NCs with ultra-long-lived luminescence. 8e,9 To gain a better understanding of how the interface between the inorganic core and the organic shell relates to observed synthetic procedure-driven properties, ZnO NCs coated with monoanionic diphenyl phosphate (DPP) ligands were prepared by both the OSSOM and sol-gel methods as representative nanosystems (abbreviated as OM NCs and SG NCs, respectively; for experimental details see the Supporting Information). We selected the diorganophosphate anchoring ligand due to intriguing structural properties and the 100 % naturally abundant NMR-active nucleus of phosphorus, 31 P. Then we applied 9.4 T solid-state NMR combined with magic angle sample spinning and dynamic nuclear polarization (MAS-DNP), 10 which has recently proven invaluable for specialized surface studies, 11 including for quantum dots. 12 In addition, to test the stability of the ZnO NCs toward chemical environment, a solvent matrix containing glycerol was chosen for the MAS-DNP experiments.

STEM micrographs and DLS analysis of the OM NCs show well-dispersed and nearly spherically shaped particles with a core mean diameter of 4.8±0.5 nm (the average NC's size calculated from PXRD is equal to 4.4±1 nm) and a hydrodynamic diameter of 9.6 nm (PDI = 0.083) (see Figure S1 and Figure S2 in the Supporting Information). In contrast, the standard sol-gel method provided significantly larger NCs with a core size of 10-12 nm (10±1.8 nm calculated from PXRD), though their aggregation and irregular shape prevented a more exact size distribution analysis (note that the aggregation and formation of a colloidal suspension of the SG NCs prevented reliable DLS measurements). The PXRD patterns for OM and SG NCs are consistent with a hexagonal wurtzite-type ZnO phase (see Figure S3). Both sets of NCs revealed a broad absorption in the UV region and emission maxima centered at 525 and 555 nm, respectively (see Figure S4 and Figure S5). The FTIR spectra confirm that DPP passivating moieties are deprotonated (see Figure S6), which corroborate the thermogravimetric analysis (see Figure S7). In the TGA profile of the OM NCs only one main decomposition step in the range from 0°C to 500°C is present. On the contrary, the SG system shows a significantly more complex decomposition path. This observation substantiates the different nanocrystal-ligand interfaces for NCs derived from the OSSOM and sol-gel methods, and indicates a more complex structure of organic ligand shell for the SG NCs. The TGA-determined surface coverage of OM and SG NCs were ca. 4-5 ligands/nm 2 and 12 ligands/nm 2 , respectively. [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] A comparison of the characteristic properties of the OM and SG NCs is presented in Figure S8 in the SI.

Subsequently, the structures of the organic ligand shells were compared using NMR spectroscopy, which has recently been shown to be particularly powerful in this regard. 14 Figure 1 shows the { 1 H-} 31 P cross-polarization (CP) MAS NMR spectra of OM and SG NCs (Figure 1a and1d) and corresponding DNPenhanced spectra recorded for freshly wetted samples (Figure 1b and 1e) as well as after sample storage at -18 °C for 5 and 3 days, respectively (Figure 1c and1f). The NMR spectra highlight that the surface of the OM NCs is indeed functionalized by monoanionic diphenyl phosphate ligands, evidenced by 31 P NMR signals at { 31 P} ≈ -11 and -12 ppm (F.W.H.H. ~120 Hz) that are inconsistent with pure DPP-H (see Figure S9a), whereas they are consistent with the chemical shift of bridging DPP, as observed in model organozinc molecular complexes. 15 The relatively narrow linewidth of the two 31 P peaks indicates a rather ordered structure at the surface. In addition, the time-dependent spectra show that the OM NCs remain stable (Figure 1b and1c), which indicates that the resulting nanocrystal-ligand interface is robust.

In contrast, the respective spectra of the SG NCs (Figure 1d-f) are far more complex. The initial, "pre-wetting" spectrum (Figure 1d) features unsymmetrical broad signals ranging from approximately 15 to -15 ppm, indicating a dramatically different organic-inorganic interface to that in OM NCs. Furthermore, the spectrum of the "just-wetted" SG NCs (Figure 1e) consists of evolving broad contributions (ranging from { 31 P} ≈ -5 to -15 ppm) and also the emergence of narrow peaks at { 31 P} ≈ -11 and -12 ppm (corresponding to those observed for the OM NCs) along with an additional signal at ≈ -9 ppm (Figure 1e). After 3 days' storage at -18 ºC, the spectrum has significantly evolved (Figure 1f) to leave the narrow signals at { 31 P} ≈ -11 and -12 ppm (as a minor component) and to produce a separate intense signal at ≈ -10 ppm (as a major component). The latter signal is associated with the solvent-matrix-induced release of DPP species from the surface of the SG NCs in the protonated form as DPP-H (Figure 2), which results in the same { 31 P} as observed for the pure DPP-H pro-ligand (see Figure S9a).The relatively narrow linewidth of the signal at { 31 P} ≈ -10 ppm suggests that although the ligand has been detached from the surface, it is in an ordered environment (i.e. DPP-H molecules interact with the solvent matrix). A broad peak would be expected for a lessordered environment, such as found in a DPP-H solution (see Figure S9a). A large range of 31 P chemical shifts and the observed changes in the time-dependent { 1 H-} 31 P cross-polarization (CP) MAS NMR spectra data clearly indicate that SG NCs possess a corrugated NC surface structure composed of islands and ridges with variously coordinated, and potentially multi-layered, organic ligands (Figure 2). Moreover, the data demonstrate that the organic-inorganic interface of these NCs is not stable toward chemical environment and a ligand exchange process takes place between DPP ligands and glycerol molecules (see Figure 2). [START_REF] Lin | Potentially glycerol might play an analogous role as catechol molecules, which provide an effective and versatile way to modify sol-gel derived zinc oxide surfaces by means of ligand exchange reactions a)[END_REF] Possible hydrogen-bond formation between the resulting anionic glycerol species and DPP-H molecules as well as between glycerol and the residual DPP ligands present on the surface could force some short range order. The next-and second nextneighboring molecules probably also align similarly, leading to the formation of a multi-layered structure described previously as a 'swollen' shell (i.e. the organic shell is not built up by a closelypacked monolayer of DPP molecules but is rather a swollen coating composed of DPP and solvent molecules). 4e Moreover, for the time-evolved SG NCs, the small relative intensities of the narrow signals from the remaining surface-bound DPP ligands compared to the signal from the surface-detached DPP-H moieties suggests that the ZnO surface produced from the sol-gel synthesis is characterized by the presence of only very limited and randomly distributed robust surface islands with an ordered and stable ligand arrangement, which we have termed "cold spots". These sparse and relatively stable spots then have a similar local structure to that of the entire surface of the ZnO NCs derived from the OSSOM approach (Figure 2). An estimation of the amount of detached DPP-H molecules can be obtained from the 31 P NMR spectrum of Figure 1f (assuming that the CP dynamics are similar for surface-bound and free ligand moieties). This analysis (see Figure S10) shows that approximately one quarter of the ligands remain surface-bound, half are in the semi-ordered swollen shell, and the remaining quarter are randomly distributed in the solvent.

To further characterize the effect of the glycerol/water solvent matrix on the DPP ligand shell in the SG and OM NCs, time-dependent DNP-enhanced { 1 H-} [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] C CPMAS NMR spectra (Figure 3 and Figure S11) along with DNP-enhanced 2D 13 C-31 P correlation spectra (Figure S13) were acquired. The 13 C NMR data indicate that the OM sample remained unaffected during sample storage and the surface-bound DPP ligands are highly ordered, with at least 20 [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] C resonances for the DPP moieties of OM NCs (suggesting more than one DPP environment, see Figure 3). In contrast, the respective spectra of the SG NCs (Figure 1d) are far more complex. There is a change in the [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] C NMR signals stemming from glycerol for the SG sample with time (Figures 3c and3d). Two narrow peaks (denoted by asterisks on Figure 3d) are observed to evolve from the broad peaks typical of a glycerol/water glassy matrix. These narrow peaks together with the pattern characteristic for DPP-H molecules (particularly when compared to pure pro-ligand, see Figure S9b) infer the presence of an ordered system within a 'swollen' shell around SG NCs. Furthermore, a close proximity is detected between 31 P from surface-detached DPP-H moieties ({ 31 P} ≈ -10 ppm) and [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] C of ordered glycerol in 2D [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] C-31 P correlation spectra (see Figure S13) but this is not the case for surface-bound DPP species, which strongly supports this concept of a 'swollen' organic shell 4e surrounding SG NCs. Strikingly, the [START_REF]Note that higher ligand packing density for the-SG NCs could be defined by both roughness of surface structure and/or[END_REF] C NMR data also shows that the sol-gel approach, which used zinc acetate as a precursor, results in residual acetate as well as DPP ligands on the surface of ZnO NCs (see Figure S11). The DPP ligands occupy the anticipated cold spot and residual acetates are likely encapsulated in niches on corrugated surface structures of the SG NCs. The latter observation corroborates earlier studies reported by Peukert et al. 4b in which it was evidenced that acetate moieties could be continuously detached from organic coatings upon purification and only a small amount of coordinated acetate remains at ZnO NC surfaces.

The intimate interactions between organic ligands and NC surfaces (binding mode and/or affinity etc.) are crucial for the structure-property relationship of ZnO NCs. Thus, for a more detailed study of the organic ligand shell, 2D NMR spectroscopy was employed. Figure 4 shows DNP-enhanced 2D 31 P homonuclear dipolar correlation spectra of the wetted and aged OM NCs, recorded using the S3 recoupling sequence 17 with short (Figure 4a) and long (Figure 4b) dipolar recoupling times. This experiment produces peaks that share a common frequency (or double-quantum (DQ) chemical shift) in the horizontal dimension for nuclei that are spatially close to one another. Interestingly, a short recoupling time (Figure 4a) shows that the two 31 P signals with { 31 P} ≈ -11 and -12 ppm stem from two discrete but adjacent DPP bridging ligands, denoted here as P1 and P2. Moreover, there is no evidence in this spectrum of these sites showing autocorrelation peaks, i.e. a surface-bound DPP is not spatially close to another DPP moiety with the same conformational environment (and thus chemical shift). Therefore, the surfacebound DPP is only spatially very close to a second DPP moiety that has a different conformation, likely resulting from pairs on polar facets of the NCs. At longer recoupling times (Figure 4b) connections between P1 and another P1 site as well as P2 and other P2 sites become present. This means that there is some proximity between P1/P2 and other P1/P2 environments but that P1 environments are much closer to dissimilar P2 environments. Comparative 2D 31 P homonuclear dipolar correlation spectra for the SG NCs (i) show that the surface-dissociated (solvated or swollen shell) DPP-H moieties with { 31 P} = -10 ppm display an autocorrelation peak (at { 31 PDQ} = -20 ppm, see Figure S14) arising from a proximity between these released molecules and (ii) exhibit P1-P2 connections at short recoupling times as well as P1-P1 and P2-P2 connections at longer recoupling times, as found for the OM NCs. This latter observation substantiates the conclusion of sparse cold spots on the surface of the SG NCs having the same stable ligand arrangement as the ZnO NC surfaces produced from the OSSOM approach.

For the estimation of distances between 31 P nuclei, and thus between DPP moieties, multiple 2D 31 P homonuclear dipolar correlation experiments were performed with varying dipolar recoupling times (mix). Plotting the intensity of the OM NC P1-P2 correlation peaks (at { 31 PDQ} = -23.4 ppm) as a function of mix and comparing the resulting curve to numerical simulations using SPINEVOLUTION 18 software gives a good fit for a discrete internuclear P-P distance of 4.1±0.2 Å (see Figure S15a). The presence of surface dianionic tetraphenyl pyrophosphate moieties (resulting from a condensation reaction between two DPP-H pro-ligands) can be ruled out since this would result in a 31 P-31 P internuclear distance of approximately 3 Å. The presence of monoanionic ligands, either monodentate or bidentate (, 2- 1 : 1 or 3-2: 1 bridging coordination modes), would result in 31 P internuclear distances either <3.5 or >4.9 Å between DPP ligands on wurtzite NCs, except if pairs of 2-3 ligands are formed on wurtzite (0001) surfaces (see Figure S16). Therefore, with the estimated P1-P2 distance of ~4.1 Å, some surface DPP moieties must be arranged close together, forming these 2-3 pairs (on wurtzite (0001) surfaces), possibly stabilized through - interactions of the DPP aromatic rings. Accordingly, P1 and P2 must be from 2- 1 : 1 and 3-2: 1 ligands (not necessarily respectively). Taking this surface structure, depicted in Figure 4d, for the numerical simulations (rather than simple P-P pairs) results in a revised estimate for the P3-P2 internuclear distance, giving 4.4±0.2 Å (see Figure 4c). A P1-P1 (or P2-P2) distance from the proposed wurtzite (0001) ZnO-DPP surface configuration would be >6 Å and from other polar surfaces (such as (101 ̅ 1 ̅ ), see Figure S16) it would be at least 5 Å. This is what is found from comparing numerical simulations to experimental data (see Figure 4c), using a similar correlation peak analysis as above. This surface characterization indicates that a very compact coverage is possible for the OM NCs, in agreement with the TGA analysis that gives 4-5 ligands per nm 2 . It could thus be proposed that the thermodynamically-controlled OSSOM approach and the utility of monoanionic stabilizing ligands, which could strongly and formation-selectively adsorb to the polar (0001) face, allow for lower aspect-ratio (i.e. quasi-spherically shaped) ZnO NCs with significantly more [0001] planes present. This is consistent with the literature 19 and the observed relatively high surface coverage of the ZnO NCs derived from the organometallic approach, with this type of information being a considerable challenge to currently obtain for organic-ligand-coated small-sized NCs using electron microscopy techniques.

The same correlation peak analysis was also performed for the surface-detached DPP-H observed for the SG NCs, which indicates one large internuclear P-P distance of ~10 Å (see Figure S15b). This is consistent with an ordered swollen shell containing glycerol molecules hydrogen-bonded between DPP molecules (see schematic in Figure S17). It should be noted that no interactions between detached and surface-bound species were observed. The surface characterization of the wetted SG NCs then indicates that a mixture of sparse, randomly distributed surface cold spots containing stable µ2-and µ3-DPP-bridgingligand pairs, and above-surface ordered DPP-H molecules in probable multi-layers, consistent with the TGA analysis that gives the large number of 12 ligands per nm 2 of NC surface.

In conclusion, DNP-enhanced solid-state NMR spectroscopy proves extremely pertinent for detailed characterization of nanocrystal-ligand interfaces, here highlighting large differences between DPP-coated ZnO NCs prepared by the organometallic approach and the traditional solgel procedure. It has been shown that the OSSOM approach provides ZnO NCs with a highly-ordered surface ligand arrangement of µ2- 1 : 1 -DPP1 and µ3-µ2: 1 -DPP2 bridging ligands, which are paired-up on the surface and which remain unaffected during sample storage and even in the presence of glycerol as a highly competitive capping ligand. In contrast, ZnO NCs produced via the sol-gel method exhibit variously-coordinated DPP ligands and a time-dependent surface restructuring process with a displacement of the majority of the ligands from the surface, creating an ordered swollen shell containing DPP-H and solvent molecules, signifying a corrugated surface morphology of these NCs and substantially labile surface-ligand interactions. Moreover, in the case of SG NCs, the presence of randomly distributed robust surface islands with an ordered and stable ligand arrangement were evidenced.
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 1 Figure 1. Time-dependent room temperature (a, d) and 105 K DNP-enhanced (b, c, e, f) { 1 H-} 31 P CPMAS NMR spectra of (a, b, c) organometallic and (d, e, f) sol-gel derived ZnO NCs. (b, e) Spectra recorded within 30 minutes of addition of glycerol/water (g/w) solution and (c, f) after storage at -18 °C.

Figure 2 .

 2 Figure 2. Schematic representation of the organic ligand shell of OM and SG NCs before (a) and after (b) wetting and aging with a glycerol-based matrix. The snowflake represents a surface portion with an ordered and stable ligand arrangement (i.e. stable µ2-and µ3-DPP-bridging-ligand pairs), termed here as cold spots. Residual acetate moieties present on the surface of SG NCs are omitted for clarity.

Figure 3 .

 3 Figure 3. Time-dependent 105 K DNP-enhanced { 1 H-} 13 C CPMAS NMR spectra. (a, b) Organometallic and (c, d) sol-gel derived ZnO NCs. "G" and "*" denote signals from amorphous and crystalline glycerol, respectively, and " †" denotes spinning side bands. The MAS frequency for (a) was 10 kHz, whereas 13.889 kHz was used for (b-d).

Figure 4 .

 4 Figure 4. Representative DNP-enhanced 31 P-31 P S3 dipolar correlation spectra recorded with a total S3 recoupling time, mix, of (a) 2.3 ms and (b) 23 ms, along with (c) a plot showing the relative intensities of P1-P2 and P1-P1 and P2-P2 correlations peaks as a function of mix, with corresponding SPINEVOLUTION simulations (dashed lines) based on the internuclear distances given and on the schematic wurtzite (0001) surface structure shown in (d).
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Strong and stable. ZnO nanocrystals derived through a one-pot self-supporting organometallic (OSSOM) approach produce a stable and organized surfaceligand union. Conversely, a more traditional sol-gel approach provides a limited presence of random but stable cold spots with the majority of native ligands having their surface-supporting roles taken by foreign solvent molecules, resulting in a swollen shell around the ZnO. This highlights the superiority of the OSSOM approach for the preparation of high quality quantum-sized ZnO crystals.