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Despite all the efforts made by the scientific community to rationalize
the interaction of organic molecules with nanocrystals (Ncs), we are
still at the level of the empirical recipe when the material behavior in
solution is concerned. In an effort to address this issue, the analysis of
the luminescence measurements of ZnO Ncs in the presence of
various organic substrates using a Langmuir adsorption model was
carried out to determine for the first time the affinity constants and the
number of binding sites as well as to rank the interaction strengths of
these substrates with regard to ZnO Ncs. The results were confirmed
by NMR spectroscopic studies, which, besides, provided a deep
understanding of the substrate—ZnO Nc interactions. Analysis of the
results using pK, and HSAB theory demonstrates that the interaction of
a given substrate can be determined by its pK, versus the pK, of the
organic molecules present at the surface of pristine Ncs and that the
hard or soft character of the substrates can govern the emission
intensity of the ZnO Ncs.

Introduction

When nanoparticles (NPs) are prepared in solution, stabilizing
agents, also known as ligands, are introduced into the reaction
medium to ensure colloidal stability and control of the size and
shape of the NPs. Post-functionalization of NPs might also be
required." It is then necessary to proceed with an exchange of
ligands, while avoiding flocculation of the medium.” The ligand
can also affect the intrinsic NP properties,® particularly, optical
properties.* It should therefore be chosen with great care.
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The bibliography abounds with many examples of NPs of
different natures (metallic, II-VI, and III-V) functionalized with
different types of ligands such as amines, carboxylic acids,
thiols, phosphines or phosphine oxides.®> However, it must be
noted that despite all the efforts made by the scientific
community in this field, we are still at the level of the empirical
recipe, a result of many trials and errors. Rationalization
leading to prediction has not yet emerged.

One way to address this issue is to adopt a systematic
approach for a given system that will provide access to the
necessary fundamental data. These are of two types. On the one
hand, there is physical-chemical information such as affinity
constants and the number of binding sites and, on the other
hand, there is information at the molecular level such as the
specific sites of interactions of the ligand as well as their
dynamics of binding/unbinding.

For more than 15 years, we have been working on the
synthesis of nanoparticles using an organometallic approach.®
In particular, this method provides access to ZnO nanocrystals
(Ncs) stabilized by alkyl amines, forming stable colloids. An
earlier NMR spectroscopy study allowed us to describe very
precisely how alkylamines interact with ZnO Ncs and the
dynamical aspects of these interactions.” This is therefore an
ideal model system to initiate a systematic study, allowing us to
establish a chemical affinity scale of different ligands for this
type of nanoparticle.

In this work, we used the luminescence properties of ZnO to
determine affinity constants and the number of binding sites.
In addition, a quantitative NMR study was carried out to char-
acterize the structural and dynamical aspects of the interactions
between ligands and the Ncs. The surface modifications caused
by the addition of another ligand (also called substrate) in the
environment were thus clearly demonstrated. As ligands, we
selected alkyl-thiols (octanethiol and dodecanethiol), phos-
phonic acids (hexyl- and tetradecyl-phosphonic acid), a ketone
(hexan-2-one), an aldehyde (hexanal), an alcohol (1-octanol),
and a carboxylic acid (lauric acid) which include the most widely
used ligands that, in addition, expectedly present a wide
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spectrum of interaction strengths. Furthermore, we have
compared the case of isotropic Ncs and of monocrystalline
nanorods that grow along the ¢ crystallographic axis.

Results
Preparation of ZnO Ncs

ZnO Ncs were efficiently synthesized following an organome-
tallic procedure that was previously reported by us.®* This
strategy consists in the controlled hydrolysis of a dicyclohexyl
zine precursor, [Zn(Cy),], in the presence of alkyl-amine ligands
(here dodecyl amine - DDA). ZnO Ncs with an aspect ratio close
to 1 (isotropic) were typically obtained when [Zn(Cy),] and one
equivalent of DDA were dissolved in THF under an inert
atmosphere followed by the dropwise addition of a THF solu-
tion containing 2 equiv. of water at room temperature. The
reaction was stirred overnight and protected from light to
quantitatively yield well-defined ZnO Ncs of about 6.8 (0.7) nm
in diameter (Fig. 1 and SI1f). ZnO Ncs with an aspect ratio > 1
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(nanorods) were prepared by mixing [Zn(Cy),] with 2 equiv. of
DDA followed by slow diffusion of 2 equiv. of water vapor for 4
days without any solvent. In the latter case, ZnO Ncs were
quantitatively obtained with lengths ranging from 10 to 130 nm
and a diameter of 4.5 (0.5) nm (Fig. 1 and SI17).

Optical characterization

Both samples display typical UV-visible absorption spectra with
strong absorption between 300 and 375 nm (=3.31-4.14 eV)
displaying a band gap around 363 nm (ref. 10) (Fig. 1)."* This
absorption is in agreement with that of nano-sized particles of
ZnO displaying a band gap of =3.40 eV (365 nm). The emission
spectra of ZnO NPs display two emission bands. The first
emission band is observed in the ultra-violet region and corre-
sponds to the direct recombination of electrons from the
conduction band with holes from the valence band. This so-
called excitonic emission is usually observed around 370 nm
(=3.35 eV).”” A second emission band is found in the visible
region between 500 and 600 nm (=2.48-2.07 eV). The origin of
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Fig. 1 Synthesis conditions, TEM images, 2D plot size,® and optical properties (absorbance and emission: excitation wavelength = 340 nm) of
isotropic NPs (open squares and solid lines) and nanorods (filled squares and dashed lines).
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this emission band is generally attributed to localized defects
and strongly depends on the synthetic strategies; however, its
origin is still under debate: oxygen vacancies (Vp),"* zinc
vacancies (Vz,),"* oxygen interstitials (O;),** zinc interstitials
(Zn;),* and antisite oxygen (Og,) are proposed.”"” In our case,
the ZnO Ncs showed one broad band in the visible region
centred at 570-580 nm (=2.16 eV) for excitation ranging from
280 to 360 nm (=4.43-3.45 €eV), as shown in Fig. 1 (see Optical
characterization in the ESI and Fig. SI2})."® This emission is
generally related specifically to oxygen vacancies which create
an intermediate emissive state in the band gap. Van Dijken et al.
explained the phenomenon at the origin of such an emission by
the recombination of a shallowly trapped electron with a deeply
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trapped hole.”** From the molecular point of view, this corre-
sponds to under-coordinated zinc atoms. When donor
substrates are present, they fill the incomplete coordination
sphere of the zinc atoms (i.e. dangling bonds are removed), and
the emission is quenched (i.e. the emissive state is suppressed
or, at least, these shallow surface levels become completely
inactive).

Luminescence properties in the presence of organic
substrates

The absorbance and the emission spectra of the ZnO Ncs in the

presence of increasing amounts of the various organic
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Fig. 2 Normalized emission of (a) isotropic and (b) anisotropic ZnO NPs in the presence of ligands: () dodecanethiol, (1) tetradecylphos-
phonic acid, (#) lauric acid, (A) hexanal, (O) hexanone, and (+) octanol; Langmuir adsorption isotherms and corresponding fit of (c) isotropic

NPs and (d) nanorod ZnO NPs.
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substrates were recorded under the same experimental condi-
tions and with a constant concentration of ZnO in THF set at
[Czno] = 4 x 10~* mol L™ " (for details see the Experimental
section). Fig. 2a and b show the evolution of the emission
intensity as a function of the amount of organic molecules
added." Three typical behaviors can be distinguished regard-
less of the aspect ratio of the ZnO Ncs. (1) For octanethiol and
dodecanthiol species, a strong decrease of the emission is
observed while the absorption properties remain unchanged
(see Luminescence properties in the presence of organic
substrates in the ESI and Fig. SI3-SI5f). At a high ligand
concentration a residual emission is observed. The corre-
sponding plateau value is equal to ca. 30% regardless of the
sample. Note that similar results are obtained regardless of the
length of the alkyl chain. Similarly to alkyl-thiol species, the
addition of alkyl phosphonic acids induces a strong loss of
emission intensity (Fig. 2 and SI6-SI8T). In this case, precipi-
tation of the ZnO Ncs is observed beyond 40 uM of alkyl phos-
phonic acid is added. The emission spectra were normalized by
the amount of NPs remaining in the supernatant. However, this
is only qualitative and it seems obvious that the lower plateau
value compared to that of alkyl thiol is due to this precipitation.
(2) The second type of behavior corresponds to molecules that
lead to only small modifications of the emission intensity
(typically in alkyl carboxylic acid species (Fig. SI91) and in an
even weaker way alkyl-aldehyde (Fig. SI107)). In this case, the
plateau value is not reached even for concentrations at least 100
times higher than the one needed for alkyl-thiols or alkyl-
phosphonic acids. (3) Finally, the third type corresponds to
the molecules that have no sensitive effect on the optical
properties of the ZnO Ncs, namely alkyl-ketones (Fig. SI117) and
alkyl-alcohols (Fig. SI121). The ligand adsorption isotherms,
representing the fraction of bound sites (6) as a function of the
concentration of added ligands, are presented in Fig. 2¢ and d,
assuming that (1) the residual luminescence emission is related
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to core emitters which are not affected by surface bound ligands
and (2) the surface emission is proportional to the fraction of
unquenched surface emitters 6, i.e. = (I —Ipiateau)/(lo — Iplateau)
(Fig. 2). Fitting of the adsorption isotherms with a Langmuir
model allows the determination of the number of emitting
surface sites, the affinity constants of the different organic
substrates for the ZnO Ncs (K), and the residual emission (Table
1). Note that these affinity constants are in fact apparent
constants, related to the quenching of luminescence. Thus, the
measured apparent constant of a substrate that binds to the
nanoparticle surface with a limited quenching effect would be
low. The apparent binding constants are high for thiols and
phosphonic acids (in the range of 100-700 mM ™ *). They are 4
orders of magnitude smaller for carboxylic acids, and even
smaller (hexanal) or not measurable for the other substrates
(hexanone and octanol).

The number of binding sites is found to be 0.012 mM, and
hence 0.030 sites per Zn atom for isotropic NPs,* consistent
with previous results.”* It is slightly lower for the nanorods
(0.010 mM, and thus 0.025 sites per Zn atom). The difference in
the determined number of binding sites between isotropic Ncs
and rods is correlated with the difference of the total surface
(see Table SI17). Indeed, for the same volume, isotropic Ncs
typically exhibit a surface excess of 20% compared to rods.
Therefore, this shows that the substrates bind to both the basal
and lateral surfaces. However, for phosphonic acids and thiols,
which bind strongly to the Ncs, the affinity constant is ca. 3 to 4
times higher in the case of the rods than in the case of the
isotropic ZnO Ncs. This geometrical effect may be due to
different enthalpies of interactions of the functional groups of
the substrates with the two types of surfaces (i.e. basal and
lateral ones). In addition, the van der Waals interactions
between the alkyl chain groups of adsorbed substrates on the
lateral faces may be more favourable in the case of the nano-
rods, owing to lower global curvature.

Table 1 Number of emitting surface sites, apparent affinity constants (K), and residual emission of both isotropic Ncs and nanorods for the

different organic substrates

Residual emission

Organic substrate Isotropic nanorod Surface sites (mM) K(mM™) (%)
Dodecanethiol Iso 0.012 £ 0.004 192 + 66 27
Rods 0.010 £ 0.001 668 + 174 26
Octanethiol Iso 0.012¢ 185 + 30 27
Rods 0.010¢ 535 + 126 26
Tetradecyl phosphonic acid Iso 0.012¢ 153 £+ 16 12.8
Rods 0.010 950 + 146 1.5
Hexyl phosphonic acid Iso 0.012¢ 183 £+ 30 12.8
Rods 0.010° 790 + 95 1.5
Lauric acid Iso 0.012¢ 0.44 4+ 0.10 n.d.
Rods 0.010¢ 0.44 £+ 0.10 n.d.
Hexanal Iso n.d. n.d. n.d.
Rods 0.010¢ 0.25 £ 0.06 n.d.
Hexanone Iso n.d. n.d. n.d.
Rods n.d. n.d. n.d.
Octanol Iso n.d. n.d. n.d.
Rods n.d. n.d. n.d.

“ Fixed fit parameters.

This journal is © The Royal Society of Chemistry 2020
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NMR study

The interaction of the various substrates with the surface of the
ZnO Ncs was characterized using both liquid and solid state
NMR spectroscopy. The solution made of ZnO Ncs stabilized by
DDA molecules, namely ZnO/DDA, was the starting point and
the measurements were performed under the same experi-
mental conditions i.e. 1 equiv. of a given substrate relative to
DDA was added to the pristine ZnO/DDA colloidal solution.
Fig. 3 and 4 show the evolution of the 'H and *C CPMAS NMR
spectra, respectively, when the different organic substrates are
added into the pristine ZnO/DDA colloidal solution (see the
NMR spectroscopic study in the ESI for details and Fig. SI13-
SI15% for the full scale evolution of the '"H NMR spectra, the
diffusion filtered "H NMR spectra, and the *C CPMAS NMR
spectra, respectively). In the ZnO/DDA solution, two different
kinds of DDA molecules interacting with the ZnO Ncs are
observed, as previously reported.” One is strongly bonded to
ZnO Ncs and corresponds to DDA in the first ligand shell
surrounding the ZnO Nes while the second one weakly interacts
with the NPs and forms the second ligand shell (see the NMR
spectroscopic study in the ESI for details and Fig. SI16 and
SI17%).

After addition of an organic substrate, three behaviors can be
distinguished regardless of the aspect ratio of the ZnO NPs. (1)
For thiols, phosphonic acids, and carboxylic acid species, the
NMR study evidences that these substrates are present in the
first ligand shell of the ZnO Ncs (see the NMR spectroscopic
study for details and Fig. SI18-S1207 for thiols, Fig. SI21-SI1237
for phosphonic acids, and Fig. SI241 for carboxylic acids).
Thiols and phosphonic acids are strongly bound to the ZnO Ncs
while carboxylic acid interacts as an ammonium-carboxylate
ion-pair; (2) alcohols and aldehydes interact with the ZnO Ncs
only through the second ligand shell while (3) ketones have no
interaction (see the NMR spectroscopic study in the ESI for
details and Fig. SI25 and SI267 for alcohols, Fig. S127-SI1307} for
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Fig. 3 Evolution of the 3.6-0.7 ppm area of the H NMR spectrum
(Tol-dg; 296 K) when different organic substrates are added in the
pristine ZnO/DDA colloidal solution of ZnO/DDA (¥ ): dodecanethiol
(DDT, <), tetradecylphosphonic acid (TDPA), lauric acid (AL), octanol
(OL, O), hexanal (HAL) and hexan-2-one (HONE, *). x and @ indicate
the resonances of carboxylate-ammonium and imine molecules that
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Fig. 4 3C CPMAS NMR spectra (in the 70-10 ppm area) of ZnO-DDA
and with addition of dodecanethiol (DDT), hexylphosphonic acid
(HPA), lauric acid (AL) and hexanal (HAL).
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Scheme 1 Schematic view of the three behaviors observed after the
addition of one of the various organic substrates. Illustration of the first
and second ligand shell interaction of the substrate with the ZnO Ncs.

aldehydes, and Fig. SI31 and SI132+ for ketones). Note that when
hexanal is introduced in the ZnO/DDA colloidal solution, imine
molecules are formed via the well-known condensation reaction
between DDA and hexanal (see Fig. SI271)." The 'H NOESY
experiment (Fig. SI297) reveals that these imines weakly interact
with ZnO NPs (i.e. in the second ligand shell). Scheme 1 illus-
trates these results.

Discussion

To understand the behavior of the system towards the various
substrates, we should consider the interaction of the substrates
not only with ZnO but with the overall ZnO/DDA system. This
necessitates the discussion on the interactions of the six fami-
lies of substrates with the ZnO/DDA colloids. Let's recall that
only thiols, phosphonic acids, and carboxylic acids - the
substrates for which the NMR studies evidence that they
interact within the first ligand shell of the ZnO/DDA system -
lead to a modification of the emission properties. Among these
substrates, thiols and phosphonic acids lead to an efficient
quenching of the emission while for the carboxylic acid it is
moderate.

This journal is © The Royal Society of Chemistry 2020
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The six families of substrates investigated here present
a wide range of pK, values spanning from 2 to 24: phosphonic
acids (which are diacids, 2 and 7), carboxylic acids (5), thiols
(10), aldehydes (or imines) (14 or 24 respectively), alcohols (16),
and ketones (20). It is remarkable that the substrates for which
the emission properties are modified (thiols, carboxylic acids,
and phosphonic acids) have pK, values lower than that of DDA
(pK, = 11) and are therefore deprotonated in the presence of
DDA. Once deprotonated, these substrates possess a stronger
ligand character for Zn centers. It is very likely that coordination
will occur preferentially with the zinc atoms that are under-
coordinated, i.e. at the emissive defect sites (oxygen vacancies)
and result in an efficient quenching of the emission. The
interaction (or not) of a given substrate will therefore be
determined by its pK, versus the pK, of DDA.

The hard or soft character of the substrates enables us to
fully understand the influence of the substrate on the emission
intensity. In Pearson's hard and soft (Lewis) acid and base
(HSAB) concept, hard (soft) donor species strongly bind to hard
(soft) acceptors. With this in mind, we expect thiolates and
phosphites, which are soft donors,* to bind strongly to the
rather soft zinc.”® As mentioned above, this will occur prefer-
entially where the zinc atoms are under-coordinated and will
result in an efficient quenching of the emission. For the
carboxylate substrates, which are hard donors, even though Zn
cations could accommodate them, NMR data clearly reveal that
the carboxylates observed within the first ligand shell interact as
ammonium-carboxylate ion pairs with the Nc surface. It is very
likely that carboxylate will predominantly associate with the NP
surface via hydrogen bonding with the hydroxyl group. There-
fore coordination with Zn remains limited resulting in
a moderate quenching of the emission. This is fully consistent
with the apparent affinity constants (Table 1) determined from
luminescence measurements. For thiol and phosphonic acid
substrates, the affinity constant is found to be at least three
orders of magnitude larger than for the other substrates.

Conclusions

The gathered results show that the analysis of substrate-ZnO/
DDA interactions in terms of pK, and HSAB theory provides
new insights into the metal-ligand interactions at the molec-
ular level thus laying the basis for a rationale for the observed
luminescence properties. In addition, the measurements of the
affinity constants represent an important step towards the
prediction of ligand binding and ligand exchanges, as well as
colloidal stability of NPs. Finally, this systematic approach can
be straightforwardly extended towards sister oxide materials or
even other nanoobjects, nanocatalysts, etc.

Experimental section
Materials and reagents

Zinc dicyclohexyl [Zn(Cy),] was purchased from Nanomeps and
stored in a glove box at - 25 °C. Dodecylamine (DDA) was ob-
tained from Aldrich and stored in a glove box. Organic mole-
cules such as dodecanethiol (DDT), octanethiol (OT),

This journal is © The Royal Society of Chemistry 2020
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hexylphosphonic acid (HPA), tetradecylphosphonic acid
(TDPA), lauric acid (AL), hexanal (HAL), hexan-2-one (HONE)
and octanol (OL) were purchased from Aldrich and used as
received. The preparation of ZnO nanodisks (S1) and ZnO
nanorods (S2) was carried out under an oxygen-free argon
atmosphere using standard Schlenk and glove box techniques.
Tetrahydrofuran (THF) was dried using an MBraun SPS column.

Preparation of ZnO nanodisks S1

Zn(Cy), (231.7 mg, 1 mmol) and DDA (185.4 mg, 1 mmol) were
introduced in a Schlenk flask and 12 mL of THF was added. The
solution was then stirred under argon and protected from light
before dropwise addition of 0.46 mL of a THF solution con-
taining 36 uL of H,O (2 mmol). After 18 h, the stock solution was
prepared for the optical measurements with the concentration
of ZnO set at 8 x 10~* mol L™" and was used within one week.

Preparation of ZnO nanorods S2

Zn(Cy), (231.7 mg, 1 mmol) and DDA (368.8 mg, 1 mmol) were
mixed under argon followed by slow diffusion of 36 L of water
vapor for 4 days. The stock solution for the optical measure-
ments was 8 x 10°* mol L' ZnO and was used within one
week.

Transmission electron microscopy

Samples for TEM studies were prepared by slow evaporation of
droplets of the colloidal solution deposited on carbon-
supported copper grids. The samples were dried overnight
under vacuum (5 x 10~* mbar) with a BOC Edward turbomo-
lecular pump. The TEM experiments were performed at the
“Service Commun de Microscopie de 1'Université Paul Sabatier”
TEMSCAN on a JEOL JEM1011 electron microscope operating at
100 kv with a resolution of 0.45 nm. The nanoparticle size-
distribution histograms were determined by using magnified
TEM images. The size distribution of the particles was deter-
mined by measuring a minimum of 250 particles for each
sample. The size distributions observed were fitted with
Gaussian curves.

Optical measurements

All optical measurements were carried out at room temperature
(298 K) using quartz cells with an optical pathway of 1 cm.
Absorbance spectra were recorded on a PerkinElmer Lambda 35
spectrophotometer between 280 and 600 nm. Emission spectra
were measured using a Horiba-Jobin Yvon FluoroMax-4 spec-
trofluorometer, equipped with three-slit double-grating excita-
tion and emission monochromators. Measurement were
performed on a Horiba-Jobin Yvon FluoroMax-4 spectrofluo-
rometer. Slits were kept constant and set at 2.2/3.5 nm for
emission/excitation slits, respectively. The excitation wave-
length was fixed at 340 nm and the emission spectra were
recorded between 350 and 700 nm. An emission band-pass filter
of 370 nm was used. Spectra were reference-corrected for both
the excitation source light-intensity variation (lamp and grating)
and the emission spectral response (detector and grating).
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Samples for fluorescence experiments were prepared in a 10 mL
volumetric flask with a constant concentration of 4 x
10~ mol L™ ZnO/DDA in THF. Typically, 5 mL of a freshly
prepared stock solution at 8 x 10~* mol L™" ZnO/DDA was
placed in a 10 mL volumetric flask followed by addition of an
appropriate amount of the organic substrate (e.g. for addition of
0.02 equiv. of dodecanethiol, n = 8 x 10~® mol, 50 pL of a stock
solution of 1.6 x 10> mol L ™" dodecanethiol in THF was added
to the 10 mL volumetric flask). Thereafter, the volumetric flask
was filled with THF and an approximately 4 mL aliquot was
placed in quartz cells prior to recording UV-visible and fluo-
rescence spectra.

Nuclear magnetic resonance spectroscopy

1D and 2D "H and '3C liquid state NMR spectra were recorded
on a Bruker Avance 500 spectrometer equipped with a 5 mm
triple resonance inverse Z-gradient probe. Samples were
prepared in toluene-dg. "H and "*C signals were assigned on the
basis of chemical shifts, spin-spin coupling constants, splitting
patterns and signal intensities, and by using "H-'H TOCSY,
"H-">C HMQC and "H-"C HMBC experiments. The 2D NOESY
measurements were performed with a mixing time of 100 ms.
Diffusion measurements were carried out using the stimulated
echo pulse sequence with bipolar gradient pulses. The diffusion
dimension was processed with the Laplace inversion routine
CONTIN (Topspin software). 1D solid state NMR spectra were
recorded on a Bruker Avancelll 400 spectrometer. Samples were
packed into 4 mm zirconia rotors inside a glove box. The rotors
were spun at 8 or 10 kHz at 293 K. *C MAS with Direct Polari-
zation (DP) was performed with a small flip angle of 30° and
a recycle delay of 10 s. >C and *'P with Cross Polarization (CP)
were performed with a recycle delay of 2 s and a contact time of
2 ms. 'H and "C chemical shifts were relative to TMS and *'P
chemical shifts were referenced to an external 85% H3;PO,
sample.
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