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ABSTRACT A particularly difficult challenge in the chemistry of

nanomaterials is the detailed structural and chemical analysis of MW

multicomponent nano-objects. This is especially true for the deter-
mination of spatially resolved information. In this study, we
demonstrate that dynamic nuclear polarization surface-enhanced
solid-state NMR spectroscopy (DNP-SENS), which provides selective
and enhanced NMR signal collection from the (near) surface regions

of a sample, can be used to resolve the core—shell structure of a
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tin nanoparticles covered with a ~3 nm thick layer of native oxides, were used in this case study. DNP-SENS selectively enhanced the weak "'*Sn NMR

signal of the amorphous surface Sn0, layer. Mosshauer and X-ray absorption spectroscopies identified a subsurface Sn0 phase and quantified the atomic

fractions of both oxides. Finally, temperature-dependent X-ray diffraction measurements were used to probe the metallic 5-Sn core and indicated that

even after 8 months of storage at 255 K there are no signs of conversion of the metallic /3-Sn core into a brittle semiconducting a-phase, a phase transition

which normally occurs in bulk tin at 286 K (13 °C). Taken together, these results indicate that Sn/Sn0, nanoparticles have core/shell1/shell2 structure of Sn/

Sn0/Sn0, phases. The study suggests that DNP-SENS experiments can be carried on many types of uniform colloidal nanomaterials containing NMR-active

nuclei, in the presence of either hydrophilic (ion-capped surfaces) or hydrophobic (capping ligands with long hydrocarbon chains) surface functionalities.
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ith the increasing maturity of syn-
Wthetic methods, there is a con-
stantly growing demand for the

reliable and accurate structural and compo-
sitional analysis of nanoscale inorganic
materials. The major difficulties in charac-
terization arise from broadening of the
peaks in X-ray diffraction (XRD) patterns by
reduced particle sizes, structural disorder or

PROTESESCU ET AL.

amorphization, stoichiometric variations, and
large surface areas, to mention just a few.
For instance, the seemingly simple objects
of this study, partially oxidized Sn nanopar-
ticles (Sn/SnO, NPs), are inherently complex
entities containing a crystalline metallic
core, covered with a native layer of amor-
phous oxide shell, which is subsequently
capped with surface ligands. Our interest
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in Sn-based nanomaterials arises from their use as
high-energy density anode materials for rechargeable
Li-ion batteries."” Monodisperse and size-tunable
Sn/SnO, NPs, synthesized from Sn amide precursors,
represent an ideal system for both ex situ and in situ
studies of size-dependent electrochemical lithiation.'
We recently showed that these NPs with diameters
down to 10 nm exhibit near-theoretical charge storage
capacities and improved cycling stability, especially if
compared to the larger (50—150 nm) and polydisperse
Sn and SnO, NPs. However, very little information
could be obtained with regard to the chemical identity
of the surface oxide shell using the standard toolbox
for characterization of nanoparticles, such as transmis-
sion electron microscopy (TEM) and X-ray diffraction
(XRD). Besides the impact that surface oxides have on
the Li-ion storage properties of nanoscopic Sn electro-
des, the problem of characterizing surface and/or out-
ermost, often amorphous, layers of nanomaterials
is of generally much broader importance and requires
complementary methods. In this study, we show that
the well-known and reliable X-ray absorption (XAS)
and '"9Sn Mossbauer spectroscopies can identify and
quantify amorphous SnO and SnO, but cannot provide
insight into the arrangement of these phases within
the surface oxide shell. We thus employ an additional,
local and nondestructive method that is a priori de-
signed to yield surface-specific chemical information:
a recently developed solid-state NMR technique known
as dynamic nuclear polarization surface-enhanced NMR
spectroscopy (DNP-SENS)3 >

Solid-state magic-angle spinning nuclear magnetic
resonance (MAS NMR) serves as a powerful tool for
characterizing structure and dynamics in solids, ranging
from conventional inorganic materials to proteins. Pre-
vious MAS NMR and solution NMR investigations of sub-
10 nm colloidal NPs (primarily semiconductors such as
CdSe, CdTe, PbSe, etc.) have provided information about
the internal structure of the NP cores® ® and about the
organic ligand capping, including the ligand—NP equi-
libria in the liquid state.”~'? One-dimensional MAS NMR
spectra of semiconductor NPs are usually acquired with
direct polarization NMR experiments. Such spectra pri-
marily provide information about the bulk structure of
the NPs and are usually inhomogeneously broadened
by the distribution of atomic environments within the
NPs. Surface-selective cross-polarization (CP, i.e,, "H—X
magnetization transfers, where X = ”’Se, ''3Cd, 2’Pb,
etc.) experiments on NPs can provide additional insight
into the structure of the surface and/or outer layers of
NPs.'* However, CP experiments are generally challen-
ging due to the low concentrations of surface sites and/
or low specific surface areas, residual ligand dynamics
that reduces heteronuclear 'H—X dipolar couplings,”
and, most importantly, the generally poor sensitivity
of NMR spectroscopy. Additionally, broad peaks are
usually observed in surface-selective experiments
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because of surface disorder. The study of NPs by
solid-state NMR would greatly benefit from signal
enhancement techniques.

In situ high-field DNP is emerging as an extremely
powerful method to enhance NMR signals via micro-
wave (MW)-induced polarization transfer from un-
paired electrons to nuclear spins.'*'> While high-field
DNP was initially applied for the studies of biomole-
cules, it has recently been shown by some of us that
DNP could be used to enhance the NMR signals of
surface species.> > Typically, porous and nonporous
solid materials are impregnated with solutions contain-
ing stable organic biradical polarizing agents.'®'” MW
irradiation then transfers the high polarization of
the electrons to the protons of the solvent and other
molecular species residing at the surface of the ma-
terial. The enhanced proton polarization is transferred
through CP to the desired heteronuclei (ie., '3C,
5N, 27Al, 2°Si, etc.) located at/on the surface of the
material.>'8~2" TH DNP signal enhancements (gy) of a
factor of 658 are theoretically possible, and with the
best biradical polarizing agents, signal enhancements
above 100 are now routinely obtained on 9.3 T spec-
trometers.?> ?* These large enhancements translate
into a tremendous reduction in experiment time since
time savings are proportional to .2 It is well-known in
solid-state NMR that CP transfers from protons to
heteronuclei are generally effective over distances less
than ~1 nm, and therefore, the DNP-enhanced CPMAS
solid-state NMR spectra would selectively provide informa-
tion about chemical nature of the surface region of the NP.

Here we demonstrate that DNP-SENS® enables the
rapid acquisition of CPMAS NMR spectra of the natural
oxide coating and capping ligands on colloidal Sn/SnO,
NPs. In particular, we determine a Sn/SnO/SnO, core/
shell1/shell2 structure of the NPs by combining DNP-
SENS with M&ssbauer and X-ray absorption spectrosco-
pies. DNP-SENS demonstrates that the outer shell of the
NPs is made up exclusively of amorphous SnO,; XRD
and TEM show a crystalline 5-Sn core, and XAS and
Mossbauer spectroscopies detect an interlayer of
amorphous SnO and the atomic fraction of each of
three phases. Furthermore, we show how the DNP-
SENS experiments can be carried out for hydrophilic
(ion-capped surfaces) and hydrophobic (capping li-
gands with long hydrocarbon chains) surface function-
alities in various solvents, thus opening the way for
future studies on a broad range of uniform colloidal
nanomaterials containing NMR-active nuclei.

RESULTS AND DISCUSSION

Monodisperse 10 and 18 nm colloidal Sn NPs with a
standard size deviation below 10% (Figure S1, see
Supporting Information) were synthesized according
to a recently published method based on chemical
reduction of Sn(ll)-oleylamide in olelyamine as a
solvent." Oleate capping is applied postsynthetically
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Figure 1. (A) Schematic representation of the DNP-SENS experiment used to enhance the signal of the Sn species on Sn/SnO,
NP surface via microwave (MW)-induced polarization transfer from electrons first to protons and then to Sn nuclei. Insets
show a DNP-enhanced 2D "H—""°Sn HETCOR spectra and high-resolution bright-field STEM and high-angle annular dark-field
STEM (HAADF-STEM) images of oleate-capped 10 nm Sn/SnO, NPs. (B,C) ''°Sn MAS DNP-SENS spectra for oleate-capped
10 and 18 nm Sn/SnO, NPs suspended in TCE solutions of 12 mM bCTbK; MW off CP-CPMG (black line, 512 scans, 2 s recycle
delay), MW on-CPMG (dark blue, 1000 scans, 3.5 s recycle delay), and MW on CP (green, 2000 scans, 3.5 s recycle delay). Inset
show the MW off/MW on 'H echo solid-state NMR spectra. (D,E) Lack of detectable signal in the region relevant to SnO.
CP-CPMG spectra are shown in their echo reconstructed form. They were obtained by summing the whole echoes of the FIDs
in the time domain, followed by Fourier transform and application of a first-order phase correction.”>%°

to ensure long-term chemical and colloidal stability.
The completeness of the amine-to-carboxylate ex-
change is confirmed by FTIR spectroscopy (Figure S2).
For the samples purified and handled in air, the pre-
sence of the surface oxide layers is apparent from
high-resolution bright-field STEM and high-angle an-
nular dark-field STEM (HAADF-STEM) images (insets
in Figure 1A), while powder XRD detected only one
crystalline phase, which is metallic 5-Sn. This informa-
tion raises several questions about the structure of the
composite nanoparticle, the foremost concerning the
composition of the native oxide capping.

PROTESESCU ET AL.

NMR Spectroscopy. Prior to attempting DNP-enhanced
experiments, we collected standard direct excitation
11951 MAS NMR spectra recorded for 10 nm SnO, NPs.
A weak, broad peak was observed at ~—600 ppm,
consistent with amorphous SnO, (Figure S3, 38231
scans, 21 h). Note that no other signals were observed
in the regions of 300 to —800 ppm, where signals from
SnO would be expected (see the NMR spectrum of bulk
SnO in Figure S4). We also note that 5-Sn cannot likely
be observed due to a very large Knight shift anisotropy
(KSA) with principal components of the shift tensor:?”
071 =46 500 ppm, 055 = —23 250 ppm, 33 = —23 250 ppm
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Scheme 1. CP-CPMG pulse sequence utilized to acquire
DNP-enhanced MAS 'H—''°Sn CP-CPMG NMR spectra,
where 7, is the rotor period and m and N are integers.>>*>

(compare to 017 = —560 ppm, d5 = —560 ppm, 033 =
—685 ppm for Sn0O,). The low signal-to-noise ratios for
NMR signals arising from the SnO, components, ob-
tained with long acquisition times (21 h, 38 231 scans!)
indicate that these resonances are close to the detec-
tion limits and/or that the content of the SnO, phase is
very low. However, TEM images indicate that 10—60%
of the NP volume consists of the amorphous oxide
shell. Furthermore, Mdssbauer spectra and XAS mea-
surements below indicate that ~60 atom % of the
oxide overlayer is composed of SnO,, suggesting that
the main issue preventing the observation of the ''°Sn
NMR signals is the low sensitivity of NMR spectroscopy.

In contrast, with DNP-SENS, we were able to dramati-
cally enhance the NMR signals of the outer SnO, layer. In
the case of oleate-capped Sn/SnO, NPs, a highly concen-
trated solution of NPs (~50% NPs by volume) in 1,1,2,2-
tetrachloroethane (TCE) is mixed with an equivalent vo-
lume of a 24 mM solution of the nitroxide-based organic
biradical bCTbK (biscyclohexylpiperidinyloxybisketal)?®2°
in TCE. The mixing reduces the concentration of NPs
within the sample by about a factor of 2. However, this
dilution is more than offset by the large DNP sensitivity
enhancements. The NPs were dispersed in the present
case to prevent aggregation. Similarly, several studies
have demonstrated that it is straightforward to apply
DNP to silica and clay nanoparticles dispersed in or
impregnated with aqueous biradical solutions.>3%3'
bCTbK and TCE were chosen as the radical/solvent
combination because of the hydrophobicity of oleate-
capped Sn/SnO, NPs and because this mixture routi-
nely provides 'H DNP enhancement factors (&) on
the order of 100 at 9.4 T with sample temperatures
of ~100 K.2® In order to transfer polarization from the
electron spins to the proton spins of the solvent and
oleate ligands, the sample is subjected to continuous-
wave 263 GHz microwaves (gyrotron source, ~5 W of
MW power at the sample). The enhanced "H polariza-
tion is then transferred through a CP step, to the
X nuclei (""Sn and '3C in this study). In order to
maximize sensitivity of ''°Sn MAS NMR signals, spectra
were acquired with a Carr—Purcell-Meiboom—Gill
(CPMG)3?23 acquisition scheme after the CP transfer
step (Scheme 1).In CPMG, a train of refocusing pulses is
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applied to acquire a series of spin echoes. In the
present case, the effective coherence lifetime (T,') of
the ''°Sn coherences is relatively long so that ~25 spin
echoes can be acquired, resulting in a further ~5-fold
gain in signal-to-noise in comparison to standard
CP acquisition. With the combined effects of signal
enhancement from DNP (here &4 = é&sn.cp = 30),
Boltzmann polarization from the 105 K sample tem-
peratures (factor of 2.7), CPMG acquistion of ''°Sn
signals (factor of ~5), and the reduction of the NMR
signal by paramagnetic signal quenching (factor of
0.3) and by dilution of the sample (factor of 0.5), we
estimate that the overall gain in sensitivity>* with DNP-
SENS should be on the order of a factor of 60.

For Sn/SnO, NPs capped with organic ligands, the
DNP enhancement factor for protons was around 30.
High-quality DNP-SENS CP-CPMG spectra of the 10 and
18 nm particles were recorded in less than 1 h each
(1000 scans, 3.5 s recycle delay). In the same experi-
ment, but without microwaves, the signal was below
the noise level even after 512 scans, which shows that
the DNP-enhanced proton polarization was success-
fully transferred to the surface ''°Sn nuclei. Impor-
tantly, the DNP-SENS spectrum of the 18 nm particles
possesses a high signal-to-noise ratio after 1 h of signal
averaging, while 21 h of signal averaging is required to
obtain a weak signal in a conventional ''°Sn direct
pulse-acquired solid-state NMR experiment (Figure S3).

We observe a single broad peak centered
at —597.3 ppm for 10 nm NPs (Figure 1B) and at
—603.4 ppm for 18 nm NPs (Figure 1C). This chemical
shift is consistent with the reference measurement of
crystalline SnO, (Figure S4). With DNP-SENS, no other
signals were observed between 800 and —400 ppm
(Figure 1D,E), thus indicating the absence of detectable
SnO in the outer part of the NPs. The '"H—""°Sn 2D
HETCOR NMR spectra (Figure 1A) indicate correlations
between SnO, from the surface of the particles and the
protons of the oleic acid (methylene protons with 'H
chemical shifts of 2.5 ppm) and the solvent (1,1,2,2,-
tetrachloroethane, '"H chemical shift of 6.1 ppm), in
agreement with the expected mechanism for proton-
mediated polarization transfer. In addition to ''°Sn
NMR data, 1D '3C CPMAS DNP-SENS experiments
(Figure S5) show successful signal enhancement also
for oleate capping, and the results are in full agreement
with the FTIR assignments, pointing to the absence of
the free oleic acid.

DNP-SENS ''°Sn CP-CPMG spectra show line widths
of ~65 ppm. It is interesting to note that the line
width is similar for both 10 and 18 nm Sn/SnO, NPs
and is broader than any previously reported value in
the literature. For instance, crystalline 4 nm SnO, NPs
exhibit line widths of ~25 ppm, while crystalline but
hollow SnO, nanospheres with a wall thickness of
~3 nm exhibit line widths of 54 ppm.>> For compar-
ison, a much narrower line width (1.7 ppm) is measured
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for commercial, highly crystalline 50 nm SnO, powders
(Figure S4), and line widths <5 ppm are reported in
bulk Sn0,.3® We thus conclude that the line broad-
ening of our NMR spectra arises from the amorphous
nature of the SnO, layer combined with inhomogene-
ities at the NP surface and at the SnO/SnO, interfaces.
This conclusion is supported by XRD and TEM data,
showing only one crystalline phase, the metallic tin
core, present in the particles. To the best of our knowl-
edge, there are no published '°Sn NMR studies con-
cerning nanosized amorphous SnO,, possibly because
phase-pure, unsupported SnO, particles always tend
to be crystalline.

DNP-SENS can be also used to enhance the ''Sn
signals for highly hydrophilic, inorganic-capped Sn/
SnO, NPs obtained by replacing the oleate capping
with sulfide ions." For this experiment, we used
AMUpol,** a water-soluble biradical which was re-
ported to enhance "H NMR spectra by the factor of
up to 235 in glycerol-dg/D,0/H,O mixture. In our
experiment, an equivalent volume of a 16 mM solution
of AMUpol in DMSO-de/D,0/H,0 (60:36:4) was mixed
with inorganic-capped Sn/SnO, NPs dispersed in
DMSO-deg/H,0 (60:40) solvent mixture. The final mass
fraction of the protonated solvent (H,0) was around
22%. The e was ~11 (Figure 2A), and we were able to
clearly resolve ''°Sn DNP-SENS signals at —603 ppm,
with a signal-to-noise ratio of ~18.2°?® No signal could
be detected in the region relevant to SnO (Figure 2B).
This result on sulfide-capped colloids highlights the
applicability of DNP-SENS for both types of inorganic
colloids: organic-capped NPs dispersed in nonpolar
solvents and highly hydrophilic, inorganic-capped
NPs dispersed in highly polar solvent media.

In the past, synchrotron radiation photoemission
studies®” and electron energy loss spectroscopy>®
elucidated that tin foil under ambient conditions or
under 1 bar of O, is covered with a 1.7—3 nm oxide
shell (thicker after air exposure), composed of SnO
overlayered with SnO,. The deeper oxidation under air
was attributed to the effect of moisture.3® Indeed,
Chaudret et al. have synthesized deeply oxidized Sn/
SnO, NPs by decomposing [{Sn(NMe;),}>] in anisole/
water mixtures and could detect SnO phases from XRD
measurements.3®> We therefore hypothesize that our
Sn/SnO, NPs, synthesized in air- and moisture-free
conditions and oxidized only by exposure to ambient
atmosphere, should contain an amorphous SnO phase.
However, SnO NMR signals are not observed by the
DNP-SENS experiments, suggesting that SnO might be
sandwiched between Sn and SnO, and, therefore, is
inaccessible with DNP-SENS NMR. Note that we also
attempted direct ''°Sn DNP-enhanced CPMG experi-
ments in order to enhance NMR signals from subsur-
face SnO phases.*® However, no signal was observed,
likely because of lengthy ''°Sn longitudinal relaxation
times and/or that signals from the SnO phase are very
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Figure 2. (A) MAS 1196h DNP-SENS NMR spectra for inor-
ganic-capped 18 nm Sn/SnO, NPs suspended in an AMUPol
solution in DMSO-d¢/D,0/H,0 (~60:18:22); MW off (black
line, 336 scans, 7 s recycle delay) and MW on (dark blue, 512
scans, 7 s recycle delay) CP-CPMG echo reconstructed ''°Sn
solid-state NMR spectra. Inset represents the MW off/MW on
experiment for 'H. (B) lllustration of the lack of detectable
signal in the region relevant to SnO.

broad. We thus employed Mé&ssbauer and X-ray ab-
sorption spectroscopies to test our hypothesis about
the presence of subsurface SnO.

Mésshauer Spectroscopy. ' '°Sn Mossbauer spectros-
copy traditionally serves as a highly sensitive tool
for determining the oxidation state and chemical
environment of Sn atoms in solid-state materials,
including ultrathin and amorphous structures, as well
as NPs.>9*12 Two experimentally measured param-
eters are characteristic: the isomer shift (IS) and
quadrupolar splitting (EQ). IS reflects the changes to
the electronic density of s-electrons, caused by elec-
tron-donating or electron-withdrawing groups and,
even more significantly, by the change in the oxida-
tion state. EQ reflects the local spherical symmetry
about the Sn center, with asymmetric environments
possessing correspondingly large splitting of the
nuclear energy levels. For ''?Sn, two substates are
generated by quadrupolar splitting. Usually, 5-Sn
appears as a singlet with IS ~ 2.6 mm-s~' (Figure S6A)
with a relative transmission intensity that is strongly
dependent on the measurement temperature according
to the thermal variation of the Lamb—M®dssbauer f
factor of ''%Sn nuclei.*® The 0-SnO component shows
an asymmetric quadrupole doublet with a large quadru-
pole splitting (1.4 mm-s~").3° Finally, SnO, gives a quad-
rupole doublet with isomeric shift around 0—0.31 mm-s ™"
(Figure S6B).
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Figure 3. "9Sn Mossbauer spectra recorded at 5 K, together with calculated phase composition for oleate-capped (A) 10 nm
and (B) 18 nm Sn/SnO, NPs, and for inorganic capped counterparts (C,D). Solid lines represent the fitted spectra for three

possible Sn species: 5-Sn, a-Sn0O, and SnO,.

The Méssbauer spectra for 10 and 18 nm Sn/SnO,
NPs, capped with organic and inorganic ligands, are
presented in Figure 3. The peak areas yield the relative
amounts of each Sn species. As expected, smaller NPs
exhibit a higher degree of oxidation with up to 62%
of the total M&ssbauer signal intensity arising from the
oxide phases. Most importantly, a high content (38%
of the total signal) of SnO with IS = 2.9 mm-s™ ' is
unambiguously detected, providing the first evidence
for this phase which is not detected by electron
microscopy or by NMR. The atomic proportion of
oxides increases for NPs subjected to the ligand-ex-
change procedure. As expected, 18 nm NPs also exhibit
both oxide phases butin much lower concentration for
both organic and inorganic capped NPs: 2% (9%) for
SnO and 5% (7%) for SnO, for NPs with organic and
inorganic (numbers in brackets) surface capping.

XAS Spectroscopy. X-ray absorption spectroscopy
(XAS) allows the study of the local electronic and
geometric structure (up to 6 A) around Sn atoms. XAS
is an element-specific technique that does not rely on
long-range order and has been extensively used to

PROTESESCU ET AL.

study nanostructured Sn-oxide materials.**~*® The
X-ray absorption near edge structure (XANES) spec-
trum (—50 to 100 eV around the absorption edge)
corresponds to the empty density of p states and,
therefore, provides information about the structure,
the oxidation state, and the site symmetry. Back-
ground-corrected and normalized Sn K-edge XANES
spectra for 10 and 18 nm Sn/SnO, NPs are presented
along with the reference, commercially available pow-
ders of Sn, SnO, and SnO; (Figure 4). As expected, the
shift of the absorption edge toward higher energies,
corresponding to higher oxidation state (SnO,), is more
pronounced for smaller nanoparticles due to higher
SnO and SnO, contents. Quantitatively, the content of
Sn, SnO, and SnO; can be determined by linear com-
bination fitting of the whole XAS spectrum using
spectra of Sn, SnO, and SnO, as references (see an
example of the fit in Figure 4C and Table S1 of the
Supporting Information for phase composition of each
sample). Qualitatively, a strong correlation is observed
between the Mdssbauer and XAS results: the propor-
tion of SnO and SnO, oxides increases by several
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Figure 4. (A,B) Sn K-edge XANES spectra for 10 and 18 nm
Sn/SnO, NPs along with spectra of Sn, SnO, and SnO,
reference compounds. (C) Representative fit of the XAS
spectrum for 18 nm Sn/SnO, NPs capped with inorganic
(%) ligands (solid red trace) obtained with a combination
of the reference Sn, SnO, and SnO, spectra (dotted traces).
Table S1 (see Supporting Information) provides the fitting
results in the form of weight percentage of each phase for 10
and 18 nm Sn/SnO, capped with organic and inorganic ligands.

percent upon ligand exchange, for both 10 and 18 nm
oleate-capped NPs.

Temperature-Dependent XRD Patterns. In this section, we
point the attention of the readers to the crystalline
metallic ($-Sn) core of Sn/SnO, NPs. Using synchrotron
X-ray diffraction patterns (60 keV X-ray photons; see
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Figure 5. Synchrotron X-ray powder diffraction patterns for
18 nm Sn/SnO, NPs recorded at 233—295 K. The plot shows
the scattered intensity versus the momentum transfer Q
measured with 60 keV X-ray photons. The inset illustrates
the thermal shift of the {132} Bragg diffraction peak.

Supporting Information for experimental details) re-
corded at various temperatures, we aimed to observe
whether there is a transition from metallic 5-Sn to
semiconducting o-Sn, which normally occurs at less
than 13 °Cin bulk Sn.**~>2 This question is also of high
relevance for the potential use of nano-Sn in Li-ion
batteries, which are required to operate reliably below
0 °C. Diffraction experiments were performed upon
cooling from room temperature to 233 K (—40 °C,
Figure 5, shown for 18 nm Sn/SnO, NPs). We chose
233 K because the fastest [-to-a conversion rates
have previously been reported to occur at this tem-
perature.?® The observed Bragg peaks could be in-
dexed by a f-Sn phase with lattice parameters in
agreement with the bulk values.>® Simulation with
the Rietveld method fully reproduces the experimental
pattern if a crystalline 3-Sn phase is used as the only
component. The inset in Figure 5 shows the shift of
the {132} Bragg peak due to thermal expansion, with a
linear expansion coefficient identical to that of bulk
[-Sn. The speed of the phase transformation can be
very slow (sometimes years)***? and has been also
reported to depend on the particle size.>>>" Hence
this transition could have been left undetected by
Mossbauer spectroscopy at the temperature of 5 K,
for which the time scale of the measurements falls in
the sub-24 h range. We therefore remeasured XRD
patterns for the samples kept at 255 K for 24 h, showing
no signs of phase transition. Moreover, we stored the
samplesin afreezerat ~255 K (—18 °C) for a period of 8
months and again observed identical XRD patterns
(Figure S7). Finally, we compared our NPs with larger,
commercially available Sn particles with mean grain
sizes of 100 nm and 10 um, subjected to the same
8 months of cold storage. In all samples, the bulk 5-Sn
structure is retained. We therefore conclude that sub-
10 nm Sn crystallites and the bulk material do not
exhibit any substantial difference in the phase diagram
or recrystallization kinetics.
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CONCLUSIONS

The combined analysis of DNP-SENS with TEM,
Mdossbauer, and XAS spectroscopies and XRD is con-
sistent with a core/shell1/shell2 model of Sn/SnO/Sn0O,
NPs capped with organic and inorganic ligands, where
the only crystalline constituent is the metallic 3-Sn core.
Importantly, low-temperature XRD measurements after
8 months cooling at 255 K did not detect any phase
transition to a brittle a-Sn phase. The utility of DNP-SENS
for analyzing the highly disordered, outermost layers of
the NP cores irrespective of the chosen ligand capping
(organic or inorganic) is demonstrated using naturally
oxidized, highly monodisperse 10 and 18 nm Sn/SnO,
NPs as a case study. The broadening of the ''°Sn NMR
spectra is reflective of the degree of atomic disorder. For

EXPERIMENTAL SECTION

Sn/Sn0, NPs. Sn/SnO, NPs (10 and 18 nm) were synthesized,
purified, and surface-modified with oleate or with inorganic ligands
according to our recently published methods." For the organic-to-
inorganic ligand exchange, we used n-methylformamide/hexane
phase transfer solvent system and K,S as an inorganic capping
agent.

Conventional ambient temperature MAS ''?Sn solid-
state NMR experiments were performed on Bruker AMX400
spectrometer using a 2.5 mm zirconia rotors and a MAS fre-
quency of 20 kHz. The spectral frequency was set at 149.25 MHz,
and a 90° pulse length of 0.3 us was used. The relaxation delay
was 2 s, and the number of scans was 38 231. All spectra were
referenced to tetramethyltin (d;so = 0.0 ppm) via a secondary
standard of tetracyclohexyltin (0;soc = —93 ppm).

DNP solid-state NMR experiments were performed with a
wide-bore 400 MHz Bruker Avance Il spectrometer equipped
with a 263 GHz gyrotron microwave source and a 3.2 mm low-
temperature MAS probe.?’ The sweep coil of the main magnetic
field was set so that microwave irradiation occurred at the
positive "H enhancement maximum of the nitroxide biradicals
(see Supporting Information for details of NMR experiments and
sample preparation).

1196 Méssbauer measurements were carried out using a
constant-acceleration spectrometer in standard transmission
geometry and a Ba''®™sn0; source (~10 mCi) kept at room
temperature. Spectra were recorded at 5 K in a liquid helium
cryostat. A polycrystalline absorber with natural abundance
of "°Sn isotope and thickness of ~15 mg cm™2 was used.
A palladium foil of 0.5 mm thickness was used as a critical
absorber for Sn X-rays. The velocity scale was calibrated with a
>’CoRh source (25 mCi) and a metallic iron foil at room
temperature. The "'°Sn isomer shifts are referenced to BaSnOs
at room temperature. The Mossbauer spectra were fitted with a
least-squares method program assuming Lorentzian peaks. The
error on all the ''°Sn Méssbauer spectra is £0.1 mm-s™".

Synchrotron X-ray powder diffraction measurements
were performed at the powder diffraction beamline P02.1 at
Petra lll/Hasylab, Hamburg, using 60 keV X-ray photons. Data
collection was done with a Perkin-Elmer XRD1621 two-dimen-
sional detector at a distance of 1000 mm. The Sn/SnO, NPs and
commercial Sn powders were transferred into Kapton capil-
laries, and the measurements were performed in transmission
geometry. The in situ cooling was obtained by a stream of
cryogenic N,, heated to the desired temperature.

X-ray absorption spectroscopy was carried out at the
X10DA (Super XAS) beamline at the Swiss Light Source, Villigen,
Switzerland. Spectra were collected on pressed pellets opti-
mized to 1 absorption length at the Sn K-edge (29200.1 eV) in
transmission mode. The beamline energy axis was calibrated
with a Sn reference foil. The spectra were background-corrected
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example, highly crystalline 50 nm SnO, yields ''9Sn NMR
signals with line widths of about 1—2 ppm, while line
widths of up to 70 ppm were found for the amorphous
SnO, layer at the surface of the 10 and 18 nm Sn/SnO,
NPs. DNP-SENS holds great promise to address various
research problems in contemporary nanomaterials re-
search: organic and inorganic surface chemistry, radially
resolved chemical and phase composition of NPs (as
shown in this study), distribution of dopants and impu-
rities, correlation between electronic effects (quantum
size effects, surface plasmons) with the chemical shift in
NMR spectra, etc. The only limitation of DNP-SENS is that
it is rather restricted to those materials which contain
NMR-sensitive nuclei with sufficient abundance, prefer-
ably with a spin of 1/2.

and normalized at the height of the edge step using the iFeffit
software package.>® Linear combination fits were performed
over the range of 29 150 to 29 500 eV using reference spectra of
SnO, SnO,, and f-Sn.

Attenuated total reflectance (ATR) FTIR spectra were
recorded using Thermo Scientific Nicolet iS5 FTI-IR spectro-
meter. Samples were deposited onto Si substrates, turned
upside down, and pressed against diamond ATR crystal. Liquid
samples were measured by placing a small droplet directly onto
ATR crystal. Scanning transmission electron microscopy
(STEM) investigations were performed on the aberration-cor-
rected HD-2700CS (Hitachi; cold-field emitter), operated at an
acceleration potential of 200 kV.
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