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ABSTRACT: Fatty acids are ubiquitous in biological systems and
widely used in materials science, including for the formulation of
drugs and the surface-functionalization of nanoparticles. However,
important questions regarding the structure and reactivity of these
molecules are still to be elucidated, including their mode of
binding to certain metal cations or materials surfaces. In this
context, we have developed novel, efficient, user-friendly, and cost-
effective synthetic protocols based on ball-milling, for the 17O and
18O isotopic labeling of two key fatty acids which are widely used
in (nano)materials science, namely stearic and oleic acid. Labeled
molecules were analyzed by 1H and 13C solution NMR, IR
spectroscopy, and mass spectrometry (ESI-TOF and LC-MS), as
well as 17O solid state NMR (for the 17O labeled species). In both
cases, the labeling procedures were scaled-up to produce up to gram quantities of 17O- or 18O-enriched molecules in just half-a-day,
with very good synthetic yields (all ≥84%) and enrichment levels (up to an average of 46% per carboxylic oxygen). The 17O-labeled
oleic acid was then used for the synthesis of a metal soap (Zn-oleate) and the surface-functionalization of ZnO nanoparticles (NPs),
which were characterized for the first time by high-resolution 17O NMR (at 14.1 and 35.2 T). This allowed very detailed insight into
(i) the coordination mode of the oleate ligand in Zn-oleate to be achieved (including information on Zn···O distances) and (ii) the
mode of attachment of oleic-acid at the surface of ZnO (including novel information on its photoreactivity upon UV-irradiation).
Overall, this work demonstrates the high interest of these fatty acid-enrichment protocols for understanding the structure and
reactivity of a variety of functional (nano)materials systems using high resolution analyses like 17O NMR.

■ INTRODUCTION

Fatty acids are a key family of biomolecules. They are the
object of numerous investigations in life sciences, notably in
fields like lipidomics which focus on understanding the
networks of the complete set of lipids produced in a given
cell or organism.1 They are also widely studied in nutrition
science, due to the biological importance of ω3 polyunsatu-
rated fatty acids (PUFAs) like linolenic, eicosapentaeonic
(EPA), and docosahexaeonic (DHA) acids.2 Moreover, the
amphiphilic nature of these molecules has been widely
exploited for the preparation of soaps,3 the formation of
vesicles (including ufasomes) and drug-carrier systems,4−6 and
the surface-functionalization of inorganic materials and nano-
particles.7−12

Due to the importance of fatty acids, the synthesis of
isotopically labeled versions of these molecules has been
looked into, as a means to investigate in more detail their
structure and reactivity13−16 or to study their biological

properties and metabolic pathways.17−21 In particular, 13C
isotopic labeling was found to be valuable for studying by 13C
solid state NMR the mode of binding of the carboxylic group
of stearic acid at the surface of zirconia as a function of
temperature13 or the partitioning of myristate and hexanoate
ligands at the surface of CdSe nanocrystals.12 However,
although such high-sensitivity NMR analyses are of general
interest for gaining insight into the nature of organic-mineral
interfaces between fatty acids and inorganic phases, their use
has been scarce. This can be explained by several factors,
including the cost and limited availability of some of the
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commercial fatty acids enriched in 13C, and the time and
experimental constraints for performing the labeling (whether
using chemical or biological synthetic routes).21−25 In this
context, being able to have access more straightforwardly to
isotopically enriched fatty acids to perform high resolution
spectroscopic analyses of the local binding mode of carboxylic
functions at materials interfaces appears as a major objective.
When considering the different enrichment possibilities for

NMR studies of fatty acids, oxygen-17 is a highly attractive
target. Indeed, high-resolution 17O NMR spectroscopy is
increasingly being used for structural elucidation purpo-
ses,26−31 due to the very broad range of variation of the 17O
chemical shift (which exceeds 2000 ppm) and quadrupolar
parameters (oxygen-17 has a nuclear spin of 5/2).26,27,32

However, the major drawback of this isotope is its very poor
natural abundance (only 0.04%), meaning that the synthesis of
17O-labeled species is generally necessary. This is often seen as
an obstacle due to the high costs of 17O-enriched precursors (1
g of 17O-enriched water, labeled at 90% in oxygen-17, costs
1600−2000 €), combined to the lack of straightforward and
affordable labeling procedures to prepare them. In the specific
case of fatty acids, the main drawbacks of current labeling
protocols include the small amount of enriched molecule
produced, the duration of the protocols, and/or the limited
availability of the precursors used and constraints related to
their manipulation, even in some of the most recent
studies.33−35

Mechanochemistry is a synthetic approach which is finding
an increasing number of applications in molecular and
(nano)materials science.36,37 In techniques like ball-milling,
the mechanical energy of the milling beads is transferred to
solid reagents by impact and shear forces,38 in order to (i)
reduce the size of the particles, (ii) mix them efficiently, and
(iii) create reactive interfaces allowing the formation of

products. The addition of very small amounts of liquid is
common, as it often allows accelerating the reactions and can
also help control the outcome of the products.37,39−41 In such
reaction conditions, which are known as “Liquid Assisted
Grinding” (LAG), less than 1 μL of liquid per mg of powder is
needed. Recently, we demonstrated that it is possible to use
17O-enriched water in LAG, to play the role of both a grinding
assistant and reagent, and enrich in oxygen-17 a selection of
organic and inorganic compounds of synthetic interest.42,43

The protocols developed were found to surpass by far previous
labeling schemes in terms of cost, time, and straightforward-
ness and appeared to us as potentially attractive for developing
general procedures for labeling fatty acids in 17O and 18O.
In this manuscript, we demonstrate how mechanochemistry

can be used for enriching fatty acids in 17O or 18O, in a cost-
efficient and user-friendly way. More specifically, the isotopic
labeling of stearic acid (C17H35COOH) and oleic acid
(C17H33COOH) will be described, both of these molecules
being of major interest in biology and (nano)materials
science,8,44−48 notably for the synthesis of functional nano-
particles. It will be shown how the synthetic procedures lead to
high-purity products with high enrichment yields, and that they
can be easily scaled up for the production of up to gram
quantities of 17O- or 18O-enriched molecules, which is of major
importance for being able to use these molecules in standard
(nano)materials synthesis protocols. The added-value of
having access to the 17O-labeled molecules for understanding
the structure of complex materials systems will then be
demonstrated for two related systems: (i) Zn-oleate, a metal
soap which is of interest notably in art-preservation
sciences49−51 and for the synthesis of quantum-dots,52,53 but
for which no crystal structure has yet been reported, and (ii)
ZnO nanoparticles functionalized by oleic acid, which have
been studied in fields like toxicology and pharmacy (e.g.,

Scheme 1. General Synthetic Conditions for the 17O and 18O Labeling of Stearic and Oleic Acids, When Performing the
Labeling by Vibrating Ball-Milling (VBM) in a Mixer Mill on “Small Scale” Quantities

aSynthetic yields, enrichment yields, and enrichment levels for each molecule are provided (n indicating the number of repetitions of each
experiment; see the Supporting Information for complete details and error bars). This synthetic procedure leads to the predominant labeling of one
oxygen per carboxylic group, but with both O atoms having the same probability to be enriched in *O (which is why they are both highlighted in
red in this figure).
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sunscreens),45,54,55 art (e.g., oil paints),44,56,57 as well as for the
elaboration of nanocomposite materials58 but for which no
direct experimental evidence into the binding mode of the fatty
acid on the nanoparticle surface had been provided so far. We
will show here how thanks to these new isotopic labeling
schemes, high resolution 17O NMR experiments can be
performed, which provide unprecedented insight into the
structure and reactivity of these materials, including after UV-
irradiation.

■ RESULTS AND DISCUSSION

Isotopic Labeling of Oleic and Stearic Acids Using
Mechanochemistry. In order to label the carboxylic
functions of stearic and oleic acid, the synthetic strategy we
used consisted in performing two mechanochemical reactions
back-to-back, namely (i) the activation of the carboxylic
function using 1,1′-carbonyl-diimidazole (CDI)59 and (ii) the
hydrolysis of the acyl-imidazole intermediate with enriched
H2*O (Scheme 1).42

Experiments were initially tested on small quantities of
material, with less than 100 mg of fatty acid introduced in the
10 mL jar containing two beads. The activation step was
performed in the presence of a small excess of CDI (1.1 equiv),
and followed by IR spectroscopy, by looking at the shift in the
CO stretching frequency (see the Supporting Information,
Figures B1S1 and B3S1). For both molecules, it was found that
30 min were sufficient for this reaction to be complete. The
conditions for hydrolysis, however, significantly differed from
one molecule to the other and required optimization to achieve
the best yield and enrichment level. Oxygen-18 labeled water
was used for these optimizations, due to its lower cost (1 g of
97% 18O-enriched water costs ∼80−100 €). The extent of
hydrolysis was monitored by IR spectroscopy (by looking at
the disappearance of the CO stretching band of the acyl-
imidazole intermediate) and confirmed by mass spectrometry
analyses of the hydrolyzed product. In the case of oleic acid,
the complete hydrolysis could be performed by ball-milling in
just 1 h, in the presence of 2 equiv of water (see the
Supporting Information, Figure B3S1). In contrast, in the case

Figure 1. (a) IR spectra of stearic acid (SA), at natural abundance (dark blue spectrum), enriched in 17O (average 17O-labeling ∼36%; black
spectrum), enriched in 18O (average 18O-labeling ∼44%; light blue spectrum), enriched in 13C on the carboxylic group (13C labeling ∼99%; purple
spectrum), and enriched in 13C and 17O on the carboxylic group (13C labeling ∼99% and average 17O-labeling ∼39%; brown spectrum).63 (b) 17O
MAS NMR spectra of 17O-labeled stearic acid (left) and oleic acid (right), together with the fit (dashed red line), showing the contributions from
the “C*O” and “C-*OH” -like environments (green and purple spectra). The average 17O-labeling of the carboxylic groups in the molecules
studied here by NMR was ∼36% for stearic acid and ∼19% for oleic acid. The black “*” symbols correspond to spinning sidebands.
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of stearic acid, complete hydrolysis required increasing the
milling time and frequency, as well as adding 1 equiv of base,
K2CO3 (see the Supporting Information, Figure B1S1 and
Table B1S1). Such a difference in reactivity between both
molecules comes from the double bond in oleic acid, which
affects the physical-chemical properties of the reaction
medium. Indeed, after activation, the oleic acid-derived acyl-
imidazole has a pasty texture, while the stearic acid derived one
is more powdery, which could explain why the hydrolysis step
is more straightforward in the former case. For stearic acid, the
addition of K2CO3 to the reaction medium was found to be
necessary to accelerate the hydrolysis step, this base favoring
the formation of H*O− ions in the milling medium, which will
be more reactive toward the acyl-imidazole. After hydrolysis,
the labeled molecules were then isolated with very good
synthetic yields (all ≥84%).
Oxygen-17 and oxygen-18 enriched oleic and stearic acids

were extensively characterized by 1H and 13C solution NMR,
LC-MS and mass spectrometry, as well as IR spectroscopy, in
order to determine their purity and enrichment level, and to
gain detailed insight into some of their spectroscopic features.
In all cases, the 1H NMR spectra of the isolated products were
consistent with those of the starting molecules (see the
Supporting Information, Figures B1S4 and B1S10 for stearic
acid and Figures B3S4 and B3S9 for oleic acid). Moreover,
mass spectra demonstrate that, as expected, the carboxylic
function is predominantly labeled on one of the two oxygen
positions, the main molecular peak being shifted by one or two
m/z units upon 17O or 18O labeling, respectively (see
Supporting Information, Figures B1S2 and B1S8 for stearic
acid, and Figures B3S2 and B3S7 for oleic acid). This was
further confirmed by 13C solution NMR analyses of labeled
molecules, for which only one main resonance appears in the
carboxylic acid region of the spectra, which is shielded by
∼0.025 ppm in comparison to the nonlabeled precursor, and
corresponds to a −C*O16OH headgroup (see the Supporting
Information, Figures B1S7 and B3S6). In all cases, high
enrichment levels were achieved, with an average enrichment
per carboxylic oxygen of ∼44% for the 18O labeled molecules
(when starting from 97% 18O-enriched H2*O) and ∼36% for
the 17O labeled molecules (when starting from 90% 17O-
enriched H2*O).
The labeling of the carboxylic functions in 17O or 18O is

particularly advantageous for the direct assignment of several
IR vibrations associated with the carboxylic group. This is
illustrated in Figure 1a in the case of stearic acid (top 3
spectra). For this molecule, the most significant shifts after
isotopic labeling concern the vibration bands at ∼1699, 689,
and 549 cm−1, which decrease by ∼6, ∼5, and ∼2 cm−1,
respectively, after replacement of one of the two carboxylic 16O
atoms by an 17O, the shifts being even more pronounced in the
case of 18O-labeling. These vibrations correspond to CO
stretching (at 1699 cm−1), CO2 bending/deformation (at 689
cm−1), and CO2 wagging modes (at 549 cm−1), respec-
tively.50,60−62 Such straightforward identification of carboxylic
vibration frequencies following isotopic substitutions on the
oxygen sites is highly complementary to experimental analyses
on molecules enriched in 13C. Indeed, the extent of isotopic
shifts varies depending on which carboxylic atom(s) has been
enriched (C or O), as illustrated in Figure 1a (bottom spectra)
for a commercial stearic acid molecule labeled in 13C on the
carboxylic group. For example, the main CO stretching band
is now centered at 1655 cm−1 and further shifts by 6 cm−1 after

17O labeling. Overall, this means that the oxygen-labeling of
fatty acids offers new possibilities to confirm IR spectral
assignments and/or help resolve vibration bands which may
overlap.
Molecules enriched in oxygen-17 were also analyzed by 17O

magic-angle spinning (MAS) solid state NMR (Figure 1b). In
the case of oleic acid, measurements were performed at low
temperature, as the melting point of the molecule is ∼13 °C.
Although predominant contributions from “C*O” and “C-
*OH” like environments can be clearly distinguished on the
MAS NMR spectra of both molecules,27,64 a more significant
overlap of these resonances is observed in the case of stearic
acid. Given that fatty acids have been shown to crystallize with
the polar head-chains forming H-bonded dimers,65−69 such
differences are likely to arise from discrepancies in the average
localization of the OH hydrogen atoms,68 and in relative
energy of the two interconverting tautomeric forms, as this can
significantly impact 17O MAS NMR spectra.70,71 From a more
practical point of view, both of these 17O NMR spectra could
be recorded with very good signal-to-noise ratio in short time
(less than 4 h on a 600 MHz NMR instrument), making these
enriched molecules highly promising precursors for helping
elucidate the structure of more complex molecular and
materials systems.
Having demonstrated the purity and high-enrichment level

of the oleic and stearic acid molecules labeled by ball-milling,
and their interest for fine structural analyses using IR and 17O
NMR spectroscopies, the obvious next step was to look into
the scale-up of the syntheses. Indeed, in order to be able to use
17O- (or 18O-) enriched fatty acids in “routine” molecular and
materials science applications, it is necessary to have access to
approximately gram quantities of enriched compounds. In both
cases, given that the activation step leads to the release of CO2,
larger volume milling jars were used, to avoid any excessive
buildup of internal pressure inside the reactors. Scale-up
experiments were first tested in a mixer mill using 50 mL
milling jars. For oleic acid, this allowed the production of ∼1 g
of 17O-enriched oleic acid with very good synthetic yield
(∼92%) and enrichment level (average 17O-enrichment per
carboxylic oxygen ∼37%) in less than 4 h (workup included).
In the case of stearic acid, scale-up experiments were also
attempted in a mixer mill under similar conditions, but the
hydrolysis step was once more found to be problematic,
despite the presence of additional K2CO3. Even by decreasing
the amount of sample to ∼500 mg, or by modifying the
number of beads used during the milling, the hydrolysis
remained incomplete after 4 h, according to IR and mass
spectrometry analyses. In order to change the type of mixing of
the reaction medium during the hydrolysis, the enrichment of
stearic acid was then studied on a planetary mill, using 20 mL
jars. Here, after careful optimization of the milling parameters
(see the Supporting Information, Table B1S2), it was possible
to reduce the hydrolysis time to just 1 h, and produce
∼500 mg of 18O-enriched stearic acid with very good synthetic
yield (∼95%) and enrichment level (average 18O-enrichment
per carboxylic oxygen ∼46%). To the best of our knowledge, it
is the first time that the enrichment of oleic and stearic acids in
17O or 18O is reported on such a large scale and with such a
high efficiency, both in terms of time and cost. To be more
specific, in the case of oleic acid, the production of ∼1 g of
17O-enriched molecule could be achieved in just half-a-day of
experimental time, and required only ∼150 μL of H2*O
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(which corresponds to a cost of less than 300 € if 90%-
enriched H2

17O is used). It is worth noting that these oxygen
isotopic enrichments were found to be stable over time: the
enrichment levels determined by mass-spectrometry for 17O-
or 18O-enriched samples which had been stored for 1 year on
the bench or in the fridge led to sensibly similar results (see the
Supporting Information, Tables B1S3 and B3S1).
Advanced Structural Analyses of Metal Soaps and

Functionalized Nanoparticles. The straightforward and
inexpensive 17O and 18O labeling of fatty acids described above
naturally opens the way to using vibrational spectroscopies and
17O NMR for studying in detail the structure of fatty-acid
containing phases. Here, we set our focus on two related
systems, namely Zn-oleate and ZnO nanoparticles function-
alized using oleic acid, because in both cases, despite the
numerous investigations reported so far, detailed structural
information was missing, including the mode of binding of the
fatty acid to zinc ions.
Zn-Oleate Coordination Polymer. A crystalline Zn-oleate

phase enriched in 17O was synthesized, starting from 17O-
enriched oleic acid and following a new synthetic procedure
based on mechanochemistry (see the Supporting Information,
section C1). The IR spectra of this enriched phase and its
nonlabeled analogue were first analyzed in detail and
compared. This allowed (i) assigning (or reassigning) the

carboxylate vibration frequencies and (ii) demonstrating the
presence of at least two oleate environments in the crystal
structure, because of the observation of 2 resolved νa(COO)
bands at 1546 and 1525 cm−1 (see the Supporting
Information, Figure C3S1 and section C3-b). The difference
in frequency between the νa(COO) and νs(COO) stretching
modes was found to be consistent with a bidentate
coordination mode of the carboxylate groups.72 Moreover,
the low-frequency band at 550 cm−1 (carboxylate rocking
mode) was observed at a wavenumber close to the one
reported for anhydrous Zn-acetate and Zn-stearate, in which
the carboxylate group adopts a bridging bidentate coordination
mode. Hence, it appears that the carboxylate functions in Zn
oleate also adopts a similar binding mode, with each oxygen of
a given carboxylate being bound to a different Zn2+ cation.73

This is in line with what has been observed for other Zn-soap
phases for which X-ray structures are available.74

High resolution 13C and 17O MAS NMR experiments were
then performed, in order to gain deeper insight into the
carboxylate environments of Zn-oleate. First, in 13C NMR, two
carboxylate resonances of equal intensity were observed
(separated by only ∼0.2 ppm; Figure 2a), as well as two α-
CH2 resonances (Figure C2S2), which confirms that two
nonequivalent carboxylate ligands are present in the crystal
structure.75 Second, in 17O NMR, two different oxygen

Figure 2. (a) 13C CPMAS NMR spectrum of 17O-labeled Zn-oleate (B0 = 14.1 T, νr = 12 kHz, CT = 8 ms), showing the presence of 2 inequivalent
carboxylate environments (see Figure C2S2 in Supporting Information, for an expansion of the α-CH2 region).

75 (b) Ultrahigh field 17O 3QMAS
NMR spectrum (B0 = 35.2 T, νr = 18 kHz), and resolved sites (right). A possible fit of the resolved 17O sites is proposed in the Supporting
Information (Figure C3S2).
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Figure 3. (a−f) TEM, XRD, IR, 13C CPMAS NMR, and 17O MAS NMR characterization of bare ZnO nanorods (black), nanorods grafted with
nonlabeled OA (blue) and nanorods grafted with 17O-labeled OA (green). For the 17O MAS NMR analyses, the spectra of 17O-labeled Zn oleate
(gray) and oleic acid (brown) are also shown for comparison. (at 14.1 T, it is the same experimental 17O NMR spectrum of OA as shown in Figure
1, while at 35.2 T, it is its simulation for a 32 kHz spinning speed, as was used for the nanoparticles at this field, and estimating the CSA parameters
from GIPAW-DFT calculations). For the 17O-OA grafted nanorods, the lack of natural abundance ZnO signal at 35.2 T (f, green spectrum) is
ascribed to the difference in acquisition conditions used in comparison to the study at 14.1 T (e, green spectrum). All NMR acquisition parameters
can be found in the Supporting Information (Tables A3S1 and A3S2). “*” symbols correspond to spinning sidebands, and “◊” symbols to the
natural abundance signal of the zirconia rotor. The dashed vertical lines indicate the isotropic peak positions of the CO and C−OH resonances
of oleic acid (brown) and the high frequency carboxylate resonance of Zn-oleate (gray). A schematic representation of possible grafting modes of
OA on the ZnO surface is also shown in panel f (using a simplified representation of the aliphatic chain, without depicting the CC double bond).
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environments could be clearly resolved by performing a
3QMAS experiment (triple quantum magic angle spinning).
These were found to be in a relative proportion of 3:1, with a
difference in 17O isotropic chemical shifts of ∼6 ppm (Figures
2b and C3S2). Such observations could be consistent with
three of the oxygen atoms of the two inequivalent carboxylates
having similar binding modes to Zn2+, and one being slightly
different, possibly because of a change in the Zn···O distance,
as schematized in Figure 2.
In order to confirm this hypothesis, a computational study

was performed on Zn-carboxylate phases for which a crystal
structure had already been reported, and in which the Zn2+ also
adopt a bridging bidentate coordination (i.e., with each
carboxylate oxygen linked to one Zn2+ ion). For these phases,
ab initio calculations of the 17O NMR parameters were
performed using the GIPAW DFT method (gauge-including
projector augmented wave density functional theory),76,77 and
calculated values were confronted to the local geometry around
the oxygen. As shown in the Supporting Information (section
C3-d), this enabled us to demonstrate a strong dependence
between the isotropic chemical shift of 17O and the Zn···O
distance. Indeed, δiso(

17O) values were found to span over ∼40
ppm, with the isotropic shift increasing as the Zn···O distance
increased. More specifically, based on the calculations, a
change as small as 0.08 Å in this distance could lead to an
increase by ∼40 ppm in δiso(

17O)! No other relationship could
be found between the local structure around oxygen and the
calculated δiso(

17O) values. This implies that the ∼6 ppm
difference observed between the two sets of 17O resonances in
Zn-oleate must be due to a very small difference in Zn···O
distances, which can be estimated to ∼0.01 Å on the basis of
the GIPAW-DFT calculations.
Such detailed level of insight had never been reached so far

for Zn-oleate and could only be achieved by looking at 17O,
thanks to the very high 17O-isotopic labeling of oleic acid.
Indeed, more conventional 13C solid state NMR analyses could
not have provided such level of information, because (i) they
inform on the number of inequivalent carboxylate ligands (but
not on the binding modes of the individual carboxylate oxygen
atoms) and (ii) the range of variation of 13C NMR parameters
in Zn-carboxylates is more limited compared to oxygen (with
notably isotropic shifts spanning only over ∼10 ppm for 13C,
compared to 40 ppm for 17O), meaning that it is less sensitive
to geometrical changes in the coordination (see the Supporting
Information, section C3-d). Hence, on a more general
perspective, similar high-resolution 17O NMR studies would
be worth performing on other metal soaps of unknown
structure.
ZnO Nanoparticles Functionalized Using Oleic Acid. Oleic

acid being one of the main surfactant molecules involved in the
synthesis of metal and metal oxide nanoparticles,78−82 the
obvious next step was to show how using 17O-enriched species
can help shed light on their mode of attachment and reactivity
at the surface of NPs. Here, we set our focus on functionalized
ZnO NPs. Indeed, previous investigations based on XRD,
TEM, IR and/or XPS analyses had shown that oleic acid is
present at the surface of ZnO nanoparticles and can influence
nanoparticle sizes and shapes, but with no clear experimental
insight into its exact mode of binding, nor on how it can be
affected by exposure to heat or UV light.83−86

A “post-grafting” synthetic approach was used here to
prepare oleic-acid capped ZnO NPs. It consisted in first
synthesizing the ZnO nanoparticles, which were obtained as

nanorods, by reacting Zn-acetate dihydrate with KOH in
methanol at 60 °C overnight.87,88 Then, the surface of the
nanoparticles was functionalized by oleic acid, using either
17O-labeled oleic acid, prepared according to the “scale-up”
protocol described above, or nonlabeled oleic acid, used here
for the preparation of “control” samples. Finally, the grafted
particles were washed, dried under vacuum, and characterized
by X-ray diffraction, TGA, TEM, IR, and multinuclear solid
state NMR spectroscopies (1H, 13C, and 17O NMR; see the
Supporting Information).
Based on X-ray diffraction and TEM analyses, the size and

shape of the ZnO nanorods was not altered by the surface
functionalization process (Figure 3a,b). X-ray diffraction
powder patterns displayed the characteristic features expected
for nanorods, with a sharper peak at 34.4° in 2θ,87 and no new
diffraction peaks at lower angles. The latter point was
important to verify, as it confirmed that no “dissolution-
recrystallization” process had taken place during the grafting,
and hence that no Zn-oleate byproduct had formed (see the
Supporting Information, Figure D1S4, for direct comparison
with Zn-oleate). Based on TGA, the average grafting density
was estimated to ∼2 molecules per nm2. The presence of oleic
acid at the surface of the nanorods is detectable by IR
spectroscopy, through the appearance of C−H stretching
vibrations around 2900 cm−1 (Figure 3c, blue and green
spectra). The aliphatic carbon peaks of oleic acid could also be
observed in 13C solid state NMR, with the 13C resonance at
∼130 ppm corresponding to the carbons of the alkene bond,
and those between 10 and 45 ppm to the carbons belonging to
CH2 and CH3 groups (Figure 3d, blue and green spectra).
To understand the mode of binding of oleic acid at the ZnO

surface, the spectroscopic signatures of the carboxylic group
were analyzed. In IR spectroscopy, the broad vibration bands
observed in the CO stretching region were found at similar
positions before and after functionalization of the nanorods,
i.e., centered around 1430 and 1565 cm−1. For the starting
ZnO nanorods, the observation of these broad bands can be
explained by the presence of residual acetate and carbonate
ions at the surface of the particles, as confirmed by 13C solid
state NMR, with the distinct 13C resonances at 180.5 and 21.9
ppm (acetate) and at 166.2 ppm (carbonate; Figure 3d, black
spectrum). It is worth noting that previous studies on ZnO
nanoparticles have reported the presence of these anions, for
syntheses carried out using Zn-acetate as precursor88,89 or
following exposure of ZnO nanoparticles to CO2 (including at
atmospherically relevant pressures).90,91 For the OA-function-
alized nanorods, the lack of significant shift in the CO
stretching region and the absence of a new band around 1700
cm−1 (which is characteristic of the acidic form of oleic acid),
suggests that it is mainly the oleate which is present at the
surface of the particles (see the Figure D1S5 for a comparison
of the IR spectra of Zn-oleate, oleic acid, and the function-
alized nanorods).10,11,61

Because previous works on oleic acid-grafted ZnO nano-
particles had proposed that either protonated or deprotonated
forms of oleic acid can attach to the surface of the
nanoparticles,86,92,93 additional solid-state NMR analyses
were performed. In 13C solid state NMR, only one broad
resonance was observed in the high-frequency region of the
functionalized nanoparticles, centered at ∼181.1 ppm (Figure
3d, blue and green spectra). This 13C resonance is broader
than those of the rest of the organic chain, as expected for a
grafting process occurring through the carboxylic moiety.13,94
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Although its chemical shift was found to be closer to the one
observed for pure oleic acid (carboxylic resonance is centered
at ∼181.4 ppm, as measured by 13C CPMAS NMR while
regulating temperature at −20 °C),95,96 than for Zn-oleate
(carboxylate resonances centered at ∼185.3 ppm), it is still
compatible with a deprotonated function, because the 13C
chemical shift range of grafted carboxylates can vary depending
on their binding mode and distance to the surface of
nanoparticles.11 As a matter of fact, when recording a 2D
1H-13C heteronuclear correlation experiment, the 13C reso-
nance at 181.1 ppm was not found to correlate with any 1H
resonances characteristic of acidic protons, which are generally
expected above 10 ppm. Moreover, no distinct 1H carboxylic
resonance could be observed in 1H MAS NMR, even when
performing the analyses at temperatures as low as −100 °C
(see the Supporting Information, Figure D1S6). Therefore,
these complementary NMR characterizations also tend to
confirm that it is mainly the oleate form which is present at the
surface of the nanoparticles.
In view of reaching deeper insight into the mode of binding

of the fatty acid at the surface of ZnO, 17O solid state NMR
analyses were carried out. As shown in Figure 3e (green
spectrum), the 17O NMR spectrum of the grafted nanoparticles
presents one main broad signal, centered at ∼200 ppm (at 14.1
T). This signal is not observed for the starting nanoparticles,
nor for those which were reacted using nonlabeled oleic acid,
and can therefore be assigned to the enriched carboxylic
function of oleic acid. The spectrum was obtained overnight
with a good signal-to-noise ratio at 14.1 T, which is all of the
more noteworthy that the analysis was performed on just ∼35
mg of sample. Indeed, this corresponds to only ∼0.1 mg of 17O
from the oleic acid headgroup, based on the initial enrichment
of the molecule used in the grafting and on the grafting density
determined from TGA analyses of the functionalized nano-
particles. Other weaker resonances were also observed on the
17O NMR spectrum, at ∼−18 ppm (natural abundance signal
corresponding to the core of the ZnO nanoparticles)97,98 and
at ∼380 ppm (natural abundance signal of the zirconia rotor
used for the analyses), which were also present on the spectra
of the nongrafted nanoparticles and those grafted using
nonlabeled oleic acid (Figure 3e, black and blue spectra).
The 17O NMR signal centered at ∼200 ppm falls in the

range expected for carboxylic acids and carboxylates,26,99 as
shown in Figure 3e when comparing it to oleic acid and Zn-
oleate (brown and gray spectra). However, when cooling the
sample to −100 °C, only a slight shift and broadening of the
17O NMR signal was observed but no splitting into distinct
CO and C−OH contributions as for oleic acid (see the
Supporting Information, Figure D1S7). Moreover, when
heating up to +60 °C, the signal is slightly narrower and
more symmetric (as expected if the molecules become
somewhat more mobile at the nanoparticle surface), but its
maximum position increases by less than 15 ppm, thereby
remaining very distinct to that of liquid oleic acid. This could
reflect the fact that the grafted OA species remain relatively
well attached to the ZnO surface even at high temperatures,
through coordination bonds between Zn2+ and the carboxylate,
and that there are only few more weakly bound species
interacting through hydrogen bonding (as may have been
expected upon grafting of the oleic acid form). Overall, these
variable-temperature 17O NMR analyses also appear to be
consistent with the predominance of oleate anions at the

surface of the nanoparticles. However, because of the wide
range of chemical shifts covered by this 17O signal, which
spreads over ∼180 ppm at 14.1 T (between ∼110 and 290
ppm), additional characterizations were performed at ultrahigh
magnetic field (B0 = 35.2 T), in order to try to achieve better
resolution and gain further insight into the grafting mode.
Indeed, 17O being a quadrupolar nucleus, going to higher fields
decreases significantly the broadening caused by the
quadrupolar interaction, the second-order quadrupolar broad-
ening being inversely proportional to B0.
At 35.2 T, the main resonance spreads over ∼90 ppm only

(between ∼200 and 290 ppm) and is now shifted at higher
frequency (to ∼250 ppm), as expected considering the field
dependence of the maximum peak-position of solid state NMR
spectra of quadrupolar nuclei (Figure 3f). Although no
additional resolution could be obtained, this 1D 17O MAS
NMR spectrum nevertheless shows that there are several
oxygen local environments at the surface of the nanoparticles,
because the line width expected for 17O resonances from
carboxylic or carboxylate oxygen atoms is less than 20 ppm at
35.2 T. Moreover, on the spectrum recorded at this field, the
17O peak maximum position is very clearly positioned at higher
frequencies compared to the Zn-oleate model compound. This
demonstrates that the main mode of binding of oleate to the
ZnO nanorod surface is different compared to Zn-oleate,
meaning that there are very few oleate ligands coordinated
through a bidentate bridging mode to the surface Zn2+ ions.
Considering the results of the DFT calculations reported in
Figure C3S3, the higher frequency of the maximum peak
position in the functionalized nanorods may suggest that Zn···
O distances between the oleate and the nanoparticle surface
are not only more distributed but also on average slightly
longer than in crystalline Zn-oleate. More specifically, an
average increase in distance ∼0.04 Å can be proposed.
Taken together, the observations made by IR and variable-

temperature 1H and 17O NMR suggest the predominance of
oleate species at the surface of the nanoparticles. Moreover, the
13C NMR and ultrahigh field 17O NMR spectra point to the
attachment of the oleates through the carboxylate function,
with a heterogeneity of local environments at the surface of the
nanorods. The aliphatic carbon atoms interact much more
weakly with the surface, as shown by the sharper resonances in
13C NMR,94 and by the similar chemical shifts as for liquid
oleic acid (see the Supporting Information, Figure D1S8). As a
matter of fact, the mobility of the aliphatic chains only
significantly decreases below −45 °C, as shown by the variable-
temperature 1H NMR data (see the Supporting Information,
Figure D1S6). Considering that it is the acidic form of oleic
acid which was initially introduced in THF for the
postfunctionalization procedure used here, and that the lateral
facets of the nanorods (which are parallel to the c axis) are
apolar,83,100 a direct attachment of oleate species is unlikely.
However, it can be proposed that the grafting occurs by
exchange with acetate ligands initially present at the surface of
the nanorods, which would be released in THF under the form
of acetic acid upon coordination of the oleate, thereby ensuring
the charge balancing.95 A schematic representation of possible
modes of attachment of oleates is given in Figure 3f. While
these binding modes to ZnO nanorods were proposed here, it
is possible that other synthetic strategies for the functionaliza-
tion of ZnO nanoparticles may lead to different binding
configurations, depending on the size and shape of the particles

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c09383
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09383/suppl_file/ja0c09383_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09383/suppl_file/ja0c09383_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09383/suppl_file/ja0c09383_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09383/suppl_file/ja0c09383_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09383/suppl_file/ja0c09383_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c09383?ref=pdf


and whether a direct-grafting strategy or postgrafting strategy is
used.
Because of the photocatalytic properties of ZnO, we then

investigated the stability of the oleate coating upon exposure to
UV−vis radiation. More specifically, a batch of grafted

nanorods taken in their powdered form was irradiated for
6 h, after which X-ray diffraction, TEM, IR spectroscopy, 13C
NMR, and 17O NMR analyses were carried out (Figure 4). In
order to distinguish the evolutions coming from heating or
irradiation, a separate batch of the grafted nanorods was heated

Figure 4. (a−e) TEM, XRD,102 IR, 13C CPMAS NMR and 17O MAS NMR characterization of ZnO nanorods functionalized with 17O-enriched
OA, before (black) and after 6 h hours of irradiation (blue) or heat-treatment (red). For the 17O MAS NMR spectrum recorded after UV
irradiation, the blue arrow points to the enriched surface sites. “*” symbols correspond to spinning sidebands, and “◊” symbols to the natural
abundance signal of the zirconia rotor. All NMR acquisition parameters can be found in the Supporting Information (Tables A3S1 and A3S2). (f)
Schematic illustration of the different processes occurring upon irradiation of the grafted nanorods.
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at 60 °C in a closed furnace for the same period of time as this
temperature was estimated as representative of the heating
occurring within the apparatus used for irradiation. Moreover,
for comparison purposes, the other two sets of samples
described above (i.e., bare nanorods and nanorods coated with
nonlabeled oleic acid), as well as the crystalline Zn-oleate
phase, were also exposed to the same treatments (irradiation
and heating) and subsequently characterized by the same
techniques (see the Supporting Information, Figures D2S1,
D2S2, and D2S3).
While the heating of the nongrafted and grafted ZnO

samples at 60 °C for 6h did not lead to noticeable changes in
TEM, XRD, IR, 13C NMR, or 17O NMR (Figures 4, D2S1, and
D2S2), significant differences were observed upon irradiation.
First, regarding crystal morphologies, the irradiation step was
found to strongly affect the nongrafted nanorods, as shown by
TEM (more ill-defined crystal morphologies) and XRD
(decrease in the relative intensity of the (002) diffraction
peak at ∼34.4° in 2θ). In contrast, no strong changes in shape
and morphology of the grafted nanorods was observed in TEM
and XRD after irradiation (Figure 4a,b). The OA surface
coating thus appears to have had some protective effect for
ZnO nanorods under the irradiation conditions used here.
Nevertheless, the grafted molecules do not remain

unaffected by the UV−vis treatment considering the more
significant agglomeration of the crystallites observed in TEM
(Figure 4a), as well as the results of IR, solid state NMR, and
TGA analyses after irradiation. Indeed, TGA data shows that
the weight loss due to the combustion of the organic coating is
less significant after irradiation (see Figure D2S4 in the
Supporting Information), in agreement with the degradation of
some of the fatty acid molecules. IR spectroscopy shows a
broadening of the carboxylate stretching vibrations after
irradiation, as well as a decrease in relative intensity of the
CH stretching vibrations (Figure 4c). Such a decrease in the
CH bands had also been reported in previous studies of the
photodegradation of fatty-acids coated at the surface of
ZnO.101 Changes in the 13C CPMAS NMR spectra also
point to the degradation of surface oleic acid molecules.
Indeed, an overall decrease in signal-to-noise ratio in
comparison to the non-irradiated grafted nanorods was
observed, together with a reduction in intensity of the 13C
resonances of the aliphatic chain relative to the carboxylate
ones, the decrease being more pronounced for the C atoms of
the alkene bond (at ∼130 ppm) than those of the CH2 and
CH3 groups (between 5 and 45 ppm; Figure 4d). It is worth
noting that the changes in IR and NMR signatures of OA
observed here appear to be caused by the ZnO nanorods and
not the photoreactivity of OA alone, because no variations
were observed by IR or 13C NMR for the Zn-oleate
coordination polymer under similar irradiation conditions
(see the Supporting Information, Figure D2S3). Taken
together, all these observations are in line with previous
investigations on the photodecomposition of organic mole-
cules at the surface of ZnO, which can lead to a shortening of
the organic chain of fatty acids9 and eventually to the
formation of CO2 and H2O.

103

17O MAS NMR analyses were found to provide further
information on the reactions occurring at the surface of the
grafted nanorods upon irradiation (Figure 4e). Indeed, while
no strong difference was noticed after simple heating, a
decrease in the relative intensity of the carboxylic resonances
with respect to the signal coming from the ZnO nanoparticles

core signal at ∼−18 ppm was observed after irradiation, which
is consistent with the photodegradation of part of the organic
molecules at the surface of ZnO. More interestingly, a new
signal was observed at ∼−28 ppm, which can be assigned to
oxygen surface sites, based on previous 17O NMR studies of
ZnO nanorods.97,98 Considering the small number of O
surface sites in comparison to bulk for this size of nanorods,
such surface sites are not expected to be readily detectable in
absence of isotopic labeling. As a matter of fact, this new signal
was found to be absent from the 17O MAS NMR spectra of the
bare nanorods and nanorods grafted with nonlabeled OA after
6h irradiation (see the Supporting Information, Figures D2S1
and D2S2). Overall, this shows that these surface oxygen
atoms have become enriched in 17O as a consequence of the
irradiation of the grafted 17O-labeled OA, as schematically
illustrated in Figure 4f. To the best of our knowledge, direct
experimental evidence of oxygen exchange/transfer processes
occurring during the photodecomposition of organic molecules
at the surface of ZnO had not been provided so far, and could
not have been revealed by other characterization techniques
like XPS, IR, or photoluminescence spectroscopy. This clearly
shows the added value of having synthesized 17O-enriched
molecules for reaching atomic-level insight into the different
photocatalytic reactions at the surface of ZnO. More generally
speaking, considering the complexity of (photo)catalytic
processes and the numerous challenges related to rationalizing
and optimizing the properties of catalysts, similar strategies
would be of interest for other catalytic reactions which can
involve oxygen exchange/transfer steps.

■ CONCLUSION
In this manuscript, we have developed new and efficient
labeling strategies for the 17O and 18O-labeling of two fatty
acids which are of major interest in (bio)molecular chemistry
and (nano)materials science: stearic acid and oleic acid.
Thanks to these enrichment schemes, new levels of structural
insight could be reached for two systems which have been
studied and used in many research fields:44,45,52,54,57,83

crystalline Zn oleate, and OA functionalized ZnO nano-
particles. The high level of 17O-labeling enabled high-
resolution NMR analyses to be performed in reasonable
experimental time, from which fine structural information
could be obtained for the first time. In the former case,
different bidentate bridging modes of oleate ligands to Zn2+

could be resolved, which were shown to differ in very small
changes in the Zn···O distances, estimated to only ∼0.01 Å.
Such level of insight could not have been reached by more
standard 13C solid state NMR analyses, which points to the
added value of performing 17O NMR studies for helping
understanding the structure of fatty-acid phases for which no
crystal structure is yet available. In the latter case, direct insight
into the mode of binding and reactivity of oleic acid molecules
at the surface of ZnO was reached, by looking at the carboxylic
oxygen atoms. The predominance of the oleate form at the
nanoparticle surface was thereby demonstrated, and structural
changes occurring after irradiation were evidenced, including
the 17O-isotopic enrichment of the nanoparticle surface, which
occurs in addition to the photodegradation processes of grafted
17O-labeled oleic acid molecules. This type of information on
the reactivity of organic-mineral interfaces had not been
provided so far and could only have been accessed using 17O
NMR. Given the number of studies aiming at understanding
and optimizing photocatalytic processes taking place at the
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surface of ZnO nanoparticles, depending on their size and
shape, being able to achieve such atomic-level insight will
clearly be beneficial, by allowing us to go one step further in
comparison to more conventional spectroscopic analy-
ses.9,101,104

The fine structural investigations described here were made
possible by the high level of enrichment oxygen-isotope
enrichment of the fatty acids and the possibility to produce
these enriched molecules on a large scale. Mechanochemistry
was found to be very well suited for this purpose, allowing up
to gram quantities of these labeled molecules to be obtained in
high yield and at reasonable cost in just a few hours (∼1/2 day
of manipulation). Considering that very few protocols had
been proposed so far for the oxygen-isotopic labeling of fatty
acids, none of which was as efficient for 17O NMR purposes,
this work clearly opens new perspectives for advanced
structural studies of other complex molecular and materials
systems involving fatty acids, such as other metal soaps, grafted
nanoparticles (including with other photocatalysts like TiO2)
or even more complex (nano)formulations, such as those
developed for oil-paints, sunscreens, or nanolubricants. More-
over, the greater availability of the 17O or 18O enriched fatty
acids is expected to also favor the development and use of
other structural characterization techniques which are sensitive
to the stable isotopes of oxygen, such as vibrational
spectroscopies (IR and Raman), mass spectrometry (including
high-resolution FT-ICR, Fourier transform ion cyclotron
resonance),105 as well as 17O QCT (quadrupole central
transition) and 17O DNP-enhanced NMR spectroscopies.26
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