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Abstract: The stabilization of high oxidation state nano-
particles by N-heterocyclic carbenes is reported. Such nano-
particles represent an important subset in the field of nano-
particles, with different and more challenging requirements for
suitable ligands compared to elemental metal nanoparticles.
N-Heterocyclic carbene coated NaYF,:Yb,Tm upconversion
nanoparticles were synthesized by a ligand-exchange reaction
from a well-defined precursor. This new photoactive material
was characterized in detail and employed in the activation of
photoresponsive molecules by low-intensity near-infrared light
(A =980 nm).

N anoparticles (NPs) have gained major importance during
the last decade, particularly in the fields of organometallic
drugs, materials, and catalysis.l'! The required stabilization of
the NPs, a key challenge in this research field, is usually
achieved by ligands such as thiols, phosphines, carboxylates,
and thioethers.””! N-Heterocyclic carbenes (NHCs), which are
well-established ligands for organometallic chemistry,’! are
an emerging ligand class for the stabilization of NPs.**
Various NHC designs have been employed for the stabiliza-
tion of elemental metal NPs over several months,” in ionic
liquids,””! in water,’) under physiologically relevant condi-
tions,'”! and recently as bidentate ligands."!! Surprisingly,
NHCs have so far not been used as ligands for oxidized
transition-metal NPs such as metal oxides and fluorides,'?
a significant subgroup of metal-based NPs (Figure 1).["%
Comparing the electronic and material properties of elemen-
tal versus oxidized metal NPs, the higher electronic demand
of the metal in oxidized NPs is evident and requires different
characteristics of the stabilizing ligand compared to elemental
metal NPs. As a consequence of the electron-poor character
of the oxidized metals, the ligand used for such NPs should be
an excellent donor. In addition, the formation of a strong
bond between the ligand and the metal is desirable for the
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Figure 1. Comparison of NHC-stabilized elemental and oxidized state
metal NPs.

generation of air- and moisture-stable NPs. Both require-
ments are fulfilled by NHCs for transition-metal complexes.
Therefore, NHCs were envisioned to be suitable ligands for
such NPs. A particularly interesting type of oxidized metal
NPs are so-called upconversion nanoparticles (UCNPs),
which are capable of emitting UV light under irradiation
with near-infrared (NIR) light by the absorption of two or
more photons.'! Consequently, UCNPs offer a broad spec-
trum of applications based on an external photostimulus, such
as photoswitches, photocleavable groups for drug release,
imaging, and sensing."”

To probe the possibility of stabilizing UCNPs with NHCs,
NaYF,:Yb,Tm UCNPs were chosen as model particles and
synthesized with oleic acid (OA@UCNPs) as the ligand."!
For the NHCs, a design with two small methyl substituents at
the nitrogen atom (to reduce the steric bulk directed towards
the metal surface) and two undecyl chains in the backbone (to
stabilize the NPs through steric repulsion) was selected,
namely C,;-IMe. Additional advantages of this design are the
apolar coating around the NP, which leads to less photo-
quenching at the NP surface, and the synthetic utility of the
NHC. The presence of such a synthetic handle in the
backbone enables functionality to be easily installed prior to
or after ligand exchange, which cannot be done with oleic
acid. By using this approach, an azide-functionalized NHC
was employed to install a photoactive azobenzene close to the
surface. The preparation of the corresponding Ci;-
IMe@UCNPs (Figure 1, right) was achieved by a ligand-
exchange reaction under anhydrous conditions starting from
OA@UCNPs and the insitu generated free NHC by using

Wiley Online Library
These are not the final page number

Angewandte

intemationalEdition’y Chemie

g2

1


http://dx.doi.org/10.1002/ange.201611506
http://dx.doi.org/10.1002/anie.201611506
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0001-6617-3594
http://orcid.org/0000-0002-0648-956X
http://dx.doi.org/10.1002/anie.201611506

GDCh
~~—~

2
L

a slightly modified procedure relative to that previously
reported by Chechik and co-workers for metal NPs.**! After
precipitation with acetonitrile, centrifugation, and subsequent
washing with acetonitrile, pure C;-IMe@UCNPs were
obtained and could be redispersed in toluene or chloroform.
It is important to note that other NHC ligands lacking the
long alkyl chains for steric repulsion (IMe) or with increased
steric bulk at the nitrogen atom (C;;-IPr) resulted in
irreversible precipitation or precluded ligand exchange. This
finding is in agreement with our previous report, thus
underlining the key features of the design.”” 'H and
3C NMR spectroscopy was employed (Figure 2) to assess if
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Figure 2. "H (top) and ">C NMR spectra (bottom). Comparison of the

ligand precursor Cy;-IMe-HI, OA@UCNPs, and Cy;-IMe@UCNPs. In
the bottom spectra, '*C-enriched C;;-IMe-HI was used.

the ligand exchange completely replaces the precursor ligand
and whether the NHC indeed binds through the carbene
carbon atom (and not through electrostatic interactions of the
reprotonated NHC). Indeed, complete ligand exchange was
observed after stirring the reaction mixture overnight.
Neither the olefinic protons from oleic acid nor the acidic
imidazolium proton could be detected and a new broad signal
appeared around 4 ppm, which corresponds to the methyl
group on the NHC nitrogen atom.

In addition, the two undecyl chains in the backbone give
rise to a broad signal between 0.5 and 1.5 ppm. All the signals
are significantly broadened due to the proximity to the NP
surface and the, therefore, limited degree of rotational and
translational freedom. The *C NMR spectra of the same C;-
IMe@UCNPs stabilized by *C-labeled NHCs revealed a car-
bene signal around 170 ppm, which is about 20-25 ppm lower
compared to known NHC-yttrium complexes (190.3 and
194 ppm) and about 33 ppm higher than the NHC salt
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(136.9 ppm).'"! The width of the "*C carbene signal was the
same as observed in previous studies.”*!"

PFG-NMR studies were conducted to verify the binding
and the proximity between the NHC and UCNP surface. It
was found that the unbound NHC salt—an air- and moisture-
stable NHC model—at 5.6 x 107 m*s™" and free OA at 6 x
107 m?s~" have a diffusion coefficient that is two magnitudes
higher than their NP-bound versions. The NP-bound OA had
a diffusion coefficient of 4x 107> m?s™" and the NP-bound
NHC 5.2 x 1072 m?s~". This observation strongly supports the
binding of the NHC to the UCNPs, as binding to the UCNP
slows down the diffusion (see the Supporting Information).

Further control experiments were performed to distin-
guish between carbene binding and an electrostatic interac-
tion. The addition of C,;-IMe-HI directly to the dispersion of
OA@UCNTPs in toluene led to a ligand exchange occurring,
but the NMR spectra showed a signal for the acidic hydrogen
atom of the NHC salt, that is, different from the spectrum of
C,;-IMe@UCNPs. In this case the UCNP stabilization likely
occurs by an electrostatic interaction of the NHC salt with the
NP surface. The use of C;;-IMe-Mel, which contains a methyl
group instead of an acidic hydrogen atom in the C2-position,
led to an exchange but, in contrast to C,;;-IMe@UCNPs, only
traces of poorly redispersable NPs were obtained. Presum-
ably the electrostatic interaction between C,;-IMe-Mel and
the UCNP is very weak. These results were confirmed when
the cationic surfactant CTAB was employed instead of the
NHC salt, which resulted in only the free surfactant being
isolated and strongly supports the C,;;-IMe-carbene binding.

Additional TGA measurements with OA@UCNPs and
C,;-IMe@UCNPs revealed that the NHC started to dissociate
from 250°C, whereas OA@UCNPs dissociated at temper-
atures as low as 100°C (see the Supporting Information).
These results are consistent with a covalent bond between the
NHC and the UCNP, not with an electrostatic interaction.
The organic content was found to be 29 % for OA@UCNPS
and 36 % for C,;-IMe@UCNPs, which is in good agreement to
reported NHC-stabilized Pd NPs.[! Based on these results,
and assuming the UCNP to have the same density as NaYF,,
the number of C;;-IMe ligands on one UCNP was calculated
to be between 1339 and 1476.'® For OA, the number of
ligands was calculated to be between 1398 and 1536 (see the
Supporting Information), which leads to the conclusion that
roughly one OA is replaced by one C;;-IMe.

XPS analysis was conducted to further probe the binding
of the NHC to the UCNP. XPS is an effective means to
examine the binding mode of the NHC without the need for
isotope labeling; it instead uses the chemical shift of the N(1s)
signal.'l Besides the observed N(1s) signal of Cj-
IMe@UCNPs, a subtle shift towards higher binding energies
compared to the NHC salt is observed (see the Supporting
Information). The NHC salt showed a binding energy of
401.2 eV and that of the NHC to the UCNP 401.7 eV, with
a standard deviation of 0.1 eV. The higher binding energy can
be explained by the coordination of the NHC to the strong
Lewis acid Y™, which withdraws a substantial amount of
electron density from the NHC and, therefore, from the
nitrogen atom. Consequently, relative to the NHC salt, more
energy is required to remove an electron from the N(1s)
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orbital, which results in a slight shift towards higher binding
energies. As the Y(1s) signal overlaps with the N(1s) signal in
the XPS analysis, no conclusion can be drawn as to whether
the Y(1s) signal is shifted by the binding of the NHC or not.
The related Y(3d) signal could not be observed.

The C,;-IMe@UCNPs stability was investigated by rean-
alyzing a representative sample after storage for five months
at room temperature in solution. It was found to be
unchanged, which illustrates a remarkable long-term stability.
Furthermore, knowing that the standard OA@UCNPs are
unstable at pH 4 or lower due to protonation of the OA [
the NMR dispersion was acidified to pH3 and 2 and
measured again after more than 6 h. No change in the shift
of the carbene carbon atom resonance could be observed, and
the dispersion remained stable. Acidifying the dispersion to
pH 1, however, led to the removal of the NHC ligand from the
particles, as visualized by the dispersion becoming yellow in
color. NMR spectroscopy revealed a new signal about 30 ppm
lower than the carbene signal, which is likely to be attributed
to C;;-IMe-HCI (see the Supporting Information). These
results indicate that the C;;-IMe@UCNPs possess superior
stability to the OA@UCNPs under acidic conditions, which
could be advantageous for certain applications. Treating the
C;;-IMe@UCNPs with an excess of tetraethyleneglycol
monomethyl ether phosphate led to the exchange of Cj;-
IMe, and after workup the UCNPs could be obtained from
the aqueous phase. It is likely that the tremendous excess of
the added ligand enforces an exchange, through a dynamic
equilibrium, which is unrelated to the binding strength of the
NHC. Previous studies showed that thiols are able to remove
NHC:s from a NP surface, although the covalent bond of the
NHC is stronger than the metal-sulfur bond. !

With the NHC binding to the UCNP, the possibility of
changes in size and shape as a result of leaching during the
ligand-exchange reaction were elucidated by TEM analysis
for the same sample batch that was analyzed by TGA. The
particle size and shape remained the same; a bimodal size
distribution was obtained (9.0 & 0.9 nm, 20.0 + 1.2 nm), which
can likely be attributed to the manually controlled heating
rate during the synthesis leading to heterogeneous nucleation
sites (Figure 3).

Having the C;;-IMe@UCNPs in hand it was of interest to
determine if they are capable of inducing photoreactions, such
as an isomerization of the trans to the cis form of an
azobenzene, which is a prime example of a photoswitchable
molecule. These photoswitches are of particular interest in the
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Figure 3. TEM analysis of OA@UCNPs and C;;-IMe@UCNPs. A
bimodal size distribution was obtained in both cases.
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field of host—guest interactions and the controlled formation
or release of inclusion complexes.'#™1°l Therefore, a 20 um
sample of Azo-TEG (Figure4) in toluene containing
a stable 2 um dispersion of C,;-IMe@UCNPs was irradiated
for 21h with a defocused NIR laser (4=980nm,
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Figure 4. C,,-IMe@UCNP-induced isomerization of an azobenzene
photoswitch (A, A;) and cleavage of an ortho-nitrobenzyl ester (B,, B,)
in toluene. The image (C) shows visualization of the NIR laser beam
as a result of the upconversion process.

0.22 Wem™2). To the best of our knowledge, this is one of
the lowest reported intensities for UCNP-induced trans-
formations.” The isomerization from trans to cis is visualized
by the clear decrease in the absorption band, and even
approaches the photostationary state of the azobenzene.
Under the same conditions it was possible to cleave an ortho-
nitrobenzyl ester, an important example of a photocleavable
group, in 22h. Such photocleavable groups are readily
employed for the controlled light-induced release of drugs.””!

The switching process was accelerated by a factor of
approximately 3 within a timeframe of 2h when the
azobenzene photoswitch was bound to the NHC ligand
(Figure 5, for the corresponding UV/Vis spectra see the
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Figure 5. Azo-NHC@UCNP-induced isomerization of the immobilized
azobenzene in toluene. Accelerated photoisomerization through the
enforced proximity of the azobenzene to the UCNP surface compared
to Cy1-IMe@UCNPs and Azo-TEG. Both isomerizations were induced
by an NIR laser (1 =980 nm, 0.22 Wcm™?).
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Supporting Information). The alkyne-functionalized azoben-
zene was connected to an azide moiety in the backbone of the
NHC through a click reaction. This example illustrates how
NHC:s can bring functionality very close to a NP surface. The
accelerated photoisomerization of the immobilized azoben-
zene is attributed to the closer and permanent proximity to
the surface.

In conclusion, for the first time we have introduced NHCs
as ligands for the stabilization of high oxidation state metal
NPs. The NHC-stabilized UCNPs are obtained in a simple
ligand-exchange reaction from the standard OA@UCNPs, are
superior in stability under acidic conditions, and show general
and high long-term stability. In addition, the new
NHC@UCNPs were successfully applied in NIR-induced
photoreactions.
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Up, up, and carbene: High oxidation state
NaYF,:Yb,Tm upconversion nanoparti-
cles (UCNPs) were stabilized by N-het-
erocyclic carbenes (NHCs) through

a ligand-exchange reaction from a well-
defined precursor and characterized in
detail. The ligands for such nanoparticles
require different properties compared to
elemental metal nanoparticles. This new
photoactive material was employed in
reactions of photoresponsive molecules.
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