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We designed and synthesized two resorcin[4]larene scaffolds with
four phosphate binding groups. The ligands effectively bind in at
least a tridentate fashion at low surface coverage. The superior
binding affinity is demonstrated using solution NMR spectroscopy
and exceeds that of single phosphonates.

Colloidal nanocrystals have a high surface-to-volume ratio,
hence their surface chemistry is equally important to their
function as the nanocrystal core itself."”” A colloidal nanocrystal
is often a hybrid object, with organic surfactants (ligands)
adsorbed on an inorganic core. Over the last decade, research-
ers have uncovered the specific binding modes of nanocrystal-
ligand interactions,®® and determined the rules for maximizing
the nanocrystal solubility.”*® For a given nanocrystal surface,
ligands can be ranked according to their binding strength. For
CdSe and InP nanocrystals, thiolates and phosphonates are
excellent ligands while carboxylates are average and amines/
phosphines are poor binders."'™* Thiols are also excellent
ligands for gold, but have low affinity for metal oxides.'
Carboxylates bind well to metal oxides but phosphonates are
superior ligands."® One way of increasing the binding affinity is
multidenticity; i.e., adding multiple binding groups on a single
scaffold. For carboxylates, this has been realized with deriva-
tives of citric acid or EDTA."”"'® Thiolates can be upgraded to
carbodithioate,'® dithiocarbamate,® or dithiolate.** The Mat-
toussi group developed polymeric ligands with catechol, imida-
zole, thiol, and phosphonic acid groups.>*

In an effort to design a high-affinity ligand, combining the
atomic precision of small molecules and the high binding
affinity of multidentate ligands, we previously developed anthra-
cene 1,8 diphosphoric acid derivatives (Fig. 1).>* These ligands
quantitatively displace oleate ligands from CdSe nanocrystals in a
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1:2 stoichiometry, confirming the bidentate binding. While they
are useful in nanocrystal-sensitized upconversion,? they are also
light-sensitive, and the rigid anthracene backbone precludes
multidenticity (>2) and limits the conformational flexibility of
the phosphoric acid moieties, leading to suboptimal coordination
with surface metal ions. Therefore, we synthesized and investi-
gated here two new ligands 1 and 2 based on the resorcinarene
scaffold (Fig. 1). Ligand 1 contains a resorcin[4]Jarene®*** macro-
cycle comprised of four phosphate substituted aromatic units.
The macrocycle shows some degree of flexibility, as the structure
rapidly interconverts between two equivalent boat conformations,
but full rotation is prevented through its alkyl feet (Fig. $18-S20,
ESIT). Resorcin[4]arene 2 was designed to have even higher
conformational flexibility. It contains four highly flexible terminal
phosphates on its alkyl feet, while its upper rim alkyl chain
modifications ensure comparable size and molecular weight of
ligands 1 and 2 (Table S2 and Fig. S28, ESIY).

Macrocyclic ligands have been considered for nanocrystals
before, but past research was mostly focused on noble metal
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Fig. 1 Chemical structure and key properties of the previously synthe-
sized bidentate phosphate ligand and the macrocyclic multidentate
phosphate ligands developed in this work.
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nanocrystals, featuring soft ligands.”*>° In addition, their
binding to the nanocrystal surface was not thoroughly studied.
Therefore, 1 and 2 present the first systematic effort in macro-
cyclic ligand design for a wider class of nanocrystals. Here we
take ZrO, nanocrystals as a model system to evaluate the
binding affinity of 1 and 2 in detail through an X-for-X type
exchange.® The possibility for Z-type displacement make CdSe
nanocrystals less useful as model system.*

The route towards compound 1 starts from the readily
available tetramethoxy resorcin[4]arene 3,%° which has proven
to be a versatile starting material for tetra-functionalized,
C,-symmetric resorcin[4]arenes (Scheme 1a).*'** After phos-
phorylation to the protected phosphate 4 and subsequent
deprotection using TMSBr, compound 1 was obtained in 58%
yield over two steps. The reaction progress of the deprotection
was closely tracked by NMR-spectroscopy to achieve complete
conversion of 4 with minimal formation of side products.
Ligand 2 was obtained in a three step synthesis starting from
hydroxyl-footed resorcin[4]arene 5 (Scheme 1b).** The upper
rim of 5 was alkylated to produce 6, which was converted to the
phenyl phosphate 7. The switch to phenyl protecting groups in
this synthetic sequence was essential as ethyl protecting groups
would not be cleaved selectively in the presence of the alkylpho-
sphate of compound 2. Hydrogenolysis using platinum oxide in
the presence of acetic acid effectively removed the phenyl
protection groups of 7 to yield ligand 2 in 45% yield over three
steps. The optimization of the deprotection conditions proved
to be the crucial step of this synthetic sequence. Employing
Pd/C as the heterogeneous catalyst leads to the formation of
side products, while running the hydrogenolysis with platinum
oxide in absence of acetic acid resulted in incomplete
conversion of 7. Ligands 1 and 2 were thus obtained from
commercially available material in only three and four steps,
respectively. These synthetic routes compare favourably to the
synthesis of the bidentate anthracene ligand (5 steps).>* The
tetraphosphate resorcin[4]arenes 1 and 2 are bench and
solution stable chemicals (see ESIt chapter 3.5), which were

l
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Scheme 1 (a) Synthesis of ligand 1. (b) Synthesis of ligand 2. Reagents and
conditions: (i) diethyl chlorophosphate, NaH, THF, 0 °C to r.t,, 16 h, 67%;
(i) TMSBr, DCM, —78 °C to rt, 48 h, then MeOH, rt, 1 h, 86%;
(iii) 1-iodohexane, K,COs, acetone, r.t. to 70 °C, 7 d, 60%; (iv) diphenyl
chlorophosphate, NEts;, DCM, 0 °C to r.t, 16 h, 82%; (v) H,, PtO,, acetic
acid, EtOH, r.t., 24 h, 91%.
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fully characterized by ESI-HRMS, NMR- and IR spectroscopy
(see ESIY).

To gain detailed insight in the affinity of 1 and 2 toward
nanocrystal surfaces, we used oleate capped ZrO, nanocrystals
as model system. The nanocrystals were synthesized from ZrCl,
and benzyl alcohol, according to an established procedure and
are about 5 nm in size.>® The nanocrystals were purified by
precipitation/redispersion cycles (using acetone/chloroform)
until a monolayer of oleate is present on the surface, as attested
by the broad resonances in the 'H NMR spectrum in CDCl,
(Fig. S1, ESIt). Ligands bound to nanocrystals feature both
homogeneous and heterogeneous line broadening in NMR,**
and therefore, the line width is typically used as an indicator for
ligand binding. Unfortunately, the ligands 1 and 2 are poorly
soluble in CDCl; and therefore we were forced to analyse the
competitive binding in THF-dg. In THF, a small part of the
oleate ligand auto-desorbs as oleic acid,*® evidenced by a small
sharp feature on top of the broadened resonances (Fig. S2,
ESIT). This is common in polar and coordinating solvents, like
THF.**” The amount of auto-desorption varied from 3-10%
depending also on the water content of the sample. When we
titrated 1 into a suspension of nanocrystals in THF-dg, we saw a
gradual increase in the sharp resonances of oleic acid, indicating
further displacement of oleate from the surface, see Fig. 2.

In Fig. 2, we show the region of the alkene resonance of
oleate/oleic acid (5.4 ppm) since there is no spectral overlap of
this alkene resonance with ligand 1. The full-range spectra and
additional titration steps are shown in Fig. S3 (ESIf). From
Fig. 2, we observe that almost all oleate was removed from the
surface upon addition of 0.36 equivalents of 1. Note that one
equivalent of 1 corresponds to 4 equivalents of phosphate with
respect to oleic acid. The titration with 2 showed similar results
and is shown in Fig. S4 (ESIt). The fraction of bound oleate was
quantified and plotted in Fig. 3A. Until about 0.15 equivalents,
the bound fraction decreases linearly with a slope of —3.3 £ 0.2
for ligand 1 and a slope of —3.2 £ 0.1 for ligand 2. Within error,
both ligands have a similar binding affinity and at least three of
the four phosphate groups on the macrocycle displace a car-
boxylate functionality from the nanocrystal surface. Therefore,
they bind at least in a tridentate fashion and possibly even truly
tetradentate at the start of the titration. This is however
obscured by the small auto-desorption of oleic acid in THF.
Finally, upon adding more than 0.15 equivalents, the slope
decreases, presumably due to the effect of steric crowding (see
below) and only around the addition of 0.4 equivalents, all
oleate is removed from the ZrO, surface.

The varying slope of the displacement can be easily under-
stood with a simple lattice model (Fig. 3B). We represent each
binding site as a square, the oleate as a blue, striped circle and
the macrocycle as three connected orange circles, (occupying
three adjacent squares). At low equivalents of the macrocycle,
each new macrocycle ligand can bind free from interference
with the other macrocycles. However, at about 0.2 equivalents
of macrocycle, the surface mole fraction y; has increased
significantly to 0.33 and the fractional surface occupied by
the macrocycle has increased to 60%. The remaining 40%
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Fig. 2 (A) Scheme of the ligand exchange. This is a cartoon and not meant
to indicate a specific surface configuration. (B) Waterfall plot of the *H NMR
spectra of the titration of 1 into a suspension of oleate capped ZrO,
nanocrystals (16.7 mg mL™3), ([oleic acid] = 14 mM). The *H NMR spectra of
pure nanocrystals and pure 1 are also shown. The resonance with the *
label belongs to a pool of exchangeable protons; an average of water and
the acidic protons of 1.

surface sites are most likely randomly distributed over the
surface. From the lattice model in Fig. 3B, it is clear that the
probability of finding three free adjacent squares has dropped
dramatically. A kinetically impeded surface reorganization
needs to occur to accommodate another tridentate ligand, or
the macrocycle is forced to bind in bi- or mono-dentate fashion.
Our data supports the latter hypothesis. In addition, the similar
binding isotherms of 1 and 2 indicate that both have enough
conformational flexibility to find the optimal configuration on
the nanocrystal surface. The limiting factor is finding three (or
four) free binding sites that are adjacent.

After addition of about one equivalent of macrocycle, all
originally bound oleate is displaced from the surface. This is
not only evidenced by the narrow line width of the alkene
resonance in the 'H NMR spectrum (Fig. 2) but also by the
absence of the alkene resonance in the diffusion filtered
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Fig. 3 (A) Decrease of bound oleic acid ligands over de course of the
titration with 1 or 2. Linear fits to the initial decrease are also plotted.
(B) Lattice model where a binding site is a square, oleate is a blue, striped
circle and ligand 1 or 2 are represented by the three connected orange
circles.

spectrum (Fig. S6, ESIT). A diffusion filtered spectrum only
retains signals from nanocrystal bound ligands.*® The nano-
crystals were purified by precipitation with acetone and redis-
persed in THF-dg (see SI). The resulting 'H NMR spectrum is
dominated by broad CH, and CHj signals belonging to the alkyl
chains of 1 (C;1H,3), indicating a successful purification and
removal of all oleate (Fig. S6, ESIt). As expected, the resonances
of 1 which are close to the surface are extremely broadened, and
disappear in the background. The inorganic core retained its
monoclinic crystal structure during the ligand exchange
according to XRD measurements (Fig. S7, ESIT).

In the *'P NMR spectrum, an asymmetric peak shape is
observed for bound 1 around —5 ppm (Fig. S8, ESIT). In contrast,
a symmetric phosphate peak is observed for bound 2 (Fig. 4). The
width of the resonance is approximately 2000 Hz, consistent with
previous reports on bound phosphates and phosphonates.”*?®
To further test the binding strength of 2, we added hexylpho-
sphonic acid*® to the purified nanocrystals. Upon addition of 2 or
4 equivalents, some bound hexylphosphonate is observed as a
broad feature around 25 ppm but no change to the resonance of 2
is detected. This is probably due to free binding sites that are
being occupied by hexylphosphonate. There is a large amount of
hexylphosphonic acid that remains free (sharp resonance), which
is not displacing 2 from the surface. Similar results are obtained

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 3P NMR spectrum of a purified ZrO, nanocrystal suspension,
functionalized by 2, and after addition of 2 or 4 equivalents hexylpho-
sphonic acid.

in competition experiments with oleylphosphonic acid for both
ligand 1 and ligand 2 (Fig. S8, ESIf). Finally, the purified
nanocrystals are not aggregated in solution and remain colloidally
stable (Fig. S9, ESIt).

In conclusion, we presented the concise synthesis of two
bench stable macrocyclic ligands with phosphate binding
groups that behave effectively like (at least) tridentate ligands
towards ZrO, nanocrystal surfaces. Even phosphonic acids
cannot displace the resorcin[4]arene ligands and thus these
ligands are among the strongest binders available, if not
the strongest small molecule ligands (excluding polymers).
However, also a limitation of multidentate ligands is presented;
they only bind according to their maximum denticity at low
surface coverage.
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