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Abstract

We recently introduced monoalkyl phosphinic acids as a ligand class for nanocrystal synthesis.
Their metal salts have interesting reactivity differences with respect to metal carboxylates and
phosphonates, and provide cleaner work-up compared to phosphonates. However, there is little
known about the surface chemistry of nanocrystals with monoalkyl phosphinate ligands. Here,
we probe the relative binding affinity of monoalkyl phosphinate ligands with respect to other
X-type ligands. We perform competitive ligand exchange reactions with carboxylate and
phosphonate ligands at the surface of HfO2, CdSe, and ZnS nanocrystals. We monitor the ligand
shell composition by solution *H and 3P NMR spectroscopy. Using a monoalkyl phosphinic
acid with an ether functionality, we gain an additional NMR signature, apart from the typical
alkene resonance in oleic acid and oleylphosphonic acid. We find that carboxylate ligands are
easily exchanged upon exposure to monoalkyl phosphinic acids, whereas an equilibrium is
reached between monoalkyl phosphinates and phosphonates, slightly in the favour of
phosphonate (K = 2). Phosphinic acids have thus an intermediate binding affinity between
carboxylic acids and phosphonic acids for all nanocrystals studied. These results enable the
sophisticated use of monoalkyl phosphinic acids for nanocrystal synthesis and for post-

synthetic surface engineering.
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Introduction

Colloidal nanocrystals (NCs) are an interesting materials class with a high surface-to-volume
ratio.* Their physical and chemical properties depend on both the inorganic core and the ligand-
capped surface. The ligand shell often consists of organic molecules providing colloidal
stability/solubility.>’ Ligands can influence the electronic structure and optical properties of
the NCs.2 Without ligands, the atoms at the surface are coordinatively unsaturated, potentially
causing electronic states within the band gap of semiconductor nanocrystals.®'!* These trap
states can accept either electrons or holes and thus quench the photoluminescence guantum
yield. Manipulating the NC surface is thus essential to implement these hybrid nanomaterials

into their various applications.

Surface manipulation is achieved by ligand exchange reactions. For example, organic ligands
are often exchanged with inorganic ligands for applications in devices such as field effect
transistors, photodetectors, photovoltaic devices, thermoelectric, and photoelectrocatalytic
materials.*> * However, these manipulations cannot be accomplished without understanding
the ligand-NC bond. The covalent bond classification provides a framework for describing
metal-ligand bonds and has also been used to describe NC-ligand bonds.* # ** The number of
electrons that a neutral ligand contributes to the bonding orbital determines the ligand type: two
(L), one (X), or zero (Z). L-type ligands are thus donors of an electron-pair, and are equivalent
to Lewis bases. Z-type ligands are neutral electron-pair acceptors, and equivalent to Lewis
acids. X-type ligands are single electron donors in their neutral form. In an ionic model, they
are usually anions (carboxylates, chlorides, etc.) but they can also be cations (protons).*® In
nonpolar solvents, the total colloidal object should be electrically neutral, while in polar
solvents this restriction is absent.*® In nonpolar solvents, X-type ligands either occur in ion

pairs,*> 17 or the charge is compensated by the nanocrystal core.® 8 Apart from providing a



framework of thought, the classification of ligands allows to predict or rationalize ligand

exchange processes.'®

Significant effort has been devoted to quantifying ligand exchange reactions. Not surprisingly,
an equilibrium is observed for different ligands with the same binding group, e.g., carboxylate
ligands are in equilibrium with most other carboxylic acids.?>?° Interestingly, the driving force
for X-type ligand exchange in nonpolar solvents is often the proton transfer from the incoming
pro-ligand to the surface-bound ligand.®® Regular carboxylate ligands (pKa ~ 4.75) are
quantitatively exchanged for a stronger acid such as phosphonic acids (pKa ~ 1.1 — 2.3),20-2231-
3 trifluoroacetic acid (pKa = 0.5),%-3 or hydrochloric acid (pKa ~ -8).%° The reverse reaction
(e.g., chloride is replaced by carboxylate) is observed when a base (e.g, an alkylamine) is
added.?® %40 Under such basic conditions, the proton transfer is no longer part of the ligand
exchange. Due to the higher intrinsic binding affinity of the carboxylate anion, chloride is

replaced by carboxylate. An alkylammonium chloride salt is formed as a by-product.

In addition to proton transfer, other factors also play a role in X-type exchange. Steric bulk can
hamper ligand exchange,* multidentate ligands can enhance the binding affinity,*?** and the
ligand solubility can also steer the exchange reaction.? ¢ The binding enthalpy of an X-type
ligand can be particularly high for certain surfaces while low for other surfaces, due to chemical
compatibility. For example, thiols have a high affinity for the surface of metal chalcogenide or
metallic NCs, but are generally poor ligands for metal oxides.?® 2% 24 40. 4549 Einally, a ligand
exchange reaction can be forced by the formation of energetically favourable by-products. For
example, the strong silicon-oxygen bond drives the exchange reaction from phosphonate to

chloride by addition of trimethylsilyl chloride.3" 50-54

It thus appears the literature is quite complete regarding X-type ligand exchange that involves

carboxylates and phosphonates, but there are no reports on surface chemistry with monoalkyl



phosphinic acids. This is not surprising since monoalkyl phosphinic acids were only recently
introduced as ligand class for nanocrystal synthesis.’ Dialkyl phosphinic acids have only been
sparsely used in nanocrystal synthesis,*>>° and typically do not bind to the nanocrystal surface

due to sterical hindrance.**

Nuclear magnetic resonance (NMR) spectroscopy is one of the most suitable methods for
probing ligand exchanges on the NC surface.®® NMR spectroscopy has the ability to distinguish
free from bound ligands, and allows for identification and quantification of the bound ligands.5!
Broadened resonances are inherent to ligands bound to a NC surface, and are used as an
important diagnostic.%’ The broadening is homogeneous (slow T relaxation) and heterogeneous
(incomplete solvation) in nature, and depends on the nanocrystal size.®® Advanced methods
such as diffusion-ordered spectroscopy (DOSY) are used to probe the dynamics of ligand
binding.®* On the other hand, isothermal titration calorimetry has been recently used as a
powerful, complementary technique to investigate (equilibrium) ligand exchange reactions.® 2>
32,6263 It has the advantage of providing direct thermodynamic data by measuring accurately

small heat changes. It does not provide the composition of the ligand shell or nor does it identify

free ligands in solution.??

In this study, we investigate X-type ligand exchanges with monoalkyl phosphinic acids on both
metal oxide (HfO.) and metal chalcogenide (CdSe and ZnS) NCs. Given their intermediate
acidity, monoalkyl phosphinic acids (pKa ~ 3.08) are expected to bind to surfaces with an
affinity between carboxylic and phosphonic acids.®” * We designed two sets of exchange
experiments to test this hypothesis. A first exchange reaction is carefully monitored by titrating
oleate capped NCs with 6-(hexyloxy)hexylphosphinic acid. After complete exchange and
purification of the phosphinate capped NCs, a second titration is performed with
oleylphosphonic acid. Using solution NMR spectroscopy, we quantify the X-for-X ligand

exchanges via the alkene resonance of the oleyl chain of the carboxylic and phosphonic acid,
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and the ether resonance of the monoalkyl phosphinic acid. The monoalkyl phosphinic acids
quantitatively displace carboxylate ligands and are in equilibrium with phosphonates (although
phosphonate binding is favoured). These results show that monoalkyl phosphinic acids are

suitable reagents to efficiently functionalize NC surfaces.

Results and Discussion

Synthesis of monoalkyl phosphinic and phosphonic acid. To synthesize suitable monoalkyl
phosphinic acid ligands for nanocrystals, we recently adopted two main methods.®” The
synthetic route reported by Depréle et al. is applied for saturated monoalkyl phosphinic acids.>”
% The more complex phosphinic acids are synthesized according to Scheme 1.3" % we
synthesize here the previously unreported 6-(hexyloxy)hexylphosphinic acid for our NMR
investigations. As shown by Yamashita et al., the ether functionality provides a distinct NMR
resonance, separate from the typical alkene resonance in oleyl chains.?® Compared to the
relatively short ligands with terminal alkenes that are typically used for monitoring ligand
exchange reactions, % 30: 67. 68 the ether ligand features a better separation from the oleyl NMR
resonances (rendering quantification more precise) and both the ligand and the nanocrystal-

ligand construct have a higher solubility.
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Scheme 1. Method to synthesize 6-(hexyloxy)hexylphosphinic acid. Conditions: (i) overnight at 50 °C
in dry THF, then 2h at room temperature in conc. HCI and water. (ii) 1.15 eq. of TMS-Br, overnight in

dry DCM, then dry MeOH, 6h, 40 °C.



Earlier, we also reported a general route to synthesize alkylphosphonic acids.® To synthesize
oleylphosphonic acid for quantitative *H NMR titrations, we choose here to start from oleic
acid, not from oleyl alcohol, since the latter is contaminated with trans isomers. First, oleic acid
is reduced to oleyl alcohol, according to the procedure of Sytniczuk et al.*” % The Appel
reaction converts the alcohol in the corresponding bromide.” Oleyl bromide is converted by a
Michaelis-Becker reaction into the diethylphosphonate ester,”* which is finally hydrolysed to
oleylphosphonic acid.”? Our final product is a white solid at room temperature instead of the

previously reported viscous colourless liquid.*
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Scheme 2. Method to synthesize oleylphosphonic acid. Conditions: (i) 4h at 70 °C with NaH in dry

DMF. (ii) 2.3 eq. of TMS-Br, overnight in dry DCM, then dry MeOH, 6h, 40 °C.

Synthesis of HfO2, CdSe, and ZnS nanocrystal model systems. Hafnium oxide (HfO2) NCs
are synthesized via a surfactant-free solvothermal method; reacting hafnium tert-butoxide with
benzyl alcohol (Figure 1A).7® In the absence of ligands, the NCs are highly aggregated but upon
addition of oleic acid, the NCs are stable in nonpolar solvents such as chloroform and benzene.
The NCs are about 2.6 + 0.3 nm (1 + o) in diameter according to transmission electron
microscopy (TEM, Figure 1B). They are well purified, showing only broadened resonances in
the 'H NMR spectrum pertaining to bound oleate (Figure S1). Diffusion ordered NMR
spectroscopy (DOSY) confirms the bound nature of the oleate since the oleate diffusion
coefficient (89 um?/s) agrees with an object that has a solvodynamic diameter of 8.1 nm (Figure
1C and S1). This size is slightly larger than expected (around 6 nm), which could be due to

some residual aggregation.
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Figure 1. (A) General reaction scheme towards monoclinic HfO/oleate NCs, (B) TEM image, and (C)
DOSY NMR spectrum in C¢Ds of HfO,(oleate) NCs. (D) General reaction scheme towards zinc blende

CdSe/oleate NCs, (E) TEM image, and (F) DOSY NMR spectrum in C¢Dg of CdSe/oleate NCs.

Cadmium selenide (CdSe) NCs capped with oleate ligands are synthesized by a reaction
between cadmium oleate and selenium dioxide (SeO) (Figure 1D) reported by Chen et al.”
The NCs have a diameter of about 4.1 + 0.2 nm (u = o) according to TEM (Figure 1E) and 4.1
nm according to UV-vis (Figure S2). Since the synthesis of these CdSe NCs requires 1-
octadecene (ODE), it is expected that a certain amount of poly(1-octadecene) is formed and not
completely removed during purification, even with methyl acetate as a nonsolvent.*® In the H
NMR spectrum, two sets of methyl (CHs) peaks are indeed visible (Figure S2). Diffusion
ordered NMR spectroscopy (DOSY) confirms the bound nature of the oleate since the oleate
diffusion coefficient (97 pm?/s) agrees with an object that has a solvodynamic diameter of 7.4

nm (Figure 1F and S2).

Zinc sulfide (ZnS) NCs (d = 2.6 nm) capped with oleate ligands are synthesized by a reaction
between zinc oleate and N,N,N -tribenzylthiourea (Figure S3).”> The NCs were similarly

characterized as the other model systems, see Figure S3.



Exchange of carboxylate for monoalkyl phosphinate. We have chosen oleate as the
carboxylate in our model systems because it features the isolated alkene resonance around 5.5
ppm in the *H NMR spectrum (see Figure 2). As the incoming X-type ligand, we choose 6-
(hexyloxy)hexylphosphinic acid, featuring the CH2-O-CH> resonances around 3.5 ppm, distinct
from the alkene protons and from the aliphatic signals (Figure 2). We can thus quantify the
amount of bound and free ligands in the following titrations. We perform the titrations in
benzene-ds instead of chloroform-d due the larger chemical shift difference between free and

bound ligands in benzene-ds, improving the accuracy of the analysis.®

We gradually add the phosphinic acid to a dispersion of oleate capped HfO, or CdSe NCs
(Figure 2A and 2E). During the titration, we observe for both systems that the broad alkene
resonance (5.65 ppm, bound oleate) decreases in intensity (Figure 2B and 2F). A sharp alkene
resonance (5.50 ppm) appears and increases in intensity throughout the titration. We assign the
sharp alkene resonance to free oleic acid. In addition, a broad ether resonance (3.55 ppm)
gradually increases in intensity, and corresponds to bound phosphinate. After addition of about
one equivalent of phosphinic acid, the 3P NMR spectrum contains a very broad resonance
(fwhm = 2400 Hz), confirming the binding of phosphinate ligands to the NC surface (Figure
2C and 2G). When the titration is stopped here, and the NCs are purified (suspended in a
minimal amount of benzene, and precipitated by addition of acetonitrile), we observe in the *H
NMR spectrum of the supernatant the typical resonances of oleic acid (Figure S4 and S5),
confirming the proton transfer during the X-for-X type exchange. The amounts of free and
bound ligand over the course of the titration are plotted in Figure 2D and 2H. The amount of
bound oleate decreases linearly (within error). The amount of free oleic acid and bound
phosphinate are equal (within error), confirming the one-for-one nature of the exchange. No
free phosphinic acid is detected in *H or 3'P NMR until the end of the titration. We conclude

that the exchange of carboxylate for monoalkyl phosphinate goes to completion (i.e., an



irreversible reaction). Note that we do observe a small amount of free phosphinic acid, when 5

and 10 % of oleate is still bound for HfO, and CdSe respectively. The very last part of the

exchange is thus slightly hindered.
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Figure 2. (left) Titration of HfO./oleate with 6-(hexyloxy)hexylphosphinic acid. (A) General reaction

scheme, (B) *H NMR spectra of the titration, (C) 3P NMR after 0.95 and 1.15 equivalent phosphinic

acid is added, and (D) quantification of the different compounds as a function of added equivalents.

(right) Titration of CdSe/oleate with 6-(hexyloxy)hexylphosphinic acid. (E) General reaction scheme,



(F) *H NMR spectra of the titration, (G) *'P NMR after 1.0 and 1.2 equivalent phosphinic acid is added,

and (H) quantification of the different compounds as a function of added equivalents.

We performed a similar titration with oleate capped ZnS NCs (Figure S6). Qualitatively, the
same behaviour is observed as in Figure 2. Quantitatively, the bound oleate also decreases
linearly but full exchange is not reached at 1 equivalent but at 1.6 equivalents of phosphinic
acid. For the ether resonance, we observe a broad resonance (bound phosphinate) and a sharp
resonance, even at the start of the titration. The sharp resonance is not assigned to free
phosphinic acid since the 3'P NMR spectrum (Figure S6C) shows a sharp resonance at 34.5
ppm, inconsistent with free phosphinic acid (38.8 ppm). We identified the side-product as
monoalkyl phosphinic acid anhydride, which shows the correct chemical shift in 3'P NMR. The
anhydride was independently synthesized by dehydrating monoalkyl phosphinic anhydride with
dicyclohexylcarbodiimide (DCC) (Figure S8). We thus infer that two parallel reactions are
occurring: an irreversible X-for-X type exchange and a dehydration (catalysed by ZnS). The X-
for-X type exchange is confirmed by the one-to-one correspondence of free oleic acid and
bound phosphinate (Figure S6D). About one third of the added ligands reacts to form a side
product. After addition of 1.6 equivalents phosphinic acid, the nanocrystals are precipitated by
acetonitrile and isolated by centrifugation. In the *H NMR spectrum of the supernatant, we
observe the characteristic resonances of oleic acid and also a set of resonances that are
consistent with 6-(hexyloxy)hexylphosphinic acid (Figure S7A). The identity of the latter is
confirmed by the 3P NMR spectrum featuring a resonance at 38.6 ppm (Figure S7B). Upon
purification with polar solvents (containing water), the anhydride thus hydrolyses back to the

phosphinic acid.

Exchange of monoalkyl phosphinate for phosphonate. Upon complete exchange of oleate
for 6-(hexyloxy)hexylphosphinate, the HfO2 and CdSe NCs were purified by precipitation with

acetonitrile. The purified NCs (Figure 3, S9 and S10) feature a broad ether resonance around
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3.55 ppm and any free 6-(hexyloxy)hexylphosphinic acid is absent (see also the 3P NMR
spectrum in the inset of Figure 3B). This is our starting point to analyse the X-type ligand

exchange from phosphinate to phosphonate.
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Figure 3. (A) *H NMR spectrum of oleate capped HfO2 NCs in C¢Ds. (B) *H NMR spectrum of HfO,
in CeDs, after ligand exchange for 6-(hexyloxy)hexylphosphinic acid and purification. The inset shows

the 3'P NMR spectrum.

Upon addition of oleylphosphonic acid to the nanocrystals (Figure 4), a broad alkene resonance
appears (5.6 ppm), assigned to bound oleylphosphonate. The broad alkene resonance increases
in intensity throughout the titration but a sharp alkene resonance is present as well. The latter
corresponds to free phosphonic acid. During the titration, the bound phosphinate resonances
decreases in intensity and a sharp resonance corresponding to free phosphinic acid appears. At
two equivalents of phosphonic acid added, we observe both bound phosphonate and bound
phosphinate. After purification of the nanocrystals, we retrieve the expected signals of both 6-
(hexyloxy)hexylphosphinic and oleylphosphonic acid in the *H and 3P NMR spectra of the
supernatant (Figure S13 and S14). It is interesting to look at the quantification of all free and
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bound species during the titration (Figure 4C and 4F). The amount of free (released) phosphinic
acid and the bound phosphonate are equal (within error) over the course of the titration,
indicating again a one-for-one exchange. However, this time the reaction does not go to
completion and the bound phosphinate saturates at 40 and 30 % for HfO, and CdSe respectively.
Similar results are obtained for ZnS NCs, see Figures S11, S12, and S15. We conclude that the

exchange is an equilibrium reaction.
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Figure 4. (left) Titration of HfO./[6-(hexyloxy)hexyl]phosphinate with oleylphosphonic acid. (A)
General reaction scheme, (B) *H NMR spectra of the titration, and (C) quantification of the different
compounds as a function of added equivalents. Note the small amount of residual oleic acid present at
the start of the titration in panel B, due to a challenging purification (high solubility of the HfO./[6-
(hexyloxy)hexyl]phosphinate NCs). This small signal was integrated and subtracted from the spectra
for the quantification in panel C. (right) Titration of CdSe/[6-(hexyloxy)hexyl]phosphinate with
oleylphosphonic acid. (D) General reaction scheme, (E) *H NMR spectra of the titration, and (F)

guantification of the different compounds as a function of added equivalents.

13



The equilibrium can be schematically written as:
NC (phosphin) + phosphon-H = NC(phosphon) + phosphin-H (1)

To gain quantitative insight in the equilibrium, we compare the composition of the ligand shell
with the overall ligand composition in the mixture, as has been done before.** "® The

composition of the ligand shell is expressed by the mole fraction of phosphonate.

Nphosphonate (bound)

(2)

Xphosphon (bound) =
p p ( ) Nphosphinate (bound) T Nphosphonate (bound)

The overall ligand composition is expressed as the mole fraction of phosphonate/phosphonic

acid in the whole mixture, irrespective of the bound or free nature of the ligand.

Nphosphon (total)
©)

Xphosphon (total) =
p p ( ) Nphosphin (total) + Nphosphon (total)

If Xphosphon (bound) = Xphosphon (totar), theé cOMposition of the ligand is equal to the overall
composition and the equilibrium constant, K = 1. If ¥pnosphon (pound) > Xphosphon (totat), the
surface is enriched in phosphonate and K > 1. We can calculate both mole fractions since all
components (free and bound species) are independently determined from the NMR spectra. In
Figure 5, Xphosphon (bouna) 1S Plotted as a function of xpnospron (totar), fOr both titrations with
HfO,, CdSe, and ZnS. Figure 5 also contains equilibrium lines, which indicate the expected
behaviour for a theoretical equilibrium constant (see Table S1 and Equations S1 — S5 for details
on the calculation). While the data shows some scatter, it is clear that the equilibrium constant
is between 1 and 5, and the data agrees best with K = 2. This translates in a small free energy

change; AG =-1.7 kJ/mol.

To confirm the reversibility of the exchange, we purify the HfO,, CdSe and ZnS NCs after the

titration (Figure S16B, S17B, and S18B). Starting from the mixed ligand shell (with both 6-
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(hexyloxy)hexylphosphinate and oleylphosphonate bound to the surface), we push the
equilibria back to bound phosphinate by adding 6-(hexyloxy)hexylphosphinic acid (Figure
S16C, S17C, and S18C). As expected, the bound phosphonate resonance decreases in intensity
throughout the titration, and a sharp alkene resonance (free phosphonic acid) appears as well.

We conclude that the X-type ligand exchange is reversible.

Discussion on accuracy of thermodynamic values. From Figure 5 it follows that the ligand
exchange is reasonably well described by a single equilibrium constant (within error, K =1 —
5). This stands in contrast to the desorption of Z-type cadmium oleate from CdSe NCs (where
K could vary two orders of magnitude for different binding sites).”” Given the comparative
nature of the X-type ligand exchange, it is indeed not expected to observe big differences in K
for different binding sites. Even the specific metal center (Hf, Cd, Zn) is quite unimportant since
the observed equilibrium constant is the same for all NC systems studied (see Figure 5). For

clarity, the traces are individually plotted in Figure S19.
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Figure 5. The mole fraction of bound oleylphosphonate in the ligand shell, xpnosphon (pouna) S @
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phosphonate), xprosphon (totar) during the titrations of HfO, (blue), CdSe (red), and ZnS (green) NCs.

The full lines represent different calculated equilibrium constants.

When determining the equilibrium constant of an exchange reaction, we consider that the
following aspects impact the accuracy. (1) At low equivalents of the incoming ligand, small
errors in the determined mole fraction lead to large errors in equilibrium constants. This is
graphically seen in the lower left corner of Figure 5 where all equilibrium lines are very close
to one another. (2) Specific to the NMR spectroscopic technique, at low equivalents, the “free”
ligand resonances are not well separated from the bound ligand resonances. It is well reported
that free ligands can still interact with the ligand shell by Van der Waals interactions.’”® The
higher the concentration of free ligands, or the higher the concentration of competing ligands,
the better resolved the free resonance is, and the more accurately it can be integrated, see also
Figure S20. For these reasons, it is not advised to do a “point calculation” of the reaction

quotient at low mole fractions of the incoming ligand.

Conclusion

We have investigated the relative binding affinity of monoalkyl phosphinic acid ligands for
HfO», CdSe, and ZnS NC surfaces in nonpolar environment. To monitor all species in an X-
for-X-type ligand exchange in *H NMR, we synthesized 6-(hexyloxy)hexylphosphinic and
oleylphosphonic acid which have distinct and isolated resonances at around 3.5 ppm and 5.5
ppm respectively. We found that monoalkyl phosphinate ligands irreversible replace
carboxylates on the NC surface. Phosphonic acids can subsequently replace bound phosphinate,
but the reaction does not go to completion. An equilibrium is established with K = 2. Phosphinic
acid ligands have thus an intermediate binding affinity between carboxylic acids and

phosphonic acids for the model systems employed (under acidic conditions):

Carboxylic acid << monoalkyl phosphinic acid < phosphonic acid.
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These results further pave the way for a more widespread use of monoalkyl phosphinic acids in

nanocrystal synthesis and post-synthetic surface functionalization.

Experimental Section

General considerations. All manipulations are performed in air, unless otherwise indicated.
All chemicals are used as received unless otherwise mentioned. Lithium aluminium hydride
(95%), and potassium hydrogen sulfate (99%) were purchased from Acros. Calcium hydride
(92%), and n-hexadecane (95%) were purchased from Alfa Aesar. Benzene (99.5%), cadmium
oxide (99.998%), magnesium turnings (99.9%), magnesium sulfate (99.0%), and chloroform-
d1 (99.8%D stabilized with Ag) were purchased from Carl Roth. Acetone (99%), acetonitrile
(99.9%), celite, chloroform (99.5%), dichloromethane (99.8%), diethyl ether (99.5%), ethanol
absolute (99.9%), ethyl acetate (99.5%), n-hexane (99%), hydrochloric acid (37%), isopropanol
(99.9%), methanol (99%), silica gel (60A), sodium chloride (99.8%), sodium hydroxide
(98.5%), sodium sulfate (99%) tetrahydrofuran (99.9%), toluene (99.9%), and trifluoroacetic
acid (99%) were purchased from Chem-Lab. 1,2-Dibromoethane (98%), 1,6-dibromohexane
(96%), 1-hexanol (98%), 1l-octadecene (90%), anhydrous benzyl alcohol (99.8%), benzyl
isothiocyanate  (98%), bromotrimethylsilane (97%), dibenzylamine (97%), N,N'-
dicyclohexylcarbodiimide (99%), diethyl chlorophosphite (95%), hafnium(lV) tert-butoxide
(99.999%), oleic acid (90%), potassium hydroxide (90%), sodium hydride (60% dispersion in
mineral oil), sodium hypophosphite monohydrate (99%), tetrabromomethane (99%),
tetraglyme (99%), triethylamine (99%), and zinc oxide (99.999%) were purchased from Sigma-
Aldrich. Trifluoroacetic anhydride (98%) was purchased from TCI. Benzene-d6 (99.5%D),

dichloromethane-d2 (99.8%D), and methanol-d4 (99.8%D) were purchased from VWR.
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When required, organic solvents are dried according to the procedure described by Williams et
al.”® making use of 20% m/v 3A sieves for minimum 120 hours. Tetraglyme, and n-hexadecane,
were purified as follows. Calcium hydride is added to the solvent and vacuum dried overnight
while stirring. Afterwards, the solvent is vacuum distilled and collected in a Straus flask to

introduce it in the glovebox where it is stored over molecular sieves.

Oleylphosphonic acid is synthesized according to De Roo et al. in a four-step reaction
procedure starting from oleic acid, leading to a more isomeric pure end product which result in
a white solid at room temperature instead of a viscous colourless liquid.3 In the first step oleic

acid is reduced to oleyl alcohol, according to the procedure of Sytniczuk et al.": &

Synthesis of 1-bromo-6-(hexyloxy)hexane. 1-Bromo-6-(hexyloxy)hexane is synthesized
according to the procedure of Okada et al. with slight adaptations.®% A 250 mL Schlenkflask is
loaded with sodium hydride (1500.0 mg, 37.5 mmol, 1.5 eq.) and dry tetrahydrofuran (65 mL)
to which 1-hexanol (2554.3 mg, 3.140 mL, 25 mmol, 1.0 eq.) is added dropwise. The mixture
is stirred overnight at room temperature. Afterwards, 1,6-dibromohexane (9148.9, 5.770 mL,
37.5 mmol, 1.0 eq.) is dropwise and let to stir at room temperature overnight. Methanol (65
mL) is added to quench the reaction, and concentrated on the rotary evaporator. Afterwards, the
product is extracted twice using dichloromethane (50 mL) and water (50 mL). The organic
fractions are combined, dried with sodium sulfate, and concentrated on the rotary evaporator
before the product is vacuum distilled to purity to obtain a colourless liquid (2.3 g, 35%). *H
NMR (400MHz, CDCls): § 3.42-3.32 (m, 6H), 1.90-1.80 (m, 2H), 1.65-1.15 (m, 14H), 0.86 (t,
J=7.1Hz, 3H). 3C NMR (100MHz, CDCls): 6 71.18, 70.79, 33.91, 32.77, 31.87, 29.81, 28.17,

27.44,26.01, 25.57, 22.78, 14.19. GC-MS calc for C12H25BrO [M] 264.11, found 264.

Synthesis of ethyl [6-(hexyloxy)hexyl]phosphinate ester. Ethyl [6-

(hexyloxy)hexyl]phosphinate ester is synthetized according to the procedure used to synthesize
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oleylphosphinate ester of Dhaene et al.®’, which was inspired by Jia et al.®® A 50 mL
Schlenkflask is loaded with activated magnesium (364.7 mg, 15 mmol, 2.0 eq.), dry
tetrahydrofuran (15 mL), 1-bromo-6-(hexyloxy)hexane (1989.3 mg, 7.5 mmol, 1.0 eq.) and 1,2-
dibromoethane (50 pL), and stirred overnight at room temperature. Following, a 100 mL
Schlenkflask is brought into an argon filled glovebox and loaded with diethyl chlorophosphite
(1174.1 mg, 1.080 mL, 7.5 mmol, 1 eq.) and dry tetrahydrofuran (15 mL), and transferred to a
Schlenkline. The Grignard solution is added by means of a filtered Cannula transfer to the
phosphite solution, and stirred at 50 °C overnight. After the reaction mixture is concentration
at the rotary evaporator, concentrated (12M, 37%) HCI (1.5 mL) and H20 (22.5 mL) is added
and left to stir for 2 hours. Afterwards, the product is extracted using dichloromethane (37.5
mL) twice. The organic fractions are combined, dried with sodium sulfate, and concentrated on
the rotary evaporator before the product is purified using silica chromatography with ethyl
acetate to obtain a colourless liquid (0.3 g, 10 %). 'H NMR (400MHz, CDCl3): & 7.69 (s, J =
1.9 Hz, 0.5H), 6.38 (s, J = 1.9 Hz, 0.5H), 4.20-3.95 (m, 2H), 3.34 (t, J = 6.6 Hz, 4H), 1.80-1.65
(m, 2H), 1.65-1.45 (m, 6H), 1.45-1.15 (m, 13H), 0.84 (t, J = 7 Hz, 3H). 3C NMR (100MHz,
CDCls): 6 71.11, 70.73, 62.38, 31.81, 30.37, 29.83, 29.57, 29.28, 28.33, 25.91, 22.72, 20.80,
16.39, 14.13. 3P[1H] NMR (160MHz, CDCls): & 38.83 ppm. LC-MS (API-ES) calc for

C14H3203P [M+H]* 279.21, found 279.2.

Synthesis of 6-(hexyloxy)hexylphosphinic acid. 6-(Hexyloxy)hexylphosphinic acid is
synthetized according to the procedure used to synthesize oleylphosphinic acid of Dhaene et
al.®” A 25 mL Schlenkflask is loaded with [6-(hexyloxy)hexyl]phosphinate ester (268.0 mg,
1.00 mmol, 1.00 eq.), dry dichloromethane (1 mL) and bromotrimethylsilane (176.1 mg, 151.8
pL, 1.15 mmol, 1.15 eq.), and left stirring overnight at room temperature. After the volatiles
are evaporated using dynamic vacuum extensively, dry methanol (2.5 mL) is added and left to

stir for 4 hours at 40 °C. Afterwards, the mixture is vacuum dried overnight at 40 °C to obtain
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a colourless liquid (quantitative yield). *H NMR (400MHz, CDCls): 6 12.00 (s, 1H), 7.77 (s,
0.5H), 6.40 (s, 0.5H), 3.35 (t, J = 6.8 Hz, 4H), 1.75 (quin, J = 7.6 Hz, 2H), 1.65-1.45 (m, 6H),
1.45-1.15 (m, 10H), 0.85 (t, J = 7.0 Hz, 3H). 33C NMR (100MHz, CDCls): § 71.15, 70.77,
31.82, 30.39, 30.23, 29.81, 29.55, 25.98, 25.86, 22.75, 20.66, 14.17. 3'P[1H] NMR (160MHz,

CDCls): 5 38.76. LC-MS (API-ES) calc for C12Hs0sP [M+H]* 251.18, found 251.2.

Synthesis of zinc oleate. Zn(oleate), is synthesized from ZnO and trifluoroacetic anhydride
according to the procedure described by Bennett et al.*® 8! On a 45 mmol scale, a yield of 27.6
g, 98 % is obtained. *H NMR (400MHz, CDCls): 5.40-5.20 (m, 2H), 2.33 (t, J = 7.6 Hz, 2H),
2.00 (quad, J = 2.9 Hz, 4H), 1.60 (t, J = 6.3 Hz, 2H), 1.40-1.10 (m, 20H), 0.86 (t, J = 7.1 Hz,

3H).

Synthesis of N,N,N’-tribenzylthiourea. N,N,N -tribenzylthiourea is synthesized as reported
by Dhaene et al..® according to the procedure by Hendricks et al. with an additional
recrystallization step.” & A 40 mL vial is loaded with benzylisothiocyanate (4476.6 mg, 3.8
mL, 30 mmol, 1 eq.) and toluene (5 mL). To this, a solution of dibenzylamine (5918.4 mg, 5.8
mL, 30 mmol, 1 eq.) in toluene (5mL) is added dropwise, and let to stir for 1 hour. Afterwards,
the solvent is removed on the rotary evaporator, and the solid product is recrystallized in
acetonitrile (30 mL) to obtain the purified thiourea in the form of white needles (15.6 g, 75 %).
IH NMR (400MHz, CD,Cly): 7.40-7.15 (m, 13H), 7.10-6.95 (m, 2H), 5.83 (t, J = 4.7 Hz, 1H),
5.00 (s, 4H), 4.82 (d, J = 2.7 Hz, 2H). 3C NMR (100MHz, CDCls): 183.16, 137.79, 136.07,
129.17, 128.76, 128.03, 127.63, 127.60, 127.19, 54.39, 50.81. LC-MS (ESI) m/z calculated for

C22H23N2S [M+H]* 347.16, found: 347.1.

Synthesis of HfO2 nanocrystals. HfO> NCs are synthesized according to the procedure of
Lauria et al.,”® and stabilized with oleate ligands. In a nitrogen filled glovebox, 45.6 mL of a

premade stock solution of hafnium(1V) tert-butoxide (5.00 g, 4.30 mL, 10.6 mmol, 1 eq.) and
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anhydrous benzyl alcohol (92.01 g, 88.48 mL, 851 mmol, 80 eq.) is loaded in a 125 mL Parr
bomb. The Parr bomb is taken out of the glovebox and heated in a muffle furnace at 220 °C for
96 hours. After it cooled down to room temperature, its contents are divided into 2 centrifuge
tubes to which diethylether (19 mL/tube) is added and centrifuged (5000 rcf, 5°). This wash
step is repeated 3 times. Afterwards, toluene (19 mL/tube) and oleic acid (706.2 mg 790 pL,
2.5 mmol) are added, sonicated for 30 minutes, and centrifuged (5000 rcf, 5’) to eliminate
agglomerates. The NC colloid is precipitated with acetone (40 mL), centrifuged, and
redispersed in toluene (5 mL) three times. Finally, the NCs are vacuum dried to obtain a white

powder.

Synthesis of CdSe nanocrystals. CdSe NCs are synthesized according to Chen et al.”* When
the desired size is reached (3.3 nm), the reaction is quenched with a tenfold excess of oleic acid,
resulting in oleate capped NCs. The CdSe NCs were purified 3 times with methyl acetate/ THF
as non-solvent/solvent combination. Finally, the NCs are vacuum dried to obtain a sticky,

orange powder.

Synthesis of ZnS nanocrystals. ZnS NCs are synthesized similar to the procedure used to
synthesize lead sulfide (PbS) NCs of Hendricks et al. with some slight modifications.” The
original solvent (1-octadecene) has been replace by n-hexadecane to prevent polymerization
during synthesis and contamination in the final product.®® In an argon filled glovebox, a 25 mL
three neck flask is loaded with zinc oleate (188.5 mg, 0.30 mmol, 1.2 eq.) and n-hexadecane
(7.3435 g, 9.5 mL), and separately a 4 mL vial with N,N,N -tribenzylthiourea (69.2 mg, 0.2
mmol, 1.0 eq.) is dissolved in tetraglyme (504.5 mg, 0.5 mL). The three neck flask is transferred
to the Schlenkline and heated to 240 °C prior to the injection of the thiourea solution. After 2
hours at 240 °C, the reaction mixture is allowed to cool down to room temperature. After
synthesis, the NCs are collected by adding acetone (40 mL) as nonsolvent to the reaction

mixture and subsequent centrifugation (10 min, 10k rpm). The precipitate is redispersed in
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toluene (5 mL) and pushed through a syringe filter with a pore size of 200 nm to remove the
excess insoluble zinc oleate. The NC colloid is precipitated with acetone (40 mL), centrifuged,
and redispersed in toluene (5 mL) three times. Finally, the NCs are vacuum dried to obtain a

white powder.

Transmission electron microscopy. TEM and High-Resolution TEM were performed on a
JEOL JEM-2200FS TEM with Cs corrector operated at 200 kV, and a JEOL JEM2800 field

emission gun microscope operated at 200 kV equipped with a TVIPS XF416ES TEM camera.

NMR spectroscopy. Nuclear Magnetic Resonance (NMR) spectra of the synthesized organics
were recorded on a Bruker 300, and 400 MHz. Chemical shifts () are given in ppm and the
residual solvent peak was used as an internal standard (CDCls: 6H = 7.24 ppm, 6C = 77.06
ppm, CD2Cl,: 8H = 5.32 ppm, 8C = 53.84 ppm, C¢Ds: 6H = 7.16 ppm, 6C = 128.06 ppm). The
signal multiplicity is denoted as follows: s (singlet), d (doublet), t (triplet), quad (quadruplet),
quin (quintet), m (multiplet). Coupling constants are reported in Hertz (Hz). H, *3C, and 3!P
spectra were acquired using the standard pulse sequences from the Bruker library; zg30, jmod
(Attached Proton Test = APT), and zgpg30 (proton decoupled) respectively. In the APT, the
carbon resonances resulting from a “CH2— and quaternary —Cq— are “in-phase” (orientated up),
whereas the carbon resonances resulting from a ~CHs— or —CH- are “out-0f-phase” (orientated
down), although one could easily reverse the phase 180° and achieve the inverse result. 3P
spectra of organic compounds were acquired with proton decoupling (zgpg30) and a relaxation
delay (recycle delay, or D1) of 2 s. All resonances were corrected prior to integration by
subtracting a background from the measured intensity. The chemical shifts for other nuclei were

referenced indirectly to the 'H NMR frequency of the sample with the “xiref’-macro in Bruker.

Nuclear Magnetic Resonance (NMR) measurements of colloidal nanocrystals were recorded on

a Bruker Avance 111 Spectrometer operating at a *H frequency of 500.13 MHz and featuring a
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BBI probe, and on a Bruker Avance Il Spectrometer operating at a *H frequency of 600.13
MHz. The sample temperature was set to 298.15 K. For the quantitative 1D *H measurements,
64k data points were sampled with the spectral width set to 16 ppm and a relaxation delay of
30 s to allow full relaxation of all NMR signals. The quantification was done by using the
Digital ERETIC method.®* 8 One-dimensional 3!P spectra were acquired using the standard
pulse sequence zggpseig from the Bruker library [with a tau echo delay, i.e., D16 =200 us, and
a relaxation delay (D1) of 2 s]. DOSY measurements were performed with a double stimulated
echo pulses (dstegp3s) for convection compensation and with monopolar gradient pulses,® and
a relaxation delay (D1) of 1 s. The gradient strength was varied quadratically from 2-95% of
the probe’s maximum value in 64 steps, with the pulse length gradient (D20) and diffusion time
(P30) optimized to ensure a final attenuation of the signal in the final increment of less than

10% relative to the first increment.

Mass spectroscopy. Mass spectra (MS) are measured with an Agilent ESI single quadrupole

detector type VL and an Agilent APCI single quadrupole detector type VL.

Size determination. The optical band gaps of the NCs were determined by UV-vis—NIR
absorption spectroscopy (PerkinElmer Lambda 365 and PerkinElmer Lambda 950). The size of
the CdSe and ZnS NCs was determined from the position of the first excitonic absorption peak

using the sizing curve described by Maes et al.8” and Bennett et al.8! respectively.
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