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ABSTRACT: The interaction between I1-VI and I1I-V quantum dots (QDs) and metal fluorides is
investigated using optical absorption, photoluminescence, and nuclear magnetic resonance
spectroscopies. QDs with metal fluoride passivated surfaces were prepared by ligand exchange
with anhydrous oleylammonium fluoride. The photoluminescence quantum yield (PLQY) of 1I-
VI QD cores and core-shell structures are dramatically enhanced following ligand exchange, near
unity in some cases, but only after exposure to air. In the case of InP QDs, oleylammonium
fluoride induces a gradual etching of the crystal, yielding oleylamine, PH3, and InF3 coproducts,
resulting in a remarkable increase in PLQY (up to 83%). The frequency and breadth of v(N-H)
bands in the infrared spectrum supports the assignment of oleylamine ligand binding to InP. The
fluoride content (1.6-9.2 nm™) is compared with the coverage of oleylamine ligands (2.3—-5.1 nm’
2) and demonstrates the formation of surfaces densely covered by metal fluoride and amine ligands.
The relationship between the electrophilicity and small steric profile of metal fluoride surface

ligands and their surface passivating effects on QDs is discussed.
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II-VI and ITI-V Quantum Dots (QDs) are cutting edge color converters in luminescent displays
and warm spectrum solid-state lighting devices. > Their exceptional performance is characterized
by a narrow spectral linewidth, high brightness, and stability. Each of these performance
characteristics, and especially the photoluminescence quantum yield (PLQY), are influenced by
the crystal’s surface and its interaction with surface ligands.> * This has led to exploration of
ligands and surface structures that can increase the performance of luminescent QDs.

Metal halide and/or metal carboxylate complexes are recognized among surface ligands for their
ability to enhance the PLQY. This improvement can be attributed to the reduction of mid-band
gap states induced by exposed chalcogenide surface atoms, which cause hole trapping.>® Halides
in particular, are compact ligands that are better suited to the high aerial density of atoms on binary
semiconductor surfaces. By comparison, the steric bulk of organic ligands can prevent them from
achieving high surface coverages and result in relatively week binding affinity.’ For instance, the
adsorption of metal chlorides onto CdTe nanocrystals can result in near unity quantum yields,
while alkylammonium halide adsorption is less effective.?

The electrophilicity of halide ligands is known to reduce the band edge potentials of
semiconductor nanocrystals,'” which can help stabilize QDs against aerobic decomposition in
air.'’> 12 While nanocrystals with chloride, bromide, and iodide ligands are common, there is
comparatively less information about the binding and passivation of surfaces with fluoride ligands,
despite their greater electronegativity.'® Fluorides are also more compact than the other halides,
which could allow higher aerial packing densities and stronger binding affinities than other metal
halides or carboxylate passivating layers. A high packing density can help ensure better surface

passivation and afford greater chemical inertness. Metal fluoride passivated QDs, are therefore,
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interesting candidates for solid-state lighting and display devices where degradation in air remains
a significant limitation to their performance.'* !°

Fluoride terminated nanocrystal surfaces have been prepared via ligand exchange with a variety
of fluoride sources. For example, photochemical or thermal etching of InP nanocrystals with

aqueous hydrofluoric acid (HF)!% !” has been used to remove surface oxide impurities and increase

the PLQY.!32° Safer alternatives to aqueous hydrogen fluoride have been pursued, including ionic

21, 22 23 24

liquids, ammonium fluoride/bifluoride, zinc fluoride and carboxylic acids,
hexafluorophosphate ions, 2° and benzoyl fluoride. ¢ These approaches also increase the PLQY of
the InP core nanocrystals up to as much as 70%. 2 However, it is unclear whether the PLQY
enhancement is caused by removal of surface oxides or the binding of metal fluoride ligands to the
QD surface. Notably, it has been reported that adding ZnCl, to InP QDs in the presence of fluoride
further increases the PLQY to 80%. In addition, InP/ZnSe/ZnS QDs grown in the presence of ZnF»
and ZnTe/ZnSe/ZnS QDs grown in the presence of HF/ZnCl, achieve PLQY's > 90% and record
electroluminescence quantum efficiencies.* > Together these observations suggested that metal
fluoride binding to the zinc chalcogenides may passivate the QD surface. We therefore sought to
understand the role of fluoride in the passivation of both III-V and II-VI QDs.

In the present study we investigated the reaction of InP and II-VI QDs with anhydrous
oleylammonium fluoride ([Oleyl-NH3]'[F]") prepared from benzoyl fluoride and oleylamine
according to Scheme 1. A stoichiometry of 2 amines per benzoyl fluoride produces
oleylbenzamide and [R-NH3]"[F]" in situ as can be observed using 'H and '°F NMR spectroscopies

(Figure S1). The reaction of [Oleyl-NH3]'[F]” and InP caused slow etching of the crystal that is

accelerated by heating the mixture or irradiation (Amax =427 nm). A steady blue shift in the band
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edge photoluminescence is accompanied by a narrowing and increase in the PLQY, and a steady

reduction of the absorbance at higher energy (4 =413 nm) over several hours (Figures 1 and S2).
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Scheme 1. Stoichiometry of reactions between benzoyl fluoride, oleylamine and InP.
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Figure 1. (A) UV-Vis and PL spectra of InP QDs before (black) and after (red) etching with
[Oleyl-NH3]'[F]". (B) Extent of etching with time QDs as measured by UV-Vis (4 =413 nm). (C)

Evolution of the photoluminescence FWHM over time.

The narrowing of the photoluminescence and the increase in the PLQY observed for III-V QDs
led us to attempt similar reactions with II-VI QDs and core-shell heterostructures (Table 1). CdS,
CdSe, ZnSe, and core/shell QDs were synthesized from metal oleate and chalcogenourea
precursors®® ?° and combined with [Oleyl-NH3][F]". In all cases, the PLQY increases and the
broad trap emission is eliminated, without significantly changing the total absorption or shifting
the luminescence wavelength (Figures S3 and S4). Similar results were obtained at room
temperature and in the dark indicating that changes to the PLQY result from surface ligand

exchange rather than etching.

Table 1. Optical properties of QDs following reaction with [Oleyl-NH3]"[F]".

Before  After

QD P(Ln'é")‘ax f(‘m)“ PLQY PLQY
6 ()
InP 625  41< <2 <83
cds 485 16 5 <620
Cdse 631 0 26 35
Znse 374 17 < 14
cds/CdSe/cds 547 8 62 82
CdS/CdSe/CdS 624 32 g8 97
INP/ZnS 624 55 33 82

“ See Figure S5 for complete list of conditions and PLQY values.
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The kinetics of etching InP were monitored using absorption and photoluminescence
spectroscopies (Figure 1). The rate and extent of etching increases with the amount of added
[Oleyl-NH3]'[F]” and reaches completion in two-three hours. The kinetics are more rapid if
substoichiometric amine (Scheme 1B and 1C) is used, however, substantial spectral broadening
and an increase in the size distribution is observed (ESI section S3 and Figures S6 & S24 - 27).
The linewidth can be preserved if stoichiometric amine is used to cleave benzoyl fluoride (2 equiv.
/ fluoride, Scheme 1A) and fewer equivs. of [Oleyl-NH;3]'[F] are used. For example, 1 equivalent
of [Oleyl-NH3][F]" per InP unit causes a reduction of the FWHM from > 50 to 42 nm and an
increase in the PLQY to 53 %. Even lower amounts of [Oleyl-NH3][F] did not improve the PLQY
nor the FWHM, however fluoride can be consumed by reaction with surfactants, excess metal
salts, and glassware so the behavior at low equivalents depend on the conditions of the experiment.
Under slow and controlled etching conditions, the tetrahedral shape, size, crystal structure and
polydispersity of the QDs are maintained (Figures S7 and S8).

The changes in the photoluminescence linewidth can be attributed to elimination of broad trap
luminescence which represents a significant fraction of the luminescence of InP QDs with low
PLQY. We also probed the size dependence of the etching reactivity to determine whether etching
was accompanied by size distribution focusing. The kinetics of etching for several different sizes
and different capping ligands were studied, providing evidence that small InP QDs (Ais.
1s = 540 nm) undergo more rapid etching (moles [InP]i/sec) than large InP QDs (A1s.1s = 583 nm)
under otherwise identical conditions (Figure S28 and S30). More rapid reaction of smaller QDs
can increase the polydispersity, contrary to the narrowing of the FWHM observed herein. Hence,
the narrowing observed in figure 1C results from a decrease of trap luminescence to the overall

spectral linewidth rather than a result of size distribution focusing. Nonetheless, lower

7
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concentrations of fluoride and stoichiometric amine improve the selectivity of the etching process
and preserve the polydispersity.

The PLQY increases with the extent of etching, reaching as high as 83% at 3 eq. of added
benzoyl fluoride per unit of InP, the highest reported PLQY for an InP QD without a shell. {Yadav,
2023 #53} Although the increased PLQY could be explained by the removal of impurities (e.g.
oxidized phosphorus), this explanation does not explain why the PLQY steadily increases as the
QD shrinks. Alternatively, InF3 produced by the etching reaction may bind and passivate the QD
surface. A steadily increasing concentration of metal fluoride ligands produced by etching could
increase their coverage during the etching reaction. To test this hypothesis we investigated the
adsorption of metal fluoride complexes to the surface of CdS QDs where the reaction with [Oleyl-
NH3][F] does not etch the QD core.

The reaction of CdS nanocrystals with [Oleyl-NH3]'[F]" displaces oleate ligands without
changing the optical absorption spectrum. The vinyl region of the 'H NMR spectrum of the ligand
exchange mixture (Figure S9) shows that roughly half of the oleate ligands are freely diffusing in
solution upon addition of [r-octyl-NH3]'[F]" (1 equiv. [F]/(CdS);) (Figure S9). Despite this drop
in the oleate coverage the PLQY increases. In comparison, using tetramethylethylene diamine to
displace cadmium oleate ligands from CdS-Cd(O2CR); causes a precipitous drop in the PLQY.”
The difference in PLQY suggests that [R-NH3]"[F]" (R = oleyl, n-octyl) displaces oleic acid, rather
than cadmium oleate, and forms surface bound cadmium fluoride that is responsible for the PLQY
enhancement (Scheme 2). While no signals from surface bound fluoride were evident in the liquids
1%F NMR spectrum (see NMR discussion below), the XPS spectrum contains a signal at 684.9 eV

which is consistent with the presence of CdF, (Figure S10).%
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Scheme 2. Reaction of CdS-Cd(O2CR): with [Oleyl-NH3]*[F]-.

To avoid contamination by oxides the above experiments were performed under rigorous
anaerobic conditions beginning from anhydrous cadmium oleate. Interestingly, under these
conditions the PLQY was largely insensitive to the addition of [Oleyl-NH3]'[F]". However, if the
solutions of CdS QDs and fluoride were exposed to air, the PLQY increased to as high as 62%.
We further probed the influence of fluoride concentration on the PLQY and found that high
fluoride concentrations caused a drop in PLQY unless additional cadmium oleate was added
(Figure S5). This protective effect suggests that cadmium fluoride formed by the ligand exchange

can bind the QD surface and enhance the PLQY.

We further explored the role of fluoride on the PLQY of InP QDs by carefully protecting InP
nanocrystals from oxidation prior to reaction with [Oleyl-NH3]'[F]". Oxide free InP nanocrystals
were prepared from #ris(diethylamino)phosphine and indium and zinc halides in oleylamine, rather
than indium carboxylate precursors that are known to form surface oxides.*! However, oxides have
also been detected in syntheses beginning from indium chloride and #ris(diethylamino)phosphine,
that can be attributed to air exposure and the use of ethanol during the purification and isolation

procedure (Supporting Information).3>3> To avoid oxidation and alcoholysis of the QD synthesis

https://doi.org/10.26434/chemrxiv-2024-0md1d ORCID: https://orcid.org/0000-0002-1524-7503 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0md1d
https://orcid.org/0000-0002-1524-7503
https://creativecommons.org/licenses/by-nc-nd/4.0/

mixture, a QD synthesis, purification, and isolation procedure was developed that rigorously
protects the QDs from air and uses aprotic solvents.

Tetrahedral InP QDs prepared in this way are associated with fetrakis(oleylamino)phosphonium
ions ([P(NHR)4]*, R = Oleyl) rather than amine ligands, and show little to no *'P nuclear magnetic
resonance (NMR) signals commonly attributed to oxides (Figure 2).! The 'H and *'P NMR
signatures of [P(NHR )4]" (6= 29.5 ppm, FWHM = 66 Hz) are similar to an independently prepared
sample of tetrakis(n-hexylamino)phosphonium chloride (6 = 29.7 ppm, FWHM = 52 Hz).
Moreover, the 'H NMR chemical shift of the resonance corresponding to the methylene alpha to
nitrogen matches the 'H NMR spectrum of tetrakis(n-hexylamino)phosphonium chloride
(6=2.90 ppm), rather than oleylamine (6 = 2.51 ppm) or oleylammonium ions (6= 3.09 ppm)
(Figure S11). We confirmed this assignment by adding authentic samples of oleylamine and
oleylammonium chloride to the NMR tube of the purified QDs, which produced distinct 'H NMR
resonances (Figure S12). We conclude that QDs isolated from toluene and methyl acetate have a

distinct surface termination than other samples of InP that are ligated by amines.>% 3’

10
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Figure 2. Solution-phase (a) *'P and (b) '"H NMR spectra of InP QDs purified 9x using

toluene/methyl acetate. Internal standard resonances are present in >'P NMR: & (ppm): -17.43.

During purification the quantity of [P(NHR)4]" ions decreases gradually to 0.4 nm? (2.2 oleyl
chains nm) as measured by integrating either the 'H or *'P NMR spectra relative to an internal
standard (see Supporting Information). At the lower coverage the *'P and '"H NMR resonances of
[P(NHR)4]" ions split into two features, one broader than the other, suggesting two populations are
present (Figure 2). Although in principle tightly and loosely bound counterions could explain the

lineshape, the presence of metal halide complexes (e.g. [(ZnClox)m]™ [P(NHR)4]m") may also

11
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influence the spectrum. Difficulty separating the QDs from such an impurity may explain why
most purification methods use ethanol, which efficiently removes an oily byproduct that is
otherwise difficult to remove using aprotic solvents.

'H and 3'P NMR diffusion ordered spectroscopy (DOSY) measurements of purified QDs (0.4
[P(NHR)4]" nm™) provided a single diffusivity (230 pm¥s from '"H DOSY) that is an order of
magnitude slower than a triphenylphosphate internal standard, and 3 times faster than previous
measurements on InP QDs.’® A higher diffusivity might be expected from the component
displaying a narrower NMR signal, while the broader component could have much slower
diffusivity. Regardless, we conclude that [P(NHR)4]" is associated with QDs reported here.

'H and *'P NMR spectroscopy was used to monitor the etching of InP in situ. The results of the
etching depend on the amine stoichiometry as depicted in Scheme 1. For example, if only
equivalent of amine is used, a benzoylphosphine coproduct is also detected that arises from a side
reaction between PH3 and benzoyl fluoride (Scheme 1 and Figure S13-S16).34° 3'P NMR spectra
obtained without 'H decoupling confirm the presence of two attached hydrogens with a chemical
shift and coupling constant that match literature values *'P §=-109.6 ppm; 'H 5= 3.9 ppm, 'Jp.
n =218 Hz)).*!"** In addition, when InP-InCl3/P(NH-oleyl)4Cl are treated with 1 equiv. of [Oleyl-
NH;3]"[F] (Figure 3), two side products are observed that are assigned to a bis-(oleylamino)-P, P-
difluorophosphonium cation ([F2P(NHR)>]") ("’F {'"H} NMR: 6 =-63 ppm, Jr.p = 640 Hz); 3'P
{'H} NMR: & =-67 ppm; ‘Jrp=640 Hz) and a bis-phosphazene base ([(RNH);P-(NR)-
P=NR(NHR).]*, *'P {!H} NMR: 6= 16 ppm) on the basis of their *'P and "°F chemical shifts**,
! Jr.p coupling constants, and an electrospray ionization mass spectrum (ESI-MS). [F.P(NHR),]*
was independently synthesized from [P(NHR)4]*[CI]" (R = n-hexyl) and [Oleyl-NH3][F]" and

characterized with '°F {'H} and *'P {'H} NMR spectroscopy and ESI-MS (Figure S17). A similar
12
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bis-phosphazene base may explain an NMR signal recently reported in a study of InP from a

substoichiometric mixture of dimethylaminophosphine, indium chloride, and oleylamine.*’

MCl, 110°C MF, + nHNR
3 OR hv 2
R, +PH,
NCl-{P(NHR),J*  Tolvene NH,R + InXs
+ n [FITH3NRT*
RHN o R
G I + REN . RHN_@N__NR
o AJ=In AReF - RHNT| PNHR
X=CLF o=In RHNTND TR NHR

M=2Zn,In o=P

Scheme 3. Reaction between [OleyINH3]'[F]” and InP-InCl3/P(NH-oleyl)4Cl.

o ..

50 0 -50 -100 -150 -200 -250 -300
3P Chemical Shift (ppm)

Figure 3. *'P NMR spectrum of InP-InCl3;/P(NH-oleyl)sCl QDs during in situ etching using 1
equiv of [Oleyl-NH3][F] in ds-benzene. § = -67 ppm ([F2P(NHR)2]"); &= 16 ppm ([(RNH)3P-
(NR)-P=NR(NHR)]"); 8= -200.6 ppm (InP core) and 5= - 242.3 ppm (PH3).

Thus, the InP lattice and [P(NHR)4]" surfactants undergo acidolysis in the presence of [Oleyl-
NH;3]'[F] producing an equivalent of PH3 and InF3 in the case of the nanocrystals. This conclusion
is in line with previously published work,?% 4 but distinct from proposals that etching proceeds by

reaction of fluoride and lattice phosphorus atoms.*” 4
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Metal fluorides (M = Zn, Cd, In) produced by the reaction with [Oleyl-NH3]*[F]" can bind the
QD surface. X-ray photoelectron spectroscopy analysis of the product QDs supports the presence
of the metal fluoride (Figures S10 and S18) coproducts (e.g. InF3 (685.4 ¢V) and CdF, (684.9 eV)),
but the liquids '°F NMR spectra of these samples gave little to no fluorine signal. This is typical
of extended inorganic fluorides whose '"F NMR linewidth is broadened by chemical shift
anisotropy and dipolar couplings.*’ In support of this conclusion, signals from inorganic fluoride
are observed in magic angle spinning solid state NMR spectra that are enhanced using *'P-'°F cross
polarization, a finding that will be reported elsewhere. The lack of '’F NMR signals without magic
angle spinning is consistent with a metal fluoride bound to the QD surface.

To determine the amount of fluoride present, metal fluoride coated QDs were reacted with
chlorotrimethylsilane (Me3Si—Cl), which rapidly produces fluorotrimethylsilane (Me3;Si—F) owing
to the strong Si—F bond (BDE(Si—F) = 160 kcal/mol vs. BDE(Si—Cl) = 117 kcal/mol)*°, ("F &= -
156.26 ppm; '"H 5= 0.03 ppm; Jin-19r = 7.4 Hz) (Equation 1 and Figures S19 and S20). Additional
MesSi—Cl does not increase the yield of Me3Si—F, indicating that all reactive fluoride is consumed
in under an hour. The yield of MesSi—F provides a lower bound on the amount of inorganic fluoride
in the product QDs that can be expressed as a surface coverage (Table 2).

(INP)/MF, +Cl-SiMe; — (InP)/MCl, + F-SiMe, (1)

Table 2. Fluoride and oleyl content InP QDs following fluorination and purification by

precipitation.
[R-NH3][F] F Oleyl _ L
(equiv.) (nm?) (nm?) F: Oleyl (nm)
1.6 23
0.5 Lol 401 0.6 5.5
1 4.2 3.4 1.2 5.4
14
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+0.5 +0.3

9.2 5.1
3 106  +09 1.8 3.4

“Densities are measured vs. an internal standard in ds-
toluene, using 'H and '°F NMR spectroscopy.

The fluoride coverage increases with the amount of [Oleyl-NH3][F] used in the photochemical
etching process and can exceed the aerial density of atoms on the <111> surface (6.3 nm™) and the
packing density of crystalline n-aliphatic chains (4.9 nm™). Although precise determination of the
chemical formulas of each sample is beyond the scope of this study, variation in the ratio of oleyl
chains and fluoride supports a high density of metal fluoride on the QD surface.

In addition to the inorganic fluoride termination, associated amine, ammonium, and
phosphonium counterions can provide colloidal stability. Phosphonium, ammonium, and amine
ligands can be distinguished using FT-IR spectroscopy by analyzing the v(N-H) region. For
instance an authentic sample of fetrakis(n-hexylamino)phosphonium chloride displays a broad
v(N-H) band at 3168 cm™! that is similar to the spectrum of InP QDs purified under anaerobic and
aprotic conditions (W(N-H) = 3174 cm™) (Figures 4A and D). The v(N-H) band of [P(NHR)4]" is
distinct from that of anhydrous oleylammonium chloride which appears as a high frequency
shoulder on the oleyl v(C-H) (Figure S21). However, amine ligands coordinated to CdSe
nanocrystals have intense v(N—H) bands between 3050 and 3350 cm’!, the same region where
[P(NHR)4]" occurs. All are distinct from v(O-H), which appears in samples exposed to ethanol
(~3250-3500 cm™") (Figure S22). A band at the frequency of v(O—H) has been attributed to v(N—
H) in a previous study of InP QDs, but may be the result of contamination by water or ethanol used

in the purification.*® However, a similar amount of oleyl and phosphonium moieties are measured
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in the 'H and 3'P NMR spectra and definitively assign the presence of [P(NHR)4]* and rule out
surface bound amines/ammoniums.

InP QDs isolated following reaction with [Oleyl-NH3]'[F]" do not contain NMR features
associated with phosphonium ions and do contain signals from oleyl chains in both the 'H NMR
(Figure S23) and FT-IR spectra. The observed N-H stretching band (v(N-H) =~ 3134 cm™) is
similar to the spectrum of R-NHp, and distinct from [R-NH3][CI]", [R-NH3]"[BF4] (R = oleyl),
and [P(NHR)4][CI]" (R = n-hexyl) (Figure 4D). However, the binding of R-NH; to CdSe QDs
dramatically changes the energy and intensity of the v(N-H), which may explain the broad signal
in the 3000-3300 cm™! window of figure 4B, so this assignment is tentative. Moreover, ammonium
ions associated with QDs are difficult to distinguish from amines associated with QDs on the basis
of FT-IR alone. However, ammonium ions may not be stable ligands for fluoride-terminated InP
QDs given that [Oleyl-NH3][F] causes acidolysis of the InP nanocrystal. When isolated metal
fluoride terminated QDs are subjected to long term photolysis in the absence of added [Oleyl-
NH;3]'[F] there is no evidence for etching. Thus, we conclude that any associated [R-NH3]" ions
undergo conversion to amine ligands according to equation 2 and do not remain after the etching
process. The FT-IR spectra of fluoride terminated InP QDs in the presence of added oleylamine is
shown in Figure 4C. There is little change in the FT-IR lineshape further confirming our
assignment. We therefore assign the spectrum in Figure 4B to QDs with surface bound metal

fluoride and amine ligands, rather than ammonium fluoride ligands.

(INP)J/[FTTHsNR]* == (INP-H,NR + 1/3InF5 + 1/3 PHg )
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Figure 4. Solution-phase FT-IR spectra in tetrachloroethylene solvent: (A) purified InP-
InCl3/(P(NH-oleyl)sCl QDs 0.4 nm? [P(NHR)4]", (B) InP-MFyx/R-NH3, (C) addition of 1 and 2
equivs. HaoN-oleyl /oleyl chain of InP-MFx/R-NH2 QDs, (D) tetrakis(n-hexylamino)phosphonium

chloride, (E) anhydrous oleylammonium chloride, (F) N-oleylbenzamide.

Conclusion. The dramatic increase in the PLQY of III-V and I1I-VI QDs described herein is
attributed to the adsorption of MFx complexes and amine ligands to the QD surface. High aerial
density of fluoride ions is achieved suggesting that such metal complexes pack densely on the QD
surface. The high packing density helps explain the high PLQYs obtained following fluoride
binding. Interestingly, the highest PLQY values obtained for CdS cores were only realized after

exposure to air. While photobrightening in the presence of air is well documented a chemical
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explanation of this brightening is unknown and could shed light on the intricate connection

between the coordination chemistry of QD surfaces and their performance in applications.
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