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ABSTRACT: The ligand chemistry of colloidal semiconductor
nanocrystals mediates their solubility, band gap, and surface facets.
Here, selective organometallic chemistry is used to prepare small,
colloidal cuprous oxide nanocrystals and to control their surface
chemistry by decorating them with metal complexes. The strategy
is demonstrated using small (3−6 nm) cuprous oxide (Cu2O)
colloidal nanocrystals (NC), soluble in organic solvents. Organo-
metallic complexes are coordinated by reacting the surface Cu−OH
bonds with organometallic reagents, M(C6F5)2, M = Zn(II) and
Co(II), at room temperature. These reactions do not disrupt the
Cu2O crystallinity or nanoparticle size; rather, they allow for the
selective coordination of a specific metal complex at the surface.
Subsequently, the surface-coordinated organometallic complex is
reacted with three different carboxylic acids to deliver Cu−O−Zn(O2CR’) complexes. Selective nanocrystal surface functionalization
is established using spectroscopy (IR, 19F NMR), thermal gravimetric analyses (TGA), transmission electron microscopy (TEM,
EELS), and X-ray photoelectron spectroscopy (XPS). Photoluminescence efficiency increases dramatically upon organometallic
surface functionalization relative to that of the parent Cu2O NC, with the effect being most pronounced for Zn(II) decoration. The
nanocrystal surfaces are selectively functionalized by both organic ligands and well-defined organometallic complexes; this synthetic
strategy may be applicable to many other metal oxides, hydroxides, and semiconductors. In the future, it should allow NC properties
to be designed for applications including catalysis, sensing, electronics, and quantum technologies.

■ INTRODUCTION
Semiconductor nanocrystals (SC-NCs) are important in
catalysis, electronics, optics, sensing, and quantum technolo-
gies.1−3 Colloidal SC-NCs, soluble in polar solvents, are
important in formulations, both as “inks” for low-temperature
deposition onto electrodes, metals, or glass substrates and to
make highly dispersed organic−inorganic hybrid materials.4,5

There are many different syntheses of such colloidal SC-NCs;
low-temperature routes are particularly attractive, especially for
small particles where size-dependent effects can be ac-
cessed.6−9 The desired high solubility is usually obtained
using excess ligands or surfactants during the synthesis.6,10 As
well as moderating solubility, the ligand chemistry can also
influence the SC-NC properties and performances.6 However,
it can be challenging to control SC-NC surface-ligand
chemistry, particularly where different ligands or functional
groups need to be introduced onto a single surface.11 To help
differentiate and understand SC-NC ligand chemistry, several
researchers have applied covalent bond classification (CBC)
methods, well-known in coordination chemistry.12−15 Ligands
are classed as neutral donors, such as amines (L-type); single
electron donors, such as carboxylates or halides (X-type); or

electron-pair acceptors, such as metal(carboxylates) or boranes
(Z-type).12−15 While organic ligands are perhaps most often
applied, Talapin and co-workers discovered SC-NC ligand
electronic coupling effects and/or supercrystal lattices using
“inorganic” ligands.16−18 Many surface-coordinated ligands can
exchange with free (pro-)ligands in solution; recent inves-
tigations of these exchange reactions focused on CdS, CdSe, or
PbS NC.19−25 The extent and rate of ligand exchange can be
explored using NMR spectroscopies and isothermal calorim-
etry.25−27 Relevant to this work, cuprous oxide SC-NC ligand
exchange reactions were investigated using carboxylates (X-
type) or amines (L-type).5,28,29 In addition to the intentional
ligand, metal oxide SC-NCs also likely feature metal
hydroxides, water, or solvents as ligands, even when excess
surfactant is applied. Alivisatos and co-workers showed that
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Pb−OH groups were present on colloidal PbS NC, as well as
the “added” oleate ligands.30 These “unintentional” metal-
hydroxide ligands are not usually explicitly considered in SC-
NC chemistry yet may affect the exchange reactions and have
functions in catalysis. They also provide additional sites for
selective SC-NC functionalization, as demonstrated in this
work.
Most SC-NC syntheses apply excess ligand(s), but unused

reagents are problematic in many applications, including in
polymer nanocomposites, catalysis, or theranostics.10 In these
cases, colloidal stability is best achieved by careful control of
the quantity of ligands and their surface coordination
chemistry. One attractive synthetic strategy exploits the high
reactivity of metal−carbon bonds to hydrolysis or insertions,
e.g., Cu− or Zn−C bonds.9,28,31−35

Reactions conducted with substoichiometric quantities of
nonhydrolyzable X-type ligands, compared to the number of
binding sites on the SC-NC surface, yield small (1−5 nm),
monodisperse, colloidal Cu2O or ZnO SC-NCs.9,28,29,32,35,36

By binding strongly chelating ligands to the SC-NC surface
intrinsically during the synthesis, it is not necessary to rely on
dynamic equilibria with excess ligands in solution. Stable
colloids can be prepared with deliberately substoichiometric
ligand coverage, leaving “free” surface sites available for
application or reaction.8,28,35,37,38 This study explores the
surface reactivity of putative Cu−OH moieties on colloidal
cuprous oxide NC stabilized by long-chain carboxylate ligands.
We reasoned that the surface Cu−OH might be reactive
toward organometallic complexes, exploiting rapid and
irreversible protonolysis reactions. Such reactions could
produce colloidal NC functionalized by both organic ligands
and organometallic complexes.
The use of reactions between surface metal oxide, M−OH

bonds, and organometallic complexes, i.e., M’−C, has been
used in heterogeneous catalysis and to attach organometallic
complexes to solid-state surfaces.39 Surface organometallic
chemistry (SOMC) has been used to attach molecular or
nanoparticle catalysts to silica, alumina or zirconia sup-
ports.39−43 For example, Copeŕet and co-workers used
SOMC to install Cu(II) complexes onto intermetallic or
oxide surfaces as models for active sites in heterogeneous
methane oxidation catalysts.40,44,45 The main difference
between SOMC and the strategy proposed here is that single
nanoparticle transformations must occur in solution and must
be compatible with the carboxylate ligands that deliver
colloidal stability. Solution reactions of nanoparticles with
organometallic reagents also relate to the colloidal atomic layer
deposition (c-ALD) process used to coat thin layers of
amorphous metal oxides onto colloidal SC-NC.46,47 For
example, Buonsanti and co-workers reacted metallic or SC
nanocrystals with AlMe3, followed with O2, in repeated cycles,
to deposit amorphous alumina layers.47−49 Here, by using
specific organometallic species, we provide molecular control
of the surface chemistry in the colloidal solution.
The solution phase surface organometallic chemistry is

targeted to decorate small, colloidal cuprous oxide (Cu2O)
NCs. Cuprous oxide is a wide band-gap semiconductor (bulk
band gap ∼2.17 eV) with a high exciton binding energy.28 It is
of interest for applications in photocatalytic CO2 reduction,

50

solar cells,51−54 and gas sensing.55 Controlling surface
chemistry provides a means to modulate catalytically active
sites, install cocatalysts, or introduce surface dopants to adjust
the band gap. While cuprous oxide is a promising photo-

catalyst, improvements are needed in catalyst lifetime since
cuprous oxide is metastable with respect to copper and cupric
oxide.50

■ RESULTS AND DISCUSSION
Colloidal Cu2O NCs were synthesized by reacting copper(I)-
(mesitylene), [CuMes]z (z = 4, 5), in toluene, with
substoichiometric quantities of a carboxylic acid ligand, 2-[2-
(2-methoxyethoxy)ethoxy]acetic acid, H[MEEA] (10 mol
%).8,9,28,56 The solution was hydrogenated (3 bar) at 110 °C
to form colloidal Cu@MEEA NCs.28 Solutions of the NCs
were exposed to air to form colloidal cuprous oxide NCs.8,9,28

These products have cubic lattices and are 3−6 nm in size, as
confirmed by both XRD (3 nm) and TEM (6.0 ± 1.5 nm;
Figures S1−S3); the slightly smaller size observed by XRD
compared to TEM may relate to other contributions to peak
broadening and the presence of some twinned/multigrain
NCs. Thermogravimetric analyses (TGA) and XPS confirmed
the carboxylate (MEEA) ligand coordination (Figures 1D, S4,
and S23).28 IR spectra show resonances at 1588 and 1438/
1415 cm−1, assigned to asymmetric and symmetric carboxylate
stretches (Figure 1A). A broadened resonance at 3425 cm−1 is
assigned to surface hydroxyl groups, i.e., Cu2O@(MEEA)-
(OH) (1-OH) (Scheme 1 and Figure S5). Synthesizing 1-OH
with 20 and 30 mol % of the ligand, H[MEEA], also provided
NCs that were 3 nm in size (XRD; Figure S6). We propose
that the nanocrystal size is determined by the rapid nucleation
step, and the available ligands are distributed over the
nanocrystal surface to give a variable coverage.28,37 We have
previously identified these two regimes, nucleation controlled
(fixed size, variable surface coverage) and coverage controlled
(variable size, saturated coverage), in the synthesis of colloidal
ZnO nanocrystals from ZnEt2.

37

To probe the reactivity of the surface hydroxyl groups, 1-
OH was reacted with known quantities of nonanoic acid,
increasing from 10 to 20 mol % (0.1−0.2 equiv vs. the starting
copper concentration of 100 mol % or 1 equiv). After each
addition, the resulting colloidal NC FT-IR spectrum showed a
clear reduction in the intensity of the ν(O−H) stretch (Figure
S7). Under these conditions, the nonanoic acid reacted
selectively with the hydroxyl moieties; there was no evidence
for any free carbonyl or hydroxide stretches from H[MEEA] or
for any unreacted nonanoic acid. To probe the quantity of
surface hydroxyl groups, 1-OH was reacted stepwise with the
same molar quantities of [Zn(C6F5)2]. The Cu−OH groups
reacted with [Zn(C6F5)2] by rapid and irreversible proto-
nolysis to form Cu−O−Zn(C6F5) complexes (see below).
19F{1H} NMR spectroscopy was used to monitor the reaction
since for every surface Zn(II) complex formed, one equivalent
of a fluoroaromatic byproduct also formed. As such, a 19F{1H}
NMR spectroscopic titration was undertaken, whereby the
complete reaction of the NC surface hydroxyl moieties
correlates with the appearance of unreacted [Zn(C6F5)2]
(Figures S9−S11). In both surface reactivity investigations, 0.2
equiv or 20 mol % (vs. total copper concentration) of
nonanoic acid or [Zn(C6F5)2] resulted in a complete reaction
of the surface −OH groups, i.e., saturation of the remaining
surface Cu sites. To contextualize the experimental titrations,
the initial surface coverages of the Cu2O NCs by both the
MEEA ligands and hydroxyl moieties were estimated as
follows. In the synthesis of 1-OH, 10 mol % of the H[MEEA]
carboxylic acid ligand was added relative to the Cu(I)
precursor (100 mol %). As shown by IR spectroscopy and
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TGA analysis, the MEEA coordinates to but does not fully
saturate the cuprous oxide surfaces (see the Supporting
Information for estimates of surface coverage).
To investigate the coverage further, experimentally, reactions

between 1-OH and either 20 or 30 mol % [Zn(C6F5)2] relative
to the starting Cu stoichiometry (100 mol %) were
undertaken. In a toluene solution, at room temperature, 1-
OZn(C6F5) formed as a dark green solid (Scheme 1 and
Figure S12). Analysis of the reaction supernatant, using
19F{1H} NMR spectroscopy, showed only the fluoroaromatic
byproducts of protonolysis (∼1:1 C6HF5:(C6F5)2), for the 20
mol % reaction, but for the 30 mol % reaction significant
quantities of unreacted [Zn(C6F5)2] were also observed (see
the Supporting Information). These findings are consistent
with an estimated surface Cu−OH content of around 20 mol
% (see Supporting Information).

1-OZn(C6F5) was isolated by decantation of the residual
toluene and repeatedly washed; powder XRD measurements
confirm the retention of the cubic Cu2O phase with the same
average crystallite size as the starting cuprous oxide NCs, i.e.,
1-OH (3 nm; see the Supporting Information).28 The product
was characterized using solid-state 19F NMR spectroscopy,
which showed broadened isotropic resonances at −117, −140
and −164 ppm. These peaks are assigned to the o-C6F5, p-
C6F5, and m-C6F5 resonances of the Cu−O−Zn(C6F5)
complexes (Figures S14 and S15).57 The FT-IR spectrum of
1-OZn(C6F5) contains stretches associated with Zn−C6F5
groups at 1630, 1505, 1452, 1071, 1053, and 952 cm−1;
these resonances were also observed in the spectrum of
[Zn(C6F5)2] (Figures 1A and Supporting Information). Since
the solid does not contain any unreacted [Zn(C6F5)2] (by 19F
NMR spectroscopy), these resonances are assigned to Cu−O−
Zn(C6F5) groups. The FT-IR spectrum also shows asymmetric

Figure 1. (A) Stacked FT-IR spectra of 1-OH, [Zn(C6F5)2] and 1-OZn(C6F5); red highlights represent the coordinated MEEA ligand, and black
highlights represent −C6F5 groups. (B) TGA thermogram of 1-OZn(C6F5). (C) Cu 2p3/2, (D) O 1s, (E) Zn 2p3/2, and (F) F 1s XP spectra for 1-
OH, 1-OZn(C6F5), and 1-OCo(C6F5); * represents MF2 (M = Zn, Co) attributed to sample degradation during the XPS experiments.
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and symmetric MEEA carboxylate stretches at 1605 and 1434
cm−1, respectively. The spectrum shows a characteristic MEEA
ν(C−O−C) mode at 1107 cm−1, and the cuprous oxide NCs
show a ν(Cu−O) mode at 629 cm−1.29,58 These resonances are
at the same energy as those for 1-OH and are consistent with
MEEA remaining coordinated to the NP surface throughout
the organometallic reaction (Figure 1A).
Due to the moisture sensitivity of 1-OZn(C6F5), thermal

gravimetric analysis was conducted in a sealed aluminum pan,
under N2. The TGA data show ∼15 wt % mass loss from 30 to
200 °C, consistent with thermolysis of C6F5 groups (Figure
S18, N.B. [Zn(C6F5)2] also shows mass loss from 30 to 200
°C). TGA-MS at 100 °C shows a species with a m/z of 168,
which is consistent with the loss of −C6F5 groups (Figure
S19). The TGA data show a second 13 wt % mass loss from
250 to 300 °C, corresponding to the MEEA ligand loss (Figure
1B).28 Overall, the total organic fraction mass loss is 28 wt %,
which is consistent with a theoretical 32 wt % ligand loading
and with the formation of Cu2O and ZnO upon thermolysis.
The TGA data contrast with those for the original1-OH, which
show thermal reduction to Cu at temperatures above ∼250 °C,
consistent with partial reduction and ligand loss; there was also
a mass increase above ∼250 °C, representing partial
reoxidation of surface Cu (Figures S4 and S49A).28

X-ray photoelectron spectroscopy (XPS) can be particularly
useful for surface analysis of colloidal SC-NCs. The survey X-
ray photoelectron (XP) spectra of 1-OZn(C6F5) show all of
the expected elements (Figure S20). The Cu 2p3/2 XP

spectrum displays a main intensity peak at ∼932.5 eV and a
low-intensity satellite peak at +13 eV from the main
photoionization peak, indicative of Cu(I) (Figure 1C).9,59,60

The Cu(I) LMM Auger signal shows a kinetic energy of 916.6
eV, commensurate with Cu2O, and the valence band spectrum
contains a peak position and shape that is also diagnostic of
Cu2O (Figures S21 and S22).9 Multiple states are observed in
the O 1s spectra; the lowest binding energy peak (∼530.4 eV)
is attributed to a metal oxide environment (Cu−O−Cu/Zn),
whereas the higher binding energy environments are associated
with C�O and C−O environments of the MEEA carboxylate
ligand (Figure 1D).61,62 Further, the C 1s spectra show
chemical environments consistent with O�C−O, C−O, C−
C, and C−H functionalities of the MEEA ligand (Figure
S23).61,62 A signal is observed at 1022.0 eV in the Zn 2p3/2
spectrum (Figure 1E), indicative of Zn(II) surface speciation
(Figure 1E).63 The F 1s spectrum shows two fluorine
environments: a higher BE environment at ∼687.5 eV, which
corresponds to C−Fx bonds in the −C6F5 ligand,64,65 and a
lower binding energy environment at 685.0 eV, tentatively
attributed to metal-fluoride (Zn−F) environments (Figure
1F).65,66 The F 1s XP data for [Zn(C6F5)2] also show these
two environments (Figure S24); the Zn−F environment
observed in 1-OZn(C6F5) and [Zn(C6F5)2] is attributed to
sample degradation during the XPS experiments. Taken
altogether, the XP spectra indicate the successful installation
of −OZn(C6F5) groups onto the Cu2O NC surface. ICP-MS
experiments indicate an atomic ratio of ∼13:100 Zn:Cu in
samples of 1-OZn(C6F5), consistent, within experimental
error, with the expected 20 mol % value relative to copper
(100 mol %) determined by other methods.
Given the successful installation of Zn(II) organometallic

complexes onto the Cu2O surface, attention turned to the
generality of the protonolysis reaction to other organometallic
reagents. As such, treating 1-OH with 20 mol % (0.2 equiv) of
[Co(C6F5)2]·2THF relative to copper (100 mol %) formed 1-
OCo(C6F5) as a green powder featuring Cu−O−Co(C6F5)
surface complexes (Scheme 1). Similar to 1-OZn(C6F5),
powder XRD indicates retention of cubic Cu2O NC, with
crystallite sizes remaining at ∼3 nm by Scherrer analysis
(Figure S25). The solution-state 19F NMR spectrum of the
reaction supernatant shows C6HF5 and (C6F5)2, i.e., the
expected reaction byproducts (Figure S26). The FT-IR
spectrum shows resonances consistent with OCo(C6F5) and
MEEA ligands coordinated to the particle surface (see
Supporting Information). The TGA data for 1-OCo(C6F5)
shows two “stages” of decomposition: ∼15 wt % loss occurs
from 100 to 275 °C, and then ∼18 wt % loss from 275 to 350
°C. Similarly to 1-OZn(C6F5), these data are consistent with
the loss of the −C6F5 and MEEA ligands. The overall organic

Scheme 1. Synthesis of Cu2O@(MEEA)(OH) [1-OH] and Cu2O@(MEEA){OM(C6F5)} (M = Zn, 1-OZn(C6F5)); M = Co, 1-
OCo(C6F5); 1 = Cu2O@(MEEA); MEEA = H3C(OCH2CH2)2OCH2CO2

− (2-[2-(2-Methoxyethoxy)ethoxy]acetate); and
H[MEEA] = H3C(OCH2CH2)2OCH2CO2H (2-[2-(2-Methoxyethoxy)ethoxy]acetic acid)

Scheme 2. Illustrates the Reaction of 1-OZn(C6F5) with
Carboxylic Acids to Form 1-OZn(O2CR’)

a

aWhere HO2CRole=oleic acid (HO2C(CH2)7CH = CH(CH2)7CH3),
HO2CRnon=nonanoic acid (HO2C(CH2)7CH3), and HO2CRBrDA=10-
bromodecanoic acid (HO2C(CH2)8CH2Br).
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ligand content matches the theoretical value closely (exper-
imental = 33 wt %, theoretical = 32 wt %; see the Supporting
Information). The survey XP spectrum shows all of the
anticipated elements, and the Cu 2p3/2, C 1s, and O 1s XP
spectra are consistent with those of 1-OH and 1-OZn(C6F5)
(Supporting Information).
The F 1s XP spectrum shows two fluorine environments

assigned to C−Fx bonds in −C6F5 (∼687.5 eV)64,65 and those
associated with CoF2 due to sample degradation (∼685 eV;
Figure 1F). The Co 2p XP spectrum contains higher intensity
peaks at 781 and 798 eV, which are commensurate with
Co(II); satellites (SX/Y) located at higher binding energies
provide further validation for this assignment (Figure S31).67

ICP-MS indicates there is 15 mol % Co relative to Cu (100
mol %) in samples of 1-OCo(C6F5) which is consistent with

the Zn(II) loading in the previous sample and with calculated
values (theoretical = 20 mol %). Overall, the colloidal Cu2O
NC can be reacted with different organometallic reagents to
install a second metal. In the future, other s-, transition metal,
and p-block organometallic reagents should be investigated.
One benefit of installing organometallic complexes is their

potential to undergo further reactions. As proof of this concept,
1-OZn(C6F5) was treated with three different carboxylic acids
to form new surface-coordinated Zn(II)(carboxylate) com-
plexes. In these experiments, it is important to avoid any ligand
exchange reactions with Cu-MEEA ligands. The carboxylic
acids were, therefore, selected to show lower acidity (higher
pKa) than H[MEEA] (Table S3). Further, the significantly
higher basicity of −C6F5 versus MEEA, together with the
different denticity (i.e., monodentate −C6F5 versus bidentate

Figure 2. (A) Stacked FT-IR spectra of HO2CRole, 1-OZn(C6F5), and 1-OZn(O2CRole); red highlights represent the coordinated MEEA ligand,
blue highlights represent −C6F5 groups, and black highlights represent the coordinated (O2CRole) ligand. (B) Stacked TGA thermograms of 1-
OZn(O2CR’) (R’ = Role, Rnon, RBrDA). (C) Zn 2p3/2 and (D) Zn 3p/Cu 3p/Br 3d XP spectra for 1-OH and 1-OZn(O2CR’). (E) Annular bright-
field STEM image with the HRTEM image and lattice fringes for 1-OZn(O2CRole). (F) EELS analysis for 1-OZn(O2CRole); red = Cu, green = Zn.
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carboxylate), should ensure that substoichiometric quantities
of carboxylic acids react with the −OZn(C6F5) moieties rather
than the MEEA ligands.
Treating a slurry of 1-OZn(C6F5) in toluene with 20 mol %

(0.2 equiv) of HO2CR’, where R’ = Role is oleic acid, Rnon is
nonanoic acid, or RBrDA is 10-bromodecanoic acid, relative to
copper (100 mol %) resulted in solubilization to form dark
green, colloidal solutions containing the products 1-OZn-
(O2CR’) (Scheme 2, Figure S32). These solutions were stored
as 36 mM solutions in toluene in the glovebox freezer. The
dried NCs were analyzed by powder XRD, showing cubic
Cu2O, with average crystallite sizes of 3 nm by Scherrer
analysis; again, there was no change to the cuprous oxide
nanocrystals during this reaction (Figures S33−S35). ICP-MS
measurements indicate 23, 26, and 25 mol % Zn relative to Cu
for R’ = Role, Rnon, and RBrDA, respectively, in proximity to the
anticipated value of 20 mol % Zn relative to Cu (100 mol %).
The 19F NMR spectra of the crude reaction mixtures

confirmed the formation of the expected byproduct, C6HF5,
without any remaining −Zn(C6F5) signals (Scheme 2 and
Supporting Information). The 1H NMR spectrum of 1-
OZn(O2CRole) in benzene-d6 shows broadened resonances,
which are typical of such colloidal NCs. The resonance at
∼5.51 ppm (ω1/2 ∼ 20 Hz) is diagnostic of the internal alkene
protons of the oleate ligand, and the line broadening is
characteristic of nanoparticle surface coordination.5 The 1H
NMR spectra of 1-OZn(O2CRnon) and 1-OZn(O2CRBrDA) are
similarly broadened to that for 1-OH, consistent with
carboxylate coordination (see the Supporting Information).5

Further, there were no signals observed for any free carboxylic
acids, including original H[MEEA] pro-ligand, while stable
colloids were retained. 1H NMR DOSY experiments for 1-OH
and 1-OZn(O2CRole) show that all relevant NMR signals
diffuse at the same rate, indicative of the ligands being
equivalent and remaining coordinated to the NC surface on
the NMR time scale (Figures S45 and S46).
The FT-IR spectra for 1-OZn(O2CR’) show asymmetric

and symmetric carboxylate stretches at ∼1590−1530 and
∼1430−1410 cm−1, assigned to both the new carboxylates and
MEEA ligands (Figure 2A and Supporting Information).
Resonances at ∼1110 and ∼630 cm−1 are assigned to ν(C−
O−C) of coordinated MEEA and ν(Cu−O) of Cu2O,
respectively, and are consistent with 1-OH and 1-OZn(C6F5)
(Figure 2A). The FT-IR spectrum of 1-OZn(O2CRole) shows
a further diagnostic resonance at 3006 cm−1, assigned to the
oleate alkene group C�C−H, and is useful to confirm the
second carboxylate ligand coordination in the product. The
FT-IR spectra of 1-OZn(O2CR’) do not show any stretches
for free carboxylic acids, indicating that on the faster time scale
of IR spectroscopy (vs. NMR), all of the carboxylates are
surface coordinated. Further, diagnostic IR resonances due to
the Zn−C6F5 groups disappeared after the reaction.
Thermogravimetric analyses, conducted in air, of 1-OZn-

(O2CR’) (R’ = Role, RBrDA) and 1-OZn(O2CRnon) all show
ligand mass loss onsets around ∼150 °C, with the later
compound stabilising by 225 °C, and the others showing a
broader decomposition range (Figure 2B). The total organic
ligand contents are 50, 30, and 41 wt % for R’ = Role, Rnon, and
RBrDA, respectively, which closely match the expected values for
ligand loss of 46, 31, and 43 wt %. These data are consistent
with the complete reaction of the starting Zn(II) organo-
metallic complex and further confirm that the MEEA ligand
remains surface coordinated, and similarly to 1-M(C6F5) (M =

Zn, Co), are consistent with only loss of ligand (see Figure S50
and Table S4).
The XPS data for the 1-OZn(O2CR’) samples show Cu

2p3/2 and Cu LMM Auger signals consistent with Cu2O NCs,
similar to the previous XPS analysis (see Supporting
Information). Both the C�O and M−O environments are
observed in the O 1s spectra, as expected (Supporting
Information). All of the samples show Zn 2p3/2 spectra
consistent with Zn(II), and the peaks for 1-OZn(O2CRBrDA)
(1022.7 eV) are slightly shifted relative to 1-OZn(C6F5), 1-
OZn(O2CRole), and 1-OZn(O2CRnon) (Figures 1E and 2C).
Importantly, the Br 3d XP spectrum of 1-OZn(O2CRBrDA)
contains a signal at 70 eV, which is typical of C−Brx,
suggesting that the carboxylate ligand is surface coordinated
(Figure 2D).68 The samples did not show any F 1s signals
(Figure S56).
The colloidal NC featuring Zn(carboxylate) complexes were

no longer air-sensitive, and selected samples of 1-OZn(O2CR’)
were analyzed by TEM. The data show small, uniform colloidal
nanoparticles; 1-OZn(O2CRole) shows an average diameter of
5.5 ± 1.4 nm and 1-OZn(O2CRnon) an average size of 5.0 ±
1.4 nm for (Figure 2E and Supporting Information). The
particle sizes following surface functionalization with
−OZn(O2CR’) are consistent with the starting 1-OH sample
(6.0 ± 1.5 nm, Supporting Information). HRTEM shows the
(211) lattice fringe at values of 2.47 Å for R’ = Role, 2.54 Å for
R’ = Rnon (Figure 2E and Supporting Information). The EELS
data for 1-OZn(O2CRole) and 1-OZn(O2CRnon) show signals
corresponding to both Cu and Zn, with Zn being clearly
observed on the nanocrystal surfaces (Figure 2F and
Supporting Information). The measured Zn content is around
25 mol % related to Cu, which agrees well with the anticipated
value of 20 mol %.
To evaluate the effects of organometallic surface function-

alization on the optical properties of the parent cuprous oxide
NCs, photoluminescence (PL) spectroscopy was conducted on
1-OH, 1-OZn(O2CRole), and 1-OCo(O2CRole); the latter
material was synthesized by treating 1-OCo(C6F5) with oleic
acid, HO2CRole, in toluene at room temperature and was
characterized by FT-IR spectroscopy (Figure S68). In all three

Figure 3. Stacked photoluminescence spectra of 1-OH, 1-OZn-
(O2CRole), and 1-OCo(O2CRole). In each case, the solution
concentration is 0.18 mM in toluene. Experimental data (open
circles) and fitted spectrum (smooth line).
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samples, two emission bands of the same relative intensity are
observed at 612 and 663 nm, arising from an identical Cu2O
NC core (Figure 3). The partially covered colloidal NC, 1-
OH, exhibits very low PL intensity (Figure S69). However,
after organometallic surface functionalization, there is a
dramatic increase in emission intensity at identical colloid
concentrations; the increases are 30-fold and 10-fold for 1-
OZn(O2CRole) and 1-OCo(O2CRole), respectively (Figures 3
and S70−S72). The effect is most pronounced for Zn(II)
decoration, as might be expected given its filled d-shells, which
provide no obvious recombination pathway. It is well-known
that SC-NCs often require core−shell structures to show
efficient emission.69 The remarkable observation that the
addition of precisely coordinated, single metal complexes on
the surface also improves emission intensity shows that
nonradiative decay mechanisms (through surface defects or
interactions with solvent molecules) are suppressed without
requiring a full “shell.” Simply passivating the unsaturated
surface −OH sites is sufficient.

■ CONCLUSIONS
In summary, small (3−6 nm) colloidal cuprous oxide
nanocrystals were successfully functionalized with Zn(II) or
Co(II) complexes. The reactions between cuprous oxide
colloidal NCs, specifically Cu−OH surface ligands, and
[Zn(C6F5)2] or [Co(C6F5)2]·2THF occurred at room temper-
ature and in bulk, in organic solvents. The quantitative
reactions allowed for precise surface functionalization with
both organic ligands (carboxylates) and organometallic
complexes. The zinc complexes were further reacted with
other carboxylic acids to form surface-coordinated Zn-
carboxylate complexes. Surface organometallic functionaliza-
tion showed a dramatic increase in photoluminescence relative
to that of the parent Cu2O NC; the effect was more
pronounced for surface functionalization with Zn(II) than
with Co(II). The finding demonstrates the important influence
of secondary functionalization on properties and may be
directly relevant to fluorescence applications. The deposition
process is self-limiting since the −OM(R) formation depends
on direct reaction with the Cu−OH groups. Complementary
analytical techniques, such as powder XRD, FT-IR, 19F NMR
spectroscopy, TGA, TGA-MS, ICP-MS, XPS, TEM, and EELS,
all confirmed NC functionalization with both organic
(carboxylate) and organometallic/inorganic complexes. As
illustrated, this approach provides a quantitative analytical
probe of reactive surface sites on nanoparticles that are often
overlooked. Sequential, self-limiting reactions allow multiple
functions to be systemically introduced with atomic precision.
This colloidal NC surface modification strategy is amenable to
many different organometallic reagents and may be applied to
a wide range of NC cores, particularly oxides, but extending to
sulfides28 and other systems. For example, partially hydroxyl
terminated colloidal ZnO nanocrystals37 formed Zn−O−Cu
bridges with Cu nanoparticles deposited from mesityl copper;8

single copper center surface groups should be accessible under
more controlled conditions. Precise nanoparticle multifunc-
tionalization is expected to be important for applications
including theranostics, (photo)catalysis, and photo/electrical
applications.
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Surface Organometallic and Coordination Chemistry toward Single-
Site Heterogeneous Catalysts: Strategies, Methods, Structures, and
Activities. Chem. Rev. 2016, 116, 323−421.
(40) Lam, E.; Larmier, K.; Wolf, P.; Tada, S.; Safonova, O. V.;
Copéret, C. Isolated Zr Surface Sites on Silica Promote Hydro-
genation of CO2 to CH3OH in Supported Cu Catalysts. J. Am. Chem.
Soc. 2018, 140, 10530−10535.
(41) Witzke, R. J.; Chapovetsky, A.; Conley, M. P.; Kaphan, D. M.;
Delferro, M. Nontraditional Catalyst Supports in Surface Organo-
metallic Chemistry. ACS Catal. 2020, 10, 11822−11840.
(42) Gu, W.; Stalzer, M. M.; Nicholas, C. P.; Bhattacharyya, A.;
Motta, A.; Gallagher, J. R.; Zhang, G.; Miller, J. T.; Kobayashi, T.;
Pruski, M.; Delferro, M.; Marks, T. J. Benzene Selectivity in
Competitive Arene Hydrogenation: Effects of Single-Site Catalyst···
Acidic Oxide Surface Binding Geometry. J. Am. Chem. Soc. 2015, 137,
6770−6780.
(43) Conley, M. P.; Mougel, V.; Peryshkov, D. V.; Forrest Jr, W. P.;
Gajan, D.; Lesage, A.; Emsley, L.; Copéret, C.; Schrock, R. R. A Well-
Defined Silica-Supported Tungsten Oxo Alkylidene Is a Highly Active
Alkene Metathesis Catalyst. J. Am. Chem. Soc. 2013, 135, 19068−
19070.
(44) Docherty, S. R.; Copéret, C. Deciphering Metal-Oxide and
Metal-Metal Interplay via Surface Organometallic Chemistry: A Case
Study with CO2 Hydrogenation to Methanol. J. Am. Chem. Soc. 2021,
143, 6767−6780.
(45) Larmier, K.; Liao, W.-C.; Tada, S.; Lam, E.; Verel, R.; Bansode,
A.; Urakawa, A.; Comas-Vives, A.; Copéret, C. CO2-to-Methanol
Hydrogenation on Zirconia-Supported Copper Nanoparticles: Re-
action Intermediates and the Role of the Metal-Support Interface.
Angew. Chem. Int. Ed. 2017, 56, 2318−2323.
(46) Loiudice, A.; Segura Lecina, O.; Buonsanti, R. Atomic Control
in Multicomponent Nanomaterials: when Colloidal Chemistry Meets
Atmoic Layer Deposition. ACS Mater. Lett. 2020, 2, 1182−1202,
DOI: 10.1021/acsmaterialslett.0c00271.
(47) Loiudice, A.; Strach, M.; Saris, S.; Chernyshov, D.; Buonsanti,
R. Universal Oxide Shell Growth Enables in Situ Structural Studies of
Perovskite Nanocrystals during the Anion Exchange Reaction. J. Am.
Chem. Soc. 2019, 141, 8254−8263.
(48) Segura Lecina, O.; Hope, M. A.; Venkatesh, A.; Björgvinsdóttir,
S.; Rossi, K.; Loiudice, A.; Emsley, L.; Buonsanti, R. Colloidal-ALD-
Grown Hybrid Shells Nucleate via a Ligand-Precursor Complex. J.
Am. Chem. Soc. 2022, 144, 3998−4008.
(49) Loiudice, A.; Segura Lecina, O.; Bornet, A.; Luther, J. M.;
Buonsanti, R. Ligand Locking on Quantum Dot Surfaces via a Mild
Reactive Surface Treatment. J. Am. Chem. Soc. 2021, 143, 13418−
13427, DOI: 10.1021/jacs.1c06777.
(50) Rej, S.; Bisetto, M.; Naldoni, A.; Fornasiero, P. Well-Defined
Cu2O Photocatalysts for Solar Fuels and Chemicals. J. Mater. Chem. A
2021, 9, 5915−5951.
(51) Chen, L.-C. Review of Preparation and Optoelectronic
Characteristics of Cu2O-Based Solar Cells with Nanostructure.
Mater. Sci. Semicond. Process. 2013, 16, 1172−1185, DOI: 10.1016/
j.mssp.2012.12.028.
(52) Chen, Y.-J.; Li, M.-H.; Huang, J.-C.-A.; Chen, P. Cu/Cu2O
Nanocomposite Films as a p-Type Modified Layer for Efficient
Perovskite Solar Cells. Sci. Rep. 2018, 8, No. 7646.
(53) Wong, T. K. S.; Zhuk, S.; Masudy-Panah, S.; Dalapati, G. K.
Current Status and Future Prospects of Copper Oxide Heterojunction
Solar Cells. Materials 2016, 9, 271−292.

(54) Rai, B. P. Cu2O Solar Cells: A Review. Sol. Cells 1988, 25, 265−
272.
(55) Ding, Y.; Guo, X.; Zhou, Y.; He, Y.; Zang, Z. Copper-Based
Metal Oxides for Chemiresistive Gas Sensors. J. Mater. Chem. C 2022,
10, 16218−16246.
(56) Leung, A. H. M.; García-Trenco, A.; Phanopoulos, A.; Regoutz,
A.; Schuster, M. E.; Pike, S. D.; Shaffer, M. S. P.; Williams, C. K. Cu/
M:ZnO (M = Mg, Al, Cu) Colloidal Nanocatalysts for the Solution
Hydrogenation of Carbon Dioxide to Methanol. J. Mater. Chem. A
2020, 8, 11282−11291.
(57) [Zn(C6F5)2] gives rise to 19F NMR resonances at −118.0, −152.5,

and −160.5 ppm (377 MHz, benzene-d6, 298 K).
(58) Tsuge, A.; Uwamino, Y.; Ishizuka, T. Determination of
Copper(I) and Copper(II) Oxides on a Copper Powder Surface by
Diffuse Reflectance Infrared Fourier Transform Spectrometry. Anal.
Sci. 1990, 6, 819−822.
(59) Schön, G. ESCA Studies of Cu, Cu2O and CuO. Surf. Sci. 1973,

35, 96−108.
(60) Chawla, S. K.; Sankarraman, N.; Payer, J. H. Diagnostic Spectra
for XPS Analysis of Cu-O-S-H Compounds. J. Electron Spectrosc. Relat.
Phenom. 1992, 61, 1−18, DOI: 10.1016/0368-2048(92)80047-C.
(61) Galleni, L.; Sajjadian, F. S.; Conard, T.; Escudero, D.; Pourtois,
G.; van Setten, M. J. Modeling X-ray Photoelectron Spectroscopy of
Macromolecules Using GW. J. Phys. Chem. Lett. 2022, 13, 8666−
8672.
(62) Zhu, C.; Osherov, A.; Panzer, M. J. Surface Chemistry of
Electrodeposited Cu2O Films Studied by XPS. Electrochim. Acta 2013,
111, 771−778.
(63) Deroubaix, G.; Marcus, P. X-ray Photoelectron Spectroscopy
Analysis of Copper and Zinc Oxides and Sulphides. Surf. Interface
Anal. 1992, 18, 39−46.
(64) Nansé, G.; Papirer, E.; Fioux, P.; Moguet, F.; Tressaud, A.
Fluorination of Carbon Blacks: An X-Ray Photoelectron Spectroscopy
Study: I. A Literature Review of XPS Studies of Fluorinated Carbons.
XPS Investigation of Some Reference Compounds. Carbon 1997, 35,
175−194.
(65) Sun, L.; Peng, C.; Kong, L.; Li, Y.; Feng, W. Interface-
Structure-Modulated CuF2/CFx Composites for High-Performance
Lithium Primary Batteries. Energy Environ. Mater. 2021, 6 (2),
No. e12323, DOI: 10.1002/eem2.12323.
(66) Löchel, B. P.; Strehblow, H.-H. Breakdown of Passivity of
Nickel by Fluoride. J. Electrochem. Soc. 1984, 131, 713−723.
(67) Deacy, A. C.; Kilpatrick, A. F. R.; Regoutz, A.; Williams, C. K.
Understanding Metal Synergy in Heterodinuclear Catalysts for the
Copolymerization of CO2 and Epoxides. Nat. Chem. 2020, 12, 372−
380.
(68) Au, H.; Rubio, N.; Shaffer, M. S. P. Brominated Graphene as a
Versatile Precursor for Multifunctional Grafting. Chem. Sci. 2018, 9,
209−217.
(69) Vasudevan, D.; Gaddam, R. R.; Trinchi, A.; Cole, I. Core-Shell
Quantum Dots: Properties and Applications. J. Alloys Comp. 2015,
636, 395−404.

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

https://doi.org/10.1021/jacs.3c10892
J. Am. Chem. Soc. 2024, 146, 3816−3824

3824

https://doi.org/10.1021/cm300058d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300058d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cc46203j
https://doi.org/10.1039/c3cc46203j
https://doi.org/10.1021/acs.chemrev.5b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410052u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410052u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410052u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201610166
https://doi.org/10.1002/anie.201610166
https://doi.org/10.1002/anie.201610166
https://doi.org/10.1021/acsmaterialslett.0c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.0c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.0c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.0c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TA10181H
https://doi.org/10.1039/D0TA10181H
https://doi.org/10.1016/j.mssp.2012.12.028
https://doi.org/10.1016/j.mssp.2012.12.028
https://doi.org/10.1016/j.mssp.2012.12.028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mssp.2012.12.028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-018-25975-8
https://doi.org/10.1038/s41598-018-25975-8
https://doi.org/10.1038/s41598-018-25975-8
https://doi.org/10.3390/ma9040271
https://doi.org/10.3390/ma9040271
https://doi.org/10.1016/0379-6787(88)90065-8
https://doi.org/10.1039/D2TC03583A
https://doi.org/10.1039/D2TC03583A
https://doi.org/10.1039/D0TA00509F
https://doi.org/10.1039/D0TA00509F
https://doi.org/10.1039/D0TA00509F
https://doi.org/10.2116/analsci.6.819
https://doi.org/10.2116/analsci.6.819
https://doi.org/10.2116/analsci.6.819
https://doi.org/10.1016/0039-6028(73)90206-9
https://doi.org/10.1016/0368-2048(92)80047-C
https://doi.org/10.1016/0368-2048(92)80047-C
https://doi.org/10.1016/0368-2048(92)80047-C?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2013.08.038
https://doi.org/10.1016/j.electacta.2013.08.038
https://doi.org/10.1002/sia.740180107
https://doi.org/10.1002/sia.740180107
https://doi.org/10.1016/S0008-6223(96)00095-4
https://doi.org/10.1016/S0008-6223(96)00095-4
https://doi.org/10.1016/S0008-6223(96)00095-4
https://doi.org/10.1002/eem2.12323
https://doi.org/10.1002/eem2.12323
https://doi.org/10.1002/eem2.12323
https://doi.org/10.1002/eem2.12323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1.2115678
https://doi.org/10.1149/1.2115678
https://doi.org/10.1038/s41557-020-0450-3
https://doi.org/10.1038/s41557-020-0450-3
https://doi.org/10.1039/C7SC03455E
https://doi.org/10.1039/C7SC03455E
https://doi.org/10.1016/j.jallcom.2015.02.102
https://doi.org/10.1016/j.jallcom.2015.02.102
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

