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ABSTRACT: Cu,_,Se nanoparticles are part of a promising
class of alternative plasmonic materials where the location,
stability, and structural impact of charge carrier generation are
crucial to their optoelectronic performance. Here, electron
paramagnetic resonance spectroscopy is used to identify the
location and dynamics of Cu®* environments that form upon
air-induced oxidation of Cu,_,Se nanoparticles. The results
indicate the formation of two distinct Cu®* environments at or
near the surface of the nanoparticle. The first environment can
be assigned to Cu®* bound to oleylamine capping ligands, and
the second can be assigned to Cu’* located in CuO domains.
In addition, these experiments indicate that the observed Cu®*
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environments are consistent with vacancy formation on the Cu sublattice, which are mobile (i.e., vacancy hopping) at
temperatures down to 180 K. Taken together, our results elucidate time scales of air-mediated Cu oxidation in Cu,_,Se
nanoparticles, the chemical environments of the resulting Cu’* species, and the impact of this oxidation on the overall particle

crystallographic structure and optoelectronic properties.

B INTRODUCTION

Nanoparticles (NPs) containing low valent metal atoms such
as Cu, Fe, and Ni are widely studied materials with a variety of
applications.' ™ An important subset of these applications
relies on the oxidation of the metal atoms, the subsequent
generation of free charge carriers, and ultimately the response
of these carriers to incident radiation (e.g., localized surface
plasmon resonances, LSPRs).S_7 Therefore, a fundamental
understanding of the location and dynamics of these oxidation
reactions is crucial to both obtain and tailor their
optoelectronic properties.

In particular, copper chalcogenide NPs (Cu,_,S,
Cu,_,Se,”'”"* and Cu,_,Te'®) display LSPRs in the mid- to
near-infrared regions, making them attractive for photothermal
therapy,”™"" sensing,” """ and spectroscopy.'” The appearance
of an LSPR in these materials depends on the oxidation of Cu”
sites, which generates hole charge carriers.”

8—11

514 Several studies
have shown that these LSPR features can then be tuned by
controlling the extent of Cu oxidation.”"*~"”

However, there remains considerable ambiguity in the
stoichiometry and chemical environments of Cu in copper
chalcogenide NPs, and specifically the population and location
of Cu* and Cu®* species.'”'“'®'? Recent studies have begun to
address this ambiguity. For example, in the synthesis of
Cu,_,Se NPs, Manna and co-workers have used transmission
electron microscopy (TEM) and scanning TEM energy
dispersive X-ray spectroscopy (STEM-EDS) to identify small
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CuO NPs that form concomitantly as a function of time,
during the oxidation of the original Cu,Se NPs."® The authors
attribute the presence of these CuO NPs to Cu®* leaving the
original Cu,_,Se NPs. The authors also observe a thin coating
of oxygen on the Cu,_,Se NPs themselves, consistent with an
additional CuO layer present at the surface of the Cu,_,Se
NPs. Prieto et al. have also observed the presence of surface
CuO on Cu,_,Se NPs using a detailed analysis of X-ray
photoelectron spectroscopy (XPS), powder X-ray diffraction
(PXRD), and electrochemical measurements.'” The authors
suggest that a diffusion gradient is established within the NP
between Cu* and Cu**, which drives Cu® to the surface (i.e.,
vacancy formation) and results in x Cu deficiencies in the
Cu,_,Se core. Talapin, da Como, and co-workers also suggest
that most Cu does not leave the particle upon oxidation, and
instead that Cu®" species are distributed throughout the
particle with some coordinated to pendant ligands and some
ions sequestered in surface CuO layers.' Interestingly, recent
work by Gamelin et al. has shown that the plasmonic features
of Cu,_,S NPs can arise both with or without the presence of
cation vacancies, and the presence of these vacancies is
dictated by the particle oxidation pathway.'®

Received: September 18, 2018
Revised:  September 25, 2018

Published: October 10, 2018

7313 DOI: 10.1021/acs.chemmater.8b03967

Chem. Mater. 2018, 30, 7313-7321


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.8b03967
http://dx.doi.org/10.1021/acs.chemmater.8b03967

Chemistry of Materials

Taken together, these studies highlight important insights, as
well as important unknowns, regarding the mechanism of
copper chalcogenide NP oxidation, the chemical environment
of the oxidized Cu** species, and the formation, dynamics, and
fate of the resulting Cu®". The ability to detect, quantify, and
structurally assign these metal centers is important in both the
copper chalcogenides and, indeed, all classes of semiconductor
NPs. This information not only allows one to control and
interpret their optoelectronic features but also to direct their
synthesis de novo, to control final particle architectures
(especially surface structures), and ultimately to dictate their
technological performance.

Here, we investigate the evolution of Cu?" environments
during Cu,_,Se NP oxidation (specifically, oxidation via air
exposure of a chloroform NP solution) using electron
paramagnetic resonance (EPR) spectroscopy. EPR is uniquely
suited to study the oxidation of Cu in these materials because
only Cu®* is detectable using this technique. Our results
provide insight into the time scales of Cu’* oxidation, identify
Cu?" chemical environments, and elucidate the impact of Cu
oxidation on the structure and observed optoelectronic
properties of the resulting Cu,_,Se NPs.

B EXPERIMENTAL SECTION

Materials and Methods. Copper(I) chloride (CuCl, >99.995%),
copper(Il) chloride (CuCl,, >99.99%), selenium powder (Se,
>99.5%), octadecene (ODE, 90% technical grade), oleylamine
(OLA, 70% technical grade), chloroform (>99%), chloroform-d
(99.8%), copper(Il) acetylacetonate (Cu-acac, >99.99%), bulk
copper(I) selenide (Cu,Se, >99.95%), and copper(II) oxide (CuO,
>99.99%) were purchased from Sigma-Aldrich (St. Louis, MO).
Absolute ethanol (EtOH) was purchased from Thermo Fisher
Scientific (Pittsburgh, PA). All chemicals were used as received
with no additional purification unless otherwise noted. Prior to use, all
glassware and Teflon stir bars were washed in aqua regia and rinsed
with copious amounts of water prior to oven drying. Caution: aqua
regia is highly toxic and corrosive and should only be used with proper
personal protective equipment and training. Aqua regia should be handled
only inside a fume hood.

Synthesis of Cu,_,Se NPs. Cu, ,Se NPs were synthesized using
a previously described hot injection method.”*° The synthetic
procedure was completed using standard air-free techniques and is
described in detail below. The selenium—octadecene—oleylamine
mixture was created by dissolving 80 mg of Se in 1 mL of ODE and 2
mL of OLA. The solution was heated in a round-bottom flask for 12 h
under argon gas at 195 °C. In a three-neck round-bottom flask, 200
mg of CuCl was added with S mL of OLA and S mL of ODE. The
Cu—ODE—OLA mixture was heated to 140 °C under vacuum for 30
min and then heated to 285 °C under Ar. Then, the Se mixture was
injected into the Cu mixture. The precursors reacted for 10 min at
~285 °C to form Cu,_,Se NPs. The NPs were cooled to room
temperature by removing the heating mantle.

NPs were purified by centrifugation to remove unreacted
precursors, reaction byproducts, and excess ligands. For purification,
6.5 mL aliquots of as-synthesized particle mixture were separated and
transferred to centrifuge tubes; 10 mL of EtOH was then added to
each tube and centrifuged in an Eppendorf 5804R centrifuge at 2850
rcf for 10 min. The supernatant was discarded, and the precipitate was
resuspended with chloroform and sonicated. To this suspension, 10
mL of EtOH was added, and the centrifugation procedure was
repeated. The purified particles were characterized using TEM,
extinction spectroscopy, EPR, PXRD, XPS, and nuclear magnetic
resonance (NMR) spectroscopy.

Synthesis of Cu@CuO NPs. Cu@CuO NPs were synthesized
using a modified procedure by Yang et al.”' In this synthesis, 105 mg
of Cu-acac was added to 10 mL of OLA in a 25 mL three-neck round-
bottom flask on a magnetic stir plate. The solution was placed under
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Ar and degassed three times for S min each. The mixture was slowly
heated to 230 °C and kept at 230 °C for 6 h before cooling to room
temperature. The particles were washed three times using a
chloroform—ethanol (1:10) mixture and centrifugation at 2850 rcf
for 10 min.

EPR Cu,_,Se NP Oxidation Study. The oxidation process of the
NPs was performed by transferring the washed NPs suspended in 150
4L of chloroform to a 4 mm quartz EPR tube. The aging study was
performed by blowing house air into an EPR tube via a needle at a
pressure that created turbulence on the surface of the solution. Before
each EPR measurement, the particles were diluted to 150 uL with
chloroform to account for any solvent evaporation and sonicated for
10 min before flash freezing in liquid N,.

EPR Measurements. Continuous wave (CW) EPR measurements
were performed on a Bruker ElexSys ES80 FT/CW X-band
spectrometer using a Bruker ER4118X-MDS resonator at 80 K. All
CW experiments were run with a center field of 3100 G and a sweep
width of 2000 G, modulation amplitude of 4 G, and a modulation
frequency of 100 kHz for 1024 data points using a conversion time of
2048 ms. All EPR simulations were performed using EasySpin
software.””

Three-pulse electron-spin echo envelope modulation (ESEEM)
experiments were performed on a Bruker ElexSys ES80 X-band FT/
CW spectrometer equipped with a Bruker ER4118X-MDS resonator.
The temperature for all experiments was controlled using an Oxford
ITCS03 temperature controller with an Oxford ER 4118CF gas flow
cryostat. Experiments were performed at X-band frequencies at 80 K.
A 7n/2—1—1/2—T—nr/2—echo pulse sequence was used. The /2
pulse length was 16 ns, the initial time delay, 7, was 144 ns, and the
second time, T, was initially set to 288 ns and incremented by 16 ns.
A four-step phase cycling was used to eliminate unwanted echoes.”**
ESEEM data were phase corrected, baseline subtracted, and Fourier
transformed using Bruker WinEPR software.

Extinction Spectroscopy. Extinction spectroscopy measure-
ments were performed on a Cary 5000 spectrophotometer (Agilent,
Inc.) using 1 cm path length quartz cuvettes. Purified Cu,_,Se NPs
were suspended in 1 mL of chloroform and placed in the cuvettes.
The spectra were recorded from 2000 to 350 nm at a rate of 1000
nm/min, with a source and detector changeover occurring at 850 nm.
Spectra were baseline corrected with respect to 1 mL of neat
chloroform.

Transmission Electron Microscopy (TEM). Samples were
prepared for TEM by drop-casting 6 uL of the NPs (optical density
(O.D.) = 1) on a carbon-coated Cu 200 mesh grid (Ted Pella, Inc.).
TEM characterization was performed using a Hitachi H-9500 TEM
with an accelerating voltage of 300 keV. The size distribution of the
NPs was determined using >200 NPs from various positions on the
grids and using Image] software (National Institutes of Health, USA).

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
obtained using an ESCALAB 250XI XPS with a monochromated,
microfocused Al Ka X-ray source (spot size = 600 ym). Survey and
high-resolution spectra were collected with a pass energy of 150 and
50 eV and a step size of 1.0 and 0.1 eV, respectively. Spectra were
charge referenced to adventitious carbon (284.8 eV). NPs were drop-
cast onto p-doped (boron) silicon wafers (University Wafer, Boston,
MA) that had been cleaned for ultrahigh vacuum analysis.

XPS Cu,_,Se NP Oxidation Study. The oxidation process of the
NPs was monitored by drop-casting the washed NPs suspended in
chloroform on a silicon wafer (vide supra). The wafer containing the
NP sample was left in ambient conditions to further oxidize. The Cu
2p scan of the NP sample was monitored over the course of the next
230 h.

Powder X-ray Diffraction (PXRD). Cu,_,Se NPs were
characterized by PXRD using a Bruker AXS D8 Discover XRD
(NanoScale Fabrication and Characterization Facility, Petersen
Institute of NanoScience and Engineering, Pittsburgh, PA) at 40 kV
and 40 mA for Cu Ka (4 = 1.5406 A) X-ray source with a scan speed
of 0.8 s/step from 10.00° to 90.00° with a step size of 0.02°. Samples
were prepared by drop-casting an aliquot of purified NP solution
dispersed in chloroform on a glass microscope slide (Fisher
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Scientific). The as-prepared Cu,_,Se NP sample on the glass slide was
left to oxidize in air over the course of several weeks and
recharacterized. Bulk Cu,Se and Cu,_,Se powders were packed in
0.50 mm capillary tubes (Hampton Research) and flame-sealed for
PXRD characterization. The PXRD pattern of these samples was
collected using a Bruker X9 Prospector Ultra (Department of
Chemistry, University of Pittsburgh) at 45 kV and 0.65 mA equipped
with a IuS microfocus Cu Ka (4 = 1.54178 A) X-ray source with a
scan speed of 0.5 s/step from 12.00° to 108.00° with a step size of
0.02°.

Solid State NMR Spectroscopy. Solid state NMR measurements
were performed on a Bruker 500 AVANCE spectrometer operating at
11.74 T ("’Se = 95.35 MHz). Static NMR spectra were acquired using
a /2 (2.83 us)—t (30 ws)—m (5.75 ups)—acquire Hahn echo
sequence. A 100 ms recycle delay was used for all experiments with
~20480 free induction decays (FIDs) collected and averaged per
experiment. T experiments were performed using an inversion
recovery (m—7—n/2—30 ps—n—acquire) method with 7z pulses
replaced with composite pulses. Temperatures were externally
calibrated using neat methanol, and all spectra were referenced to
ammonium selenate (5, = 1040.2 ppm).zs’26

'H NMR Spectroscopy. All 'H NMR measurements were
performed on a Bruker 400 Ultrashield magnet with an AVANCE
III 400 Console or a Bruker 600 Ultrashield magnet with an
AVANCE III 600 Console (Bruker Biospin, Billerica, MA) at 298 K.
For all experiments, a minimum recycle delay of 15 s was used, which
was sufficiently greater than T,. NMR samples were prepared as
described above by dissolving OLA, ODE, and EtOH in deuterated
chloroform and by concentrating the Cu, ,Se NPs in deuterated
chloroform.

B RESULTS

A representative CW EPR spectrum of the partially oxidized
Cu,_,Se NPs and the corresponding spectral simulation are
shown in Figure 1. The spectrum was best fit using two

Component 1

Component 2

T T T T
3000 3200 3400 3600

Field (G)

T T
2600 2800

Figure 1. Representative simulation (red) of CW EPR spectrum
obtained for Cu,_,Se NPs after 43 h of oxidation (black). The
multicomponent simulation (red) is a summation of component 1
(blue) and component 2 (pink). The A splittings of each component
are denoted by the blue and pink dashed lines.

components, and these are shown in blue and pink. Each
component is characterized by two second rank tensors, the g
tensor (g) and the hyperfine (hf) tensor. The g tensor is
indicative of electronic environments of the unpaired electron,
while the hf tensor is related to electron—nuclear interactions.
These tensors are diagonalized in their principal axis systems
resulting in three principal components: g.,, g,, and g, and
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Ayw A,y and A, The measured spectra were consistent with
axially symmetric g and hf tensors, in which g, = g, = g1, .. =
Sy Aw=A4,=A;,and A, = A||.27’28 The splittings due to A
are more pronounced as shown by dashed lines in Figure 1.
The presence of a second component indicates more than one
electronic environment.

The evolution of the EPR spectra as a function of oxidation
was monitored from 0 to 230 h (Figure 2 and Figure S1). The

Oxidation Time % Component 2

230 hrs 60%

164 hrs

76 hrs

63 hrs

43 hrs

24 hrs

T T
3000 3200 3400

Field (G)

Figure 2. Experimental CW EPR spectra (solid black) and
corresponding 2 component simulations (solid red) of Cu,_,Se NPs
as a function of oxidation. The simulated spectra of component 1 and
component 2 are shown by a blue dashed line and a pink dot-dashed
line, respectively. The total oxidation time is denoted to the left of
each spectrum. The percentage of component 2 in each simulation
(relative to component 1) is listed to the right of each spectrum.

f T
2600 2800

Table 1. Best Fit Parameters for EPR Simulations of
Cu,_,Se NPs

component 1 component 2

o 2.0468 2.0577
g 22182 22475
4, (G) 22 18

4 (G) 204 184
LB, (G) 62 127
LB, (G) 70 107

best fit g and hf parameters are reported in Table 1 along with
the line broadening (LB) used for the simulations for each
component. The proportion of the second component
increases with oxidation time. (Note: The EPR spectrum at
“0 h” of air exposure is the EPR spectrum obtained
immediately after particle purification, which involves ~20
min of air exposure. This air exposure is enough to result in the
emergence of an LSPR. However, at this time point, while
there may be free charge carriers, no EPR signal is observed,
indicating that the concentration of Cu®" is below the
detection limit of the EPR instrument (Figure S1).)

As the ambient exposure time of the NPs increases, there is a
change in the relative fractions of the two components present
in the EPR spectra (Figure 2). The changing component
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fractions suggest an evolution in the population of Cu®'
electronic environments in the NP. The relative fraction of
component 2 as a function of exposure time is plotted in
Figure 3. After ~76 h of air exposure, the NPs reach a steady
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Figure 3. Time evolution of the second electronic environment,
which reaches a steady state after ~76 h and comprises ~60% of the
total Cu®* environments.

state between the two environments, with ~60% of the Cu*" in
the second electronic environment. This time scale and the
corresponding environment fractions are consistent across
multiple synthetic batches of NPs (Figure S2).

While two Cu®* environments are observed in our initial
EPR assessment, these Cu>* environments could correspond to
four possible families of Cu®* positions: Cu** coordinating to
the OLA capping ligand on the particle surface, Cu®*
coordinating to surface or core Se atoms, Cu?* coordinating
to O in a copper oxide, or Cu’* being ejected from the NP to
form “free” Cu** coordinated to various ligands (or solvent) in
solution (Figure 4).

In addition to monitoring the CW EPR spectra of Cu,_,Se
NPs as a function of air exposure over time, corresponding
extinction spectra were also obtained at each time point
analyzed (Figures S3 and S4; the end-point extinction spectra
of the exact particle samples discussed above are shown in
Figure S). The time of air exposure plays an important role in
the observed optoelectronic properties of the NPs. As has been
previously reported by several groups, including our own, the
frequency of the LSPR is dependent on the degree of NP
oxidation.”"*~"” Our LSPR studies start with NPs that have
been oxidized during the washing procedure. (Note that the
washing procedure requires the use of ethanol, a known hole
scavenger, and therefore the presence of ethanol could
influence the LSPR properties of Cu,_.Se.”” However, all
particles are dried after the ethanol purification procedure,
which removes remaining solvent (Figure SS).)

After the final CW EPR measurement, the extinction
spectrum was recorded again. In this spectrum, the LSPR
Amax has blue-shifted ~70 nm and is coupled with a decrease in
the peak width. In addition, the relative intensity of the LSPR
increases over the time course of the EPR measurements (230
h), as benchmarked to the band gap transition intensity at
~500 nm.
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Figure 4. Illustration of the potential Cu** environments contained in
Cu,_,Se NP samples. Starting from the top left and moving clockwise,
there is Cu’ coordinated to Se in tetrahedral positions in the
antifluorite Cu,_,Se lattice, Cu’* at the surface of the NP coordinating
the OLA capping ligand, Cu®" in an oxide layer, or Cu®" ejected from
the NP and coordinating to excess OLA capping ligand and/or
solvent Note: Both Se and Cu"’ environments are omitted for clarity.
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Figure S. End-point extinction spectra of Cu, ,Se NPs taken
immediately after washing (red) and after 230 h of oxidation
(black). After oxidation, the A, shifts 70 nm, the peak width
narrows, and the intensity increases relative to the band gap transition
near SO0 nm.

We solved for the charge carrier density of the tested
particles using both these extinction spectra and NMR-based
approaches. We used the extinction spectra and the Drude
model, which is given as:

2
Nye 2

(meg)(en + 26) "

wsp =

where @y, is the frequency of the LSPR, N}, is the charge carrier
density, e is the elementary charge, m* is the effective mass of
the charge carrier, &, is the permittivity of free space, &, is the
high frequency dielectric constant of Cu, ,Se, &, is the
dielectric constant of the solvent, and y is the full width at half-
maximum (fwhm) of the LSPR.*** The charge carrier densities
obtained for the end-point spectra using this method are 6.45
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X 10*" and 7.96 X 10*' cm™>, respectively. However, as noted
elsewhere, shifts in A, may represent a change not only in Ny,
but also in dielectric environment, particle structure, and/or
aggregation state, among other variables.**™*?

As we have previously reported, the 7’Se chemical shift and
T, values are also indicative of Nj, for Cu,_,Se NPs.* Upon
particle oxidation, the 7’Se peak position shifts 44.5 ppm
downfield, consistent with increasing Ny (Figure S6).
Quantification of Ny, is obtained through measurement of the
77Se T, (Figure S7). The T, of ”’Se in the Cu,_,Se NPs
decreases from 2.37 to 2.36 ms between the initial particle
oxidation event and 230 h of air exposure. The following
relationship is used to calculate Nj:

%2, 2/3 3/2
m, Nh,r [ ]

m:*

where Ny, is the charge carrier density, m* is the effective mass
of the charge carrier, and the subscripts “s” and “r” refer to the
values obtained for the sample and reference compound,
respectively. Here, bulk Cu,_,Se was used as the reference
compound where Ny, = 8.0 X 10*' cm™, T;, = 4.0 ms, and
m* = m* = 0.33m,.">

Interestingly, the subtle changes in the measured T result in
calculation of the same Nj (1.75 X 10> cm™3) for both the
initial and final Cu,_,Se NPs. These results are consistent with
theoretical predictions about the sensitivity of T to changes in
Nj, where the sensitivity of T to N}, decreases as a function of
increasing carrier density (as does the Drude model using the
LSPR A.; see the Supporting Information for details and
supporting calculations).

L,
T

B DISCUSSION

Assigning Cu?* Chemical Environments. Our experi-
ments revealed the presence of two distinct Cu** environ-
ments within oxidized Cu,_,Se NPs. To reiterate, the possible
Cu®* environments under consideration are Cu** coordinating
to the OLA ligand on the NP surface, Cu** coordinating to
surface or core Se atoms, Cu>" within an oxide, or ejected Cu*
that has subsequently formed molecular complexes with
solvent molecules and/or various ligands in solution (Figure
4). To assign the two observed Cu’* environments, we
compare our experimental results to the spectra of known
systems.

First, we consider the case of the “free” Cu®* coordinating to
ligands available in solution. To study this possibility, we
measured the CW EPR spectra of a standard Cu** control
(here, CuCl, in water), CuCl (i.e., the Cu* precursor used in
synthesis) mixed with oleylamine (Cu + OLA) in chloroform,
and CuCl mixed with octadecene (Cu + ODE) in chloroform,
all subjected to the same heat treatment and washing
procedures as outlined in the Cu,_,Se NP synthesis (vide
supra). We also investigated the CW EPR spectrum of an
additional Cu®* control (CuCl, mixed with oleylamine
suspended in chloroform without heat treatment (i.e., not
mimicking synthesis conditions, referred to here as Cu + OLA
+ no heat)).

The EPR spectra and simulations of each of these mixtures
are shown in Figure S9, and their corresponding simulation
parameters are given in Table S1. The heat-treated CuCl, as
well as the Cu + ODE mixtures exhibit different g and hf
parameters from those measured for either of the two
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components of the NPs. Specifically, the g, values are larger
(~0.04) while the A} values are smaller (~30—50 G) than
those derived for the two components of the NPs. Likewise,
the Cu + OLA + no heat mixture has unique g and hf tensors
that are different from either NP component (Figure S9 and
Table S1).

Interestingly, the hf and g tensors of the Cu + OLA mixture
(the mixture that underwent treatment consistent with
synthesis conditions including heat) are similar to those
derived for component 1 of the NPs, but the spectrum does
not contain evidence of component 2 (Figure 6). SEM of this

Cu,_Se NPs 24 hrs Oxidation

Cu+OLA

T T T T
3000 3200 3400 3600

Field (G)

I T
2600 2800

Figure 6. Experimental CW EPR spectra (black) and simulations
(red) of Cu,_,Se NPs oxidized for 24 h (top) compared to Cu-OLA
coordination complex (bottom) formed via heating. The results
indicate component 1 is a surface Cu—OLA environment.

mixture (Figure S10) shows no discernible particles formed
upon heating and instead indicates the formation of a Cu—
OLA coordination polymer aggregate. Because component 1
from the NPs does not resemble any of the other above
controls, including Cu + OLA + no heat, we may deduce that
the similarities between component 1 of the NPs and the Cu +
OLA mixture indicate that the first Cu®** environment is
associated with OLA on the particle surface (i.e,, we do not
expect OLA—Cu? interactions occurring on the interior of the
particle). Of course, it could also be argued that there is a
fraction of Cu—OLA polymer aggregate present in the NP
sample. However, no EPR signal was detected from the initial
NP sample (Figure S1), and therefore no detectable
coordination polymer is present in the NP sample after
washing. Taken together, these results support the assignment
of one Cu®* environment to surface bound Cu—OLA
complexes. These results are in agreement with previous
ICP-MS results, which indicate that Cu is not ejected from the
NP and is not coordinating to solvent ligands during the
oxidation process.”

Having initially assigned one electronic environment to Cu—
OLA surface sites, we next study whether there is formation of
a distinct surface oxide layer. Surface oxide formation is
suspected in previous studies of Cu,_,Se NP systems' '’
and has also been observed in pure Cu NPs (forming Cu@
CuO, core@shell morphologies).”* ™" To investigate whether
the second Cu®* environment is due to the formation of a
copper oxide layer, we measured the CW EPR spectrum of
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Cu@CuO NPs for comparison. Here, Cu NPs were
synthesized with OLA as a capping ligand, using a previously
reported procedure.”””” TEM, extinction spectra, and XPS
characterization of the resulting particles are shown in Figures
S11-S13.

In the Cu@CuO NP system, only paramagnetic Cu’* in the
oxide layer results in an EPR signal. Simulation of the CW EPR
spectrum of Cu@CuO NPs also requires a two-component fit.
Comparison of the components for fully oxidized Cu,_,Se NPs
and Cu@CuO NPs is shown in Figure 7. The g and A values

Component 2

Component 1

Cu, Se NPs 230 Hrs

................... e T et

Cu@CuO NPs

T T T T
3000 3200 3400 3600

Field (G)

Figure 7. CW EPR spectra (black) and corresponding simulations
(red) for Cu@CuO NPs (solid lines) and Cu,_,Se NPs oxidized for
230 h (dotted lines). The spectra have been referenced to the same
frequency to highlight to similarities between the g and hf values
obtained for component 1 (blue) and component 2 (pink) of the two
NP systems. These results indicate that component 2 of the Cu,_,Se
NPs is likely a CuO environment.

I T
2600 2800

obtained for Cu@CuO NPs components 1 and 2 agree well
with components 1 and 2 of Cu,_,Se NPs, respectively (Table
S1), which indicates similar electronic environments between
the NP systems. The OLA capping ligand is consistent for both
NP systems providing a similar surface Cu—OLA environment
for the Cu@CuO and Cu,_,Se NPs, which is already assigned
to component 1. Therefore, we assign component 2 of the EPR
spectrum from Cu@CuO NPs to CuO. By analogy, these
results indicate the formation of CuO on Cu,_,Se NPs as well.
Importantly, in both the Cu@CuO NPs and Cu,_,Se NPs, the
CuO component shows increased broadening, a decrease in
the A splittings, and an increase in g compared to the Cu—
OLA component. These trends are consistent with decreasing
nitrogen and increasing oxygen coordination.*’

The presence of CuO in the Cu,_,Se NPs was also evaluated
using XPS measurements (Figure S15). We observe the
emergence of Cu 2p satellite peaks near ~940—945 and ~962
eV, which increase in intensity with increasing oxidation time,
similar to results obtained by Prieto et al.'” The appearance of
these peaks is consistent with the XPS spectra of Cu@CuO
NPs (Figure S11) and further corroborates the formation of
CuO species on the surface of Cu,_,Se NPs.

Unfortunately, the CW EPR spectrum of the Cu@CuO NPs
cannot be directly compared to bulk CuO because bulk CuO is
antiferromagnetic and will not yield an EPR signal unless
annealed at high temperatures.*' In both the Cu@CuO and
Cu,_,Se NPs, the domain size of the CuO must be small
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enough that antiferromagnetic behavior is not observable.
Indeed, a previous study of the magnetic behavior of CuO NPs
clearly demonstrates antiferromagnetic behavior at room
temperature in particles with diameters of 6.6 nm, which
inadvertently gives an upper limit on the size of the CuO
domains we are observing in the Cu,_,Se NPs.*

It is important to note that the second electronic
environment observed from the Cu,_,Se NPs may also be a
Cu—Se interaction. To evaluate whether the second environ-
ment was associated with Cu—Se interactions, we obtained a
bulk, powdered sample of Cu,Se and stored the material in air.
After storage, the formation of Cu,_,Se in the sample was
discernible in PXRD spectra (Figure S14). The PXRD
indicates the presence of both cubic Cu,_,Se and monoclinic
Cu,Se phases. The EPR spectra and corresponding simulation
parameters are given in Figure S9 and Table S1. Here, the g (g
=2.3780 g; = 2.0654) and A (A = 150 G, A; = 1 G) values
are in agreement with Cu(OH), formation and are not
representative of either component observed from the Cu,_,Se
NPs.*

EPR offers additional methods to investigate and assign Cu’*
environments by analyzing next-nearest-neighbor interactions.
Here, we use electron spin echo envelope modulation
(ESEEM) to study the Cu,_,Se NPs after 230 h of oxidation
in deuterated chloroform (Figure 8). Specifically, at X-band,

2600 2800 3000 3200 3400 3600

Field (G)

Frequency (MHz)

Figure 8. ESEEM spectrum of Cu,_,Se NPs oxidized 230 h
suspended in deuterated chloroform. The two peaks correspond to
D and 'H frequencies indicating distal coordination of the solvent
and ligand to the Cu®* environments. The inset is the echo-detected
field swept spectrum. The dashed line corresponds to the field at
which the ESEEM was performed (3370 G), which excited 40%
component 1 and 60% component 2. The sharp feature at 3466 G
corresponds to signal from the quartz sample tube.

the ESEEM experiment probes the hyperfine interaction
between the unpaired electron spin of Cu** and uncoordinated
spin active nuclei within 3—8 A. The frequencies of these
hyperfine interactions are reported by the ESEEM experiment
and can serve as a fingerprint of the distally coordinated
nuclei.** For 'H and 2D the ESEEM spectra would show peaks
at ~14 and ~2 MHz, respectively. For the case of distal "*N,
three characteristic peaks below 3 MHz and a broad peak
between 3 and 8 MHz are observed.**

The ESEEM spectrum of Cu,_,Se NPs (230 h) suspended
in deuterated chloroform (Figure 8) has two peaks at ~2 and
~14 MHz, corresponding to D and 'H, respectively. The
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ESEEM was performed at 3370 G (shown in Figure 8, inset),
at which field component 1 comprises ~40% of the total signal
and component 2 comprises 60%. Thus, we expect to see
contributions to the overall ESEEM spectrum from both
magnetic environments. The frequency of these peaks indicates
that one or both of the Cu®** environments is spatially close to
the solvent (*D and 'H) and/or the ligand shell ("H). The lack
of distinct "*N ESEEM peaks is consistent with the direct
coordination of N from OLA to Cu®". However, surface Cu>*
species in close proximity to a Cu—OLA may also produce a
"N ESEEM signal. The absence of any distinct "*N signals
indicates the distance between the OLA N and the next-
nearest Cu®* neighbor must be >8 A or that the concentration
of Cu**~'N interactions is below the detection limit of the
instrument. These results suggest that the Cu,_,Se NPs have a
low ligand density.

Because "’Se is spin-active and has a Larmor frequency of
2.96 MHz which may be reported by ESEEM, we repeated the
experiment in nondeuterated solvent (Figure S16) to confirm
our assignment of the ~2 MHz peak as deuterium. This
ESEEM spectra showed only an ~14 MHz 'H peak, indicating
that the ~2 MHz peak in Figure 8 is due to deuterium.
However, due to the low natural abundance of ’Se (7%), we
cannot take this data as definitive evidence of the absence of
Cu**—"’Se environments. Taken together, the ESEEM results
are consistent with our assignment of component 1 as surface
ligand Cu—OLA and component 2 as a CuO environment
isolated from OLA ligands.

Impact of Oxidation on the Structure of Cu,_,Se NPs.
Our EPR analysis provides critical insight into the fate of the
Cu?* species which has implications for its crystal structure and
stoichiometry. Nominally, fully reduced Cu,Se NPs exhibit a
monoclinic or orthorhombic structure. The oxidation of Cu,Se
NPs results in the formation of cubic antifluorite
Cu,_,Se.*”'>'” However, there remains debate about the
fate of the Cu®* in Cu,_,Se NPs. In bulk Cu,Se, this structural
transformation is accompanied by the formation of vacancies
on the Cu sublattice. At the nanoscale, two scenarios have
been previously reported: (I) Cu®* leaves the NP to either
form “free” Cu®* species and/or small, discrete (2—S nm) CuO
NPs and/or (II) oxidized Cu®" migrates to the surface of the
NP 151719

The released Cu®* ions would give a distinct EPR resonance,
akin to that of CuCl, or Cu + OLA + no heat, which we do not
observe in our experiments. On the other hand, the formation
of CuO NPs would give rise to similar EPR signatures to what
we have observed, assuming the NPs stayed below the domain
size of antiferromagnetic CuO (<6—7 nm). To assess the
possibility that our samples may contain discrete CuO NPs, we
analyzed samples via TEM techniques. Analysis of the resulting
micrographs (Figure S17) showed no evidence of 2—5 nm
particle formation, and we also did not observe CuO phases in
the XRD patterns of any of the tested particles (Figure S18),
although the absence of PXRD features is not definitive to
exclude the presence of CuO NPs. In our experiments, case I
(Cu leaving to form CuO or free Cu) is not supported.
Instead, our results indicate that Cu®* either exists as part of a
CuO surface layer or may occupy the initial Cu positions
within the particle lattice.'®'? Taken together with the
ESEEM, our results suggest the Cu®" environments are
localized at the surface of the NP (case II). Migration of
Cu** to the surface would result in the formation of a
crystallographic vacancy as well as a hole charge carrier. The
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presence of vacancies is further supported by variable
temperature ”’Se NMR spectroscopy.

Plotted in Figure 9, there is an increase in the fwhm of the 1
dimensional spectra as sample temperature decreases.

24

22

20

FWHM (kHz)

T T T T T
220 240 260 280 300

Temperature (K)

T T
180 200

Figure 9. Variable temperature NMR measurements of fwhm of
Cu,_,Se NPs. The increase in line width with decreasing temperature
corresponds to a decrease in vacancy hopping motion.

Selenium environments in a cubic symmetry will be invariant
to temperature fluctuations. However, the formation of
vacancies removes the cubic symmetry of the Se environments,
resulting in peak broadening from the resultant chemical shift
anisotropy (CSA). Vacancy hopping faster than the CSA width
will result in an average chemical shift that mirrors the line
shape of a cubic crystallographic environment. Upon cooling,
the vacancy motion is slowed and results in an observable CSA.
Indeed, the low-temperature line shape is fundamentally
different than that of the high-temperature (294 K) spectrum
(Figure S19). The lack of a clear plateau in the fwhm in the
low-temperature regime may suggest vacancy motion is still
present at low temperatures. The presence of vacancy motion
at low temperature would then indicate low activation energy
for vacancy hopping and is consistent with ready migration of
Cu’" to the particle surface.

B CONCLUSIONS

We report the evolution of Cu** environments in Cu,_,Se NPs
during air-mediated oxidation. The EPR results indicate the
presence of two distinct Cu®* environments: one associated
with surface bound Cu atoms coordinating to the molecular
ligand OLA and the other attributed to the formation of
surface-bound CuO.

With the structural characterization presented in this work,
there are several research questions that remain and arise. For
example, the formation of CuO layer may directly impact the
observed LSPR by changing the dielectric functions of the
nanoparticle and the medium. In addition, the CuO layer may
promote activation of charge carriers leading to non-negligible
changes in Ny, that supersede changes in the NP stoichiometry
from oxidation.””* Finally, the observation of vacancies and
vacancy hopping motion may provide insight into the room
temperature phase changes observed upon NP oxidation.
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