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arising on the surfaces of semiconductor quantum dots (QDs) limit the applications of these otherwise promising
materials. Efforts to rationally passivate these sites using chemical methods, however, are limited by a lack of
molecular-level understanding of surface defects. Herein we report the application of redox-active chemical probes
(E-"=-0.48 - -1.9 V vs. Fc*/%) coupled with spectroscopic tools (NMR, XPS, and UV-Vis-NIR) to gain insight into the
molecular-level nature and reactivity of defects at PbS QD surfaces. First, Pb ion-based traps coordinated by oleate
ligands are studied by reaction with outer-sphere reductants, wherein reduction of a subpopulation of Pb?* ions
promotes ligand displacement. We observe a correlation between this reactivity and QD size wherein minimal ligand
displacement occurs in small QDs (2.6 nm) but up to ca. 15% of ligands are displaced with larger QDs (> 4 nm). The
strength of the reductant also has a significant impact; with QD size held constant, more potent reductants induce a
higher extent of ligand displacement than mild reductants. Finally, chalcogenide-based defects (disulfides) are
interrogated with selective trialkylphosphine reagents. Comparison of QD reactivity with phosphine probes reveal
that large PbS QDs possess a greater proportion of native disulfide defects than small QDs. Collectively, this work
yields insight into the identities, likely structural environments and reduction potentials of targeted defect sites, thus
providing a detailed picture—and roadmap for passivation—of common QD surface defects.

instance, techniques such as emission spectroscopy
and electrochemistry have traditionally been used to
establish the presence and approximate energies of
mid-gap trap states.'?-18 Though useful, such methods

1. Introduction

Colloidal semiconductor quantum dots (QDs) are
a promising class of materials with potential
applications in photovoltaics,'2 commercial displays,?

and photoredox catalysis systems,*5 to name a few.
However, commercialization of many QD-based
optoelectronic devices has seen only limited success;
this is largely due to the low charge transport
efficiencies observed relative to bulk semiconductor
materials. The cause for these low efficiencies can in
part be attributed to performance-limiting defects at
QD surfaces, such as underpassivated metal or
chalcogenide ions, and can result in mid-gap
electronic trap states.®’ Such states can trap excited
electrons or holes, leading to low photochemical
quantum yields and hindered charge transfer
between nanocrystals within a device. Surface defects
are present on as-synthesized QDs, and their
occurrence and routes for passivation have
consequently been a major area of study.®-'! For

are limited by the insight they may provide regarding
the molecular identity and reactivity of specific defects
at the QD surface. 1?

Indeed, QD surface defects are often ill-defined,
making targeted passivation approaches challenging.
One tactic to elucidate the molecular-level details of
QD surfaces—with the aim of controlling these
defects sites—is the use of chemical probes. Chemical
probes are molecular reagents that react predictably
with specific sites at the QD surface, and the resulting
reactivity in turn can reveal details about the native
QD surface structure.20-25 Chemical probes may be
classified as either ligand-based probes, or redox-
active probes depending on the type of reactivity they
engage in at the QD surface (Scheme 1).1°

Scheme 1. Approaches to studying surfaces defects through reaction of QDs with (i) ligand-based (shown
here for metal ion defects) or (ii) redox-active chemical probes



i. Ligand-Based Chemical Probes
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Similarly, redox reactivity has been key to
elucidating metal-based surface defects. A recent
study by our group revealed that addition of
Na[CioHs] (E?' = -3.1 V vs. Fc*/?) to CdSe QDs led to
reduction of surface Cd?* ions with concomitant
displacement of charge-balancing anionic ligands,
yielding putative Cd° sites on the QD surfaces.?3 This
example illustrates the redox reactivity of surface
Cd?* sites and the displacement of anionic ligands via
an electron-promoted X-type ligand displacement
mechanism in response to surface metal ion charging.
The reduction of Cd?* surface sites was also recently
reported by Pu et al upon applying an
electrochemical bias to CdSe QD thin films passivated
with cadmium carboxylate ligands.?” DFT studies by
Voznyy et al. and du Fossé et al. have explored the
impact of charging at the surfaces of semiconductor
QDs and predicted that the dimerization of surface
metal ions induced by charging serves as a source of
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il. Redox-Active Chemical Probes

1. Oxidative

2. Reductive
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mid-gap trap states.?82% Collectively, these examples
highlight how redox-active chemical probes may be
employed to better understand QD surface structure,
as well as inform on accessible redox-active surface
moieties.

While the combined efforts of the
aforementioned studies have yielded insight into QD
surface structure, there remains a need for a
systematic investigation of the molecular nature
(atomic identity, bonding environment, oxidation
state, or reduction potential) and reactivity of these
surface defects . Indeed, many of the examples noted
above focused on identifying the structure or
oxidation state of likely defect sites but stopped short
of exploring their redox reactivity—an important
indicator of the specific environment of a given
defect—in tandem. Additionally, QD size is known to
impact which bonding environments—and therefore
which possible defects—may exist at the surface, yet
this variable has been underexplored to date.?23031
Importantly, the redox properties of defect sites are
expected to have significant influence on the QD
reactivity in multi-component systems, as well as
have major implications in QD charging or remote
chemical doping processes.

To this end, we herein report systematic
investigations of defect sites on PbS QD surfaces using
a series of redox-active chemical probes. PbS was
selected as it is a widely studied and well understood
QD material, and thereby serves as a relevant
platform for redox-active defect sites. We first
establish the reactivity between a moderately
reducing organometallic reductant, cobaltocene, with
metal-based surface sites on 4.1 nm PbS QDs and then
study the impact of varying QD size and potency of the
reductant. Finally, we explore other redox-active
defect sites at the surface by employing selective
trialkylphosphine reagents to selectively probe
chalcogenide defects. Our studies reveal the presence



of both metal and chalcogenide defect structures at
PbS QD surfaces. By studying the reactivity of these
defect sites with redox-active chemical probes, we
elucidate their molecular-level nature and reduction
potentials. In doing so, we deepen understanding of
QD surface defects and routes to intentionally
passivate or induce them.

2. Experimental Methods

General Considerations. All syntheses were
performed under a nitrogen environment using
standard Schlenk techniques. All experiments were
performed or set up in a dry nitrogen-filled glovebox
(MBraun) unless otherwise noted. Solvents used in
the glovebox (toluene, tetrahydrofuran, acetonitrile)
were purified over an alumina column and dispensed
from a dry argon-atmosphere solvent system (Pure
Process Technologies) and then dried over activated
3 A molecular sieves. NMR solvents were similarly
stored over activated 3 A molecular sieves, and in the
case of THF-ds further dried over an alumina plug.

Chemicals. Lead(II) oxide (PbO) (99.999% trace
metals basis), oleic acid (OA) (90%), 1-octadecene
(ODE) (90%), hexamethyldisilathiane ((TMS)2S)
(synthesis grade), tri-n-butylphosphine (BusP)
(mixture of isomers, 97%), 1,3,5-trimethoxybenzene
(TMB) (Reagent Plus =299%) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ) were purchased
from Sigma-Aldrich and used as received. Sodium
hydroxide was purchased from Fisher Scientific and
used as received. Cobaltocene (CoCpz) (=298%) was
purchased from VWR and purified by dissolving in
toluene in a glovebox in the dark, filtering off
insoluble particulates, and removing solvent under
vacuum, followed by sublimation of the solid in the
dark prior to use. Purified cobaltocene was stored in
a -30 @9C freezer under inert atmosphere.
Decamethylcobaltocene (CoCp*2) was purchased from
Sigma-Aldrich and recrystallized from cold pentane
before use and then stored in a =30 2C freezer in a
glovebox. Toluene-ds and THF-ds were purchased
from Cambridge Isotope Laboratories. All other
solvents used were purchased from Fisher Scientific
or VWR.

PbS Synthesis and Purification. PbS QDs were
synthesized using a previously reported literature
procedure.?? QDs ranging in diameter from 2.6 to 4.9
nm were prepared by varying the molar ratio of OA to
PbO used to prepare the Pb(oleate)z precursor as well
as the injection temperature of the (TMS)2S. In
general, higher OA:PbO ratios and higher injection
temperatures resulted in larger nanocrystals (Table

S$1). The QDs were purified rigorously by repeated
precipitation and centrifugation cycles to isolate the
nanocrystals from excess ligand, solvent and reaction
byproducts. For QDs used in direct size comparison
studies, purification procedures were the same across
all batches. For these batches (2.6 nm, 3.8 nm, 4.1 nm,
4.9 nm, feature in Section 3.3), the crude reaction
mixture was precipitated with acetone and divided
among centrifuge tubes and centrifuged. The
supernatant was decanted, and the QD solid was
dispersed in 1 - 2 mL pentane or toluene and
precipitated with 12 mL acetone, sonicated, and
centrifuged. This step was repeated once. The
resulting solid was dispersed in 1 mL pentane and
precipitated with a 1:1 mixture of acetone and
methanol, sonicated, and centrifuged. This step was
repeated a total of three to four times. The QDs were
dispersed in 1 mL pentane, precipitated with 12 mL
methanol and centrifuged. The QDs were then
dispersed in 1 mL pentane and precipitated with 9 mL
of a 1:2 mixture of acetone:methanol, sonicated, and
centrifuged. This step was repeated a total of two to
three times. Finally, the QDs were dispersed in 1 mL
pentane, precipitated with 12 mL acetone, and
centrifuged a total of three times. For the largest batch
of QDs (4.9 nm) prepared with a large excess of oleic
acid, we found that filtering the QD solution over a
glass fiber filter paper plug between purification steps
further helped to get rid of excess Pb(oleate).. The
purified solid was then dispersed in pentane,
transferred to a 20 mL vial, and dried via evaporation.

For samples used in other studies, purification
proceeded with minor variations to the procedure
described above. The QDs were stored as a solid in an
inert-atmosphere glovebox. QD size and extinction
coefficients at 400 nm were determined using the
sizing curve reported by Moreels et al.3?

UV-Vis-NIR  Absorbance Studies. UV-Vis-NIR
absorbance data was collected on an Agilent Cary 60
or Cary 5000 spectrophotometer. Samples of QDs
were prepared in toluene (1 - 5 uM) and ~3 mL of this
solution were added to a custom-made quartz cuvette
with an adapted 14/20 ground-glass joint. The
cuvette was equipped with a micro stir bar and then
capped with a rubber septum that was secured with
electrical tape and copper wire. A solution of
cobaltocene was prepared in toluene (15 mM) and
then loaded into a gas-tight locking Hamilton syringe.
The charged needle was locked and the end stuck into
a separate rubber septum to avoid exposure to air.
The cuvette and syringe were then brought out of the
glovebox and the cobaltocene was added



incrementally by syringe, stirring for approximately
30 seconds after each addition to ensure thorough
mixing before collecting a spectrum. Samples for long
timescale studies were prepared in cuvettes sealed
with Kontes valves and shielded from light.

NMR Studies. '"H NMR spectra were collected on a
600 MHz Bruker NMR spectrometer with a cryoprobe.
Unless noted otherwise, titration studies were
prepared by adding 600 pL of a 30 uM QD stock
solution in toluene-ds to J-Young NMR tubes. An
internal standard stock solution was then prepared
by dissolving ~15 mg of 1,3,5-trimethoxybenzene in
1.5 mL toluene-ds, and then 50 pL was added to each
NMR tube. A 50 mM solution of redox reagent was
prepared in toluene-ds and added in increments of 0,
50,100,500, and 1000 equivalents per QD to the NMR
tubes at staggered times to ensure that all samples
mixed for the same amount of time (3 hours) before
collecting NMR spectra. Spectra were collected with
12 scans and a d1 delay time of 30 seconds. The
absolute number of bound and free ligands per QD
were determined by spectral fitting with MestReNova
software (Figure S1). 3'P{!H} NMR spectra were
collected on a 500 or 600 MHz Bruker NMR
spectrometer.

XPS Sample Preparation. Samples for X-ray
photoelectron spectroscopy (XPS) analysis were
measured on gold-coated silicon wafers that had been
sonicated for 2 minutes in 190 proof ethanol and
dried in air prior to use to remove residual carbon
species. Solutions of QDs in toluene (typically ~10
uM) reacted with 0, 50, 100, 500 or 1000 equiv.
cobaltocene for 21 hours and then the QDs isolated by
precipitation with acetonitrile. The isolated
nanocrystals were redispersed in toluene and were
drop cast onto the wafers until a brown film was
visible by eye. The XPS samples were loaded onto a
sample holder in a nitrogen-filled glovebox and
transported to the XPS facility in a sealed glass tube,
which was then loaded onto the instrument in an
inert-environment glovebag.

TEM  Sample Preparation. Samples for
Transmission electron microscopy (TEM) imaging
were prepared by drop casting dilute solutions of QDs
in pentane that were filtered through 2 pm PTFE
syringe filters onto TEM grids (Ultrathin carbon film
on lacey carbon support film, 400 mesh, copper)
under ambient conditions. The grids dried in air and
were then conditioned overnight under vacuum to
remove any trace volatiles. Images were collected on
a Thermo Scientific Talos F200X S/TEM at an

accelerating voltage of 200 kV and with a 70 pm
objective aperture.

3. Results and Discussion

3.1. A System for Studying Redox-Active Defect
Sites on PbS Surfaces

Oleate-capped PbS QDs ranging in size from 2.6
to ca. 5 nm in diameter provide a versatile platform
for interrogating redox-active defects on QD surfaces.
The size range explored here provides a means to
access QDs with a range of band edge potentials as
well as different morphologies, surface facets and
stoichiometries which are known to vary as a function
of QD size for PbS.22303133 Varying QD size in our
studies thereby provides additional insight into the
molecular nature of reactive surface species.

Redox-active chemical probes were selected to
span potency from strong (E®' = -1.9 V vs. Fc*/%) to
weak (E? = -0.48 V vs. Fc*/%) (Table 1). As other
works have investigated oxidation of PbS QD
surfaces,?® we focus here on the impact of reductive
chemical probes. With this wide array of reductants,
we demonstrate that it is possible to vary the driving
force of surface reduction and, in effect, target specific
sites to rationally passivate undesired surface defects.

3.2. PbS QDs Display Surface Reactivity with
CoCp2

The reactivity between a mid-size batch of PbS
QDs (4.1 nm diameter) was first established with the
moderate reductant cobaltocene (CoCpz, E®' = -1.3 V
vs. Fc*/9). CoCpz has been previously shown to
undergo ground state charge transfer with PbS QDs
and does not display any deleterious side
chemistry.3435

Upon reduction of a colloidal QD by CoCpz, the
donated electron can either occupy a delocalized
conduction band electronic state or be confined to
localized electronic states at the surface (Figure 1a).
In order to assess whether CoCpz is able to reduce the
4.1 nm PbS QD conduction band (CB) edge state, the
electron transfer reaction was monitored using UV-
Vis-NIR absorbance spectroscopy. Absorbance
spectroscopy is commonly employed to gauge band
edge charging with excess electrons or holes; upon
reduction of the CB or oxidation of the valence band
(VB), a bleach of the excitonic absorbance feature will
be observed due to the lowered probability of exciting
a carrier into an already-filled state.?>3¢ The
absorption spectra of the 4.1 nm QDs in toluene



before and after addition of 500 equiv. CoCp2 (per mol
QD) are shown in Figure 1b. No excitonic bleach (Amax
= 1186 nm) is observed, indicating that band edge
reduction by CoCpz is energetically unfavorable even
with a large excess of reductant. While previous
studies observed interfacial electron transfer from
CoCp: into CB states of similarly sized oleate-capped
PbS QDs (= ~ 4.2 nm in diameter),3° our observations
likely differ from this prior report as this previous
work was performed on QD thin films rather than in
solution.
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Figure 1. (a) Diagram depicting the optical response
observed by absorbance spectroscopy upon reduction of
either the band edge state or a localized surface state. (b)
UV-Vis-NIR absorption spectrum of 4.1 nm QDs (2.5 uM)
in toluene before (red) and after (blue) addition of 500
equiv. CoCpz.

Although no band edge reduction was observed
by UV-Vis-NIR absorbance spectroscopy, we
anticipated that CoCp: was a sufficiently strong
reductant to reduce localized surface states, as has
been postulated previously.3> In order to interrogate
reduction of the surface directly, titration studies
were performed using 'H NMR spectroscopy. NMR

spectroscopy is a convenient method to probe QD
surface chemistry as it allows for quantification of the
capping oleate ligands bound to surface Pb ions. The
alkene proton resonance of the oleate ligands may be
used to differentiate between bound vs. free ligands
in solution. The bound oleate ligand resonance is
broad and appears at 5.66 ppm, whereas the free
oleate resonance are sharper and shifted up-field
(5.48 ppm).2237-39 Characterization of as-synthesized
4.1 nm QDs reveal an average bound ligand coverage
of 173 £ 5 oleates per QD.

Addition of excess CoCpz (0 - 1000 equiv.) to the
PbS QDs in toluene-ds results in dissociation of a
portion of bound oleate ligands that increases with
equivalents of reductant added (Figure 2). The 4.1
nm QDs lose an average of 14.7 + 3.2% of initially
bound oleate ligands with addition of up to 1000
equiv. CoCpz; this corresponds to approximately 25
oleate ligands displaced per QD. Importantly, the total
number of ligands (bound + free) remains constant
throughout the course of the titration, indicating that
the QDs remain stable in solution even in the presence
of large excesses of reductant (Figure S1 - S2). X-ray
photoelectron spectroscopy (XPS) studies confirm
that isolated PbS QDs reacted with an excess of CoCp:
do not have any significant changes in their Pb:S ratio
(Table S2). The observed ligand loss without a
corresponding loss of surface Pb atoms therefore
suggests that the detected free ligand is due to
liberation of X-type anionic oleates, and not Z-type
Pb(oleate). fragments, upon reduction. This
observation is consistent with the electron-promoted
X-type ligand displacement phenomenon previously
reported for CdSe QDs,?3 and these data thereby
provide direct evidence that surface Pb?* ions are
reduced by CoCpa.

Within our system we propose that oleate-bound
Pb?* surface ions are reduced to Pb® concurrent with
ejection of bound anionic oleate ligands; reduction to
form surface Pb° sites is expected to be stable and
would be consistent with reports of Cd° formation
upon reduction of Cd?* ions at the surfaces of CdSe
nanocrystals.2340-43 Though formally plausible, Pbl*
ions are anticipated to be unstable and, if formed,
would likely dimerize with neighboring Pb ions as has
been postulated in recent computational studies.282°
We were unable to detect direct evidence for Pb-Pb
dimers or formation of Pb® atoms using XPS
spectroscopy (Figure S3); however, this could be due
to the limited sensitivity of XPS to minor surface
subpopulations on QDs. Therefore, the formation of
these surface structures upon reduction of Pb?* ions



and displacement of oleate ligands cannot be ruled
out.

In addition to monitoring resonances
corresponding to the surface capping ligands in the 'H
NMR spectra, the reductant CoCpz, and its oxidized
product [CoCpz]*, are also readily detected in the 'H
NMR spectra. At all equivalents added (50 - 1000
equiv.), the NMR resonance for paramagnetic CoCp: is
observed at =52 ppm (Figure S4). The presence of
CoCpzin the QD samples indicates that while a portion
ofthe reducing agent reacts with the QD (as evidenced
by liberation of X-type oleate ligands), not all of the
CoCpz added reacts on the hours-long timescale.
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Furthermore, a new broad feature is observed at 6.2
ppm after CoCp: is added (Figure S1). We tentatively
assign this to the NMR resonance of the
cyclopentadienyl  protons of the oxidized
cobaltocenium ion ([CoCpz]*). In support of this
assignment, we isolated the putative [CoCpz][oleate]
from a mixture of PbS QDs with excess CoCp: (see SI).
[CoCp2]* is expected to act as a counterion to both
reduced surface sites as well as to liberated oleates as
a cobaltocenium oleate salt, [CoCpz][oleate] (Figure
S5 -510).4
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When samples are allowed to react over the
course of days, the relative integration of the
paramagnetic CoCpz resonance decreases (Figure
S$11). Concurrently, oleate ligands continue to
dissociate from the QD surface (Figure S11). The
slow and continued reactivity over hours and days
point towards a gradual equilibration between CoCp2
and surface Pb2* ions. Therefore, all NMR titrations
were carefully timed to ensure that all samples mixed
for exactly the same period of time (3 hours) prior to
collecting spectra to enable precise comparisons in
the extent of surface reduction and oleate loss.

Additionally, it is important to note that 1H NMR-
silent redox processes are expected to occur in
tandem with oleate displacement. For example,
underpassivated Pb?* sites or hydroxide-ligated Pb2*
ions have been postulated as PbS surface defects in
the literature, though these would not be observable
by our NMR experiments.282945 Attempts to detect the
presence and reduction of these postulated Pbz*
surface sites by XPS (Figure $12) and FTIR (Figure
$13) spectroscopies were inconclusive; however, we
cannot eliminate the possibility of small
subpopulations of these and similar metal-based sites
on the surface reacting with added excess reductant.



3.3. QD Surface Reactivity Has A Marked Size
Dependence

Having established measurable reactivity (i.e.,
surface Pb2* ion reduction and oleate displacement)
at the surfaces 4.1 nm PbS QDs upon addition of
excess CoCpz, we next sought to understand the
dependence of surface redox reactivity on QD size. For
PbS, QD diameter is known to influence the band edge
potentials as well as the morphology and surface
facets exposed.?23031 To investigate the influence of
these parameters, we prepared several batches of
QDs that varied in diameter. Each batch was handled
and purified similarly for relevant comparison. To
that end, we found that samples prepared by another
method*¢ did not precisely follow the trends observed
below, and we thus restrict our discussion to these
samples prepared by the method reported by Hines
and Scholes.*” Three additional sizes of QDs—2.6, 3.8,
and 4.9 nm—were prepared and characterized by UV-
Vis-NIR absorbance spectroscopy, H NMR
spectroscopy, TEM, and XPS methods (Table S3,
Figures S14 - S17). QDs larger than 5 nm are not
compared herein due to problems with solubility and
stability of those sizes prepared by the method of
Hines and Scholes.#”

In order to first probe whether CoCpz2 is able to
directly reduce the CB states of any of these QDs, each
sample was titrated with aliquots of CoCp2 and the
absorbance monitored via UV-Vis-NIR absorbance
spectroscopy (Figure S18 - S22). As the 4.1 nm QDs
did not show any evidence of CB charging, it was not
expected that the smaller QDs (2.6 and 3.8 nm) would
show an excitonic bleach, as their conduction band
edge states are higher in energy. Notably, no excitonic
bleach was observed for any of these four samples,
indicating that even for the larger 4.9 nm QDs, CoCp2
is too weak of a reductant to engage in ground state
electron transfer to the CB edge states of PbS. Many of
the PbS QD samples did display a minor red-shift (1 -
4 nm) of the excitonic absorbance feature. This red-
shift is an established indicator of surface charging
resulting from Coulombic repulsion with the
delocalized exciton.8
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Figure 3. Comparison of different sizes of QDs with
added CoCp2z, normalized for minor amounts of free
ligand in QD only 'H NMR spectra. Data points are the
average of three repeated trials with standard deviation
included as error bars. The lines between data points are
a guide to the eye. Inset: Data plotted with smaller y-axis
range for clearer depiction of trends.

Titrations of these three additional QD samples
with CoCpz were then monitored with 'H NMR
spectroscopy in order to compare the extent of
reactivity with added charge. Addition of excess of
CoCpz (0 - 1000 equiv.) resulted in varying degrees of
oleate displacement for the different sizes (Figure
$23 - S26). The average percentages of bound oleate
ligands (normalized for any minor amounts of free
ligand present in the as-synthesized QD sample) are
presented in Figure 3. The data show a clear trend of
greater oleate loss with increasing QD size: after
mixing for 3 hours with 1000 equiv. CoCp2, 1.2 + 1.1%
of the bound oleates are displaced from 2.6 nm QDs,
3.5+ 1.4% from 3.8 nm QDs, 14.7 + 3.2% from 4.1 nm
QDs, and 11.1 + 2.1% from 4.9 nm QDs. The broad
feature at 6.2 ppm attributed to [CoCp:z]* is observed
in all QD samples with CoCpz added, as is the presence
of paramagnetic CoCpz at =52 ppm.

We interpret the trend of greater amounts of
displaced oleates observed for larger QDs by
considering changes in the PbS QD surface
environments with size. Several recent compelling
works have demonstrated that PbS QDs transition
from an octahedral morphology to a cuboctahedral
shape with increasing diameter.?23%31 This in turn
impacts the types of facets and bonding environments
at the surface that are exposed. For example, small
octahedral PbS QDs (< 3 nm) are known to be lead-
rich with polar (111) facets exposed. Conversely,
larger QDs tend to be more stoichiometric in Pb and S



ions, and it has been proposed that additional neutral
(100) facets begin to appear on QDs larger than ~3
nm diameter.223031 Additionally, the larger QD sizes in
this study possess lower ligand packing densities than
the smaller QDs (Table S3) which suggests that the
surfaces of larger QDs may be more accessible to
reducing agents.
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The size dependence of exposed Pb coordination
environments at the surface likely impacts the extent
of ligand displacement observed upon reduction by
CoCpz. Importantly, surface Pb?* ions that are reduced
by CoCp: to liberate oleate ligands are anticipated to
be at approximately the same free energy (as
quantified by their reduction potential) regardless of
QD size. Therefore, the greater proportion of oleates
displaced in larger QD sizes suggests that there is a
larger relative number of those specific types of Pb2+
sites in larger QDs. While the NMR studies themselves
cannot indicate distinctligand bonding environments,
the size dependence observed here suggest that the
Pb?* sites most likely to be reduced by CoCpz may be
those at the edges between (111) and (100) facets as
those appear on larger size QDs (Figure 4). Reduction
of Pb?* ions within the (100) facets present on the

larger QDs is less likely due to the overall charge
neutrality of those facets as well as being less
sterically accessible than edge sites.2245,

3.4. The Extent of QD Surface Charging Tracks
with Reductant Strength

In order to gain a more wholistic understanding
of the redox reactivity of the surfaces of PbS QDs, we
next probed the dependence of surface reactivity on
the potency of the reductant employed. To do this,
both milder and stronger reductants than CoCp2
(Table 1) were reacted with PbS QDs and the extent
of reactivity (i.e., oleate displacement in 'H NMR
studies) compared. For these redox-reagent
dependence experiments, additional batches of PbS
QDs ranging in size from ca. 3 - 5 nm were employed
in addition to those studied in the size-dependence
experiments above. These studies provide insight into
the effect of driving force on surface reduction.

We first employed two reductants milder than
CoCpz, decamethylferrocene (FeCp™2) and
Co(Cp)(dppe), and monitored their reactivity with 4.3
nm PbS QDs. Upon reaction of 4.3 nm QDs with ca. 500
equiv. of each redox agent, less ligand loss was
observed compared with CoCpz as shown with 'H
NMR spectroscopy (Figure S27). Specifically, <1%
oleate loss was observed upon addition of excess
FeCpz and ~2.5 - 4% with added Co(Cp)dppe,
compared with ~6% ligand displaced with added
CoCpz. This diminished reactivity with milder
reducing agents illustrates the influence that the
reductant strength has on the extent of surface
charging.

Table 1. Chemical Redox Probes Used in This

Work3+49

Chemical Probe Reduction Energy vs.
Potential Vacuumd
(EY, V vs. | (eV)
FC+/0)

Decamethylcobaltocene, | -1.91a -3.22

CoCp™2

Cobaltocene, CoCp2 -1.33b -3.80

Co(Cp)(dppe)¢ -0.93b -4.20

Decamethylferrocene, -0.482 -4.65

FeCp*2

a. Reported conditions in CH3CN with [BusN][PFe]
b. Reported conditions in CH2Clz with [BusN][PFs]



c. dppe = 1,2-bis(diphenylphosphino)ethane

d. Conversion to energy from reduction potential
shown in SI

To further establish the relationship between
surface charging and reductant strength, we next
moved to a reductant stronger than CoCpg,
decamethylcobaltocene (CoCp™2). Due to the strongly
reducing nature of CoCp*; and estimated literature
values for PbS CB edge potentials—ranging from -3
eVto ca. -4.2 eV (with respect to vacuum) across sizes
from 2 nm to 8 nm, respectively—we anticipated that
CoCp™2 could directly inject electrons into QD CB edge
states.3335 Addition of 50 equiv. CoCp™z to 4.9 nm PbS
QDs in 1:1 THF: toluene resulted in a significant
bleach of the excitonic absorption feature, as detected
by UV-Vis-NIR absorbance spectroscopy, consistent
with electron injection into the CB states (Figure 5a).
Notably, the excitonic bleach recovers within minutes
(Figure S28). This observation is consistent with a
previous report by Koh et al. that suggested that
delocalized CB electrons in PbS QDs may localize at
surface sites over time.3>

1H NMR titrations were next performed to assess
whether the more negative reduction potential of
CoCp*z has an impact on the amount of oleate
displacement observed. Incremental addition of
CoCp™2 (5 - 100 equiv.) to 4.9 nm QDs leads to a
dramatic decrease in oleate coverage, with up to 60%
of bound oleates lost (Figure 5b). Interestingly, the
quantification of displaced oleate ligands corresponds
closely with a 1:1 loss for each equivalent of CoCp™
added up to 10 equiv., and then slightly greater ratio
of approximately 1.2 - 1.4 oleates lost per equiv.
CoCp*z added with 25 - 100 equiv. (Table S4). The
excess oleate ligands displaced per equivalent of
CoCp™2 added suggests that there may be a more
complex ligand displacement mechanism at play in
the higher equivalent regime. For example, CoCp™2
may be capable of reducing spectroscopically silent
surface states, the reduction of which could promote
surface rearrangement leading to some Z-type ligand
dissociation.
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Figure 5. (a) UV-Vis-NIR absorption spectra of 4.9 nm
QDs (2.5 pM) in 1:1 THF:toluene before (red) and after
(blue) addition of ca. 50 equiv. CoCp™2. (b) Comparison of
the percentage of bound oleate per QD in 4.9 nm PbS QDs
(27.7 uM) with added CoCpz (red) and CoCp™z (blue).
NMR spectra of CoCp™, titration in Figure S29.

Furthermore, unlike for milder reductants and
CoCpz, we observe complete consumption of the
CoCp*z as evidenced by lack of a paramagnetic
resonance for CoCp™ expected at ca. 45 ppm.
Importantly, addition of CoCp™ in greater excess
(>100 equiv./QD) results in rapid QD precipitation,
indicating that loss of a large percentage of
passivating surface ligands leads to QD instability.
The dramatic increase in oleate displacement
observed with CoCp™; addition is likely a direct result
of the greater driving force for reduction of the same
Pb surface sites that react with CoCp2, as well as
reduction of higher energy populations of Pb ions that
are perhaps inaccessible to milder reductants even at
high concentrations. Additionally, another pathway
for surface reduction by CoCp™ is also possible
wherein electrons injected into the CB edge are
subsequently trapped at lower energy surface sites as
evidenced by the recovery of the excitonic bleach ona
minutes-long timescale,?> leading to further oleate
ligand displacement upon localization at the surface.
These surface reduction pathways may occur



simultaneously and are not necessarily mutually
exclusive.

Overall, these studies reveal the marked impact
of reductant strength on the extent of surface
charging as indicated by the extent of oleate loss. The
lesser degree of reactivity of the QD surface sites with
reductants milder than CoCpz, along with the more
dramatic reactivity upon reaction with stronger
reductants such as CoCp™, suggests that the slow
equilibration between CoCpz and PbS QD surface
states observed arises because the reduction
potential of CoCpz2 is approximately isoenergetic with
the reduction potential of a portion of the surface Pb2+
sites (Figure 6). This equilibration leads to gradual
oleate ligand displacement over time. These Pb2*
surface sites are not energetically accessible by the
weaker reductants employed. By comparison, more
potent reductants increase the driving force for
surface Pb?* ion reduction leading to more rapid and
complete surface charging, as well as conduction band
population.

CoCp'y ---f----------2- cB
CoCpy ---f------- 4=

Co(Cp)dppe ---f------------
FeCp'p==-f---—-"""3= VB

E'(V vs. Fc*0)

Figure 6. Depiction of the relative redox potentials of the
redox-active probes used in this study versus band edge
or surface-based electronic states in PbS QDs ranging in
size from 2.6 to ca. 5 nm.

While the driving force for electron transfer from
a reductant may in theory be predicted by comparing
the reduction potential of the reagent with the
reduction potentials of the localized surface and CB
edge states of QDs, precise measurement of the latter
values is quite challenging in practice. As such, our
conclusions are not trivial. Though reduction
potential values for band edge states have been
reported for thin films of QDs using techniques such
as photoelectron emission spectroscopy and
electrochemistry, these values inherently differ from
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those describing colloidal QDs due to differences in
the nanocrystal environment.7:3350 Additionally, the
accuracy of reported values across all systems is
questionable: variations in QD synthesis and
purification methods, solvents and the influence of
capping ligands via surface dipoles directly impact the
absolute band edge positions.5152 As the reduction
potentials of QD band edge and surface states are
difficult to measure directly, the use of redox-active
chemical probes spanning a wide range of reduction
potentials therefore provides an indirect method to
gauge the electronic state potentials based on the
extent of reactivity observed by techniques such as
UV-Vis-NIR absorbance or NMR spectroscopy.

3.5. Hypothesized Chalcogenide Defects may be
Studied by Selective Probes

Following the above studies monitoring surface
Pb?* ion reduction by oleate ligand displacement, we
sought to gain a more complete picture of other
redox-active sites at PbS QD surfaces. The use of
redox-active chemical probes can provide insight into
sites that have been proposed experimentally and
computationally.

Chalcogenide ions have been proposed as redox-
active sites on the QD surface, though specific defect
subpopulations can be quite challenging to probe
experimentally.”7?42953 [n particular, oxidized S!-
species are expected to exist as stable disulfide dimers
on as-synthesized QD surfaces.?* To probe the
presence of surface disulfides, studies were
performed using a selective redox-active chemical
probe. Tri-n-butylphosphine (BusP) has been
established to selectively reduce organic diselenides
and disulfides.245* Experiments in our lab confirm this
reactivity for diphenyl disulfide, which is readily
reduced to sulfates upon addition of BusP in the
presence of NaOH, yielding tri-n-butylphosphine
oxide as a byproduct that may be monitored by
31p{1H} NMR spectroscopy (Figure S30).

Scheme 2. Reduction of Disulfide Moieties Using
Tri-n-butylphosphine

Na*

Na*
Bu RT Bu
5+ + XS NaOH ——» By-P=0 + + H,0
e O e Buo O 2

=gl =g2



While reactions of BusP with organic disulfides
support the theory that disulfide dimers on QD
surfaces may be reducible, to the best of our
knowledge the presence of these chalcogenide dimers
on individual QD surfaces has not yet been directly
experimentally confirmed. To study this directly, PbS
QDs were treated with BusP in the presence of NaOH
and monitored by 3'P{'H} NMR spectroscopy for
evidence of BusPO formation as a handle for disulfide
reduction (Scheme 2). Notably, as demonstrated by a
lack of broad features in the 3'P{'H} NMR spectra,
BusP does not appear to bind to the PbS QD surface
(Figure S31). Addition of approximately 1000 equiv.
BusP to solutions of PbS QDs in THF in the presence of
50 equiv. NaOH led to differing results for small (3.4 -
3.7 nm) versus large (4.7 - 5.1 nm) QD samples.
Smaller QDs show very little reactivity; little to no
BuszPO formation was observed even over several
days (Figure S32). By comparison, in larger QDs,
approximately 1 of the added BusP (ca. 10 equiv./QD)
was converted to BusPO, indicating reactivity of the
phosphine with surface disulfides (Figure 7). This
size dependence may arise from the influence of
morphology and surface stoichiometry on the relative
population of these disulfide traps, where larger QDs
may reveal disulfides on exposed (100) facets that are
not present on smaller, octahedral nanocrystals.
These results suggest that the (100) facets and
(100)/(111) facet edges may be the most likely sites
for disulfide defects to arise. Importantly, under the
conditions employed we did not detect any reaction
between BusP and Pb(oleate):, confirming that the
observed reactivity was due to surface sulfide species
(Figure S33).

?u
Bu’P\Bu
El’au
Bu—l?=0 Isomers
Bu
‘ Bu,P + NaOH + QD
=

I BusP + NaOH

50 50 40 30 20 10 -30 -40 -50 -60 -70 -8

S1p sif (oo
Figure 7. 31P{1H} NMR spectrum of (red) BusP (28 mM)
in THF with NaOH in degassed water. (blue) 5.1 nm PbS
QDs (29 puM) in THF with ~1000 equiv. BusP and 50
equiv. NaOH in degassed water.

Lewis bases such as trialkylphosphines are
known to displace Z-type ligands from QD surfaces at
high concentrations; as such, it was important to rule
out Pb(oleate). displacement as a primary cause for
the disulfide reactivity detected.212230 Specifically, we
sought to determine whether the reactivity observed
was caused by BusP first displacing Pb(oleate)z to
reveal underlying disulfide structures. 'H NMR
spectra show minimal change in bound versus free
ligand populations (Figure S34 - S35) of both 3.4 and
4.7 nm QDs with 1000 equiv. BusP added, suggesting
that this is not a dominant mechanism for the
observed reactivity. Overall, the studies with a
selective redox active probe, BusP, provide
compelling evidence for the existence and reactivity
of surface disulfides. This work therefore serves as an
example of using targeted experimental approaches
to confirm or rule out the existence of hypothesized
defect structures at QD surfaces.

4. Conclusions

In conclusion, through the use of a range of outer
sphere reductants and selective redox reagents, we
have gained an understanding of the native defects
that exist on PbS QDs as well as those that are induced
upon surface charging. Systematic investigations of
the reactivity of the QD surfaces by NMR spectroscopy
reveal oleate ligand displacement in response to
reduction of surface Pb?* ions. Comparison of the
extent of ligand displacement across QD batches
reveals a distinct size dependence, with larger QDs
exhibiting a higher degree of ligand loss. This size-
dependent surface reactivity correlates with known
changes in PbS QD morphology with size.223031
Specifically, the emergence of new Pb?* ion
environments at (100) facets, and the edge sites
between (100) and (111) facets, are proposed to be
the primary Pb species reduced leading to oleate
displacement. Furthermore, we demonstrate that the
strength of the reductant employed has a significant
impact on the extent of surface charging and
reactivity; stronger reducing agents resultin a greater
amount of overall ligand displacement, whereas weak
reducing agents show minimal reactivity with the
QDs. Finally, the reactivity of chalcogenide-based
defects (disulfides) was explored using a selective
trialkylphosphine reagent. Similar to reduction of Pb
ions, disulfide reactivity displays a distinct size
dependence with more reactivity observed for
disulfide reduction in larger QDs.

Taken together, these studies suggest that there
is a larger relative proportion of redox-active defect



sites (both metal- and chalcogenide-based) present
onlarger PbS QDs. We argue that this size dependence
is not simply because of increased surface area and
total number of atoms in larger QDs; rather, changes
in morphology correlated with increasing QD
diameter leads to the formation of the redox-active
defect sites probed herein. Overall, we present an
example of using a powerful tool—chemical probes—
in tandem with NMR spectroscopy to study the
identity and reactivity of subpopulations of defect
sites on QD surfaces.

Importantly, we view this work as a stepping
stone for the field towards establishing a detailed,
molecular-level picture of QD surfaces by employing
multiple complementary techniques and targeted
reactions.!’® We hope that future works will build
upon these findings to further understanding of the
structural nature of defect sites and their reactivity
with added charge. The QD field is now, more than
ever, poised to do so through the recent emergence of
new tools to study QD surface structure, including
advanced multinuclear NMR spectroscopy methods
(e.g., probing metal or chalcogen nuclei directly, or
using dynamic nuclear polarization or cross-
polarization magic-angle spinning enhancement
methods, etc.)’5-%1 and innovative computational
tools to explore surface structure motifs.672862 Such
an approach is critical to gaining a molecular-level
understanding of QD surfaces, and reaching the full
potential of QD-based systems.
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