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ABSTRACT This paper describes the surface composition-dependent binding of the

MV2* ADSORPTION REACTION @ Cadmium

dichloride salt of methyl viologen (MV>") to CdS quantum dots (QDs) enriched, to
various degrees, with either Cd or S at the surface. The degree of enrichment is / \ . ’ o MV
controlled synthetically and by postsynthetic dilution of the QDs in their solvent, THF. *e J\o § 2—.}\”
NMR shows the Cd-enriched QDs to contain a relatively dense (2.8 ligands/nm?) surface T{." ! °. oeg -
layer of oleic acid, in the form of Cd-oleate, and S-enriched QDs to contain relatively . 2"". oo 0 .3 :
sparse (1.0 ligands/nm?) surface density of native ligands containing both oleic acid 2_.0:.‘ oo ..51/’

[ )

and octadecene. Electron transfer-mediated photoluminescence quenching of the QDs
by MV2" serves as a probe for the binding affinity of MV>™ for the surfaces of the QDs. Diluting Cd-enriched QDs removes (d-oleate from the surface,
exposing the stoichiometric CdS surface beneath and increasing the quenching efficiency of MV* ™, whereas diluting S-enriched QD does not change their
surface chemistry or the efficiency with which they are quenched by MV>™. The photoluminescence quenching data for all of the surface chemistries we
studied fit well to a Langmuir model that accounts for binding of MV2™ through two reaction mechanisms: (i) direct adsorption of MV>™ to exposed
stoichiometric CdS surfaces (with an equilibrium adsorption constant of 1.5 x 10° M~"), and (ii) adsorption of MV>" to stoichiometric CdS surfaces upon
displacement of weakly bound Cd-oleate complexes (with an equilibrium displacement constant of 3.5 x 10> M~"). Ab initio calculations of the binding
energy for adsorption of the dichloride salt of MV? " on Cd- and S-terminated surfaces reveal a substantial preference of MV> " for S-terminated lattices due

V2+

to alignment of the positively charged nitrogens on MV“™ with the negatively charged sulfur. These findings suggest a strategy to maximize the adsorption

of redox-active molecules in electron transfer-active geometries through synthetic and postsynthetic manipulation of the inorganic surface.
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photoluminescence quenching

his paper describes the mechanisms
Tby which the dichloride salt of methyl

viologen (MV2") molecules adsorb to
CdS quantum dots (QDs) in geometries that
permit picosecond-time-scale (or faster)
photoinduced electron transfer (eT) from
the QDs to MV, Viologens are an impor-
tant class of electron acceptors for QDs,
with applications as redox shuttles between
QD photosensitizers and molecular catal-
ysts,'* and participants in hot electron
transfer and multielectron transfer from
QDs.>~7 MV?" does not have an obvious
means of coordinating to a QD surface, such
as an appended thiol or acid functional
group, so the ultrafast rate constants mea-
sured reproducibly for photoinduced eT
from many types of QDs under a large
range of conditions”~° imply a single highly
coupled donor—acceptor geometry for the
QD-MV2" pair that is driven by electrostatic
or van der Waals interactions. In previous
work, we deduced that the adsorption
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geometry of a viologen molecule on a CdS
QD that leads to ultrafast €T is that where
the viologen adsorbs “face-on”, such that
the bipyridyl core is oriented in a plane
parallel to that of the QD surface.'® This
study motivated an interest in the specific
interactions that promote complexation of
the donor—acceptor pair in this geometry,
and whether certain surface chemistries of
the QD would promote or inhibit these
interactions. This type of mechanistic informa-
tion is important for achieving picosecond-
to-femtosecond hot or multielectron trans-
fer reactions>'" involving QDs and violo-
gens (and other molecules without explicit
binding groups), because the charge trans-
fer rate between QDs and adsorbed molec-
ular acceptors (i) increases linearly with the
number of adsorbed molecules on the QD
surface,”'? and (ii) increases with the square
of the magnitude of the electronic coupling
between the donor and acceptor (for non-
adiabatic electron transfer (eT) reactions).*
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In order to probe the interaction between MV* and
the QD surface that leads to adsorption in the eT-active
geometry, we prepared CdS QDs with various surface
chemistries, using both synthetic and postsynthetic
methods. We synthesized QDs enriched at the surface
with either Cd** or S*~ by injecting an excess of the
intended terminating ion immediately prior to arrest-
ing growth and further manipulated the surface chem-
istry of these as-prepared samples by simply diluting
the QDs with excess solvent (here, THF) and allowing
the samples to equilibrate without further purification.
X-ray photoelectron spectroscopy (XPS) reveals that
dilution of S-enriched QDs does not change the prop-
erties of the sample, but progressive dilution of Cd-
enriched QDs leads to desorption of Cd-oleate (Cd-OA)
from the QD surface'' to reveal the underlying
stoichiometric core of the QD. Using eT-mediated
photoluminescence (PL) quenching of the QDs by
MV2" as a probe, we provide quantitative evidence
that MV?" adsorbs to exposed stoichiometric CdS
surfaces on all types of QD samples, either directly
(with an adsorption constant of 1.5 x 10° M), or by
displacing weakly bound Cd-OA complexes (with a
displacement constant of 3.5 x 10> M™"). We further
determine, using ab initio calculations, that there is a
substantial preference of MV>" for S-terminated stoi-
chiometric surfaces (over Cd-terminated surfaces)
due to alignment of the positively charged nitrogens
on MVZ" with the negatively charged sulfur.

Our findings demonstrate that simple synthetic
steps and dilution of as-prepared QD samples can be
used to maximize the probability that redox-active
molecules will adsorb in an eT-active geometries, even
in the absence of a coordinating linker group.

RESULTS AND DISCUSSION

Synthesis of (d- and S-Enriched Quantum Dots. Most
QD synthetic procedures produce cation-enriched
surfaces,'*'*721 because the most tight-binding sur-
factants in the reaction mixtures are so-called “X-type”
(negatively charged) organic ligands that drive cation
enrichment of resulting particles.'®*>?* We synthesize
Cd-enriched QDs by heating 0.256 g of CdO, 13.7 mL of
octadecene (ODE), and 6.3 mL of oleic acid (OA) to
250 °C under nitrogen in a 3-neck round-bottom flask.
Once the CdO completely dissolves and cools to
~60 °C, we place 4 mL into a separate round-bottom
flask, add 6 mL of ODE, and heat to 260 °C. To initiate
QD growth, we swiftly inject 2 mL of freshly prepared
0.10 M sulfur in ODE and reduce the temperature to
220 °C. After 3 min of growth, we make alternating 0.5-
mL additions of Cd and S precursor solutions at ~1 min
intervals to promote further growth while preventing
ripening. We monitor the progress of the reaction by
removing small aliquots from the reaction mixture and
acquiring their UV—visible absorption spectra and stop
the reaction by removing the heating mantle once the
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QDs reach the desired size. The solution remains
enriched with Cd throughout the entire process, and
the final injection contains the Cd precursor to ensure
Cd-termination.

It is also possible to produce QDs with anion
enriched surfaces.'”?"?*~2° These QDs typically have low-
er photoluminescence (PL) quantum yields,'7?'242>%7~29
shorter exciton lifetimes,? and a lower surface coverage of
native ligands than cation-enriched lattices.”® We synthe-
size S-enriched QDs by heating 42.6 mg of CdO, 14.7 mL of
ODE, and 0.3 mL of OA to 300 °C under nitrogen in a
3-neck round-bottom flask. When CdO completely dis-
solves and the solution turns clear, we swiftly inject T mL of
freshly prepared 0.15 M sulfur in ODE (prepared by
heating elemental sulfur in ODE at <180 °C until comple-
tely dissolved, ~20 min) and allow it to react at 250 °C for
one hour. To enrich the QDs with sulfur while promoting
growth, we add 1.2 mL of 0.15 M S-precursor dropwise
over the course of ~10 min until the QDs reach the desired
size. We subsequently cooled the reaction mixture to 90 °C
for two hours before finally cooling to room temperature.

We purify both types of QDs by extraction with a 3:1
volume addition of methanol:QDs and ~1 mL of
butanol to encourage mixing. The mixture is shaken
vigorously and spun in a centrifuge at 3500 rpm for
5 min. After removing the nonsolvent phase, we add
another ~2 mL of THF and enough acetone to pre-
cipitate the QDs. Centrifugation and decantation se-
parates the QDs from the supernatant, and we repeat
the washing step with acetone once more. Finally, we
resuspend the QD pellet in THF to create a solution
with an optical density of ~1 AU at the band-edge in a
1-cm cuvette. Representative transmission electron mi-
croscopy images of the Cd- and S-enriched samples are
provided in Figure S1 of the Supporting Information.

Figure 1A shows the ground state absorption spec-
tra of Cd- and S-enriched CdS QDs in THF. The first
excitonic feature of the absorption spectrum of both
Cd- and S-enriched QDs occurs at 443 nm, correspond-
ing to an average diameter of 5.0 nm as calculated from
published sizing curves.3° The first excitonic peak in
S-enriched QDs is broader than those in Cd-enriched
QDs, consistent with previous results.?” Our inability to
resolve the second excitonic peak in the absorption
spectrum of S-enriched QDs suggests that the size
distribution of QDs is more heterogeneous than in
the Cd-enriched QD sample.

Figure 1B shows the PL spectra of Cd- and S-
enriched CdS QDs in THF. The emission spectrum for the
Cd-enriched QDs is typical of this lattice termination?’
and includes two major features corresponding to
emission from the band-edge exciton and trapped
exciton (where one or both carriers are trapped in a
localized defect site), respectively; we refer to the
emission from a trapped exciton as “defect emission”.
The band-edge emission is centered at 453 nm and has
afull-width-at-half-max (FWHM) of 19 nm, corresponding
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Figure 1. (A) Ground state absorption spectra of CdS QDs
enriched with either Cd (“Cd-enriched”, black, 6.9 x 10~7 M)
or S (“S-enriched”, blue, 6.8 x 107 M), in THF. The first
excitonic peak is at A = 443 nm for both samples; this energy
corresponds to a core diameter of 5.0 nm. (B) Photolumi-
nescence spectra of the same samples of QDs, excited at
400 nm, showing the relative contribution of band-edge
(453 nm) and “defect” (~630 nm, broad) emission in Cd-and
S-enriched QDs. The integrated intensity of the band-edge
emission in the S-enriched QDs is ~5% of that in the Cd-
enriched QDs, and the integrated intensity of the defect
emission is approximately the same in the two types of QDs.

to a size dispersity of ~8%. The width of the defect
emission peak, centered at ~630 nm, is typically inter-
preted as a reflection of the distribution of hole trap state
energies within the band gap,*'*? or of the distribu-
tion of vibronic modes with which a charge carrier
couples.®33* Figure 1B also shows the PL spectrum of
S-enriched CdS QDs in THF. This spectrum has the same
features from band-edge emission and defect emission
as the spectrum of Cd-enriched QDs, but the band-edge
emission is quenched by ~95% on going from Cd-
to S-enrichment. This observation suggests that sulfur
termination creates states in which at least one excitonic
charge carrier, almost certainly the excitonic hole, >3’
localizes, and that the time constant for this localization
process is much shorter than that for band-edge radiative
decay, which has a lifetime of ~40 ns.'? The intensity
of the defect emission peak at ~630 nm appears to
be insensitive to the termination scheme; therefore,
(i) the localized states created by sulfur termination are
not the trap states that contribute to defect emission, and
(ii) defect emission probably originates from recombina-
tion of a band-edge carrier and a carrier trapped within the
lattice of the QD core. Many previous papers have shown
that the trapped carrier in this scenario is the hole.?’35~37

Characterization of the Inorganic/Organic Interfaces of
(d- and S-Enriched @QDs. Figure 2A,B shows the Cds/, and
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Cds,/, peaks within the XPS spectra of Cd-enriched (A)
and S-enriched (B) CdS QDs dropcast from THF onto a
Si/SiO, wafer. The Cds/, and Cds,, peaks appear at
~404 and ~410 eV, respectively, in agreement with
previous reports.3®3 Each of the Cd peaks is fit to a
sum of two Gaussian functions; the low energy com-
ponent of each peak reflects the fully coordinated Cd**
within the QD core and surface Cd*' that is well-
passivated by OA (see Section 2 in the Supporting
Information for the XPS spectrum of molecular Cd-
stearate complexes).?” The high-energy component of
each peak corresponds to surface Cd** that is under-
coordinated, either because it is bare or incompletely
passivated by OA. The contribution of the unpassi-
vated Cd peaks, relative to the passivated Cd peaks, is
greater in the spectrum of Cd-enriched QDs than in the
spectrum of S-enriched QDs, consistent with our in-
tended lattice termination scheme; however, S-enriched
QDs do contain a small portion of unpassivated Cd
suggesting some exposed stoichiometric CdS surfaces
or Cd-OA complexes.

Figure 2C,D shows the sulfur peaks within the XPS
spectra of Cd-enriched (C) and S-enriched (D) CdS QDs.
The spectra of both types of QDs contain three major
contributions: passivated S,/,,, passivated Ss,, and
unpassivated S,%4° where the individual contributions
from S;,, and Ss/, in unpassivated sulfur cannot be
resolved. Passivated sulfur is either in the core of the
QD or is coordinated by ligands at the surface of the
QD. Unpassivated sulfur is surface sulfur that is under-
coordinated and oxidized;** several reports show
that the oxidized sulfur at 168 eV corresponds to
CdS0,.32*142 The appearance of oxidized sulfur peaks
in these spectra is not necessarily indicative of oxida-
tion of the sulfur in the QD sample we study with
optical and NMR spectroscopy, because a vast majority
of this oxidation probably occurs in the few minutes
that the XPS sample is exposed to air upon transfer into
the XPS chamber. The presence of oxidized sulfur
peaks in the XPS spectra simply implies that incomple-
tely passivated sulfur (sulfur vulnerable to oxidation) is
present in the solution-phase samples. The greater
fractional contribution of unpassivated sulfur to the
XPS spectrum of S-enriched QDs, relative to Cd-
enriched QDs, is consistent with the intended lattice
termination scheme. Tables S1 and S2 in the Support-
ing Information lists the peak positions, areas, widths,
and assignments for the XPS spectra shown in Figure 2.

As an independent confirmation of the surface
enrichment suggested by the XPS data, we attempted
to quantify the concentrations of Cd and S in our
samples using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). In a representative
experiment, we calculated a Cd-to-S ratio of 1.3:1 for
Cd-enriched QDs and 0.5:1 for S-enriched QDs. This
method, however, is notoriously inaccurate for mea-
suring sulfur concentrations, so while our results are

VOL.8 = NO.3 = 2826-2837 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

2828



Cd-enriched QDs

A Cd,/,

Cds/z

415 405 395

Binding Energy (eV)

Cd-enriched QDs

C

SZp,pass.

SZp,unpass.

175 170 165 160 155

Binding Energy (eV)

S-enriched QDs

B Cd,/,

CdS/Z

415 405 395

Binding Energy (eV)

S-enriched QDs

D

SZp,unpass.

SZp,paSS.

175 170 165 160 155

Binding Energy (eV)

Figure 2. Cds/,, Cds,, and Sy, regions of the XPS spectra of Cd- and S-enriched CdS QDs, as-prepared (before dilution),
dropcast from THF onto a Si/SiO, wafer. The Cds,; and Cds,, peaks of Cd-enriched QDs (A) and S-enriched QDs (B) each fitto a
sum of two Gaussians, corresponding to Cd within the QD core (low energy) and excess, unpassivated surface Cd (high
energy). The S peaks of Cd-enriched QDs (C) are fit to a sum of two Gaussians corresponding to S,/ (158.5 eV) and Ss,,
(160.4 eV) electrons of sulfur ions in the QD core or sulfur ions that are well-passivated by ligands on the QD surface. The S
peaks within S-enriched QDs (D) are also fit to a sum of two Gaussians corresponding to S;,; (160.8 eV) and Ss/, (161.8 eV)
electrons of sulfur ions in the QD core or sulfur ions that are well-passivated by ligands on the QD surface. The peak at 168 eV
in (D) corresponds to CdSO,, and the broadest high energy peak is required to fit the background. Table S1 in the Supporting
Information summarizes all of the peak parameters and assignments for these spectra.

qualitatively consistent with the expected Cd- and
S-enrichment scheme, we do not use the ICP-AES
numbers in any quantitative conclusions we make
about the system.

Figure 3 shows the vinylic region of the 'H NMR
spectra of the Cd- and S-enriched QDs and, for refer-
ence, spectra of neat OA and ODE, the two surfactants
used in the syntheses of the QDs. The spectra are
normalized to the largest peak within the region of
4.5 t0 6.0 ppm and offset along the y-axis for clarity. In
order to remove any excess surfactant, in addition to
washing the QD samples with acetone and methanol
(as described in the synthetic procedure above), we
cleaned the samples for NMR by evaporating the
solvent, rinsing the QD solid five times with methanol
and five times with acetone, drying under a vacuum for
one hour, and redispersing the QDs in CDCl;. We
measured the concentrations of the OA and ODE
ligands by integrating the peak at 5.3 ppm, corre-
sponding to protons on the internal double bond of
OA, and the triplet peak at 5.0 ppm, corresponding to
protons on the terminal double bond of ODE, and
comparing those integrated intensities to that of a
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biphenyl integration standard added in known con-
centration (see Supporting Information, Figure S3). Cd-
enriched QDs are coated exclusively with OA, with a
total ligand density of 2.8 ligands/nm? (~38% of total
surface sites, see Section 6 in the Supporting Information).
S-enriched QDs are coated with ODE (15%) and OA (85%),
with a lower total ligand density of 1.0 ligands/nm? (~14%
of total surface sites). The reduced overall ligand density
for the S-enriched QDs is consistent with previous
reports on anion enriched QDs*® and results in part
from the lower surface coverage of Cd®>", which is the
ion to which OA binds.

MV>" Quenches S-Enriched QDs More Efficiently than It
Quenches Cd-Enriched QDs. Figure 4A shows the quench-
ing of the PL intensities of Cd- and S-enriched QDs
(IQDs] = 1 x 107 M) upon exposure to increasing
concentrations of MV2", Increasing the molar ratio
MV2*:QD within a mixture decreases the PL intensity
of the ensemble of QDs because eT from the QD to
MV2* forms a nonradiative ion pair. We divide the
observed integrated PL intensity of the QDs at each
concentration of added MV?" by the integrated inten-
sity of the “blank” (no added MV?") to get the ratio
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Figure 3. TH NMR spectra of Cd-enriched QDs (black),
S-enriched QDs (blue), neat OA (gray), and neat ODE (light
blue) in CDCl;, scaled and offset along the y-axis for ease of
comparison. Figure S3 in the Supporting Information con-
tains complete spectra of the Cd- and S-enriched QDs
normalized to the intensity of a peak corresponding to a
biphenyl standard. The spectrum of the Cd-enriched QDs
(black) includes a peak at 5.3 ppm corresponding to the
olefinic protons of OA. S-enriched QDs show peaks corre-
sponding to the olefinic protons of OA (5.3 ppm) and to ODE
[4.7, 5.0 (terminal protons on primary carbon), and 5.8 ppm
(terminal proton on secondary carbon)].
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PL/PL, and plot PL/PL, against the concentration of
MVZ" in Figure 4B. A description of how we correct for
the contribution of MV?" to the total PL intensity is
provided in Section 8 of the Supporting Information.
Figure 4B shows that at this concentration of QDs
(1 x 107 M) and any given molar ratio MV2*:QD, the
PL intensity of S-enriched QDs is more quenched than
that of Cd-enriched QDs.

The observed difference in quenching efficiency
could be due to either a difference in the intrinsic
(single donor—single acceptor) electron transfer rate,
kcs,nt, or a difference in the binding affinity of MV2" for
the QD surface in the eT-active “face-on” geometry,
since the probability of quenching by eT increases with
the number of adsorbed MV>" acceptors per QD. We
use a statistical model, described in detail elsewhere®*®
and in Section 5 of the Supporting Information, to
deconvolute these two factors. This model utilizes two
assumptions: (i) the number of adsorbed MV?" mol-
ecules per QD is Poisson-distributed,**** and (ii) the rate
of eT from the QD to MV?" is fast enough such that, if at
least one MV>" is adsorbed on a QD in an eT-active
geometry, eT occurs with 100% quantum yield.” As-
sumption (i) has been verified in a number of previous
studies by us®*® and others.** We verify assumption (ii)
by fitting of kinetic traces for electron decay in Cd- and
S-enriched QDs with and without added MV>", mea-
sured with ultrafast TA spectroscopy, with a sum of
simple exponential functions. These fits show that the
fastest electron decay process occurs in ~500 ps in the
absence of MV?*" (see Figure S4 in the Supporting
Information), while the charge separation process
(formation of MV'™) occurs with a time constant of
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~50 ps (see Figure 4C). Assumption (ii) is therefore
reasonable for this system.

We obtain the intrinsic charge separation rate con-
stant, kcsint for the QD-MV2" donor—acceptor pair for
Cd- and S-enriched QDs by fitting the distributed
dynamics of the formation of MV'" within QD-MV>"
mixtures with the Poisson model. The fitting procedure
and results are described in detail in Section 5 of the
Supporting Information. The value of kcs . for the Cd-
enriched QDs (2.3 x 10'%s™ ") is, in fact, larger, but only
slightly larger (by a factor of 1.6) than that for the
S-enriched QDs (1.4 x 10'%s™"). This result implies that
(i) the increased quenching efficiency of MV?" on
S-enriched QDs stems from preferential adsorption of
MV onto the S-enriched QD surface, not a faster
charge separation process in the S-enriched QDs; and
(i) the adsorption geometry for MV?* molecules that
participate in eT is approximately the same for Cd-
enriched and S-enriched QDs. Different adsorption
geometries would lead to very different rate constants
for eT in the two systems, which we do not observe. We
note that in measuring the ratio PL/PL,, we are only
investigating the binding of MV?" to the emissive
subpopulation of the QD ensemble, and that our anal-
ysis assumes that MV>" binds with the same affinity to
emissive and nonemissive QDs.

Tuning the Surface Coverage of MV>" with the Surface
Chemistry of the QD. The PL quenching curves (Figure 4B)
and the charge separation dynamics (Figure 4C) together
suggest that the geometry of the QD-MV*" donor—
acceptor pair, and the chemical structure of the surface
site onto which MV>™ adsorbs, is the same in Cd-enriched
and S-enriched QDs, but that these surface sites are more
accessible in the S-enriched sample than in the Cd-
enriched sample. Both Cd-enriched and S-enriched QDs
have stoichiometric CdS surfaces (some Cd-terminated,
some S-terminated, depending on the crystal face) un-
derneath the more disordered layers of surface ions and
accompanying ligands. The Cd- and S-enrichment pro-
cesses probably do not, in general, produce perfectly
continuous shells of the enriching ion but rather patchy
layers that leave sections of the core exposed. A MV>"
adsorbed to an exposed section of the stoichiometric CdS
core is most likely to participate in ultrafast eT with the
excitonic electron. We therefore hypothesized that the
eT-active MV adsorbs to a stoichiometric surface, either
by displacing an organic complex of the enriching ion, or
directly. In this case, the surfaces of S-enriched QDs either
contain more of these exposed stoichiometric surface
sites or are more vulnerable to displacement of surface
ions by MV,

In order to investigate this hypothesis, we manipu-
lated the surface chemistry of the QDs further by
simply diluting the QD/MV?" system. We'®** and
others*® have shown previously that cadmium enrich-
ment in CdX QDs is in the form of weakly adsorbed
complexes of cadmium and negatively charged
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Figure 4. (A) PL spectra for 1 x 10~® M Cd-enriched QDs (blue, left axis) and S-enriched QDs (red, right axis) in THF upon
exposure to increasing concentrations of MV>" (as indicated by the arrows). (B) The PL intensity of each sample of QDs with
added MV>" divided by the PL intensity of the QDs in the absence of MV>", PL/PL,, plotted against the concentration of added
MV2*, Fits correspond to the two-reaction Langmuir model (eq 1) described in the text. (C) Kinetic traces, measured with TA,
showing the growth of the MV' " transient at 620 nm (see Figure S5, and fit to the distributed rate model outlined in Section 5
of the Supporting Information). The intrinsic (single donor—single acceptor) rate constants for charge separation, kcs,int, from
the Cd- and S-enriched QDs to MV?* are within a factor of 1.6 of each other.

“X-type” ligands, here oleate, and that in the absence of
a proton donor excess Cd desorbs as Cd-OA complexes
to reveal a stoichiometric lattice. Figure 5A shows the
sulfur 2p peaks within normalized XPS spectra of Cd-
enriched QDs at three concentrations; the spectrum of
the most concentrated sample is identical to that in
Figure 2C. As the initially Cd-enriched QDs are diluted
in THF, the surface coverage of well-passivated sulfur
(160 eV) decreases until only unpassivated sulfur
(168 eV) is observed (we suspect that we do not observe
signal from sulfur in the core of the QD because the XPS
signal is dominated by surface atoms).?® The transfor-
mation of passivated sulfur to unpassivated sulfur
upon dilution of the Cd-enriched QDs is consistent
with desorption of Cd-OA from the QD surface in the
absence of any passivating ligands for sulfur; OA is the
only ligand present in these samples, Figure 3. The left-
most column of Scheme 1A,B shows the surface che-
mistries of the initially Cd-enriched QDs (at 1 x 10 ° M)
and the Cd-enriched QDs upon dilution to 2 x 1078 M
that is consistent with our NMR and XPS studies.'”
Figure 5A also shows Langmuir binding isotherms
for MV2"-QD complexes, for the same three samples of
initially Cd-enriched QDs analyzed in the correspond-
ing XPS spectra. We calculate the fractional surface
coverage of MV?" on the QD, 6, and the concentration
of unbound MV?", [MV?*fee, in each QD-MV2" mix-
ture with the Poisson model described above. Within
this model, the average number of adsorbed MV per
QD, 4, equals —In(PL/PL,) for each concentration of
added MV*"? The fractional surface coverage of MV>"
on the QD, 6, is then A divided by the total number of
surface sites per QD, N (6 = A/N). We estimate N using
geometric considerations, as described in Section 6
of the Supporting Information. Then, [MV*'liee =
[IMV* ]orar — ALQD]. These isotherms show that the
affinity of MV>™ for surfaces of initially Cd-enriched
QDs increases as the concentration of the QDs de-
creases from 1 x 107°to 2 x 1078 M; this result is
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consistent with our hypothesis that dilution results in
desorption of Cd-OA and exposure of the stoichio-
metric CdS surface, to which the MV?™ binds in its eT-
active configuration.

Figure 5B shows that, in contrast with the Cd-
enriched samples, the surfaces of S-enriched QDs are
stable to dilution in THF in this concentration range.
The surfaces of these QDs contain a mix of well-
passivated and incompletely passivated sulfur (160
and 168 eV). Our work with PbS QDs*’ suggests that
the ODE is transiently bound to the QD either as
covalent alkyl-thiolate complexes, formed by the reac-
tion of ODE with elemental sulfur at elevated tempera-
tures and resulting in the migration of the double
bond,*®*° or as datively bound ODE/Cd*" complexes.
The left-most column of Scheme 1C illustrates the
surface chemistry of S-enriched QDs that is consistent
with our NMR and XPS studies. Figure 5B also shows
that the surface coverage (0) of MV>" on S-enriched
QD does not vary with dilution of the QDs in this range,
consistent with the stability of the S-enriched surface
evident in the XPS spectra. We could not obtain PL/PL,
plots of S-enriched QDs for the most dilute samples of
S-enriched QDs (2 x 1078 M) because the PL intensities
were too low to integrate the peaks accurately.

Given the data in Figures 4 and 5, and our knowl-
edge of the interfacial structures of the QDs, as shown
in Scheme 1 (left column), we propose that there are
two mechanisms by which MV2" adsorbs to the sur-
faces of CdS QDs in the eT-active “face-on” geometry:
(i) by displacing Cd-OA complexes from the surface
and then adsorbing to the exposed stoichiometric
CdS surface, or (ii) by adsorbing directly to an
already exposed stoichiometric CdS surface. We
assign the displacement reaction an equilibrium
constant K, 1, and we assign the direct adsorption
reaction an equilibrium constant K,,, such that
Ka,1 = Ka2/Kaicd-oa- Scheme 1 (right column) illus-
trates these mechanisms.
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Figure 5. (A) Left: Normalized XPS spectra of S regions of Cd-enriched QDs at various concentrations. As the concentration of
Cd-enriched QDs decreases from 1 x 107 M to 2 x 10~ M, we observe a decrease in the ratio of passivated S (160 eV) to
unpassivated S (168 eV), which corresponds to the oxidization of surface sulfur exposed upon desorption of Cd-OA. Right:
PL/PL, is used to calculate 6, as described in the main text, which is plotted, as a percentage surface coverage, against the
concentration of free MV?" and fit to a Langmuir isotherm modified to reflect binding through two distinct reactions; the
results are summarized in Table 1. Dilution of Cd-enriched QDs leads to an increase in quenching efficiency by MV>" due to
desorption of native ligands and surface reconstruction. (B) Left: XPS spectra of S regions of S-enriched QDs at various
concentrations. The oxidation state of S within as-prepared S-enriched QDs changes minimally upon dilution of the QDs. That
we observe a nonzero peak at 160 eV in spectra reflecting S-enriched QDs suggests that these samples are not completely
S-enriched. Right: S-enriched QDs maintain similar quenching curves upon dilution.

This simple model suggests that we fit the iso-
therms in Figure 5 with a Langmuir function for bind-

ing of MV?" via two possible reactions,**' eq 1,
A Ka 1[MV2+]free
0=—==0,ma—— oy
N 1+ Ka, 1 MV ]free)
Ky, 2IMV?H]
+ 92, max a, 2 free M

(1 + Ka, 2 [MV2+]free)

where K, x is the equilibrium constant for adsorption of
MV2" to the QD via reaction X, and Oxmax is the
maximum fractional surface coverage MV?*" can
achieve through reaction X. The four fitting parameters
are K 1, Kg.2: 01, max @and 6, max. We constrain the fit by
sharing the values of K, 1 and K, across all five data
sets in Figure 5, because, within this model, the same
adsorption and displacement processes are happening
in each sample but to different degrees. Table 1 shows
the results of the fits of the data in Figure 5A,Btoeq 1. A
few notes about the use of eq 1: (i) Although our model
is probably not the only model that will fit these data,
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the fit we obtain with eq 1 is rigorous and unique; that
is, the result of the fit does not depend on the initial
guess values of our fitting parameters. Figure S6 in the
Supporting Information shows that the data does not
fit to a Langmuir isotherm with one adsorption con-
stant shared among all of the data sets, even when we
omit the data set for the 1 x 10~ M Cd-enriched QDs,
which are most different in their surface chemistry
from the rest of the samples. (ii) This model only
accounts for MV adsorbed in eT-active geometries.
Forinstance, it is conceivable that a MV** molecule will
physisorb to sulfur within one of the sulfur-enriched
regions of the QD surface; but, if this adsorption
geometry does not lead to ultrafast eT, the PL/PL,
measurement that we use to measure surface cover-
age will not detect it. The satisfactory fit of the data to
this two-reaction Langmuir with shared values of K, for
both Cd-enriched and S-enriched samples implies that
the two adsorption mechanisms we outline in Scheme 1
are adequate to describe this system.
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Scheme 1. (A) Left: Schematic diagram of the cross-section of 1 x 10~ M Cd-enriched QDs (as prepared), showing the excess
surface Cd in the form of Cd-OA complexes, and complete passivation of sulfur ions, as measured by XPS. Right: Displacement

of weakly-bound Cd-OA complexes by MV>" with equilibri
upon dilution of the initially Cd-enriched QDs to reveal ex
sulfur detected by the XPS measurements. Right: Direct ads

um constant K, ;. (B) Left: Loosely bound Cd-OA species desorb
posed stoichiometric surfaces consistent with the unpassivated
orption of MV2" onto stoichiometric CdS surfaces exposed upon

dilution of the QDs, with equilibrium constant K, ,. (C) Left: As prepared S-enriched QDs have both OA and ODE ligands, where
the ODE ligands may coordinate covalently to surface S to produce an alkyl-thiol adduct, resulting in the migration of the double
bond, or datively to under-coordinated surface Cd. Both passivated and unpassivated sulfur is present, and these surfaces do not

change with dilution. Right: MV?* binds to S-enriched QDs th

rough a combination of direct adsorption and displacement of Cd-

OA. We have omitted the chloride counterions for MV>" for clarity, but their positions, and a more precise diagram of the most
favorable orientations of MV>" on the stoichiometric surfaces is shown in Figure 6. The diagrams in the figure are not to scale.

TABLE 1. Summary of the Fits of the Data in Figure 5A,B to eq 1

surface chemistry (as-prepared)” concentration of QDs KoM K (M) 01,max 03,max
(d-enriched Tx107°M 35 x 10° 15 x 10° 71% 1073 0
(d-enriched” 1Tx107'M 35 x 10° 15 x 10° 78 %1073 41x 1073
(d-enriched” 2x1078M 35 x 10° 15 x 10° 0 89 x 1073
S-enriched 1x107°M 35 x 10° 15 x 10° 10 x 1072 89 % 107
S-enriched® 1Tx107'M 35 x 10° 15 x 10° 10 x 1072 89 x 107

“Surface chemistry of the QDs after purification and before their dilution to the indicated concentrations. ® Diluted to the indicated concentration in THF. ¢ Globally fit

parameters: values shared among all five samples.

From the values of the fitting parameters in Table 1,
we conclude the following: (i) The equilibrium constant
for direct adsorption of MV>" onto the stoichiometric
CdS surface (K> = 1.5 x 10° M™") is approximately a
factor of 50 higher than that for MV?" binding through
displacement of Cd-OA (K,; = 3.5 x 10> M™"). This
result implies that K;cq.0a is approximately 50 M.
Uncertainty in the values of 8 and [MV?"]ge leads to
uncertainty in K,. The largest uncertainty in 6 arises at

PETERSON ET AL.

small values of PL/PLy, where the PL signal may be
difficult to distinguish from the background; however,
small values of PL/PL, generate large values of 6, so low
PL intensities lead to large error in 6,,ax but small error
in K,. (i) The fit yields 6; max = 0 for the most dilute
(2 x 1078 M) Cd-enriched QDs (meaning that no
displacement of Cd-OA is required for MV?* to adsorb
these surfaces), and 6, .« = 0 for the most concen-
trated (1 x 107® M) Cd-enriched QDs (meaning that
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Figure 6. The most stable binding geometry of MV>" on
S-terminated QDs (A, top panels) and Cd-terminated QDs (B,
bottom panels). The stabilization energy associated with
binding of MV?" is more favorable with S-terminated QDs
than Cd-terminated QDs because of the stabilizing interac-
tion of $*~ with the N in the bipyridyl core. The atoms are
color-coded as follows: Cd, purple; S, yellow; Cl, green; C,
brown; H, gray.

adsorption of MV?" to these surfaces only occurs
through displacement of Cd-OA). For the intermediate
concentration of Cd-enriched QDs, and for both sam-
ples of as prepared S-enriched QDs, MV?" binds to the
QDs both directly and through Cd-OA desorption. (iii)
Oxmax, the maximum fractional surface coverage of
MV?" achievable through each adsorption mechan-
ism, is not conserved upon dilution; for instance,
desorption of Cd-OA upon dilution to 1 x 1077 M
appears to destabilize other Cd-OA groups on the QD
surface such that they can eventually be displaced by
MV2*, We should not, however, interpret the values of
01 max and 0 max too strictly because, as discussed
above, the uncertainty in Oxmax is relatively large
when the PL intensity is difficult to deconvolute from
the noise.

Calculation of the Preferred Orientation of M on a
Stoichiometric CdS Surface. We have so far concluded that
eT-active MV>" molecules adsorb to stoichiometric
CdS surfaces through one of two mechanisms. We
use density functional theory (DFT) calculations, per-
formed with the Vienna Ab Initio Simulation Package
(VASP) (version 5.3) within MedeA software (Materials
Design), to determine which intermolecular interac-
tions drive this adsorption, and which orientation of
MV2" on the CdS surface is optimal. We calculated the
adsorption energies of MV2" on the most thermody-
namically stable facet, (0001), of wurtzite Cd- and
S-terminated CdS stoichiometric lattices. Section 9 of
the Supporting Information contains details of the
simulation. The surface was created using (CdS),, in a
(4 x 3 x 4) unit cell configuration with the same bulk
structure for both the Cd- and S-terminated surfaces.
We held the bulk coordinates for the bottom half of the
structure constant and allowed the structure of either
the Cd- or S-terminated half to relax. The bottommost
layer of the sample is terminated with hydrogen to

VZ —+

PETERSON ET AL.

quench gap states caused by under-coordination. We
added MV?" to these surfaces as a dichloride salt (as
we do in the experiment), and calculated the adsorp-
tion energy for the MV2/CdS system by subtracting
the energy of the lattice and MV?", physically sepa-
rated in a vacuum, from the energy of the lattice
with MV?" and two chloride ions adsorbed to the
surface, eq 2.

Eads = Equacermvztiac- — (Esurface + Epveeio-) (2

In the most stable configurations calculated, the mag-
nitude of E,4s is larger for S-terminated lattices (—4.42 eV)
than for Cd-terminated lattices (—3.71 eV).

Figure 6 shows the preferred orientation of MV
and associated chloride ions on a S-terminated surface
(Figure 6A) and a Cd-terminated surface (Figure 6B).
The lowest energy conformation of MV?™ on both Cd-
and S-terminated QDs is a “face-on” geometry, as
expected from our previous work,'® with the plane of
the bipyridyl core parallel to the particle surface. On
S-terminated surfaces, the nitrogens in MV>" both lie
directly above surface sulfurs at distances of 3.2 and
3.3 A (Figure 6A). The chloride counterion preferentially
adsorbs adjacent to the MV?" at an H—ClI~ bond
distance of 2.6 A. On Cd-terminated QDs, the preferred
binding geometry involves one nitrogen above S~ in
the surface layer, with a N—S bond distance of 3.8 A,
and another above a Cd*" at a much larger distance of
4.8 A. The distance between a hydrogen in MV?" and
the surface chloride is 3.3 A.

Other, less stable orientations and their corre-
sponding energies are shown in Figures S7 and S8 in
the Supporting Information. For S-terminated surfaces,
rotation of MV>" within the plane of the surface only
weakly perturbs the stabilization energy, but the de-
stabilization energy associated with rotating the MV>*
perpendicular to the nanoparticle surface is up to
0.69 eV. For Cd-terminated surfaces, rotation of MV>" within
the surface plane causes a weak to modest perturba-
tion in the stabilization energy, and rotation of MV2"
perpendicular to the surface causes a modest destabi-
lization of 0.19 eV. These calculations suggest that the
preferential binding of MV?" to S-terminated surfaces
results primarily from the stabilization energy gained
by orienting the positively charged nitrogens in MV "
with the negatively charged sulfurs on the S-termi-
nated stoichiometric lattice.

CONCLUSIONS

In summary, we have described the surface compo-
sition-dependent binding of methyl viologen (MV*")
to CdS QDs that are synthetically enriched to various
degrees with either Cd or S at their surfaces. The
surfaces of CdS QDs can be controlled synthetically,
via injection of excess precursor during the final
growth stage, or through a simple dilution of the QDs
to remove weakly bound Cd-OA postsynthesis. The
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efficiency with which MV?" quenches the PL of these
QDs through photoinduced electron transfer depends
on the binding affinity of MV>" for their surfaces. Fits of
the PL quenching curves for both Cd-enriched and
S-enriched QDs with a model that relates the PL
intensity of the ensemble to the distribution of MV "
adsorbed in electron transfer-active geometries re-
veals two general mechanisms by which MV>* adsorbs
to the QD surface for all samples studied: (i) adsorption
to stoichiometric CdS surfaces through displacement
of weakly bound Cd-OA complexes from the QD sur-
face (with displacement constant K, ; =3.5 x 10*M™"),
and (ii) direct adsorption to exposed stoichiometric CdS
surfaces (with adsorption constant K, , = 1.5 x 10° M),
The relative importance of these two mechanisms
depends on the surface chemistry of the QDs. The fact
that both mechanisms lead to adsorption of MV?>* onto
a stoichiometric CdS surface is consistent with our
measurement, by transient absorption, that photoin-
duced electron transfer from the QD to MV>" occurs
with very similar rate constants for Cd-enriched and
S-enriched QDs (~2 x 10'° s™"). Ab initio calculations
suggest that MV2" adsorbs with its bipyridyl core lying
flat on the QD surface and prefers a S-terminated
stoichiometric surface (over a Cd-terminated surface)
because of the favorable interaction of the electron-
poor nitrogens on MV>" with electron-rich sulfur ions.

EXPERIMENTAL METHODS

Ground State Absorption and Emission. We collect ground state
absorption spectra on samples in 2-mm glass cuvettes with a
Varian Cary 5000 and baseline-correct the spectra by subtract-
ing the absorption spectrum of neat solvent from all samples.
We perform photoluminescence (PL) experiments of samples in
2-mm quartz cuvettes on a Horiba Fluorolog-3 spectrofluorometer
in the front-face geometry, with excitation and emission slit widths
of 3 nm. Unless otherwise noted, we pump the samples at 400 nm
and divide the resulting PL spectra by the instantaneous intensity
of the excitation lamp at all wavelengths. For samples containing
MV?*, we add methanolic solutions of MV?" to clean scintillation
vials and evaporate the solvent before adding CdS QDs in THF.

X-ray Photoelectron Spectroscopy (XPS). We prepared samples for
XPS by drop-casting solutions of QDs in THF onto Si/SiO, wafers
immediately before loading the sample into the XPS vacuum
chamber. We collect XPS spectra on a Thermo Scientific ESCA-
LAB 250 Xi spectrometer, using an aluminum anode (1486.6 eV)
at 225 W. We use a dwell time of 100 ms and collect 3 scans of C
and O and 10 scans of Cd and S for each sample. All spectra are
normalized in energy to the C1s peak.

Nuclear Magnetic Resonance (NMR). We perform "H NMR on a
Bruker Ag500 spectrometer. We prepare NMR samples by
evaporating the solvent under light heat and vacuum, washing
the collected QD film several times with acetone, and pulling
vacuum on the resulting film to remove residual volatile
organics. We then dissolve the QDs in CDCl3 (99.8 atom % D)
with 0.2 wt % biphenyl added as an internal concentration
standard and confirm the concentration using the optical
absorbance peak of biphenyl at 250 nm.

Transient Absorption Spectroscopy (TA). Our transient absorption
(TA) setup is described in detail elsewhere.>”® We collect
picosecond-to-nanosecond TA measurements in the visible
and near-infrared (NIR) spectral regions on a commercial
HELIOS spectrometer, and nanosecond-to-microsecond
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Historically, the details of electron transfer mechan-
isms within organic donor—acceptor pairs have
been elucidated best when the geometry of the donor—
acceptor pair is known precisely, either through struc-
tural measurements (for example, the supramolec-
ular systems that compose photosynthetic reaction
centers)®? or through control of that geometry with
rigid covalent linkers between redox moieties.”® The
complexity of the QD surface makes obtaining this
precise knowledge and control more difficult than in
organic systems, especially when, as in the case of
MV2"-QD complexes, the QD and its redox partner are
linked by electrostatic or van der Waals interactions
rather than a well-defined coordinate or covalent
bond. We believe this work shows, however, that this
complexity can be managed, and important physical
conclusions and quantitative results can be derived,
with well-defined models for distribution of molecules
on the QD surfaces, and with a set of experimental
systems with carefully designed, well-characterized
variations in the surface structure of the QDs.
QDs offer many well-documented advantages for
solar energy conversion to electricity and fuels,>*>>
but the creation of functional hybrid materials
for complex reactions like photocatalysis depends
critically on the details of interfacial structure and
processes.

measurements in the visible and NIR regions on a commercial
EOS spectrometer. We pump the solutions, in 2-mm cuvettes
containing a Teflon stir bar, at 400 nm under constant stirring to
avoid local heating and buildup of charge. We measured the
total instrument response function to be ~300 fs.
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