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ABSTRACT This article describes an experiment designed to GPC TOP
regenerated

identify the role of specific molecular ligands in maintaining the high
photoluminescence (PL) quantum yield (QY) observed in as-synthesized
(dSe/CdZnS and (dSe/CdS quantum dots (QDs). Although it has been
possible for many years to prepare core/shell quantum dots with
near-unity quantum yield through high-temperature colloidal
synthesis, purification of such colloidal particles is frequently
accompanied by a reduction in quantum yield. Here, a recently
established gel permeation chromatography (GPC) technique is used
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decrease in ensemble QY and average PL lifetime is observed. Minor components of the initial mixture that were removed by GPC are then added separately

to purified QD samples to determine whether reintroduction of these components can restore the photophysical properties of the initial sample. We show

that among these putative ligands trioctylphosphine and cadmium oleate can regenerate the initial high QY of all samples, but only the “L-type” ligands

(trioctyphosphine and oleylamine) can restore the QY without changing the shapes of the optical spectra. On the basis of the PL decay analysis, we confirm

that quenching in GPC-purified samples and regeneration in ligand-introduced samples are associated chiefly with changes in the relative population

fraction of QDs with different decay rates. The reversibility of the QY regeneration process has also been studied; the introduction and removal of

trioctylphosphine and oleylamine tend to be reversible, while cadmium oleate is not. Finally, isothermal titration calorimetry has been used to study the

relationship between the binding strength of the neutral ligands to the surface and photophysical property changes in QD samples to which they are added.
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s a result of their electronic structure,
Acolloidal semiconductor quantum

dots (QDs) exhibit size-tunable
absorption and emission spectra,' large
molar extinction coefficients,”* two-photon
excitation cross sections,** and high photo-
stability®” compared to most molecular
fluorophores. These properties have led to
intense interest in QDs as light emitters in
bioimaging®”~'° and display'' applications
and as light absorbers in solar cells'>~"” and
focal plane arrays.'® However, a limitation in
many of these cases is the nonradiative
decay rate, which competes with light
emission or charge transfer.'® Nonradiative
decay is manifested in less-than-unity
quantum vyields in ensemble samples and
in fluorescence intermittency (blinking) in
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single-particle measurements.2°~* Whereas
the radiative rate is largely controlled by the
delocalized band-edge electronic states,>> %’
nonradiative decay rates can depend sensi-
tively on the interfacial structure.?®% In parti-
cular, the surfaces are typically populated by
exchangeable ligand layers, and numerous
studies have examined the ability of ligand
exchange to enhance or quench QD photo-
luminescence (PL).?2?330-33

Core/shell nanostructures, in which a ma-
terial with a larger bulk band gap encapsu-
lates the core, are a highly effective way to
create QDs with lower nonradiative decay
rates. As such a higher ensemble quantum
yield (QY)*® and higher on-time fractions
among single dots can be achieved.?**3
Indeed, it is possible to routinely achieve

* Address correspondence to
greytak@sc.edu.

Received for review January 29, 2015
and accepted March 9, 2015.

Published online March 09, 2015
10.1021/acsnano.5b00671

©2015 American Chemical Society

3345

WWwWW.acsnano.org



near-unity QY in the best-represented material systems
such as CdSe/CdS.3**7 One effect of a shell is to isolate
the excited state from the surface by decreasing the
wave function overlap with surface states. It is notable
that even in samples with shells only a few monolayers
thick, in which the excited states are clearly not isolated
from the surface, a very high QY can be achieved
(for example at the conclusion of QD synthesis).>* This
demonstrates that molecular surface termination can
be achieved in which almost no intergap states or
resonant excitations are present. As-synthesized col-
loidal QD samples typically or inherently contain large
concentrations of molecules that could coordinate
the surface.® However, applications almost universally
require purification and/or surface modification of as-
synthesized QDs. Purification methods have frequently
been seen to decrease QY?**33%4% and also to de-
crease ligand populations.**~*? It is essential to under-
stand whether the changes in QY are reversible, how
ensemble QY and decay profiles depend on ligand
occupation, and the conditions under which surface
structures that support high QY can be maintained or
restored.*®

Photophysical studies involving the effect of ligands
on QDs have recently been reviewed.3> Previous
reports have largely focused on intraband relaxa-
tion,**~%6 on molecules that act as quenchers,347~>°
on core-only QDs,*'*' > or have not been accom-
panied by the analytical tools to assess the extent of
binding as an independent variable controlling decay
rates.>® Mulvaney's group has studied the effects of
Lewis bases and other ligands on radiative recombina-
tion in CdSe core-only QDs.?' Ginger's group has stud-
ied PL quenching in CdSe-based core and core/shell
QDs upon introduction of ligands,>**” while PL en-
hancement in QDs has been observed with thiol-bearing
ligands®”® and amine-bearing ligands*®*~°~®" that
are not present in the synthetic mixture. However,
until now the effect of putative ligands present in as-
synthesized core/shell QDs that display high QYs has not
been studied.

We recently described*® the use of size-exclusion
chromatography with a polystyrene stationary phase
(gel permeation chromatography, GPC) to separate
natively capped colloidal QDs from small molecules
in organic solvents. This has the effect of removing
impurities and weakly bound ligands, including phos-
phines, phosphine oxides, and primary amines, en-
abling the preparation of QDs with surfaces bearing a
low and consistent number of metal carboxylate
equivalents.

In the present study, we take advantage of GPC
purification of core/shell QDs to explore the role of
neutral ligands in maintaining high QY. In particular,
we measured the ensemble QY and PL decay profile of
oleate-capped core/shell QDs before and after GPC
and then upon reintroduction of putative ligands that
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were present in the growth solution. Historically, PL
decays of QDs recorded at low excitation densities
have frequently displayed multiexponential behavior,
which has been interpreted as a consequence of a
distribution of trapping rates inhabited by different
QDs in the ensemble.527%* Through lifetime analysis,
it may be possible to distinguish between different
modes of QY reduction and regeneration in QDs with
different densities of unoccupied ligand binding sites.
For example, a given reduction in the ensemble QY
could be brought about by a reduction in QY among all
QDs in the sample, leading to a reduction in lifetime
among all decay components. Another possible me-
chanism would be selective quenching of a portion of
the QDs, leading to an increase in the relative ampli-
tudes of short-lifetime decay components. The former
case might be expected if nonradiative recombination
in purified QDs occurs via a large number of traps
associated with vacant surface sites, while the latter
case might be expected if ligand occupation modu-
lates stochastic quenching processes such as those
responsible for fluorescence intermittency in single
QDS.20'32'65

In analyzing the response of QDs to the introduction
of neutral ligands, it is essential to know whether
changes in ligand concentration lead to irreversible
structural changes in the QDs. Therefore, we have also
studied the reversibility of the QY regeneration pro-
cess. Additionally, it is valuable to be able to evaluate
the actual extent of ligand coverage on the QD surface:
in other words, what fraction of the added ligand is
interacting with the QD surface at one time. Changes in
the NMR line shape between bound and free ligands
may not be resolvable in the case of rapidly exchang-
ing ligands, and changes in the effective diffusion
constant as measured by diffusion-ordered NMR spec-
troscopy (DOSY)*%% may be difficult to detect for low
bound-ligand mole fractions. Here, we used isothermal
titration calorimetry (ITC)>>%7=7" 1o differentiate the
extent of ligand binding in QD samples exposed to
phosphine, primary amine, and phosphine oxide li-
gands in an organic solvent.

RESULTS AND DISCUSSION

Quantum Yield Decrease upon Purification. We chose four
types of CdSe-based core/shell QD materials that we
synthesized by a selective ionic layer adhesion and
reaction (SILAR) method.>*’? The effect of ligand
occupation on QY in QDs with either pure CdS or
CdZnS alloy shells and with different shell thicknesses
was studied. CdSe/CdS_1 and CdSe/CdZnS_1 are the
thin shell samples (1.6 monolayer equivalent shell
thickness), and CdSe/CdS_2 and CdSe/CdZnS_2 re-
present thicker shells (4 monolayer equivalent shell
thickness). The formation of the shell was monitored by
withdrawing a small aliquot and diluting into toluene;
the aliquots were characterized by UV—vis absorption
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TABLE 1. Characteristics of QD Samples Used before and after GPC Purification

(dSe/CdZnS_1

core radius (nm)” 1.52
shell thickness (ML) 1.6
absolute QY before GPC* 64%
relative QY drop after GPC —84%
olefin proton to QD ratio drop after GPC’ —93%
removal of phosphorus-containing ligand after GPC? yes

(dSe/CdZnS_2 CdSe/CdS_1 (dSe/CdS_2
1.52 1.65 1.65
4 1.6 4
88% 73% 81%
—23% —70% —28%
—94% —93% —95%
yes yes yes

“The core radius was estimated by a calibration curve describing the radius as a function of the position of the lowest energy absorption peak.> ® “ML" is the abbreviation of
monolayer equivalents.  The QY of QD samples was measured relative to a rhodamine 590 standard (R590, QY = 99% in ethanol””). ¢ The ratio was determined by quantitative

"H NMR and UV—vis as described previously.*°

spectroscopy (Figure S1) and fluorescence emission
spectroscopy (Figure S2). The QYs of these samples
were recorded after isolation of the particles by one
cycle of precipitation with acetone and redissolution in
toluene. As shown in Table 1 and Figure S3, the high QY
indicates a complete formation of the shell onto the
CdSe core materials.

NMR has been demonstrated as a useful technique
for the determination of the presence and interac-
tions between ligands and nanocrystals, especially for
ligands with a distinctive signal.®® As a result, some
of the best studied ligands on the QDs fall into two
groups, namely, the phosphorus-containing group and
the olefin-proton-containing group, which both can be
distinguished easily in >'P NMR or 'H NMR spectra. The
phosphorus-containing group includes trioctylphos-
phine (TOP) and trioctylphosphine oxide (TOPO),
which are among the solvents used in core synthesis
and shell growth, and tetradecylphosphonic acid
(TDPA) and its cadmium salt (CdTDPA), which can be
used as the Cd precursor during CdSe core preparation.
The olefin-proton-containing species are frequently
introduced in the shell growth process: for example,
cadmium oleate (CdOA) and oleic acid (OA) as the Cd
precursor, and oleylamine (OAm) and octadecene
(ODE) as solvents.”> Here, we used *'P NMR and
quantitative "H NMR to characterize the QD samples
before and after the purification by GPC, which has
been shown as a highly efficient and reproducible way
to purify QDs*® and oxide nanocrystals.”* Figure 1
shows the NMR spectra of CdSe/CdZnS_1 before
(Figure 1A) and after (Figure 1B) the GPC purification
in toluene. In Figure 1A, four sharp signals representing
free TOPO (53.48 ppm), TDPA (42.34 ppm), dialkylpyro-
phosphonate (28.74 ppm), and TOP (—32.34 ppm) can
be identified in the 3'P NMR spectra.”>”>7% A large
amount of olefin-containing species (4.8—5.8 ppm,
~3950 olefin protons per QD) are represented in the
"H NMR.*® However, after the GPC purification, all the
phosphorus-containing ligands have been removed
completely and the total amount of olefin proton has
significantly decreased (Figure 1B). The rounded shape
peak in the olefin region indicates that the only
remaining olefin ligands are strongly interacting with
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Figure 1. Characterization of CdSe/CdZnS_1 sample before
and after the GPC purification. The 3'P NMR spectra of the
sample before the GPC purification (A) and after the GPC
purification (B) with the 'H NMR shown in the insets.
The marks in (A) indicate the peaks associated with the
phosphorus-containing molecules that are removed during
the purification. (C) Absorption spectra of the sample
(normalized to 365 nm) before and after the purification.
(D) Relative emission spectra of the sample (normalized to
the absorption of the excitation wavelength, 365 nm) be-
fore and after the purification.

the QD surface; we attribute this to an ionic (X-type)
binding mode of residual oleate.”® The other three QD
samples show similar NMR responses to purification
(Figure S4), and all the results have been summarized
in Table 1.

Concurrent with the removal of the neutral ligands,
the emission intensities of the particles all decrease
upon GPC purification. The relative QY of CdSe/
CdZnS_1 decreased by 84% after GPC with no shift
in the absorption and emission spectra, which implies
that the decrease of brightness is not associated with
etching/aggregation (Figure 1C,D). As discussed below,
we attribute the QY decrease to an increase in non-
radiative decay associated with the removal of weakly
associating ligands. Similar results can also be observed
in the other three samples (Figure S5 and Table 1).
Among the four samples, CdSe/CdZnS_1 (84%) and
CdSe/CdS_1 (70%) samples show the higher emission
intensity drop than CdSe/CdZnS_2 (23%) and CdSe/
CdS_2 (28%) samples, which can be explained by
better isolation of the excitons from the surface traps
with a thicker shell. Importantly, these changes are
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CdSe/CdZnS_1

Relative quantum yield of QD samples with introduction of different ligands
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Figure 2. QY regeneration results with introduction of different ligands. (A—D) The relative QY of GPC-purified stock solution
and ligand mixing solutions for CdSe/CdZnS_1 (A), CdSe/CdZnS_2 (B), CdSe/CdS_1 (C), and CdSe/CdS_2 (D). All of the results
are normalized to the QY of the freshly GPC-purified samples shown with the dashed line. (E) Absorption spectra of the GPC-
purified CdSe/CdZnS_1 QDs mixing with different ligands on day 2. Here, the CdOA and TOP mixture is described as binary in
short. The labeled curves have a 3000:1 ligand-to-QD ratio, while the curves below have a ratio of 300:1. (F) Emission spectra
during the regeneration process for CdSe/CdZnS_1. The label is a combination of the ligand type and ligand-to-QD ratio. The
samples are the same as the absorption measurements in (E). Both absorption and emission spectra are normalized to the

lowest energy extinction peaks.

brought about in the absence of any change in solvent
or precipitation of the QDs or introduction of protic or
nucleophilic species that are known to displace ligands
from QD surfaces.*'*?*3 These well-characterized and
isolated QDs therefore provide a good model system
to study whether the above process is reversible and
which ligands are responsible for the initial high QY.
QY Regeneration by Introduction of Neutral Ligands. After
the purification, the QDs were immediately transferred
into a nitrogen-filled glovebox to suppress oxidation.
According to the NMR spectra recorded before and
after the GPC process, the ligands that were removed
by GPC include OA, CdOA, OAm, and ODE from the
olefin-proton-containing group and TOP, TOPO, TDPA,
and CATDPA from the phosphorus-containing group.
We sought to determine whether reintroduction of
these species to the system could restore the QY. In
order to avoid possible ligand exchange reactions, we
chose not to include TDPA and CdTDPA among the
neutral binders studied in this work since phosphonic
acid is known to displace oleate from the surface
of CdSe QDs.”® Therefore, we have introduced the
first six ligands individually, as well as a mixture of TOP
and CdOA, back to QD solution with two different
ligand-to-QD ratios (300:1 and 3000:1). The lower
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number is intended to be roughly comparable to the
total number of surface sites per QD, while the larger
number represents an excess.>*47> After mixing the
ligands and the purified QDs for a certain period of
time (1 day and 7 days), the QY of each of the samples
was measured. The relative QY among QDs with similar
absorption spectra, emission spectra, and solvent can
be measured with high precision, and therefore we
report this value. In particular, we measured the QY
changes during the observation period by comparing
to an as-synthesized QD solution reference. As shown
in Figure 2 (left column), the emission intensities of
most of the GPC-purified QD solutions decreased upon
storage in the glovebox for the longer period of time,
though for sample CdSe/CdZnS_2, the QY increased
slightly after 1 day of storage. The changes observed in
purified samples during storage in dilute solution in
the absence of ligand addition could be due to slow
re-equilibration of the surface-bound and/or free metal
oleate, and these samples serve as a control for the
response to ligand addition.

We found that reintroduction of selected ligands
resulted in a significant increase, or “regeneration”,
of QY in all samples tested. When we compare the
response to introduction of the putative ligands, the
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QY is enhanced when TOP and CdOA are introduced in
all four samples. The combination of TOP and CdOA
always shows the greatest amount of QY regeneration,
which indicates that these two ligands are increasing
the QY in a complementary manner. OAm can regen-
erate the QY in CdSe/CdS samples (especially CdSe/
CdS_1), but the QY did not significantly increase with
the presence of OA, ODE, or TOPO. For example, as
shown in Figure 2A, compared to the freshly GPC-
purified CdSe/CdZnS_1 sample, the QY increased
6-fold when the higher amount of TOP is introduced
and remained at a level close to the initial QY before
GPC purification for the 7-day measurement period.
The binary ligand system shows the highest amount of
QY regeneration, up to ~12 times the GPC-purified
control at the same time point for CdSe/CdZnS_1 (the
QY of the GPC stock solution decreased 16% after 1 day
of storage). The QY regeneration of the thin-shell QDs is
much higher than that of the thick-shell samples,
which mirrors the observation of a smaller decrease
in QY after the GPC purification. We did not observe a
large difference in response at the two different ligand-
to-QD ratios, which indicates that the surface has been
completely saturated at the lower concentration of
neutral ligands.3" All the ligands behave similarly for
CdZnS and CdS shells except when OAm is introduced.
When OAm is introduced to CdSe/CdZnS QDs, the QY
does not increase; however, the QY does increase
significantly when OAm is added to CdSe/CdS QDs.
For CdSe/CdS_1, the response to OAm is close to that
of TOP. One interpretation of the role of “L-type”
ligands in maintaining QY is that ligand orbitals mix
with interfacial localized states to move them outside
of the band gap.3>7# In this interpretation, band-
edge quantum-confined states are minimally affected.
CdZnS has a larger bulk band gap than pure CdS, and
so the interaction between OAm and the surface trap
states is not strong enough to move the states outside
of this larger shell band gap. The influence of relative
binding strength on QY will be further addressed
below.

Figure 2E and F show the absorption and emission
spectra of GPC-purified CdSe/CdZnS_1 QDs after
mixing with different ligands as described above. An
important goal of our study is to detect differences in
structure and composition between initially prepared
and purified QD samples that could be responsible for
QY changes. Consequently it is important to check
whether the initial absorption and emission spectra,
which did not change significantly on purification, are
maintained upon reintroduction of putative ligands.
Both absorption and emission spectra remain constant
with the introduction of the L-type ligands we inves-
tigated; however, in the case of CdOA, which behaves
as an electrophilic “Z-type” ligand,*® a significant red
shift is observed. We observed similar results for pure
CdS shell samples (Figure S6). This indicates that the
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decreases in QY of the QDs after purification, which
occurred without red or blue shift, are more directly
related to the removal of the L-type ligands (TOP or
OAm) than CdOA even though a higher coverage of Cd
has also been shown to increase the brightness of CdSe
and CdSe/CdS samples in published reports.>>8! The
red shift can also be observed when introducing CdOA
to the QDs sample before the GPC purification, which
confirms that the red-shift response is not a conse-
quence of the GPC purification (Figure S7).

Lifetime Analysis by Time-Resolved Fluorescence Spectrosco-
py. To gain additional insight on possible mechanisms
for quenching and restoration of QY as a function of
ligand concentration, we measured the PL decays
of stirred QD samples in anhydrous toluene under
368 nm pulsed excitation, which is similar to the
excitation wavelength we used for the relative QY
measurements (365 nm). Since thin-shell QD samples
display a larger response to the introduction of the
ligands, we will focus on CdSe/CdZnS_1 and CdSe/
CdS_1 samples in this discussion; the thick-shell QD
samples CdSe/CdZnS_2 and CdSe/CdS_2 behaved
similarly (Figure S8). Data collected over 200 ns re-
vealed multiple lifetime components (Figure 3AB
insets), including a long-lived tail with an apparent
lifetime of >50 ns. Previous reports of PL decays on QD
samples with near-unity absolute QY3**7#2 and re-
ported decays of single QDs in the “on” state®* support
a radiative recombination lifetime k,~' ~ 20—30 ns for
CdSe-based QDs similar to those described here. Ac-
cordingly lifetime components are likely a result of
trapping/detrapping processes.>®* In order to focus
on the principal reasons for changes in ensemble QY,
we chose to focus on the first 50 ns, which contain
>90% of the light emitted (Figure 3A,B). The lifetime
curves of the samples mixed with TOPO, OAm, and TOP
will be compared with the samples before and after
the GPC purification. Since the introduction of CdOA
results in a change in the band-edge electronic struc-
ture of the sample based on the absorption spectrum,
the radiative recombination rate is not expected to be
the same as in the other samples. Therefore, the life-
time result of CdOA cannot be directly compared to the
above three ligands (see Figure S9). Introduction of the
ODE control resulted in only small changes in the decay
traces (Figure S10).

In general, the trend of the lifetime results is similar
to the observation of the QY changes, where the
samples with higher QYs have longer average lifetimes.
The decays shown in Figure 3A,B show a relatively
constant slope of the logarithm of intensity with
respect to time in a window of ~20—50 ns, and this
slope was similar among samples with different en-
semble QYs. However, samples with lower QYs dis-
played significantly greater intensity loss within the
first 10 ns. This trend is more clearly apparent when the
decay traces are normalized at 30 ns to emphasize
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Figure 3. Comparison of fluorescence lifetime decays for CdSe/CdZnS_1 (A) and CdSe/CdS_1 (B) core/shell QDs before/after
GPC purification and subsequently mixed with different ligands, focused on the first 50 ns. Data collected over 200 ns are
shown in the insets. (C, D) Corresponding lifetime decays normalized at 30 ns; insets show detail. Lines are reconvolution fits.
(E, F) Charts displaying lifetime values and corresponding amplitudes for reconvolution fits of PL decay traces for CdSe/
CdZnS_1 (E) and CdSe/CdS_1 (F). The weighted amplitudes are represented by the areas of the blue squares, while the lifetime
values are indicated by red marks at the center of each square. Error bars indicate the uncertainty of each lifetime component

as obtained by support plane analysis with a confidence limit of 90%.

differences in decay rate at earlier times (Figure 3C,D
and insets therein). After GPC purification, QY regen-
eration (as observed upon introduction of TOP in both
samples and OAm in CdSe/CdS_1) is accompanied by
reduction, but not complete elimination, of the accel-
erated decay at early times.

Analysis of rate dispersion in ensemble QD samples
and time evolution of decay rates in single-QD photon
counting experiments have supported an interpreta-
tion of rate dispersion as being primarily or entirely
inhomogeneous in QD samples, the result of sub-
populations with varying decay rates.?*** Subpopula-
tions with lower QYs are expected to display shorter
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lifetimes because of elevated nonradiative decay rates.
In this case, it may be possible to constrain models of
nonradiative decay by decomposing the observed
decays into several lifetime components. We em-
ployed a reconvolution fit with multiple decay lifetimes
to analyze the decays within the first 50 ns. Uncertainty
in the lifetime values was examined with support plane
analysis®® (a detailed description of the analysis is
available in the Sl). With this analysis, the longest life-
time approximates the decay seen in the ~15—25 ns
window, while the shorter lifetimes describe the rapid
decay seen at early times. By analyzing the rates and
amplitudes of the lifetime components, we sought to
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distinguish whether quenching in GPC-purified sam-
ples and regeneration in ligand-introduced samples
are associated chiefly with changes in lifetime among
all lifetime components or with changes in the relative
population fraction of QDs with different decay rates,
as assessed from the amplitudes of the short and long
lifetime components of the fit.

In the case of thin alloy shells (Figure 3E), we found
that a three-component lifetime fit was statistically
supported by the data, while the bright QD samples
with pure CdS shell (CdSe/CdS_1 before GPC, with
TOP3000 and with OAM3000) required only two com-
ponents (Figure 3F). We found that the change in QY
between the samples before and after GPC, and between
GPC and QY regenerated samples, is accompanied by
a change in the amplitude of the lifetime components,
with little change in the lifetime value. For example, the
amplitude average lifetime of CdSe/CdZnS_1 after
the GPC purification is 3.77 ns; after mixing with TOP,
the lifetime increases to 10.49 ns (we report amplitude
average lifetimes because they are nominally propor-
tional to the steady-state fluorescence intensity®¥). The
values of the component lifetimes change no more than
30%, but the amplitude ratio between the shortest
and longest lifetime components increases by a factor
of 6.7. Similar results can be observed in comparing
GPC-purified QDs to the initial samples prior to GPC (see
Table S1 for detailed lifetime values and exponential
amplitudes). Thus, the reduction in QY upon removal of
L-type ligands appears to be driven primarily by a large
increase in decay rate among a subset of the QDs.

We can use the PL decay profiles to consider
possible models for quenching in QDs with vacant
L-type ligand sites. One model is to consider each
vacant site to contribute a similar nonradiative decay
rate, in an additive manner.®**’ In this case, the dis-
tribution of decay rates in the purified samples will
reflect the distribution in the number of vacant sites
per QD. But because each QD presumably contains
numerous binding sites for L-type ligands*’*> and
nearly all are vacant following GPC purification, it
would seem improbable that a significant fraction of
the purified QDs would have zero vacant sites and thus
remain unquenched. We therefore rule this model out.
A second model considers a stochastic quenching
process, such as the formation of charged QDs leading
to Auger recombination,?® whose probability is tuned
by ligand coverage. In this model, ligand coverage
does not significantly affect the component lifetimes,
but rather tunes the population fraction that is in a
bright or quenched configuration at a given time, in a
manner analogous to the fluorescence intermittency
seen in single-particle studies.®> A third possibility is
that the most significant changes in QY arise from
vacancies at a subset of L-type ligand binding sites that
occur rarely enough that some QDs in the ensemble
lack such sites and do not experience quenching at low
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ligand concentration. Measurements that link structure
and QY among individual QDs®® may be of value in
distinguishing among these models. Spectroscopic
techniques such as transient absorption, upconversion
PL decay measurements that can more precisely
resolve rapid decay processes, and multiple-pulse
experiments have been applied to the analysis of QD
radiative and nonradiative decay.>>®%%3%788 |t s clear
from the results presented here that the ensemble QY,
average decay rate, and rate dispersion of QDs change
in response to ligand concentration. Thus, spectro-
scopic analyses must ideally be performed on samples
with well-specified ligand populations and concentra-
tions if the results of such studies are to be compared
or applied to new systems.

Time Evolution of QY Regenerated Samples. While the
results in Figure 2 show that QY regeneration upon
introduction of excess ligands can be maintained over
a period of at least a week, we sought to study the
time evolution of QY and PL decay profiles in greater
detail. We focused on the thin-shell QD samples with
introduction of 3000 equiv of TOP, a treatment that
improved the ensemble QY in all cases. As shown in
Figure 4A and B, the brightness of the QD samples can
be fully regenerated to the level prior to GPC purifica-
tion after mixing with TOP for 1 h, which suggests that
the high QY of the sample before the purification is due
to the presence of neutral ligands such as TOP. On the
basis of the time evolution of the relative QY, the alloy
shell sample requires a longer period of time to reach
equilibrium; in this case the sample at 5 min is only
halfway through its full regeneration, whereas at 5 min
the pure CdS shell sample is close to its maximum
brightness. The high QY in the TOP-introduced CdSe/
CdZnS_1 sample can be maintained for 7 days, but
there is a decrease in QY with the TOP-introduced
CdSe/CdS_1 sample after 1 day. As shown in Figure 4C
and D, the lifetimes of each component for the TOP-
introduced samples are fairly similar at different wait-
ing times (see Table S2 for fit parameters). These results
are consistent with changes in the relative population
fraction of QDs with different decay rates driving QY
regeneration in the GPC-purified samples.

Reversibility of QY Regeneration. One concern is
whether changes in ligand concentration lead to irre-
versible structural changes in the QDs. To investigate
the reversibility of the regeneration process, a second
round of GPC was used to repurify the QY-regenerated
thin-shell QD samples, subsequent to introduction of
CdOA, TOP, or OAm. By comparing the absorption and
emission spectra before and after the second purifica-
tion, we can detect irreversible changes in size or shape
associated with changes in ligand concentration.

As shown in the initial QY regeneration results,
when CdOA is introduced into both CdSe/CdZnS_1
and CdSe/CdS_1 samples, there is a red shift in the
absorption spectra. As shown in Figure 5A,B, they did
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Figure 4. Fluorescence lifetime decays for CdSe/CdZnS_1 (A) and CdSe/CdS_1 (B) core/shell QDs after GPC purification and
then at various times after the introduction of TOP, normalized at 30 ns. Changes of relative QY are shown as insets. Here, the
sample before GPC purification is described as “1ppt” in short. (C, D) Reconvolution fits of the corresponding decays gave the
weighted amplitudes (area of blue squares) and lifetimes of each component (red marks at the center of each square) for
CdSe/CdZnS_1 (C) and CdSe/CdS_1 (D) mixed with TOP over time. The uncertainty in each lifetime component was obtained

by support plane analysis with a confidence limit of 90%.

not shift back after the second GPC purification pro-
cess, which indicates that the regeneration process
with CdOA is not reversible. The small red shift in
the CdSe/CdS_1 sample on introduction of CdOA is
analogous to that seen when CdOA is used as a Cd
precursor in shell growth, but the irreversible nature
could indicate some surface reconstruction.”> When
CdOA is added to the CdSe/CdZnS_1 sample, a larger
red shift is observed, and one possible reason is a
cation exchange reaction between Zn from the shell
and CdOA in the solution.2°~°" To confirm this, purified
CdSe/CdZnS_1 treated with CdOA solution or pure
toluene was precipitated, and the supernatant por-
tions of these two samples were digested and char-
acterized by inductively coupled plasma-mass
spectrometry (ICP-MS). As shown in Figure 5C, a much
higher amount of Zn is observed in solution when
CdOA is introduced. The total amount of excess Zn
detected in the supernatant corresponds to 25.3% of
the Zn equivalents introduced during shell synthesis;
this suggests that at least 25.3% of the Zn in the shell
has been replaced by Cd. One interesting observation
is that for GPC-purified CdSe/CdS_1, after treatment
with a large excess of CdOA, a subsequent GPC pur-
ification found a significant portion of the sample to
be retained on the GPC column. Interactions between

CdSe/CdS_1 A CdSe/CdZnS_1 B
— After GPC — After GPC
— CdOA 3000 — CdOA 3000
—2nd GPC —2nd GPC

350 450 550 350

120

supernatant (ppb)
[e ]
o
replaced zinc

Zn concentration in the

3000 Cd Oleate

Toluene

Figure 5. Reversibility test of CAOA. (A, B) The absorption
spectra before and after the introduction of CdOA and after
the second GPC purification for CdSe/CdS_1 (A) and CdSe/
CdZnS_1 (B). (C) ICP-MS analysis of the Zn content in
digested supernatant of GPC-purified CdSe/CdZnS_1 sam-
ple mixed with toluene or with 3000 equiv of CdOA solution.

polystyrene GPC media and metal-rich samples have
been reported in other systems.”> We have observed
similar results previously when attempting to purify
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Figure 6. Reversibility test of TOP. 3'P NMR spectra before
(A) and after (B) the introduction of TOP and after the
second GPC purification (C) for the GPC-purified CdSe/
CdS_1 QDs. The absorption spectra during the process
described above for CdSe/CdS_1 (D) and CdSe/CdZnS_1 (E).

QDs synthesized under highly metal-rich conditions,
which is consistent with CdOA adhesion to the CdSe/
CdS QD surface in the present case.

On the other hand, Figure 6D and E show that,
during introduction and removal of TOP, both CdSe/
CdS and CdSe/CdZnS QD samples maintain their ab-
sorption features. This suggests that TOP does not
change the effective size or size distribution of the
quantum-confined band-edge states (there is an in-
crease in relative absorption in the UV range, which
may be associated with changes in higher energy
excitations). After the second GPC purification, NMR
confirms that TOP can once again be completely
removed from the system and the absorption spec-
trum remains constant (Figure 6A—C and Figure S11).
On the basis of these results, we believe that the
regeneration process with TOP is reversible. Similar
results can also be observed with OAm, where the
a-H disappeared after the second GPC purification
(Figure S12). According to the emission spectra, the
QY decreased after removing TOP by the second GPC
purification, but it remained higher than the first
GPC-purified sample. This result suggests that the
regeneration process with TOP might not be com-
pletely described as a simple adsorption reaction and
the QD surface may reconstruct with the help of the
introduced L-type ligands. Previous reports have iden-
tified a role of L-type ligands in displacing metal oleate
from CdSe QD surfaces at high concentration.>® Here,
we also attempted to measure the oleate population
after the second GPC purification, but due to the
aggregation of the particles during the phase change
process when switching to deuterated solvent (the
absorption spectra changed and emission intensities
significantly decreased after removal of the solvent
and redissolution process, Figure S13), we were unable
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to obtain consistent results based on NMR and absorp-
tion spectra.

Isothermal Titration Calorimetry Comparison of TOPO, TOP,
and 0OAm Ligand Addition. On the basis of our results
above as well as previous literature reports, L-type
ligands (including TOP, TOPO, and OAm) can reversibly
attach to and detach from the QD surface3"3#>>
However, as shown in our regeneration and lifetime
studies, not all of these ligands contribute directly to
the photophysical property changes in QDs. Ligand/
QD interaction is known to influence the energy levels
and occupation of interfacial states, affecting electron
and hole trapping rates and intraband decay rates.*
The effect of a certain total ligand concentration will
depend on the adsorption isotherm and on the effect
of such binding on the interfacial states. It is desirable
to have an independent measurement of the extent
of binding so that these factors can be distinguished.
NMR has been proven to be a powerful technique for
the determination of the interactions between ligands
and the nanocrystal surface. Diffusion-ordered NMR
analysis has been employed specifically to characterize
the bound and free ligand population on QDs in
previous work.**%® However, in this study, we did not
observe any significant difference in diffusion constant
measured by DOSY (Figure S14), T; measurement on
31p, or NOE response on 'H spectra with selective
saturation on the 3'P resonance (data not shown)
upon introduction of GPC-purified QDs to TOP or TOPO
solutions. Both behaved similarly to free ligand con-
trols in these NMR experiments. These results suggest a
fast dynamic adsorption/desorption equilibrium,
where the bound ligands are exchanging rapidly with
the excess of unbound ligands in the solution.”® There-
fore, we employed isothermal titration calorimetry
to detect and characterize the binding between the
neutral ligands and QDs. Although widely used in
biochemistry, ITC has only recently begun to be ap-
plied to nanoparticles to assign parameters for multi-
ple binding problems.>>®¥7"%4 |n this study, we titrated
the same amount of TOPO, OAm, and TOP to the GPC-
purified CdSe/CdZnS_1 sample to measure the heat
response. Any response of the system as equilibrium is
re-established that has nonzero enthalpy change, such
as bond formation upon ligand binding, will generate a
heat response. The shape of the heat response over the
course of the titration can be used to characterize the
equilibrium constant and stoichiometry of reactions,
while the sign and magnitude of the signal character-
ize the associated enthalpy change. Due to the intol-
erance of the machine toward toluene, anhydrous
tetrahydrofuran (THF) has been used as the solvent
for this study.

As shown in Figure 7, when TOPO is titrated, the
overall heat response is small and no trend can be
observed in the integrated curve, which indicates that
there is no significant binding between TOPO and the
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Figure 7. ITC traces for CdSe/CdZnS_1 titrated with TOPO (A), OAm (B), and TOP (C) at the same concentrations. Top panel
displays the raw heat per injection, while the bottom panel shows the integrated curves adjusted to the scale for the TOP
titration. Insets in bottom panels (A) and (B) show zoomed-in integrated curves for TOPO and OAm titrations, respectively.
Ligand-to-solvent reference titrations have been subtracted from the traces shown; solvent-to-solvent and solvent-to-QD

runs gave negligible responses.

QDs at these concentrations. The ITC trace for intro-
duction of OAm shows a small exothermic response at
low ligand concentration that rapidly saturates. This
rapid saturation indicates a high association equilibri-
um constant. The thermogram was fit with the simple
independent identical sites model by varying the
number of sites per QD N, equilibrium constant K,
and molar enthalpy change AH. The best fit was
obtained when the number of sites is close to 10, with
K=23 x 10* M~" and AH = —27 kcal/mol. However,
since the magnitude of the equilibrium constant K is
small and the QD concentration is low, the molar
enthalpy change AH and the number of sites N are
correlated in the fit. In particular, the shape of heat
response curves within this model are parametrized by
Brandt's ¢ parameter (c = [QDIKN, [QD] is the concen-
tration of the QDs).%” For data that are characterized by
c values smaller than 1 (indicating a small mole fraction
of bound ligands out of the total added), the enthalpy
change and the number of sites are correlated, but the
equilibrium constant Kis well constrained. When TOP is
introduced, there is a much greater exothermic re-
sponse than for the reaction with OAm (an overall
exothermic heat approximately 14 times more than
that of OAm). The greater heat indicates that TOP has a
more negative molar enthalpy of binding and/or binds
to a greater number of sites per QD than does OAm. As
seenin the PL response during QY regeneration, slower
kinetics are also observed in the raw heat signal, which
does not rapidly return to baseline between injections
when TOP is introduced to the CdSe/CdZnS_1 QDs.
The thermogram for TOP cannot be well-fit by a simple
independent identical sites model. In order to compare
the results for TOP and for OAm, one approach is to
consider the difference in AH and K that would be
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required if the number of binding sites per QD is
considered to be the same. In this case, a fit with
N fixed to 10 reveals AHrop op/AHoam_op = 37 and
K=4.3 x 10> M~ for TOP. Despite an apparently larger
equilibrium constant for OAm than for TOP, introduc-
tion of OAm leads to much less change in QY than TOP,
particularly in alloy shell QDs. This could indicate that
the ITC signal for OAm corresponds to binding to only a
subset of active trapping/quenching sites or that bind-
ing of OAm does not sufficiently perturb the energy
levels associated with trapping and recombination.
However, due to the steric and electronic differences
between these molecules, it is highly possible that
OAm and TOP bind to different sites on the QD and
the number of sites is not the same. The trends we
observed in ligand binding strength are consistent
with those predicted in Rempel's work for ligands
binding to the Se-terminated (0001) surface of wurtzite
CdSe.”” The theoretical value of the binding energy
between TOP to wurzite CdS S-terminated (0001) sur-
face is 3.13 eV.”® If we assume the binding behavior of
TOP to the CdZnS alloy shell surface is similar to that for
pure CdS, then the total heat response that we observe
of about —200 eV/QD (obtained by integrating the
response shown in Figure 7C) corresponds to about 60
available sites for TOP per QD. We believe that a more
adequate model accounting for interactions among
similar and dissimilar ligands is needed to describe
such ligand association, dissociation, and exchange
reactions more thoroughly, and this could be an
important target for future studies. Nevertheless, it
seems reasonable to argue,®® particularly for ligands
behaving as o donors, that a strongly exothermic
bond-forming step, leading to a large energy separa-
tion between bonding and antibonding orbitals, could
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assist in displacing electron traps from within the band
gap. The trend of enthalpy change and QY regenera-
tion that we observe supports this argument.

CONCLUSIONS

The maintenance of high PL QY is important to
applications of QDs in lighting and displays, bioimag-
ing, and luminescent solar concentrators.'®'” In op-
toelectronic devices such as solar cells it is likewise
important to passivate interfaces in such a way as to
limit nonradiative recombination.'® Surface-adsorbed
molecules (ligands) play at least two roles in the
behavior of colloidal QDs: they maintain solubility
and suppress aggregation, and except in QDs with
very thick shells they are responsible for defining the
electronic boundaries of the quantum well. In this
study we used GPC purification to provide a well-
defined initial state for association of neutral ligands
to vacant sites. We have demonstrated that the de-
crease in QY observed on purification of QDs can be
simply a result of ligand removal and is not necessarily
due to irreversible changes or “damage” to the QD
surface. Among the components of the CdSe-based
core/shell samples tested here, the QY appears to be
most critically affected by the loss of phosphine ligands
on purification, because reintroduction of phosphine
led to near-complete regeneration of QY with little
change in absorption spectrum. In contrast, phosphine

METHODS AND MATERIALS

Materials. The following chemicals were used as received.
Cadmium oxide (CdO; 99.999%), zinc oxide (ZnO; 99.999%),
trioctylphosphine (TOP; 97%), and trioctylphosphine oxide
(TOPO; 99%) were purchased from STREM Chemicals. Oleic
acid (OA; 99%), 1-octadecene (ODE; 90% technical grade),
and selenium (Se; 99.999%) were purchased from Alfa Aesar.
1-Tetradecylphosphonic acid (TDPA; >99%) was purchased
from PCI Synthesis. Bio-Beads S-X1 GPC medium was obtained
from Bio-Rad Laboratories. Toluene-dg (D, 99.5%) was obtained
from Cambridge Isotope Laboratories. Decylamine (95%) was
purchased from Sigma-Aldrich. Oleylamine (80—90%) and bis-
(trimethylsilyl) sulfide ((TMS),S; 95%) were purchased from
Acros Organics. Rhodamine 590 chloride (R590, MW 464.98)
was obtained from Exciton. Toluene (99.5%) and tetrahydrofur-
an (THF, 99%) were purchased from Mallinckrodt Chemicals.
Ethyl alcohol (200 proof ethanol) was obtained from Decon
Laboratories. Acetone (99.9%) was purchased from VWR.
Methanol (99.9%) was purchased from Fisher Scientific. Toluene
was dried with activated 4A molecular sieves. THF was dried
using the Puresolv system from Innovative Technologies. Syn-
thetic or analytical procedures under inert conditions were
carried out using Schlenk line techniques, in a glovebox, under
a N, atmosphere.

Optical Spectroscopy. The optical absorption spectrum was
recorded using a Thermo Scientific Evolution Array UV—visible
spectrophotometer with toluene as the solvent as well as the
blank in a 1 cm path quartz cuvette. Routine emission spectra
were recorded by an Ocean Optics USB 4000 spectrometer
under ~365 nm excitation.

NMR Analysis of QDs. Routine NMR samples of the QDs were
prepared in toluene-dg. The QDs' concentration is set at ap-
proximately 20 uM; the exact value in each case was measured
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oxide and free carboxylic acid had a minimal effect
on QY, and the primary amine showed significant QY
regeneration only in the case of pure CdS shells.
Introduction of Cd carboxylate equivalents led to a
large increase in QY in a manner complementary to
phosphine, but was also associated with irreversible
structural changes.

Time-resolved PL allows us to conclude that the
reduction and regeneration in QY are not experienced
uniformly among the QDs in the ensemble, but are
rather associated with the changes in the relative
population between a subset with lifetime comparable
to the radiative lifetime and a subset with significantly
shorter lifetimes. A simple model of quenching by a
binomially distributed number of recombination cen-
ters appears to be insufficient to describe the role of
vacant sites in limiting QY.

We also show that ITC, a technique that does not
require specific nuclei as spectroscopic probes or
deuterated solvents, can be used to measure ligand
interactions with QDs with nonzero molar enthalpy of
binding. We expect ITC to become a versatile tool for
studying ligand binding and interactions on nanopar-
ticle surfaces. Due to its sensitivity, ITC does require a
well-controlled reaction system, and it is important to
identify purification methods and sample metrics that
can ensure repeatable results for compound semicon-
ductor nanocrystals.

by UV—vis using the calculated molar extinction coefficient. The
spectra were recorded on a Bruker Avance Il 400. The quanti-
tative '"H NMR spectra were measured with ferrocene as the
internal standard and 30 s relaxation delay, allowing the system
to reach a reliable equilibrium. The 3'P NMR spectra of QD
samples were measured with 512 scans to increase the signal-
to-noise ratio. Ty is measured by the vendor-supplied inversion
recovery pulse sequence experiment. Diffusion measurements
and NOE difference measurements on 'H spectra with selective
saturation on the 3'P resonance were performed with a Bruker
Avance Il HD 400 and analyzed by the Topspin version 3.2
software.

Synthesis of CdSe QDs. The CdSe cores were prepared by a hot-
injection method’? using cadmium tetradecylphosphonate as
the Cd precursor, trioctylphosphine selenide as the Se precur-
sor, and a mixture of TOP and TOPO as the solvent. The two
precursors were mixed at high temperature (350 to 365 °C) and
cooled with an air blower immediately after the injection. The
lowest energy absorption peak for the CdSe cores used to
prepare the CdSe/CdZnS samples was at 509 nm, while that
of the CdSe cores used for the CdSe/CdS sample was at 522 nm.

(dZnS and CdS Overcoating. Shells were grown using a SILAR
method described previously.3*”? Briefly, a portion of as-
synthesized CdSe cores was flocculated by methanol and
acetone. After decanting the supernatant, the QDs were redis-
solved into hexane and stored in a freezer (— 15 °C) for more than
12 h. All the undissolved materials were removed by centrifuga-
tion, and the sample was precipitated again by an addition of
methanol and acetone. Afterward, the QDs were brought into a
measured volume of hexane. The UV—vis absorption spectrum
was recorded at a known dilution of the sample to determine the
size and quantity of QDs. The solution of QDs in hexane was
transferred to a solvent of 1:2 oleylamine/ODE (v/v, 9 mL total)
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and degassed at 100 °C to remove hexane. Before the addition
of the reagent via syringe pump, the system was heated to
200 °C under nitrogen. For the pure CdS shell growth, the Cd
precursor is prepared by diluting 0.2 M Cd(oleate), in ODE with
2 equiv of decylamine and a volume of TOP to yield a concen-
tration of 0.1 M. For the CdZnS alloy shell growth, the metal
precursor is prepared similarly to the pure Cd precursor but
using a mixture of Cd(oleate), and Zn(oleate), (the ratio of Cd:
Znis 3:7) to yield a metal concentration of 0.1 M. The S precursor
was always a 0.1 M solution of (TMS),S in TOP. The volume
increase associated with 1 monolayer coverage in both cases is
calculated based on the radius increase of 3.37 A, which is the
half of the wurtzite c-axis unit cell dimensions for CdS. Alter-
nating injections of metal precursor and sulfur precursor were
performed, adding the metal precursor solution first, with
injections starting every 15 min for the CdS shell and 20 min
for the CdZnS shell. The flow rate was adjusted to complete
each injection over the course of 3 min. The volume of each
injection was calculated to apply 0.8 monolayer coverage each
cycle (a cycle is defined as one metal precursor injection and
one sulfur precursor injection). For the thin-shell samples
(CdSe/CdS_1 and CdSe/CdZnS_1), two cycles were performed,
while five cycles were added to the thick-shell samples (CdSe/
CdS_2 and CdSe/CdZnS_2). The growth processes were mon-
itored by both UV—vis absorption and fluorescence spectro-
meters. After the reaction, the mixture was cooled to room
temperature and the molar extinction coefficient was estimated
based on the amount of the core introduced at the beginning
and the total volume of the solution after the synthesis.

Absolute Quantum Yield Measurement. The absolute QY of QD
samples was assigned by comparison to a rhodamine 590
standard (R590, QY = 99% in ethanol).””” Fluorescence spectra
of QD and R590 dye were taken under identical spectrometer
conditions on a Varian fluorescence spectrometer in triplicate
and averaged. The optical density was kept below 0.1 from the
excitation wavelength to 800 nm to avoid internal filtering
effects. The QY was calculated based on the integrated inten-
sities of the emission spectra, the absorption at the excitation
wavelength, and the refraction index of the solvent using the
equation

Absorbancegye _ Emission integralgpg
Absorbanceqps  Emission integralyy,

QYaps = QYaye

2

2
ethanol

Refraction index

The precision of this measurement in our case is limited by
the precision of the absorbance measurement (~1%), while the
accuracy among samples in different solvents will be limited by
the accuracy of the refractive index correction term.

GPC Purification of the QDs. The GPC column was packed as
previously described*® with toluene as the eluent. The as-
synthesized core/shell QDs were purified by one cycle of
precipitation with acetone only and redissolution in toluene.
Then the QD solution was added to the column, and the sample
was collected when the elution volume equaled ~1/3 of the
total volume of the column (the expected void volume for
irregularly spaced spherical beads); this volume corresponds to
the fraction at which the purified QDs eluted. The GPC column
was rinsed thoroughly (3 times the total volume of the column)
between runs.

Preparation of Pure (d Oleate. The cadmium oleate used as a
ligand in the regeneration study was prepared as follows. CdO
and oleic acid were introduced to a three-neck flask (the ratio of
CdO:OAis 1:5), where OA was used as both acid and solvent. The
mixture was degassed and then heated to 270 °C under N, to
form a colorless and clear solution. Then the sample was cooled
and transferred to a refrigerator (4 °C) to allow the product to
precipitate. Excess oleic acid was separated by filtration, and the
insoluble Cd(oleate), was washed with ethanol five times to
remove the remaining oleic acid. FTIR and 'H NMR have been
used to confirm the removal of oleic acid (see Figure S15).

Quantum Yield Regeneration and Relative Quantum Yield Measure-
ment. After GPC purification, the QD samples were transferred
into a sealed N, environment and pumped into the glovebox
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immediately to avoid any possible oxidation. The ligand solu-
tions are also prepared in the glovebox. For the regeneration
process, the concentrations of the QD samples are fixed to be
0.5 #M and the ligand concentration is controlled to be 1.5 or
0.15 mM to provide two different ligand-to-QD ratios (3000:1
and 300:1, respectively). The total volume of the mixing solu-
tions is T mL, and the solutions were kept gently stirring for the
7-day measurement period. The relative QY is characterized by
diluting a portion of the above solutions into dry toluene and
measuring the absorption and emission spectra. The optical
densities of the sample solutions were kept below 0.1 at
wavelengths above the 365 nm excitation wavelength to avoid
internal filtering effects. The relative QY is calculated by com-
paring the integration of the emission spectrum divided by the
absorption at 365 nm.

Time-Resolved Photoluminescence Measurement. The PL decays of
QDs in toluene were collected in front-face mode with a 1 cm
quartz cuvette in a lifetime spectrometer (Edinburgh Mini-7)
equipped with a 368 nm picosecond-pulsed light-emitting
diode. A stirring stage was set under the Mini-z, and a mini
stirring bar was placed in the cuvette to stir the QD solution to
avoid accumulation of photoproducts during the measure-
ment. The instrument response function was recorded using
Rayleigh scattering of pure water.

Reversibility Test. QD samples are purified by GPC and mixed
with 3000 equiv of ligand. After stirring inside the glovebox for 1
day, the mixtures were purified again by GPC. Absorption and
emission spectra were monitored during the process.

Inductively Coupled Plasma-Mass Spectrometry Analysis. Two
samples were prepared. One was made by diluting 1 nmol of
GPC-purified CdSe/CdZnS_1 QDs in 0.5 mL of toluene; the
other by mixing 1 nmol of the same QD sample with 3 umol of
CdOA (3000:1 ratio) in 0.5 mL of toluene. After stirring under N,
overnight, these two samples were precipitated by acetone and
the supernatants were transferred and evacuated to dryness.
Aqua regia (1 mL) was introduced and was allowed to digest the
sample for 2 h. Then the solutions were brought to 50 mL in a
volumetric flask with 2% HNO5 in water. The concentrations of
Zn were detected by a Thermo-Finnigan Element XR ICP-MS.

Isothermal Titration Calorimetry. Isothermal titration calorime-
try experiments were performed on a VP-ITC calorimeter
(Microcal Inc., Northampton, MA, USA). Ligand solutions were
titrated from the 300 uL injection syringe to the sample cell
loaded to its 1.8 mL filling capacity, and the heat response to
maintain a constant temperature between the sample cell and
reference was monitored. The sample cell was purged with
nitrogen before loading the GPC-purified QD solution to mini-
mize the influence of the oxidation reactions. Each experiment
was conducted at 22 °C and midrange reference power and
allowed to equilibrate prior to an initial 600 s delay, and in
order to allow adequate equilibration between each injection,
8—9 min intervals were set between each injection for a total of
60 injections in 5 uL increments. Dry THF was chosen as the
solvent for both the ligands and QDs, as well as the blank
solvent in the reference cell. Reference titrations were con-
ducted to determine any significant heat of dilution between
the solvent, ligand solution, and QD solutions that may have
accounted for signal in the final ligand—QD titrations. Only
ligand—solvent reference titrations were subtracted from
ligand—QD titrations, as other reference titrations were deter-
mined to be negligible. The QD solutions loaded in the sample
cell were 0.5 uM (same as for QY regeneration), and ligand
solutions loaded in the syringe were 1.5 mM.
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