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ABSTRACT: We have combined a few advanced solution phase NMR

spectroscopy techniques, namely, 'H, 3P, heteronuclear single quantum coherence

(HSQC), and diffusion ordered spectroscopy (DOSY), to probe the composition of

the organic capping layer on colloidal CdSe—ZnS core—shell quantum dots grown
via the “hot injection” route. Combining solution phase *'P and 'H NMR with
DOSY, we are able to distinguish between free ligands and those coordinated on the
QD surfaces. Furthermore, when those NMR measurements are complemented
with matrix-assisted laser desorption ionization (MALDI) and FTIR data, we find
that the organic shell of the as-prepared QDs consists of a mixture of tri-n-
octylphosphine oxide (TOPO), tri-n-octylphosphine (TOP), alkyl amine, and alkyl
phosphonic acid (L- and X-type ligands); the latter molecules are usually added
during growth at a rather small concentration to improve the quality of the prepared
nanocrystals. However, NMR data collected from QD dispersions subjected to two

QD purified

Two rounds of purification

Ms of purification

T
-20 ppm

or three rounds of purification reveal that the organic shell composition (of purified QDs) is essentially dominated by
monomeric or oligomeric n-hexylphosphonic acid, along with small fractions of surface-coordinated or hydrogen-bonded 1-
hexadecyl amine and TOP/TOPO. This is true even though large excesses of TOP and TOPO surfactants are used during QD
growth. This proves that n-hexylphosphonic acid (HPA) exhibits substantially higher coordinating affinity to the QD surfaces,
compared to other phosphorus-containing surfactants such as TOP and TOPO. Finally, we test the utilitys of DOSY NMR to
provide accurate data on the translational diffusion coefficient (and hydrodynamic radius) of QDs, as well as freely diffusing
ligands in a sample. This proves that DOSY is a highly effective characterization technique for such small colloids and organic

surfactants where DLS reaches its limit.

1. INTRODUCTION

Colloidal semiconductor nanocrystals (quantum dots, QDs) are
among the most extensively studied nanomaterials, because
they exhibit unique size- and shape-dependent optical and
spectroscopic properties.'~ Core—shell QDs, such as those
made of ZnS-overcoated CdSe, show high quantum yield
combined with a remarkable photo and chemical stability.
These materials have generated great interest and much activity
in the past two decades. Several potential applications such as
integration in various optoelectronic devices, sensing, and use
in fluorescent ima?ng of cells and tissue have been outlined in
recent years.””"~"> Many of those applications require fine
control over the photophysical properties of the nanocrystals
(e.g, quantum yield, emission spectra, and colloidal stability).
Those properties are directly affected by the presence of surface
defects, resulting from incomplete passivation of interfacial
atoms by the organic ligands surrounding the nanocrystals. This
organic layer plays a role in controlling the growth kinetics but
more importantly promotes the colloidal stability of the
prepared nanocrystals."*”'® In recent years, several inves-
tigations have focused on developing new and improved growth
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strategies to obtain better quality QDs, with small size
dispersity and high PL quantum yield."'"™** However,
interactions of the ligands with the nanocrystals remain difficult
to control, and there are few effective methods to identify and
quantify the ligand density on the nanocrystals. Indeed, a
molecular-scale understanding of the interface between the
inorganic cores and ligand shells is challenging. Recently,
Rosenthal and co-workers investigated the role of phosphonic
acid ligands in controlling the emission from surface states in
ultrasmall CdSe nanocrystals.”® The authors were able to tune
the photoluminescence quantum yield (PL QY) as well as the
band edge absorption wavelength by varying the chain length of
alkyl phosphonic acid. Several other studies have shown that
the nature of the ligands and their distribution on the
nanocrystal surfaces are important for interpreting the
structural and the electronic properties of the colloids.">**~*°
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The investigation of the interface is hampered by the
difficulty to discriminate between the atoms at the surface and
those within the core of the QDs. In previous studies,
understanding and controlling the role of the capping
molecules on the electronic properties of a nanocrystal,
through ligand engineering, have been demonstrated by
indirect means. For instance, changes (increases) in the electric
conductivity of nanocrystal films after substituting the native
surface cap with short-chain ligands have been reported.”
Similarly, X-ray photoelectron spectroscopy (XPS) has been
employed to probe the oxidation states of surface atoms
depending on the nature of the capping molecules.’”>* Among
the various techniques used thus far to characterize the surface
capping of these nanocrystals, NMR spectroscopy has become
one of the most versatile and effective techniques available to
researchers.”*~*° It can provide valuable chemical and structural
information and a better understanding of the interactions
between the inorganic core and the organic surfactant
molecules used to grow colloidal nanoparticles.

Recently, several groups have pioneered the use of solution
NMR spectroscopy to investigate the nature of the ligands
bound onto CdSe nanocrystals.*”****~>* They showed that
among others the organic shell of CdSe (core-only) QDs
grown in the presence of organophosphorus ligands is
predominantly constituted of either alkylphosphonic acid
(such as octylphosphonic acid, OPA), or higher-order
condensation products (X-type ligands). For example, Weiss
and co-workers prepared CdSe QDs following the route
reported by Peng and co-workers,”* and then combined the use
of X-ray photoelectron spectroscopy (XPS) and inductively
coupled plasma—atomic emission spectroscopy with solution
NMR to investigate the nature of the capping molecules of
purified QDs.*’ They reported that ~84% of the surface was
covered by phosphorus impurities, namely, n-octylphosphonic
acid (OPA) and P’-P'-(di-n-octyl)dihydrogenpyrophosphonic
acid (PPA) as stable surface-bound ligands. Groups have
probed the structures of various semiconductor nanocrystal
materials. However, most of those investigations have centered
on ligand characterization of core-only QDs.*"**°*%% A few
reports detailing the use of NMR techniques to characterize the
surface chemistry of core—shell QDs such as InP—ZnS have
been published, nonetheless.”***>> Expanding upon those
investigations to core—shell QDs, which are being widely used
by various research groups for potential applications, will be
greatly useful to further advance our understanding of such
materials prior to and after overcoating with ZnS or ZnSe
shells, for example.

In this study, we combine several solution NMR measure-
ments, including 'H, 3'P, heteronuclear single quantum
coherence (HSQC), and diffusion ordered spectroscopy
(DOSY), with matrix-assisted laser desorption ionization
(MALDI) mass spectroscopy to address the following
questions: (1) What is the nature of the bound ligands? (2)
What is the selective binding affinity of the capping ligands? (3)
What is the density of the surface ligands and its dependence
on the ligand properties? (4) What is the hydrodynamic radius
of CdSe—ZnS nanocrystals in organic solvents? For these
purposes, we start by growing core-only QDs using a “hot
injection” route, where the pyrolysis of the organometallic
precursors is carried out in the presence of tri-n-octylphosphine
oxide (TOPO) and tri-n-octylphosphine (TOP) mixed with 1-
hexadecylamine (HDA) and n-hexylphosphonic acid (HPA) as
coordinating solvent mixture. Then, we overcoat the core
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materials with Zn$ shells.***® The QDs are purified from excess

free ligands by applying multiple rounds of precipitation using
hexane/ethanol mixtures.”” Our findings indicate that the
surface cap of the as-grown QDs is in fact made of a mixture of
X-type ligands (e.g, HPA and its oligomeric version) and L-
type ligands (namely, TOPO, TOP, and HDA). However,
applying 3 and 4 rounds of purification leaves mainly
phosphonate-bound ligands. The ligand composition strongly
depends on the growth method used and the number of
purification rounds applied. We also extract reliable information
on the hydrodynamic radius of two distinct core—shell QDs
(one emitting at 540 nm and the other at 570 nm) using data
on the translational diffusion coeflicient extracted from DOSY
(diffusion ordered spectroscopy) experiments. These DOSY
data are compared to those collected using dynamic light
scattering measurements, and good agreement is found.
Additionally, we find that DOSY can yield reliable information
on the diffusion coefficient for even smaller objects where DLS
encounters severe limitations.

2. EXPERIMENTAL SECTION

2.1. Materials. Selenium pellet (>99.99%), 1-hexadecylamine
(HDA, 90%), 1,2-hexadecanediol (HDDO, 90%), sulfur powder,
dibromomethane (99%), and organic solvents (chloroform, methanol,
toluene, hexane, etc.) were purchased from Sigma Chemicals (St.
Louis, MO). Cadmium acetylacetonate (Cd(acac),, 98%), zinc
acetylacetonate (Zn(acac),, 98%), tri-n-octylphosphine (TOP, 90%
and 97%), tri-n-octylphosphineoxide (TOPO, 98%), n-hexylphos-
phonic acid (HPA), and hexamethyldisilathiane ((TMS),S, 98%) were
purchased from Alfa-Aesar (Ward Hill, MA). Technical grade tri-n-
octylphosphineoxide (TOPO, 90%) and diethylzinc (99.9998%) were
purchased from Stream Chemicals, Inc. (Newburyport, MA).
Deuterated solvents for NMR experiments (e.g, CDCl; and
toluene-dg) were purchased from Cambridge Isotope Laboratories,
Inc. (Andover, MA) and used as received. Moisture- and air-sensitive
materials were handled in an MBraun Labmaster 130 glovebox
(Stratham, NH). Some of the phosphorus compounds and organo-
metallic precursors used in this study must be handled with great care.
For instance, diethyl zinc is pyrophoric while (TMS),S has a strong
smell. They must be stored and handled under inert conditions.
Similarly, Cd(acac),, TOP, and HPA are irritant and potentially toxic.

2.2. Growth and Characterization of the Quantum Dots. The
CdSe—ZnS core—shell QDs used in this study were grown in a two-
step process.”>*"” In the first step, nearly monodispersed CdSe
nanocrystals were prepared by reducing organometallic precursors
made of Cd(acac), and trioctylphosphine-selenium (TOP:Se) at high
temperature (350—360 °C) in a hot coordinating solvent mixture
made of TOP, TOPO, HDA, HPA, and HDDO, as described in ref 56.
Overcoating the core with a rather thick ZnS shell (5—6 monolayers)
in a second step was carried out at a slightly lower temperature (150—
180 °C) than that used in the first step.56 In a typical growth reaction,
TOPO (3.2 g), HDA (2.8 g), HPA (0.4 g), and TOP (97%, 2 mL)
were mixed in a 100 mL three-neck round-bottom flask fitted with a
thermocouple temperature sensor, a condenser, and a nitrogen/
vacuum inlet adapter. The content was heated under vacuum to
~160—180 °C for ~2 h. Separately, in a scintillation glass vial, a
mixture of Cd(acac), (0.35 g), HDDO (0.3 g), and TOP (90%, 3 mL)
was heated at ~100 °C under vacuum until the solution became
homogeneous. The content was cooled down to 60—70 °C followed
by the addition of 2 mL of 1.5 M stock solution of TOP:Se to the
mixture; this stock solution was prepared by dissolving 5.92 g of
selenium in 50.0 mL of 90% TOP, and was left stirring for 24 h in a
glovebox. The atmosphere in the 3-neck flask was switched to
nitrogen, and the content was heated to ~350 °C. The mixture
containing the cadmium and selenium precursors was rapidly injected
into the flask, and then the temperature was immediately reduced to
90 °C; an absorption spectrum was collected to assess the quality of
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Figure 1. (A) Schematic representation of the purification procedure applied to the growth QDs. After each centrifugation, the pellet is dried under
vacuum, then finally dispersed in deuterated solvent to record the NMR spectra. (B) Absorption spectra and (C) emission spectra of green-emitting
(Aem = 540 nm) and yellow-emitting (4., = 570 nm) QDs. The absorption and emission spectra are normalized with respect to the value at 350 nm
and emission peak wavelength, respectively. (D) Combined absorption and PL data collected from yellow dots after 2 and 3 rounds of purification
then dispersed in toluene. In panels (B) and (C), the absorbance was normalized with respect to the value at 350 nm while the PL was normalized

with respect to the peak value.

the initially formed small nanocrystal cores. The temperature was then
progressively ramped up to 280—300 °C to allow further growth of the
nanocrystals, while monitoring the absorption data. Once the desired
absorption spectrum has been identified, growth was stopped by
reducing the temperature to ~70 °C. One round of purification was
applied, and the resulting core materials were then used for
overcoating with a few monolayers of ZnS. The ZnS-overcoating
step was performed using diethylzinc (ZnEt,) and hexamethyldisila-
thiane ((TMS),S) as the precursors for zinc and sulfur, respec-
tively.”>® The precursors were mixed in 3—5 mL of pure TOP (90%),
then added dropwise to a dispersion of CdSe cores in TOPO (to a
final Cd concentration of 0.1—0.5 mM). We opted for this route to
limit the amount of new ligands introduced. For this we added 6 equiv
of the precursors to overcoat the core material following the protocol
described in ref 56. The as-prepared core—shell QDs are capped with a
hydrophobic organic shell, and therefore are soluble only in organic
solvents such as hexane or toluene. They are usually stored in the
presence of excess surface cap at room temperature in a mixture of
hexane, butanol and toluene until further use. The chemical structure
of the precursors, surfactants, and ligands used are provided in the
Supporting Information (see Figure S1).

Estimate of the nanocrystal size (i.e., radius) was extracted from
TEM data and X-ray scattering.’>® The QD concentration was
determined from the absorbance spectrum of the dispersion and the
extinction coefficient at 350 nm associated with that particular core
size, following the procedure developed by Bawendi and co-workers.*”

2.3. Protocol for the Purification of QDs. The as-grown
nanocrystals were purified from excess unbound ligands by applying a
few rounds of precipitation and redispersion using hexane/butanol/
methanol or hexane/ethanol mixture. Given the importance of the
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purification to our NMR characterization experiments, we briefly detail
the protocol employed to prepare our samples. Here, we have mainly
characterized quantum dot dispersions purified once, twice, and three
times under ambient conditions. To prepare samples subjected to one
round of purification (QD-1), we precipitated 1.5 mL of stock
dispersion of hydrophobic QDs (concentration ~5—15 uM) using 20
mL of ethanol, then centrifugation at 3700 rpm for ~15—20 min,
yielding a paste at the bottom with a clear solution as the supernatant
on top. The supernatant was removed which should remove a large
amount of unbound ligands from the sample. To prepare dispersions
subjected to two rounds of purification (QD-2), we redispersed the
paste retrieved from round 1 in hexane (or a mixture of hexane and
chloroform), and another round of precipitation using the same
volume of ethanol followed by centrifugation was carried out.
Dispersion QD-3 was prepared by subjecting the dispersion QD-2
to a third round of purification using the same steps as above. Along
with QD-1, QD-2, and QD-3, we will refer to the supernatant
solutions collected after one, two, or three rounds of purification as S-
1, S-2, and S-3, respectively (see details in Figure 1A). The nanocrystal
pellets obtained after each precipitation step were dried under vacuum
for ~120 min, and then redispersed in 550 uL of CDCl; or toluene-dj.
Conversely, the supernatants were first concentrated using rotary
evaporator, dried under vacuum, then dissolved in the desired
deuterated solvent. Dispersions of QD-1, QD-2 and QD-3 and
solutions of S-1, S-2 and S-3 in deuterated solvents were characterized
using the various NMR spectroscopy techniques introduced above.
We would like to note that a fourth round of purification was
carried for certain QDs. However, we found that the resulting QD
dispersions (QD-4) tend to exhibit limited colloidal stability in certain
cases, presumably due to excess ligand removal. Nonetheless, we found
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it useful to characterize the stoichiometry of the resulting supernatant
(S-4), in particular when applying mass spectrometry.

2.4. Synthesis of TOP—S and TOPO—Zn Molecular Com-
plexes. 2.4.1. TOPO—Zn. Several solutions of this complex with
varying TOPO-to-Zn molar ratios ranging from 0.25 to 4.0 were
prepared by sonicating mixtures of Zn(acac),, TOPO (~90%), and
deuterated solvent (e.g, CDCl;) for 24 h at 40—50 °C. The solution
prepared with the highest molar ratio was slightly turbid, because of
the presence of excess insoluble Zn(acac), in the sample, indicating a
rather limited solubility of the precursor in CDCI; at higher molar
concentrations. All the solutions were centrifuged to remove excess
Zn(acac), before collecting the *'P NMR data.

2.4.2. TOP-S. A 32 mg (1.0 mmol) portion of sulfur and 0.40 mL
of 97% TOP were mixed in a tightly sealed glass vial and left stirring
for 24 h under inert conditions (inside the glovebox). The clear
supernatant was separated from excess unreacted solid sulfur by
applying one round of centrifugation at 3700 rpm for 15 min. Then, 20
uL of the supernatant (TOP:S) was dissolved in 500 yL of dry CDCly
solution and used to collect the NMR spectra; transfer of the sample
to the NMR tube was performed inside the glovebox.

2.5. Instruments. The absorption spectra of the various QD
dispersions were recorded using a Shimadzu UV-vis absorption
spectrophotometer (UV 2450 model), while a Fluorolog-3 spec-
trometer (Jobin Yvon Inc., Edison, NJ) equipped with PMT and CCD
detectors was used to collect the fluorescence spectra. The solution
NMR spectra as well as DOSY spectra were recorded using a Bruker
SpectroSpin 600 MHz spectrometer. Dynamic light scattering
measurements were carried out using an ALV/CGS-3 compact
goniometer system (ALV-GmbH, Langen, Germany). This system is
equipped with a HeNe laser (providing illumination at 632.8 nm), a
multi-z photon correlator, and an avalanche photodiode for signal
detection. The resulting autocorrelation functions measured at
different angles were fitted to a cumulants series using ALV-7004
software to obtain the diffusion coefficients and the hydrodynamic
radii of the QDs dispersed in toluene. Mass spectroscopy of the pure
organic ligands and those collected from the supernatant solutions,
obtained from each washing step, were recorded (in positive mode)
using an Autoflex III (matrix-assisted laser desorption ionization,
MALDI) instrument equipped with Bruker’s patented Smartbeam
laser (355 nm, Nd:YAG laser) technology. The TEM images of the
QDs were collected using a JEM-ARM200CF instrument (a sub-
Angstrt')m Cs corrected transmission/scarming electron microscope
from JEOL) operated at 200 kV.

2.6. NMR Spectroscopy. All NMR experiments were performed
using a Bruker Avance III 600-MHz NMR spectrometer equipped with
a 5 mm z-gradient Broad Band Observe (BBO) probe operating at
600.13 MHz (for the 'H frequency), 2429 MHz (for the *'P
frequency) and 150.90 MHz (for the '*C frequency). All measure-
ments were carried out at 293.5 K (~ room temperature). The
following pulse programs were used during data collections:

(a) The 'H NMR spectra were collected using a pulse repetition
time = 25.0 s, a pulse width = 14.0 us, and acquisition time =
2.0 s. The parameters for collecting the *'P spectra were as
follows: pulse repetition time = 1.0 s, pulse width = 14.5 s, and
acquisition time = 0.2 s. The 3P NMR spectra were recorded
without proton decoupling, and a line broadening of 50 Hz was
applied before Fourier transformation. The "H and *'P solution
NMR spectra were referenced to tetramethylsilane (TMS) and
85% phosphoric acid, respectively.

The 2D "C—'H heteronuclear single quantum coherence
(HSQC) spectra were acquired using a standard Bruker pulse
sequence “hsqcetgpsi.2” with a 90° pulse, a 1.0 s pulse delay, a
Yc_y of 145 Hz, 16 dummy scans, and acquisition of 2048 data
points (for 'H) and 256 increments (for *C). The central
solvent peak was used for chemical shift calibration.

Diffusion ordered spectroscopy (DOSY) data were acquired
using the LED-bipolar gradients pulse sequence “ledbpgp2s”
with 24k and 32 points in t, and t;, respectively, and each 2D
slice represents the signal average of 32 scans. The typical

(b)

(c)
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experimental parameters for a DOSY spectrum were as follows:
gradient strength = 45 G/cm, diffusion delay time = 300 ms,
gradient duration = 1.8 ms, and relaxation delay = 5.0 s.
Reference deconvolution and baseline correction were adopted
to compensate for the experimental errors.

2.7. Matrix-Assisted Laser Desorption lonization (MALDI)
Spectroscopy. The ligand compounds collected in the supernatants
were analyzed by MALDI mass spectroscopy. For preparation of the
matrix solution, 10 mg of 3,5-dimethoxy-4-hydroxycinnaminic acid was
first dissolved in 700 uL of methanol containing 1% TFA (1%
trifluoroacetic acid), and then, 300 uL of 1% TFA and water mixture
was added. The solution was sonicated for 15 min, and then
centrifuged to remove the insoluble solid matrix material. A 50 uL
portion of this matrix solution was mixed with 5 uL of each
concentrated supernatant solution collected after each round of
purification. The samples were placed on a metal plate as droplets,
dried in air, and then analyzed using MALDI-TOF (Bruker Autoflex
III) spectrometry.

3. RESULTS AND DISCUSSION

3.1. Rationale for the Characterization Strategy Based
on NMR Spectroscopy. Characterizing the structure and
nature of the organic surface layer of CdSe—ZnS nanocrystals is
crucially important as these materials constitute a sizable
fraction of QD materials used in a variety of applications. NMR
is a highly suitable technique for achieving this goal. As-grown
CdSe—ZnS QDs are typically surrounded by an organic shell
which plays a crucial role in maintaining the steric stabilization
of the colloidal dispersion while providing electronic
passivation of surface states and promoting enhanced radiative
recombination of e—h pairs and high PL QY.® There is, in
principle, a dynamic equilibrium between surface-bound and
freely diftusing ligands in the dispersion, which is shifted toward
lower concentrations of ligands exhibiting higher coordinating
affinity to the inorganic surface of the nanocrystals.”’ This
equilibrium can be further affected by introducing excess
ligands in the medium. To identify the nature and abundance of
the surface-bound versus free ligands in dispersions of core—
shell QDs, we characterize the ligand composition on the
nanocrystals for all three sets of purified QD dispersions
(QD-1, QD-2 and QD-3) simultaneously with the ligand
mixtures detected in solutions S-1, S-2, and S-3, using a
combination of solution phase 'H and *'P, HSQC and DOSY
NMR, along with mass spectroscopy.

3.2. UV-Vis Absorption and Photoluminescence of
the QDs. Figure 1B,C shows the absorption and PL spectra of
two sets of core—shell QDs, emitting at 540 nm (green QDs)
and at 570 nm (yellow QDs) dispersed in toluene. The well-
defined spectra indicate that the QD dispersions are
homogeneous and contain low-size-dispersity nanocrystals.
The optical features remain unaltered even after a few rounds
of purification. Nonetheless, the dispersions become pro-
gressively unstable with signs of aggregation build up occurring
when four or higher rounds of purification are applied. This
may indicate that deficiency in the surface coverage of the
nanocrystals, due to a drastic decrease in ligand concentration,
starts to alter the steric stability of the QD dispersions.*®

3.3. Ligand Identification on the QD Surfaces.
3.3.1. ’'P NMR Spectroscopy. The “hot injection” growth
route uses several coordinating ligands including large amounts
of TOP and TOPO, mixed with smaller concentrations of
cosurfactant, metal-coordinating molecules such as HPA and
HDA. We first employed *'P NMR to identify the presence of
phosphorus-containing compounds. Figure 2A—D shows the
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Figure 2. *'P NMR spectra of the following: (A) TOPO, (B) TOP, (C) HPA, (D) growth QDs, (E) QDs after one round of purification (QD-1),
(F) QDs after two rounds of purification (QD-2), and (G) QDs after three rounds of purification (QD-3); QDs with emission at 540 nm have been
used. Also shown are *'P NMR spectra of (H) mixtures of Zn(acac), and TOPO; the shown spectra, from right to left, are for TOPO—Zn molar
ratios of 0.25:1, 0.5:1, 1:1, 2:1, and 4:1. (I) Overlap of two NMR spectra of TOP (blue line) and TOP:S (red line).

spectra of TOPO, TOP, and HPA together with the one
collected from an aliquot of the growth QDs (emitting at 540
nm) dispersed in toluene-ds. Clearly the spectra show
characteristic peaks with measured chemical shifts at the
following: 44.0 ppm (for TOPO), —35.0 ppm (for TOP), and
32.0 ppm (for HPA). The sharp features shown in Figure 2A—
C are due to rapid molecular motions of free ligands in
solution. Two sharp peaks are also measured at 44.5 and —35.5
ppm for the growth dispersion of QDs (see Figure 2D),
implying that large concentrations of TOP and TOPO
molecules present in the dispersion are unbound. However,
the spectrum collected from the purified dispersion QD-1
shows weaker, broadened signatures, albeit a sharp signature at
5 = 43.5 ppm is also measured (see Figure 2E); the latter is
associated with the presence of a small fraction of free TOPO
molecules in the sample. This implies that the majority of the
detected ligands in QD-1 are coordinated with the metal-rich
surface of the nanocrystals, and they experience substantially
slower motions, yielding weaker NMR spectra with broadened
features. The spectrum collected from QD-2 shows only
broadened features with chemical shifts centered at ~27, ~ 51,
and ~71 ppm that are different from those peaks associated
with free TOP and TOPO (compare Figure 2F to Figure
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2A,B). Similar *'P NMR spectra for the yellow-emitting QDs
are shown in the Supporting Information, Figure S2. This
indicates the presence of three distinct sets of surface-bound
phosphonate ligands. Conversely, the spectrum collected from
a dispersion subjected to a third round of purification (QD-3)
shows only a clearly defined signal at ~27 ppm, but a much
weaker signature at ~51 ppm, while the signal at ~71 ppm has
disappeared (Figure 2G). We attribute the stronger peak at
~27 ppm to phosphonic acid molecules (such as n-
hexylphosphonic acid, HPA) coordinated onto the ZnS surface
of the QDs. Indeed weak features with chemical shifts located
at ~20—40 ppm have been reported and attributed to
monomers and oligomers of octylphosphonic acid (OPA)
bound to the QDs (e.g,, ref 43).

These findings indicate that all the residual weakly bound
TOP and TOPO are essentially removed from the sample after
two rounds of purification. The remaining two other peaks at
~51 and ~71 ppm (shown in Figure 2E—G) can tentatively be
ascribed to sulfur-complexed TOP and Zn-complexed TOPO.
To confirm this assignment, we collected the *'P NMR spectra
of molecular complexes TOPO—Zn and TOP—S, which were,
respectively, prepared by mixing TOPO with Zn(acac), and
TOP with sulfur, as described in the Experimental Section.
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Figure 2H shows the *'P NMR spectra collected from solutions
of Zn(acac), and TOPO in CDCl; having a Zn-to-TOPO
molar ratio varying between 0.0:1 and 4:1. The peak position of
TOPO moves downfield (from § = 44 to 66 ppm) with
increasing amount of added Zn(acac), to the solution. This can
be ascribed to coordination interaction between TOPO and the
Zn, i.e., increasing concentration of Zn complexed with TOPO
molecules. Note that only a limited concentration of Zn(acac),
can be dissolved in CDC; (indicating rather modest solubility
of the Zn-precursor/complex in the NMR solvent). We thus
assign the broad resonance peak centered at ~71 ppm with a
peak width range 63—80 ppm (measured for QD-2) to Zn-
coordinated TOPO on the QDs; here the nanocrystals offer a
zinc-rich surface for TOPO coordination in the form of
TOPO—Zn. Similarly, the data obtained from a solution of
TOP—-S in CDCI, show that the chemical shift of this complex
is at ~50 ppm, which is similar to the one at ~51 ppm
(compare spectra in Figure 2I and Figure 2E—G).

To further confirm the persistence of surface-coordinated
TOPO on the QDs after 2 rounds of purification (i.e., QD-2),
we combine the data shown in Figure 2E—G with the
information deduced from the additional *'P NMR spectra
collected from the supernatant solutions S-1, S-2, and S-3 (see
Figure 3A—C). The *'P NMR spectrum obtained from S-1
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15.1 6.5
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Figure 3. 3P NMR spectra of supernatant solutions retrieved from
(A) one round of purification (S-1), (B) two rounds of purification (S-
2), and (C) three rounds of purification (S-3). The chemical structures
of the higher-order phosphonic acid oligomers or potential
condensation products of HPA (deprotonated products) which
show chemical shift at ~10—20 ppm are provided in the Supporting
Information (Figure S1).

(Figure 3A) shows two peaks that correspond to the free
TOPO (at ~44.2 ppm) and TOP (at ~—35.9 ppm), though
the latter is substantially weaker, along with four other weak
signatures at ~32.0, ~19.5, ~16.5, and ~13.1 ppm. The spectra
collected from the supernatants S-2 and S-3 show a prominent
sharp peak at ~44.2 ppm ascribed to the free TOPO, along
with a few very small peaks in the range ~10—30 ppm. The
decrease in the peak intensities at ~51 and ~71 ppm measured
for QD-2 and QD-3 (Figure 2F,G), combined with the
presence of a large peak at ~44 ppm measured in S-2 and S-3
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(Figure 3A—C), confirm that large amounts of TOPO ligands
have been removed from the QD dispersion during the first and
second rounds of purification, though very small amounts of
TOP and TOPO complexed with the zinc- and sulfur-rich
surface of the nanocrystals are detected. We also note that the
TOP signal (at ~—35.9 ppm) is weak and detected only for
sample S-1 but not in the supernatants S-2 and S-3. We
attribute this to the fact that TOP tends to easily oxidize to
TOPO, which may explain the comparatively strong peak at
~44 ppm. Similarly, the small signals at ~6.5—15.6 ppm
measured in the *'P NMR spectra from solutions S-2 and S-3
can be ascribed to displaced higher-order phosphonic acid
oligomers or deprotonated HPA during the rounds of
purification.”>!

The above *'P NMR data combined show that TOPO and
TOP molecules coordinate to the nanocrystals, and the bound
ligands are easier to observe in the presence of high overall
surfactant concentrations (e.g,, in growth QDs and QD-1).
They can however be more easily detached from the QD
surfaces during additional rounds of purification. However, we
do not observe any large signal corresponding to HPA in Figure
3B,C, which suggests that most of the phosphonic acid
compounds stay attached to the nanocrystal surface after 2
and 3 rounds of purification. Such a result can be attributed to
the stronger binding affinity of these molecules to the QDs (i.e.,
lower dynamic off rates). To gain further insights into the
composition of surface-bound molecules, we apply additional
NMR spectroscopy measurements discussed below.

It is noted that even though HPA was used only for the core
growth reaction, our findings indicate that the alkyl
phosphonates are disproportionally represented in the final
surface ligand stoichiometry of the purified core—shell QDs
(e.g., their number exceed 50% of the total number of ligands).
This can be attributed to a combination of two factors: (1) The
purification of the native core-only dispersions involves one
round of purification, which undoubtedly leaves non-negligible
amounts of soluble phosphonates and HDA in the medium
during the overcoating step. (2) A strong coordination between
the nanocrystal surfaces (CdSe core-only and Core—shell) and
phosphonate ligands. The dynamic on/off interactions between
the ligands and metal surfaces facilitate the slow growth of the
ZnS overcoating, but the higher affinity of those ligands to the
surfaces is preserved when the final core—shell nanocrystals are
formed.

332. 1D 'H NMR and 2D (HSQC and DOSY) NMR
Spectroscopy. Figure 4A—D shows the 'H NMR spectra of
solutions of TOPO, HPA, and HDA together with the
spectrum collected from a dispersion of green-emitting QDs
subjected to two rounds of purification (QD-2). The
resonances ascribed to the methyl and methylene protons in
TOPO, HPA, and HDA, which appear in the aliphatic region of
the 'H NMR spectrum (0.8—2 ppm range), are sharp and share
a strong overlap (see Figure 4A—C). In comparison, the
spectrum collected from the QD dispersion (QD-2) shows a
few broad resonances, namely, three broad peaks at ~1.0,
~1.2—1.8, and ~3.20 ppm, along with one sharp singlet peak at
1.38 ppm and two triplet peaks at 0.95 and 2.09 ppm (see
Figure 4D). We conclude from a close examination of the
various spectra shown in Figure 4A—D that alkyl-containing
molecules are bound onto the QD surfaces, which broadens
some of the proton signatures associated with those ligands. In
particular, we ascribe the broad peak at ~3.20—3.40 ppm to the
amine group of QD-bound HDA, as binding of the ligand to
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Figure 4. "H NMR spectra of (A) TOPO, (B) HPA, (C) HDA, and (D) green-emitting QDs subjected to two rounds of purification (QD-2). The
peaks at ~3.2, ~2.1, and ~0.9 ppm (shown in panel D) are expanded (X16) using NMR software. HSQC spectra of (E) alkylamine (here HDA) and
(F) QD-2, where the "*C chemical shift at ~42 ppm corresponds to the —CH, adjacent to the primary amine. (G) DOSY spectra of QD-2 in toluene
where only one diffusion coefficient is measured; the signature at ~2.09 ppm is clearly shown.

the nanocrystal alters the environment of the primary amine
active protons, thus shifting its signature toward downfield.
However, better characterization of the three peaks (at 0.9,
1.38, and 2.09 ppm) can be established using proton—carbon
heteronuclear single quantum correlation (HSQC) spectrosco-
py. In such an experiment, the shift ascribed to the carbon
adjacent to the electronegative heteroatoms is much easier to
distinguish, because of the large downfield chemical shift
compared to other carbons along the chain. One can thus use
the data to correlate the proton resonances with those of
carbon atoms in the same molecules. Figure 4E,F shows the
HSQC spectrum of HDA side-by-side with that collected from
the dispersion QD-2, both in toluene-d. It is well-established
that the chemical shifts of all carbon atoms in TOPO, TOP,
and HPA are lower than 40 ppm.** However, the carbon
adjacent to the amine group (—CH,NH,) in HDA has a
characteristic chemical shift above 40 ppm, due to the presence
of electronegative nitrogen.’” Figure 4E shows that the proton
in the terminal —NH, group of free HDA located at ~0.66 ppm
has no cross-peak as expected, while the methylene group
adjacent to the amine (i.e, —CH,NH,) presents one cross-peak
at (~2.54 ppm, ~42.3 ppm). A similar characteristic cross-peak
at (~2.09 ppm, ~42.5 ppm) is observed in the 2D spectrum
obtained from the QD-2 sample (see Figure 4F). We thus
tentatively assign this cross-peak to the methylene protons of
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HDA “bound” to the QD surface. However, identifying the two
cross-peaks associated with 'H shift at 1.38 and 0.95 ppm (in
Figure 4F) is less obvious, because of the strong overlap in the
carbon signatures for all three molecules, TOPO, TOP, and
HPA; those signatures are observed in the range from ~10 to
~35 ppm (see "*C spectra in the Supporting Information,
Figure S3). A close inspection of the proton peaks at 3.20, 2.09,
and 0.95 ppm (shown in Figure 4D) indicates that the
integration values satisfy a ratio of 2:2:3, as anticipated from the
stoichiometry of those groups (NH,:CH,:CH,). We can thus
confirm that these three resonance peaks are ascribed to HDA.
The latter was used in the growth of the core materials, but not
completely removed prior to the overcoating step.*®

Further insights into the interactions of HDA with the QD
surfaces can be gained from correlating the proton resonance at
2.09 ppm with the other two resonances at 1.38 and 0.95 ppm,
using diffusion ordered spectroscopy (DOSY). According to its
principles this technique probes the Brownian motion of
soluble objects, and molecules with different molecular weights
(or sizes) exhibit different translational diffusion coefficients.
The DOSY spectra of green QD-2 and solubilized toluene are
shown in Figure 4G (log(D) versus 'H NMR shift). The
spectrum shows only two sets of diffusion coefficients, which
are different from the value extracted from the DOSY data for
the free unbound ligand (e.g, HDA; see the Supporting
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Figure 5. MALDI-MS spectroscopy data collected from the supernatant after (A) two, (B) three, and (C) four rounds of purification (using green-
emitting QDs). The recorded peaks in the mass spectra appear either as molecular ions or molecular ion combined with sodium and/or potassium
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and nature of interactions onto the dot surface. Note that chargeable ligands such as phosphonate and carboxylate types are referred to as X-type
while neutral ligands such as TOPO, TOP, and HDA are referred to as L-type following the classification proposed by Green.””

Information, Figure S4). One set is associated with toluene
molecules (D, ~ 2.03 X 1077 m?/s at 293.5 K) comparable to
the value reported by Hens and co-workers Dy, ~ 2.13 X 107°
m?/s at 295.0 K.*” The other measured for the three resonance
peaks at 2.09, 1.38, and 0.95 ppm (shown in Figure 4D) can be
ascribed to QD-bound HDA ligands. The signal of a-CH, of
bound HDA is rather weak in the DOSY spectrum shown in
Figure 4G. This is due to the fact that those protons have a
short T2 relaxation time, smaller than the delay required to
extract the Brownian diffusion. Their signature will therefore be
weakened in the measured spectrum.’” These findings indicate
the absence of any detectable free ligand in the QD dispersion
(QD-2). Similar characteristic peaks are observed for the yellow
QDs obtained after two rounds of purification (see the
Supporting Information, Figure SS5).

We should also note that the triplets at ~0.95 and ~2.09
ppm and the singlet at ~1.38 ppm are still well-defined and
distinguishable from the broad signals measured in the
spectrum collected from QD-2 (Figure 4D). This result can
be attributed to two complementary factors: (1) Though direct
coordination of amine-terminated ligands to the nanocrystals
has been proven, HDA attachment onto the QD surface can
additionally occur by tight association between HDA and alkyl
hydrogen phosphonate (HPA) via hydrogen bond, as proposed
by Hens and co-workers, or via ion pair formation (NH,R'/
[O;PR]7[H;NR']*) as recently suggested by Owen and co-
workers.”* Both modes of interactions bring the ligands in close
proximity to the nanocrystal surface.""**®* (2) Because of its
longer alkyl chain (compared to HPA or TOPO), surface-
associated HDA chains will show faster proton relaxation
synonymous to those of free molecules in solution. Association
of HDA ligands with the QD surfaces is further supported by
additional '"H NMR data collected from the yellow-emitting
QD sample subjected to two rounds of purification QD-2,
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where the proton peaks at 0.95, 2.09, and 3.40 ppm are
measured (see the Supporting Information, Figure SS). This
further confirms that after applying one additional round of
purification a fraction of the surface-bound ligands is made of
HDA. Additional proofs are discussed in the section describing
the mass spectroscopy data, shown below.

We should note that HDDO which is used in the growth of
the cores does not play a role in the ligand shell and is removed
during the purification steps. Indeed, we collected 13C NMR
spectra from a solution of HDDO in CDCl; and measured two
sets of peaks, one in the range 10—35 ppm associated with the
methylene carbon atoms and the other at 65—70 ppm
associated with the carbon attached to the electronegative
oxygen heteroatom (see the Supporting Information, Figures
S1 and S6). We have not measured any of those signatures in
the HSQC spectra of the purified QDs shown in Figure 4.

3.3.3. Matrix-Assisted Laser Desorption Spectroscopy. The
3P NMR data obtained from the supernatant solutions S-1, S-
2, and S-3 (shown in Figure 3) have been further
complemented with mass spectroscopy data. More precisely,
mass spectroscopy measurements were carried out to character-
ize the supernatant solutions S-1, S-2, S-3, and S-4 collected
from both sets of QDs; S-4 designates the supernatant collected
after four rounds of purification. Figure S shows the MALDI-
MASS spectra collected from S-2 to S-4 corresponding to
green-emitting QDs. Spectra show that there are signatures of
TOPO and HDA in S-2 and S-3 (Figure SA,B). The TOPO
signature is, however, substantially smaller in S-4 (Figure SC).
We also observed a small peak in the supernatants S-3 and S-4
(which are obtained from QD-2 and QD-3, respectively),
corresponding to TOP—S. This indicates that QD surfaces lose
few weakly bound sulfur atoms during the ethanol wash.
Additionally, we detect the presence of HPA molecules
(monomers and oligomers) in the supernatants S-2, S-3, and
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S-4, which correlates well with the data obtained from the 3'P
NMR discussed above (Section 3.3.1). The TOP and TOPO
ligands bind weakly to the ZnS surface and, therefore, can easily
be desorbed from the QDs after two or three rounds of
purification using ethanol or methanol. Because of their nature,
TOP molecules are rapidly oxidized to TOPO after release
from the nanocrystal surface. They thus are not accounted for
in the mass spectroscopy data.

We would like to stress that though HPA and derivatives
exhibit the strongest coordination interactions with the QD
surfaces, long-term colloidal stability requires the presence of
TOP, TOPO, and HDA ligands. In fact, QD dispersions
subjected to more than four rounds of purification tend to
become unstable, as aggregation builds up with time.*

On the basis of the NMR data and analysis of the mass
spectroscopy data discussed above, we conclude that, in a QD
growth dispersion, TOPO, TOP, HPA and HDA are all
absorbed on the QD surface, though the coordination affinity
may drastically vary from one ligand to another. Phosphonate
ligands tend to exhibit the strongest coordination interactions,
and they persist through a few rounds of purifications. HDA
and TOPO also adsorb, but interactions with the inorganic
surface of the QDs are weaker. Though TOP and TOPO
interact directly with the ZnS-rich QD surface, binding of HDA
potentially involves direct coordination and/or hydrogen
bonding with the surface-coordinated phosphonate ligands.
Schematics of the suggested model for the 1i§and composition
on the QD surfaces are shown in Figure SE.**

We should note that the conclusions drawn from the NMR
data on the composition of the surface-bound ligands for QD
dispersions, subjected to three rounds of purification, are
further supported by FTIR data collected from pure ligands and
QD-3. For example, the binding of HDA is confirmed by the
red shift in the stretching and bending frequencies of NH,
(Un-u and Sy_y) in the spectra collected from the QD-3
sample. Also, the change in the symmetric and asymmetric
stretching of P—OH in the QD sample compared to that
associated with the unbound HPA assures strong binding of the
ligands onto the nanocrystal surfaces. Additionally, minimal to
no change in the frequencies, (CH,) and v(CHj) ascribed to
the alkyl chains in the various ligands, was measured. Further
discussion along with the FTIR data are provided in the
Supporting Information (see Figure S7 and Table S1).

3.3.4. Quantifying the Ligand Composition. The solution
NMR and mass spectroscopy analyses have shown that the
mixture of the remaining QD-bound ligands, after two rounds
of purification, include TOPO, TOP, HPA and HDA, though
the abundance of each compound varies. Data also show that
the purification strategy and steps applied play a role in the
composition of the remaining organic surface layer. To quantify
the ligand composition, we use diboromomethane as a standard
for our 'H NMR measurements, because it has a proton
resonance (at 4.94 ppm) that does not overlap with those
ascribed to the bound ligands. We analyzed the spectra
collected from QD-3 dispersions in either toluene-dg or CDCl,.
We are more confident in the analysis of the data collected
from dispersions in CDCl;, where the resonance signatures of
the HDA methylene protons at 2.39 ppm and the terminal
methyl protons in the alkyl chain(s) of all ligands at 0.89 ppm
have no interference from the chloroform solvent; the proton
signatures at 0.89 and 2.39 ppm are, respectively, used to
quantify the total amount of alkyl chains and the fraction of
HDA in the ligand shell. Conversely, in toluene-dg the solvent
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signature slightly overlaps with those protons. (Toluene has a
sharp singlet at 2.12 ppm very close to the CH,—NH, of HDA
at 2.09 ppm; see Figure 4E—G.) Therefore, we rely on the
terminal amine proton signature at 3.2 ppm to extract an
estimate for the amount of QD-bound HDA; spectra of QD-3
collected in toluene are provided in the Supporting
Information, Figure S8. We should also emphasize the fact
that the proton signatures (e.g, the methylene protons of HDA
adjacent to the amine or the terminal methyl groups of long-
chain alkane), measured in CDCl,, are shifted compared to
those measured in toluene-dg. This is due to differences in the
polarity between the two deuterated solvents; the 'H NMR and
HSQC spectra of HDA in CDCl; are provided in the
Supporting Information, Figure S9.

A few additional complications related to the structure of the
ligands used must also be taken into account. One is due to the
fact that in the '"H NMR spectra all CH; protons in TOP,
TOPO, HPA, and HDA generate a similar shift at 0.89 ppm.
The other complication is related to the fact that TOP and
TOPO contain three alkyl chains per molecule, while HPA and
HDA contain one chain per molecule.

Quantification of the number of ligands per nanocrystal in
QD-3 is carried out in a few steps: (1) We first make use of the
3P NMR data (shown in Figure 2 and Figure S2) to quantify
the stoichiometry of the phosphine-containing ligands in the
organic shell. That composition is TOP:HPA = 1:20 (for green
QDs) and 1:6 (for yellow QDs); no TOPO was detected in
QD-3. (2) We extract an estimate for the molar concentration
of surface-associated HDA by comparing the integrated
intensity of the HDA methylene proton peak (at 2.39 ppm)
to that of the standard (at 4.94 ppm; shown in Figure 6). (3)
From the integrated area of the methyl proton resonance
centered at 0.89 ppm, we deduce a measure for the total molar
concentration of QD-bound alkyl chains, that is, the combined
molar concentration of alkyl chains of TOP, HPA, and HDA
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Figure 6. Quantitative analysis of the ligands composition on the QD
surfaces: "H NMR of the green (top) and yellow (bottom) QDs in
chloroform-d obtained after three rounds of purification. CH,Br, is
used as a standard with known concentration.
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Table 1. Ligand Composition for QD-3 (Dispersions Subjected to 3 Rounds of Purification)

QD sample concentration TOP:HPA number of TOP
TEM radius UM ratio roups
group
green QDs (2.0 nm) 7.0 1:20 9
yellow QDs (2.2 nm) 11.5 10:60 34

number of HPA

number of HDA total number of

ligand density

groups groups ligands (nm™?)
179 42 230 ~4.6
195 81 310 ~S.1

“Ligand density = (total number of ligands)/4zR% R = radius of the QD extracted from TEM data.

compared to the molar concentration of the methylene proton
of the reference CH,Br,. (4) Subtracting the molar amount of
HDA (i, alkyl of HDA extracted in step 2) from the total
concentration of alkyl chains yields a measure of the total
concentration of alkyl chains associated with TOP and HPA.
(5) We then use the ratio TOP:HPA to estimate the molar
fraction of each molecule in the mixture; the TOP fraction is
divided by three to account for the presence of 3-alkyl chains in
its structure.

Figure 6 shows the "H NMR spectrum collected from green-
emitting QDs dispersed in 500 yL of CDCl; containing of 14.1
UM CH,Br,. The spectrum shows a triplet peak at 2.39 ppm
assigned to the methylene group of HDA adjacent to the amine
(—CH,NH,) along with a peak at 0.89 ppm ascribed to the
CH; groups in the alkyl chains. We first extract the
concentration of HDA by calculating the ratio of the areas
under the triplet peak at 2.39 ppm and the standard peak at
4.94 ppm (ratio = 1:0.1 for yellow and 1:0.04 for green QDs).
We then combine that with the TOP:HPA ratio (1:20 for green
and 1:6 for yellow QDs) extracted from *'P NMR (see Figure
4) to obtain the molar concentration of TOP and HPA
individually using the integration of the CH; resonance at 0.89
ppm. The amount of individual ligands per QD is obtained by
comparing the concentration of the added standard to that of
the QDs in the sample; the latter is extracted from the UV
absorption spectrum using the molar extinction coeflicient of
the green QDs at 350 nm (7.85 X 107°).>” From the combined
NMR data we estimate that the stoichiometry of the ligand
shell to be for green QD-3, TOP = 4%, HPA = 78%, and HDA
= 18%, and for yellow QD-3, TOP = 11%, HPA = 63%, and
HDA = 26%. Combined with the molar concentration of QDs,
this yields values for the total number of ligands per QD of
~230 and ~310 for green- and yellow-emitting QDs,
respectively (see Table 1). These data are further combined
with the nanocrystal size extracted from TEM measurements
(see the Supporting Information) to extract an estimate for the
ligand density per unit area, defined as the ratio between the
total number of ligands and the QD surface area. The values
reported in Table 1 clearly indicate that the measured densities
for the green- and yellow-emitting QDs are comparable, which
is consistent with the anticipated packed arrangement of the
ligands on the nanocrystal surfaces.

Finally, we should note that ligand species and ligand
coverage may vary depending on many factors involved in the
growth reaction, such as coordinating solvent selection and
added surfactants. The purification process also plays an
important role when estimating the number of ligands in the
organic cap, because ligand adsorption and desorption is a
dynamic process, but the strength of the coordination
interactions varies from one set of molecules to another. For
instance, TOPO and TOP are important for the growth, but
their coordination on the QD surface is weaker than those
exhibited by phosphonate compounds.

3.4. DOSY Characterization of the QD Hydrodynamic
Radius. TEM is a great characterization technique to measure
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the dimensions of various nanostructured materials, including
those grown using solution phase techniques. However,
because of its strong sensitivity to the electron density of the
probed samples, it tends to only identify the dimensions of the
inorganic components (usually made of transition metal
atoms). For example, when applied to colloidal nanostructures,
TEM characterization tends to miss the organic ligand shell."**
For a variety of measurements such as tracking the diffusion of
nanoparticles in biological media, the overall dimensions of the
colloid (core-plus-organic shell) are often needed. This is
referred to as the hydrodynamic size, and dynamic light
scattering, DLS, has for a long time provided researchers with a
powerful tool to extract such data for a variety of systems in
solutions. These include polymeric colloidal spheres and
inorganic nanocrystals.és’é6 However, DLS as a technique
reaches its limit for very small nanocrystals, because the
scattered signal becomes extremely weak (the scattered
intensity varies as R, R being the size of the solute molecules).
When applied to QDs, interference from the fluorescence
emission of the nanocrystals themselves requires the use of only
red laser sources (e.g., HeNe laser source with illumination at
632.8 nm). Also, only smaller QDs with emission below 633
nm can be accessed. Both requirements limit the effectiveness
of this technique to probe QDs.***>°® Fluorescence correlation
spectroscopy can be used to extract such information, but it
applies only to fluorescent nanocrystals, and requirements
dealing with the nature of single molecule emission must be
taken into account.””%®

DLS relies on the analysis of the normalized autocorrelation
function of the scattered electric field, g(l)(‘r, q), as a function of
4/1ﬂ sin(%), with n being the
refractive index of the medium), and decay time, 7% For
dispersions of colloidal nanoparticles (with small concen-
trations), g(z, q) is commonly fit to a cumulants series:

the scattering wave vector (q =

) = —re+ B2y )
g (z, q) aexp( T+t W

where a is an experimental constant proportional to the
amplitude of the scattered signal, while I" and p, designate the
first and second cumulants, respectively. I corresponds to the
decay rate expressed in terms of g and the diffusion coefficient,
D (I' = Dg*), and the ratio y,/T" is the polydispersity index
(PDI). To collect the DLS data we dispersed the purified QDs
(only yellow-emitting dispersion) in toluene.

DOSY as a technique circumvents those issues as it probes
the relaxation of the particular atomic shift with time (e.g., the
shifts of various 'H NMR protons in a molecule). The
diffusion-weighted 'H spectra can be measured by selectively
filtering out the fast-diffusing species with a magnetic field
gradient.””’® The signal attenuation is given by the Stejskal—
Tanner equation:71

I=1, exp(—(ySl(SG)zD(A — 8,0 — %)) o
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Figure 7. (A) DOSY of yellow-emitting QDs dispersed in toluene-ds, QD-3 (after three rounds of purification). The hydrodynamic radius of the
dots extracted from the diffusion coefficient is 4.0 nm. (B) DOSY of yellow-emitting QDs dispersed in chloroform-d, QD-3. The hydrodynamic
radius of the dots extracted from the diffusion coefficient is 3.9 nm. (C, D) Representative plots of the electric field autocorrelation function g(l) 6, 7)
vs log(7) and Iog(g(l) (6, 7)) vs 7, respectively. The hydrodynamic radius of the QDs extracted from dynamic light scattering measurement is Ry
4.1 nm.

Table 2. Values” for the Translational Diffusion Coefficient, D, and the Hydrodynamic Radius, Ry, Extracted from DOSY and
DLS Measurements

sample Dposy Dpys 1 (mPa s) Ry/posy Ryprs
green QDs 1.05 X 1071 m?/s 9.91 x 107" m?/s 0.5866, T = 293.5 K 3.5 nm 3.7 nm
yellow QDs 9.16 X 107! m?/s 8.94 x 107! m?/s 0.5866, T = 293.5 K 4.0 nm 4.1 nm

“Data were collected at room temperature (~293.5 K). The viscosity of toluene = 0.5886 cP (mPa s).

where y is the proton gyromagnetic ratio, S; and S, are shape and 7 is the viscosity of the solvent. The above equation
factors (correcting for the sinusoidal shape of the gradient indicates that the data on the diffusion coefficient can be further
pulse), G is the strength of gradient pulse, 7 is the time interval exploited to extract values for the hydrodynamic radius (Ry;) of
between two bipolar gradient pulses, A is the diffusion time, & the dispersed nanocrystals. Table 2 summarizes side-by-side the
is the gradient length and D is the diffusion coefficient. measured values for D and Ry collected from DLS and DOSY

The DOSY spectra were collected using QDs dispersed in techniques. There is clearly a good agreement between the
toluene-dg, an acquisition time = 2.0 s, a gradient strength G values extracted from both measurements, which confirms that
varying from 2% to 85% of the maximum gradient (45 G/cm), DOSY is an effective technique for extracting information about
a diffusion delay time = 300 ms, a gradient pulse duration = 1.8 the diffusion coefficient and the hydrodynamic radius of
ms, and a relaxation delay = 5.0 s. Typical DOSY spectra colloidal QDs in solution phase. There is an additional clear
collected from two sets of QDs (emitting at 540 and 570 nm), advantage of DOSY, nonetheless. While DLS fails to yield
which have been subjected to two rounds of purification, are accurate data for smaller sizes (1—3 nm), because of the rather
shown in Figures 4G and 7A, respectively. D is extracted from small scattering signal in this size regime, DOSY, being strictly
fitting the DOSY data to eq 2. dependent on the proton shift, can yield accurate information

Generally, the diffusion coefficient, D, extracted from either
DLS or DOSY is related to the hydrodynamic radius of the
dispersed species by the well-known Stokes—Einstein equa-

on the diffusion coefficient of even solvent molecules as shown
in Figures 4G and 7A. We do not aim to provide a thorough
evaluation of the advantages and disadvantages of both

. " 66
tion: techniques. That is beyond the scope of the present study,
ks T kT but may be further explored in future works.
T 6mR
Jr 6Ty (® 4. CONCLUSION
where ky is the Boltzmann constant (1.38 X 1072 J/K), T is We have exploited the noninvasiveness of solution NMR
the temperature reported in Kelvin, fr is the drag coeflicient, spectroscopy to characterize the structure and composition of
235 DOI: 10.1021/acs.chemmater.7b04204
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the organic capping shell identified on the surfaces of CdSe—
ZnS quantum dots grown using high-temperature reaction.
Employing a combination of 3p 'H, HSQC, and DOSY NMR
supplemented by mass spectroscopy we have found that the
nature and stoichiometry of the organic shell depend on the
level of purification applied to the QD dispersion. In particular,
our results show that as prepared the surface coating of CdSe—
ZnS QDs is constituted of alkylamine, phosphorus molecules
(e.g, TOP and TOPO), along with other phosphonic acid
surfactants such as HPA. Coordination affinity of TOP and
TOPO is weak, resulting in easy detachment of these ligands
from the QD surface during purification, leaving only a small
fraction of zinc- and sulfur-complexed TOPO and TOP
molecules (as TOPO—Zn and TOP-S). Conversely, larger
fractions of surface-bound phosphonic acid (HPA) and to a
lesser extent hexadecyl amine (HDA) are identified on QDs
subjected to three rounds of purification. This indicates that
phosphonic acid ligands exhibit the strongest affinity to the
metal-rich surfaces of the nanocrystals, a result consistent with
prior findings on the organic cap of core-only QDs.

By combining *'P, 'H, ®C, and DOSY NMR results
collected from CdSe—ZnS QDs subjected to varying rounds
of purification with MALDI mass spectroscopy data, collected
from supernatant solutions of displaced ligands, we have been
able to develop a model structure for the ligand shell
composition on the surface of the nanocrystals. We have also
been able to demonstrate that the QD hydrodynamic radii
estimated from the DOSY technique are in good agreement
with those extracted from dynamic light scattering measure-
ments.

We believe that these NMR spectroscopy techniques can be
successfully applied to characterize the organic coating of an
array of other nanomaterials dispersed in a variety of solvents,
either as prepared in organic media, or after cap exchange and
transfer to completely different solvents (e.g., ligand exchange
with water-compatible ligands and transfer to buffer media).
Furthermore, NMR investigation of these materials can yield
valuable information about the interplay between the various
surfactants often combined to optimize their growth and
enhance the PL yield. They can also yield crucial information
about the roles played by the ligands in the steric stabilization
of the nanocrystals.
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