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Abstract: Solution nuclear magnetic resonance spectroscopy (NMR) is used to identify and quantify the
organic capping of colloidal PbSe nanocrystals (Q-PbSe). We find that the capping consists primarily of
tightly bound oleic acid ligands. Only a minor part of the ligand shell (0—5% with respect to the number of
oleic acid ligands) is composed of tri-n-octylphosphine. As a result, tuning of the Q-PbSe size during
synthesis is achieved by varying the oleic acid concentration. By combining the NMR results with inductively
coupled plasma mass spectrometry, a complete Q-PbSe structural model of semiconductor core and organic
ligands is constructed. The nanocrystals are nonstoichiometric, with a surface that is composed of lead
atoms. The absence of surface selenium atoms is in accordance with an oleic acid ligand shell. NMR
results on a Q-PbSe suspension, stored under ambient conditions, suggest that oxidation leads to the loss
of oleic acid ligands and surface Pb atoms, forming dissolved lead oleate.

1. Introduction

Over the last 10 years, lead selenide colloidal quantum dots
(Q-PbSe) have become a prominent example of the advantages
that nanocrystalline material can offer. Bulk PbSe has a band
gap of only 0.28 eV at room temperature, and the bulk exciton
Bohr radius (46 nm) is among the largest for semiconductor
materials. Consequently, small (2—10 nm) PbSe nanocrystals
show extreme quantum confinement and their band gap can be
tuned over the entire near-infrared wavelength region (1—4
um)."? Since the development of a nearly perfect synthesis route
for colloidal Q-PbSe based on lead oleate [Pb(OA),] and tri-
n-octylphosphine selenide (TOPSe), referred to as the Murray
synthesis' hereafter, several groups have shown that these
nanocrystals possess extraordinary optical properties, such as a
high photoluminescence efficiency,’ efficient multiple exciton
generation,* and a high nonlinear refractive index.> Not surpris-
ingly, it has become the material of choice for a wide range of
potential applications, including Q-dot lasers operating at
telecom wavelengths,® solar cells,” and even applications in the
field of nonlinear optics.®’
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PbSe nanocrystals, like most colloidal nanocrystals, come
with a capping of organic ligands, and the chemistry of this
organiclinorganic interface strongly affects their physical and
chemical properties. Recently, interest in this intimate interplay
between the ligands and the nanocrystal surface has grown
considerably. It was shown for instance that, by limiting the
growth rate of specific lattice planes during synthesis, the ligands
determine the size and shape of the nanocrystals, leading to the
growth of quantum rods, wires, or tetrapods.]0 In addition, the
ligands ensure colloid stability by steric hindrance, and the type
of ligands (hydrophobic vs hydrophilic) determines the nano-
crystal solubility.'" They also passivate surface states, yielding
nanocrystals with a high photoluminescence,’ and the ligand
chain length determines the electrical conductivity of quantum
dot solids.'” These examples make it clear that the ligands play
an essential role in the nanocrystal synthesis and processing.

At present, a major problem hampering the routine chemical
investigation of this organiclinorganic interface is the lack of
well-established methods to identify and quantify the nanocrystal
ligands and the corresponding ligand dynamics.'® As a result,
the role of the ligands and the effect of ligand engineering have
only been demonstrated by indirect means in the cases men-
tioned above, by for instance a change in solubility after capping
exchange, or an increase in the conductivity after treatment with
a short chain ligand. Recently, several experimental studies on
sterically stabilized colloidal nanoparticles have shown that
nuclear magnetic resonance spectroscopy (NMR) holds con-
siderable promise for the in situ characterization of the organic
ligands. Ligand identification has been demonstrated in the case
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of thiol- and TOP-TOPO-capped CdSe,"*"'* thiophenol-capped
CdS," lauric acid-capped CeO,,'® acetylacetonate-capped
TiO,,"” and TOPO-capped InP nanocrystals.'®' For the last
system, adsorbed TOPO was distinguished from residual
unbound TOPO by diffusion NMR, and the quantitative
interpretation of the NMR data yielded the number of ligands
per nanocrystal, the adsorption isotherm, and the Gibbs free
energy of adsorption of TOPO on the InP surface. Capping
exchange from TOPO to pyridine was also demonstrated. Apart
from the investigation of organic ligands, NMR has also been
applied to study the evolution of precursor molecules in the
CdSe® and PbSe?' synthesis. The results demonstrated that the
ligands not only mediate the reaction speed through steric
hindrance but also play an active role during the formation of
CdSe and PbSe monomers. NMR can therefore also provide a
deeper insight into the mechanisms of the nanocrystal synthesis.

In this study, we have combined nuclear magnetic resonance
spectroscopy with inductively coupled plasma mass spectrom-
etry (ICP-MS) to identify and quantify the composition of the
organiclinorganic interface of colloidal PbSe nanocrystals,
prepared with the Murray synthesis. While every molecule
entering the reaction mixture has already been proposed as a
possible ligand,*** we found that the Q-PbSe are capped almost
exclusively by oleic acid (OA) ligands. The ICP-MS analysis
shows that the Q-PbSe contain more lead than selenium, a
difference that can be interpreted as a lead surface excess. The
combination of the NMR and ICP-MS experimental data with
detailed structural modeling of the nanocrystals showed that the
number of OA ligands matches the number of excess Pb atoms.
The evolution of a Q-PbSe suspension, stored under ambient
conditions, was also investigated. The results suggest that
oxidation of the Q-PbSe surface is accompanied by a loss of
OA ligands and surface Pb atoms, leading to the formation of
Pb(OA); in solution.

2. Experimental Section

2.1. Materials. Lead acetate trihydrate (99.999%), dibro-
momethane (99+%, CH,Br;,), and technical oleic acid (90%) were
purchased from Sigma-Aldrich. Higher purity oleic acid (98%) was
purchased from Fluka. Selenium powder (—200 mesh, 99.999%)
was ordered from Alfa-Aesar. Tri-n-octylphosphine (97%) was
obtained from Strem Chemicals. Diphenyl ether, methanol, butanol,
and toluene were all of quality “for synthesis” and were ordered
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from VWR. Deuterated toluene (99.96% deuterated, toluene-dg) was
purchased from CortecNet (Eurisotop).

2.2. Q-PbSe Synthesis and Characterization. Monodisperse
colloidal PbSe nanocrystal suspensions with a mean size varying
between 3 and 7 nm were synthesized using an optimized version
of the Murray synthesis,' as described in detail in ref 24. Both
technical- and high-purity OA were used for the synthesis and yield
Q-PbSe suspensions with comparable properties.

The Q-PbSe size and concentration were determined from the
absorbance spectrum of a Q-PbSe suspension. The nanocrystal size,
d, is given by the band gap, E (the first exciton peak), through a
sizing curve, and the nanocrystal concentration, C, was given by
the absorption coefficient of the Q-PbSe suspension at 400 nm (A400)
through the molar extinction coefficient, ¢. Details of the procedure
to determine the sizing curve and molar extinction coefficient are
given elsewhere.?*

2.3. Ligand Identification and Quantification. NMR samples
were prepared by drying a known amount of Q-PbSe in toluene
under a strong nitrogen flow, followed by redispersing the nano-
crystals in toluene-ds. First, the identity of the ligands was
established by means of proton ('H) spectra, correlation spectros-
copy (COSY), proton—carbon heteronuclear single quantum cor-
relation spectroscopy (‘H—'*C HSQC), and diffusion ordered
spectroscopy (DOSY)?* measurements.'® All NMR measurements
were performed with a Bruker DRX 500 equipped with a TXI
Z-gradient probe and operating at 'H and '*C frequencies of 500.13
and 125.76 MHz respectively. *'P NMR spectra were recorded at
121.44 MHz on a Bruker Avance 300 with a BBO probe. All NMR
measurements except the DOSY were done with temperature
control, set at 295 K. To suppress convection artifacts, DOSY
measurements where either performed with the standard bipolar
LED pulse sequence at ambient temperature without temperature
control or with the convection compensating dstebpgp3s pulse
sequence at a controlled temperature of 295 K. For an adequate
sampling of the slowest diffusing species, a gradient pulse duration
0 of 5 ms and a diffusion delay A of 200—250 ms were used.
Values this long might pose a problem with regards to 7} and 7>
relaxation. A must be taken smaller than the 7; relaxation rate,
and 20 must be smaller than the 7, relaxation rate to maintain a
significant signal-to-noise ratio. To ensure that the restrictions for
the DOSY measurements were satisfied, 7} and 7> measurements
were performed on a Q-PbSe suspension using standard pulse
sequences.

With DOSY, one can measure diffusion-weighted 'H spectra,
selectively filtering out fast diffusing species with a magnetic field
gradient. The signal attenuation is given by the Stejskal—Tanner
equation:

I=1I,exp(—(y5,0G)’D(A — 5,6 — 1/2)) (1)

Here, s, and s, are shape factors (correcting for the sinusoidal
shape of the gradient pulse), y is the proton gyromagnetic ratio, G
is the gradient pulse strength, 7 is the time interval separating the
bipolar gradient pulses, and D is the diffusion coefficient. D can
be converted to ahydrodynamic diameter dy; using the Stokes—Einstein
equation:

T
dy= i
3nnD

After ligand identification, the ligand grafting density was
determined by adding a known amount of CH,Br, (2 uL) as a
concentration standard to the NMR samples and measuring the
proton spectra under conditions of full 7' relaxation (relaxation

delay 45 s). By comparing the area under the ligand resonances to
the area under the CH,Br, resonance, the concentration of ligands

(@)
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Figure 1. "H NMR spectra of OA (top) and TOP (bottom) dissolved in
toluene-dg. The methyl and methylene resonances of both molecules partly
overlap in the aliphatic region. OA can be distinguished from TOP by its
5.46 ppm resonance corresponding to the olefinic protons. At 12.03 ppm,
the carboxylic proton resonance of OA can be observed.

7 6 5 4 3 2 1
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Figure 2. 'H NMR spectrum of a Q-PbSe suspension. Several broad
resonances are observed, with a chemical shift comparable to the chemical
shift of OA. The sharp resonances can be attributed to toluene-dg (@), DPE
(A), CH,Br; (#), and TOPSe ().

was determined. From the known concentration of Q-PbSe in the
NMR sample, we then derived the number of ligands per nanocrystal.

3. Results and Discussion

3.1. Ligand Identification. The Murray synthesis is based on
the formation of PbSe nanocrystals from TOPSe and Pb(OA),,
in presence of an excess of TOP and OA and under inert
conditions. This yields TOP and OA as the most likely ligands.
Their '"H NMR spectrum in toluene-ds is shown in Figure 1.
The resonances were assigned using 'H spectra, COSY, and
"H—"2C HSQC. The methyl and methylene resonances of TOP
all show up in the aliphatic region of the 'H spectrum (1—2
ppm), and there is a strong overlap with the methyl and
methylene resonances of OA. Still, OA can be distinguished
from TOP by the resonances at 5.46 and 12.03 ppm, corre-
sponding to the olefinic protons and the carboxylic proton,
respectively.

A typical '"H NMR spectrum of the Q-PbSe, suspended in
toluene-dsg, is shown in Figure 2. Several broad resonances are
observed, with chemical shifts comparable to those of OA. Apart
from these broad resonances, four other molecules displaying
sharp resonances were identified in the Q-PbSe suspension:
toluene-ds (@); some residual diphenyl ether (DPE, @); dibro-
momethane (CH,Br», 4), added as a concentration standard; and
TOPSe (*). As we could not distinguish TOP from TOPSe in
the "H NMR spectrum, the attribution of these signals (%) was
based on >'P NMR. *'P measurements on pure TOPSe and pure
TOP respectively showed a resonance at 35 and —32 ppm. The

i .
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518 )
J\
A
A

85%)

8 7 6 5 4 3 2 1
"H shift (ppm)

Figure 3. Series of diffusion-filtered spectra (offset for clarity). The gradient
strength G varies from 2% to 85% of the maximum value of 56.3 G/cm.
At high gradient strength, only the broad resonances persist. The 2.68, 2.05,
and 1.75 ppm resonances are not observable in a diffusion-filtered spectrum
due to a fast 75 relaxation.

Table 1. Ty and T, Relaxation Times of the Broad Resonances in
the "H NMR Spectrum of a Q-PbSe Suspension

shift (ppm) Ty (s) T, (ms)
5.67 1.00 44.8
2.68 0.68 a
2.33 0.68 45.0
2.05 0.69 25.0
1.75 0.66 26.9
1.45 1.04 183
1.07 1.86 337

“The 7> relaxation time of the 2.68 ppm resonance was too short to
be measured.

3P spectrum of the Q-PbSe suspension showed a single
resonance at 35 ppm, which was consequently assigned to
TOPSe.

The attribution of the broad resonances to surface-bound
ligands was firmly established using diffusion-ordered NMR
spectroscopy (DOSY). Figure 3 shows a series of diffusion
filtered spectra of a Q-PbSe suspension, measured with a
diffusion delay A = 200 ms, a gradient pulse duration 6 = 5
ms, and a gradient strength G varying from 2% to 85% of the
maximum gradient strength (56.3 G/cm). While the resonances
of toluene-ds, CH,Br,, TOPSe, and DPE disappear completely
when G reaches 30%, the broad resonances remain clearly
visible up to a gradient strength of 85%. This already indicates
that they arise from a slowly diffusing species, i.e. the ligands
attached to the PbSe nanocrystal surface. One can also see that
the broad resonances around 2.68, 2.05, and 1.75 ppm do not
show up in the diffusion-filtered spectrum, due to their short 75
relaxation times (Table 1).

When measuring the signal attenuation as a function of G at
fixed A and O, the diffusion coefficient of all resonances
observed in the 'H spectrum of the Q-PbSe suspension can be
obtained from the Stejskal—Tanner equation. For a typical
Q-PbSe suspension, five markedly different diffusion coefficients
can be distinguished (Figure 4a, Table 2). Toluene-ds, DPE,
CH;Br,, and TOPSe all have relatively fast diffusion coef-
ficients. In contrast, the broad resonances show up with a
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nanocrystals in toluene-dg versus nanocrystal core size. .. oltalinstoniton ity
Table 2. Chemical Shifts and Diffusion Coefficients (D) for Sie (nm) ? ,e (nsm) r 9
Toluene-ds, DPE, CH2Br,, TOPSe, and the Broad Resonances
1 P —10 2 cPbe
H shift (ppm) D (107'° m%/s) eSec
toluene-ds 6.9—7.1, 2.09 213 ®Fbs
DPE 6.8—7.0 15.2
CHzBrz 398 261
TOPSe 09—1.4 7.95
broad 5.67, 1.0—2.6 0.696

diffusion coefficient of only 6.96 x 10~'' m?%s. This corre-
sponds to a hydrodynamic diameter dg = 10.5 nm, which agrees
well with the size of the Q-PbSe core (7.2 nm), incremented
with the typical thickness of an organic capping layer (1—2 nm).
When performing DOSY measurements for differently sized
PbSe nanocrystals, we found a clear correlation between the
hydrodynamic diameter, calculated from the diffusion coef-
ficient, and the size of the Q-PbSe core (Figure 4b). These results
have two important implications. First, the slow diffusion
coefficient and excellent correlation between the hydrodynamic
diameter and nanocrystal core size show unambiguously that
the broad resonances come from the nanocrystal ligands. Second,
these ligands are tightly bound to the nanocrystal surface, in a
sense that they do not exchange between a bound and an
unbound state on the time scale of the DOSY measurement
(equal to A = 200 ms). This behavior would reveal itself by a
larger diffusion coefficient, corresponding to the weighted sum
of the diffusion coefficient of the free state and the bound state,
respectively.

As already mentioned, the '"H NMR spectrum of a Q-PbSe
suspension suggests that the broad resonances can be associated
with oleic acid ligands. Further proof follows from a comparison
of the '"H—"°C HSQC spectra of both OA and a Q-PbSe
suspension (Figure 5). One sees that the Q-PbSe HSQC cross
peaks indeed agree well with those of OA. The '*C chemical
shift of all resonances is comparable for both spectra, while
the 'H chemical shift is slightly shifted to lower ppm values in
the case of OA. These measurements finally confirm that the
broad resonances observed can be attributed to OA ligands.

15084 J. AM. CHEM. SOC. = VOL. 130, NO. 45, 2008

Figure 6. (a) The TOP:OA ligand ratio does not exceed 0.05 for all samples
studied. (b) The experimental Pb excess (a) is well-reproduced by a
quasispherical Pb-terminated nanocrystal model (®). It scales with the
Q-PbSe surface area, confirming that it is a surface excess. The number of
OA ligands per nanocrystal (@) corresponds well with the Pb excess. (c)
Quasispherical Q-PbSe structural model, showing the core Se (red) and Pb
(gray) atoms, surrounded by the excess Pb (black) atoms.

Similar to the DOSY measurements, the 2.68 and 2.05 ppm
resonances are unobservable in the HSQC spectrum due to their
fast relaxation. Unfortunately, this hampers the identification
of other potential ligands. As the methyl and methylene
resonances of bound OA may overlap with bound TOP, the
presence of TOP ligands cannot be excluded or confirmed from
the HSQC spectrum alone. We resolved this problem by
measuring a 'H NMR spectrum under quantitative conditions.
While the 5.46 ppm resonance (with area A,) can solely be
attributed to the olefinic protons of the OA ligands, the resonance
at 1.06 ppm (with area Aye) corresponds to the methyl protons
of OA and, possibly, TOP. Consequently, the ratio of the
respective areas will give the TOP:OA ligand ratio:

2A /Ay — 3
TOP:0A = °‘+ 3)
Figure 6a shows the TOP:OA ratio for differently sized
Q-PbSe. As it does not exceed 0.05, we can conclude that the
capping of colloidal PbSe nanocrystals, produced by the Murray
synthesis, consists almost exclusively of OA ligands.
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Figure 7. (a) Normalized absorbance spectra of syntheses performed with
an OA.:Pb ratio of 0.65 (red), 1.5 (blue), and 2.4:1 (black). Decreasing the
OA::Pb ratio leads to larger nanocrystals. (b): The Q-PbSe band gap
transition shows a blue shift of 107 nm after storage under ambient
conditions for 2 months. This shift corresponds to an effective core size
reduction of 0.5 nm, approximately equal to the loss of one monolayer.

Knowing that OA acts as the principle ligand, we hypoth-
esized that it may be essential in terminating the nanocrystal
growth during synthesis. We verified this by growing Q-PbSe
using different amounts of excess oleic acid (OA.) (with respect
to the Pb precursor). With a 4 min reaction time, and OA.:Pb
ratios of 0.65, 1.5, and 2.4:1, we observed a strong red shift of
the Q-PbSe band gap transition with decreasing OA.:Pb ratio
(figure 7a). This result shows that the particle size is very
sensitive to the OA.:Pb ratio. At high ratios, fast termination
of the growth keeps the particles small, whereas relatively slow
termination leads to large particles at low OA.:Pb ratios. Figure
7a shows that by decreasing the OA:Pb ratio to 0.65:1, 9.5 nm
Q-PbSe can be synthesized. Consequently, this approach allows
for the one-step synthesis of large (> 10 nm) Q-PbSe, avoiding
the need to add extra precursors during synthesis.”

3.2. Ligand Quantification. When adding 2 4L of CH,Br,
to a Q-PbSe suspension as a concentration standard, the number
of OA ligands in the suspension can be quantified. From the
ratio of the area under the CH;,Br; resonance at 3.98 ppm and
the area under the olefinic resonance at 5.46 ppm, the OA ligand
concentration in the NMR sample was determined. Knowing
the Q-PbSe concentration,* the number of OA ligands per
nanocrystal was calculated (figure 6b). On average, we found a
grafting density of 4.2 OA ligands per square nanometer of
Q-PbSe surface.

Recently, we reported that PbSe nanocrystals are nonsto-
ichiometric.>* Determination of the Pb:Se ratio of the nano-
crystals with ICP-MS yielded a Pb excess for all samples studied
(Q-PbSe sizes ranged from 3 to 6 nm). On the basis of these
results, we built a structural model for colloidal PbSe nano-
crystals (Figure 6¢). It represents the Q-PbSe as faceted spherical
nanocrystals, composed of a stoichiometric PbSe core and
terminated by a pure Pb surface shell. The theoretical Pb excess
(Pbe) is then defined as the difference between the number of
Pb atoms and Se atoms per nanocrystal. Figure 6b shows that
the experimental Pb excess (A) is well-reproduced by the
theoretical values (@), validating our Q-PbSe structural model.
The results of the quantitative NMR measurements complete
our picture of the composition and stoichiometry of the Q-PbSe
surface. First, the minor fraction of TOP ligands is consistent

with the absence of Se at the Q-PbSe surface. This is in line
with the results of Jasieniak and Mulvaney.”® These authors
reported that the luminescence of CdSe nanocrystals with a Cd-
rich surface is not affected by the addition of TOP, from which
they concluded that TOP does not bind to surface Cd atoms.
Second, Figure 6b shows that the number of OA ligands (),
determined by NMR, matches Pbe, determined by ICP-MS,
almost exactly. On average, we find an OA:Pb. ratio of 0.97 £
0.06. This result is quite surprising. It shows that we should
not conceive a PbSe nanocrystal as composed of Pb>", Se*",
and two OA™ ligands per excess lead atom to ensure charge
stability. Rather, we should see them as made of Pb, Se, and
one OA ligand per excess lead atom. This nonstoichiometric
Q-PbSe model clearly has interesting consequences. For in-
stance, recent experimental results have shown that Q-PbSe form
linear aggregates in suspension®’ and that PbSe nanowires can
be grown through oriented attachment of PbSe nanocrystals.?®
Both results are explained through the existence of a permanent
dipole moment. However, as our model is centrosymmetric, the
origin of the permanent dipole moment in Q-PbSe is far from
obvious, and further research will be needed to bring both results
together. From a theoretical viewpoint, the optical properties
of colloidal nanocrystals have always been calculated with
quasistoichiometric models, using appropriate ligand potentials
or pseudohydrogen atoms to passivate surface states.”**° We
now present a more realistic Q-PbSe model for both the
nanocrystal core and the ligand shell, which could improve the
comparison between theoretical calculations and experimental
results. These calculations could also reveal why Q-PbSe are
highly luminescent,’ in spite of the excess of Pb atoms at the
surface.

3.3. Oxidation of a Q-PbSe Suspension. A recent study has
shown that the Q-PbSe optical properties are highly sensitive
to oxidation.>' A blue shift of the absorbance and luminescence
peaks was observed for samples stored under ambient condi-
tions, corresponding to an effective reduction in size of about
0.3 nm. These results are confirmed by our own measurements.
We stored dilute suspensions of Q-PbSe in CCls under ambient
conditions for 2 months and observed a blue shift of the
absorption peaks for all samples studied. Figure 7b shows a
typical absorbance spectrum before and after oxidation. The blue
shift (107 nm) corresponds to a decrease in effective diameter
of about 0.5 nm, i.e., close to one atomic monolayer.

To understand the mechanism behind the oxidation process,
we used NMR to monitor the evolution of a Q-PbSe suspension,
stored under ambient conditions. The suspension was prepared
under nitrogen, loaded in an NMR tube with a tightly closed
screw cap and stored under ambient conditions. At different
time intervals after sample preparation, '"H and DOSY spectra
were measured (Figure 8).

After 1 week, additional resonances started to appear, at a
slightly lower chemical shift than the ligand resonances. DOSY
showed that these resonances have a diffusion coefficient of
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Figure 8. (a) "H NMR spectra of a fresh Q-PbSe suspension (top), an
oxidized Q-PbSe suspension (middle), and a solution of Pb(OA); in toluene-
dg (bottom). After storage under ambient conditions for 1 month, a new set
of resonances appears in the "H spectrum of a Q-PbSe suspension (middle).
By comparing this set to the resonances of pure Pb(OA), (bottom), we can
conclude that the resonances can be attributed to Pb(OA),. (b) DOSY spectra
after 1 week (left) and 1 month (right). The diffusion coefficient of the
new set of resonances gradually shifts to higher values as the oxidation
progresses, while the diffusion coefficient of the ligand resonances remains
at 7.94 x 10~"" m%/s. This gradual shift suggests a fast chemical equilibrium
between adsorbed and free Pb(OA),. Due to the low signal-to-noise ratio,
the diffusion coefficient of the olefinic protons of the Q-PbSe ligands (*) is
not included in the right DOSY plot in order to avoid a noisy representation
of data.

1.07 x 107'° m%s, which is 35% larger than the diffusion
coefficient of the Q-PbSe. Over 1 month, these resonances
gradually increase in intensity, and the associated diffusion
coefficient increases to 2.85 x 10~'® m%/s (Figure 8b). Since
Q-PbSe suspensions prepared under ambient conditions and
loaded in an NMR tube with an ordinary cap show the same
evolution in a matter of days, we conclude that these trends
reflect the oxidation of the Q-PbSe sample, albeit at a slower
pace in the case of the screw cap due to the reduced inflow of
oxygen.

In Figure 8a, we also show the 'H spectrum of pure Pb(OA),.
The major difference with the spectrum of OA (Figure 1) is
the chemical shift of the protons closest to the carboxylic head
groups, equaling 2.29 ppm instead of 2.05 ppm. In the oxidized
Q-PbSe spectrum, these protons show a resonance at a chemical
shift of 2.32 ppm, a value close to that of Pb(OA),. This suggests
that oxidation leads to the loss of ligands and Pb atoms from
the nanocrystal surface, which could explain the observed size
reduction of oxidized Q-PbSe. Quantitatively, about 30% of the
ligands are released from the nanocrystal surface after 1 month.

Looking at the DOSY spectrum in more detail, we find that
the diffusion coefficient of the Pb(OA), resonances in the
oxidized Q-PbSe suspension is smaller than that of a pure
Pb(OA);, solution in toluene-dg (5.00 x 10~'° m%/s). Moreover,
as the Pb(OA); resonances increase in intensity over time, their
diffusion coefficient also increases slowly. After 1 month, it
reaches a value that is 1.8 times smaller than the diffusion
coefficient of pure Pb(OA),. These observations point toward
a chemical equilibrium between adsorbed and free Pb(OA),,
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with an exchange rate between both states that is fast on the
DOSY time scale (>5 s~ ). In this case, the measured diffusion
coefficient Degr equals the weighted sum of the diffusion
coefficient of adsorbed (D,4s) and free (Dg) Pb(OA),,

D=1 —x)D, 4+ xDy, “)

where x is the fraction of time the exchanging ligand spends in
its free state, and D,y 1S the diffusion coefficient of the
nanocrystals. The increase in measured diffusion coefficient
shows that the generated Pb(OA), spends more time free in
suspension as the surface oxidation progresses, amounting to
46% of the time after 1 month.

4. Conclusions

Using the Murray synthesis, we produced spherical colloidal
PbSe nanocrystals of uniform size, with a diameter ranging from
3 to 7 nm. We applied a range of NMR techniques to identify
the nanocrystal ligands using solution nuclear magnetic reso-
nance spectroscopy. With a combination of DOSY, HSQC, and
quantitative '"H NMR spectra, we could unambiguously deter-
mine the composition of the organic capping layer. The PbSe
nanocrystals are passivated by OA ligands, with a small amount
(0—5%) of TOP also acting as a capping agent. DPE was not
detected at the nanocrystal surface, confirming its role as a
noncoordinating solvent during synthesis. Because OA acts as
an efficient ligand, the Q-PbSe size could be tuned by varying
the concentration of OA during synthesis. The number of OA
ligands was quantified by adding 2 uL. of dibromomethane to
the nanocrystal suspension as a concentration standard. We
found a grafting density of 4.2 OA ligands per square nanometer
of Q-PbSe surface. By combining the NMR results with the
results obtained with ICP-MS, we were able to construct a
complete structural model of the PbSe nanocrystals. The Q-PbSe
are composed of a stoichiometric PbSe core which is terminated
by a Pb surface shell. The OA ligands are strongly bound to
the surface Pb atoms, at a ratio of one OA ligand for two surface
Pb atoms (i.e., for one excess Pb atom). The Q-PbSe are easily
oxidized when exposed to air, resulting in an effective core size
reduction of about one atomic monolayer (0.5 nm). Due to the
oxidation, part of the surface Pb atoms are released from the
nanocrystal surface together with the OA ligands, most probably
forming Pb(OA); in solution. We found that this does not result
in a permanent loss of ligands; the new species is rather in an
equilibrium state between free and adsorbed Pb(OA),.

The ICP-MS and NMR measurements are performed, in this
case, on colloidal PbSe nanocrystals. The methods and tech-
niques presented here are however extendable to a diverse range
of colloidal nanocrystals, especially shape-controlled particles,
which are typically synthesized using a mixture of different
ligands.'® In this respect, through the direct observation of the
organic ligands with (diffusion) NMR, we believe that new
insights can be obtained on the intimate interactions between
the nanocrystal core and organic ligand shell during and after
synthesis.
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