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olloidal lead chalcogenide quantum
C dots (Qdots) are an increasingly im-

portant class of nanosized materials.
High-quality PbS,"? PbSe,? and PbTe* can all
be synthesized by wet chemistry techniques,
which produce suspensions of monodisperse
Qdots (relative size dispersion o4 < 10%). This
enables low-cost wet processing of the Qdots,
and consequently, a variety of devices are
currently pursued. PbTe Qdots, for instance,
offer prospects for enhanced thermoelect-
ric properties, and substantial progress has
been made toward the fabrication of highly
conductive n- and p-type thin films.>® Photo-
nic applications involving lead chalcogenide
Qdots are mostly based on PbS and PbSe:
Qdot-based electroluminescent devices,”®
lasers,” solar cells,'®'" and photodetectors'* '3
have all been demonstrated. In these fields, it is
not yet clear whether PbS or PbSe Qdots are
the more suitable. For instance, photodetec-
tors are often PbS-based.'>'? In contrast, early
solar cell applications primarily used PbSe
Qdots;'® only recently Tang et al.'* demon-
strated that PbS Qdots offer an enhanced
stability under ambient conditions, and Ma
et al."® showed that solar cells consisting of
PbS,Se;_ alloyed Qdots take advantage of
both an improved open circuit voltage and
short circuit photocurrent.

From an optical perspective, both the
absorption and luminescence properties make
the materials equally attractive for photonic
devices. They show a similar molar extinc-
tion coefficient at the band gap,'®"” and both
materials have a high photoluminescence
quantum yield (PL QY). Values for small PbSe
Qdots vary between 12 and 85%,'872° while
for PbS Qdots, a PL QY between 20 and 82%
has been reported."*?'~?* PbSe Qdots have,
however, practical disadvantages: several
studies have already reported on their poor
stability in air.>*~2® This is a serious drawback if
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ABSTRACT PbS Qdots are synthesized using PbCl, and elemental sulfur as precursors. The
available size range is significantly expanded using tri-n-octylphosphine (TOP), enabling the
synthesis of monodisperse suspensions of Qdots with a mean size varying between 3 and 10 nm. The
ligand composition and dynamics are investigated with nuclear magnetic resonance (NMR)
spectroscopy. We show that the Qdots are passivated solely by highly dynamic OlAm ligands, even
when TOP is employed during synthesis. In this respect, TOP is a compound strongly modifying the
Qdot synthesis, without affecting the final Qdot surface chemistry. Next, the OlAm ligands are
exchanged for oleic acid (0lAc). NMR data show that the OlAc ligands are tightly bound to the Qdot
surface, with a coverage of 3.0 & 0.4 nm 2. In addition, we demonstrate that they are bound as
oleate ions. Combining this with the inorganic Qdot composition, we observe that charge-neutral
Qdots are obtained when taking into account the charge of the stoichiometric PbS Qdot core, the
surface excess of Pb ions, the surface-adsorbed Cl ions and the oleate ligands. The Qdot suspensions
are stable under atmospheric conditions, showing no changes in the NMR and absorbance spectra for
several weeks. Finally, we determine the photoluminescence quantum yield (PL QY) for OlAc-capped
PbS Qdots, synthesized either with or without TOP. In both cases, they are highly luminescent, with
PL QY values varying between 20 and 90%, depending on the Qdot size.

KEYWORDS: semiconductor nanocrystals - lead chalcogenide - nuclear magnetic
resonance spectroscopy - luminescence spectroscopy

one wishes to operate PbSe-based devices
under ambient atmosphere. In this respect,
PbS Qdots may offer a suitable alternative to
PbSe Qdots, and hence, a synthesis which pro-
duces a large size range of bright and stable
PbS Qdots is higly desirable.

For PbS Qdots, currently two organic syn-
thesis routes exist. The first route is based on
lead oleate reacting with bis(trimethylsilyl)-
sulfide in octadecene (referred to as the
Hines synthesis from here on)." It offers
monodisperse Qdots over a wide size range
(26—7.2 nm, corresponding to an absorp-
tion peak of 825—1750 nm), and the Qdots
are bright,"?'~?3 yet not entirely air-stable
for all sizes.?” The second route employs lead
chloride (PbCl,) and elemental sulfur (S) in
oleylamine (OIAm) as precursors and OlAm
as the solvent (Cademartiri synthesis).? The
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Figure 1. Series of absorbance spectra for PbS Qdots
synthesized at 120 °C, without (a) and with (b) TOP added to
the synthesis. Aliquots taken at 20 s (blue), 100 s (green),
450 s (yellow), 33 min (red), and 90 min (black) are shown. (c)
Relative size dispersion gy of the aliquots for the TOP-less
(O) and TOP-containing (®) synthesis.

TABLE 1. Syntheses Carried out at 120 °C, Using the
Concentrations Indicated (in mol/L)

no. Ph(l, OlAm-S TOPS
S1 0.4 0.1 0
S2 0.4 0.05 0.05
S3 0.4 0.05 0

available size range is substantially smaller (4.2—
6.4 nm, corresponding to an absorption peak of
1200—1600 nm), yet the Qdots also have a high PL
QY,? and thin films of these Qdots show good optical
stability.”®

In this paper, we further tune the Cademartiri synthe-
sis to produce a wide size range of PbS Qdots with a high
PL QY. To achieve size-tunability, tri-n-octylphosphine
(TOP) is added. A pivotal element presented here is the
characterization of the organic ligands using nuclear
magnetic resonance (NMR) spectroscopy. Both the
composition and adsorption/desorption dynamics of
the ligand shell are studied, which reveal a peculiar
role for TOP during synthesis. Next, the NMR results on
the as-synthesized Qdots are used to rationalize a
subsequent exchange to oleic acid (OlAc) ligands.
The resulting Qdots have a PL QY of 20—90%, depend-
ing on size. In addition, PbS Qdots produced by our
modified Cademartiri synthesis are air-stable over the
entire size range studied, in contrast with larger PbS
Qdots obtained by the Hines synthesis.?’

RESULTS AND DISCUSSION

PbS Qdot Synthesis. Figure 1a shows absorbance
spectra for a typical Cademartiri synthesis (Table 1,
reaction S1). Previously published conclusions® are
confirmed by our results: a strong nucleation event is
followed by a limited Qdot growth, leading to mono-
disperse Qdot suspensions with a mean size rang-
ing from 4.7 nm (after 20 s) to 5.5 nm (after 12 min,
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Figure 2. Spectral position of the Qdot first absorption peak
as a function of time (log-scale) and temperature for
syntheses with () and without (O) TOP.

spectrum not shown). Hereafter, g4 starts to increase
strongly (Figure 1c, O). To gain more insight into the
reaction kinetics, we monitored the synthesis yield (i.e.,
the fraction of S incorporated into the Qdots). Figure 2
(green O) shows that the yield is constant throughout
the synthesis, averaging 54% over the different ali-
quots taken. This remarkable result implies that, even
after 20 s, the Qdots no longer grow by the incorpora-
tion of additional monomers (the reaction scheme
most often encountered in colloidal quantum dot
synthesis).?>3° At this stage, the synthesis must then
be based on a ripening mechanism, either involving
the growth of bigger particles at the expense of smaller
ones (Ostwald ripening) or involving a coalescence of
Qdots.*

As a result, the Cademartiri synthesis only offers a
limited range for which monodisperse Qdot suspen-
sions can be obtained, and varying the temperature
(Figure 2a, O) between 80 and 160 °C does not sub-
stantially increase it. To overcome this drawback, we
introduce TOPS as a low-reactivity S precursor. The
rationale is that a precursor with a low but nonzero
reactivity could lead to prolonged Qdot growth after
the nucleation of PbS from PbCl, and OIAm-S. Hence,
larger Qdots should be obtainable without a strong
increase in size dispersion, similar to a secondary
injection of precursors.? Figure 1b shows absorbance
spectra of a series of aliquots for PbS Qdots synthesized
at 120 °C, with 170 uL of TOP added to the synthesis
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(Table 1, reaction S2, TOPS/OIAm-S ratio of 1:1). As
anticipated, the transformation of 50% of OIAm-S to
TOPS appears to extend the Qdot growth. For compar-
ison, after 20 s, we obtain 3.3 nm Qdots, which grow up
to 5.1 nm after 12 min and finally 7.3 nm after 2.5 h.
The synthesis yield drops to 23% (Figure 2b, green ¢),
again being constant as a function of time. At both
higher and lower temperatures, a similar result is
obtained (Figure 2b, ¢). Although the reduced yield
confirms that the addition of TOPS leads to fewer
nuclei being formed (i.e., TOPS is not included during
nucleation), its time independence again hints toward
a more complex reaction mechanism based on ripen-
ing. Possibly, the major role of TOPS is merely to
facilitate this ripening, as the enhanced growth rate
and constant yield suggests. Note that monodispersity
is maintained in reaction S2 (Figure 1c, @). For Qdots
larger than ca. 6 nm, this leads to an improved oy
compared to the TOP-less synthesis (a similar behavior
is observed at other temperatures). Although uncom-
mon for ripening-based reactions, this has already
been observed in literature, both in the case of Ostwald
ripening®** and Qdot coalescence.®’ Hence, ripening
does not necessarily lead to an increase in gy.

The heterogeneous synthesis described here is
presently not yet fully understood. In addition, similar
to the case of PbSe Qdots synthesized from lead oleate
and TOPSe, impurities in TOP may influence the
results.3* However, despite the need for further experi-
mental data and theoretical modeling of this reaction,
the observation that TOPS is not a mere stable, un-
reactive compound present during synthesis is clearly
verified by a control experiment. When simply reduc-
ing the OlAm-S concentration by 50%, without addi-
tion of TOPS (Table 1, reaction S3), we do not observe
any changes in the Qdot growth kinetics compared to
reaction S1, apart from a slight increase of the yield to
63% (Figure 2, ®@).

Using growth temperatures from 80 to 160 °C,
replacement of 50% of OIAm-S by TOPS consistently
leads to a wider range of sizes accessible (Figure 2a, 9).
As a result, Qdots between 3 and 10 nm can now be
synthesized via a one-step procedure, spanning a range of
band gaps going from 134 eV (925 nm) down to
0.59 eV (2100 nm). In Figure 3, we display the optimal
results. Full lines represent Qdots synthesized using TOP;
the larger sizes typically have a better o4 when prepared
with TOP, while Qdots with a peak absorption below 1200
nm cannot be obtained without it. For Qdots with a
exciton peak between 1200 and 1600 nm, the original
Cademartiri synthesis still provides the best results (dotted
lines). Note that in some cases we also observe large
clusters in our suspension (Figure 3b). When this occurs,
we simply remove these by size-selective precipitation,
adding a small amount of ethanol (EtOH) to a suspension
of PbS Qdots until precipitation starts. Figure 3c indeed
shows that they can be efficiently removed.
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Figure 3. (a) Typical absorbance spectra of PbS Qdot sus-
pensions. Full lines are Qdots synthesized with TOP, dotted
lines without TOP. (b,c) TEM images of a typical PbS Qdot
suspension before (b) and after (c) size-selective
precipitation.

Ligand ldentification. Particle stability in suspension
and optical properties such as the Qdot luminescence
heavily depend on the ligands attached to the
surface. In this respect, it is important to understand
the Qdot ligand composition and dynamics in
order to optimize these properties. Given the strong
influence of TOP on the Qdot synthesis, we focus
on both OIAm and TOP as possible ligands. Impor-
tantly, amines are known to bind relatively weakly
to the Qdot surface, resulting in highly dynamic
ligands.>* 39 Indeed, as-synthesized PbS Qdots can
only be precipitated and resuspended once, which
already indicates a facile loss of ligands during
particle processing.

We use solution NMR for the investigation of the
Qdot ligands. It provides powerful techniques for a direct
in situ view.2***~*" We first investigate PbS Qdots pre-
pared without TOP. Figure 4a shows a typical proton ('H)
NMR spectrum of such Qdots (5.7 nm), suspended in
deuterated toluene (tol-dg, bottom). The spectrum com-
pares well with a spectrum of OlIAm dissolved in tol-dg
(top), and the proton—carbon heteronuclear single quan-
tum correlation ("H—"2C HSQQC) spectrum confirms that
the PbS Qdot resonances indeed arise from OIAm
(Figure 4b). However, in contrast with previous results
on TOPO-capped InP*® and OlAc-capped PbSe Qdots,* all
except the resonance at 2.53 ppm show only a moderate

VOL.5 = NO.3 = 2004-2012 = 2011 ASJ\M%N@

www.acsnano.org

2006



55 2.5 ] 2.0 1.5 1.0
H Shift (ppm)
(b) 15; P
—20F o
E -
S 251
= o - -
= 30F L
7 - S
L 35
40
(=]
45.......I....I....I.
2.5 ; 2.0 1.5 1.0
© H Shift (ppm)
@ 06F
“c 0.8EF
o= 10E
S 12F 7
Q 14 e
2.5 2.0 1.5 1.0
'H Shift (ppm)

Figure 4. (a) TH NMR spectra of OlAm (top) and a PbS Qdot
suspension (bottom) dissolved in tol-ds. (b) HSQC spectra of
OIAm (red) and a PbS Qdot suspension (blue). Except for the
resonances at 2.53 and 1.42 ppm (boxes), we observe no
significant downfield shift. (c) We observe a single diffusion
coefficient in the DOSY spectrum of PbS Qdots (blue), 20%
smaller than the value for free OlAm (red).

broadening compared to the free OlAm resonances, and
while we observe a downfield shift for the 2.53 and 1.42
ppm resonances (corresponding to the protons closest to
the NH, headgroup), the other resonances do not reveal a
significant shift. In addition, the PbS Qdot diffusion
ordered spectroscopy (DOSY) data (measured with a
gradient pulse duration 6 = 3 ms and diffusion delay
A =125 ms, Figure 4c, blue) show a single value for the
OlAm diffusion coefficient (D = 89 x 107 '° m%s), only
reduced by 20% with respect to free OlAm (D = 11.1 x
107 '° m?/s, red).

Consequently, the '"H NMR and DOSY do not un-
ambiguously show that OIAm is bound to the Qdot
surface. To confirm that OIAm indeed acts as a ligand,
nuclear Overhauser effect spectroscopy (NOESY) is
performed. Figure 5 shows NOESY spectra for free
OIAm and a PbS Qdot suspension, measured with a
mixing time of 600 ms (free OlAm) and 100 ms (PbS
Qdots), respectively. Free OIAm is a small molecule
with an expected rotational correlation time smaller
than the reciprocal of the spectrometer frequency (500
MHz). Hence, cross-peaks indicative of positive NOEs
are observed (Figure 5a).*? In contrast, the NOESY
spectrum of the PbS Qdot suspension shows cross-
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Figure 5. NOESY spectra of OlAm (a) and a PbS Qdot
suspension (b) in tol-dg. Cross-peaks indicating positive,
respectively, negative NOEs have opposite (blue),
respectively, the same (red) sign as the diagonal peaks
(red). Positive NOE cross-peaks appear for free OlAm,
while the dynamic OlAm ligands show negative NOE
cross-peaks (red).
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Figure 6. Quantitative '"H NMR spectrum of PbS Qdots
prepared with TOP. We fit the areas of the alkene (4) and
methyl (5) protons by a sum of Lorentzian peaks, super-
imposed on a background in the case of the methyl protons
(dashed line) to accommodate for the contribution of the
neighboring CH, resonance.

peaks associated with negative NOEs (Figure 5b).
These arise from a reduced rotational correlation
time,*? which we attribute to the interaction of OlAm
with the large and slowly tumbling Qdots. Hence, the
combined 'H NMR, DOSY, and NOESY measurements
lead to the conclusion that OlAm is a ligand in fast
exchange between a free and a bound state. The
exchange rate limit R is estimated from the chemical
shift difference® of the a-CH, group (marked by 1 in
Figure 4), which yields

R> ﬂVTms((Sb — éf) = 200 571 (1)

Jd¢ and Jy, equal the chemical shift of the free and
bound OIAm, respectively; vyys is the frequency of
the reference compound tetramethylsilane, equal to
500.13 MHz.

For PbS Qdots synthesized in the presence of TOP,
we again observe the OIAm resonances in the "H NMR
spectrum. Details of a typical spectrum of such Qdots
(5.7 nm) are shown in Figure 6. To calculate the amount
of TOP, we use quantitative "H NMR. We determine the
composition of the ligand shell as follows: both TOP
and OIAm can contribute to the methyl resonance,
while only OIAm will contribute to the alkene reso-
nance. Hence, taking the corresponding number of
protons into account, the methyl—alkene area ratio
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Figure 7. (a) "H NMR spectrum of OlAc-capped PbS Qdots
(7.1 nm) shows only broad resonances. (b) DOSY of a similar
suspension (5.5 nm). The small diffusion coefficient con-
firms that the OlAc ligands are tightly bound to the Qdot
surface. The weak signal of the tol-dg diffusion coefficient is
not shown to avoid a noisy figure but is represented by the
dotted line.

TABLE 2. PbS Qdot Size d, Number of OlAc Ligands per
Qdot Ngjac and OlAc Ligand Density p

d (nm) Notac o (m™?)
5.2 220 26
55 284 3.0
7.1 554 35

Ameth/Aaik Yields the TOP/OIAm ratio.

2 X Ameth/Aaik — 3

TOP/OlAmM = 5

(2)

Interestingly, we obtain a ratio of only 0.02:1, that is,
within experimental error, TOP is not present. We can
explain this apparent contradiction between synthesis
and NMR data by considering the PbS Qdot surface
composition. A recent determination of the elemental
composition of the PbS inorganic core>'” showed
that the PbS Qdots contain an excess of Pb atoms.'”
In accordance with the nonstoichiometric structural
model proposed for PbSe Qdots,'® the Pb excess is
likely located at the Qdot surface. A Pb-rich surface
strongly reduces the number of exposed S atoms and
thus limits the number of binding sites for TOP.
Capping Exchange to OlAc. Due to the highly dynamic
nature of the OlAm ligands and the absence of TOP, the
capping can easily be exchanged for OIAc ligands.
Figure 7a shows the 'H NMR spectrum of a typical
OlAc-capped PbS Qdot suspension (7.1 nm). Next to
the CH,Br, resonance at 3.94 ppm, residual toluene at
2.09 ppm, and an unidentified singlet impurity at 2.12
ppm, we only observe broad resonances, with a che-
mical shift comparable to free OlAc. No sharp reso-
nances arising from free OlAc are discerned. Quantita-
tive "H NMR measurements on three samples yield an
average OlAc coverage of 3.0 & 0.4 ligands per nm? of
Qdot surface (Table 2), slightly less than the 4.2 ligands
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Figure 8. (a) "H NMR spectrum before (bottom) and after
(top) addition of OlAc-d;. A new set of resonances is present
after addition. (b) A small amount of —OH protons is present
at 10.57 ppm (spectra 5-fold enhanced). They correspond to
the residual protons in the OlAc-d, added. The alkene
protons are shown for comparison.

per nm? observed for PbSe Qdots.>* The 5.2 nm sample
is synthesized without TOP, the other two with TOP. For
these samples, quantitative 'H NMR yields an average
TOP/OIlAc ratio of 0.6%, which confirms the absence of
TOP on the PbS Qdot surface. The DOSY spectrum
(Figure 7b, measured with 6 =5 ms and A = 250 ms)
shows that the OlAc ligand diffusion coefficient equals
9.3 x 107" m%/s. The Stokes—Einstein relation yields a
hydrodynamic diameter dy = 8.0 nm, agreeing well
with the PbS Qdot core size of 5.5 nm, incremented
with the thickness of the OlAc capping layer (1.25 nm,
similar to typical values obtained for OlAc-capped PbSe
Qdots?).

The small diffusion coefficient and broadness of the
resonances both demonstrate that the OlAc is tightly
bound to the Qdots. However, these data do not reveal
the nature of the bond. Two possibilities exist: either a
neutral OlAc is adsorbed, yet the adsorption/desorption
equilibrium is very close to the adsorbed state (hence no
free OlAc is present), or an oleate ion is adsorbed, in which
case the ligands cannot be released from the surface
without acquiring a proton. To resolve which case
applies, we add a 3-fold excess of OlAc with a deuterated
carboxylic acid group (OlAc-d,) to the suspension. The 'H
NMR spectrum after OlAc-d; addition shows a new set of
resonances (Figure 8), attributable to OlAc ligands in a
dynamic equilibrium between a free and a bound state.
Due to this equilibrium, the new alkene resonance at 5.48
ppm consists of 25% of original OlAc ligands and 75% of
the OlAc-d;, added. However, at 10.57 ppm, we do not
observe a corresponding increase of the —OH proton
resonance. We observe a ratio of this resonance to the
new alkene resonance of 0.11:1. The ratio calculated for
neutral OlAc ligands equals (0.25-0.5 + 0.75-0.13):1 =
0.22:1 (the 0.13:1 ratio is due to the 73% vyield of the
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Figure 9. Qdot charge Q, expressed as number of electrons,
calculated including the layer of surface Cl ions and the OlAc
ligands (O). A charge-neutral Qdot is not obtained when
neglecting the charge of the Clions (¢) and the OlAc ligands (A).

OlAc-d, prepared; see Methods). More importantly, the
experimental value agrees well with the ratio expected for
an oleate ligand, which we calculate as (0.75-0.13):1 =
0.10:1. In conclusion, the area under the —OH proton
resonance is too small to be arising from neutral OlAc
molecules being released from the Qdot surface, which
implies that an exchange of an —OD deuterium must take
place upon the release of the ligands. This will only occur
when they are bound as oleate ligands.

The NMR data now complete our knowledge on the
composition of these ligand-exchanged PbS Qdots.
With Rutherford backscattering spectroscopy (RBS),
we already demonstrated that they consist of a stoi-
chiometric PbS core, surrounded by a surface layer of
excess Pb and Cl."” Attached to this surface, we now
have the oleate ligands, at a density of 3.0 nm~2 This
model is supported by a calculation of the Qdot charge
balance Q (expressed as a number of electrons). Start-
ing from the RBS data for the five PbS Qdot samples
studied recently'” and taking the charge of all consti-
tuents into account: Pb®™, 5>, CI'~ and OlACc' ~, we can
write it as (N equals the number of atoms or ligands per
Qdot, respectively)

Q = 2Npp = 2Ns — N — Noiac (3)

Figure 9 shows that a charge-neutral Qdot is obtained
only when, next to the charges of the Pb and S, the
charge of the OlAc ligands and Cl ions are both taken
into account (O). When either CI'~ (¢) or both CI' ™ and
OIAC'™ (A) are neglected, the Qdot charge rapidly
deviates from zero with increasing Qdot size. Hence,
we conclude that the positive charge of the lead-rich
PbS cores is balanced by counter-charges provided by
the surface layer of CI' ™ ions and oleate ions.

PbS Qdot Stability and Luminescence Properties. Interest-
ingly, for the Cademartiri synthesis, only the original
work of Cademartiri et al.? reports on the PL QY of these
Qdots; they found a value of ca. 40%. Literature data
mostly concern OlAc-capped PbS Qdots synthesized
via the Hines synthesis. In this case, small Qdots (peak
absorption of 1100—1300 nm) typically show a PL QY
between 20" and 60—80%.%"*? For larger Qdots (peak
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Figure 10. (a,b) Luminescence spectra of OlAm (dashed
curve) and OIAc (full curve) capped PbS Qdots. After cap-
ping exchange to OlAc, we observe an enhancement in PL
QY for both PbS Qdots synthesized with (a) and without (b)
TOP, respectively. (c) PL QY for several OlAc-capped PbS
Qdots, synthesized either with (®) or without (O) TOP.

absorption of 1300—1600 nm), the PL QY goes down to
25—40%.%? This is in line with the reduced PL QY
observed for large PbSe Qdots.** A more in depth study
has recently been performed by Semonin et al.,>> where
they measured the PL QY for a series of PbSe and PbS
Qdot sizes with an integrating sphere. They confirmed
the decrease of the PL QY with increasing size and
attribute it to a quenching by localized trap states. The
resulting monotonic decrease is further modulated by
quenching through energy transfer to the ligands'
vibrational modes (Forster resonance energy transfer),
which yields dips in the PL QY spectrum at wavelengths
where the OlAc ligands show a strong absorption.

Here we demonstrate that PbS Qdots prepared with
the Cademartiri synthesis also exhibit a high PL QY.
First, we investigate the role of the ligands. By measur-
ing the PL spectrum before and after OlAc exchange
(Figure 10a,b), we observe that the tightly bound OIAc
ligands provide an improved electronic passivation
with respect to the highly dynamic OlIAm, irrespective
of the synthesis employed (either with our without
TOP). We typically obtain a 2-fold enhancement of the
PL (10 samples measured, 5 synthesized with TOP and
5 without TOP). That TOP does not influence this result
is in line with the structural model proposed in the
previous section, where it does not play a role in the
final PbS Qdot surface composition. Second, the abso-
lute PL QY is determined for a series of OlAc-capped
PbS Qdots (3—6 nm, Figure 10c), synthesized both with
(®) and without (O) TOP. Again, no appreciable differ-
ence is observed between both types. Fitting a line to
all data except the outermost two points (gray) shows
that, although individual measurements are more
scattered than in the report of Semonin et al.,?* the
PL QY decreases with size in this range. However, all
samples show a high PL QY, varying between 20% for
the larger Qdots and 90% for the smaller ones.
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Figure 11. (a) "H NMR spectra of a fresh PbS Qdot suspen-
sion (bottom) and after 4 months (top). (b) Absorbance
spectra of a fresh suspension (bottom) and after 6 weeks
(top). In both cases, no changes are observed. Spectra are
offset for clarity.

Apart from a high luminescence yield, optical sta-
bility is also a desirable property if one wishes to apply
these Qdots in photonic devices. Using both NMR and
absorbance spectroscopy, we demonstrate that OlAc-
capped PbS Qdots are stable under ambient condi-
tions. Figure 11a compares the "H NMR spectrum (5.6
nm Qdots) of a freshly prepared PbS Qdot suspension
with the spectrum after 4 months. The absence of any
significant changes indicates that the ligands are un-
perturbed during storage. The stability of the ligand
shell suggests that the surface does not oxidize. This in
turn results in stable optical properties. Figure 11b
shows that the absorbance spectrum of 6.2 nm Qdots
is unmodified during storage for 6 weeks. We obtained
similar results for smaller Qdots with luminescence

METHODS

Materials. OIAc (90%) was purchased from Sigma-Aldrich
and OIAm (C18-content 80—90%) from Acros Organics. TOP
(97%) was purchased from STREM Chemicals. Sulfur (99.999%)
and PbCl, (99.999%) were purchased from Alfa-Aesar. Toluene
(99.8%) and EtOH (99.9%, denaturated with 2% methyl ethyl
ketone) were purchased from Fiers. Toluene-dg (99.96%
deuterated) and cyclohexane-d;, (99.7% deuterated) were
purchased from CortecNet.

PbS Qdot Synthesis. The PbS Qdot synthesis is based on the
procedure of Cademartiri et al? A stock solution of 0.16 g
(5 mmol) of S dissolved in 15 mL of OlAm is prepared by heating
the mixture under nitrogen for 30 min at 120 °C. For the
synthesis, we typically mix 0.834 g (3 mmol) of PbCl, and 7.5
mL of OlAm in a three-neck flask. This is degassed for 30 min
under nitrogen at 125 °C. Hereafter, we heat up or cool down
the PbCl; solution to the required injection temperature, and
we inject 2.25 mL of the OIAm-S stock solution (0.75 mmol of S).
The temperature drops approximately 5—10 °C, and the result-
ing growth temperature is maintained throughout the reaction.

MOREELS ET AL.

spectroscopy.* These data strongly contrast with PbSe
Qdots.?*2® Here we observed both a release of OlAc
ligands and a subsequent blue shift of the first exciton
peak,?* indicative of a fast oxidation. Interestingly, the
results also differ from PbS Qdots prepared via the Hines
synthesis, where small Qdots are stable, but larger Qdots
exhibit a blue shift of the absorbance peak.?” We hy-
pothesize that the layer of Cl ions,>'” which constitutes
the main difference between both types PbS Qdots, leads
to an enhanced stability of the Qdot surface. This has also
been suggested by Cademartiri et al., who observed that
PbS Qdot thin films maintain their luminescence even
after a plasma treatment.?® These results emphasize that
the synthesis method still can play an important role in
the final properties of Qdots with essentially the same
PbS core composition.

CONCLUSIONS

By adaptation of the PbS Qdot synthesis described
by Cademartiri et al.,? more specifically by employing
TOP during the synthesis, a strongly enlarged range of
Qdot sizes can be synthesized. Monodisperse suspen-
sions with an average size between 3 and 10 nm can now
be prepared via a one-step synthesis. NMR measurements
show that the Qdots are capped solely by OIAm ligands,
which exhibit a fast dynamical exchange behavior. A
lower limit on the exchange rate of 200 s~ is determined
from the chemical shift difference between the protons of
the a-CH, group of free and bound OlAm. As a result of
this fast adsorption/desorption, OlAm-capped PbS Qdots
may show a poor electronic passivation. However, the fast
ligand dynamics enables a facile exchange to OlAc. The
OlAc ligands are tightly bound to the Qdot surface as
oleate ions, hereby strongly enhancing the luminescence
yield to values of up to 90%. The PbS Qdots are air-stable
in suspension, offering prospects for operation of PbS
Qdot-based photonic devices under ambient conditions.

After the desired growth time, the reaction is quenched by
adding 10 mL of toluene and 15 mL of EtOH. After centrifuga-
tion of the suspension and decantation of the supernatant,
the Qdots are resuspended in 10 mL of toluene. For the
samples studied here, the growth temperature is varied
between 80 and 160 °C, although we have observed that
the reaction proceeds even at room temperature. To monitor
the Qdot growth, aliquots are taken at times ranging from
20 sup to 2.5 h.

To investigate the effect of TOP on the synthesis, we repeat
all syntheses with 170 uL (375 umol, half of the amount of S) of
TOP added to the 2.25 mL of OIAm-S. TOP is added at room
temperature, and after stirring, the solution has a lighter color.
As TOPS is colorless, while OIAm-S is dark red, this is taken as
evidence that half of the OIAm-S is converted to TOPS.

Qdot Characterization. In a previous report, we have shown
with transmission electron microscopy (TEM) that the PbS
Qdots are spherical and of uniform size.'” Relating the TEM
diameter to the Qdot band gap E, (eV), measured with absor-
bance spectroscopy, we have constructed a sizing curve, which
enables to determine the size d (nm) directly from the spectral
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position of the first absorption peak.

1
Fp=0414+— 4
0 *0.0252d% 1 0.283d “
In addition, the Qdot molar extinction coefficient € was deter-
mined. Its value at 400 nm &,4¢0 is used to calculate the Qdot
concentration ¢, directly from the absorbance at 400 nm Ao
using Beer's law: A = .co.L (L is the sample length).

£400 = 0.0234d> cm ™" /uM (5)

Samples for absorbance spectroscopy are prepared by drying a
known amount of Qdots and suspending them in tetrachloro-
ethylene (C,Cly).

To determine the synthesis yield, aliquots are weighed
(mass, M,iig) in order to calculate the amount taken from the
synthesis (total mass of the synthesis, M,). After workup, the
Qdots are suspended in a known volume V,,s and ¢y is
determined. Taking the PbS lattice constant a and Pb/S ratio R
of the Qdots into account'” (R = 1.26), the number of S atoms
per Qdot is known and the synthesis yield Ys, related to the
amount of sulfur Ns injected, can be calculated.

3
YS = Mtot Vabs A400 4_n<g> 1_l (6)
Maiiq eq00L 3 \a) 1+RNs

Ligand Exchange. After synthesis, we observed that the Qdots
cannot be precipitated and resuspended more than once. A
turbid suspension results, clearly indicating a loss of ligands and
subsequent PbS Qdot clustering. The OIAm ligands can how-
ever easily be replaced. An exchange to OIAc is typically
performed by adding OIAc to a toluene suspension of PbS
Qdots in a ratio of 1.5:10 OlAc/toluene. After precipitation with
EtOH and centrifugation, the Qdots are resuspended in toluene
and the exchange is repeated. Finally, the Qdots are precipi-
tated one more time with EtOH to remove any excess OIAc.
After capping exchange, the Qdots can be precipitated several
times, suggesting a successful exchange of the capping to OlAc.

Ligand Characterization. The ligands are investigated with
solution NMR. Samples are prepared by drying a known amount
of PbS Qdots in toluene under a strong nitrogen flow, followed
by resuspension in 750 uL of tol-dg. Al NMR measurements are
performed at 295 K. The ligand composition and dynamics are
established by means of 'H spectra, "H—"3C HSQC spectrosco-
py, NOESY, and DOSY measurements, performed with a Bruker
DRX 500 equipped with a TXI Z-gradient probe, and operating at
"H and "3C frequencies of 500.13 and 125.76 MHz, respectively.
For an adequate sampling of the slowest diffusing species, o
and A are optimized for each DOSY. The signal decay as a
function of gradient strength G is fitted with the Stejskal—
Tanner equation,“6 which yields the diffusion coefficient
D. When plotting D as a function of the "H chemical shift, we
obtain a 2D DOSY spectrum. For a more in depth discussion on
the use of DOSY on colloidal Qdot suspensions, we refer to our
previous work.2*

We determine the ligand grafting density by adding a
known amount of dibromomethane (CH,Br,, 1—2 ul) as a
concentration standard to the NMR samples and measuring
the "H NMR spectra under conditions of full T; relaxation
(relaxation delay, d; = 45 s). By comparing the area under the
ligand resonances to the area under the CH,Br, resonance, the
concentration of ligands is determined. From the known con-
centration of PbS Qdots in the NMR sample, we then derive the
number of ligands per Qdot.

OlAc-d; is prepared following a previously published
procedure,*” resulting in a 0.66 M solution of OlAc-d; in
cyclohexane-d;>. Quantitative '"H NMR shows that the ratio of
—OH protons to alkene protons equals 0.13:1, that is, 73% of the
OlAc is converted into OlAc-d;. This is sufficient for the current
investigation. Next, 30 uL of this solution is added to a PbS Qdot
suspension (PbS concentration of 77 uM) to further investigate
the nature of the ligand—Qdot bond.

Luminescence Measurements. The steady-state photolumines-
cence is measured using an Edinburgh Instruments FS920 PL
setup. Samples are prepared by drying a known amount of PbS
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Qdots, followed by resuspension in 4 mL of C,Cl,. The absor-
bance at the band gap is kept below 0.05 cm™' to avoid
reabsorption of the emitted light. The samples are excited at
400 nm using a 500 W xenon lamp, coupled to a monochro-
mator. The emitted light is detected using a liquid N, cooled Ge
detector, coupled to a monochromator. The Ge detector limits
the wavelength range to ca. 1700 nm, and as such, we are only
able to determine the PL spectrum of Qdots up to 6 nm. The
emission slits are set to a wavelength resolution of 3 nm. The
stability of the excitation lamp and setup is checked by measur-
ing the same sample at the beginning and at the end of the
measurements. The difference between both spectra is less
than 1%. The emitted photon flux F; at a given wavelength
A (nm) is corrected for detector and grating efficiency and
converted to an flux Fey on an energy scale (eV):

2
Fies—es
1239.85

The resulting F.y spectra are fitted using a sum of two Gaussian
curves. The total emitted photon flux ®qqor equals the area
under these curves.

For one Qdot sample (the reference), we determine the PL
QY (QY,.p directly using a calibrated integrating sphere.*® For
the other samples, the PL QY (QY ampie) is calculated relative to
this reference sample, taking their respective sample transmit-
tance T into account:

Fey = (7)

(I)Qdot,sample 1= Tref

(8)
q)Qdot.ref 11— Tsample

QYsampIe = QVYef
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