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ABSTRACT: Uniform close packing in colloidal quantum dot solids is critical
for high-optical density, high-mobility optoelectronic devices. A hybrid-ligand ()

strategy is developed, combining the advantages of solid state and solution- Q“Q\)
phase ligand exchanges. This strategy uses a medium length thioamide ligand ““O\) A
that is readily cleaved in a single chemical treatment, leading to quantum dot O S l

solids with uniformly packed domains 3 times larger than those observed in \)eee %) J

ligand-exchanged films.
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B INTRODUCTION

Colloidal quantum dot (CQD) solid films have been used to
fabricate a range of optoelectronic devices, including photo-
voltaics,' > photodetectors," ® and light-emitting diodes.”*
Quantum dots are an attractive material for such applications:
they are solution-processed, reducing the utilization of materials
and the complexity and cost of fabrication,”'? and additionally,
nanometer-scale quantum dots benefit from the quantum con-
finement effect, which allows tailoring of optical and electronic
properties through pro$rammable modifications to the
quantum dot diameter."' "

The pursuit of high-mobility, high-optical density, photo-
voltaic-applicable colloidal quantum dot solids has included
efforts to increase the density of nanoparticles in films. The
approaches pursued to date have provided the scientific
foundations of work in the area, yet they are also subject to a
few limitations. In many prior reports, quantum dots are kept
colloidally stable in solution with the aid of long organic
ligands, and these are subsequently exchanged during a solid
state treatment (also known as place exchange) with shorter
ligands.">"> This process involves a dramatic contraction in the
volume of the film, and this limits order and very high packing
density (Figure la, left). Short ligand-capped quantum dot
solutions that depend on the addition of seconda?, stabilizing
chemical species in solution have been developed;'”'” however,
these molecules either remain in film (limiting density) or must
be removed after film formation (potentially undoing ordering
achieved in the original formation of the film). Other ap-
proaches involvin§ the use of small organic (carboxylate, amine,
and pyridine)'*™™ or inorganic (polyoxometalates, metal—
chalcogenide complexes, and pseudohalides)**” ligands with
a variety of quantum dot species have led to densely packed
films and improved mobility but have yet to lead to appreciable
photovoltaic performance in PbS CQD films.

Here we took an approach distinct from place exchange and
solution exchange. We took the view that developing a novel
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molecular strategy would be highly advantageous if the
approach embodied these characteristics.

o It included an end functional group capable of readily
displacing the original carboxylic acid-terminated (e.g., oleate)
ligands in solution. A strongly binding thiol (SH-) would serve
this purpose well.

o The ligand would be of medium length (sufficiently long to
preserve colloidal stability, but short enough to minimize
volume change during solid state processing).

® The new ligand would be readily cleaved, allowing removal
of insulating material from the film without significantly
disrupting its order. In particular, we pursued the use of a
functional group such as ester or amide that could readily be
cleaved via thermolysis or hydrolysis, as shown in studies with
other nanocrystal species such as CdSe and Cu,S.”**’ This
cleaving event would leave behind only the desired final ligand
(Figure 1a, right).

In light of these simultaneous considerations, we pursued
an approach based on thioamide, a ligand that binds strongly
to PbS quantum dots via the thiol functional group, can be
tailored to sufficient length (and nonpolarity) to ensure
colloidal stability in typical organic solvents, and can be
shortened in situ by cleaving the ligand with a simple weak acid
treatment, rather than relying on full ligand exchange. The
removal of a 4—6-carbon chain, rather than the difference of 15
carbons typical of the ligand exchange process, provides a less
disruptive densifying process. We hypothesized that it could
represent a path to creating more uniformly densely packed
CQD solids for a range of applications.

Initially, both thioamides and thioesters were considered for
this application. In each case, 3-mercaptopropionic acid (MPA,
a common CQD ligand) would serve as the synthetic carboxylic
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Figure 1. Strategy for developing uniform, densely packed quantum dot films. (a) Effect of the proposed passivation strategy on film order and
coherence length. Standard film formation occurs via ligand exchange (left), where a large volume change leads to nonuniform, disordered films. The
proposed method, ligand cleavage (right), generates significantly less change in volume and can lead to higher uniformity and longer coherence
lengths (indicated by shading from the central black sphere). (b) Thioamide synthesis schematic, combining MPA and a primary amine, catalyzed via
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) and 4-dimethylaminopyridine (DMAP). (c) Thioamide cleavage process, catalyzed by

acid and methanol.

acid source. In early studies, though, we found that thioamides
were particularly promising because they could be cleaved in
methanolic, rather than aqueous, solution. High-photovoltaic
performance quantum dots are known to be sensitive to
moisture.”’

We began by developing a synthesis procedure for generating
thioamides (Figure 1b). MPA and a primary amine (butyl-,
pentyl-, or hexyl-amine) were mixed in solution in the presence
of a catalyst, forming an amide bond between the carboxylic
group of the MPA molecule and the amine. The catalyst and
any remaining byproducts were removed from the solution
when it was rinsed with concentrated citric acid. The solution
was then dried and evaporated via rotary evaporation, leaving a
waxy solid. These solids were redispersed in dichloromethane
and analyzed for purity and correct molecular structure. Direct
analysis in real time (DART) mass spectrometry was performed
on the products (Figure 2a and Figure S1 of the Supporting
Information), resulting in mass peaks at the expected mass-to-
charge ratio (m/z) values: 3-mercapto-N-butylpropanamide
(3MN4P), m/z 162.1; 3-mercapto-N-pentylpropanamide
(3MNSP), m/z 176.1; 3-mercapto-N-hexylpropanamide
(3MNG6P), m/z 190.1. As shown by Figure 2a, ligand synthesis
and purification led to single molecular products, with minimal
evidence of byproduct species in solution.

We then employed these molecules in conducting a solution-
phase ligand exchange. We mixed thioamides in solution with
oleic acid-capped quantum dots. The exchanged CQDs were
precipitated with methyl acetate, dried under mild vacuum, and
redispersed in toluene. In the final dispersal, it was found that
thioamide 3MNG6P provided the most consistent colloidal
stability; this ligand was therefore selected for all subsequent
characterization and application. Figure 2b shows Fourier
transform infrared spectra before and after solution ligand
exchange, indicating that, as expected, the strongly bound
thioamides fully replace oleic acid as the surface ligand. In
particular, the C=C stretch at 3000 cm™" characteristic of oleic
acid is fully eliminated after the exchange.
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Following ligand synthesis and successful solution ligand
exchange, optimization of ligand cleavage in film was conducted
with the goal of constructing multilayer, device-ready quantum
dot solids. The ligand cleavage process (termed acidic
methanolysis) is depicted in Figure lc. A 1% (v/v) solution
of lactic acid in methanol was chosen as the acid source.
A solution of thioamide-capped quantum dots was spin-cast to
form a thin (~30 nm) film and then soaked with the lactic acid
solution for 10 s. This process was repeated several times to
build up a thick final film. X-ray photoelectron spectroscopy
(XPS) measurements were used to confirm a successful
cleaving process in the film; Figure 2c compares films before
and after exposure to the lactic acid solution, showing complete
elimination of the nitrogen-containing amide center, as
expected in an efficient methanolysis reaction. The cadmium
3ds,, signal (very close in binding energy to the nitrogen Is
signal), originating from CdCl, added during the original
quantum dot synthesis, is unchanged. Lead, sulfur, and carbon
signals are also compared before and after the cleaving process
(Figure S2 of the Supporting Information); no change is
observed in bulk crystal Pb—S signals, while a slight increase in
bound thiol and decrease in unbound thiol characteristics are
attributed to further surface passivation by unbound ligands
remaining in the film between dots after initial film deposition.
Additionally, the carbon signal (Figure S2b) indicates a
decrease in -CH,- content, confirming ligand cleavage, while
showing no change in carboxylate content, suggesting that the
amide is displaced by a methylate group rather than a lactate
group during the cleaving process.

New CQD materials processing strategies frequently over-
come one issue (i.e., densification) while generating additional
complications (loss of quantum confinement and very poor
photovoltaic performance). We therefore investigated whether
the treated films suffered any potential drawbacks arising from
the new ligand cleavage technique. Figure 3a shows single-pass
absorption through a treated film: the excitonic feature at 915 nm
remains, with minimal change compared to pretreatment,
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Figure 2. Ligand synthesis, exchange, and cleavage. (a) Mass spectrum
for thioamide synthesized with hexylamine (3MNG6P). Expected peaks
are found at m/z 190.1, with minimal evidence of byproducts present.
(b) Solution ligand exchange characterized via Fourier transform
infrared spectroscopy. Oleic acid-capped PbS quantum dots (black)
are exchanged with a solution of 3MNG6P in toluene, leading to full
replacement of surface ligands, evidenced primarily by the
disappearance of the C=C stretch peak at 3000 cm™ (red). (c)
XPS spectra before (black) and after (red) ligand cleavage; the
nitrogen signal corresponding to the central amide group is fully
eliminated after deposited films are treated with a 1% solution of lactic
acid in methanol.

confirming retention of quantum confinement after the
chemical processing steps. Films were then used to construct
full photovoltaic devices: as shown in Figure 3b, the device
power conversion efliciency averaged over three films is 5.6%.

While lower than those of typical devices prepared using
previously established ligand exchange protocols, this efficiency
is encouraging for a new ligand system and film fabrication
process. This initial proof-of-concept value provides a
promising baseline for further optimization and study. A key
follow-on step will include optimization of quantum dot film
thickness.

Fully cleaved films were analyzed using grazing incidence
small-angle X-ray spectroscopy (GISAXS) to determine the
film packing density and its uniformity. Figure 4a shows the
typical diffraction pattern in reciprocal space for a cleaved film.
The high-intensity, low-q lobes are attributed to a signal
downfield from the film and hence are ignored for the purposes
of characterization. Figure 4b shows an azimuthal integration of
the diffraction pattern in Figure 4a, with the high-intensity
lobes subtracted from the integration. Finally, the reciprocal
space integration is converted to real space (Figure 4c);
previously reported data for a densely packed, ligand-exchanged
film are plotted (dashed line) for comparison.” The average
d spacing for cleaved-ligand films is comparable to previous
findings for typical, ligand-exchanged films (3.3 nm). However,
via comparison of peak breadth between the two methods, the
ligand cleavage procedure leads to a distribution of particle
separation lengths significantly narrower than that observed in
ligand-exchanged films.

The peak breadth, determined by the fwhm of the reciprocal
space peak, can be used to calculate coherence length in each
method, a roughly quantitative “grain size” that provides an
indication of the degree of uniformity in the final quantum dot
film. The simplified Scherrer equation (eq 1)

21K
5 = —
Aq (1)

is used to calculate &, the coherence length, by inverse relation
to peak breadth Ag, with a dimensionless shape factor, K
(typically 0.9 for roughly spherical nanoparticles). As laid out
in Table 1, for 3 nm diameter quantum dots, diffraction coher-
ence (due to uniform spacing between particles, illustrated in
Figure la) degrades beyond 7.5 nm (~2.5 quantum dots) for
conventional ligand-exchanged films while coherence is main-
tained over ~26 nm (nearly 9 quantum dots) in cleaved-ligand
films. Previous studies have demonstrated comparable coher-
ence observed using GISAXS measurements, but only for non-
PbS species or larger (typically 8—10 nm in diameter), more
readily ordered quantum dots.”**"**

H CONCLUSION

Colloidal quantum dot films fabricated using cleavable
thioamide ligands require a change in ligand length of only
six carbons, compared to a change of 15 carbons typically re-
quired by the ligand exchange method. The resultant reduction
in volume contraction during film formation leads to the
formation of dense and notably more uniformly packed
quantum dot solids. Coherent packing, measured by GISAXS,
is maintained over 3-fold longer distances compared to those of
previously reported ligand-exchanged quantum dot solids.
Future studies could beneficially confirm GISAXS findings via
direct real-space observation using TEM imaging. Additionally,
further optimization of this technique could be used to fabricate
CQD solids with the potential for further improvements in
optical density and electrical transport and with the potential
for application in a wide range of optoelectronic devices.
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Figure 3. Film and device characterization. (a) Single-pass absorption for a film of cleaved, 3MN6P-capped quantum dots, showing retention of the
excitonic feature after ligand cleavage. (b) Photovoltaic device performance. Current density (blue line) and power density (red line) vs bias voltage

for cleaved, 3MNG6P-capped quantum dots.
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Figure 4. Film densification characterization. (a) GISAXS pattern of
3MNG6P-capped, cleaved quantum dot films. The x and y axes represent
the scattering wave vector in the y and z directions, respectively.
(b) Intensity was integrated azimuthally, with the low-g, high-intensity
signal subtracted. (c) Integrated data converted to real space. Cleaved
3MNG6P-capped PbS quantum dot films (red) exhibited an average
d spacing comparable to previously reported values for MPA-
exchanged films (black dash, adapted from ref 1), 3.3 nm in each
case. Ligand cleavage leads to a distribution significantly narrower than
that seen with ligand exchange.

B EXPERIMENTAL SECTION

Colloidal Quantum Dot (CQD) Synthesis. PbS quantum dots
were synthesized using a previously reported method,** and a previously

21998

Table 1. CQD Film Density and Uniformity, Compared
between Ligand Exchange and Ligand Cleavage

average d spacing (nm) Aq (A™') coherence length (nm)

33 0.075 7.5
33 0.022 26

ligand exchange

ligand cleavage

reported halide treatment in synthesis.' The quantum dots synthesized
for this study have an average particle size of 3 nm, determined by the
correlation between particle size and excitonic absorption peak
maximum.

Synthesis of 3MNXP. In a 100 mL oven-dried Schlenk flask,
3-mercaptopropionic acid (1 mL, 11.5 mmol) and a primary amine
(11.5 mmol) were dissolved in ~30 mL of dichloromethane (DCM).
The flask was cooled in an ice bath, followed by the addition of
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) (2 g,
13 mmol) and 4-dimethylaminopyridine (DMAP) (0.28 g, 2.3 mmol).
The mixture was stirred for 30 min; the ice bath was removed, and the
mixture was stirred for a further 12 h. The mixture was then washed
three times with a saturated aqueous solution of citric acid, dehydrated
using sodium sulfate, and filtered. The dichloromethane solvent was
removed by rotary evaporation followed by a 12 h vacuum pumping
using a Schlenk line. Nuclear magnetic resonance (NMR) character-
ization of products proceeded as follows: 'H NMR (400 MHz,
CD,Cl,, 3MN4P) § 5.35 (s, 1H), 3.23 (m, 2H), 2.76 (m, 2H), 2.47
(m, 2H), 1.64 (t, 1H), 1.48 (m, 2H), 1.34 (m, 2H), 0.92 (t, 3H);
'H NMR (400 MHz, CD,Cl,, 3MNSP) & $.35 (s, 1H), 3.22 (m, 2H),
2.76 (m, 2H), 2.47 (m, 2H), 1.64 (t, 1H), 1.49 (m, 2H), 1.32 (m, 4H),
090 (t, 3H); 'H NMR (400 MHz, CD,Cl,, 3MN6P) § 5.35
(s, 1H), 3.22 (m, 2H), 2.77 (m, 2H), 2.47 (m, 2H), 1.64 (t, 1H), 1.50
(m, 2H), 1.30 (m, 6H), 0.89 (t, 3H).

Solution Ligand Exchange. A thioamide precursor, dissolved in
dichloromethane, was mixed with a PbS CQD solution in toluene,
adding 25 pmol of thioamide per milligram of CQD. Solutions were
vortexed for 10 s and then precipitated with excess methyl acetate.
The solution was centrifuged; the supernatant was removed, and the
precipitated quantum dots were dried under mild vacuum for 2 h. The
CQD solid was then redispersed to S0 mg mL™" in toluene.

Film Fabrication. CQD films were prepared on TiO, electrodes
[S0 nm of TiO, sputtered on fluorine-doped tin oxide (FTO)-coated
glass] using layer-by-layer spin-coating deposition under ambient
conditions, depositing a 50 mg mL™ solution of quantum dots in
toluene at 2500 rpm. Each layer was treated with 1% lactic acid in
methanol (v/v) for 10 s and rinsed with pure methanol, spinning at
2500 rpm after the rinse. For photovoltaic devices, top electrodes were
deposited by thermal and electron beam evaporation and consisted of
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40 nm of MoO;, 50 nm of gold, and 150 nm of silver, deposited
at a rate of 0.2 (thermal MoO;), 0.4 (electron beam Au), and
1 (thermal Ag) A/s, at a pressure of <1 X 107 mbar.

AM1.5 Photovoltaic Performance Characterization. Current—
voltage data were measured using a Keithley 2400 source meter.
The solar spectrum at AMI1.5 was simulated within class A speci-
fications (<25% spectral mismatch) with a xenon lamp and filters
(ScienceTech; measured intensity of 100 mW cm™). The source
intensity was measured with a Melles-Griot broadband power meter
through a circular 0.049 cm” aperture at the position of the sample and
confirmed with a calibrated reference solar cell (Newport). The accuracy
of the current—voltage measurements was estimated to be +7%.

X-ray Photoelectron Spectroscopy. The surface elements and
chemical states of the PbS CQD films were analyzed using X-ray
photoelectron spectroscopy (XPS) (PHI-S500). A monochromated Al
K radiation source (1486.7 eV) was used to excite photoelectrons in
an ultrahigh vacuum atmosphere at ~#107 Torr. The binding energy
scale was calibrated using the Au 4f 7/2 peak at 83.98 eV and the Cu
2p 3/2 peak of sputter-cleaned Cu at 932.67 eV.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR was
performed on a Bruker Tensor spectrometer in transmission mode.
Measurements were performed by depositing and spreading a small
volume of each solution on a KBr disk, air drying, and immediately
measuring. A background subtraction against air was conducted for the
entire data set.

Grazing Incidence Small-Angle X-ray Spectroscopy (Gl-
SAXS). GISAXS measurements were performed at beamline HXMA
(Hard X-ray MicroAnalysis) of the Canadian Light Source (CLS). The
photon energy was calibrated at the Se—K edge around 12.6 keV.
GISAXS measurements were subsequently performed using linearly
polarized X-rays with a 12.658 keV energy (0.979 A wavelength) to
ensure a momentum range of up to approximately 0.3 A~ X-ray
scattering maps were acquired at a distance of 2.188 m from the
sample, using a Rayonix SX165 CCD camera with a pixel size of
100 ym X 100 um and an overall active area of 2048 X 2048 pixels.
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