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As a crystal approaches a few nm in size, atoms become nonequivalent, bonds vibrate, and
quantum effects emerge. To study quantum dots (QDs) with structural control common in
molecular science, we need atomic precision synthesis and analysis. We describe here the
synthesis of QDs of lead bromide perovskite via self-organization of a lead malate chelate
complex and PbBr;~ under ambient conditions. Millisecond and angstrom resolution electron
microscopic analysis revealed the structure and the dynamic behavior of individual QDs—
structurally uniform cubes made of 64 lead atoms, where eight malate molecules are located
on the eight corners of the cubes, and oleylamonium cations lipophilize and stabilize the edges
and faces. Lacking translational symmetry, the cube is to be viewed as a molecule rather than
ananocrystal. The QD exhibits quantitative photoluminescence and stable electroluminescence
at ~460 nm with a narrow half-maximum linewidth of 15 nm, reflecting minimum structural
defects. This controlled synthesis and precise analysis demonstrate the potential of cinematic
chemistry for the characterization of nanomaterials beyond the conventional limit.



Main Text: The properties of semiconductive nanocrystals deviate from those of their bulk
counterparts, the structure loses translational symmetry and quantum confinement effects result
in an increased bandgap as the size approaches that of a large molecule (Fig. 1a)". Quantum
dots (QDs) are exploited for optoelectronics and quantum informatics among other
applications®#, and are sometimes regarded as "artificial atoms" for their bound and discrete
electronic states”. Ideally, they are to be made with sufficient size uniformity for any
applications, and with precise shape control for mimicking valency and bond directionality to
be used as material voxels (Fig. 1b) %7-8 %10 11 or artificial nanocrystal molecules'?. However,
this stringent requirement has been more difficult to meet as the QDs become smaller'? 4
because their synthesis has been modeled after colloid synthesis relying on hot injection
methods under nitrogen'>:'6. In addition, the conventional metrics of purity assessment such as
photoluminescence quantum yield (PLQY) and full width at half maximum (FWHM) are
unsuitable for atomic precision analysis of individual QD particles. Inspired by recent advances
in self-organization chemistry !7-18,19,20,21,22,23 " and analysis by transmission electron
microscopy (TEM) with millisecond and angstrom spatiotemporal resolution?*?>, we set two
goals in this study: atomic precision synthesis via templated growth of QD particles and
atomistic analysis using the single-molecule atomic-resolution time-resolved -electron
microscopic (SMART-EM) imaging?®.
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Fig. 1 | Synthesis of lead perovskite QD made of 4’ Pb atoms stabilized by MLA and
OAM. a, Size/wavelength correlation for methylammonium lead perovskite QD, according to
the Brus equation with effective mass approximation?’. The subscript n refers to the number of
Pb atoms on an edge. b, Cubic voxel and 3-D assembly. ¢, Csi12PbesBr2so (Cs*QD4). All Cs
and most of the Pb (black) and Br (red) are omitted for clarity. d, Self-organization of PbBr,
MBr, MLA, and OAM into a corner—edge—corner constituent of MLA*Cs*OD4 (2), and
intermediates detected using negative ion mass spectrometry (Supplementary Fig. 1). e, A 3-D
picture of 2, where OAMH" is simplified as MA" for clarity. MLA molecules are circled. f, 2
with OAMH" molecules shown.
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Theory predicts blue emission of a lead bromide perovskite QD such as Csi12PbesBra4o
(Cs*QDy, Fig. 1c, see Supplementary Note 1)?’. However, in practice, previous works showed
it is unstable and has poor metrics because of dangling bonds and surface defects?® and the
dynamic nature of the QD-ligand interaction?®. We report here the synthesis of QDs of lead
bromide perovskite (MLA*M+QD4, M = Cs cation or methylammonium ion, MA™) at room
temperature in air via self-organization of a lead malate chelate complex3® and PbBr;~ via a
corner—edge—corner intermediate similar to the one we previously described (Fig. 1d)*!. As
shown by in situ dynamic SMART-EM imaging and other analytical methods, the QD particle
is a structurally uniform cube made of 4° Pb atoms, where eight malate molecules form a stable
Pb—O chelate on the eight corners (Fig. 1e), and oleylammonium cations (OAMH™) lipophilize
and stabilize the edges that otherwise suffer from a large penalty of surface energy (Fig. 1f).
Thus, the cube is to be viewed as a molecule of near centrosymmetry rather than a nanocrystal
devoid of translational symmetry. Both MLA*MA+QD4 (1) and MLA+Cs*QD4 (2) exhibit deep
blue photo- and electroluminescence at 460 nm with quantitative PLQY and narrow FWHM
of 15 nm reflecting minimum structural defects. Thus, controlled self-assembly and SMART-
EM imaging have opened a venue for synthesis and analysis of nm-sized QDs at a level of
precision so far considered possible only for organic and inorganic molecules.

Carboxylic acid-enabled shape control of perovskite microcrystals

We first describe the growth of cubic microcrystals in the presence of MLA. Small
crystals prefer to be spherical to minimize surface energy, and lead bromide perovskite is no
exception®?. When we quickly diluted a 1:1 dimethylformamide (DMF) solution of PbBr; and
MABTr with an antisolvent, toluene, a mixture of pm-size elongated dodecahedrons and cubes
formed (Fig. 2a)*3. When 0.5-4 molar equivalents of MLA per PbBr; were added to the DMF
solution, only cubic crystals formed (Fig. 2b, 2¢). In the presence of lactic acid or succinic acid,
which share a partial structure with MLA, crystal ripening and fusion took place (Fig. 2d, 2e).
Oleic acid (OA), a common acidic additive in QD synthesis, afforded entirely fused crystals,
sometimes with a hint of the outline of an elongated dodecahedron (Fig. 2f). Additional images
can be found in the Supplementary Information (Supplementary Fig. 2-6).
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Fig. 2 | Dependency of shape and size of microcrystals of methylammonium lead perovskite
on added carboxylic acids. Experiments were performed under the standard conditions of the
QD synthesis, in which MLA was replaced by the acid shown and no oleylamine was added to
promote unrestricted growth. a, No MLA. b, 0.5 equiv MLA. ¢, 4.0 equiv MLA. d, 0.5 equiv
lactic acid. e, 0.5 equiv succinic acid. f, 0.5 equiv OA.

Our next task was to reduce the size from pm to nm by 10~ in volume. Gibbs' classical
nucleation theory tells us that reduction of the surface energy of forming crystal nuclei results
in the production of more nuclei and hence reduction of their sizes**3°. We found that the
addition of OAM dramatically reduced the QD size. With 0.15 equiv of OAM per PbBr
following the synthesis procedure for 2, we formed a stable green-emitting colloid of QD
particles of 10.6 £ 2 nm (measured on amorphous carbon, aC, using TEM) formed with an
average inter-QD spacing of 1.8 nm corresponding to the length of a single molecule of OAM
(Fig. 3a). With 1.5 equiv OAM, we obtained a stable colloid of blue-emitting QD particles with
the size further decreased to 2.5 nm on aC (Fig. 3b). Note that saturated linear Cs, Ci2, and
Cis amines and benzylamine failed to produce a stable suspension in either toluene,
chlorobenzene, or 1,2-dichlorobenzene. The crucial role of the cis-olefinic bond in OAM is
therefore evident.

The photoluminescence spectra of the colloid solution of 1 are shown as a function of
added OAM in Fig. 3¢ (the reaction terminated after 3 h at 25 °C). When we increased the
amount of OAM from 0.1 to 1.0 equiv, emission at 517 nm blueshifted via bimodal emission
at 0.4 equiv to exclusive emission at 453 nm with 1.0 equiv. Interestingly, we found little sign
of QDs and QD emitting at <500 nm, and instead found exclusively QD4 emitting at 453 nm.
Strong preference for the formation of QD4 lends some credence to a growth mechanism



including the tetranuclear intermediate in Fig. 1d. Fig. 3d (MLA<MA, blue line) illustrates a
sudden blue shift of the emission between 0.25 and 0.5 equiv of OAM. The PLQY of emission
at 453 nm reaches >95% with 1-3 equiv OAM (Fig. 3¢), and FWHM remains narrow for 0.75—
3 equiv of OAM (Fig. 3f). In contrast, the synthesis of OA*MA+QDj4 (3) made from OA instead
of MLA produced much more defective QDs. As shown in Fig. 3d and 3e (black line), upon
addition of 0.1 to 1.5 equiv of OAM, the emission shifted gradually from the green to the blue,
and the PLQY steadily decreased after peaking at ~0.7 equiv. The FWHM (Fig. 3f) first
increases because of size-shifting (Fig. 3c) but then drops to below 16 nm. The OA-mediated
growth went through QDs, QDs, and QD4, whereas smaller QDs were clearly not favored.

We found a large difference in the kinetic profile of the growth of the blue emission
between MLA- and OA-mediated synthesis (Fig. 3g, see also Supplementary Fig. 7-8). In the
OA-mediated synthesis, the emission monitored at 453 nm started immediately after dilution
with toluene (black curve Fig. 3g); however, in the MLA-mediated synthesis, we found a long
induction time followed by a slow growth of the deep blue emission. The maximum PLQY of
the rapidly grown OA*MA+<QD4 was only 24%, whereas it was >95% for MLA*MA+QDs. The
data suggest that the MLA-mediated growth went through a preequilibrium involving an
intermediate that grows rapidly once formed (cf Fig. 1d).
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Fig. 3 | Synthesis and properties of MA*QD made in the presence of a different amount
of OAM using OA or MLA. a, TEM image of green-emitting colloid of QD particles on aC,
made with 0.15 equiv of OAM/PbBr». Scale bar = 10 nm. b, TEM image of 1 made with 1.5
equiv OAM. The reaction was terminated at 3 h after dilution with toluene. Scale bar = 2 nm.
¢, OAM-dependent change of emission wavelength (intensity normalized). d, OAM-dependent
change of maximum emission wavelength. e, Change of PLQY. f, Change of FWHM. g,
Reaction kinetics as monitored at 453 nm by the evolution of the PL intensity through time.
The intensity is normalized to the value after 600 min. h, Standard procedure including
purification with dimethyl carbonate (DMC).

We describe a standard procedure for the synthesis of QD4 in the presence of MLA and
OAM (Fig. 3h). PbBr,, MABr, and MLA (racemic throughout this work unless otherwise
noted) were dissolved in DMF to obtain a clear solution, to which OAM was added at room



temperature under air (typically 30% relative humidity) with a final molar ratio of
MA:Pb:Br:MLA:OAM = 1:1:3:4:1.5. OAM is protonated by MLA to form OAMH*. We
obtained a homogeneous white suspension by sonication. Negative ion mass spectrometric
analysis of this suspension indicated that the insoluble substance consists of MLA~, PbeMLA~
, and PbBr3~ as dominant species (Fig. 1d). The aggregated PbeMLA"~ chelate slowly
dissociated and took part in the QD formation (cf Fig. 3g, blue) upon dilution with toluene
under vigorous stirring for 3 h. A slightly milky toluene solution emitting weakly at ~440 nm
turned gradually pale yellow, and blue emission at ~453 nm gradually intensified after an ~120-
minute-long induction period (Fig. 3g). After 3 h, the mixture was diluted with 0.5 volume
equivalent of dimethyl carbonate (DMC) and centrifuged to obtain 1 as a pale green powder
with PLQY of 95.6% on average. Repeating the synthesis with CsBr (Cs:Pb:Br:OAM =
1:1:3:1:2.3) afforded 2 emitting at 463 nm with PLQY of 97% on average after 1 h of reaction.
Using D- or L-malic acid, the circular dichroism spectrum of purified 1 and 2 indicated a weak
but clearly discernable Cotton effect overlapping with the major excitonic peaks
(Supplementary Fig. 9), indicating that the MLA molecule is bound to the QD?3®. There was no
emission of circularly polarized light.

Purity and stability of MLA*QDy

The diameter of QD4 measured on aC (Fig. 3b, see also Supplementary Fig. 10) showed
average diameters of 2.49, 2.46, and 2.59 nm for 1, 2, and OA*MA+*QD4 (3), respectively (Fig.
4a—4c), consistent with the QD4 structure (Fig. 1¢). QD4 accounts for 95%, 91%, but only 71%
of 1, 2, and 3, respectively (more in Supplementary Note 2). QD 3 was contaminated by as
much as 24% of larger QDs, which is corroborated by the emission data shown in Fig. 4d—4f
(see Supplementary Note 3). QD 1 and QD 2 in toluene emit at 453 and 463 nm with narrow
FWHM of 14.9 and 14.7 nm, respectively. PLQY values of 95.6% and 97% are also excellent
with some specimens reaching 100%. The high PLQY of 1 originates from fast radiative decay
(k= 10.6 x 107 s7") and slow nonradiative decay (knr = 0.5 x 107 s7!, see Supplementary Fig.
11 for details). The PLQY of 3 was poor and its reproducibility was low (average 24%),
although FWHM at 454 nm was narrow (15 nm). The long tail toward green emission is due
to contamination by QDs and QDs as shown by the red lines in Fig. 4c and 4f.
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regression analysis were performed on many images of 1 (a, also shown in Fig. 3b), 2 b, and 3
¢, on aC. d—f, Emission spectra and Gaussian regression analysis for 1 d, 2 e, and 3 f. g, Storage



stability in the dark at 5 °C for days. Curves with triangles indicate posttreatment for
stabilization by adding 4 mg/mL MLA to the final toluene suspension. h, Change of blue
emission intensity upon UV irradiation (372 nm). Insets, before (solid line) and after (broken
line) 2 h UV irradiation. i, Photoluminescence (solid) and electroluminescence (dots) of 1 and
2. (J) CIE diagram showing photo- (PL) and electroluminescence (EL) of 1 and 2. k,
Wavelength shift of EL peak dependent on the applied voltage. Device architecture:
ITO/PEDOT:PSS/poly-TPD/QD/TPBi/Ag, see ESM for details.

MLA-<QDs; is stable under shelf storage, UV irradiation, and electroluminescence device
setup. 1 with an initial PLQY of 97% showed little sign of deterioration over 30 days under air
at 5 °C in toluene containing 4 mg/mL MLA (Fig. 4g, blue triangles). It is less stable without
added MLA (i.e., in pure toluene) at 5 °C (blue circles), suggesting an equilibrium that causes
loss of the MLA ligand (see Supplementary Fig. 12). The half-life of 2 is much longer,
approaching 40 days in pure toluene (green circles). The difference between 1 and 3 was more
striking under UV irradiation (Fig. 4h). The 455-nm emission of 1 slightly decreased to 95%
after 10 h, whereas that of 3 decreased quickly to half within 2 h with emission shifted to green
(530 nm, indicating crystal fusion), probably because the OA ligand dissociates more easily
than the multidentate MLA ligand (Supplementary Fig. 12d). Such a dissociation equilibrium
also accounts for the low chemical stability of OA-based QDs. This emission shifting indicated
the fusion of 3 into large nanoparticles. Both 1 and 2 showed electroluminescence (456 nm,
FWHM 16.5 nm and 464 nm, FWHM 15 nm, respectively) essentially at the same wavelength
as photoluminescence (455 nm, FWHM 14.9 nm and 463 nm, FWHM 14.7 nm; Fig. 41),
emitting very close to the Rec.2020 target blue on the Commission internationale de 1'éclairage
(CIE) 1931 chromaticity diagram (Fig. 4j). We found the stability of electroluminescence of
the MLA+QDs noteworthy (Fig. 4k). QD 1 electroluminesced at 456 nm with a turn-on voltage
of =6 V and continued to emit at the same wavelength even at 11 V. Similarly, 2 remained
stable under the same operating conditions. The high PLQY, low ku:, color purity, and stability
suggest that the MLA+QD4 has excellent size uniformity and minimum structural defects.
Taken together with the simplicity of the procedure and the mildness of the synthetic
conditions, the data illustrate the advantages of the room-temperature self-organization
approach for preparing structurally homogeneous ultrasmall QDs.

Locations of various groups on the QD surface

Finally, we addressed questions seldom asked in QD research on the number and location
of Br atoms, MLA, and OAMH" on an individual QD4 particle. The high purity and structural
homogeneity of the isolated QD4 particles allowed us to answer these questions using infrared
(IR), energy-dispersive X-ray spectroscopy (EDX), and SMART-EM. IR analysis of a QD film
on glass that was tens of nanometer thick indicated that MLA is fully deprotonated
(Supplementary Fig. 13). EDX analysis of the same sample on a graphene sheet revealed the
elemental composition of the QD (Fig. 5a, Supplementary Fig. 14). The first row in this figure
shows a prototypical neutral QD4, Cs112PbesBra4o (Fig. 1€). Of its 112 Cs cations, 27 are located
in the crystal lattice and 85 on the surface. Among 240 Br atoms, 96 monovalent Br ions are
located on the surface. The second row shows the experimental composition of MLA*Cs*QD4
(2). EDX analysis revealed that it has a total of 58 Cs, hence suggesting that only 31 Cs atoms
are located on the surface; that is, 5 Cs atoms on each face. It has lost 3 &+ 6 surface Br atoms,
and gained 9.6 + 2 MLA molecules, suggesting that one MLA replaced one Br atom on each
of the eight corners. The third row shows MLA*MA+QD4 (1). It has lost 29 + 6 surface Br
atoms replaced by 9 £ 1 MLA, suggesting that one MLA acts as a tridentate ligand to replace



three Br atoms on each corner®® (cf Fig. 1d). Interestingly, the QD synthesized with 15 equiv
of added OA also had 8 acid molecules/particle, suggesting that one OA anion is located also
on each corner. The OA*QD4 lacks as many as 48 Br atoms, leaving many defective Pb
coordination sites.

Fig. 5b—5d summarizes the EDX data in the form of plausible models, each of which
illustrates a side view of a cube. In the prototype, we find about five Cs atoms on average on
four edges and a face (Fig. 5b, see Supplementary Note 1). In 2 (Fig. 5¢), one Br atom on each
corner is replaced by one MLA, and all Cs atoms on the edges are replaced by OAMH" so that
the large penalty of surface energy on the edges in toluene is reduced through lipophilization.
By assuming charge neutrality of MLA+Cs*QDj4 (2), we can consider that the QD was coated
by 54 OAMH?, corresponding to a density of 1.5 OAMH" nm2, in good agreement with the
density (1.2-1.5 OAMH" nm™) previously reported®’. In 1 (Fig. 5d), three Br atoms on each
corner are replaced by one MLA.

The SMART-EM cinematographic imaging on an aberration-corrected TEM equipped
with cameras operating at 50-200 frames per second (fps) provided experimental support for
the models in Fig. 5¢ and 5d. To this end, we decorated an aggregate of carbon nanotubes
(CNTs) with 1,3,5-benzenetricarboxylic acid used as a “chemical fishhook?*,” on which we
captured individual QDs from toluene solution (Fig. 5e). Without the fishhook installed, we
could not capture any QDs. Note that the sizes of the atomic images are approximately
proportional to Z*3 (Z = atomic number), and we can see using TEM only the heavy atoms, Br
(Z=135), Cs (55), and Pb (82) atoms, but not C, N, and H atoms. A Z-correlated (ZC) model is
shown in Fig. 5K,
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Fig. 5 | EDX and SMART-EM analysis. a, Elemental composition determined using SEM-
EDX. ¢:s indicates central:surface. N* site indicates OAMH" site. b, Side view of the first layer
of Cs112PbgsBr249. Only the monovalent Br ions are shown for clarity. ¢, 2 based on EDX data
in A. d, 1 based on EDX data. e, Model of QD4 captured on CNT aggregate via 1,3,5-
benzenetricarboxylic acid. f—j, SMART-EM images of 2 on CNT aggregate (20 milliseconds
frame™!, arbitrary time scale). Conditions: 298 K, 80 kV, Electron dose rate (EDR) = 2.1-2.8
x 107 e nm~2 s~!. Additional pictures can be found in Supplementary Fig. 15-16. k, ZC-model
of 2 illustrating one Br loss (red) found in f—j, and three Br loss (blue) in I-n. I, A SMART-
EM image of a particle of 1 (possibly larger by one layer of the cubic lattice) (5 milliseconds
frame™' taken at the beginning of imaging). m, n, Two consecutive snapshots of another particle
of 1 illustrating the motion of Br atoms on the edges, and the Br loss from the corner (13.3
milliseconds frame™). Yellow arrows show Br atoms in motion. Additional pictures can be
found in Supplementary Fig. 17. Scale bar = 1 nm.

Fig. 5f-5j shows a series of 20-millisecond video frames (50 fps) of 2 partially exposed
to vacuum. It is partially buried in an electron-rich and conductive CNT substrate (~10° more
conductive than aC) that protects the specimen from radiolysis*®. The cube was structurally
stable over 27 s, although it tumbled a few times possibly on the fishhook serving as a pivot
(Fig. 5e) because of stochastic motions of the CNT substrate*’. The slightly blurred image of
individual atoms reflects atomic vibration during the 20-millisecond imaging period (Fig. 5f—
57). In these figures, we can identify three edges, two faces, and three corners, from which we
determined the geometrical orientation of the cuboid along the electron beam. The ZC
structural model of CssgPbesB24o>*~ in Fig. 5k is seen from the same direction. In this model,
the surface is fully Br passivated except that the edge Br (#1 in Fig. 5k) is replaced by MLA
and not seen. The TEM image and the model share several common features: eight parallel
arrays of heavy atoms as counted from the edge in the center (line 1 shown in Fig. 5i, 5k),
rhombic lattice images due to Pb and Br (blue broken lines in Fig. 5k), and, importantly, the
lack of Cs atoms in all edges (compare Fig. 5b and 5c). Note that the Cs atoms should have
been seen clearly if they were present on the edges. This provides an atomistic proof of the lack
of surface defects that was suggested from the excellent PLQY and high stability. A 0.6-0.7
nm Pb-Pb distance determined for the rhombic lattice image agrees with the ~0.6 nm distance
in a bulk crystal of CsPbBr3, considering the lattice vibration and instrumental resolution of
0.08 nm (see Supplementary Information for details). Fast Fourier transform analysis of the
whole area of the QD image indicated that the specimen is structurally homogeneous
(Supplementary Fig. 18-19).

A 5.0-millisecond snapshot of an MA+QD is shown in Fig. 51*'. Individual atoms are
seen clearly except those blurred on the edge in the middle, suggesting a motion localized along
the edge. Comparison with Cs*QD4 2 in Fig. 51 suggests that more than one Br atom, possibly
three atoms, are lost from the corner as expected from the EDX data (Fig. 5d). The 13.3-
millisecond video images of 1 shown in Fig. 5m, 5n are more blurred than the 20-millisecond
images of 2, hence suggesting higher flexibility of the lattice of 1. These images also support
the loss of more than one Br atom from the corner. The outline of the two edges is less uniform
than that of the Cs QD, and the several dots due to Br atoms moved during 26.6 milliseconds
(yellow arrows). The observed difference between the MA and Cs perovskite agrees with the
liquid-like property of the former previously found for bulk materials*?.



Conclusion

In summary, we have synthesized defect-free lead bromide QD4 emitting at 460 nm,
formed under the MLA/OAM-mediated self-organization conditions, and determined the
structure of individual QD particles including the locations of bromine, cesium, carboxylate,
and OAMH" groups on the QD surface—structural information much sought after in this field
of research. The key synthetic feature includes template growth with corner and edge
stabilization by MLA and OAMH", which resulted in nearly exclusive formation of QD4 of
high structural purity. The key analytical technology includes the SMART-EM imaging of
individual QD particles captured on a "chemical fishhook," which provided information
hitherto unavailable by a conventional method including dynamics of ligand coordination on
individual QD particles revealed with millisecond and angstrom spatiotemporal resolution. The
work illustrates the potentiality of cinematic chemistry for the exploration of chemistry and
materials science beyond the conventional limit*.

Methods

General

Chemicals were purchased from Tokyo Kasei Co., Aldrich Inc., and other commercial
suppliers and used after appropriate purification before use. Anhydrous toluene was purchased
from KANTO Chemical Co., Inc. and purified prior to use by a solvent purification system
(GlassContour) equipped with columns of activated alumina and supported copper catalyst.
The water content of solvents was confirmed to be less than 30 ppm by Karl-Fischer titration
performed with MKC-210 (Kyoto Electronics Manufacturing Co., Ltd.). A black powder of
aggregate of conical carbon nanotubes (CNT) was purchased from NEC Co. (Carbon
Nanohorns (CNHs), Lot No. 181-3-2; assay: 90%) and used as purchased. Distilled water was
further purified with Millipore Milli-Q (Milli-Q Reference, Merck). TEM grid precoated with
a lacy microgrid NS-C15 (pore size 3 — 8 um, carbon film thickness < 10 nm) and SHR-C075
(carbon film thickness < 6 nm) were purchased from Okenshoji Co., Ltd.). Aggregate of
aminated-CNT was prepared according to reported procedure*,

MAPDBYr; microcrystal synthesis

The synthesis is based on a ligand-assisted reprecipitation strategy (LARP). To 29.4
mg of PbBr2, 9.0 mg of methyl ammonium bromide (MABr) and 2 mL of dimethylformamide
(DMF) were added to form a 40 umol/mL solution (MA:Pb = 1:1). Malic acid or other acids
were then added, and the mixture was stirred for 10 minutes at rt until a clear solution is
obtained. 250 pL of the resulting clear solution were quickly added to 8 mL of toluene under
vigorous stirring and a bright orange precipitate immediately formed. After a few seconds at rt
under ambient conditions (20 °C / 30% humidity), 2uL of the solution were deposited on a thin
semiconductive graphite sheet on duct-tape for SEM observations.

Quantum dot (QD) synthesis
The synthesis is based on a LARP strategy.

MLA*MA+QD4 (1)

To 29.4 mg of PbBr, 9.0 mg of methyl ammonium bromide (MABr) and 2 mL of
dimethylformamide (DMF) were added to form a 40 pmol/mL solution (MA:Pb = 1:1). Malic
acid (MLA, 43.0 mg, 4 equiv) was then added and the mixture stirred for 10 minutes at rt until
a clear solution is obtained. Then, oleylamine (OAM, 39.6 uL, 1.5 equiv) was added to the
clear solution and a white precipitate formed. Then, the solution was sonicated until it became
a homogenously white suspension (~5 minutes). The resulting white precursor solution was



slowly (one droplet every 6 seconds, 250 pL in total) added to 8 mL of toluene under vigorous
stirring. The solution was then stirred for 3 h at rt under ambient conditions (20 °C / 30%
humidity) and the solution gradually changed color, from clear to pale yellow. The resulting
crude was centrifugated at 10,000 rpm for 10 minutes and the precipitate was discarded.
Isolated QDs (solid) was obtained after precipitation by using 0.5 volume equivalents of
dimethyl carbonate (DMC) as a washing solvent immediately followed by centrifugation at
12,000rpm for 12 minutes (Fig. 3h in main text). These QDs were dispersed in toluene for
further analysis, or in heptane (3.0 mg/mL) for device fabrication.

MLA-Cs*QDy4 (2)

To 15 mg of PbBr», 8.7 mg of CsBr and DMF (1 mL) were added to form a 40 umol/mL
solution (Cs:Pb = 1:1). 1 equiv of MLA (5.4 mg) was added to the solution and the mixture
was stirred for 45 minutes at rt to give a clear solution. OAM (30 uL, 2.3 equiv) was added to
the clear solution and a thick white precipitate formed. Then, the solution was sonicated until
it became a homogenously white suspension (15~20 minutes). The resulting white precursor
solution was slowly (one droplet every 6 seconds, 250 puL in total) added to 8 mL of toluene
under vigorous stirring. The solution was then let to stir for 50 minutes at rt under ambient (20
°C / 30% humidity) and the solution gradually changed color, from clear to a cloudy pale
green~yellow solution. The resulting crude was centrifugated at 12,000 rpm for 15 minutes and
the precipitate was discarded. Isolated QDs (solid) could be obtained after precipitation by
using 0.5 volume equivalents of DMC as a washing solvent immediately followed by
centrifugation at 7,000rpm for 15 minutes. These QDs were dispersed in toluene for further
analysis, or in heptane (3.0 mg/mL) for device fabrication.

OA*MA-QD4 (3)

To 29.4 mg of PbBr2, 9.0 mg of MABr and DMF (2 mL) were then added to form a 40
pmol/mL solution (MA:Pb = 1:1). OA (379 uL, 15 equiv) and OAM (53 uL, 2 equiv) were
added. The resulting clear precursor solution (100 pL) was added to 5 mL of toluene under
vigorous stirring. The solution was then let to stirred for 3 h at rt under ambient (20 °C / 30%
humidity) and the solution gradually changed color, from clear to orange. The resulting crude
was centrifugated at 10,000 rpm for 10 minutes and the precipitate was discarded. Isolated QDs
(solid) was obtained after precipitation by using 0.5 volume equivalents of DMC as a washing
solvent immediately followed by centrifugation at 15,000rpm for 20 minutes.

SEM instrumentation and sampling

Scanning electron microscopy (SEM) observations were performed on FEI Magellan
400L at 5 x 10 Pa. SEM analysis was carried out at 3 ~ 6 kV beam acceleration, 13 ~ 25pA
and a 2 mm working distance. SEM-EDX analysis was performed on AMETEK/EDAX
Genesis APEX4 at working distance was set to 4.0 mm and at a beam acceleration voltage to
3 kV. EDX analysis was averaged over 20 measurements. Both SEM and SEM-EDX samples
were prepared by dropping 20 puL of sample solution in toluene on a thin graphite layer.

Spectroscopic instrumentation

UV-Vis absorption spectra in toluene were measured with a JASCO V-670
spectrometer. Fluorescence spectra were obtained on a JASCO FP-8500 spectrometer.
Excitation was set at 372 nm. Kinetic studies were carried out at a fixed 20 °C in a JASCO FP-
8500 equipped with a stirrer by taking a fluorescence spectrum every 4 minutes over the course
of the reaction. Circular dichroism (CD) spectra were measured on a JASCO J-1500
spectropolarimeter. Electroluminescence characteristics were measured under ambient
conditions using a Konica-Minolta CS2000. Quantum yields were evaluated using the relative



comparative method. 9,10-diphenylanthracene was used as a standard (97% QY in the blue in
cyclohexane®) in the formula:

msample nsample 2

(Dsample = DPgtandard
Mgtandard MNstandard

With @ the quantum yield, m the gradient of the plot integrated fluorescence intensity against
absorbance and n the refractive index of the solvent (ncyciohexane = 1.4265, NToluene = 1.4969), for
the sample and the standard, respectively.

Fluorescence lifetimes were measured on Hamamatsu Photonics C11367-02
Quantaurus-Tau. The radiative and nonradiative rate constants k: and kn: are calculated by
substituting fluorescence quantum yield @ and fluorescence lifetime t for the following
formula:

k, =

Device fabrication
LED with MLA*MA+QD4 (1)

Pre-patterned indium tin oxide (ITO)-coated glass substrates were cleaned using
sonication in water, soapy water and isopropanol for 10 min, respectively. The substrates were
dried with a nitrogen blowgun, followed by ultraviolet ozone treatment (Sen Lights, PL16-
110). PEDOT:PSS (Clevios PVP Al 4083) was filtrated through 0.45 um PVDF and spin-
coated onto the ITO-coated glass substrates at 4,000 rpm for 30 s and was annealed at 120 °C
for 10 min. Poly-TPD was spin-coated from chlorobenzene (CB) solution (8§ mgmL™!) at
4,000 rpm for 30 s after filtration through 0.45 um PTFE and was annealed at 120 °C for
10 min. The substrates were transferred in a nitrogen filled glovebox. The QDs were spin-
coated from heptane (filtrated through 0.25 pm PTFE, 3 mgmL™") at 2,000 rpm for 30 s and
were annealed at 70 °C for 3 min. TPBi in ethyl acetate (3.5 mg mL™!) was sequentially spun
at 2,000 rpm for 20 s and 4,000 rpm for 20 s and annealed at 70 °C for 3 min. Finally, Ag
(100 nm) was evaporated through a shadow mask under high vacuum (<10~* Pa).

LED with MLA<*Cs*QDj4 (2)

Pre-patterned indium tin oxide (ITO)-coated glass substrates were cleaned using
sonication in water, soapy water and isopropanol for 10 min, respectively. The substrates were
dried with a nitrogen blowgun, followed by ultraviolet ozone treatment. PEDOT:PSS was
filtrated through 0.45 um PVDF and spin-coated onto the ITO-coated glass substrates at
4,000 rpm for 30 s and was annealed at 120 °C for 10 min. Poly-TPD was spin-coated from CB
solution (8 mgmL™") at 4,000 rpm for 30 s and was annealed at 120 °C for 10 min. The
substrates were transferred in a nitrogen filled glovebox. The QDs were spin-coated from
heptane (filtrated through 0.25 um PTFE, 3 mg mL ™) at 2,000 rpm for 30 s. Finally, TPBi (30
nm) and Ag (100 nm) were evaporated through a shadow mask under high vacuum (<10 Pa).

TEM instrumentation

Atomic-resolution transmission electron microscopic (TEM) observation was carried out
on a JEOL JEM-ARM200F instrument equipped with an aberration corrector (point resolution:
0.10 nm) at 298 K and at an acceleration voltage of £E= 80 kV, under 1 x 10~ Pa in the specimen
column. We used a spherical aberration (Cy) value of between 1 and 3 um, and an electron dose
rate (EDR; the number of electrons per second per nm?) of 3.0 x 10° - 3.0 x 10’ e nm2 s! at



x 2,000,000 magnification. A series of images were continuously recorded at a frame rate of
50 fps or 75 fps (frame per second) on a CMOS camera (Gatan OneView, In situ mode, D-
mode, 4096 x 4096 pixels) operating on a binning 4 mode (output image size: 1024 x 1024
pixels, pixel resolution 0.021 nm at x 2,000,000) or 8 mode (output image size: 512 x 512
pixels, pixel resolution 0.042 nm at x 2,000,000). For imaging at 200 fps, OneView-IS I-mode
operating on a binning 4 mode (output image size: 1024 x 1024 pixels, pixel resolution 0.021
nm at x 2,000,000). All images were automatically processed on a Gatan DigitalMicrograph
software. To record the atomic-resolution movies of the specimens, we first surveyed the whole
areas on the grid at low magnification to find specimens suitable for careful analysis. To
analyze them in depth, we increased the magnification and started the recording. The images
were recorded at under-focus conditions (defocus value: 3 — 10 nm). The images were recorded
in a .dm4 format using the Gatan DigitalMicrograph software and were transformed into 8-bit
or 32-bit tiff format file by Fiji software*®. All imaged were filtered by a bandpass filter
(filtering structures smaller than 0 — 3 pixels and larger than 40 pixels, tolerance of direction:
5%).

Preparation of TEM grids for statistical analyses

The toluene solution of QDs (blue and green) at the 1 mg/mL concentration (10 pL) was
drop casted onto a SHR-C075 microgrid placed on a paper that absorbed excess toluene. The
resulting TEM grid was placed in vacuo (60 Pa) at 298 K for 1 hour. Statistical analyses were
performed immediately after preparation of TEM grids.

Modeling and TEM image simulation

Each experimental TEM image was analyzed through comparison with the simulated
images of putative models of QDs seen from various directions. To create the model, it is
necessary to determine the angles of observation from the experimental TEM images of QDs
that are inclined in three dimensions. The tilts of QDs were calculated mathematically using
the two clearly observed edges and the central line. The structure of QDs for the modeling was
generated on a Materials Studio software by using reported structural data (CCDC 1446529 for
MAPDBBT13, mp-600089 for CsPbBr3). Additional models were designed on Blender v.2.93.5.

Preparation of the fishhook for QDs analyses (Fig. Se)

Tris(2,5-dioxopyrrolidin-1-yl) benzene-1,3,5-tricarboxylate*’ (4.2 mg, 8.4 umol, 10 equiv
vs. -NH2 on CNT) was mixed with a powder of aminated CNT (0.167 umol/ mg of -NH>
groups, 5.0 mg) in 1 mL of DMF/H,O0 (1:1, v/v) in a two-necked flask. After stirring at room
temperature for 24 hours, LiOH*H>O (1.8 mg, 50 equiv vs. -NH> groups) was added to the
mixture and stirred for another 24 hours. 1 M HCI (2.0 mL) was then added to the mixture and
stirred for 5 min. The resulting suspension was filtered through a PTFE membrane filter
(ADVANTEC, pore size: 100 nm) and washed with H>O (1 mL x 3), DMF (1 mL x 3) and
Et,0 (1 mL x 3), to obtain 9.2 mg of the fishhook as a black powder after vacuum drying (60
Pa) for 12 hours.

Preparation of TEM samples for atomistic analyses of QDs

The fishhook (0.5 mg) was added to the Schlenk tube and heated at 120 °C under vacuum
for 2 hours. After thorough drying the sample and cooled to the room temperature, its
atmosphere was exchanged to nitrogen and QDs solution was added to the tube. After stirring
it for 24 hours, the reaction mixture was filtered through a PTFE membrane filter
(ADVANTEC, pore size: 0.2 um) and a black filter cake was washed with dried toluene (1 mL
x 3) under nitrogen flow. The black powder was placed in vacuo (60 Pa) for 1 hour to obtain



the sample for TEM (0.45 mg). The black powder of QDs@-CNT forming a large agglomerate
was dispersed in toluene (2 mL/mg) under nitrogen flow, and gently ground for 3 minutes in
an agate mortar so as to break the agglomerate into individual CNT aggregates for TEM
analysis. The dispersion was filtered through Kiriyama 5A filter (pore sizes: 7 um), and the
filtrate (10 puL) was drop casted onto a TEM microgrid (NS-C15) placed on a paper that
absorbed excess toluene. The resulting TEM grid was placed in vacuo (60 Pa) at room
temperature for 1 hour, which was analyzed by single-molecule atomic-resolution time-
resolved electron microscopy (SMART-EM).

Using the same conditions, we could not capture QDs on the surface of single-wall CNT
(Meijo Arc SO, produced by arc-discharge using Ni and Y catalysts, >90% purity, average
diameter 1.4 nm, Lot #1908222), carbon nanohorn (as prepared), nor oxidized carbon nanohorn
(treated at 550 “C under O, atmosphere).
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