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ABSTRACT: Key features of syntheses, involving the quaternary ammonium passivation of CsPbBrs nanocrystals (NCs), in-
clude stable, reproducible and large (often near-unity) emission quantum yields (QYs). The archetypical example involves
didodecyl dimethyl ammonium (DDDMA*) passivated CsPbBrs NCs where robust QYs stem from interactions between
DDDMA* and NC surfaces. Despite widespread adoption of this synthesis, specific ligand-NC surface interactions responsible
for large DDDMA*-passivated NC QYs have not been fully established. Multidimensional nuclear magnetic resonance experi-
ments now reveal a new DDDMA*-NC surface interaction, beyond established “tightly-bound” DDDMA* interactions, which
strongly affects observed emission QYs. Depending upon the existence of this new DDDMA* coordination, NC QYs vary broadly
between 60% and 85%. More importantly, these measurements reveal surface passivation through unexpected didodecyl

ammonium (DDA*) that works in concert with DDDMA*, to produce near unity (i.e. >90%) QYs.

Introduction

Colloidal CsPbBr3 nanocrystals (NCs) are the latest
nanostructure paradigm for applications in photovoltaics?,
lighting?3, radiation detection*, and in semiconductor la-
ser cooling.>® This is due, in large part, to sizable CsPbBr3
NC emission quantum yields (QYs) that result from their
intrinsic resistance to forming mid gap states.”® The ab-
sence of as made, unity QYs, however, points to the contin-
ued importance of effective NC surface passivation with
suitable organic ligands.®-12

The prototypical preparation for CsPbBrs NCs utilizes
PbBr2 as a Pb and Br precursor. Oleylamine (OLAm) and
oleic acid (OA) are simultaneously added to passivate NC
surfaces.’ De Roo et al. 13, however, have shown, using Nu-
clear Magnetic Resonance (NMR) spectroscopy, that
oleylammonium -a primary ammonium species, resulting
from OA protonation of OLAm- is the actual species pas-
sivating CsPbBrs NC surfaces. Unfortunately, its ready
deprotonation leads to detachment, which adversely im-
pacts the stability, reproducibility, and overall magnitude
of NC QYs obtained using this approach.

In response to the issue, Manna and coworkers have
proposed an alternative, two-step strategy to prepare high
quality CsPbBrs NCs.1114-16 First, OA-passivated NCs are
synthesized using OA and didodecylamine (DDAm, which
does not bind to NC surfaces) as surfactants. NCs are then
resurfaced by exposing them to a solution of a quaternary

ammonium cations such as didodecyl dimethyl ammo-
nium (DDDMA*) whose intrinsic resistance to deprotona-
tion results in improved ligand stability constants.1718 This
leads to reproducible syntheses of near-unity QY NCs with
excellent colloidal stability. Syntheses involving quater-
nary ammonium salts have therefore become the prevail-
ing approach for producing high QY CsPbBrs; NCs.19-31

Despite mass adoption, the actual origin of quaternary
ammonium ligand-NC surface interactions, responsible
for large and stable emission QYs, remains unanswered.
Although early NMR studies!! have confirmed DDDMA*
passivation of NC surfaces, they have left unanswered the
specific ligand-surface interactions, responsible for near-
unity QYs.

Here, we probe the surface binding of DDDMA* to CsP-
bBrs using a combination of NMR experiments, including
Heteronuclear Single Quantum Correlation (HSQC) spec-
troscopy, Nuclear Overhauser Effect Spectroscopy
(NOESY), and Diffusion Ordered Spectroscopy (DOSY).
The results lead to a model for ligand-NC surface interac-
tions that rationalizes the large and reproducible QYs of
quaternary ammonium passivated CsPbBrsz NCs. We fur-
ther discover an unexpected ligand passivation that in-
volves surface didodecyl ammonium (DDA*), unique to
near-unity QY ensembles. Its presence is posited to stem
from the reaction of introduced amine and bromine pre-
cursors in quaternary ammonium-based syntheses.
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Results and Discussion

DDDMA*-passivated CsPbBrs NCs were prepared fol-
lowing the original approach reported by Imran et al.l
The synthesis utilizes Cs-Pb-oleate as metal precursors,
benzoyl bromide (BzBr) as a bromine precursor, and OA,
DDAm and DDDMA* as surface passivating agents. Reac-
tions are first conducted in the absence of DDDMA* to gen-
erate NCs. DDDMA* bromide salt is then introduced to fi-
nalize the surface passivation of produced NCs. More
about the approach can be found in the SI and in Reference
11. All samples have been washed to remove excess lig-
ands prior to analytical or optical measurements. Details
of the specimen processing have been provided in the SI.

Figures 1a and S1a,b show transmission electron mi-
croscopy (TEM) images of resulting CsPbBr3 NCs. For the
particular ensemble shown, a mean edge length (I) is
[=7.8£0.7 nm. Figure S1c shows an associated sizing his-
togram (N=100 NCs, ~8% size distribution). Absolute QY
measurements, using an integrating sphere, reveal a cor-
responding ensemble QY of 84.2%. More notably, the syn-
thesis yields reproducible QYs as highlighted by Figure S2,
which summarizes absolute QYs measured across eight
consecutive preparations. Evident is the uniformity of ob-
served QYs, which yields an average value of 86.0+1.2%.
Details of these absolute QY measurements have been pro-
vided in the Methods section. Resulting specimens are re-
ferred to as medium-QY NCs.
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Figure 1. TEM images as well as corresponding linear absorp-
tion and photoluminescence spectra of representative (a) me-
dium-, (b) high-, and (c) low-QY CsPbBr3 NCs.

Subsequent X-ray diffraction (XRD) and selected area
electron diffraction (SAED) patterns (Figure S3) match
those expected for CsPbBrs.32 Acquired linear absorption

and band edge emission spectra further agree with previ-
ously-established CsPbBr3; NC sizing curves3? and with re-
ported, size-dependent Stokes shifts.3435 TEM-based en-
ergy dispersive X-ray spectroscopy (TEM-EDXS) reveal
that medium-QY NCs possess a lead- and bromine-rich
stoichiometry of Cs:Pb:Br=1.0:1.3+0.2:3.8+0.2. This re-
sults from an introduced precursor (feed) stoichiometry
of Cs:Pb:Br=1.0:2.5:4.1 intended to yield a surface amena-
ble to quaternary ammonium passivation.!® For context,
CsPbBr3’s bulk stoichiometry is 1.0:1.0:3.0. The resulting
NC surface is Br rich with ammonium ligands that replace
nominal surface Cs* cations. This surface passivation motif
is referred to as ammonium-Br termination in what fol-
lows and is illustrated in the SI (Figure S4). Of note is that
the measured NC stoichiometry agrees with the ideal ra-
tios expected for [=6-8 nm ammonium-Br terminated CsP-
bBrs NCs (Cs:Pb:Br=1.0:1.2-1.3:4.0-4.5).133637 Details of
TEM-EDXS measurements as well as ideal NC stoichiome-
try estimates have been provided in the Methods section
and in the SI, respectively.

Given that the quality of ammonium-Br terminated NC
surfaces is instrumental to achieving effective quaternary
ammonium ligand passivation, observed QYs are likely
sensitive to the relative excess of bromine introduced into
preparations. In what follows, BzBr excesses introduced
into preparations have therefore been varied while keep-
ing feed Cs:Pb ratios constant at Cs:Pb=1.0:2.5.

These studies show that increasing the BzBr excess in
the synthesis (feed stoichiometry: Cs:Pb:Br=1.0:2.5:8.4)
increases the mean QY of eight sequential preparations to
94.0£1.0%. The measured TEM-EDXS stoichiometry
(Cs:Pb:Br=1.0:1.3+0.1:4.1£0.2) again agrees with the ideal
ratios expected for /[=6-8 nm ammonium-Br terminated
CsPbBr3; NCs (Cs:Pb:Br=1.0:1.2-1.3:4.0-4.5).133637 Figure
S2 highlights the uniformity and reproducibility of these
QYs.

In contrast, reducing the amount of BzBr added (feed
stoichiometry: Cs:Pb:Br=1.0:2.5:2.1; subsequently meas-
ured TEM-EDXS stoichiometry:
Cs:Pb:Br=1.0:1.0+0.1:3.5£0.2) lowers NC ensemble QYs to
a mean value of 62.6+5.3% across eight sequential prepa-
rations (Figure S2). Low as made QYs suggest that pro-
duced NCs possess defective surfaces. This agrees with
their less than ideal Cs:Pb:Br stoichiometries. The two
produced, variable QY ensembles are referred to as high-
and low-QY specimens. Figures 1 b,c and S1d-i summa-
rize associated NC TEM images, sizing histograms, linear
absorption, and band edge emission spectra.

Having established that variable Br excesses in prepara-
tions lead to statistically different NC QYs and that the
near-ideal inorganic composition of medium- and high-QY
NCs enable large QYs, we investigate their corresponding
organic surface ligand passivation using NMR. Of particu-
lar interest is the surface passivation motif responsible for
near-unity (i.e. >90%) QYs.

Figure 2 now shows 'H-NMR spectra of high-, me-
dium-, and low-QY CsPbBr3 NCs suspended in toluene-d8.
Figures 2a-c highlight three regions of interest (ROIs):
8.5-11.0 ppm (inset, Figure 2a), 2.3-4.7 ppm (Figure 2b),



and 0.7-2.1 ppm (Figure 2c). These ROIs are intended to
better visualize DDDMA* ammonium and alkylic chain
protons. In parallel, NMR spectra of pure OA, DDAm,
DDDMA?*, and pure DDA* have been acquired to better
identify surface-bound species. DDA* has been synthe-
sized separately as described in the SI. Its 'H spectrum has
beenrecorded because it represents a potential byproduct,
stemming from DDAm being protonated in the reaction
medium. Figure 2d illustrates the chemical structures of
DDDMA* and DDA* as well as the labeling of their ammo-
nium and aliphatic protons. Figure S5 summarizes 'H
peak assignments for above reference species. See also
References 11 and 15.

Figure 2 reveals that high-, medium-, and low-QY sam-
ples all feature broad 'H resonances at ~4.0, ~3.6, ~1.4,
and ~1.3 ppm. Orange fills in Figures 2b,c highlight said
resonances. These features are attributed to surface-
bound DDDMA* and match assignments previously made
by Imran et al.'* High-, medium-, and low-QY 'H NMR spec-
tra further exclude non-protonated DDAm as a surface
passivating agent due to absence of an a-methylene triplet
at 2.56 ppm (Figure S5e). OA is also excluded because its
ethylene linewidth and chemical shift at 5.46 ppm match
those of free OA (Figure S5f).

Close inspection of Figure 2 shows that distinguishing
washed medium- and high-QY specimens from
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corresponding low-QY ensembles are broad, blue-high-
lighted 'H resonances in Figures 2b,c. These features re-
sist multiple (i.e. two/three, Figure S6) washing steps and
have not been observed in prior 'TH NMR spectra of
DDDMA*-passivated CsPbBr3 NCs.11.23.243031 Qbserved res-
onances are assigned to DDDMA*'s a-methyl, a-methylene,
and alkylic chain protons. The assignments are supported
by similar chemical shifts to orange-highlighted DDDMA*
resonances in Figure 2. They are further corroborated by
the integrated 3:2 ratio of blue-highlighted peaks in Fig-
ure 2b, which match those of corresponding orange-high-
lighted peaks at ~4.0 and ~3.6 ppm for high-, medium-,
and low-QY specimens. All follow the expected 3:2 ratio of
integrated DDDMA* a-methyl/a-methylene resonances.

The data thus point to two surface-bound DDDMA* moi-
eties in high- and medium-QY specimens. Slight up-
field/downfield shifts indicate that these newly observed,
surface-bound DDDMA* species reside in a different chem-
ical environment, while different linewidths suggest dif-
ferent degrees of interaction with the NC surface. Newly-
observed DDDMA* o-methyl, a-methylene, and alkylic
chain proton resonances are hereto forth denoted using
asterisks  (ie. ~ ‘DDDMA}y. , ‘DDDMA},,.

*DDDMA}_CHZ_, *DDDMA;CHZ_, and “DDDMAY _y.).
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Figure 2. (a) 1H-NMR spectra (T=293 K, 11.7 T) of high- (green), medium- (blue), and low-QY (red) specimens suspended in tolu-
ene-d8. Inset: enlarged ROI between 8.5-11.0 ppm. (b) ROI between 2.3-4.7 ppm. (c) ROI between 0.7-2.1 ppm. (d) Structures of

DDA+ and DDDMA* with important protons labeled.



Of added note is that Figure 2 reveals high-QY speci-
mens to possess unique 'H resonances between 8.5-11.0
ppm and 0.7-2.6 ppm. These features are highlighted with
green fills in Figures 2a (inset), b, and c. Such resonances
have likewise not been reported previously and are not
due to sample impurities, given their sizable abundance,
even after extensive sample purification. See the SI and
Figure S6 for more details.

Systematic comparison of these unknown resonances
with those of OA, DDAm, and DDDMA* reveal no matches.
The unknown resonances do, however, possess chemical
shifts near identical to those of DDA* (Figure S5d), a po-
tential chemical byproduct of DDAm being protonated in
the reaction medium. This is corroborated by crystalline
DDABEr (i.e. DDA*'s bromide salt) reflections seen in XRD
patterns of high-QY specimens (Figure S3). Features at
9.88 ppm (inset, Figure 2a) and 2.58 ppm (Figure 2b) are
therefore assigned to DDA*'s ammonium (DDA;H;) and -

methylene (DDAZ_CHZ_) groups. Resonances at 2.00 ppm
can likewise be linked to DDA*'s f-methylene (DDAJ/S’-CHZ-)
groups (Figure 2c).

Additional features at 1.34 ppm and 0.94 ppm arise
from DDA*’s alkylic chain (DDA;_CHZ_) and terminal methyl
(DDA! ) protons. These results point to DDA* surface
passivation as a distinct feature of high-QY NCs. It further
suggests that DDA* surface passivation is responsible, in
whole or in part, to observed, near-unity QYs of quater-
nary ammonium-passivated NCs.

DDA*and DDDMA* assignments are confirmed using in-
dependent, two-dimensional (2D) 'H-13C HSQC spectros-
copies at natural abundance. In brief, HSQC measurements
produce characteristic 'H-13C cross peaks that link 'H res-
onances of interest to established DDDMA*/"DDDMA* (or
DDA¥) 13C resonances. From this, the lineage of posited 'H
resonances in Figure 2 can be conclusively established.

Toillustrate, 13C resonances at 53 ppm and 64 ppm (Fig-
ure S7) correlate to previously assigned 'H "DDDMAY ;.
and *DDDMA?;_CHZ_ resonances at ~3.6 ppm and ~3.2 ppm
(blue fills, Figure 2b). The same 13C resonances correlate
to weak 'H DDDMA} . and DDDMA} .;,. features at ~4
ppm and ~3.6 ppm (orange fills, Figure 2b), in agreement
with prior literature.! Observed correlations thus estab-
lish the identity of 'H resonances between 3.0-4.5 ppm in
Figure 2b to DDDMA* and "DDDMA*. In the same way,
DDA*'s 13C a-methylene resonance at 47 ppm (Figure S7)
confirms assignment of Figure 2b’s 2.58 ppm feature to
'H DDA{, cy,.- Additional details regarding these HSQC as-
signments can be found in the SI and in Figure S7.

To establish if and how above identified DDDMA* and
DDA* moieties are surface-bound, NMR-based DOSY 38 has
been conducted on high-QY specimens that contain all res-
onances of interest. DOSY estimates ligand diffusion coef-
ficients (D) with the implicit assumption that species pos-
sessing D-values smaller than those of corresponding free
ligands are surface-bound.

DOSY results in Figure S8 reveal DDDMA* and

"DDDMA* D-values (Dpppuma+ and Deyp 0+ ) smaller than

that of free DDDMA*. The DOSY results also show that
Dyppma+ and Do differ: Dpppya+=120120 pm?/s <
Dipppmar =295152 pm?/s < Dgee.pppmat =540£87 pm?/s.
The same DOSY measurements reveal a DDA* D-value
smaller than that of free DDA*: Dppa+ =5004+86 pm?/s <
Diee.ppa+ = 670 £ 90 um?/s. Altogether, the results sug-
gest that observed DDDMA*, "DDDMA*, and DDA* are sur-
face bound. However, different DDDMA* and *DDDMA* D-
values imply that DDDMA* experiences a stronger surface-
ligand interaction than either “DDDMA* or DDA*, as sug-
gested by its broader 'H-NMR resonances (see Figure 2).
Similar observations have been reported for the surface
passivation of ZnO, HfO2, and CdSe NCs, where a mixed lig-
and shell, consisting of strongly and loosely bound moie-
ties, is observed.394% The two identified surface-bound
DDDMA* species are consequently referred to as tightly-
and loosely-bound DDDMA*.

'H NMR and DOSY measurements suggest a structural
model for the CsPbBrs NC surface, summarized in Figure
3a. Tightly-bound DDDMA* occupies interstices between
neighboring PbBrs octahedra (referred to as PbBrs inter-
stices in what follows).1116:30 [,oosely-bound "DDDMA* co-
ordinate weakly to the NC surface, likely interacting with
apical Br- of terminal PbBres octahedra via ammonium-Br
hydrogen bonding and electrostatic interactions.2141-43
DDDMA* and "DDDMA* nominally exchange positions.

Molecular dynamics simulations indicate that the bind-
ing free energy of DDA* to NC surface PbBrs interstices is
more positive than that for DDDMA*.30 Predicted free en-
ergy differences are attributed to different
DDDMA*/solvent versus DDA*/solvent interactions in the
unbound state. Surface PbBre interstices are therefore
mainly occupied by (tightly-bound) DDDMA*.1530 Conse-
quently, surface-bound DDA* likely coordinate to surface
apical Br- much like "-DDDMA* (Figure 3a). Only high- and
medium-QY NCs possess this dual passivation motif (in-
terstice + apical) where “-DDDMA* and DDA* prevent apical
Br- from detaching from the NC surface. Low-QY speci-
mens lack this stabilization due to their non-ideal surfaces.

The hypothesized high- and medium-QY NC surface
model is then probed using 2D 'H-'H NOESY by identifying
proton pairs in close proximity (0.5 nm).*45 Interacting
protons lead to cross peaks in NOESY spectra. Figure 3b
shows the NOESY spectrum (16.4 T, 25 ms mixing time) of
a high-QY NC ensemble between 1.0-4.5 ppm. Positive
(negative) cross peaks are denoted black (red). Figure S9
shows a full NOESY spectrum.

Figure 3b reveals multiple positive cross peaks (CPs),
CPs 1-7, within three ROIs, distinguished by the chemical
identity of interacting protons. ROI 1 (CPs 1-2) highlights
interacting DDDMA* and "DDDMA* a-methyl and a-meth-
ylene protons. ROI 2 (CPs 3-5) highlights interacting DDA*
and DDDMA*/"DDDMA* a-methyl and a-methylene pro-
tons. ROI 3 (CPs 6-7) shows interacting DDDMA* and
“‘DDDMA* f-methylene protons.

Because NOESY cross peaks can also reflect chemical ex-
change, 2D ROESY (Rotating Frame Overhauser Effect
Spectroscopy, 16.4 T, 20 ms mixing time) spectra have



simultaneously been recorded.*¢ In ROESY, cross peaks in-
dicating spatial proximity (black, negative) are of opposite
sign compared to the diagonal. Cross peaks, arising from
exchange (red, positive), adopt the same sign.

Figure 3creveals a positive ROESY exchange cross peak
(CP 1) between DDDMA* and *DDDMA*. This indicates

ﬂ R R R

their reversible binding to the NC surface. CP 2 exhibits a
more complicated lineshape with a negative center and
positive  wings. The latter is attributed to
DDDMA*/'DDDMA* exchange while the former arises
from the spatial proximity of ‘DDDMA*'s a-methyl and a-
methylene protons.

DDDMA; "~ S

DDAB-CHz-

DDA, cp,

*DDDMA
a_

CHe-

DDDMA, 416

DDDMA
DDDMA

3

g

! 2.5 =

=4

00 &K E

»

ROI 1 ; y 210 S

(Proximity) : s g

\® «“‘/ 3 S
(Exchange) A

"4 |35

45 40 35 30 25
Chemical shift (ppm)

Figure 3. (a) Proposed surface model of high-QY NCs. Established NOESY interactions between DDDMA* (red), *DDDMA* (blue),
and DDA~ (green) protons indicated using boxed numbers. (b) 1H-1H NOESY spectrum (25 ms mixing time) of high-QY NCs at 303
K, 16.4 T. Positive (negative) cross peaks indicated black (red). (c) Corresponding ROESY spectrum (10 ms CW spin lock, 7.14 kHz)
acquired at 303 K and 16.4 T. Negative (positive) ROESY signals indicated black (red).

CPs 3-7 exhibit negative ROESY cross peaks. CPs 3-5
therefore point to spatial proximity of DDA* and DDDMA*
as well as "DDDMA* on the NC surface. CPs 6-7 indicate

spatial proximity of DDDMA* and ‘DDDMA*. Because
DDDMA* has been established to be tightly bound to sur-
face PbBrs interstices!!1630, the NOESY/ROSEY data in



Figure 3 support ‘DDDMA* and, by extension, DDA*, pas-
sivating apical Br-. Due to the surface’s complexity, how-
ever, full confirmation of the proposed microscopic sur-
face passivation model awaits further studies. Additional
details of these NOESY/ROESY analyses can be found in
the SI along with Figures S10 and S11, which provide
both a full ROESY spectrum as well as additional NOESY
spectra.

The developed surface model is corroborated by inde-
pendent surface ligand density estimates in high-, me-
dium-, and low-QY NCs. Table 1 summarizes experimen-
tally established surface ligand densities. For high-QY NCs,
a nominal surface ligand density is 2.6 nm. This is in near
quantitative agreement with theoretical maximum ligand
densities of 2.0-3.3 nm? that account for organic ligand
steric footprints between 0.3-0.5 nm?2#7 Corresponding
surface ligand densities for medium- and low-QY NCs are
1.5 nm?2and 1.0 nm=2.

Near identical DDDMA* densities between high-, me-
dium-, and low-QY NCs in Table 1, suggest saturation of
interstitial sites. Evident then is that major differences be-
tween NC types and their resulting emission QYs stem
from "DDDMA* passivation of apical Br- sites in high- and
medium-QY NCs and apical Br- DDA* passivation exclusive
to high-QY specimens. Details of these surface density es-
timates have been provided in the SI along with Figure
$12, which shows NMR and linear absorption spectra used
to estimate values in Table 1.

Table 1. Surface ligand densities of high-, medium-, and low-QY NCs.
Also included are corresponding values for medium-QY NCs made
using modified syntheses.

DDA+ Total

Specimen D:DDMTYIN (:)IE::M‘ (apical) (int. + ap.)
(interstitial) (apical) (nm?) (nm?)
Ideal - - - 3.3
High-QY 1.0 1.2 0.4 2.6
Med-QY 1.0 0.5 - 1.5
Low-QY 1.0 - - 1.0
Mod. DDA+>DDDMA* 1.2 0.8 0.5 2.5
M§3 DDDMA*>DDA* 1.0 0.4 0.1 15

An important question that arises is the origin of unex-
pected DDA* in high-QY specimens. 'H-NMR spectra have
therefore been acquired immediately after NCs have been
synthesized but prior to their passivation with DDDMA*
(Figures S13a,b). Obtained spectra show that DDA* is al-
ready present on NC surfaces.!s This suggests that it origi-
nates from the reaction of precursors used in the synthesis.
Although there exist many possible chemical routes to
DDA+, likely pathways involve introduced BzBr reacting
with DDAm and/or OA.

Figure S13c shows the 'H NMR spectrum of a mixture
of BzBr, DDAm, and OA. Concentrations have been chosen
to mimic those used in actual CsPbBrz NC syntheses. The
spectrum reveals near identical resonances (i.e. in terms
of chemical shifts, multiplicities, and peak areas) to those
observed from surface-bound DDA* in high-QY NCs

(Figure S13d). The assignment is further confirmed by a
characteristicammonium singlet at 8.20 ppm. This control
study confirms that excess BzBr in high-QY NC prepara-
tions reacts with other precursors introduced into the syn-
thesis to produce in-situ DDA* on NC surfaces.

To test whether deliberately added DDA* improves
medium- and high-QY NC surface passivation efficiencies
and corresponding emission QYs, syntheses have been
modified to allow DDA* to be added to initially produced
NCs prior to the introduction of DDDMA* (denoted
DDA*->DDDMA*). Details of modified syntheses have been
provided in the SI. Results from these measurements are
then compared to three control cases: (a) high- and me-
dium-QY NCs prepared using standard syntheses (de-
noted standard), (b) high- and medium-QY NCs prepared
using double the amount of DDDMA* (denoted double
DDDMA¥), and (c) where additional DDA* has been added
to samples following their synthesis in (a) (denoted
DDDMA*->DDA*). For all modifed syntheses,
corresponding ammonium bromide salts are used (i.e.
DDDMABr and DDABr) with the total amount of Br
present standardized at 102.83 nmol. Details of modified
high- and medium-QY NC syntheses have been provided in
the SI.
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Figure 4. (a) Absolute QYs of modified medium- (left) and
high-QY (right) NCs. From left to right: standard synthesis
(yellow). Sample size = 6. Double DDDMA* (red), DDDMA* fol-
lowed by DDA* (green), and DDA* followed by DDDMA+*
(blue,). Sample size = 3 for double DDDMA+, DDDMA+->DDA*,
and DDA+*->DDDMA*. (b, c) Specific QYs of specimens used in
(a). Error bars reflect QY measurements conducted in tripli-
cate.

QYs of modified high- and medium-QY NCs
(DDA*>DDDMA*, Figure 4a) are 92.7+0.4% and
93.8+1.3%, respectively. Those of specimens where DDA*
has been added following DDDMA* addition



(DDDMA*->DDA*, Figure 4a) are 92.4+0.3% and
88.1+0.7%. These measurements show that deliberately

adding DDA* to medium-QY specimens increases their QYs.

Those where double the amount of DDDMA* has been
added (double DDDMA*, Figure 4a) show QY drops to
89.7£1.9% and 82+2.7%. These measurements point to

DDA* being responsible for increasing medium-QY NC QYs.

Adding DDA~ to high-QY specimens, however, results in
little to no change of their QYs.

For medium-QY NCs, adding DDA* increases their over-
all surface ligand densities (before: 1.5 nm, after: 2.5 nm-
2). This can be rationalized by DDA*'s smaller size com-
pared to DDDMA*. What results are better passivated NCs
with correspondingly larger emission QYs.

By contrast, adding DDA* to NCs, following DDDMA*
passivation does not improve the surface passivation of
medium-QY NCs (surface density before: 1.5 nm2, after
~1.5 nm2). This likely stems from added DDA* failing to
effectively penetrate existing DDDMA*/'DDDMA* mixed
ligand shells on medium-QY NCs. Calculations for reported
ligand densities are summarized in the SI along with em-
ployed quantitative 'H NMR and linear absorption data
(Figure S14). In high-QY NCs, negligible QY enhancement
following DDA* addition is attributed to their (existing)
near ideal surface passivation (Table 1).

Of note is that only adding DDA* yields tangible NC QY
improvements. Both the above double DDDMA* synthesis
as well as post synthesis DDDMA* titration measurements
conducted on regular high- and medium-QY NCs yield neg-
ligible enhancements (Figures S15 and S16). Regarding
the latter DDDMA* titration study, although initial
DDDMA* addition does increase emission quantum yields,
we observe simultaneous etching of the NCs. This is evi-
dent through blueshifts of the NC absorption edge fol-
lowed by the NCs becoming non-emissive in the limit of
large DDDMA* excess. These results thus point to DDA*
and similarly benign passivating agents as key to realizing
near-unity QYs in quaternary ammonium passivated CsP-
bBrs3 NCs.

Conclusion

Multidimensional NMR measurements of DDDMA*-
passivated CsPbBr3 NCs reveal a dense shell of DDDMA*,
“‘DDDMA*, and DDA* passivating their surfaces. Tightly-
bound DDDMA* moieties occupy terminal PbBrs inter-
stices. They are augmented by loosely-bound “DDDMA*
and DDA*, which coordinate to apical Br- of terminal PbBrs
octahedra. For high-QY NCs, what results is the near ideal
passivation of both their interstitial and apical surface
sites, aided by accidental DDA* resulting from DDAm pro-
tonation in the reaction medium. Crucially, DDA* is found
to prefer apical Br- sites more than DDDMA*, most likely
by virtue of its lower steric encumbrance and the ability to
form hydrogen bonds. This is, in turn, responsible for their
near unity QYs. The resulting surface model and conclu-
sions point to the importance of exploring mixed ligand
surface passivation schemes for NCs, whether for shape
control, colloidal stability, solubility in different solvents
or for enhancing their emission QYs.

Methods

Optical Measurements. Absorption and photolumines-
cence spectroscopy. Linear absorption spectra were ac-
quired using a Cary 50 Bio UV-vis spectrophotometer.
Spectra were recorded under ambient conditions in 1 cm
pathlength fused silica cuvettes using dilute solutions of
NCs in toluene. Optical densities were kept below 0.3 in all
cases.

Photoluminescence QY measurements. PL. QY measure-
ments were conducted using an integrating sphere (Lab-
sphere). A supercontinuum laser (NKT/Fianium, SC450),
coupled to an acousto optical tunable filter, was used to
excite specimens (Aexe=450 nm). Excitation light was intro-
duced into the integrating sphere using an optical fiber.
Output light was collected using a second fiber and was
sent to a fiber-based spectrometer (Ocean Insight, USB
2000+). The setup was calibrated using Rhodamine 110
(QY =92%, 450 nm excitation) in ethanol (200 proof).48 All
specimen optical densities were kept below 0.1 at 450 nm.

TEM and XRD measurements. TEM images were ac-
quired using a JEOL 2011 microscope, operating an accel-
erating voltage of 200 kV. Samples were prepared by drop-
casting dilute NC solutions in toluene onto ultrathin amor-
phous carbon substrates with copper supports (Ladd).
Powder XRD measurements were acquired using a Bruker
D8 Discover diffractometer with a Cu-Ka source
(A=1.5418 A). Measurements were conducted in the
Bragg-Brentano geometry between 10-60° 26 with a step
size of 0.01°. An integration time was four seconds per
step.

NMR spectroscopy. One-dimensional 'H-NMR spectra
were acquired using a Bruker AVANCE III HD 500 MHz
spectrometer (11.7 T). Spectral widths were 16 ppm with
128 transients accumulated in all experiments. Chemical
shifts were calibrated using a tetramethylsilane (TMS) in-
ternal standard. NOESY spectra were collected on the
AVANCE III spectrometer and a Bruker AVANCE [ 700 MHz
spectrometer (16.4 T). HSQC, DOSY, and ROESY measure-
ments were exclusively conducted on the Bruker AVANCE
I spectrometer.

1H-13C HSQC. Natural abundance 2D 'H-13C spectra
were recorded at 16.4 T, 303 K. Each 2D dataset consisted
of 256 FIDs (16 scans per FID), corresponding to 128 time
increments in the 13C dimension (t1). Each FID consisted of
1024 complex data points for the 'H dimension (tz). The
recycle delay was 1.5 seconds. Coherence-selection gradi-
ents provided sign-discrimination in t;. The 'H spectral
width was 11.98 ppm, centered about 4.703 ppm; for 13C
it was 71 ppm, centered about 38 ppm.

DOSY spectroscopy. Samples consisted of 0.35 mM
(0.83 mM) didodecyl dimethyl ammonium bromide,
DDDMABr (didodecylammonium bromide, DDABr) in tol-
uene-d8. The standard LED pulse scheme (Bruker pulse
program “stebpsp1s”)#? and an in-house variant with a se-
lective 1D TOCSY spin lock that preceded the stimulated
echo was used to detect otherwise buried resonances.
Stimulated echo parameters included a fixed diffusion
time of A=60 ms and a 6=800 ms gradient pulse length.



DOSY data were collected as a pseudo 2D spectrum, con-
sisting of 64 FIDs with 32 scans per FID and a 1.5 s recycle
delay. Each FID corresponded to a different gradient am-
plitude taken from a linear ramp starting from 2% to 80%
of the maximum (55 Gauss/cm). All measurements were
conducted at 303 K.

1H-1H NOESY spectroscopy. 2D NOESY spectra were col-
lected on a Bruker 500 MHz (11.4 T) AVANCE III system,
and a 700 MHz (16.4 T) AVANCE I system equipped with a
TCI cryoprobe. Data collected at 500 MHz consisted of 256
FIDs (128 t1 increments); data collected at 700 MHz con-
sisted of 384 FIDS (192 t1 increments). In all cases, FIDs
consisted of 2048 complex points in tz. The NOE mixing
time at 500 MHz was 350 ms; at 700 MHz, mixing times
included 10 ms, 25 ms, and 400 ms. At 700 MHz, spectral
widths were 11.98 ppm, centered at 4.703 ppm.

1H-1H ROESY spectroscopy. 2D ROESY spectra were rec-
orded at 16.4 T (700 MHz) with T=303 K and 313 K. The
ROESY spin-lock consisted of 25 ms continuous wave irra-
diation applied at 4.703 ppm with rf field strength of 7.14
kHz. All other parameters matched those used for 2D
NOESY measurements.

ASSOCIATED CONTENT

Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org.

Details of the CsPbBrs NC synthesis and purification, repre-
sentative TEM images of high-, medium-, and low-QY speci-
mens, corresponding size histograms, QY reproducibility of
high-, medium-, and low-QY NC specimens, XRD and SAED pat-
terns of high-, medium-, low-QY specimens, ideal ammonium-
Br terminated CsPbBrs model, details of TEM-EDXS measure-
ments and ideal stoichiometries for ammonium-Br terminated
CsPbBrs NCs, tH NMR spectra and structural elucidation of lig-
and candidates in toluene-d8, details of high- and medium-QY
specimen washing measurements, 'H-13C HSQC spectra of free
DDA+, free DDDMA*, and high-QY NCs in toluene-d8, DOSY
spectra of free DDA*, free DDDMA*, and high-QY NCs in tolu-
ene-d8, full NOESY spectrum of high-QY NCs in toluene-d8, full
ROESY spectrum of high-QY NCs in toluene-d8, details of 1D se-
lective saturation NOESY experiments, temperature-depend-
ent NOESY spectra of high-QY NCs, DDDMA*, and DDA* in tolu-
ene-d8, details of NC surface ligand density estimates, quanti-
tative 1H NMR measurements and NC concentration estimates
via absorption, details regarding the synthesis of DDABr, 1H
NMR spectra of high-QY NCs before/after DDDMA* passivation,
1H NMR spectra of pure DDABr and the reaction product of
BzBr and DDAm/OA, both in DMSO0-d6, details of modified NC
syntheses involving DDA+ and corresponding ligand densities
estimates, details of DDDMA* titration measurements with cor-
responding photoluminescence spectra acquired during
DDDMA*+ titration.
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