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Experimental Section

Chemicals

Acetone (HPLC grade, Fischer), Bromine (Brz, 99.0%, Sigma Aldrich), cesium
carbonate (Cs2COs, Sigma Aldrich), diethylether (Et2O (>99.8%, Sigma Aldrich),
didodecyldimethylammonium bromide (DDAB, Sigma Aldrich), ethanol (EtOH,
>99.8%, Sigma Aldrich), ethylacetate (EtOAc, HPLC grade, Fischer), hydroiodic acid
(HI, 57% in water, Sigma Aldrich), lead acetate trihydrate (Pb(OAc)2 - 3H20, 299.99%,
Sigma Aldrich), lead(ll) bromide (PbBr2, 98%, Sigma Aldrich), mesitylene (98%, Sigma
Aldrich), 1-octadecene (ODE, techn. grade 90%, Sigma Aldrich), oleic acid (OA, 299%,
Sigma Aldrich), potassium permanganate (KMnOa, Fluka), 3-(N,N-dimethyloctadecyl-
ammonio)butanesulfonate (ASC18, synthesized acc. to reference)!, soy-lecithin
(Roth), toluene (puriss, Sigma Aldrich), toluene-ds (99.5+ atom% D, Sigma Aldrich), 2-
octyldodecyl phosphoethanolamine (PEA, synthesized acc. to Ref.?), 2-octyldodecyl
phosphopropanolamine (PPA, synthesized acc. to Ref.?), trioctylphosphine (TOP, min.
97%, Strem), Oleylamine (OLA, >95%, STREM), zinc bromide (ZnBrz, puriss.,
anhydrous, 298%, Sigma Aldrich), zinc chloride (ZnClz, puriss., Sigma Aldrich), zinc
iodide (Znlz2, 298%, Sigma Aldrich), diisooctylphosphinic acid (DOPA, technical = 90%,
Sigma Aldrich), trioctylphosphine oxide (TOPO, 99 %, Strem Chemicals), n-octane (for
synthesis=99 %, Carl Roth), and n-hexane (suitable for HPLC = 97.0 %, Sigma
Aldrich). For NC purification in the glove box ultra-dry solvents were used. Toluene
was dried in a molecular-sieves-based solvent drying system to achieve water content
<5 ppm and then stored in a nitrogen filled glove box over molecular sieves. Ultra-dry
polar acetone was delivered from Acros. Chemicals were used as provided by the
manufacturer, without further purification.

Synthesis

CsOA 0.4 M in ODE. Cs2COs3 (1.6 g, 5 mmoal), OA (5 mL, 16 mmol) and ODE (20 mL)
were evacuated upon heating to 120 °C until the completion of gas evolution. The
CsOA solution was stored under argon and must be heated before use as it is solid at
room temperature.

CsOA 0.02 M in n-hexane. Cs2CO3 (78.2 mg, 0.24 mmol) and OA (4 mL, 12.67 mmol)
were dissolved in 20 mL of n-hexane at room temperature in air.

CsDOPA 0.02 M in n-hexane. Cs2COs (97.8 mg, 0.30 mmol) and DOPA (1 mL, 3.15
mmol) were dissolved in 2 mL of n-octane at 120 °C on a hotplate in air. The reaction
mixture is allowed to cool to room temperature and then diluted with 27 mL of n-
hexane.

Pb(OA)2 0.5 M in ODE. Pb(OAc)2-3H20 (4.6g, 12 mmol), OA (7.6 mL, 24 mmol) and
ODE (16.4 mL) were mixed in a three-necked flask and evacuated upon heating to 120
°C until the complete evaporation of acetic acid and water. The Pb(OA)2 solution was
stored under argon and must be heated before use as it solidifies at room temperature.
Pb(DOPA)2 0.10 M in ODE. Pb(OAc)2-3H20 (2.2 mmol) and DOPA (6.3 mmol) were
dissolved in 20 mL of ODE and degassed in vacuo at room temperature. After the first
degas, the reaction mixture was heated under vacuum to 120 °C and degassed for one
hour.

PbBr2, ZnClz2, ZnBr2, Znl2, and TOPO stock solutions 0.067 M in n-octane. PbBrz,
ZnClz, ZnBr2 or Znl2 (2.00 mmol), and TOPO (11.11 mmol) were dissolved in 25 mL of

S2



n-octane at 120 °C in air. The TOPO solution was synthesized analogously without
addition of metal halides.

TOP-Cl2 0.5 M in toluene. TOP (6 mL, 13 mmol) with approximatively 130 mmol Cl2
gas, which was produced by slowly adding HCI (15 mL, 170 mmol) in aqueous solution
to the excess of KMnOs4 under argon flow. The insertion of a water-filter flask
guaranteed the complete removal of traces of HCIl. No vacuum grease but Teflon®
joints and only equipment made of glass were used in order to avoid chlorine glass
leaks. TOPCIz is solid at 0 °C and liquid at room temperature. The final stock solution
was obtained by adding toluene (18.7 mL).

TOP-Br2 0.5 M in toluene. TOP (6 mL, 13 mmol) was mixed with toluene (18.7 mL)
and Br2 (0.6 mL, 11.5 mmol) under inert atmosphere.

Oleylammonium iodide (OLAI). OLA (62.5 mL, 0.19 mol) and HI (21.5 mL, 0.19 mol)
were mixed in EtOH (500 mL) and purified by recrystallization from Et2O and EtOH.
Ligand stock solution (0.1 mg/pL) in mesitylene. The respective ligand (PEA or
PPA) was dissolved in mesitylene up to the desired concentration.

Lecithin-capped CsPbXz (X = Br, Cl) NCs.3 For CsPbBrs NCs, CsOA in ODE (4 mL,
1.6 mmol), Pb(OA)2 (5 mL, 2.5 mmol) and lecithin (0.324 g, ca. 0.45 mmol) were
dissolved in ODE (10 mL) and heated under vacuum to 100 °C, where upon the
atmosphere was changed to argon and TOP-Brz in toluene (5 mL, 2.5 mmol, 5 mmol
of Br) was injected. The reaction was cooled immediately by an ice bath. For CsPbCls
NCs, CsOA (4 mL, 1.6 mmol), Pb(OA)2 (5 mL, 2.5 mmol) and lecithin (0.641 g, ca. 0.90
mmol) were dissolved in ODE (5 mL) and heated under vacuum to 150 °C, whereupon
the atmosphere was changed to argon and TOP-CIz in toluene (5 mL, 2.5 mmol, 5
mmol of Cl) was injected. The reaction was cooled immediately by an ice bath.
Isolation and purification. The crude solution was precipitated by the addition of 2
volumetric equivalents of acetone, followed by the centrifugation at 295009 (g is the
earth gravity) for 10 minutes. The precipitated fraction was dispersed in 10 mL of
toluene and then washed three more times. Each time the solution was mixed with two
volumetric equivalents of acetone and centrifuged at 29500 g for 1 minute, and
subsequently dispersed in the progressively smaller amounts of the solvent (5 mL for
the second cycle, 2.5 mL for the third cycle). After the last precipitation, NCs were
dispersed in 2 mL of toluene and centrifuged at 29500 g for 1 minute to remove any
non-dispersed residue.

ASC18-capped CsPbBrs NCs.! ASC18 (0.216 g) was added into a 25 mL three-neck
flask along with CsOA in ODE (0.4 mL, 0.16 mmol), Pb(OA)2 (0.5 mL, 0.25 mmol,
warm) and 5 mL ODE. The reaction vessel was purged 3 times and heated under inert
gas to 130 °C, followed by the injection of TOP-Brz (0.5 mL, 0.5 mmol). The reaction
was immediate, and the resulting crude solution was cooled to room temperature using
a water-ice bath.

Isolation (washing step 1): The crude solution was centrifuged at 29464 g for 10
minutes. The supernatant was isolated and mixed with 12 mL of ethyl acetate and the
mixture was centrifuged at 29464 g for 10 minutes. The precipitate was redispersed in
3 mL of toluene. Purification (washing steps 2-4): the colloid can be further purified by
up to 3 rounds of precipitation and redispersion, each comprising sequential addition
of 6 mL ethyl acetate, centrifugation at 29500 g for 1 minute and subsequent
redispersion in 3 mL of toluene. The final NC dispersion can be centrifuged at 29500
g for 1 minute again to remove larger NCs.
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DDAB-capped CsPbBrs NCs.* 55 mg of PbBr2 and 5 mL of ODE were added into a
three-neck flask and heated to 180 °C under vacuum. At 120 °C the atmosphere was
changed to argon and 0.5 mL of dried OA along with 0.5 mL of dried OLA were injected.
At 180 °C, 0.8 mL of 0.125 M CsOA was injected into the reaction flask. After 15 s, the
reaction was quenched with ice-bath. The crude solution was centrifuged at 12000 g
for 3 minutes. Subsequently, the supernatant was discarded, while the precipitate was
redissolved in 0.3 mL of hexane and centrifuged at 12000g for 3 minutes. After
centrifugation, the precipitate was discarded and 600 pL of toluene along with 150 pL
of 0.1M DDAB/PbBr> were added to the supernatant. Solution was centrifuged at
12000 g for 1 hour. Subsequently, 1.8 mL of ethyl acetate was added as antisolvent,
and the solution was centrifuged at 12000 g for 3 minutes. The precipitate was
redispersed in 600 pL of toluene, followed by the addition of 3 mL of ethyl acetate and
centrifugation for 5 minutes at 4400 g. The supernatant was discarded, and the
precipitate was redispersed in 600 L toluene-ds.

PEA- and PPA-capped CsPb(Br/Cl)z and CsPb(Br/l)s NCs.? For each cesium lead
halide composition, Table S1 specifies precursors and their quantities, as well as
reaction conditions. In general, lead precursor (PbBr2 for CsPb(Br/Cl)s and CsPb(Br/l)s,
Pb(DOPA): for CsPbCls) and zinc halide precursor(s) (ZnClz, ZnBrz and/or Znlz, used
as convenient halide sources, e.g. PbCl2 does not dissolve in n-octane with TOPO)
were placed in one reaction vial and diluted with n-hexane. The reaction mixture was
vigorously stirred at room temperature, followed by the swift injection of the cesium
precursor (CsDOPA or CsOA), which initiated the reaction. In general, CSDOPA was
used for CsPb(CI/Br)s NCs, whereas iodide containing NCs were synthesized with
CsOA. CsPbBr3s NCs were possible to synthesize with both precursors. The reaction
was quenched with the addition of the 0.1 mg/uL stock solution of ligand (C8C12 PEA,
for CsPb(CI/Br)s or C8C12 PPA, for CsPb(Br/l)3) after the particles reached the desired
size. The reaction mixture was stirred for one additional minute after ligand addition.
For purification of the NCs, one to two equivalents of washing solution (EtOAc:ACN,2:1
v:v, dried over molecular sieves and filtered through 0.2 uL PTFE filter) were added to
the crude reaction mixture to cause NCs precipitation, followed by centrifugation. The
supernatant was discarded, and precipitate was redispersed in a minimal amount of n-
hexane. The NCs were washed three times.

Table S1. Direct room temperature synthesis of CsPb(Br/Cl)z and CsPb(Br/1)s. a) 16 mL of TOPO was
added additionally. b) PbDOPA: was used for pure CsPbClz NCs.

Znl, | ZnBrz |ZnCl; | PbBr; amount |injection
Sample |PL |TOPO |TOPO|TOPO | TOPO |CsOA |CsDOPA |n-hexane | Ligand | of ligand | of ligand
/nm|{/mL |/mL |/mL |/mL |/mL |/mL / mL / mL /s

100% CI- | 409 - - 8% |3,48" - 6 5 PEA 0,4 600
66% CI- | 452 - - 4 5.2 - 6 20 PEA 0,4 360
47% CI- | 470 - - 2 5.2 - 6 20 PEA 0,4 360
35% CI- | 483 - - 1,2 5.2 - 6 20 PEA 0,4 360
100% Br-| 509 - - - 52 - 6 20 PEA 0,4 60
100% Br-| 503 - 5 - 2 6 - 80 PPA 1 420
26% |- | 542 2 3 - 2 6 - 80 PPA 1 183
37%1- | 553 | 25 2,5 - 2 6 - 80 PPA 1 166
41% |- | 581 3 2 - 2 6 - 80 PPA 1 149
52%1- [ 600 | 3,5 15 - 2 6 - 80 PPA 1 129
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67% 1 | 625 4 1 - 2 6 - 80 PPA 1 108

80% I- | 642 5 - - 2 6 - 80 PPA 1 40

CsBr NCs. CsBr NC synthesis was adapted from the literature.®> ZnBr2 (90 mg, 0.04
mmol) was dissolved in 2 mL ODE, 1 mL OA and 1 mL OLA at 75 °C. 0.5 mL of CsSOA
(0.4 M) was added. After 5 minutes, the reaction was stopped by cooling with a water
bath to room temperature. The CsBr NCs were collected by centrifugation and
redispersed in toluene-ds.

Post-synthetic treatment

Size selection.® The fractional isolation of the supernatant proceeds through portion-
wise anti-solvent addition (acetone), followed by centrifugation (29500 g at 17 °C, 10
minutes). The supernatant continues in the purification cycle, until no luminescence of
the supernatant is observed, while the precipitate of each cycle constitutes an isolated
fraction of NCs. These fractions are redispersed in toluene-d8 (0.5 mL).

Anion exchange. CsPbBrs and CsPbCls NCs were mixed in several ratios (Table S2)
of pure halide NCs in toluene-d8 to a final volume of 0.5 mL.

Table S2. Volumes of pure halide NCs used for the mixtures for the mixed halide NCs.

: CsPbCls CsPbBrs
Ratio (mL) (mL)

0:100 0.000 0.500
5:95 0.025 0.475
2575 0.125 0.375
50:50 0.250 0.250
75:25 0.375 0.125
95:5 0.475 0.025
100:0 0.500 0.000
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Sensitivity Calculations

In this study, we posed the question whether solution NMR is prohibited also for
CsPbXs. We continued with a rough estimate for the relative signal intensity per
measurement time for 133Cs NMR vs. 7’Se and *3Cd NMR, considering their receptivity
at natural abundance relative to 'H together with their typical T1 relaxation times and
FWHM in CsPbBrs and CdSe, respectively, determined by ssNMR (see Table S3),
assuming similar linewidth and relaxation behavior for NCs compared to their bulk
analogues. Based on these calculations, *33Cs is expected to be more than 60 times
more sensitive than 7’Se and 1*3Cd. Based on the 7’Se data on CdSe NCs from Thayer
et. al.,” a CsPbBrs NC sample concentration of 2.5 mg/mL would be required. We thus
concluded that such solution NMR studies are fully feasible.

The sensitivity per time compared to 133Cs were calculated with the following formula:

e RX 2000 Hz 109s
ti X)= —X
Sensitivity(X) = - iy < Tog

where 2000 Hz and 109 s are the general FWHM and T: relaxation time of 133Cs in
CsPbBr3 (see Table S3.)

Table S3. Calculated intensities per time for 7’Se and '*3Cd in CdSe compared to 33Cs in CsPbBrs.

Nucleus 15 (Zenp;;[ V:k') Ti/s® F‘Q’ZH}Q’)' / Sensitivity vs 133Cs
Se 5,37E-4 308 ~5000° 0.016
113Cd 0,00135 ~1208 10 37508 0.014
133Cs 0,0484 1091t ~200012 1
207pp 0.002 ~113 17600 0.512

@ Values for bulk material due to the lack of NC values. (b) Values for NCs.

Thayer et al. used labelled 7"Se (61%) for their CdSe solution NMR study.” The
concentration was around 40 mg in 0.25 mL. Compared to a 0.5 mL sample used for
our study, this corresponds to 20.1 mg or 0.26 mmol of "’Se. This would require 34.8
mg of 133Cs, equal to 150 mg of CsPbBrs. Including the increased sensitivity of 133Cs
calculated above, about 2.5 mg of CsPbBrs is expected to give similar intensity
compared to the literature data on CdSe NCs. Unfortunately, no number of scans is
mentioned for 7’Se, hampering a direct comparison.

S6



Sample Characterizations

CsPbXsz samples from Figure 1
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Table S4. CsPbXs samples with their PL maximum, FWHM and the particle size determined by TEM.

Sample PL FWHM Particle size
(nm) | (hm) (nm)
CsPbClz | 408 10 10.1+£1.2
CsPbBrs| 512 21 10.3+1.4
CsPbls 692 33 17+3




Size selected lecithin-capped CsPbBrs NCs
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Figure S2. TEM images of the lecithin capped samples L5, L6, L7 and L8.
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Figure S3. Absorption and PL spectra of size-selected fractions of lecithin-capped CsPbBrs NCs.

Table S5. PL, FWHM and particle sizes determined by a sizing curve and measured by TEM for size selected

lecithin capped CsPbBrs NCs used for the size-dependance shown in Figure 2a.5

Size / nm PL/nm FWHM / Particle size / nm
nm Sizing curve TEM
C a=b
5 491 22.2 4.7 5.6 -
55 496 20.1 5.0 6.0 -
6 501 18.8 5.6 6.7 6.2+0.9
7 505 18.0 6.4 7.7 8.0+0.9
8 510 18.1 7.3 8.8 75+1.1
10.5 513 17.4 9.7 11.6 -
12 514 18.4 10 12.5 -
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Size-selected ASC18-capped CsPbBr3s NCs

File name=A995s0(600 4.4l
mmmmm 2020/02/21 09:08:21
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Figure S4. TEM picture of 4 nm ASC18 capped CsPbBrs NCs.
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Figure S5. Absorption and PL spectra of size selected fractions of ASC18 capped CsPbBrz NCs.

Table S6. PL and FWHM for size selected ASC18 capped CsPbBrs NCs used for size-dependence shown in

Figure 2e.
Size / nm PL/nm FWHM / nm
3 475 25
4 482 25
5 490 29
7 502 22
11 515 17
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DDAB capped CsPbBr3 NCs

Figure S6. TEM picture of 5, 7 and 11 nm DDAB capped CsPbBrs NCs.

Abs / PL (a.u.)

300 350 400 450 500 550
Wavelength (nm)

Figure S7. PL and absorption spectra of 5, 7 and 11 nm DDAB capped CsPbBrs NCs.

Table S7. PL and FWHM for DDAB capped CsPbBrs NCs used for size-dependence study shown in Figure 2i.

Sample PL/nm FWHM / nm
5 494 22
7 503 22
11 514 20
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PPA-capped CsPb(Br/lI)s NCs

CsPbBr,
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Figure S8. TEM images of PPA capped CsPb(Br/l)s NCs.
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Table S8. PL, FWHM and size determined by TEM of PPA capped CsPb(Br/l)z NCs.

Sample PL/nm FWHM/nm | Size/nm
CsPbBrs 503 19 7.1+1.0
26% I 542 22 9.7+1.8
36% I 553 28 8.4+0.8
41% I 581 31 8.3x+1.3
52% I 600 34 83+x1.1
67% I 625 37 84+13
80% I 642 33 79+1.0

Table S9. EDX data of PPA capped CsPb(Br/l)s NCs. a) Only 1 sample was measured.

Sample Synthesis I content / | EDX I content / %
%

CsPbBrs 0 1.7+-9
26% I 29 26.3+1.1
36% I 36 35623
41% I 43 41.1+£1.2
52% I 50 52.0+2.1
67% I 57 67.1+1.8
80% I 72 80.0+4.0
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PEA-capped CsPb(Br/Cl)s NCs

CsPbBr, " 35% Cl:
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Figure S9. TEM images of PEA-capped CsPb(Br/Cl)z NCs.
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Table S10. PL, FWHM and size determined by TEM of PEA-capped CsPb(Br/Cl)s NCs.

Sample PL/nm FWHM/nm | Size/nm
CsPbBrs 509 16 9.3£1.0
35% CI 483 18 83+17
46% CI 470 19 7.7+1.6
66% CI 452 17 13.0+£ 3.0
CsPbCls 409 10 10.2+1.4

Table S11. EDX data of PEA-capped CsPb(Br/Cl)s NCs. a) Only 1 sample was measured.

Sample Synthesis EDX CI-

Cl-content / content/ %
%

CsPbBr3 0 -

35% CI 19 345+04

46% CI 28 46.2+1.0

66% CI 43 66.4+0.4

CsPbCls 100 100.0 + - @
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Anion-exchanged lecithin-capped NCs
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Figure S10. TEM images of lecithin capped CsPb(Br/Cl)s NCs.
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Figure S11. PL and absorption spectra of lecithin capped CsPb(Br/Cl)z NCs.

Table S12. PL, FWHM and size determined by TEM of lecithin capped CsPb(Br/Cl)s NCs.

400 500
Wavelength (nm)

Sample PL/nm FWHM /nm | Size/nm
CsPbCls 408 11 81x1.1
95% CI- 412 12 94+26
75% CI 427 14 11.0+ 3.2
50% CI 442 15 94+25
25% CI- 469 18 8.1+1.8
5% CI 494 23 8.8+1.8
CsPbBr3 508 26 8515
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CsBr NCs

CsBr NCs

Intensity (a.u.)
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Figure S12. Powder XRD pattern of the CsBr NCs with the bulk reference pattern shown in negative.'* The broad
signal below 20° results from the adhesive tape used for the measurement.
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Additional NMR data

Table S13. 133Cs ¢cNMR T1 and T2 relaxation times for CsPbXs NCs.

Ligand Size / nm Site Ti/s T2/ ms
Core 0.3 6.5
Lecithin 5 Intermediate 0.2 0.8
Surface 0.3 0.9
Core 1.2 5.0
Lecithin 55 Intermediate 0.5 0.7
Surface 0.5 0.7
Core 1.6 3.8
Lecithin 6 Intermediate 1.6 1.9
Surface 1.0 0.6
Core 1.8 2.8
Lecithin 7 Intermediate 1.7 1.3
Surface 1.5 0.6
Core 2.8 2.1
Lecithin 8 Intermediate 2.7 1.0
Surface 1.7 0.4
Core 3.5 2.0
Lecithin 10.5 Intermediate 3.0 0.8
Surface 2.5 0.2
Core - -
ASC18 3 Intermediate - -
Surface 0.3 1.8
Core 2.6 5.2
ASC18 4 Intermediate 1.9 2.7
Surface 0.4 0.9
Core 15 8.2
ASC18 5 Intermediate 1.4 6.2
Surface 0.3 0.7
Core 1.8 5.7
ASC18 7 Intermediate 1.6 2.0
Surface 0.3 0.5
Core - -
ASC18 11 Intermediate - -
Surface - -
Core 1.0 11.5
DDAB 5 Intermediate 0.9 7.9
Surface 0.7 2.4
Core 1.3 9.7
DDAB 7 Intermediate 1.2 7.6
Surface 1.0 1.7
Core 2.4 15
DDAB 11 Intermediate 1.9 1.1
Surface 0.9 0.5
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Figure S13. 133Cs cNMR spectra of CsPbBrz NCs using various concentrations with the same amount of scans.
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Figure S14. 133Cs cNMR spectrum of CsBr NCs.
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Figure S16. Static 133Cs ssNMR spectrum of CsPbBrs bulk using a solution probe.
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Figure S18. Fit of a 33Cs cNMR spectrum of a CsPb(Br/l)s sample.
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Figure S19. Surface and core contributions in mixed CsPb(Br/l)s NCs.
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Additional DFT Figures
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Figure S20. Cesium-cesium distances within a 5.4 nm CsPbBrs NC.
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Figure S21. Cesium-lead distances within a 5.4 nm CsPbBrs NC.
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