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Supplementary Figure 1. Size distribution of CsPbBr; NCs.
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Supplementary Figure 2. Energy levels of NCA. CV

NCA (b) measured at RT. The CVs were performed in acetonitrile at a scan speed of 100 mV
s, The redox couples labeled in (b) can be assigned to the HOMO or oxidation potential of

NCA. The value of the oxidation potential energy vs. vacuum can be calculated as: Eqx =

-[Vox-V(Fc/Fc)+4.8]eV=-[(1.5+1.3)/2-(0.3+0.6)/2+4.8]=-

potentials of the molecules were calculated as the mean values of the cathodic and anodic

peaks. 4.8 is the potential of Fc/Fc" vs. vacuum. Because

NCA was not obtained in the used electrochemical window. We calculate it using: Ereq = Eox
+ E,, with E, being the optical gap of the molecule. £, of NCA can be determined from the

the crossing point between the normalized absorption and luminescence spectra in (c). Ereq of

curves of Fc/Fc¢' standard (a) and

5.8 eV. In this equation, the redox

the LUMO or reduction potential of

TCA can thus be calculated as: Eeq = Eox + E; =-5.8 +3.8 =-2.0 V.
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Supplementary Figure 3. Energy levels of TCA. CV curves of Fc/F¢' standard (a) and TCA
(b) measured at RT. The CVs were performed in dichloromethane at a scan speed of 100 mV
s, The redox couples labeled in (b) can be assigned to the HOMO or oxidation potential of
TCA. (c) Normalized absorption and luminescence spectra of TCA used to determine its E,.
Eox of TCA can be calculated as: Eox =
[Vox-V(Fc/Fc)+4.8]eV=-[(1.37+0.63)/2-(1.29+0.01)/2+4.8]=-5.1 eV. E,q of TCA can be

calculated as: Ereq = Eox T E; =-5.1+2.4=-27¢V.



a 10 - Fo/Fo” : b, ] CsPbBr, NC v,
_. 5 —
ES ES
5 5
©) ©)
-5 -
-10 — ] :
[ L B B ENLEN BN BN B T T T T T T T T T
-15 -1.0 -05 00 05 10 15 20 -2 -1 0 1 2
Voltage (V) vs Ag/AgCl Voltage (V) vs Ag/AgCI

Supplementary Figure 4. Energy levels of NCs. CV curves of Fc/Fc¢' standard (a) and
CsPbBr; NCs (b) measured at RT. The CVs were performed in acetonitrile/toluene mixture
(1:4 v/v) at a scan speed of 100 mV s'. V. and V, are labeled in (b) and the extra peaks
labeled by blue dashed lines were likely due to additional species in the solution such as the
unreacted Pb-oleate.! Also note that E. and E,, are irreversible peaks so that their values are
determined from single peaks instead of mean values of cathodic and anoic peaks, which are
consistent with previous CV studies on NCs.'? As such, E. = -[Ve-V(Fc/Fc)+4.8]eV =
-[-1.4-(0.4+0.8)/2+4.8] = -2.8 eV; Ey,= -[Vi-V(Fc/Fc )+4.8]eV = -[1.5-(0.4+0.8)/2+4.8] = -5.7
eV. The difference between E. and Ej is 2.9 eV, which is higher than the optical gap of the

NCs (~2.7 eV) because of a strong electron-hole coulomb binding energy in NCs.
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Supplementary Figure 5. Large-size NC-NCA. (a) Absorption and (b) PL spectra of

larger-size CsPbBr; NCs (gray) and NC-NCA complexes (red). PL was acquired using 400

nm excitation.
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Supplementary Figure 6. NIR TA spectra and Kinetics. (a,b) NIR TA spectra of CsPbBr;
NCs (a) and NC-TCA complexes (b) at indicated time delays following the excitation by a
340 nm pulse. (c) 2D pseudo-color plot of the NIR TA spectra of NC-TCA complexes. (d)

Comparison of the extracted radical kinetics at ~900 (black triangles) and ~1150 nm (blue
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circles) of TCA and the scaled XB kinetics of NCs (red solid line).
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Supplementary Figure 7. Different-size NC-TCA NIR data. 2D pseudo-color plots of NIR
TA spectra of CsPbBr; NCs (a) and NC-TCA complexes (b) with the lowest energy

absorption peak at 440 nm. (c,d) The same plots as (a) and (b) but for NCs with the lowest

energy absorption peak at 450 nm.
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Supplementary Figure 8. Triplet lifetime. (a) TA kinetics monitored for the photoinduced
absorption of *TCA* at 485 nm and a fit to the kinetics with a lifetime of ~124 ps. (b) TA

kinetics monitored for the photoinduced absorption of *NCA* at 415 nm and a fit to the

kinetics with a lifetime of ~82 ps.
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Supplementary Figure 9. Size-dependent NC-TCA Kkinetics. Normalized XB (a) and
TR-PL (b) kinetics of a series of NC-TCA complexes with different NC sizes. The sizes of
these NCs are tuned from ~2.6 to 8.5 nm, corresponding to first-exciton absorption peaks
from 440 to 500 nm which are used to label the NCs in the figure. The wine-colored line in (a)
is from ref* which used a sample of ~10-nm CsPbClyBr; 4 NCs. The TA data above and below
the gray dashed line in (a) mostly reflect hole and electron transfer, respectively, whereas the
TR-PL data in (b) measure hole transfer only. Both hole and electron transfer slow down with

increasing NC sizes.
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Supplementary Figure 10. NC-NCA NIR TA. NIR TA spectra of CsPbBr; NCs (a) and

NC-NCA complexes (b) at indicated time delays following the excitation by a 400 nm pulse.
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Supplementary Table 1. Free energy changes for charge transfer reactions.

AG,; (eV)* AGp, (V) AGyy, (V)
NC-TCA -0.3 04 -1.3
NC-NCA 04 1.1 -0.7

“ Hole transfer from photoexcited NCs to ground state PAH; ° Electron transfer from
photoexcited NCs to ground state PAH; ¢ Electron transfer from NC™ to PAH" to form a triplet.
Note that because CV measurements for energy levels are in general accurate to 0.1 V,” we

report numbers to one decimal place.

Supplementary Table 2. Fitting parameters for TA and PL kinetics of pristine NCs

7r (ps) 7x (ps) zcr (ps)

pristine NCs A (%) As (%) A (%)
160+10 5000+146 16047+326
(22.0+1.4) (78.0+2.3) (22.0+1.4)

Supplementary Table 3. Fitting parameters for TA and PL kinetics of NC-TCA

complexes

hole transfer or electron injection or triplet formation Orer (%)
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PL quenching

zur (ps) zeT1 (pS) 7eT2 (PS) TETave (PS) 98.6
NC-TCA A (%) A1 (%) Aj (%)

8.91+0.8 452121 2612+102 1878174

(100.0£1.0) (34.0£1.5) (66.0+1.2)
Supplementary Table 4. Fitting parameters for TA and PL kinetics of NC-NCA
complexes
L1 (pS) PL2 (pS) TPL,ave (pS) TTET (pS) Drgr (%)
NC-NCA A1 (%) Aj (%)
155t4 1900+49 1383136 2134451 65.0
(29.60.4) (70.4+1.0)

13




Supplementary Note 1. Calculation of charge transfer driving forces (-AG)

The charge transfer (CT) driving force is calculated from the free energy change between the
reactant and product states. We follow the formalism in ref.’ to calculate this free energy

change.

Hole transfer from photoexcited NCs to ground state PAH. In the case of hole transfer
from photoexcited NCs (NC*) to ground state polycyclic aromatic hydrocarbons (PAHs), i.e.,

electron transfer from the PAH to the NC*, the reactant is NC*-PAH and its free energy is:
Gp=Exe+Epyy =Eyc +E —E,+E_,+Ep,, (D),

where Enc is the energy of the ground state NC, E. and E), are the energies of the first
quantum-confined electron and hole levels, respectively, in the NCs, E..; is the electron-hole
Coulomb binding energy (a negative value), and Epyy is the energy of the ground state PAH

molecule. The product state after hole transfer is NC-PAH" whose free energy is:

G,=E,.+E,+E  +E +Ec(h)+ECS ),

c(e) PAH?

where Epyy is the energy of the oxidized PAH, E.,) is the charging energy of putting an
electron in the NC, E.4, is the charging energy of putting a hole in the PAH, and Ec¢s is the
electron-hole binding energy in charge separated state NC-PAH' (a negative value).
Therefore, the total free energy change of the hole transfer reaction is:

AGHT = GP - GR = Eh - Eefh + Ec(e)
=F,-E,,+E ,+Es—E

c(e) PAH/PAH*

+ECS _(EPAH _EPAH* _Ec(h)) 3)

14



where the term £ E, . —E,,s, by definition, the oxidation potential energy of the

PAH — PAH™* c

ground state PAH (£ parypar OF Eox shown in Fig. 1¢).

Electron transfer from photoexcited NCs to ground state PAH. In this case, the reactant
state is the same as Supplementary Equation 1 and the product state after electron transfer is

NC'-PAH" whose free energy is:

G,=E,.+E +E,+E +E

c(h) PAH™ c(e) + ECS (4)a

where Epy 1s the energy of the reduced PAH. The total free energy change of the electron

transfer reaction is:

AGET] = GP - GR = _Ee _Ee—h + Ec(h) + ECS + (EPAH— + Ec(e) - EPAH) (5)
=—-E -E,_,+ EC(h) +Es + EPAH/PAH’ ,

where the term E +F

i~ T Eeiey = Epar 18, by definition, the reduction potential energy of the

ground state PAH (Epp/panr Of Ereq shown in Fig. 1c¢).

Electron transfer from NC™ to PAH" to form a triplet. In this case, the reactant state is the
same as Supplementary Equation 2 and the product state after electron transfer is NC-"PAH*

whose free energy is:

GP = ENC +E = ENC +Epy +E; (6),

3 pAH*

where E, is the energy difference between the PAH triplet and ground state and is triplet

energy shown in Fig. 1c. The total free energy change of the reaction is:

15



AG,,,=G,-G,=-E,—E

c(e)
=-FK, - Ec(e) -E+E

_ECS + (EPAH -E _Ec(h) +Er)

PAH* (7),

3 PAH*/ PAH™

where the term £, - E, . —E,, + E, 18, by the Rehm-Weller approximation,’ the reduction

potential energy of the triplet excited state of the PAH ( E or E,.qr shown in Fig. 1c).

3 PAH*/ PAH*

The Rehm-Weller approximation has been extensively used to estimate the redox potential

energy of the singlet and triplet excited states using that of the ground state.® '

Calculating energy terms. The electron-hole binding energy term (E.;) in the NCs was
estimated using the energy levels determined from CV (E.= -2.8 eV and E, = -5.7 eV vs

vacuum) and the exciton energy determined from the optical gap (Ex ~2.7 eV):

E

e—h

=E,—-(E,-E,)=-0.2¢eV (8).
The NC charging energy E.. .- ) has been derived as: 1

E(R)= 0.786¢° N e )
‘ 87c,6R  87e,6 R ’

where ¢ is the effective dielectric constant of bulk CsPbBr; (~5 relative to the vacuum value
of 8())12, &s01 18 the effective dielectric constant of the solvent (1.9 for hexane). In its simplest
form without accounting for the dielectric contrast effect, the electron-hole binding energy in
the charge separated state (E¢s), assuming a point charge sitting on the surface of NCs, can be

estimated as:

tor o r sin 0 p(r)
ECS(R)z—jdrjdejdgo — - (10),
o 0 0 472'8\/7" sin” @+ (R—rcos )

16



where p(r) is the charge density inside the NC and can be expressed as the following by

assuming charge wavefunction for particle in a sphere of infinite depth:

(11).

The estimated E.«), and Ecy for the 3.8-nm-diameter CsPbBr; NCs are ~0.26 and -0.13 eV,

respectively.

With these energy terms calculated, we can calculate the free energy changes for the reactions
described in Supplementary Equations 3, 5 and 7. The results are tabulated in Supplementary

Table 1.

Supplementary Note 2. Kinetics fitting models

Model for pristine NCs. On the basis of the transient absorption (TA) and PL measurements,
a kinetic fitting model is proposed as follows: upon photoexcitation of CsPbBr; NC, the
exited-states (NC*) from a sub-ensemble of NCs quickly decay in 200 ps through ultrafast
hole trapping to form charge separated states (NC'-trap’) with a rate of kr; the rest NC* decay
via band edge exciton recombination to form ground state NC with a rate of kx; the NC-trap”
slowly decay through charge recombination to form ground state NC with a rate of kcr. Note
that the TA and PL probe the contribution-weighted sum and the product of the electron and
the hole, respectively. Electron and hole contributions to the XB signal in CsPbBr; NCs are
~75% and 25%, respectively. Thus, we fit the XB and PL kinetics in CsPbBr; NCs with the
following multi-exponential decay functions:

17



SO e =0.25-(4 e+ 4, e ") +0.75- (4, et 4, ey (12)

S(t)NC,PL = Al ) efth + AZ ) eikXt (13)’

where A; and A, are the relative amplitudes. The fitting parameters are listed in
Supplementary Table 2. The kinetic traces for TA and PL in Fig. 4b are simultaneously fitted
using Supplementary Equations 12-13 using the same set of fitting parameters; note that the

rate constants in the above equations are converted to time constants in the table.

Model for NC-TCA complexes. According to the TA and PL measurements, a kinetic fitting
model is proposed as follows: upon selective photoexcitation CsPbBr; NCs in NC-TCA
complexes, almost all band-edge holes transfer from NC to TCA within 50 ps to form charge
separated states (NC'—TCA+) with a rate of Aur, which outcompetes both electron-hole
recombination (5 ns) and hole trapping (160 ps). From 50 ps to ns timescale, the band-edge
electrons in NC™ are injected into the triplet states of TCA” to form NC->TCA* with a rate of

ker, while the TA signal of *TCA* grows in. Thus, the hole transfer and PL quenching

—kyrt

kinetics are simultaneously fitted using a mono-exponential decay function (S(t yocA-e );

the ensuing electron injection and triplet formation kinetics are simultaneously fitted using

S(tyoc 4 - + 4,

two-exponential decay functions ( ). The fitting parameters are

listed in Supplementary Table 3, and the rate constants are converted to time constants in the

table.

Model for NC-NCA complexes. According to the TA and PL measurements, a kinetic fitting
model is proposed as follows: upon selective photoexcitation of CsPbBr; NCs in NC-NCA

complexes, a sub-ensemble of exited-states (NC*-NCA) quickly decay in 200 ps primarily
18



through ultrafast hole trapping. The rest NC*-NCA without trap states decay via direct
transfer of the band edge exciton energy of NCs to the triplet states of NCA, while the TA
signal of "NCA* grows in. Thus, we simultaneously fit the PL and *NCA* formation kinetics

in NC-NCA complexes with a two-exponential decay function

S(t)oc A -e " + 4, - . L
( ! 2 ).The fitting parameters are listed in Supplementary Table 4, and

the rate constants are converted to time constants in the table.

The rate constants of TET from NC-to-NCA are calculated from the following equation:
<k>ter = <k>~encapr - <k>nepL, where <k>nencapr and<k>ncpr are the average rate
constants obtained from exponential fitting of CsPbBr; PL decay with and without,
respectively, surface-anchored NCA acceptors. The TET yields (®rgr) can be calculated

using the following equation: @ gy = <k>1Er/<k>NC-NCAPL-

Supplementary Note 3. Estimation of triplet formation yields

The CsPbBr; NC-to-PAH triplet formation yields were determined by using ultrafast TA data.
For the CsPbBr; control spectra, the AA at the wavelength of exciton bleach (XB) and the
corresponding ground state molar extinction coefficient (¢1) for the CsPbBr; NCs at the XB
peak (~615000 M'em™)" were used to calculate the concentration of NC excited states (NC")
generated. For the NC-PAH samples, the experiments were performed under identical
experimental conditions. The concentration of *PAH  formed was determined using the
maximum AA at ~425 nm for NCA (465 nm for TCA) and its corresponding triplet molar

extinction coefficient 82.14 Thus, the comparison of the concentration of CsPbBr; NC*

19



generated by the laser pulse in absence of PAH acceptor and the concentration of *PAH’

generated from TET permitted the determination of the triplet formation yield:

_PPaH*] _ M, 8 A8
TOINCHY My /(6)2) 28y,

(14).

Note that the factor of 2 accounts for the two-fold spin-degeneracy of the band edge state in
CsPbBr; NCs, that is, one exciton in a NC only bleaches half of its absorption. The calculated
TCA and NCA triplet formation yields are listed as follows.

A, & 125%615000

@ = - _
TETVETED DA Ay ue,  2%13%31200

94.8% (15),

~ AA3NCA*€1 ~0.4x615000
TET(NC—NCA) 2MA4, 8, 2x14.5%13200

D = 64.3% (16).
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