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ABSTRACT

A series of 1,8-naphthalimide (NI) electron acceptors with a primary amine functional
group linked to the N-position of the imide by -(CH»),- linkers with varying length are
found to quench the photoluminescence (PL) of CsPbBr3; nanocrystals (NC). Three
NI-based quenchers were explored, NI-1, NI-2, NI-3, with n = 2, 8, and 12,
respectively. The PL quenching is attributed to photoinduced electron transfer from
the exciton state of the CsPbBr3 NCs to the naphthylimide acceptor. An NI acceptor
that lacks the NHz group does not quench the PL, which reveals that the amino group
serves to anchor the acceptors to the surface of the NC. The photoinduced charge
transfer mechanism is supported by picosecond transient absorption (TA), which finds
a long-lifetime bleach (> 7 ns) for the CsPbBrs NCs with surface anchored NI-1
acceptor.  Steady state and time resolved PL quenching was subjected to
Stern-Volmer (SV) analysis. The results show that the quenching efficiency varies in

the order NI-1 >> NI-2 > NI-3, with Ksy ranging from ~ 10° M! for NI-1 to ~10° M"!
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for NI-3. The quenching efficiency is approximately the same for steady-state and
dynamic quenching. The results are interpreted by a mechanism where the exciton
quenching dynamics are controlled by the rate of interfacial electron transfer.
Diffusion and/or detrapping of the CsPbBr3 exciton may also play a role in

determining the rate of quenching.

Introduction

In the last few decades, lead halide perovskites with the formula ABX3 (A = Cs'/
CH3;NHs™; B = Pb; X = CI/Br/I') have drawn enormous attention because of their
outstanding optical properties, such as broad absorption spectra, high emission
quantum yields, and narrow, symmetric and tunable emission spectra throughout the
entire visible spectrum.!>  With these attractive optical properties, perovskites have
shown great potential in many fields including solar cells, photovoltaics,
light-emitting diodes, and lasers.>* Owing to their controllable bandgaps and weak
exciton binding energy, lead halide perovskites have achieved significant
improvements as light harvesters in solid-state solar cells. In theory, the efficiency of
CsPbl; perovskite-based solar cells can reach as high as 21.7%.*

All-inorganic cesium lead halide perovskite (CsPbX3, X = Cl, Br, and I)
nanocrystals (NCs), which have high photoluminescence quantum yields and stability,
have received attention in perovskite-based photovoltaic systems.>® Not only
determined by the excellent light harvesting ability of perovskite materials, the
conversion efficiency of their photovoltaic devices is also related to the charge
transfer (CT) efficiency between light harvesters and hole/electron transporting
materials. Electron donating, accepting and charge transporting materials, which are
sandwiched with the perovskite light harvesters, play an important role for extraction

of charge carriers from the active layer and decrease exciton recombination.” To
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achieve higher photovoltaic conversion efficiency, the detailed understanding of CT
process across the interface and engineering interfacial energy-level alignment is
necessary. Besides, the CT process could endow perovskites with new
photoproperties, such as wider absorption spectrum, or novel emission properties.®
Nevertheless, the interfacial CT process and ultrafast exciton dynamics between
all-inorganic CsPbX3 NCs and molecular acceptors have not been fully
investigated.>?  All-inorganic CsPbX3 NCs have significant potential in
optoelectronic devices and photocatalytic applications if their interfacial charge
transfer dynamics can be fully understood.!?"!3

1,8-Naphthalimide (NI), a moderate electron acceptor, is also the core structure of
several noteworthy molecular acceptors, such as naphthalenediimide, perylenediimide,
and terrylenediimide.!*!> Tt has been demonstrated that NI possess great potential for
applications such as dye lasers, photoluminescent (PL) thin films, fluorescent
chemical sensors and fluorescent molecular switches.!® Recently, NI-functionalized
fullerenes were applied for perovskite-based solar cells because their LUMO energy
level gives rise to a higher open-circuit voltage (Voc).!”"!® Solar cells with photovoltaic
conversion efficiency of 3.6% and 7.64% have been fabricated that are based on NI
electron acceptors.'?-2

Here, the series of naphthalene imides shown in Chart 1 was used as electron
acceptors linked to the surface of all inorganic CsPbBr3 NCs. The dynamics of CT
from CsPbBr; NCs to the NI acceptors were investigated. The NI moiety is
functionalized with a primary amine group which serves as an anchor to the surface of
the CsPbBrs; NCs; control studies reveal that the amine linker is critical to allow the

electron transfer process between the CsPbBr; NCs and the NI moiety. Our results

give insight concerning the mechanism and dynamics of interfacial electron transfer.



The ability to dissociate excitons in perovskites by connecting with an organic
semiconductor in a donor/acceptor configuration will provide a new prospect to
increase the efficiency of light-harvesting and light-emitting applications for all
inorganic perovskites.

0] NI :R=-CH,CH,CHs
O N_R NI-1 : R = -(CH,)o-NH,

O NI-2:R = -(CH2)8-NH2
0]

NI-1 : R = -(CH,)12-NH,
Chart 1. Structures of NI series
Experimental Section

Chemicals. Lead (II) bromide (PbBr2, 99.999%), cesium carbonate (Cs2COs3,
99.9%), Lead (II) iodide (Pblz, 98%), octadecene (ODE, technical grade of 90%),
oleic acid (OA, 99%), oleylamine (OAm, 70%) were purchased from Sigma-Aldrich.
Solvents were purchased as anhydrous or dried by elution through an MBruan
MB-SPS-800 solvent purification system. 1,8-Naphthalic anhydride (CAS: 81-84-5),
1,2-diaminoethane  (107-15-3), propylamine (107-10-8), 1,8-diaminooctane
(373-44-4), 1,12-dodecanediamine were purchased from Sigma-Aldrich.

Synthesis of CsPbBrs; NCs. A typical hot-injection method with some
modification was used to prepare CsPbBr3 NCs.! Cesium oleate (Cs-OA) precursor
solutions, Cs2CO3 (0.16 g) and OA (2.5 mL) along with ODE (6 mL) were added into
a 50 mL 3-neck flask. The temperature of the solution was kept at 120 °C for 30 min
and then increased to 150 °C under N> to completely dissolve Cs2COs. For preparing
CsPbBr3; NCs, ODE (5 mL) and of PbBr; (0.188 mmol) salt were loaded into a 4-neck
flask. The solution was purged using N> at 120 °C for 1 h before the injection of OAm
(1 mL) and OA (1 mL). Prolonging the reaction time allowed the PbBr: salt to

dissolve completely. And then, the temperature was raised to 180 °C, with the



immediately injection of Cs—OA precursor solution (0.4 mL). The reaction was
terminated by immersion of the reaction vessel in an ice bath within 10 s. To purify
the synthesized samples, the cooled solution was centrifuged at 9000 rpm for 4 min to
remove unreacted ligands. After that, hexane was added to disperse the precipitate.
Centrifugation was repeated at 4000 rpm for 4 min to remove aggregated NCs. By
changing the volume of hexane, CsPbBr3 stock solutions with different concentrations
were prepared. The concentration of the CsPbBr3 stock solution was calculated from
the absorption at 400 nm as described in the Supporting Information. Throughout the
paper concentration refers to CsPbBr3 nanoparticle concentration.

Synthesis of NI Series. The series of NI acceptors (NI and NI-n) were
synthesized by using the same procedures described in the literature with slight
modifications (Figure S2).2! For NI-n, 10.1 mmol of 1,8-naphthalic anhydride was
added into 100 mL of ethanol along with 68 mmol of 1,2-diaminoethane,
1,8-diaminooctane or 1,12-dodecanediamine. For NI, all the experimental conditions
were the same, except for 18 mmol of propylamine was used. It took 6 h to reflux the
mixture. After cooling the reaction, the solvent was evaporated under reduced
pressure. The resulting solid was purified by silica gel chromatography
(DCM/Methanol 1:3) to afford NI series as white powders. 'H-NMR spectra of the
series of compounds are shown in Figure S3 (ESI"). Acetone was selected as the
solvent for NI series compound due to the good solubility for the compounds and

compatibility with the CsPbBr3 NCs (Figure S4, ESIY).



Synthesis of CsPbBr3;-NI-n (n =1, 2, 3) Hybrids. By adding 50 puL of CsPbBr3
stock solution into 2 mL hexane, the CsPbBr3; solution was diluted to 0.04 uM.
CsPbBr3-NI-n (n=1, 2, 3) hybrids were prepared by adding an acetone solution of
NI-n into the diluted CsPbBr3 stock solution (0.04 uM) without further purification.
For morphology and structure characterization, as well as steady state measurements,
10 puL of NI-n solution (0.4 mM) was added into 2 mL CsPbBr3 solution (0.04 uM).
For the transient absorption measurements, the concentration of CsPbBr;3 solution was
1.54 uM. For the CsPbBr3-NI-1 hybrid, excess NI-1 solid was added into the CsPbBr3
hexane solution, and then the unreacted NI-1 solid was removed by centrifugation.
Because of the poor solubility of NI-1 in hexane, only surface anchored NI-1
remained in the final solution. For the Stern-Volmer quenching experiments, NI-n
solution was gradually added into 2 mL of CsPbBr; solution (0.04 puM). The
concentration of NI-n in the mixture was increased from 0 uM to 2 uM. To
demonstrate the critical role of amino group, 10 pL. NI solution (0.4 mM) was added
into 2 mL CsPbBr3 stock solution (0.04 pM).

Structural Characterization. A JEM-2100F microscope operated at 200 kV
recorded the high-resolution transmission electron microscopy (HRTEM) images. The
X-ray scattering was carried out on a Bruker D8 X-ray powder diffractometer (XRD).
Thermo Scientific K-Alpha Al-Ka X-ray source was used in X-ray photoelectron
spectroscopy (XPS) analysis. 'H nuclear magnetic resonance (NMR) spectra were
measured on a 500 MHz Bruker Advance III HD spectrometer using tetramethylsilane
(TMS) as internal standard and chloroform-D (CDCl3) as the solvent. Fourier
transform infrared (FTIR) spectra were measured with an FTIR spectrometer (Thermo

Electron, Nicolet 380).



Steady State and Time-Resolved PL Measurements. Absorption and
photoluminescence spectra were measured on Shimadzu UV-2600 spectrophotometer
and Edinburgh FLS 1000 photoluminescence spectrometer, respectively.
Photoluminescence quantum yields were measured on an Edinburgh FLS 1000
photoluminescence spectrometer equipped with SM4 Integrating sphere. Fluorescence
lifetimes were measured using PicoQuant FluoTime 300 fluorescence lifetime
spectrophotometer by time-correlated single photon counting.

Transient Absorption Measurements. Femtosecond-picosecond transient
absorption (TA) spectroscopy was carried out as previously described.??

Results and Discussion

Figure la shows the steady-state absorption spectra of CsPbBr3 NCs, NI-1, and
the CsPbBr3-NI-1 hybrid sample that is prepared by addition of excess NI-1 to a
solution of the CsPbBr3; nanoparticles. The comparison in Fig. la reveals that the
absorption of the CsPbBr3-NI-1 hybrid sample exhibits the features characteristic of
the nanoparticles, namely the exciton absorption with peak at 509 nm and broad
absorption at shorter wavelengths, along with the superimposed near-UV absorption
bands at 310 - 360 nm due to NI-1. The CsPbBr; nanoparticles exhibit an efficient
characteristic photoluminescence (PL) at 520 nm. Addition of excess NI-1 to a
solution of CsPbBr; leads to rapid quenching of the luminescence as shown in Figure
1b. The results illustrate that NI-1 induces dramatic PL. quenching, which suggests an
efficient interaction between the CsPbBr3 exciton and NI-1 that leads to non-radiative
decay. The color images in Figure 1b reveal that the luminescence of CsPbBr3 is
almost totally quenched within 30 s following addition of NI-1. The PL quantum
efficiency of CsPbBr; and the CsPbBr3-NI-1 hybrid were measured to be 93% and 1%,

respectively; this shows that addition of excess NI-1 nearly completely quenches the



CsPbBr; exciton. The quenching in the PL spectra confirmed the NI-1 moiety is
anchored on the surface of CsPbBr; NCs presumably due to a specific interaction
between the primary amino group (-NH:) and the surface of the CsPbBr; NCs.?*2° In
order to confirm that the amino group is essential in anchoring the imide electron
acceptor on the NC surface, a control experiment was carried out to examine the
effect of addition of NI, which lacks the NH> group (Chart 1), on the CsPbBr; NC
emission. This experiment shows that addition of a comparable amount of NI to a
solution of the CsPbBr3 NCs gives rise to virtually no quenching of the emission
intensity or lifetime (Fig. S5).

Figure lc-e show that CsPbBr; and CsPbBr3-NI-1 nanoparticles have identical
morphology, indicating that addition of NI-1 does not affect the nanoparticle’s
structure. According to transmission electron microscopy (TEM), the particles appear
as cubic structures with average size (the dimension along a side) of ~9 nm for both
the CsPbBr; and the CsPbBr3-NI-1 hybrid. The high-resolution TEM images in Figure
1d and 1f reveal that the NCs are highly crystalline. Figure 1d shows the lattice
fringes of CsPbBr; is 2.92 A, which corresponds to the (200) facet of the cubic
CsPbBr3.26 After addition of NI-1, Figure 1f emphasized the well-aligned crystalline
structure for the CsPbBr3-NI-1 hybrid with a cubic lattice parameter of 2.38 A, which
is due to the (211) facet of the cubic CsPbBr3; phase.?® The XRD results indicates that
all CsPbBr3-NI-n samples crystallized in cubic phase (Figure S6, ESIT). In summary,
after being combined with NI-1, the photoluminescence of CsPbBr; NCs was
significantly quenched, but the surface adsorbed imide quencher does not affect the

NC morphology and crystal structure. >
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Figure 1. (a) Steady-state absorption spectra of CsPbBr; NCs, NI-1, and
CsPbBr3-NI-1 hybrid samples. (b) PL evolution of CsPbBr; NCs after adding NI-1.
The excitation wavelength was 400 nm. The photo in (b) shows the images of
CsPbBr3; NCs (left) and CsPbBr3-NI-1 hybrid sample (right) under 365 nm UV light.
TEM and HRTEM images of CsPbBr3 NCs (c, d) and CsPbBr3-NI-1 hybrid sample (e,
f). The insets in c, e showed the size distribution according to TEM observation. The
insets in d, f show the profile of lattice fringes in green arrow areas.

Steady state emission measurements indicate that there is efficient PL quenching
induced by addition of NI-1 to the CsPbBr; NCs. To obtain insight into the
mechanism for the quenching process, femtosecond-picosecond transient absorption
(TA) experiments were performed. The excitation wavelength was at 400 nm to

ensure selective photoexcitation of CsPbBr3; and that NI-1 is not excited. As shown in

Figure 2a-c, TA spectra were recorded for CsPbBr3 and CsPbBr3-NI-1.
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Figure 2. TA spectra of CsPbBr3 (a) and CsPbBr3-NI-1 (b). Excitation wavelength is
400 nm for both samples and the CsPbBr; NC concentration is 1.54 uM. The spectra
were recorded from 500 fs to 7 ns delay. (c) Normalized bleach recovery kinetic
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traces of CsPbBr; NCs and CsPbBr3-NI-1 sample recorded at 506-509 nm on a 7000
ps time scale.

The spectra for the two samples are qualitatively similar, with some notable
exceptions described below. (The reader is referred to the following references for
the transient absorption typical of CsPbBr3; nanoparticles.)!??-30 In particular, the
spectra of both samples feature transient absorption (A; and A») to the blue and red of
the bleach due to absorption to higher excitonic states. The spectra are dominated by
the negative feature (B2 and B1), which is attributed to a superposition of the bleach of
the ground state absorption and stimulated emission.!>** Close comparison of the
spectra in Fig. 2a and 2b reveals that for CsPbBr3-NI the negative absorption feature
persists to much longer timescale than for CsPbBr3.!? At the longest delay time (7 ns),
~35% of the negative absorption remains for CsPbBr3-NI-1, whereas for the control
sample the negative absorption has decayed to ~10% of its initial amplitude. In
addition, on the short wavelength side of the bleach (~460 nm), there is a pronounced
positive absorption that persists at 7 ns for CsPbBr3-NI-1 (Fig. 2b), and a similar
feature is not seen in the control (Fig. 2a). The TA dynamics at the maximum of the
negative absorption are shown in Fig. 2c. Here it can be seen that the initial decay is
more rapid for CsPbBr3-NI, but then at longer times the decay is markedly slower.!?
These features can be seen more quantitively by the comparison of the kinetic fits for
the transient absorption in Table S1.

Taken together, we attribute the distinct differences seen in the CsPbBr3-NI
sample as arising from a photoinduced electron transfer from CsPbBr; to the surface
anchored naphthalene imide, eq. 2.

CsPbBrs-NI + hv  —  *CsPbBr3(h-e)-NI (1)

*CsPbBrs(h-¢)-NI  — CsPbBrs(h)-NI- 2)
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CsPbBr3(h)-NI~  — (CsPbBr3)-NI 3)

The resulting charge separated state decays via charge recombination, eq. 3, and the
rate of this process is slower than decay of the exciton state of the CsPbBr3 which
explains the persistent negative absorption at long times in the TA. In addition, the
weak positive absorption seen at ~460 nm may be attributed to the absorption of the
reduced state of the imide acceptor (NI*). As can be seen in the Supporting
Information, NI~ exhibits a broad, weak absorption centered at approximately 480 nm
(Fig. S11).3! Our observations are further supported by recent studies by Kamat and
co-workers who have used transient absorption and emission quenching to investigate
the interaction of CsPbBr3 and surface adsorbed methyl viologen (MV?*).!2 In their
studies, they observed very similar persistent negative absorption that was attributed
to the charge transfer state arising from photoinduced electron transfer from CsPbBr3
to MV?* acceptor.

While the transient absorption spectra do not provide unequivocal evidence for
the existence of the charge transfer state, the features outlined above are a strong
indication that electron transfer (eq. 2) is occurring. The TA spectra are dominated
by the bleach/absorption features due to the CsPbBr3 because the nanoparticles have a
1000-fold larger molar absorptivity compared to that of the reduced acceptor, NI (see
Fig. S11).2%3132 In other TA studies of CsPbBrs nanoparticles with electron

acceptors, 12

it is also found that the spectra are dominated by the bleach/absorption
of CsPbBr3, with the absorption of the reduced acceptors being negligible due to the
large difference in molar absorptivity.

To further probe the interaction of the NI acceptors with CsPbBr3 NCs,

Stern-Volmer (SV) quenching studies were carried out by using both steady state PL

quenching and time-resolved PL quenching measurements using time-correlated
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single photon counting (TCSPC). In the SV experiments the CsPbBr; NC
concentration was 0.04 uM and the concentration of NI-1, -2 and -3 was varied over
the range 0 — 2 uM (this corresponds to a ratio of from 0 to 50 NI to CsPbBr; NC).
Figure 3 shows the results of the steady-state quenching (upper panels, Fig. 3a-c) and
the lifetime quenching (middle panels, Fig. d-f) for the three different NI quenchers.
There are several notable features that can be seen in this data. First, all of the NI
acceptors give rise to quenching with the efficiency varying in the sequence NI-1 >
NI-2 > NI-3. This result clearly indicates that the length of the linker chain between
the amino anchor group and the NI acceptor influences quenching efficiency. Second,
the TCSPC traces show quite clearly that the PL lifetime is quenched by addition of
the NI quenchers. This result was a surprise, given the expectation that the NI
quenchers are believed to be surface attached to the CsPbBr; NCs, and therefore a

static quenching mechanism was expected.
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Figure 3. PL quenching of CsPbBr; NCs with gradual addition of NI-1 (a), NI-2 (b),
NI-3 (c¢). The excitation wavelength was 400 nm. The quenching was indicated by the
arrows. Time-resolved PL decay curves of CsPbBr3-NI-1 (d), CsPbBr3-NI-2 (e),
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CsPbBr3-NI-3 (f). The concentration of NI-1/NI-2/NI-3 was increased from 0 uM to 2
uM. Inset in (d) shows a color image of CsPbBr3 NC solution with the concentration
of NI-1 increased from 0 to 8 puM under room light and 365 nm UV light. (g-1) The
Stern-Volmer plots for NI-1, NI-2 and NI-3. Average decay lifetimes were used for
the lifetime quenching plots (see Table S2).

The PL quenching data was analyzed by using the Stern-Volmer equation,

0= 2= 14 K, [NI] (4a)

T

K, = k,t° (4b)
where, I, and I, 1o and 1 are the PL intensities and the average lifetime before and after
the addition of NI-n, respectively, Ksv is the SV quenching constant, [NI] is the
concentration of the NI-n quencher, and kq is the bimolecular quenching rate constant.
The SV plots for all three NI quenchers are shown in Fig. 3g-i. Although there is
scatter in the data, the plots are qualitatively linear, and most important the general
quenching efficiency for lifetime and steady-state quenching are comparable.

In the classical interpretation of SV quenching, the results imply that the majority
of the quenching occurs by a “dynamic” pathway, where the quenching rate is limited
by diffusion or the intrinsic rate of the (heterogeneous) electron transfer step. By
using the slopes of the SV plots in Fig. 3 the quenching constants (Ksv) were
determined and are shown in Fig. 4. The values range from ~10° M™! for NI-1 to 10°
M-! for NI-3; calculation of the quenching rate constants reveals quenching rates
ranging from kq = 10" - 10'2 Ms!. These rates are clearly well above the
diffusion-control limit (~10'° M-!s’!), pointing to an unusual quenching mechanism
given the correspondence of the lifetime and steady state quenching correlations. As
an additional test of the quenching mechanism, steady-state PL quenching
experiments of CsPbBr3 NCs at lower and higher concentrations (0.008 and 0.2 uM,

Fig. S7) were conduced. Here it was seen that there was a slight decrease in the
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quenching efficiency at higher NC concentration, but it was less than expected if the
mechanism occurs by a classic static pathway, where the quencher-emitter complex

concentration would be strongly affected by concentration.
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Figure 4. Stern-Volmer quenching constants (Ksv) for NI-1, NI-2 and NI-3. Units
on Kgy are M1,
General Discussion

The results presented here provide definitive evidence that addition of an
amino-functional naphthalene acceptor to CsPbBr3 nanocrystals leads to efficient
quenching of the NC exciton. The available evidence supports a photoinduced
electron transfer mechanism between the CsPbBr3 exciton and the NI acceptor. By
using UPS spectroscopy (Figs. S8 and S9), the frontier energy levels for the CsPbBr3
NCs and the NI acceptors were estimated, and these are shown schematically in
Figure 5. Here it can be seen that the LUMO of the NI acceptor lies ~1 eV below the
conduction band level of the CsPbBr; NCs. This offset indicates that interfacial
photoinduced electron transfer from the NC to the NI acceptor is quite exothermic and
is expected to occur at a relatively high rate. While the fact that electron transfer is
exothermic is not proof of the quenching mechanism, quenching via singlet-singlet

(Forster) energy transfer can be ruled out (the S; state of NI is higher than the
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CsPbBr; exciton level). Furthermore, while Dexter (triplet) energy transfer is
possible,® electron transfer is typically faster than energy transfer at equal

donor-acceptor separation distance.*’
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Figure 5. Energy band alignment of CsPbBr3; and NI acceptors.

One interesting result is the observation that the quenching rate decreases
substantially with the increasing length of the spacer between the -NH» anchoring
group and the NI acceptor unit. This indicates that the electron transfer rate (eq. 2) is
strongly affected by the distance between the NC surface and the acceptor unit,
presumably due to a decrease in electronic coupling. The SV results suggest that the
rate decreases by a factor of ~10 when the spacer length is increased by 6 -CHz- units.
A similar decrease of rate has been observed in studies of molecular donor-acceptor
dyads where the units are separated by flexible tethers of varying length.>* This
suggests that the electronic coupling between the NC surface and the NI acceptor
varies with distance in a manner similar to that for molecular electron donor-acceptor

systems.®
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The photoluminescence lifetime quenching experiments clearly show that the
CsPbBr3/NI system exhibits dynamic quenching behavior.’® However, as noted
above, the apparent bimolecular rate constants that are derived from the SV results are
considerably larger than expected if the quenching is controlled by diffusion of the NI
quencher to the excited NC. First, it is important to point out that the mechanism of
quenching involves the interaction between the CsPbBr3 exciton and surface bound
NI quencher molecules. Therefore, the rates derived from the SV analysis are higher
than the diffusion limit because the effective concentration of the quencher is
considerably higher than it would be if it is dissolved in homogeneous solution. As
shown in Scheme 1, the rate of quenching is expected to vary with the surface
concentration of the NI quencher. At low NI concentration, the surface
concentration of the quencher is relatively low. Under these conditions, a trapped
CsPbBr3; exciton will likely not be in close proximity to a quencher and the rate will

be slow. By contrast, at higher NI concentration, the surface concentration of the
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quencher will be higher, and the quenching rate will be higher due to the smaller
average distance between the exciton and the quencher. As a result, the excition
lifetime will vary with quencher (surface) concentration as is observed experimentally
(Fig. 3d-f). Similar dynamic quenching of CsPbBr; NCs by MV?" acceptor was
observed in previous studies, but the origin of effect was not noted.!!"!> Other, more
detailed studies of CdS quenching by electron acceptors, including MV?*, have
exhibited dynamic quenching, and the mechanism is attributed to an acceptor surface

37-40 While more

concentration dependent rate of interfacial electron transfer.
detailed insight must await further studies, it is evident that the NC to acceptor
electron transfer kinetics are first-order in the acceptor surface concentration. Given
the observation that the linker length and acceptor surface concentration both
influence the rate, it is likely that the interfacial electron transfer step is rate
determining.
Summary and Conclusions

The luminescent exciton state of CsPbBr; NCs is efficiently quenched by
addition of amino (-NH2) functionalized naphthalene imide (NI) acceptors. The
presence of the amino group is essential to give rise to the quenching and thus it is
inferred that the NI acceptors are surface bound to the NC via specific chemical
interaction of the amino (or protonated amino) group and the CsPbBr; interface. The
PL quenching is attributed to a photoinduced electron transfer process, where the
excited CsPbBr; transfers an electron to the NI acceptor. Transient absorption
spectroscopy gives indirect evidence for the electron transfer step. The efficiency of
the quenching varies strongly with the length of the polymethylene spacer between

the NI moiety and the NH> group. This suggests that the rate of the interfacial

electron transfer reaction is (strongly) distance dependent, in much the same way that

17



the rate of electron transfer decreases (exponentially) with distance between
molecular electron donor-acceptor pairs. Time resolved PL quenching experiments
reveal that the quenching is a dynamic process, with the rate varying with the surface
concentration of the acceptor. The results are interpreted as suggesting that the rate
of interfacial electron transfer from the exciton state and the surface bound acceptor is
rate determining.
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