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Abstract:

Semiconductor nanocrystals (NCs) interfaced with molecular ligands that function as
charge and energy acceptors are an emerging platform for the design of light harvesting, photon
upconverting, and photocatalytic materials. However, several NC systems explored for these
applications often feature high concentrations of bound acceptor ligands, which can lead to ligand-
ligand interactions that may alter each system’s ability to undergo charge and energy transfer.
Here, we demonstrate that aggregation of acceptor ligands impacts the rate of photoinduced NC-
to-ligand charge transfer between lead (II) sulfide (PbS) NCs and perylenediimide (PDI) electron
acceptors. As the concentration of PDI acceptors is increased, we find the average electron transfer
rate from PbS to PDI ligands decreases by nearly an order of magnitude. The electron transfer rate
slowdown with increasing PDI concentration correlates strongly with the appearance of PDI
aggregates in steady-state absorption spectra. Electronic structure calculations and molecular
dynamics simulations suggest that PDI aggregation slows the rate of electron transfer by reducing
orbital overlap between PbS charge donors and PDI charge acceptors. While we find aggregation
slows electron transfer in this system, the computational models we employ predict that ligand
aggregation could also be used to speed electron transfer by producing delocalized states that
exhibit improved NC-molecule electronic coupling and energy alignment with NC conduction
band states. Our results demonstrate that ligand aggregation can alter rates of photoinduced
electron transfer between NCs and organic acceptor ligands and should be considered when

designing hybrid NC:molecule systems for charge separation.



Introduction

Hybrid materials that interface semiconductor nanocrystals (NCs) with molecular
chromophores have attracted great interest as they can harness the complementary properties of
these materials to facilitate photodriven charge separation and spin-selective energy transfer.!”’
The high extinction coefficients and size-dependent optoelectronic properties of NCs make them
well suited to serve as light harvesters,®!* while their tunable surface chemistries and large surface
areas allows them to simultaneously bind redox-active molecular charge acceptors.!!
Photoexcitation of these materials can drive charges from a NC to a molecular acceptor, which has
been used to generate solar fuels and other redox products.'*!?

Photoexciting a NC can also generate excitons with mixed spin character as NCs generally
possess small exchange splitting between their spin states as well as strong spin-orbit coupling due
to their inclusion of heavy atoms.®!* In hybrid NC:molecule systems, this permits a NC to populate
dark triplet exciton states on molecular acceptors via triplet energy transfer.!>!® This process has
recently been used to great effect to catalyze stereoselective synthesis of biomolecules.>!”
Moreover, NC-to-molecule triplet energy transfer can also be used to fuel triplet fusion, a process
wherein pairs of molecules placed in a triplet excited state share their energy to place one molecule

in the pair in an emissive, high-energy spin-singlet state.'®?° Triplet fusion fueled by NC:molecule

hybrids has readily been used to upconvert red and near-infrared light into the visible spectral
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range, which can be used to improve solar energy capture and generate high-energy
photons for 3D printing.?*

Each of these applications require either charge carriers or excitons with distinct spin
multiplicity to be transferred across the NC:molecule interface efficiently. Both electron transfer

and triplet exciton transfer are mediated by the direct exchange of electrons, which requires spatial



overlap of the participating donor and acceptor orbitals.!*?3-3! To enhance this overlap, molecular
acceptors are often bound to NC surfaces as ligands via short chemical tethers. Preparation of
NC:molecule systems often entails maximizing the surface concentration of molecular acceptors
during ligand exchange as the rate of NC-to-molecule transfer is expected to increase linearly with

acceptor concentration according to:3>3

kgr = NAcceptorkgT (D
Here, kgr is the electron transfer rate for a photoexcited NC that binds Nyccepror molecular

acceptors and k2 is the average rate of transfer per acceptor (i.e. the intrinsic transfer rate). For
low concentrations of acceptors, NC:molecule systems obey Eq. 1 well. For example, the rate of
charge transfer from cadmium sulfide NCs to methyl viologen electron acceptors was found to
increase linearly with acceptor surface concentration.?

However, as the acceptor surface concentration increases, strong deviations from Eq. 1 can
be observed. For example, several NC-based photon upconversion systems wherein NC-to-
molecule triplet energy transfer plays a major role were found to exhibit upconversion quantum
yields that initially increased with increasing acceptor surface concentration, in agreement with
Eq. (1), before undergoing a precipitous drop with further increases in acceptor concentration.>3¢
The authors of these studies speculated that the reduction in upconversion quantum yield at high
ligand loadings was the result of acceptor ligand aggregation, but gave no physical mechanism
linking aggregation to reduced energy transfer rates.

Introducing a high concentration of acceptor ligands to a NC surface has the potential to
promote ligand-ligand interactions that can influence key structural and energetic parameters that

control charge migration across NC:molecule interfaces. Figure 1 describes how aggregation-

induced perturbations to the physical structure of a NC’s ligand shell and the electronic structure
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Figure 1: Mechanisms by which the aggregation of charge acceptors on NC surfaces can impact
photoinduced charge transfer. (Left) Aggregation can alter the orientational space that can be
explored by acceptors, thereby altering their ability to accept charge by approaching the NC
surface. (Right) Aggregation can split the energy levels of charge acceptors into a band of states
that each have a different energetic driving force and electronic coupling for charge transfer.

of molecular acceptors can each act to modify NC-to-acceptor charge transfer rates. At low
acceptor concentrations, single acceptor ligands are free to explore many orientational
conformations among a ligand shell comprised of mostly flexible native ligands, such as oleate
(Figure 1, left). With the addition of more acceptors, attractive interactions between surface-bound
acceptors can limit their range of motion and ability to approach the NC surface, thereby reducing
the electronic coupling between the NC and bound acceptors.

Likewise, at high concentrations acceptor aggregation can also impact the electronic states
that act to receive charge from a NC. Following Marcus Theory,?” the rate of NC-to-molecule
charge transfer is dependent on the redox energy level alignment between the NC donor and
molecular acceptor as the energetic offset between these excited states will define the free energy
change for charge transfer. In the case of an acceptor monomer, energy transfer occurs from an

excited state on a NC to one localized on a single acceptor (Figure 1, right). However, molecular
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aggregation can cause the orbitals of neighboring acceptors to couple to one another, producing
new electronic states whose energy splitting reflects the strength of the inter-acceptor coupling.*®
The rate of charge transfer will then depend on how each of these new energy levels energetically
align with and couple to the donor state of the NC. By controlling ligand aggregation, in principle
charge transfer rates could be selectively enhanced or suppressed.

While evidence of ligand clustering on NC surfaces has been observed in 'H-NMR spectra
of NC:molecule systems,* direct spectroscopic evidence of acceptor ligand aggregation is lacking
due to the low magnitude of the transition dipole moment of commonly employed acceptor ligands.
This has made it difficult to discern what role ligand aggregation plays in setting rates for NC-to-
molecule exciton and charge transfer and how best to control aggregation to enhance or suppress
these rates.

To address this issue, we have conducted a systematic study on a set of lead (II) sulfide
(PbS) NCs functionalized with different concentrations of perylenediimide (PDI) electron
acceptors to deduce how PDI aggregation on PbS surfaces impacts the rate of NC-to-molecule
electron transfer. As more PDIs bind to PbS, we observe formation of mixed PDI monomer and
aggregate ligand shells that increase in their degree of aggregation with PDI concentration, as
evidenced by a continuous redistribution of the oscillator strength of PDI vibronic absorption
bands. Photoexciting the lowest-lying exciton of PbS reveals that the average rate of PbS-to-PDI
electron transfer per PDI acceptor can be reduced by nearly an order of magnitude by increasing
PDI surface concentration. The reduced electron transfer rate correlates with a drop in the
percentage of PDI that are monomers in the ligand shell, as inferred from fitting experimental
absorption spectra to a linear combination of computed PDI monomer and aggregate lineshapes.

However, the tendency for PDIs to form aggregates can be controlled by employing linkers of



varying rigidity that influence the conformational space that PDIs can explore when anchored to
PbS. Using electronic structure calculations and molecular dynamics simulations, we find PDI
aggregate formation slows the rate of electron transfer by reducing the ability of PDI acceptors to
approach the PbS donor surface, thereby weakening PbS:PDI electronic coupling. However, while
aggregation acts to suppress electron transfer in the system we examine, our calculations suggest
that if the relative signs of the inter-acceptor and donor-acceptor couplings can be controlled,
aggregation can instead give rise to an enhancement of charge transfer.

Our results indicate that aggregation of acceptor ligands must be considered when
designing NC:molecule hybrids for applications involving photoexcited charge or exciton transfer.
If controlled in a systematic way, acceptor ligand aggregation can provide a unique handle for

fine-tuning rates of electron and energy transfer for a desired application.

Experimental Results

PDI ligands and PbS NCs natively passivated with oleate were synthesized using
previously reported methods.***? Additional synthetic details are described in the Supporting
Information. We employ asymmetric PDI ligands (Scheme 1) that contain a swallowtail for
enhanced solubility, a carboxylate group that allows attachment to a PbS NC surface, and a linker
consisting of an ethyl (C2-PDI), pentyl (C5-PDI), or benzyl (Bn-PDI) group. These linkers were
selected for investigation due to their differences in length and structural rigidity.

A set of oleate-passivated PbS NCs were subjected to a ligand exchange using solutions
where (Npp;), the mean number of PDI ligands per PbS NC, was varied from low ({(Npp;) < 1) to
high ((Npp;) = 40). Following each ligand exchange, PbS:PDI solutions were washed by
precipitation with acetone and centrifuged. The resulting pellet was resuspended in chloroform to

remove unbound oleate and PDI ligands. To determine if unbound PDI ligands remain in purified
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Scheme 1: Chemical structures of PDI electron-accepting ligands that attach to PbS via either an
ethyl (C2-PDI), pentyl (C5-PDI), or benzyl linker (Bn-PDI). Linker lengths correspond to the

carboxylate carbon to imide nitrogen distance of energy-minimized structures computed using the
Universal Force Field (UFF) in Avogadro.*”

PbS:PDI solutions, we used gel permeation chromatography to separate PDI-functionalized NCs
from unbound PDI ligands (Supporting Information). No fractions were collected that contained
only PDI absorption features, indicating all PDI ligands in the recovered ligand-exchanged
solutions are bound to PbS.

The red trace in Figure 2 plots the steady-state absorption spectrum of C2-PDI monomers
dissolved in chloroform while corresponding spectra of C5-PDI and Bn-PDI are shown in Figure
S1 of the Supporting Information. Peak-normalized absorption spectra of each ligand are nearly
indistinguishable from each other, indicating that functionalization of PDI with a linker group at
the imide position has a negligible effect on the electronic structure of each ligand. This
insensitivity of the absorption spectra of PDI monomers to imide substitution arises as their frontier
molecular orbitals possess nodes at the imide nitrogen atoms.** Absorption spectra of C2-PDI, C5-
PDI, and Bn-PDI monomers each exhibit a vibronic progression, peaked at its 0-0 transition at 526

nm, with peaks spaced by ~1400 cm™. This spacing corresponds to a C-C stretching mode of the
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Figure 2: Steady-state absorption spectra of PbS NCs (black) and monomeric C2-PDI ligands (red)
prior to ligand exchange. Post-exchange PbS:C2-PDI solutions (blue and grey) show a
redistribution of the C2-PDI vibronic progression as (Npp;) is varied from 0.5 — 36.9, indicating
the formation of C2-PDI aggregates on the surface of PbS NCs.

perylene core and is characteristic of PDI monomers.*>*" The appearance of this lineshape
indicates that PDI ligands dissolved in solution are not aggregated prior to ligand exchange with
PbS NCs.

Plotted alongside spectra of C2-PDI monomers in Figure 2 are spectra of oleate-capped
PbS NCs and the resulting PbS:C2-PDI solutions obtained following a series of ligand exchange
reactions that employ differing concentrations of C2-PDI. When PDIs are exchanged onto the NC
surface, we observe no change in the PbS first exciton band peaked at 880 nm. However, the
spectral region wherein C2-PDI ligands absorb becomes highly modified. Notably, when C2-PDI
is bound to a NC at sufficiently high concentration, we observe a redistribution of the oscillator
strength of the PDI vibronic progression that favors enhanced intensity of its 0-1 and 0-2
transitions, at 490 and 460 nm respectively, over the 0-0 peak at 526 nm, and the entire absorption
manifold broadens and shifts to the red by ~25 meV. Absorption spectra of PbS:C5-PDI and
PbS:Bn-PDI (Figure S2) display similar lineshape changes as the surface concentration of PDI

ligands affixed to PbS is increased. Similar changes in optical spectra of PDIs have been observed
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#6:48-50 and indicate the formation of PDI

as a result of co-facial stacking between PDI molecules
aggregates on the surface of PbS NCs.

The observed spectral changes stem from Coulombic interactions between the dipole
moments of closely-arranged PDI molecules as well as direct electron exchange interactions that
originate from the spatial overlap of the frontier orbitals of co-facially stacked PDIs.**-! For PDI
molecules affixed to a surface by tethers of the same length, we expect aggregation to lead to a
side-by-side arrangement of molecules, inducing a positive sign of the Coulombic coupling and
the formation of a Kasha H-aggregate.*® Such aggregates exhibit a blue-shift of their spectral onset
and a suppression of low-energy peaks in their vibronic structure in favor of higher energy
transitions.>! While we indeed observe a suppression of the 0-0 transition of each aggregate, we
note that their absorption onset is shifted to slightly lower energy relative to spectra of the
monomers of each PDI. This likely is the result of additional electron exchange interactions
between neighboring PDIs, which if sufficiently strong can induce a spectral red-shift for an
aggregate with H-type Coulombic coupling.**>? As electron exchange interactions exhibit an
exponential dependence on spacing between chromophores, this red-shift suggests that
neighboring PDIs affixed to a PbS surface can stack in co-facial arrangements that allow for spatial
overlap of their n-systems.

To better quantify how the aggregation of PDI ligands depends on their surface
concentration, we isolated their absorption spectra by subtracting features associated with PbS
NCs from spectra of PbS:PDI samples (Supporting Information). Figure 3A shows absorption
spectra of PbS:C2-PDI following removal of PbS absorption contributions. Similar background-
subtracted absorption spectra for PbS:C5-PDI and PbS:Bn-PDI are shown in Figure S3. For all

three ligands, as PDI concentration increases, optical spectra transition from monomer-like PDI
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Figure 3: (A) Absorption spectra of PbS:C2-PDI following subtraction of absorption contributions
from PbS NCs. Calculated values of (Npp;) are listed next to each spectrum. (B) 0-0/0-1 vibronic
peak height ratios as a function of (Npp;). The dashed grey line indicates the average peak height

ratio for PDI monomers.
features to aggregate bands, with spectra measured at intermediate PDI surface concentrations
showing features of both monomers and aggregates, indicating the presence of a mixed ligand shell
that contains both species.

-11-



The degree of aggregation of each PDI can be assessed by monitoring the ratio of the PDI
0-0 and 0-1 vibronic transitions as this ratio decreases as aggregation occurs. To obtain this ratio,
the absorption spectra of each PDI were fit to a series of gaussians and the resulting amplitudes
for the 0-0 and 0-1 vibronic peaks were compared (Figure 3B). Absorption spectra of C2-PDI,
C5-PDI, and Bn-PDI monomers were found to exhibit nearly identical 0-0/0-1 peak ratios of 1.74,
1.77, and 1.74, respectively, which are consistent with ratios reported for other monomeric PDIs.*
When bound to PbS in low surface concentration, all three PDI ligands show peak ratios near 1.75,
the mean of the 0-0/0-1 peak ratios for all three ligands, indicating that PDIs bind as individual
monomers to PbS. As the surface concentration of each PDI increases, the peak ratios display a
marked decrease. For C2-PDI and C5-PDI, this ratio decreases by nearly a factor of 2 for surface
concentrations as low as (Npp;) = 5.1, indicating significant aggregate formation. The appearance
of aggregate features at such a low surface concentration is surprising given that the PbS NCs we
employ contain more than 100 potential ligand binding sites.>* This suggests that PDI aggregates
arise from preferential clustering of ligands at the PbS surface. Similar behavior was reported by
Green et al. who found evidence of clustered anthracene ligands at high-energy binding sites
located at the corners and edges of PbS NCs.*

As the PDI surface concentration is increased further, the 0-0/0-1 peak ratios asymptote
towards constant values, indicating the relative amounts of PDI aggregates and monomers that
bind to PbS ceases to change. C2-PDI and C5-PDI asymptote towards a peak ratio of 0.7, a value
that has previously been reported for PDI dimers held in a co-facial geometry via a xanthene-
bridge.> This suggests that a significant fraction of the PDIs bound to PbS at high concentration
in these systems are involved in aggregate structures. In contrast, Bn-PDI displays a limiting

0-0/0-1 peak ratio that is noticeably higher, 0.9. This indicates that at high surface concentration,
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a larger fraction of Bn-PDI molecules bound to PbS remain in a monomeric state rather than form
aggregates. The distinct behavior observed for Bn-PDI compared to C2-PDI and C5-PDI suggests
that the chemical structure of the linking group used to attach molecules to NCs can alter their
propensity to aggregate. We hypothesize that this difference in aggregation behavior stems from
the higher rigidity of Bn-PDI’s benzyl linker, which can act to restrict the orientational freedom
required for the formation of co-facially stacked aggregates.

To examine the impact of acceptor ligand aggregation on the ability to move charge from
PbS NCs to PDI electron acceptors, we employed transient absorption (TA) spectroscopy to track
the photoexcited dynamics of PDI-functionalized PbS NCs. Figure 4A shows TA spectra of PbS
NCs functionalized with a high surface concentration of C2-PDI ({(Npp;) = 33.6) recorded
following photoexcitation of PbS at 800 nm. At a delay time of 0.25 ps, a broad induced absorption
appears across the visible spectrum (most clearly seen from 575 — 650 nm) that has previously
been assigned to interband transitions of PbS.**>3 As time advances, we observe growth of a
negative band between 450 — 550 nm concomitant with strengthening of an induced absorption
band peaked near 720 nm. The negative feature matches the inverse of the absorption spectrum of
surface-bound C2-PDI ligands (Figure 3A), indicating that over time these molecules are
depopulated from their ground state. The induced absorption band seen at 720 nm develops in
concert with the C2-PDI ground state bleach and is consistent with prior reports of PDI radical
anions (PDI®*),””" indicating that photoexcitation of PbS drives the transfer of an electron to
surface-bound C2-PDI molecules to produce a PbS*":PDI* charge transfer state. Once formed,
this state is found to persist for several hundred picoseconds before decaying to the ground state
(Figure 4B). PbS NCs containing C5-PDI or Bn-PDI ligands exhibit similar spectral features and

excited-state dynamics (Figure S5) as those seen for PbS:C2-PDI.
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Figure 4: (A) Colored, solid traces show TA spectra of PbS:C2-PDI ({Npp;) = 33.6) recorded at
different delay times following PbS photoexcitation at 800 nm. For comparison, the ground state
absorption spectrum of C2-PDI is shown in dashed black. PIA: photoinduced absorption. GSB:
ground-state bleach. (B) Kinetic traces showing the growth and decay of the integrated C2-PDI
GSB as a function of (Npp;).

The effect of increasing (Npp;) on PbS-to-PDI electron transfer is illustrated in Figure 4B
which tracks the C2-PDI ground-state bleach signal as a function of delay time for PbS NCs that
feature different C2-PDI surface concentrations. As (Npp;) increases, the signal maximum is
reached at earlier delay times, indicating that the observed rate of electron transfer for the NC
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ensemble, kg, increases as the surface concentration of C2-PDI increases, in accordance with our
expectation from Eq. 1. Assuming all PDI molecules that bind to a surface are equally likely to
accept an electron, we expect the rate of electron transfer to increase linearly with the PDI surface
concentration. In practice however, Eq. 1 cannot be used to directly fit TA kinetics measured on
NC ensembles as it does not account for heterogeneity in the number of PDIs that bind to different
NCs in an ensemble.

To compare timescales for photoinduced electron transfer between PbS NCs that bind C2-
PDI, C5-PDI, and Bn-PDI ligands, we make use of a fitting approach described by Raulerson et
al.** that employs a kinetic model detailed by Morris-Cohen et al.**® In this model, PDI ligands
are taken to be dispersed among the NCs within an ensemble according to Poisson statistics.
Following photoexcitation of a PbS NC, each PDI bound to its surface is assumed to be able to
accept an electron with a rate, k2. Summing these transfer kinetics over NCs in the ensemble that
bind n PDI ligands yields the following expression for the growth of the PbS®*":PDI*" charge

transfer state:

[PBS™+:PDI"](t) = A * (1 - Z <M e-<NPm>) (e-nkgrf)>, 2)

n!

where A is a proportionality constant. This sum can be simplified to yield the following analytic

expression for the development of the charge transfer state:3>¢!

[PbS™+:PDI](t) = A * <1 - e(WPDI)[e(_kETt)‘lD) 3)

Using Eq. 3, we have fit the rise of the integrated PDI ground state bleach for PbS:C2-PDI,
PbS:C5-PDI, and PbS:Bn-PDI samples measured as a function of (Npp;) and the resulting values
of k2. are plotted in Figure 5. As (Npp;) approaches zero, we expect only monomers to be bound

to the surface of PbS NCs. Hence, the value of k2 in this limit describes how each of the linkers
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Figure 5: Average rates for photoinduced electron transfer from PbS to surface-bound PDI ligands
as a function of the PDI ligand surface concentration, (Npp;). The rates were extracted by applying
Eq. 3 to the rise of the integrated PDI ground state bleach observed in TA spectra.

we employ impacts the rate of the electron transfer independent of effects tied to ligand
aggregation. As the rate of electron transfer is expected to decrease exponentially with increasing

2529 our expectation was that Bn-PDI and C5-PDI would exhibit smaller

donor:acceptor distance,
limiting values of k27 as compared to C2-PDI due to their linker being approximately twice as
long as that of C2-PDI when fully extended. Bn-PDI indeed exhibits a limiting value of 0.12 ps’!
that is less than half that of C2-PDI (0.26 ps™), indicating that Bn-PDI’s rigid benzyl linker restricts
the ability of its PDI charge acceptor to approach the PbS surface, leading to a weakened donor-
acceptor coupling relative to C2-PDI. In contrast, we find that C5-PDI exhibits a limiting rate of
0.32 ps™! that is larger than that of C2-PDI, despite this ligand possessing a long alkyl linker that,
when extended, is similar in length to that of Bn-PDI. This result can be rationalized if C5-PDI’s
alkyl linker is sufficiently flexible that it allows its PDI chromophore to bend towards the PbS
surface to engage in through-space electron transfer. Data supporting this hypothesis was
previously reported by Morris-Cohen and co-workers who found that increasing the length of an

alkyl linker on methyl viologen ligands did not lead to a reduction in the electron transfer rate due

to the ability of the charge acceptor to bend towards the NC.5°
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Examining how k2, changes as a function of (Npp,), we find that the rate of electron
transfer per PDI decreases as the PDI surface concentration of all three PDI ligands is increased.
In the case of C5-PDI, this decrease is quite dramatic, as k9 drops by nearly an order of magnitude
as (Npp;) is increased from 0.5 to 27.5. In the absence of PDI ligand-ligand interactions, we would
expect k- to be independent of (Npp;). Such behavior has been observed by Weiss and co-
workers in studies that examined electron transfer from cadmium chalcogenide NCs to methyl
viologen electron acceptors.’>** However, a key difference for the system we investigate is that
we see strong spectral features that signal formation of PDI aggregates on PbS NC surfaces at high
ligand loading. Our data thus suggests that aggregate formation results in a drastic slowing of

photoinduced electron transfer.

Discussion

Our results reveal that we can induce acceptor ligand aggregation by increasing the
concentration of acceptor ligands bound to the NC surface and that the formation of these
aggregates acts to decrease k2r. To better understand how k9 differs between PDI monomers and
its aggregates, it is necessary to first quantify how the populations of these species within PbS
ligand shells vary with PDI surface concentration. In principle, such information can be obtained
by deconvoluting the absorption spectra in Figures 3A and S3 into contributions from PDI
monomers and aggregates if the extinction spectra for each of these species are known. While
spectra of PDI monomers can be obtained from solution measurements of each PDI ligand,
aggregates of these ligands are difficult to experimentally isolate. For this reason, we estimate
extinction spectra of PDI aggregates using a semiempirical Holstein-type Hamiltonian
model*3°162:63 (see Supporting Information for details). Briefly, spectra were calculated using an

energy-minimized PDI structure wherein the imide side groups have been replaced with hydrogen
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Figure 6: (A) Structure used to compute absorption spectra of PDI dimers. This structure
corresponds to an energy minimum on the PDI dimer potential energy surface.** (B) Computed
extinction spectra of PDI monomers, dimers, trimers, and tetramers used to fit absorption spectra
of PDI-functionalized PbS NCs. Extinction spectra are reported on a per species basis (i.e. the dimer
spectrum includes extinction contributions from both molecules that comprise the dimer, the trimer
includes contributions from all three of its molecules, etc.). (C) Partitioning of monomer and
aggregate species formed on the surface of PbS NCs as a function of the C2-PDI surface

concentration.

atoms for computational expediency. This structure was assembled into co-facial dimer, trimer,
and tetramer stacks wherein neighboring PDIs are separated by 3.5 A and twisted by 30° about the
axis normal to the plane of each PDI molecule (Figure 6A). This twist angle was selected as it

corresponds to the global minimum of the ground-state potential energy surface for a PDI dimer.*
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Cofacially-stacked PDIs are expected to adopt a similar orientation at PbS NC surfaces to
minimize repulsive interactions between bulky swallow-tail groups on the ends of each PDI
molecule, which we indeed find evidence for using molecular dynamics simulations (vide infra).

Calculated extinction spectra for a PDI monomer, dimer, trimer, and tetramer are shown in
Figure 6B. Aggregate structures exhibit a suppressed 0-0 and enhanced 0-1 and 0-2 vibronic
transitions, consistent with our experimental absorption spectra. To determine the fraction of
monomers and aggregates that bind to the NCs, PbS-subtracted absorption spectra were fit to a
linear combination of the calculated monomer and oligomer spectra where the coefficient
weighting each basis spectrum defines the percentage of bound PDI molecules that constitute that
species. Figure S6 compares experimental absorption spectra for PbS:C2-PDI, PbS:C5-PDI and
PbS:Bn-PDI (blue, purple, and pink traces) against the corresponding theoretical fits (black traces).
We find that theoretical spectra are in good agreement with experimental absorption spectra and
reproduce the ratio of 0-0 and 0-1 vibronic peak intensities highlighted in Figure 3B. This analysis
indicates that the PbS ligand shell primarily consists of PDI monomers and dimers, with timers
and tetramers contributing at most 11% to the absorption spectra at the highest PDI surface
concentrations we examine (Figures 6C & S7).

For all three PDI ligands, we find the spectral contribution from monomers decreases as
PDI surface concentration is increased (Figure 7A). As (Npp,) is increased to ~30, we find C2-
PDI and C5-PDI show a 45% reduction in monomer population while Bn-PDI exhibits a smaller
monomer reduction on only 29%. This suggests the higher structural rigidity of Bn-PDI’s benzyl
linker inhibits aggregation, likely by restricting the ability of neighboring PDIs to reorient to form
aggregate structures. Importantly, we find a strong correlation between changes in the percentage

of PDI monomers that bind to PbS NCs and the value of k27. As the relative fraction of PDI
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Figure 7: (A) The percentage of PDI molecules that exist as monomers when bound to PbS as a
function of (Npp;). The curved lines serve as guides to the eye. (B) The dependence of the average
PbS-to-PDI electron transfer rate per bound PDI molecule, k27, as a function of the percentage of
PDIs that affix to PbS as monomers. As PDI molecules in a PbS ligand shell form aggregates, ko
decreases. The dashed lines are linear fits that serve as guides to the eye.

monomers decreases, so too does kP, indicating the loss of the PDI monomer population to form
aggregates is responsible for the decrease in k2 (Figure 7B).

Our results indicate that electron transfer to a PDI monomer is faster than transfer to PDI
ligands that form aggregates. Several potential scenarios can possibly explain this result. First,
aggregate formation could act to reduce the energetic driving force for electron transfer. As
discussed in Figure 1, electronic coupling between charge-accepting ligand states causes them to

hybridize and split in energy. Due to their energetic difference, each of these new aggregate states
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will feature a different energetic driving force for electron transfer that can thus alter its rate.
Second, aggregation can restrict the ability of electron acceptors to approach the PbS surface,
thereby reducing their electronic coupling. Prior reports have shown that monomeric electron
acceptors anchored to NCs by short alkyl chains can tilt towards the surface, thereby reducing the
tunneling gap for electron transfer.**®® However, the formation of co-facially stacked PDI
aggregates may impact how PDIs orient with respect to the PbS surface, affecting k7.

To untangle these potential structural and energetic effects, we have employed electronic
structure calculations in concert with molecular dynamics simulations. We first consider the effects
of electronic coupling between acceptor ligands (denoted as J) on the expected rate of electron
transfer. As shown in Figure 1, coupling between ligands will induce their electron-accepting
levels to hybridize into delocalized aggregate states. The overall rate of electron transfer can then
be described by an expression akin to that derived by Taylor and Kassal® in which the overall rate
is given by a sum of all the possible electron transfer rates from the donor to each of the aggregate
levels. Unlike Ref. 65, for simplicity, we assume the outer-sphere component of the reorganization
energy dominates over the inner-sphere one. Consequently, the reorganization energy is taken to
be the same for charge transfer to each aggregate state. We also account for Auger-assisted electron
transfer using the empirical expression of Zhu et al.®

As described in detail in the Supporting Information, the rate of electron transfer to each
aggregate eigenstate depends on their energetic position relative to the PbS donor level as well as
their coupling to the donor state. In the case of a PDI dimer, the individual ligand LUMO orbitals
hybridize to form a symmetric and an antisymmetric level that each couple differently to a PbS
NC. Assuming the electronic couplings between each of the individual PDIs within the dimer and

the PbS NC are positive, the coupling of the symmetric acceptor eigenstate to the donor level will
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Figure 8: (A) Electronic coupling between the charge-accepting states of pairs of ligands (|a)
and |b)) will give rise to new states that are symmetric and asymmetric combinations of the
uncoupled energy levels. Assuming the electronic coupling between the PbS donor level and each
of the monomer states is the same, then only the symmetric combination of monomer levels (|a) +
|b)) will be able to accept charge as the coupling between PbS and the asymmetric state (|a) — |b))
will be zero by symmetry. If the acceptor intermolecular coupling, /, is positive, then the symmetric
state will be raised in energy relative to the monomer states, thereby decreasing the driving force,
AE, for charge transfer. (B) Ratio of the computed value of k2, for a PDI aggregate relative to that
for a PDI monomer as a function of the aggregate size. For this calculation, /] was set to 32 meV on
the basis of DFT calculations, the reorganization energy, A, was set to 0.3 eV, the driving force for
charge transfer to the monomer was set to -0.4 eV, and kgT = 26 meV.

be enhanced (as compared to the monomer) whereas coupling of the antisymmetric level will be
zero by symmetry (Figure 8A).%” Consequently, electron transfer will only involve the symmetric
level of the dimer. This is a situation similar to that seen in the optical absorption spectra of H-
and J-type molecular dimers, wherein all of the dimers’ oscillator strength is given to the
symmetric state of the pair.*36?

In terms of electron transfer, whether the rate of transfer to the symmetric state of the dimer

is enhanced or suppressed relative to that of two uncoupled monomers will depend on where this

20



level lies energetically with respect to the monomer level. Positive coupling between the monomer
LUMOs will raise the energy of the symmetric PDI dimer state relative to that of PDI monomers.
This will act to lower the driving force for electron transfer, and consequently its rate. In contrast,
negative coupling between PDI LUMOs will lower the dimer state energy, increasing both the
driving force for charge transfer and its rate. Therefore, of particular importance here is the sign
of the PDI-PDI (acceptor-acceptor) coupling (relative to the PbS-PDI donor-acceptor coupling),
which sets the energetic position of the symmetric level of the dimer relative to that of a PDI
monomer.

To estimate the sign and magnitude of the acceptor-acceptor coupling, we performed DFT
calculations on a C2-PDI dimer bound to a PbS NC. For this calculation, we considered a
prototypical lead-rich PbssS3s NC® coordinated with 32 formate ligands and a C2-PDI dimer
whose hexyl side chains have been truncated to methyl groups for computational expediency. To
make the DFT calculations tractable, this NC possesses a diameter of ~1.6 nm, which is smaller
than the 3 nm diameter NCs we investigate experimentally. Similarly, for computational
expediency, oleate ligands used to solubilize NCs experimentally have been replaced with
isoelectronic formate ligands. We expect these choices to have minimal impact on the magnitude
of the acceptor-acceptor coupling as this quantity is largely set by intermolecular interactions
between neighboring PDI molecules rather than their association with the PbS NC and its oleate
ligand shell. Following a geometry optimization, we evaluated the acceptor-acceptor coupling as
half of the energy splitting between the lowest unoccupied orbitals of the C2-PDI ligands. Using
the PBE0-D3 functional,’®’! 6-31G* basis set on the light atoms, and lanl2dz basis set with the
corresponding effective core potentials on Pb and S in NWChem,”* we find |J| = 32 meV. We take

this value to be positive, as well as the PbS-PDI donor-acceptor couplings, as this would lead to a
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suppression of the PbS-to-PDI electron transfer rate (see Supporting Information for details). To
compute the electron transfer rate for PDI trimers, tetramers, and larger aggregates, we consider
ideal 1D stacks of PDIs wherein the nearest-neighbor coupling adopts the value we compute for a
dimer.

Figure 8B plots the average electron transfer rate for PDI aggregates, k2, relative to the
electron transfer rate for a PDI monomer as a function of the aggregate size. We find the positive
intermolecular coupling computed between PDI molecules indeed leads to a lessening of the
average electron transfer rate as the size of the PDI aggregate increases. While this general trend
is consistent with our experiments, we find the predicted drop in electron transfer rate with
increasing aggregate size is modest relative to our experimental observations. Specifically, our
calculations in Figure 8B predict that a C2-PDI dimer should only exhibit a 20% slowdown in its
rate of electron transfer relative to a pair of PDI monomers. However, our experimental data in
Figure 7A shows that a PbS NC whose C2-PDI ligand shell is composed of only 24% aggregates
exhibits a 40% reduction in k27, which is twice that predicted by our calculation for a ligand shell
composed exclusively of dimers. This disagreement becomes even more apparent as a NC’s
aggregate surface coverage increases as we experimentally observed a 76% reduction in kpp for
NCs whose ligand shells are made up of only 55% aggregates. Moreover, we note that electron
transfer to the asymmetric level of a PDI dimer is symmetry-forbidden only if the two acceptors
are coupled to the PbS donor state with equal strengths — a condition likely to be partially violated
in real systems due to structural heterogeneity in how neighboring PDIs affix themselves to the
PbS surface. In addition, the intermolecular coupling between neighboring PDIs is known to
change rapidly as one PDI slips along another, making it possible for structural fluctuations of a

dimer to transiently alter the magnitude and sign of the PDI acceptor-acceptor coupling, further
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mitigating the predicted rate decrease when applying this formalism to a real system. Taken in
total, these discrepancies mean that electronic effects tied to the formation of aggregate states alone
are insufficient to explain the decrease we observe in k2r with increasing PDI surface
concentration.

To explore if PDI dimerization impacts k2 by restricting how these ligands orient with
respect to a PbS surface, we have employed molecular dynamics (MD) methods. All MD
simulations are performed using GROMACS” and are described in detail in the Supporting
Information. Briefly, we make use of an OPLS-based force field’*”> and use standard OPLS
parameters for organic matter. A combination of parameters taken from Fan et al.”® and Heinz et
al.”” are used to describe organic-PbS interactions, with the former being used for carboxylate-lead
interactions while the latter is used for any remaining non-covalent interactions. Standard OPLS
partial charges are used, supplemented by ESP-derived partial charges for PbS, carboxylate, and
PDI atoms.

We again considered a non-stoichiometric PbssS3s NC coordinated with 34 deprotonated
ligands, either thirty-three oleate and one C2-PDI ligand or thirty-two oleate and two C2-PDI
ligands, solvated in chloroform. In contrast to our DFT calculations, we have included here the
bulky oleate ligands used experimentally as they can be expected to play an important role in
determining the possible C2-PDI geometries on the surface of the NC. Interactions between the
NC and ligands are captured solely through non-bonding electrostatic and Lennard-Jones
potentials, which allowed for the diffusion of ligands on the surface of the NC. When two C2-PDI
ligands were included in the simulation, they were initially placed co-facially and in close vicinity
of each other to facilitate dimer formation. To enhance the phase-space sampling, we carried out

cyclical simulated annealing on the two considered systems. For each, we performed a 10 ns
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Figure 9: (A) Distributions of the PDI center-to-PbS surface distance over the course of the
simulations. The distribution shown for the dimer represents behavior exhibited by the individual
PDIs within the dimer pair. (B) Product of the distributions shown in panel (A) and a decaying
exponential, exp[—B(r —ry)] with B set to 1 A' and 7, to 3.2 A in both cases. (C, D)
Representative geometries adopted by the monomer (C) and dimer (D) PDI ligands. S atoms are
shown in yellow, Pb atoms in brown, oleate chains in pink. The corresponding PDI center-to-PbS
surface distances are 3.8 A for the monomer in (C) and 6.4 and 7.9 A for the dimer in (D).

annealing cycle followed by a 100 ns production run. This simulated annealing procedure was
repeated ten times, resulting in 1 us of simulation time for the monomer and dimer systems (see
Supporting Information for details).

Figure 9A plots the distribution of distances between the center of the C2-PDI ligands
(taken as the mean of the C2-PDI nitrogen positions) and the PbS surface for simulation runs
involving a C2-PDI monomer and dimer. We find the short carbon chain of C2-PDI monomers is

sufficiently flexible that it allows these ligands to explore a large distribution of conformations on
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the PbS surface, similar to how an inflatable tube man, or air puppet, contorts and swings its body
into different bent geometries when in contact with the wind. Importantly, we find that these
ligands spend ~1/3 of their time in geometries wherein they partially lay down on the NC surface
(Figure 9C). Such geometries are expected to promote charge transfer from PbS to C2-PDI
monomers. In contrast, we find van der Waals interactions between C2-PDI dimers are such that
these molecules prefer to associate with one another rather than with the PbS surface.
Consequently, dimers are generally found to adopt geometries wherein their cores are situated far
from the PbS surface to facilitate co-facial stacking of the molecules within the dimer (Figure 9D).

The different orientations adopted by PDI monomers and dimers about the PbS surface
leads to differences in their donor-acceptor couplings. Co-facial stacking of C2-PDI dimers
prohibits them from adopting geometries that result in very large donor-acceptor coupling while
C2-PDI monomers can readily explore geometries wherein the donor-acceptor coupling is large.
As the donor-acceptor coupling is predicted to decrease exponentially with increasing PbS-PDI
separation,® in Figure 9B we attempt to predict how the geometry distributions plotted in Figure
9A will each contribute to PbS-to-PDI electron transfer by weighting these distributions by an
exponential function, exp[—B(r — 1) ], where B is the decay constant and ry, is the closest-contact
distance, which is set to 3.2 A for both distributions as this is the smallest PDI:PbS surface
separation observed in the simulations. For 8, we consider a value of 1 A, which is consistent
with our prior work investigating electron transfer from PbS to C2-PDI ligands*’ as well as prior
reports of electron transfer from NCs to surface-bound ligands.!"”® We find that due to this
exponential distance scaling, close contact geometries formed by C2-PDI monomers carry a
disproportionate contribution to the overall electron transfer rate. We find that when all structures

adopted by monomers and dimers in our simulation runs are averaged over, the rate of electron
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transfer exhibited by C2-PDI monomers is 7% faster than that of C2-PDI dimers. We note that
subtle increases in [ lead to predictions that more strongly favor the contributions of C2-PDI
monomers over dimers to electron transfer. For example, doubling £ yields a 70x faster rate of
electron transfer for C2-PDI monomers over dimers. These observations suggest van der Waals
interactions that give rise to PDI aggregation also act to slow the rate of PbS-to-PDI electron
transfer by restricting the range of motion of PDI ligands and their ability to approach the PbS

surface.

Conclusions

We have investigated the impact of acceptor aggregation on the dynamics of photoinduced
charge transfer from NCs to surface-bound electron acceptors. By using a system comprised of
PbS NCs interfaced with PDI electron acceptors that show large spectroscopic changes upon PDI
aggregation, we can quantify the onset of PDI aggregation with changing surface concentration.
Using ultrafast TA spectroscopy, we find as aggregation occurs, the average rate of electron
transfer per acceptor from photoexcited PbS NCs to surface-bound PDI molecules decreases.
Using a combination of electronic structure calculations and MD simulations, we ascribe this
slowdown to the formation of PDI dimers on the surface of PbS NCs. While PDI monomers can
explore a range of geometries when bound to PbS, van der Waals interactions between members
of a PDI dimer pair restrict their ability to adopt geometries that favor strong coupling to PbS,
lowering the rate at which they accept charge.

Interestingly, we find the effects of aggregation can be mitigated to some degree by altering
the chemical structure of the linkages used to anchor electron acceptors to PbS. Employing short,
flexible linkers may be ideal for the design of future NC:molecule systems as they can allow

acceptors to approach the NC surface when acceptors are bound at low surface concentrations. At

-28-



high concentration, these short, flexible linkers can also aid in maintaining a short donor-acceptor
distance even when the acceptors may tilt away from the NC surface due to aggregation. While
we observe that aggregation hinders electron transfer in the system we investigate, we note that if
the sign of the intermolecular coupling between neighboring surface ligands can be controlled,
acceptor aggregation offers a potential pathway for enhancing electron transfer rates by tuning the
free energy for this process.

Overall, our results highlight that acceptor ligand aggregation can be used to enhance or
suppress the migration of charge between NCs and molecular acceptors. As such, the aggregation
of acceptor ligands provides researchers with a new handle for designing functional materials that

shuttle charge or energy across hybrid NC:molecule interfaces.
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