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ABSTRACT: Semiconductor nanocrystals (NCs) have emerged
as promising photocatalysts. However, NCs are often function-
alized with complex ligand shells that contain not only charge
acceptors but also other “spectator ligands” that control NC
solubility and affinity for target reactants. Here, we show that
spectator ligands are not passive observers of photoinduced charge
transfer but rather play an active role in this process. We find the
rate of electron transfer from quantum-confined PbS NCs to
perylenediimide acceptors can be varied by over a factor of 4
simply by coordinating cinnamate ligands with distinct dipole
moments to NC surfaces. Theoretical calculations indicate this rate
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variation stems from both ligand-induced changes in the free energy for charge transfer and electrostatic interactions that alter
perylenediimide electron acceptor orientation on NC surfaces. Our work shows NC-to-molecule charge transfer can be fine-tuned
through ligand shell design, giving researchers an additional handle for enhancing NC photocatalysis.

B ecause of their size-tunable electronic properties,
quantum-confined nanocrystals (NCs) have emerged as
a premier desigi{n platform for optoelectronics, sensors, and
imaging agents.'~” More recently, the high molar absorptivity,
large surface areas for substrate binding, and readily tunable
redox properties of NCs have led to exploration of their use as
photocatalysts.'*™'> However, to function effectively in this
role, NCs must be able to exchange charge with molecules in
their environment, which necessitates orbital overlap between
a NC charge donor and molecular acceptor. An effective
strategy for achieving such overlap has been to directly
coordinate charge acceptors to NC surfaces via short chemical
tethers.'°™** Several studies have interrogated how the
structure of these linkages controls the rate of photoinduced
charge transfer, finding that this rate generally scales
exponentially with the spatial separation between a NC and
the charge acceptor.'®*'~**

Less explored is how the NC ligand shell that surrounds a
charge acceptor acts to mediate charge transfer. NCs are often
decorated with ligand shells that impart several key properties
to the NC, such as solubility in distinct chemical environments
and the ability to bind specific target reactants. While only a
few of the ligands bound to a NC may function as a charge
acceptor, the other “spectator ligands” bound to the NC can
play an important role in guiding charge transfer.

Figure 1 summarizes two mechanisms by which spectator
ligands can alter rates for photoinduced charge transfer. In the
first (left), spectator ligands containing static dipole moments
produce an electric field that, depending on its alignment, will
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raise or lower the free energy for transferring a charge from a
NC to a molecule bound to its surface. This approach of
binding polar molecules to a surface has been used to tune the
work function of planar semiconductors employed for solar
energy and fuels generation” " and was recently utilized by
Beard and co-workers to vary the work function of PbS NCs
over a 2 eV range.32 However, while increasing AG® for
photoinduced NC-to-molecule charge transfer can improve its
rate, it will come at a cost as a smaller fraction of an absorbed
photon’s energy will be stored in the resulting products.
Specific steric or electrostatic interactions between charge
acceptors and spectator ligands can also alter how charge
acceptors orient themselves with respect to a NC surface
(Figure 1, right).”> As charge transfer exhibits an exponential
dependence on the distance between the NC and acceptor,
conformational fluctuations that modify this distance can play
a major role in setting the rate of charge transfer. For example,
introducing ligands that pack tightly on a surface can slow
charge transfer by hindering a charge acceptor’s ability to
undergo transient structural fluctuations that move it closer to
the NC surface.’**° In contrast, engineering attractive

Received: November 21, 2021
Accepted: January 31, 2022
Published: February 4, 2022

https://doi.org/10.1021/acs.jpclett.1c03825
J. Phys. Chem. Lett. 2022, 13, 1416—1423


https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.1c03825&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03825?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03825?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03825?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03825?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03825?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/13/6?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/6?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/6?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/6?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

ACCEPTOR

NC DONOR

N

ELECTRONIC STRUCTURAL

~

CB
> }AG"
2
[
g1 ve —
NC Donor  Acceptor
SPECTATOR LIGAND EXCHANGE
CcB
Bl X
Q
§| ve
NC Donor  Acceptor

/

Figure 1. Spectator ligands can impact the rate of charge transfer from
a NC donor to a molecular acceptor via two mechanisms: (left)
electronic perturbation, wherein spectator ligands alter a NC’s work
function and thereby the free energy change for charge transfer
(AG®); (right) structural perturbation, wherein spectator ligands alter
the distance between charge acceptors and the NC surface (d),
thereby altering their electronic coupling.

electrostatic interactions between charge acceptors and short
spectator ligands that draw acceptors toward the NC surface
should speed charge transfer. The acceptor’s orientation on the
NC surface and resulting charge transfer dynamics can also be
impacted by the chemical composition of the spectator ligand,
which can alter solvation of the ligand shell’® and thereby
induce a change in the dielectric environment surrounding the
charge acceptor.

In this report, we employ PbS NCs functionalized with
perylenediimide (PDI) electron acceptors to assess the ability
of spectator ligands to impact photoinduced electron transfer
rates. As spectator ligands, we employ a family of cinnamate
molecules whose static dipole moments can be readily altered
by introducing fluorine atoms at different positions along their
periphery. We find these structural modifications alter the rate
of PbS-to-PDI electron transfer by upward of a factor of 4.
Using electronic structure calculations based on density
functional theory (DFT), we separate energetic and structural
contributions to this rate variation. We find that while the
dipole moments of cinnamate ligands shift AG® for electron
transfer by 50 meV, this alone is insufficient to fully explain the
rate variation we observe. Rather, we find a key contribution to
the rate variation stems from directional electrostatic
interactions between cinnamate ligands and PDI electron
acceptors that tune the effective distance over which electron
transfer occurs. Our work shows that, rather than functioning
as passive observers, spectator ligands are an active participant
in NC-to-molecule charge transfer. This affords new
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opportunities for controlling NC-driven charge transfer by
shaping the ligand environment in which it takes place.

A two-step ligand exchange process was used to install a
spectator ligand shell and PDI acceptor molecules on the
surface of PbS NCs natively functionalized with oleate
(Scheme 1, OA™). PDIs were chosen as an appropriate

Scheme 1. Chemical Structures of Spectator Ligands and
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electron acceptor to pair with PbS as their LUMO energy
(3.9 eV with respect to vacuum)®”?® falls below the
conduction band edge (—3.6 eV)* of the 3.1 nm diameter
PbS NCs we employ. We functionalized one of the PDIs’ imide
positions with a short two-carbon chain terminated with a
carboxylate group to allow attachment to PbS. A swallowtail
carbon chain was affixed to the other PDI imide position to
promote solubility in organic solvents (see the Supporting
Information for synthetic details). We chose a series of
cinnamate derivatives to employ as spectator ligands to study
how the chemical composition of a PbS NC’s ligand shell
impacts its ability to donate charge. These ligands can undergo
quantitative exchange with OA™ ligands native to the NC
synthesis while continuing to impart colloidal solubility.*’
Importantly, Kroupa et al. reported that dipoles introduced by
cinnamate ligands at the surface of a PbS NC can tune the
band edge of a NC thin film over an ~2 eV range with respect
to vacuum.’” Such shifts, if maintained for short-range electron
transfer between NCs and surface-bound electron acceptors,
will stron§ly alter the rate of this process according to Marcus
theory."""*
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After exchanging native OA™ ligands for a given cinnamate
derivative, PDI molecules were added to NC surfaces. To
eliminate unbound PDI monomers in solution, ligand-
exchanged solutions were centrifuged, and the resulting pellet
was resuspended. Absorption spectra of PbS NCs are shown
following cinnamate ligand exchange and subsequent function-
alization with PDI in Figure S3. We observe no major change
in the PbS first exciton peak upon exchanging OA™ for
cinnamate ligands or following subsequent functionalization
with PDI. Subtraction of PbS contributions to absorption
spectra allows for quantification of the average number of
bound PDI molecules per NC, Npp;, by comparing these
features to extinction spectra of PDI monomers. This analysis
indicates that the average number of bound PDIs per NC is
10—25 depending on the sample. At these concentrations, PDI
absorption spectra show a redistribution of their vibrational
progression that are suggestive of aggregate formation between
surface-bound PDI molecules. Control measurements of NCs
with low PDI surface concentrations wherein aggregation is
absent (Figure S6) show the trends in PbS NC photoexcited
dynamics highlighted below stem not from PDI aggregation
but rather from changes in the composition of NC spectator
ligand shells.

Following preparation of PbS NCs with mixed spectator/
PDI ligand shells, we employed transient absorption spectros-
copy (TA) to characterize their photoexcited dynamics. Figure
2A shows TA spectra of PbS:3,5-F-CA™/PDI recorded
following photoexcitation at 800 nm, which selectively excites
PbS. At short time delays (red), a broad induced absorption
across the visible spectral range is observed that has previously
been assigned to PbS interband transitions.” ™ As time
progresses, these features decay into a sharper molecular
signature with a ground-state bleach that peaks near 490 nm
and a new induced absorption centered near 710 nm (blue).
We assign this latter feature to the PDI radical anion as it
matches previously reported experimental”’ =" and calcu-
lated® spectra of this species.

We have employed global target analysis to fit TA spectra
recorded over the ~2 ns time window of our experiment to the
two-state rate model schematically depicted in Figure 2B. As
charge transfer from PbS to PDI is expected to be exoergic by
~300 meV (Supporting Information, section SVII), we can
safely assume that back charge transfer, from PDI to PbS, will
be negligible over the 2 ns time window of our experiment.
Indeed, we find this model well reproduces the TA spectra
(Figure S4), which allows us to extract from it a pair of species-
associated spectra (SAS, Figure 2B) that we assign to interband
transitions of the photoexcited PbS exciton and a PbS**:PDI*~
charge-transfer state.

Figure 3 shows TA kinetic traces of PDI-functionalized PbS
NCs whose ligand shells are composed of different spectator
ligands. To highlight the growth of the PbS**:PDI*~ charge
transfer state, contributions to each spectrum from interband
transitions of the PbS exciton have been removed via a
background subtraction procedure (Supporting Information,
section SVI). Spectra of each sample signal formation of a PDI
radical anion as indicated by growth over time of an induced
absorption near 710 nm and a photobleach of the PDI ground
state near 490 nm. Application of our global target analysis
model allows us to recover an electron transfer rate for each
data set (kgy, Table 1). These rates constitute an average of the
electron transfer kinetics that occur for each individual NC
within a sample, which are expected to vary across a NC
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Figure 2. (A) TA spectra of PbS:4-CF;-CA™/PDI following
photoexcitation at 800 nm. PIA: photoinduced absorption. GSB:
ground-state bleach. (B) Species-associated spectra (SAS) extracted
from data in (A) via application of the kinetic model shown in the
inset. kgp corresponds to the PbS-to-PDI electron transfer rate while
kcpg is the relaxation rate of the PDI radical anion.

ensemble as each NC can bind different numbers of PDI
electron acceptors. Under the assumption that each NC’s
electron transfer rate increases linearly with the number of
acceptors it binds, these ensemble-averaged transfer rates can
be reanalyzed assuming that PDI acceptors are distributed
among NCs according to a Poisson distribution (Supporting
Information, section SV). This allows us to determine the
intrinsic time scale for electron transfer between a PbS NC and
a single PDI molecule bound to its surface, kgr .
Comparing values of kgr;,, we find electron transfer occurs
fastest for PbS NCs functionalized with 2,6-F-CA™ and slows,
in order, as the spectator shell is replaced by OA™, 3,5-F-CA7,
and 4-CF;-CA™. This trend tracks with the strength of the
spectator ligands’ static dipole moment, which switches in sign
from gositive to negative moving from 2,6-F-CA™ to 4-CF;—
CA™.” As the ligand dipole moment decreases, it will become
increasingly more difficult to remove a negative charge from
PbS and transfer it to a vacuum, resulting in a lowering (i.e.,
stabilization) of the PbS conduction band edge. If the energy
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Figure 3. TA contours highlighting formation of the PbS*":PDI*~ charge transfer state for PbS NCs functionalized with different spectator ligands.
Spectral contributions from PbS interband transitions have been removed by using a background subtraction procedure. Dashed green lines

represent values of kgr extracted from global target analysis.

Table 1. Observed PbS-to-PDI Electron Transfer Rates
(kgr) and Intrinsic Electron Transfer Rates (kgr;,) That
Account for Differences in the Average Number of PDI
Molecules Bound to PbS NCs in Each Sample (Npp;)“

2,6-F-CA~ OA~ 3,5-F-CA~  4-CF,-CA™
(Nppy) 188+ 16 107 +09 156+13 113 +10
1/kgr [ps] 375 116 13.9 238
Ukgra [ps] 60 3 107 + 10 199 + § 242 + 25

“kgrine is calculated assuming bound PDI molecules are distributed
among PbS NCs according to Poisson statistics.

of the PDI LUMO is unaffected by the spectator ligand dipole
moment, lowering the PbS conduction band edge will decrease
AG?® for charge transfer. According to a Marcus theory model
that accounts for electron—hole interactions in quantum-
confined NCs,** this decrease in driving force should lower
kET,int‘

While this energetic argument based on the dipole moments
of the spectator ligands is qualitatively consistent with the
trend in kgp;, we observe, we find the magnitude of kgy,’s
variation as we move across our spectator series is smaller than
we would have anticipated based on prior photoelectron
spectroscopy measurements of cinnamate-functionalized PbS
NCs.*” This work reported that the cinnamate ligands we have
investigated can shift PbS’s conduction band edge over a 2 eV
range, which should alter AG® for charge transfer from being
exergonic for 2,6-F-CA™ to strongly endergonic for 4-CF;-
CA™. Such a driving force variation should fully suppress
charge transfer from both 3,5-F-CA™ and 4-CF;-CA™ function-
alized NCs to PDI ligands, which disagrees with our
experimental observations. This discrepancy may be due to
several effects, such as screening of the spectator ligand dipoles
by the solvent, a shifting of the PDI LUMO energy induced by
interaction with the spectator ligands, or the close proximity of
PDI electron acceptors to the PbS NC surface, which can
nullify the impact of the electric field of the spectator ligand
shell on electron transfer as electrons may not need to cross
the full length of this field to move from PbS to PDL

To untangle these effects, we have used DFT to examine the
electronic structure of PbS NCs with different ligand shells.
Figure 4 highlights the electronic structure computed for 1.5
nm Pb,,S,) NCs featuring ligand shells composed of a single
PDI molecule and seven spectator ligands (Supporting
Information, section SVIII). As expected, we find the PbS
conduction band edge moves relative to a vacuum as the
composition of the ligand shell is varied. However, the range of
its variation averaged over several different ligand shell
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Figure 4. (top) Representative energy-minimized structure computed
for PbS:4-CF;-CA~/PDI. (bottom) Computed energies for states that
correspond to the PDI LUMO and PbS conduction band edge for
PDI-functionalized PbS NCs with different spectator ligands. For all
calculations, NCs were embedded in a polar medium whose dielectric
properties match those of dichloromethane.

geometries is found to be only 60 meV when moving across
the spectator ligand series. This indicates that solvent screening
likely undermines the ability of spectator ligand dipoles to shift
the conduction band edge. Indeed, we find that when the
energy levels of our PbS NC model are recalculated in a
vacuum as opposed to a polar medium meant to approximate
dichloromethane, the range of variation of the PbS conduction
band edge is increased by nearly a factor of 6.

Turning our focus to the free energy for electron transfer,
AG°®, which we approximate as the energy difference between
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the PbS conduction band edge and PDI LUMO, we find this
value varies by only 50 & 100 meV moving across the spectator
ligand series (Table S4). This result suggests that, within error,
AG° may have zero dependence on spectator ligand identity.
Moreover, assuming reasonable values of the reorganization
energy for PbS-to-PDI electron transfer based on prior reports
of NC-to-molecule electron transfer (200—500 meV),*>>'7>*
we estimate changing AG® by 50 meV should at most lead to a
1.8X increase in kgr, moving from 4-CF;-CA™ to 2,6-F-CA™.
This is smaller than the (4.5 + 0.4)X rate variation we observe
experimentally. We note kgy;,’s dependence on spectator
ligand identity is enhanced even further as Npp; is decreased
(Figure S6). These observations suggest another effect apart
from changes in AG® likely contributes to kgr, s dependence
on spectator ligand identity.

Examining the optimized structures derived from DFT, the
experimentally measured PbS-to-PDI electron transfer rate
shows a high degree of correlation with the molecular
orientation of PDI on the PbS NC surface (Figure S). As
the dipole moments of the spectator ligands in our computed
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Figure 5. (A) Representative energy-minimized structures for
PbS:PDI NCs featuring 2,6-F-CA™ and 4-CF;-CA™ spectator ligands.
Electrostatic interactions between 2,6-F-CA” ligands and surface-
anchored PDIs lead to a decrease in the distance between the PDI
and PbS NC surface. (B) Comparison of experimentally measured
values of kgy, for PbS:PDI NCs featuring different spectator ligands
and the average PDI:PbS spatial separation computed for each
system. Error bars for the PDI:PbS NC separation represent the
standard deviation of this value obtained from three distinct energy-
minimized structures for each ligand set.
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structures move from negative to positive values, PDI
molecules are found to increasingly tilt toward the PbS
surface. This bending results from the flexibility of the two-
carbon chain linking PDIs to PbS, which allows PDIs to adjust
their orientation in response to specific electrostatic
interactions with neighboring spectator ligands. For example,
2,6-F-CA™ has an electron-deficient region at its most outward
facing point (Figure S8) that can encourage neighboring,
electron-rich PDIs to bend toward these ligands, decreasing
their distance to the PbS surface (Figure SA, left). In contrast,
4-CF;-CA™ contains significant electron density at its most
outward facing point. Surrounding a PDI by several 4-CF;-
CA™ ligands will therefore induce repulsive interactions that
will, on net, favor orienting the PDI normal to the PbS surface
(Figure SA, right). We note tilting of PDI molecules induced
by electrostatic interactions occurs in several structures
optimized from distinct starting geometries, indicating this
result is robust.

The DFT structures we have examined contain low loadings
of spectator ligands due to computational cost. While this may
raise a concern that these structures do not fully capture steric
effects between ligands that are present on NCs with higher
ligand densities, work by Weiss and co-workers has shown
methylviologen electron acceptors bound to oleate-capped
CdS NCs can tilt toward the NC surface even in the presence
of high spectator ligand loading.> Such tilting could be
reflective of preferential binding of electron acceptors to NC
corner and edge sites that afford the electron acceptors higher
orientation freedom. This hypothesis is supported by recent
work by Green et al,,>® who observed the preferential binding
of 9-anthracenecarboxylic acid ligands to PbS NC corners and
edges during ligand exchange. Thus, we believe that steric
constraints placed on PDI electron acceptors due to
surrounding spectator ligands are unlikely to fully suppress
the ability of PDI ligands to tilt toward the surface of a PbS NC
to which they are bound.

Our calculations suggest kgt ,,’s variation largely stems from
changes in the orientation of PDI molecules on PbS surfaces
that are dictated by electrostatic interactions between spectator
ligands and PDI electron acceptors. The electronic coupling
between PbS and PDI that allows for electron transfer depends
on the spatial overlap of the PDI LUMO and states within the
PbS conduction band. As this coupling decays exponentially
with the distance between a PbS NC and PDI molecule, tilting
PDIs toward a NCs’ surface will enhance kgy -

We can assess if changes in PbS:PDI spatial separation
induced by spectator ligands is responsible for the observed
variation in kgy;,, by using the computed distance between the
PbS surface and nearest PDI carbonyl oxygen to estimate the
electron transfer distance. The optimized geometries for two of
the spectator ligands, 4-CF;-CA™ and 2,6-F-CA™, are shown in
Figure SA. PDI core tilting is apparent in the case of the latter
and leads to nearly a 2-fold difference in the spatial separation
of the PbS electron donor and PDI acceptor between these
structures. This separation is compared with kg, in Figure
SB, which reveals this rate indeed depends exponentially on
the electron donor—acceptor distance. The f coefficient that
describes the decrease of kgr, with increasing donor—
acceptor separation is 1.06 A™!, which is consistent with
values reported for other NC-to-ligand electron transfer
systems wherein the separation between the electron donor
and acceptor is tuned by varying ligand length.”*** The strong
dependence of kgy,, on PbS:PDI spatial separation highlights
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that the electronic coupling between these materials is weak.
Ultrafast electron transfer is largely the result of the close
spatial proximity of PbS and PDI, which our results indicate
can be tuned by altering a NC’s spectator ligand shell.

Additional evidence showing enhanced orbital overlap
induced by the tilting of PDI molecules toward the PbS
surface is provided by calculated optical absorption spectra of
PDI-functionalized PbS NCs (Figure S10). We find that
optical spectra of PbS:4-CF;-CA™/PDI consist of a sum of
spectra computed from its individual PbS, PDI, and spectator
ligand components, indicating electronic coupling between
these components is weak. In contrast, spectra computed for
PbS:2,6-F-CA™/PDI are nonadditive as they show a noticeable
deviation from the sum of spectra of the system’s individual
components. This suggests electronic coupling between PbS
and PDI has been enhanced by replacing 4-CF;-CA™ with 2,6-
F-CA™.

Our results show mixed-ligand surfaces can modulate charge
transfer between PbS NCs and surface-bound electron
acceptors by altering the average orientation adopted by the
acceptors. Our observations demonstrate that spectator ligands
are not benign, but rather play an active role in shaping
interactions between NCs and electronically active molecules
bound to their surface. This provides researchers with a new
means for optimizing charge transfer between a NC and its
environment. Using spectator ligands to alter the properties of
NC interfaces is an approach orthogonal to varying NC
quantum confinement and the redox properties of the charge
acceptor. Altering these parameters, in concert with spectator
ligand shell composition, can yield functional interfaces that
robustly shuttle charge in a desired direction with minimal
energetic loss.
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