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ABSTRACT: Hybrid organic:inorganic materials composed of
semiconductor nanocrystals functionalized with acene ligands
have recently emerged as a promising platform for photon
upconversion. Infrared light absorbed by a nanocrystal excites
charge carriers that can pass to surface-bound acenes, forming
triplet excitons capable of fusing to produce visible radiation. To
fully realize this scheme, energy transfer between nanocrystals
and acenes must occur with high efficiency, yet the mechanism
of this process remains poorly understood. To improve our
knowledge of the fundamental steps involved in nano-
particle:acene energy transfer, we used ultrafast transient
absorption to investigate excited electronic dynamics of PbS
nanocrystals chemically functionalized with 6,13-bis-
(triisopropylsilylethynyl)pentacene (TIPS-pentacene) ligands. We find photoexcitation of PbS does not lead to direct triplet
energy transfer to surface-bound TIPS-pentacene molecules but rather to the formation of an intermediate state within 40 ps.
This intermediate persists for ∼100 ns before evolving to produce TIPS-pentacene triplet excitons. Analysis of transient
absorption lineshapes suggests this intermediate corresponds to charge carriers localized at the PbS nanocrystal surface. This
hypothesis is supported by constrained DFT calculations that find a large number of spin-triplet states at PbS NC surfaces.
Though some of these states can facilitate triplet transfer, others serve as traps that hinder it. Our results highlight that
nanocrystal surfaces play an active role in mediating energy transfer to bound acene ligands and must be considered when
optimizing composite NC-based materials for photon upconversion, photocatalysis, and other optoelectronic applications.

■ INTRODUCTION

Hybrid materials composed of inorganic semiconductor
nanocrystals (NCs) and organic acene molecules have emerged
as a promising platform for photonic devices that repartition
the quanta of incoherent light. High energy photons absorbed
by members of the acene family can initiate singlet fission, an
energy down-conversion process wherein an absorbed photon
leads to the creation of two spin-triplet excitons, each with
roughly half of the photon’s energy.1,2 This energy can be
subsequently passed to semiconductor NCs3,4 and re-emitted
as two infrared photons, used to drive catalytic conversions,5 or
power photovoltaic circuits.6−8 Similarly, excitons in semi-
conductor NCs created by infrared light absorption can be
transferred to surface-bound acene molecules to produce triplet
excitons.9−12 Once triplet excitons are generated in sufficient
numbers, they may combine to yield high-energy spin-singlet
excitons that can emit visible light. By altering either acene
chemical structure or NC size and shape, the relative energy

levels of these materials can be tuned to direct energy flow for
either photon up-conversion or down-conversion.
Ensuring efficient energy transfer across the acene:NC

interface is critical to the success of photonic devices using
these materials. However, the mechanism of this form of energy
transfer remains poorly understood. The acene family’s spin-
singlet ground state and low intrinsic spin−orbit coupling make
radiative transitions to and from spin-triplet excited states spin-
forbidden.13,14 Consequently, it is broadly postulated that
triplet energy transfer between NCs and acene molecules must
unfold via a Dexter-type mechanism wherein electron exchange
plays an integral role.3,4,10,15,16 Under this scenario, the distance
between acenes and the NC surface as well as the orientation of
acenes with respect to the NC surface are critical to control as
wave function overlap between these materials is required for
energy transfer.17 Despite this challenge, energy transfer time
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scales as fast as 1 ps have been reported for triplet energy
transfer between pentacene triplet excitons and PbSe NCs
terminated with benzenedithiol ligands.3 In stark contrast, rates
for triplet energy transfer from NCs to acene molecules are
much more modest, falling in the range of hundreds of
picoseconds to hundreds of nanoseconds.10,11,15,18−22 Slow
rates of transfer are even seen when acenes are directly bound
to nanoparticle surfaces via short covalent tethers.10,19,20,23 The
origin of the apparent disparity between rapid triplet energy
transfer from acenes to NCs and the relatively slow reverse
process is not immediately clear.
One possible explanation for the slow rate of energy transfer

from NCs to acenes is an increase in the local dielectric
constant felt by acene molecules in close proximity to NC
surfaces provides additional Coulombic screening that slows
triplet energy transfer.15 Though this effect may be significant
in solid films, where NCs are in close proximity and the
effective dielectric of the medium approaches that of the bulk
semiconductor, it does not account for slow triplet energy
transfer rates seen for solution-phase NCs functionalized with
covalently bound acene ligands as they experience an effective
dielectric constant closer to that of the surrounding solvent.
Additionally, changes in the local dielectric constant should
similarly affect triplet energy transfer from acenes to semi-
conductor NCs, but relatively rapid energy transfer rates for
this process have been observed in solid films.3,4 Alternatively,
triplet energy transfer from NCs to surface-bound acenes may
not proceed through a concerted Dexter-like mechanism but
rather a sequential process involving multiple steps. Recent
work examining triplet energy transfer between PbS NCs and
TIPS-pentacene molecules covalently anchored to their
surfaces identified two sequential kinetic events resulting in
TIPS-pentacene triplet exciton production.20 These two
processes were assigned to successive charge transfer events,
the first being hole transfer on a sub-100 ps time scale followed
by electron transfer over ∼6 ns. The slow rate of electron
transfer, relative to hole transfer, was attributed to energetic
mismatch of the PbS NCs’ conduction band edge and the
triplet exciton molecular orbitals of TIPS-pentacene. However,
the absence of a photobleach associated with the TIPS-
pentacene cation on intermediate time scales leads us to
question this interpretation.
Rather, the slow rate of energy transfer from NCs to acenes

may point to the involvement of NC midgap states that trap
charge carriers. Improper passivation of NC surfaces is well-
known to lead to the creation of localized surface states.24−29

Formation of these states could impact triplet energy transfer
by both altering the energy of photoexcited carriers and wave
function overlap with surface-bound acene molecules. Indeed,
work that examined CdSe NCs functionalized with anthracene
derivatives found the yield of upconverted light depended
critically on the photoluminescence quantum yield of the NCs
prior to anthracene functionalization,30 suggesting defect state
formation competes with triplet energy transfer to anthracene.
In an effort to elucidate the mechanistic pathways that

facilitate triplet energy transfer from semiconductor NCs to
acene molecules, we have used femtosecond transient
absorption to examine the excited state dynamics of PbS
NCs functionalized with 4-(6,13-bis(2-(triisopropylsilyl)-
ethynyl)pentacen-2-yl)benzoic acid (2-CP). A Jablonski dia-
gram illustrating the relative energy levels of excitonic states
and open energy transfer pathways associated with this system
is provided in Scheme 1. We elected to study 2-CP

functionalized NCs because photon upconversion via triplet
exciton annihilation should be suppressed due to 2-CP’s
sufficiently low triplet exciton energy, thereby allowing us to
more easily identify steps involved in triplet exciton formation.
We find photoexcitation of PbS indeed results in 2-CP triplet
exciton formation on a ∼100 ns time scale, in accordance with
triplet exciton formation rates reported for other NC:acene
systems.10,11,15,18−21 However, these triplet excitations are not
created directly from PbS bandedge states associated with the
NC bulk but are instead formed via a kinetic intermediate. The
evolution of spectral changes seen within the first few
picoseconds following PbS photoexcitation provide strong
evidence this intermediate corresponds to an excitation
localized at the PbS NC surface. We find these states are not
formed by PbS NCs prior to 2-CP ligand exchange, leading us
to conclude the exchange process used to attach 2-CP to PbS
NCs produces surface sites that quickly localize excitations.
Interestingly, saturating these states with pump fluences capable
of producing multiple excitations per NC significantly speeds
triplet energy transfer, suggesting their net effect is to trap
excitations and slow triplet formation. However, quantum
chemical calculations suggest a subtler picture as they reveal
some of these states weakly interact with surface-bound 2-CP
molecules and serve as exciton traps whereas others are coupled
to 2-CP molecules and facilitate NC-to-ligand energy transfer.
Our results indicate NC surface states play an active role in
modifying triplet energy transfer rates to surface-bound ligands
and must be considered when designing composite NC-based
materials for photon upconversion, photocatalysis, and other
optoelectronic applications.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Material Synthesis. 2-CP was prepared by synthesizing a
brominated TIPS-pentacene derivative according to the methods of
Sanders et al.31 that was then further modified to add a benzoic acid
linker. Detailed synthesis procedures are included in the Supporting

Scheme 1. (Top) Cartoon Illustrating 2-CP Structure and
Expected Attachment Geometry to a PbS NC (in addition to
2-CP, PbS surfaces contain oleate ligands; (Bottom)
Jablonski Plot Illustrating State Energies for PbS and 2-CP
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Information. PbS NCs were produced following our previously
published methods.32

2-CP Ligand Exchange. 2-CP was dissolved in 200 μL of
tetrahydrofuran. To this solution was added a toluene solution
containing PbS NCs, to bring the total volume of the combined
solution to 1.25 mL. Prior to mixing, the concentration of PbS NCs in
the initial toluene solution was adjusted such that the NC
concentration in the combined PbS:2-CP solution is 10 μM. The
amount of 2-CP in the combined solution was selected to yield either a
50 or 500 molar excess relative to the number of NCs in solution. This
combined solution was stirred for 40 min to facilitate ligand exchange.
To isolate 2-CP functionalized NCs, 4 mL of an antisolvent, acetone,
was added to precipitate the NCs. The solution was centrifuged, the
resulting supernatant was discarded, and the pellet containing 2-CP
functionalized NCs redispersed in toluene. As 2-CP molecules not
adhered to PbS largely remain in the supernatant, this process also
serves to remove unbound 2-CP molecules from solution.
Steady-State Characterization of NC Solutions. Absorption

spectra of NCs suspended in toluene were measured using a Shimadzu
UV-2600 absorption spectrometer with an integrating sphere attach-
ment. The ratio of PbS NCs to 2-CP molecules in solution was
determined by comparing the amplitude of absorption features for
each species to extinction values we determined for 2-CP (ε = 19 200
M−1 cm−1 at λmax = 651 nm) and values reported for PbS (ε = 61 500
M−1 cm−1 at λmax = 1005 nm).33 As the continuum absorption band
for PbS overlaps with absorption features from 2-CP, the absorption
spectrum of oleate-capped PbS NCs was subtracted from the spectrum
of the 2-CP:PbS solution prior to calculating the 2-CP concentration.
Transient Absorption Measurements of NC Solutions. TA

measurements were performed using the output of a Ti:sapphire
amplifier with a center wavelength of 804 nm (Coherent Duo Legend
Elite, 3 kHz, 4.5 mJ). For femtosecond-resolution measurements, a
portion of the amplifier output was used as the excitation pulse
whereas white light supercontinuum probe pulses were produced by
focusing 0.5−1 μJ of the amplifier’s output into either a 3 mm thick c-
cut sapphire plate or a 6 mm thick undoped Yttrium Aluminum
Garnet (YAG) crystal. A mechanical delay stage controlled the pump−
probe time delay (Newport ILS300LM) and changes in the probe
transmission were detected using two different detectors, a silicon
CCD camera (Princeton Instruments PyLoN 100-BR) for visible
wavelengths and a 512-pixel InGaAs linear imaging sensor
(Hamamatsu G11620-512DA) for infrared wavelengths, following
dispersal of the probe by a 500 mm Czerny−Turner spectrometer
(Acton Instruments Spectra Pro 2556). To measure TA spectra over
nanosecond-to-millisecond time delays, the excitation source was
replaced with the 1064 nm output of an independently triggered Q-
switched Nd:YAG laser (Alphalas Pulselas-A, <1 ns, 8.7 μJ). A digital
delay generator (Stanford Research Systems DG535) synchronized the
pump laser’s operation with the Ti:sapphire amplifier.
NC samples for TA measurements were suspended in toluene and

housed in a 1 mm path length cuvette. Samples were continuously
stirred throughout data collection and were diluted such that their
optical densities were 0.1 or less at the peak of the PbS X1 absorption
band. All TA spectra reported in the main paper were measured with
perpendicularly polarized pump and probe fields to minimize
contributions to TA spectra from nonresonant backgrounds arising
from the solvent and sample cuvette. Though in principle this allows
contributions to TA spectra that stem from reorientation of the
transition moment of the PbS state produced by the excitation pulse,
prior work has shown the TA anisotropy of PbS NCs is negligible.34

Data presented in Figures 1 and 6 were recorded for a 2-CP:PbS
sample containing 25.7 2-CP molecules per NC, whereas data in
Figures 2, 3, and 5 were measured for a sample with a slightly higher 2-
CP:NC ratio of 46.2:1. No quantitative differences were observed in
the transient behavior of these samples and hence we do not postulate
their difference in 2-CP concentration has a substantive impact on the
conclusions we draw regarding the mechanism of triplet energy
transfer from PbS to 2-CP.
Computational Methodology. Constrained density functional

theory35 was used to locate different spin-triplet states of a PbS NC

decorated with amine ligands and a single 2-CP molecule. For a
detailed description of these calculations, see Section SVIII of the
Supporting Information.

■ EXPERIMENTAL RESULTS
Absorption spectra of 2-CP, PbS NCs, and the combined 2-
CP:PbS system are shown in Figure 1. Examining 2-CP’s
spectrum first (Figure 1, green), we find it consists of a primary
peak at 651 nm associated with its S0→S1 transition. This peak
is followed by a Franck−Condon progression with an energy
spacing of ∼1360 cm−1 attributed to C−C stretching of the
central pentacene group. The energies and relative oscillator
strengths of 2-CP’s electronic resonances are nearly identical to
unfunctionalized TIPS-pentacene.36,37 This suggests the

Figure 1. Absorption spectra of 2-CP (green, long dash), oleate-
functionalized PbS NCs (red, short dash), and 2-CP:PbS (black).
(Inset) Zoomed-in view of the 2-CP absorption region following
subtraction of PbS contributions to the spectra. All spectra were
measured in toluene. Features arising from the solvent have been
subtracted.

Figure 2. TA spectra of (A) oleate-capped PbS NCs and (B) 2-
CP:PbS NCs following excitation at 804 nm. Blue contours denote
absorption losses (photobleaching) whereas red/yellow contours
signal induced absorptions. Note, in panel A, data for wavelengths
below 780 nm has been multiplied by 2.5× for ease of comparison.
Data measured near 804 nm is omitted due to noise associated with
the white light continuum probe.
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addition of a phenyl-based linker at the 2 position of 2-CP’s
pentacene core has a negligible impact on the character of the
ground and lowest energy singlet exciton. Consequently, we
take the character of the corresponding lowest triplet exciton to
be similarly unperturbed. Though different energies for TIPS-
pentacene triplet excitons have been reported,20,38 a reasonable
upper bound is 0.86 eV,36,39 the value reported for
unsubstituted pentacene.40−43 As such, we estimate the energy
of 2-CP triplet excitons to be no greater than 0.86 eV. Given
the singlet exciton energy of 2-CP is 1.90 eV, formation of this
state from pairs of 2-CP triplet excitons would require
significant thermal activation. Thus, if exciton transfer from
PbS NCs to 2-CP proves efficient, we expect 2-CP triplet
excitons to be the dominant end species formed by PbS NC
photoexcitation.
We use a ligand exchange process (see methods) to

covalently attach 2-CP to PbS NCs that possess a lowest-
energy exciton resonance peaked at 1005 nm. In keeping with
prior work on semiconductor NCs, we denote the lowest
energy exciton of our PbS NCs as their X1 state.44−47 On the
basis of the rising edge of the NC absorption spectrum, we
estimate the lower bound on the energy of the NCs’ X1 state to
be ∼1.1 eV, indicating excitons created by NC photoexcitation
should have sufficient energy to produce a 2-CP triplet exciton.
Following ligand exchange, we find the absorption spectrum of
2-CP-functionalized PbS NCs (2-CP:PbS) largely resembles a
linear combination of the individual absorption profiles of 2-CP
and PbS NCs, suggesting electronic coupling between these
materials is weak. However, subtraction of the NC contribution
to the absorption spectrum of 2-CP:PbS (Figure 1, inset)
reveals the absorption resonances associated with 2-CP’s S0→S1
transition are shifted to lower energy by 13 meV upon binding
to 2-CP. As the relative amplitude of peaks forming the
Franck−Condon progression display only minor changes upon

PbS attachment, we assign this to a solvatochromic shift of 2-
CP’s S0→S1 transition due to a change in 2-CP’s dielectric
environment when placed next to PbS. Comparison of the
relative amplitude of the 2-CP and X1 absorption bands to
extinction spectra measured for 2-CP (ε = 19 200 M−1 cm−1 at
λmax = 651 nm) and reported for PbS NCs33 indicate 25.7 2-CP
molecules are present in solution for each PbS NC. As excess 2-
CP in solution has been removed by redispersing 2-CP
functionalized PbS NCs in toluene, a solvent where 2-CP has
negligible solubility, the majority of 2-CP molecules in solution
are likely associated with the PbS NCs.
To assess the ability of PbS NCs to donate triplet excitons to

2-CP, we used transient absorption (TA) to track the dynamics
of photoexcited excitons in PbS NCs. Figure 2A displays a
contour map illustrating TA spectra measured for oleate-capped
PbS NCs following excitation at 804 nm. Immediately upon
excitation, a prominent negative feature appears at 990 nm that
corresponds to a decrease of absorption (photobleach) of the
NC’s X1 band. As the electronic structure of PbS yields an
identical number of valence and conduction band states
contributing to the NCs’ X1 transition, the presence of an
electron in the lowest energy state of the conduction band or a
hole in the highest energy state of the valence band will equally
contribute to the photobleaching signal.48−52 We note the
spectral maximum of the X1 photobleach is shifted to higher
energy relative to the peak of the X1 band’s ground state
absorption spectrum due to interference with an induced
absorption transition that appears on the low-energy side of the
X1 band. This induced absorption feature is associated with the
creation of a biexciton, which requires lower energy than the
formation of single exciton due to Coulombic screening
provided by the initially excited electron and hole.53−55 At
shorter wavelengths, positive induced absorption features
appear that correspond to interband transitions of the
photoexcited NC.48,56,57 Over the range of time delays
shown, ∼2 ns, TA spectra remain largely static. Measurements
performed over nanosecond-to-microsecond delays (Support-
ing Information, Figure S4) indicate photobleaching of the PbS
bandedge exciton decays with a 2 μs time scale, consistent with
prior reports of exciton lifetimes.11,58−62

Following functionalization with 2-CP, TA spectra of PbS
NCs display drastically different kinetics (Figure 2B). Similar to
oleate-capped NCs, following NC photoexcitation we observe a
loss of absorption near 960 nm arising from excitation of the
NCs’ X1 state. However, unlike oleate-capped NCs, we find
this feature decays rapidly, and is completely quenched within
the first 100 ps following excitation. To determine if this rapid
decay of the NC X1 state arises from triplet energy transfer to
2-CP, we shift our focus to the visible spectral range. 2-CP
triplet excitons should give rise to two spectral features in a TA
measurement: (1) a negative photobleach mirroring 2-CP’s
ground state absorption due to depletion of its ground state,
and (2) positive triplet induced absorption bands, which are
expected to appear near 525 nm based on prior work on TIPS-
pentacene and related derivatives.20,36,63−66 If PbS NCs transfer
triplet excitons to 2-CP, these features will rise as the NC X1
photobleach decays.
However, in the visible range we see evolution of spectral

features that differs from this expectation. Rather than growing
in as the NC X1 band decays, sharp dips in the TA spectra can
be seen at 554, 598, and 653 nm immediately upon
photoexcitation whose positions agree well with the vibronic
progression featured in 2-CP’s ground state absorption

Figure 3. (A) Photoexcitation of PbS at 804 nm leads to the
immediate appearance of 2-CP bleaching features that decay over ∼40
ps. (B) 2-CP:PbS TA kinetics measured at different probe wavelengths
highlight that as the PbS X1 bleach decays (λprobe = 960 nm; red) a
new species appears that gives rise to a photobleach (λprobe = 715 nm;
blue).
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spectrum (Figure 3A). Interestingly, as the pump−probe time
delay increases, we find these bands decay on a time scale
identical to the NC X1 photobleach. This behavior is
unexpected assuming their appearance is due to triplet energy
transfer from PbS to 2-CP. Rather, the concerted dynamics of
these transient spectral features and the photobleach of PbS’s
X1 resonance suggest bleaching of 2-CP’s absorption
transitions is induced by the presence of the X1 exciton.
Similar prompt photobleaching of acene ligands attached to

PbS NCs has been observed by Garakyaraghi et al.20 and
attributed to a transient change in the electric field projected
onto attached 2-CP molecules due to the generation of charge
carriers within the associated PbS NC. Such electrostatic
changes can shift the energy gaps between the electronic states
of surface-bound ligands via the Stark effect,67−70 leading to the
appearance of a photobleach resembling their ground state
absorption profile. These bleaches decay as excited charge
carriers are removed from NC bandedge states. Similar to
Garakyaraghi et al.,20 we attribute the appearance of 2-CP
photobleaching features upon PbS photoexcitation to Stark-
induced shifting of 2-CP’s S0→S1 transition. Importantly, as we
show below, the decay of these features provides us with
information that allows us to identify key steps involved in the
transfer of energy from PbS to 2-CP.
At longer time delays, we find an additional photobleach

appears at 715 nm (Figure 3B) as the photobleach of the NCs’
X1 band decays, indicating the formation of a new electronic
species. The growth of this band is accompanied by a decrease
in amplitude and narrowing of the induced absorption
transitions associated with NC interband transitions seen near
525 nm. These spectral features differ from those expected for
2-CP triplet excitons as no discernible 2-CP photobleach can be
seen, indicating the removal of charge carriers from PbS’s
valence and conduction band does not directly yield 2-CP
triplet excitons. Figure 4A displays the evolution of TA spectra
of 2-CP:PbS NCs over delays ranging from 5 to 200 ns. Over
this time range, we find the bleach appearing at 715 nm decays
to baseline with a time constant of 113 ns. Concomitant with
this change, the broad induced absorption band centered near
550 nm narrows and increases in amplitude to yield a new band
centered at 535 nm. New photobleaches centered at 607 and
657 nm also appear over this time scale. The placement of these
bands suggests the intermediate state formed during the decay
of NC excitons subsequently evolves over ∼100 ns to yield 2-
CP triplet excitons.
To verify this hypothesis, we use a spectral decomposition

model71−73 (Supporting Information, Section SII) to fit our TA
spectra and isolate the spectral component that grows in over
∼100 ns. Comparison of this line shape to the 2-CP triplet line
shape produced via photosensitization by platinum octaethyl-
porphyrin in dichloromethane yields a striking resemblance
(Figure 4B). Though features that appear in the line shape
extracted from 2-CP:PbS TA spectra are shifted to lower
energy, this shift is comparable to that seen between absorption
spectra of 2-CP dissolved in toluene and 2-CP bound to PbS
NCs (Figure 1, inset). Thus, we conclude photoexcitation of
PbS NCs produces 2-CP triplet excitons over 113 ns. This rate
is consistent with other reports that have observed triplet
energy transfer from semiconductor NCs to acenes over tens to
hundreds of nanoseconds.11,15,18−20 Over longer time scales, we
find 2-CP triplets return to the ground state with a lifetime of
1.7 μs. Thus, as surmised in the Jablonski plot in Scheme 1, 2-
CP triplet excitons are the final excited state formed in the

system. Interestingly, this relaxation rate is ∼7× faster than the
lifetime we determine for free 2-CP molecules in solution (11.6
μs, Supporting Information, Figure S6), suggesting the
adherence of 2-CP to PbS enhances the rate of triplet decay
to the ground state. This observation is in alignment with
reports from other groups that have found accelerated triplet
lifetimes for acenes bound to NCs.21,22

■ DISCUSSION
Our data demonstrate infrared excitation of PbS NCs results in
2-CP triplet exciton formation. However, the kinetics we
measure indicate this process does not proceed directly from
charge carriers in the valence or conduction bands of PbS.
Rather, an intermediate state is formed from the PbS X1 state
within ∼40 ps leading to a broad photobleach at 715 nm and
no discernible photobleaching features of the 2-CP ligand
(Figure 3A, red trace). Spectral features from this intermediate
decay as triplet excitons are created (Figure 4A). Prior work by
Garakyaraghi et al. on PbS NCs functionalized with a TIPS-
pentacene ligand similarly found the rate of pentacene triplet
exciton generation did not match the recovery rate of the PbS
NC X1 photobleach following PbS photoexcitation.20 On the
basis of the close energy alignment of TIPS-pentacene’s
HOMO level and the valence band of PbS, the authors of
this study suggested pentacene triplet excitons were produced
by two sequential charge transfer events, with hole transfer
from PbS to TIPS-pentacene occurring over tens of pico-
seconds followed by electron transfer on nanosecond time
scales. However, this hypothesis is not fully supported by their
data as the formation of TIPS-pentacene cations should induce
a photobleach of the ligand absorption bands based on their
spectroelectrochemical assignment, yet this feature is not
observed on picosecond time scales. In addition, the presence

Figure 4. (A) TA spectra of 2-CP:PbS NCs following excitation at
1064 nm. (B) Transient spectrum of 2-CP triplet excitons determined
from solution phase sensitization measurements (black dashed) and a
spectral component extracted from TA spectra of 2-CP:PbS NCs that
grows with a 113 ns time constant (red solid). The good agreement
between these lineshapes suggests infrared excitation of 2-CP:PbS
produces 2-CP triplet excitons over ∼100 ns.
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of an electron in the conduction band of PbS should give rise to
a photobleach of the NC X1 band, but this feature fully
recovers prior to the development of spectral features attributed
to TIPS-pentacene triplet excitons. The spectral intermediate
we identify lacks photobleaching from 2-CP and the NC X1
band, thus we similarly cannot assign its origin to hole transfer
from PbS to 2-CP.
We have also considered the formation of TIPS-pentacene

excimers as the physical basis for the spectral intermediate we
observe. A prior study of concentrated TIPS-pentacene
solutions found photoexciting aggregates formed in solution
produces an excimer state that generates triplet exciton pairs via
singlet fission.36 Importantly, TIPS-pentacene excimers were
identified in TA measurements through the appearance of a
stimulated emission band centered at 715 nm that is not unlike
the photobleaching transition we associate with our spectral
intermediate. However, excimer formation in the system we
investigate here would require the absorption of multiple
photons by PbS as the energy of a TIPS-pentacene excimer is
larger than that of the 804 nm photons used to excite our NCs.
As such, excimer formation seems unlikely as TA spectra
measured using excitation densities as low as 0.07 excitations/
NC display spectral dynamics identical to those in Figures 2−4
(Supporting Information, Figure S5). Moreover, we have
verified that increasing the excitation density to produce
multiple excitations per NC does not lead to an enhanced
growth of the photobleaching feature at 715 nm. Rather up to
an average excitation density of 3 excitations per NC, this band
scales linearly with pump fluence (vide infra), suggesting it is
produced upon absorption of a single photon. Thus, we rule
out excimer formation as the origin of the 715 nm band as well.
One additional hypothesis that could explain the inter-

mediate we observe is it represents localized charge carrier/
exciton states formed at the surface of PbS NCs. Incomplete or
poor passivation of atoms at PbS NC surfaces has previously
been implicated in the formation of midgap states that alter
their photoluminescent properties.74−77 Surface defects have
also been implicated in the creation of trap states that hamper
carrier migration in PbS NC solids.26,78−80 In some cases, the
introduction of surface defects has been tied to the exchange of
ligands bound to NC surfaces.79,81,82 As we illustrate below,
both TA spectra and DFT calculations present a case for
exciton migration to PbS surface sites prior to their transfer to
2-CP ligands.
To better examine the mechanism leading to the formation

of the kinetic intermediate we identify, we have used a spectral
decomposition model71−73 to analyze the evolution of our TA
spectra on subnanosecond time scales. In brief, this model
divides TA spectra into a linear combination of basis spectra
whose amplitudes are governed by sequential first-order kinetic
interconversions as a function of time (Supporting Information,
Section SII). Figure 5A displays the three spectral components
that contribute to TA spectra of 2-CP:PbS NCs over the first
nanosecond following photoexcitation at 804 nm. Immediately
upon excitation of PbS, we observe a bleaching of its X1 band
due to the excitation of an electron from the NC’s valence band
to its conduction band. At shorter wavelengths, features
associated with Stark-induced changes in 2-CP ligand
absorption bands appear (Figure 5A, dark blue). Over time,
both spectral features decay, concomitant with the development
of a photobleach at 715 nm (Figure 5A, red). Interestingly, we
find these time-dependent changes cannot be adequately
described using a single first-order time constant. Rather, two

time constants, with values of 3.3 and 37 ps are required to
adequately describe the TA spectral evolution.
To determine the origin of the faster event, we focus on the

visible region of the first two spectral components extracted
with our decomposition model. Examining the first component,
which describes the line shape of the TA signal immediately
upon photoexcitation (Figure 5B), we find it consists of a broad
induced absorption associated with interband transitions of the
excited PbS NC. Superimposed on this background are a series
of narrow induced absorptions and bleaches due to Stark-
induced shifting of 2-CP’s ground state absorption line shape.
Plotted above the first component is the second derivative of 2-
CP’s absorption line shape, which is composed of positive and
negative features that agree well with the maxima and minima
of Stark-shifted 2-CP bands appearing in the TA line shape.
This agreement can be interpreted as a subset of 2-CP
molecules experiencing a local electric field that shifts their
absorption resonances to lower energy whereas others
experience a field that pushes their resonances toward higher

Figure 5. (A) Basis spectra derived from TA spectra of 2-CP:PbS
NCs. TA spectra initially resemble the 1st component (dark blue) and
evolve over a few picoseconds to resemble a spectrum described by the
2nd component (cyan). The spectra continue to evolve over tens of
picoseconds to resemble the 3rd component (red). For ease of
comparison, component amplitudes for wavelengths below 800 nm
have been multiplied by 2.5. (B) Comparison of the 1st spectral
component and the 2nd derivative of 2-CP’s absorption spectrum. (C)
Comparison of the 2nd spectral component and the 1st derivative of
2-CP’s absorption spectrum. Dashed black lines in panels B and C are
drawn to aid comparison of spectral features.
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energy. The direction an absorption resonance shifts is set by
the sign of the field, suggesting the photoexcited electron and
hole produce a dipolar field that causes some 2-CP ligands to
experience a net negative field whereas others experience a net
positive field. For additional details regarding this spectral
assignment, we direct interested readers to Section SIII of the
Supporting Information.
The TA line shape in Figure 5B evolves with a rate of 1/3.3

ps−1 to the spectrum in Figure 5C. Similar to the line shape in
Figure 5B, the spectrum in Figure 5C consists of a broad
induced absorption stemming from carriers in PbS with
superimposed induced absorptions and bleaches associated
with 2-CP ligands. However, the 2-CP features in this line
shape are distinct from those observed immediately upon
photoexcitation and agree well with the first derivative of 2-
CP’s absorption spectrum rather than its second. The shift in
position of 2-CP absorption features suggests changes observed
in TA spectra over 3.3 ps correspond to a process that alters the
electric field distribution felt by 2-CP ligands from a dipolar
field to one of more uniformity that, on average, shifts the
absorption resonances of bound ligands in the same spectral
direction.
One explanation for this spectral evolution is localization of

either the photoexcited electron or hole at the PbS NC’s
surface. In such a scenario, 2-CP ligands attached to the NC,
spatially distant from the localized carrier, would feel a reduced
field. The behavior of their absorption resonance would be
subsequently dominated by the oppositely signed carrier
remaining in the NC core. Averaging over the distribution of
fields felt by attached 2-CP ligands in this case would result in
most ligands experiencing a field with a uniform sign that shifts
their absorption resonances in a singular direction. The
amplitudes of the NC X1 bleach associated with the first and
second components extracted from our spectral decomposition
model provide additional support for this hypothesis. Figure 5A
shows the X1 bleach experiences a ∼50% amplitude reduction
as our TA spectra evolve from the first component to the
second. As both the photoexcited electron and hole contribute
equally to the X1 photobleach,48−52 removing one of these
carriers from the NC core and placing it in a localized surface
state would reduce the X1 photobleach by 50%. Thus, we
assign the 1/3.3 ps−1 rate we extract from our TA spectra to
localization of either the excited electron or hole at the PbS NC
surface.
With passing time, we observe a complete loss of bleaching

features from both 2-CP and the NC X1 band as evidenced by
the absence of these features in the third spectral component in
Figure 5A. These changes, unfolding with a kinetic rate of 1/37
ps−1, suggest that upon singular carrier localization at the PbS
NC surface, the second photoexcited carrier localizes as well.
Interestingly, the presence of a long-lived X1 photobleach in
our TA measurements of neat PbS NCs indicates localized
surface states are not intrinsic to the oleate-capped PbS NCs we
studied, but are rather induced by the ligand exchange process
used to functionalize these NCs with 2-CP. We suspect the size
disparity between 2-CP and oleate may hint at the potential
mechanism that underlies the creation of sites for localized
surface states. Because of its pendant TIPS groups, 2-CP is
expected to occupy a larger area on PbS surfaces than oleate. As
such, oleates near a binding site with an exchanged 2-CP ligand
likely deform their structure to some degree to accommodate
this larger ligand. Additionally, steric repulsion between these
oleates and 2-CP could weaken oleate binding and enhance

their probability for desorbing from the NC surface. As oleate is
charged, it may desorb not as an anion but as a Pb2+(oleate)2
coordination complexe,83 creating unpassivated S2− sites that
could localize photoexcited holes. If occurring in high enough
yield, such ion loss would likely lead to etching of PbS that
should be observable as a blue shift of their lowest exciton
band. Indeed, when we treat oleate-capped PbS with a 500:1
excess of 2-CP ligands, we observe a slight blue-shift of their X1
band (Supporting Information, Figure S7), providing evidence
in favor of this scenario.
Localized surface states could conceivably impact triplet

energy transfer in a few different ways. The formation of a
localized state near a 2-CP ligand may improve wave function
overlap and facilitate triplet energy transfer. Alternatively, if
localized states form at surface sites spatially distant from 2-CP
ligands, such states can substantially hamper triplet transfer as
excitations must either transfer back to the NC core or diffuse
along the NC surface84,85 to find a 2-CP molecule. To examine
the nature of different states present in 2-CP:PbS NCs, we have
used constrained DFT to investigate their electronic structure.
The system we have examined consists of a 1.5 nm diameter
PbS NC (76 Pb and 76 S atoms) arranged in a rock salt
structure. A single 2-CP molecule is attached to the PbS surface
and other surface sites are terminated with amine ligands.15,86

The amine ligands were chosen for computational simplicity:
the monodentate headgroup induces less surface rearrangement
than a carboxylate, making it less necessary to perform time-
consuming geometric relaxation of the structure.85,87 Though
this system employs a small PbS NC core as well as L-type
passivating ligands (amines) in place of the X-type ligands
(carboxylates) used experimentally, we postulate the qualitative
results obtained for this system are likely to hold for the 2-
CP:PbS NCs we have explored using time-resolved measure-
ments.
As expected, by applying appropriate constraints to the 2-CP-

NC model we identify spin-triplet states localized within the
NC core and 2-CP moiety (Figure 6A). Surprisingly, however,
we find that in addition to the delocalized, bulk-like exciton
there are also multiple surface excitons on the NC, two of
which are shown in Figure 6B,C. The existence of these surface
states runs contrary to conventional wisdom about PbS NCs of
this size. Because the NC diameter (1.5 nm) is far smaller than
the bulk exciton radius (20 nm), the simplest picture would
assert that all excitons are confined to particle-in-a-sphere-like
states.88,89 There would thus be only one low-lying, bulk-like
exciton and all surface states would be much higher in energy.
The existence of these surface states can however be
rationalized on two fronts. First, the surface atoms are under-
coordinated compared to the bulk, shifting their energies and
favoring surface localization.85,90,91 Second, the binding of 2-CP
to a surface atom can affect its displacement with respect to the
NC core, which can also act to produce localized surface states.
Though it is beyond the scope of this work to exhaustively

characterize these surface triplet states, at a bare minimum we
identify a state strongly associated with the PbS NC surface that
is localized near the 2-CP ligand (Figure 6B). This state has
energy comparable to that of a spin-triplet exciton in the NC
core and is spatially much closer to the 2-CP ligand, which will
facilitate the kind of wave function overlap required for triplet
transfer.17,92 These aspects suggest surface states of this type
may serve as an intermediate for triplet energy transfer to 2-CP.
Importantly, however, we also identify additional spin-triplet
states at the PbS surface that have negligible interaction with
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the 2-CP ligand. An example of such a state is shown in Figure
6C. Like the transition state we identify, we find this second
localized state has an energy similar to that of a spin-triplet
exciton delocalized throughout the PbS core, suggesting
photoexcitation of PbS can also yield localized excitons that
have negligible interaction with surface-bound 2-CP molecules.
We hypothesize localized states of this type, which are weakly
coupled to 2-CP molecules, are responsible for the slow NC-to-
acene triplet transfer (∼100 ns) time scale we observe.
To vet our hypothesis that a subset of surface states hinders

triplet transfer by localizing excitons in states weakly coupled to
2-CP molecules, we have examined how the rate of triplet
production varies as the number of excitations simultaneously
produced in a NC are increased. If a subset of surface states
hinders triplet transfer, then producing sufficient excitations
within a NC to saturate these sites should allow for more rapid
triplet exciton production. Figure 7A plots how the amplitude
of the TA signal measured for 2-CP:PbS NCs at a pump probe
time delay of 1.75 ns varies as a function of pump fluence. This
is a time delay at which charge carriers have localized at surface
sites, but 2-CP exciton formation has yet to occur. We monitor
the strength of the signal at 715 nm as we now understand this
signal to arise from photobleaching of interband transitions that
are modified by the population of surface-localized states. We
find as the intensity of the pump pulse that excites the NCs is
increased, the amplitude of the surface state signal increases
linearly up to a point where ∼3 excitations have been produced
per NC. After this point, the signal plateaus, suggesting we have
saturated surface-localized PbS states.

Figure 7B displays TA spectra measured at a delay of 300 ps,
normalized to their maximum amplitude. Below an average
excitation density of 3 excitations per NC, these spectra are
nearly indistinguishable; indicating the number of surface states
we populate grows linearly with excitation density. However,
above this value, we find the line shape gradually transforms
into one characteristic of 2-CP triplets. Fitting the triplet
production kinetics, we find the time scale of this process
increases from 113 ns to ∼50 ps for average excitation densities
above 3 excitations per NC, indicating saturating surface states
significantly speeds triplet exciton transfer. Considering that the
number of surface states we need to saturate is small compared
to the number of ligands we bind to a NC, it is unlikely that
carriers rapidly diffuse between states on a NC surface. Instead,
we hypothesize carriers spend long residence times in a small
number of surface trap states that hinder triplet transfer to 2-
CP.
Though the increase in 2-CP triplet production rate suggests

surface states slow transfer of triplet excitations to 2-CP until
filled, given the high excitation densities we employ other
explanations for our observations need to be considered. TA
experiments performed on bare 2-CP molecules in solution
show no signatures of two-photon absorption under the 804
excitation conditions we use for TA measurements described
above. Two-photon absorption by PbS itself or Auger
recombination of multiple excited carriers could generate
high-energy NC excitations capable of radiatively producing 2-
CP spin-singlet excitons. Such excitations may later convert to
triplets via intersystem crossing or even singlet fission if the
density of 2-CP ligands on the NC surface is sufficiently high to
support this latter possibility.22 However, these scenarios
require the formation of a 2-CP spin-singlet intermediate,

Figure 6. Illustration of different spin-triplet states identified via
constrained DFT calculations that are associated with (A) the 2-CP
ligand and (B and C) the PbS NC surface. In each panel, the green
surfaces correspond to the spin density associated with the pictured
spin-triplet state. Panel B highlights a surface state that is a potential
transition state for triplet energy transfer to 2-CP whereas panel C
displays a surface-localized state wherein a triplet exciton is spatially
distant from the 2-CP molecule. Note, amine ligands bound to each
NC surface are omitted to aid visualization of the spin density of
electronically excited states pictured in panels A−C.

Figure 7. (A) 2-CP:PbS TA signal amplitude at a time delay of 1.75 ns
integrated from 705 to 715 nm. Above an average excitation density of
∼3 excitations per NC, the signal amplitude saturates. (B) 2-CP:PbS
TA spectra measured at a time delay of 300 ps as a function of
excitation density. As the average number of excitations per NC is
increased above 3, features resembling 2-CP triplet excitons (black
dashed) appear.
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which is clearly absent from our TA spectra. Though
subpicosecond singlet fission between 2-CP molecules could
make the observation of a 2-CP singlet intermediate difficult to
observe, the modest changes in 2-CP’s absorption line shape
upon binding of molecules to PbS suggest 2-CP molecules
tethered to PbS surfaces only weakly interact with one another,
which should suppress singlet fission.
Taken together, our results indicate the presence of surface-

localized states on PbS NCs on average slow triplet energy
transfer between the NC and bound acene ligands. On the basis
of the inflection point of the fluence-dependent data in Figure
7A, we estimate that, on average, 3 localized sites exist per NC.
Though our data does not, at present, allow us to discern if
triplet excitons are produced directly from surface-localized
states or from excitations that transfer back to the NC core and
then to 2-CP, our fluence-dependent data suggests removing
these states through improved passivation strategies may
enhance triplet transfer rates. We are exploring this possibility.

■ CONCLUSIONS

We have used ultrafast TA to examine energy transfer dynamics
within a hybrid organic:inorganic system composed of PbS
semiconductor NCs functionalized with 2-CP, a TIPS-
pentacene containing ligand. Excitation of PbS produces a
spectroscopically identifiable intermediate over a 37 ps time
scale that decays as 2-CP triplet excitons are created over ∼100
ns. Analysis of TA lineshapes measured at early time delays
indicates the intermediate results from states that localize
excitations at the PbS NC surface. These states are not intrinsic
to PbS NCs upon synthesis but are induced during 2-CP ligand
exchange. Saturation of these surface states at high excitation
densities speeds triplet exciton production, insinuating many of
these states likely form at sites weakly coupled to 2-CP
molecules and thereby slow triplet energy production. This
scenario is supported by constrained DFT calculations that
identify spin-triplet surface states that may serve as
intermediates for energy transfer to 2-CP molecules and others
that isolate excitons from 2-CP molecules. If these latter types
of surface-localized sites can be eliminated via surface
passivation strategies or ligand exchange methodologies, triplet
energy transfer from PbS can likely be enhanced. Rather than
acting as a passive bystander, our work highlights that the
structure of NC surfaces can play an active role in mediating
triplet energy transfer from NCs to surface-adhered ligands.
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