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ABSTRACT: Exciton-delocalizing ligands (EDLs) are of
interest to researchers due to their ability to allow charge
carriers to spread into the ligand shell of semiconductor
nanocrystals (NCs). By increasing charge carrier surface
accessibility, EDLs may facilitate the extraction of highly
photoexcited carriers from NCs prior to their relaxation to the
band edge, a process that can boost the performance of NC-
based photocatalysts and light harvesting systems. However,
hot carrier extraction must compete with carrier cooling, which
could be accelerated by the stronger interaction of charge
carriers and EDLs. This report describes the influence of the
EDL phenyldithiocarbamate (PTC) on the electron and hole
cooling rates of CdSe NCs. Using state-resolved transient
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absorption spectroscopy, we find that PTC treatment accelerates hole cooling by a factor of 1.7. However, upon further
treatment of these NCs with cadmium(II) acetate, the hole cooling rate reverts to the value measured prior to PTC treatment,
yet these NCs maintain a red-shifted absorption spectrum indicative of PTC bound to the NC surface. This result provides
strong evidence for the existence of two distinct surface-bound PTC species: one that traps holes before they cool and can be
removed by cadmium(II) acetate, and a second species that facilitates exciton delocalization. This conclusion is supported by
both DFT calculations and photoluminescence measurements. The outlook from our work is that EDLs do not necessarily lead
to an acceleration of carrier cooling, suggesting that they may provide a path for hot carrier extraction.

I. INTRODUCTION

Semiconductor nanocrystals (NCs) have been of great interest
to researchers as novel optoelectronic materials due to their
tunable bandgaps, high molar extinction, and solution
processability. However, their integration into commercial
electronics remains challenging due to modest electron and
hole mobilities (~107* cm?/(V s)) in NC thin films." During
colloidal synthesis, long aliphatic “native ligands” (NLs) are
introduced to the reaction to terminate particle growth and
impart solubility to the NCs. However, when cast into a solid
film, NLs physically separate NCs, creating a large potential
energy barrier for charge transfer between them that limits
carrier mobility. For applications such as photocatalysis®~* and
solar energy harvesting,s_8 where charge carriers must be
extracted from NC films, NLs are problematic and hinder
device performance.

To circumvent this issue, researchers have developed
methods to postsynthetically modify NC surfaces by exchan%—
ing insulating NLs for ones that improve carrier mobility.*”"
One method is to use ligands that are electrically conductive as
a type of “molecular solder” to wire NCs together in a close-
packed film."” This method is particularly attractive due to its
ability to control inter-NC spacing through the size of the
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ligand and allow carrier wave functions to spread into the ligand
shell through stronger NC-ligand electronic coupling, a
process termed “exciton delocalization”.'> By using exciton-
delocalizing ligands (EDLs) to extend charge carrier density
beyond the NC core and into the ligand shell, wave function
overlap between neighboring NCs can be improved, increasin%
carrier mobility by orders of magnitude in some cases.'
Indeed, following the exchange of NLs for Na,Cd,Se; ligands,
Talapin and co-workers have measured electron mobilities of
nearly 450 cm?/(V s) in CdSe NC field effect transistors
(FETs)," a value comparable to that of single crystal and
polycrystalline silicon FETs (100—1000 cm?/(V s))."*" Zotti
and co-workers have also demonstrated proof of this concept
using exciton-delocalizing bis(dithiocarbamate)-based ligands,
which improved photocurrent generation by 2 orders of
magnitude in NC films compared to their carboxylate-based
structural analogues.''

While reports examining the impact of EDLs on mobility and
device efficiency have appeared, only recently have studies
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emerged that examine the kinetics of charge carrier transfer
facilitated by these ligands.'°”'® A recent report has
demonstrated subpicosecond transfer of photoexcited holes in
CdS NCs to a molecular acceptor linked to the NC surface by
the EDL phenyldithiocarbamate (PTC)." The rapid time scale
observed for this transfer suggests that it may be fast enough to
compete with hole cooling. If EDLs can facilitate hot carrier
transfer, this would be an exciting development as it would
provide unique opportunities for advancing both photo-
catalysis’® and solar energy applications”’ where harvesting
charges with excess energy could both improve the efliciency of
these processes and provide access to previously inaccessible
photodriven reactions. While hot electron cooling in NCs
occurs through Auger energy transfer to holes,”* no such
relaxation channel exists for excited holes due to the larger
energy level spacing in the conduction band (CB) with respect
to the valence band (VB).””** Therefore, it is expected that
hole cooling primarily occurs through electronic to vibrational
energy transfer (EVET) pathways, some of which involve direct
vibrational energy transfer to surface bound ligands.25’26 Thus,
one potential cause for concern is that the strong association
between charge carriers and EDLs that extends carrier wave
functions into the ligand shell may also facilitate rapid carrier
cooling via EVET, hindering the prospects of using EDLs to
harvest hot carriers. However, a study by Schnitzenbaumer and
co-workers'® found that while carrier cooling rates are impacted
by surface-bound EDLs, the origin of these changes is not
obvious.

Previously, to determine the impact of ligands on carrier
cooling, three-pulse experiments were carried out in which the
decay of hot carriers was directly monitored with mid-IR pulses
following above bandgap excitation.”” These pump—repump—
probe experiments have measured carrier cooling in CdSe NCs
by directly pumping and probing intraband transitions as a
function of surface ligand identity. While this experiment
directly measures intraband cooling, the difficulty of generating
short mid-IR pulses, lack of efficient detectors in this spectral
region, and three pulse nature of this experiment have limited
its usage in studying NC carrier cooling. To alleviate these
issues, Kambhampati and co-workers developed a method of
measuring NC carrier cooling dynamics using two-pulse
transient absorption experiments.28 By preparing different
initial excitonic states and watching how spectral features
evolve at early times, differences between measured kinetic
traces can be used to extract time scales that reflect the intrinsic
carrier cooling rates of a system. With this technique, denoted
state-resolved transient absorption (SR-TA), we can address
questions regarding how surface coverage impacts NC cooling
dynamics.

The EDL described above, PTC, has been studied extensively
by Weiss and co-workers'>*”~>" because of its large impact on
metal—chalcogenide NC absorption. When bound to CdS NCs,
PTC can lower the bandgap of these materials by nearly 1 eV
through mixing of its HOMO with occupied states near the NC
band edge, forming hybrid states wherein holes partially reside
in the PTC ligand shell."*** This has led us to choose this
particular EDL as our system for study in this report. We have
used SR-TA'?%333% ¢4 determine the effect of the EDL, PTC,
on cooling dynamics in 2.8 nm diameter CdSe NCs. To do so,
we have investigated three samples: CdSe NCs capped with
oleic acid (CdSe-OA), CdSe NCs initially capped with oleic
acid that has been partially ligand exchanged for PTC (CdSe-
PTC), and CdSe-PTC samples treated with cadmium(II)

acetate (PTC + Cd(Ac),) to remove unbound PTC as prior
reports’' have suggested diffusive quenching of CdSe-PTC by
free PTC molecules in solution. Using SR-TA, we find an
apparent increase in the hole cooling rate of CdSe-PTC by
nearly a factor of 2 relative to CdSe-OA. This effect is reversed
upon treatment of NCs with Cd(Ac),, yet these NCs maintain
a red-shifted absorption spectrum indicating that PTC remains
bound to the NC surface. Thus, rather than ascribing the
enhancement of the hole cooling rate to EVET, we assign it to
fast ligand-associated trapping by PTC molecules bound to NC
surfaces in CdSe-PTC. This fast trapping pathway is then
eliminated via modification of these PTC trap sites by Cd(Ac),.
Evidence for this picture is supported by DFT calculations as
well as FT-IR and steady-state and time-resolved photo-
luminescence measurements. This data suggests that hot carrier
extraction may be feasible in PTC-capped NCs, as we see fast
trapping pathways in CdSe-PTC that are competitive with hole
cooling to the band edge.

Il. EXPERIMENTAL AND THEORETICAL METHODS

Synthesis of CdSe Nanocrystals. CdSe NCs were
synthesized using a modified literature method™ in which
cadmium (myristate), (170 mg), powdered selenium (12 mg),
and 90% technical grade 1-octadecene (18 mL) were added to a
three-neck round-bottom flask, vacuumed for 1 h, and heated
to 240 °C under N, flow while being stirred vigorously. The
solution was heated at 240 °C until it reached a color indicative
of NCs of a desired size, at which point 1 mL of 90% technical
grade oleic acid was injected to the solution. The solution was
then allowed to stir for ~3 min at 240 °C before cooling to
room temperature. To remove the solvent, the resulting
mixture was dispersed in ethanol and centrifuged at 3200
rpm for 10 min. The supernatant was removed, and this process
repeated until a dry pellet was formed. This solution was
dispersed in a 1:1 (v/v) mixture of hexane and ethanol and
centrifuged for 10 min at 3200 rpm to remove excess capping
agent and cadmium precursor. The liquid phase was removed,
and this process was repeated in triplicate before allowing the
films deposited on centrifuge tubes to air-dry overnight. NCs
were then dispersed in dichloromethane (DCM) for spectro-
scopic characterization.

Synthesis of Phenyldithiocarbamate. Phenyl-
dithiocarbamate (PTC) was synthesized via a modified
literature procedure®® by chilling S mL of aniline in 30 mL of
30% w/w sodium hydroxide to 0 °C while stirring vigorously
under N, flow. To this solution, S mL of carbon disulfide was
added dropwise over 15 min, and the solution was allowed to
stir for 45 min before returning to room temperature. The
resulting yellow precipitate was subsequently isolated via
vacuum filtration, washed with dichloromethane, and stored
in a desiccator in the dark. The final product was a fine white
powder.

PTC Ligand Exchange. Solution exchanges were per-
formed in DCM. 125—5000 mol equiv of PTC was added to a
solution of ~10 uM NCs that was then stirred in the dark for
4—24 h depending on the sample. Following the exchange, the
solution was passed through a 0.45 pm syringe filter to remove
any undissolved PTC or aggregated NCs from solution.

Cd(Ac), Addition. Addition of Cd(Ac), was performed by
adding SO uL of methanol and 1000 mol equiv of Cd(Ac), to a
solution of ~10 #M NCs in DCM. The resulting solution was
then sonicated in the dark for 2 h. Following sonication, the
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solution was passed through a 0.45 ym syringe filter to remove
any undissolved Cd(Ac), or aggregated NCs.

Steady-State Absorption Spectroscopy. Samples were
prepared by dissolving purified NC pellets in DCM, and
absorption spectra were collected on a Shimadzu UV-2600
spectrometer using a 1 mm path length near-IR transmissive
quartz cuvette. Prior to collecting each spectrum, a DCM blank
was obtained in the same cuvette for each sample such that the
spectra were baseline corrected from sample to sample. FT-IR
measurements were carried out on a Bruker Vertex 70 infrared
spectrophotometer over a spectral window of 500—4000 cm ™
with a resolution of 0.5 cm ™. FT-IR samples were prepared by
drop-casting 60 L of a 50 mg/mL solution of CdSe-OA in 1:1
(v/v) hexane:octane on 1 mm thick CaF, substrates. After
recording both UV—vis and FT-IR absorption spectra of the
CdSe-OA film, the sample was soaked in a solution of 10 mM
PTC in methanol for 4 h. After collecting spectra of the ligand-
exchanged CdSe-PTC film, the sample was further treated by
soaking it in a S mM Cd(Ac), solution in methanol for 2 h,
with spectra collected every 30 min. The baseline for each
recorded spectrum was corrected by fitting the data in
nonabsorbing regions to a cubic spline function.

Steady-State Photoluminescence. Solutions for photo-
luminescence were diluted in DCM to an optical density below
0.05 in a 1 cm quartz cuvette at the excitation wavelength of Ag,
= 402 nm. Emission spectra were collected on a Horiba Jobin
Yvon Fluorolog3 spectrofluorometer in a front face collection
geometry. Emission and excitation slit widths were set to S nm
resolution.

Time-Resolved Photoluminescence. Time-correlated
single photon counting (TCSPC) was performed using a
Horiba Jobin Yvon Fluorolog3. NC suspensions were placed in
a 1 cm path length quartz cuvette excited using a nanoLED
with a peak emission wavelength of 402 nm. Emission from
sample solutions was collected at a right angle relative to the
path of the excitation source using a slit width commensurate
with a 2 nm spectral window. To prevent the reabsorption of
photons emitted by each sample, NC solutions were diluted
such that they had an optical density below 0.05 at the
excitation wavelength of 402 nm. Emission traces were
collected over a 200 ns window, resulting a bin width of
0.0549 ns/collection channel. Spectra were collected at their
respective emission peaks, which ranged from 535 to 555 nm.
The instrument response associated with each sample trace was
collected using an ideal scattering solution and typically had a
fwhm of 670 ps.

Transient Absorption. A femtosecond Ti:sapphire regen-
erative amplifier (Coherent Legend Duo Elite, 3 kHz, 4.5 m])
was used to generate ~90 fs pulses centered at 804 nm with a
bandwidth of 160 cm™ (fwhm). A small portion of the
amplifier output (~1 uJ) was focused into a 1 cm path length
flow cell filled with distilled H,O to produce broadband probe
pulses (390—780 nm) via self-phase modulation. Tunable
pump pulses (470—540 nm) were generated using a home-built
noncollinear optical parametric amplifier (NOPA). Broadband
pulses produced by the NOPA were temporally compressed
and spectrally narrowed to 10 nm bandwidth (fwhm) using a
Fastlite Dazzler AOM Pulse Shaper. Pump pulse fluence was
adjusted such that all samples maintained an excitation density
of less than 0.01 excitations per NC. All samples were diluted in
a 1 mm path length cuvette and stirred vigorously throughout
data collection. Wavelength-dependent instrument response
functions (IRFs) for each scan were obtained using a 1 mm

path length cuvette filled with DCM. Collection of frequency-
dependent IRFs allowed for chirp correction of the super-
continuum probe pulse. The temporal cross-correlation of the
pump and probe was found to be ~95 fs (fwhm) averaged
across the probe spectrum. For full details of the transient
absorption spectrometer, chirp correction, and data analysis see
the Supporting Information.

lll. RESULTS AND DISCUSSION

PTC Ligand Exchange. CdSe NCs were synthesized using
a modified literature method as described in the Experimental
Methods section and were found to have a diameter of 2.8 nm
based on sizing curves from Yu et al.”” Figure 1A depicts
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Figure 1. (A) Steady-state absorption spectra of 2.8 nm diameter
CdSe NCs before (black) and after (dashed red) 4 h PTC exchange.
(B) Kinetics showing the position of the first exciton peak maximum
as a function of exchange time.

representative steady-state absorption spectra for CdSe NCs
dispersed in DCM used for the time-resolved measurements in
this study, while Figure 1B plots the position of the first
excitonic peak as a function of exchange time. As previous
reports have shown,'**”*” the addition of PTC to a solution of
CdSe NCs results in a red-shift of the absorption spectrum that
has been attributed to exciton delocalization induced by the
PTC ligand. The formation of new hybrid states between the
NC orbitals and ligand frontier orbitals is hypothesized to lower
the NC bandgap by providing the VB hole access to lower
energy excitonic states. We have achieved bathochromic shifts
of up to 75 meV for NCs of this size by allowing the exchange
to proceed for >48 h. However, to complete the SR-TA
experiments described below in a timely manner, we chose to
terminate the exchange after 4 h, as during this time window
the majority (~60%) of the total shift occurs. For spectra and
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kinetics of the full 60 h exchange, see Figure S1 of the
Supporting Information.

Assignment of Features in Transient Absorption
Spectra. The top portion of Figure 2 shows a representative

—_1P
1 e
£ r|se
o
= X1 [X2| X3
(7]
o)
< 1S3/2(h)
1P3/2(h)
X3 X2 ———2S32n)
£
(™
]
S
(]
Q2 X1 pumped
g CdSe-OA
B1 At=100ps

1 1 1 I 1 1
400 450 500 550 600 650 700
Wavelength [nm]

Figure 2. (top) Pump pulse spectra used for X1 (red), X2 (green), and
X3 (blue) excitation overlaid on the absorption spectrum of CdSe-OA.
(inset) Energy level diagram of CdSe NCs that highlights the X1, X2,
and X3 excitonic states prepared by each pump pulse. (bottom)
Transient absorption spectrum of CdSe-OA measured for a pump—
probe time delay of 100 ps following X1 excitation. Important spectral
features include B1 = population of the 1S electronic state, Al =
absorption of an X1 exciton in the presence of hot carriers, and PA =
trapped holes.

absorption spectrum of CdSe-OA. Inset in this figure is a
diagram of the electronic structure of CdSe NCs that assigns
the three lowest energy peaks in the measured spectrum to
transitions that excite the three lowest optically accessible
excitonic states of the NC.** These excitonic states are labeled
X1, X2, and X3, and the transitions that generate them are
represented by red, green, and blue arrows from low to high
energy. These “molecular-like”, discrete excitonic states arise
from quantum confinement of the electron and hole wave
functions by the physical dimensions of the NC, which causes
their energy level spacing to spread out near the band edge.*®
This leads to the appearance of discrete absorbance peaks that
are superimposed on a bulk semiconductor-like absorption
spectrum.

Using SR-TA, we are able to extract rates for both hot
electron cooling between the lowest energy states that comprise
the CB edge, 1P, and 1S,), and hot hole cooling from the
excited 2S; 51, to the 1S; 5 ;) state at the VB edge. In SR-TA, a
femtosecond excitation pulse is used to excite a specific
excitonic state, and its ensuing dynamics are read out by
measuring spectral changes in the transmission of a white light
supercontinuum probe pulse. In principle, this is no different
than conventional transient absorption spectroscopy. However,
information tied to hot carrier cooling can be isolated by
comparing two measurements wherein different initial excitonic
states are prepared.'®® Rates for charge carrier recombination
and hole trapping can also be extracted from this data and will
be discussed below.

Plotted below the absorption spectrum in Figure 2 are
excitation pulse spectra used for SR-TA measurements. The
tunability of our excitation laser allows us to selectively excite
either X1, X2, or X3. Following excitation of any of these
excitonic bands, changes occur in the absorption spectrum of
the NC sample that are highlighted by the transient absorption
difference spectrum plotted in the lower portion of Figure 2.
The relevant spectral features for extracting the rates described
above are assigned as follows. The feature labeled B1 (~540
nm) is attributed®>* to the ground state bleach of the band
edge (X1) excitonic state. Because of the 8-fold degeneracy of
the 1S;/,,) band edge hole state, the amplitude of the Bl
feature reports directly on the population of the 1S, electron
state. The feature denoted Al (~570 nm), commonly referred
to as the “biexciton feature”, arises due to a shift in the band
edge transition energy due to charge screening by a hot
exciton.””*° The weak, broad, induced absorption to the red of
the Al feature (~575—700 nm) labeled PA***"** has been
assigned to trapped holes in CdSe NCs by many authors
following observation of an increased decay rate of this feature
uponlgilgjtion of hole accepting molecules to NC suspen-
sions. ’

Figure 3 schematically depicts the use of SR-TA to measure
both electron (top panel) and hole (bottom panel) cooling
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Figure 3. (top) X1 (red) and X3 (blue) pumped B1 kinetics of CdSe-
OA. (inset) Energy level diagram of CdSe NCs depicting how electron
cooling is isolated using X1 and X3 excitation. (bottom) X1 (red) and
X2 (green) pumped Al kinetics of CdSe-OA. (inset) Energy level
diagram that highlights how hole cooling is isolated using X1 and X2
excitation.

processes. In the case of electron cooling, the transient kinetics
of the B1 feature are compared following photoexcitation of the
X1 and X3 excitons (see Figure 2). As the B1 feature is sensitive
to the population of the 1S, state, and not the cooling of the
hole from 1P; 51,y = 1S;/5(n), the only difference in the kinetic
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Figure 4. (top) Representative AAA traces obtained for 1P,y — 1S, electron cooling rates. (bottom) Representative AAA traces obtained for
2S3/3(w) = 1S3/2() hole cooling rates. (inset) Average cooling time scales for multiple data sets with standard deviation.

traces for each of these excitations should be due to electron
cooling from 1P() — 1S,). By taking the difference of kinetic
traces for the B1 feature following X1 and X3 excitation, we can
extract a time scale for 1P() — 1S, cooling.

Similarly, hole cooling kinetics from 2S;,,4,) — 1S5/, can
be obtained by detecting changes in the Al induced absorption
following X1 and X2 excitation (Figure 3, bottom). Since the
Al band arises from the Coulombic interaction between charge
carriers and is dependent on their spatial separation, the
difference of the Al kinetics for these two pump frequencies
should reflect the decay of the 2S; ;5 hole to the band edge.
For both the Bl and Al features, decay following the initial
cooling of hot carriers should be identical after very short time
delays (<2 ps). Therefore, the spectra were normalized between
3 and 4 ps to isolate carrier cooling dynamics at short time
delays. In the following section we discuss the results of using
this approach to determine variations in electron and hole
cooling rates as a function of surface treatment.

Measuring Electron and Hole Cooling Rates with SR-
TA. Using SR-TA, we measured the dependence of carrier
cooling rates on surface treatment with the EDL PTC as well as
treatment of the CdSe-PTC system with Cd(Ac), to remove
unbound PTC molecules in solution.”’ Following procedures
employed by others for SR-TA experiments,***>** Figure 4
shows the AAA traces obtained from taking the difference of
the corresponding kinetic traces for each sample: CdSe-OA,
CdSe-PTC, and PTC + Cd(Ac),. Fitting these AAA traces
allows us to extract the carrier cooling time scale for each
sample.

Examining the 1Py — 1S,) electron cooling rates for each
of our three samples (Figure 4, top row), we find that across
the series the cooling rate is largely independent of the surface
treatment. Electron cooling time scales for our measured
samples are on the order of 170 fs, in good agreement with
previously reported values for CdSe NCs of this size,'® and are
likely due to Auger energy transfer to the photogenerated
hole.””*>* This result indicates that PTC has little effect on
electronic conduction band states, as is expected based on
previous reports that PTC’s LUMO energy is too high to mix

28228

with CdSe CB states.* Additionally, this result indicates that
electron and hole wave functions maintain spatial overlap, at
least at short time delays, due to efficient Auger energy transfer
to the VB hole.

Figure 4 (bottom) plots 28;3/5(h) = 1S3/2(n) hole cooling rates
for the same three samples discussed above. Across the series
we see that the hole cooling time scale varies greatly with
surface coverage, decreasing by ~2X from CdSe-OA to CdSe-
PTC. However, when treating the CdSe-PTC sample with
Cd(Ac),, we find that the hole cooling time scale recovers to
match the CdSe-OA sample, while maintaining the red-shifted
absorption spectrum induced by the PTC exchange (see
Supporting Information, Figure S4). The reversibility of the
increased hole cooling rate in CdSe-PTC upon treatment with
Cd(Ac), suggests that at least two unique PTC species bind to
the NC surface. Calculations have shown that PTC can bind to
CdSe surfaces in monodentate, chelating, and bridging
geometries””*** and that each of these species has a different
impact on a NC’s radiative and nonradiative decay rates.”*
When CdSe-OA is treated with PTC, it is likely that a mixture
of these different species form. Further treatment of these
crystals with Cd(Ac), may preferentially remove one or more
of these species. If the species removed is responsible for the
change in hole cooling rate, that would explain the restoration
that we observe of the hole cooling rate upon treatment of
CdSe-PTC with Cd(Ac),. This hypothesis is supported by
prior work that has noted the photobrightening of CdSe-PTC
solutions upon treatment with Cd(Ac),.”’ While this work
ascribed photobrightening to the removal of unbound PTC
molecules that diffusively encounter NCs and quench their
emission by scavenging holes, our observation of changes in
NC cooling dynamics on femtosecond time scales suggests that
PL quenching by PTC is unlikely to be a diffusion-limited
process but rather one involving molecules directly bound to
the NC surface.

To explore the possibility that distinct PTC species may be
attached to our NC surfaces, we have measured FT-IR spectra
of drop-cast NC films. Figure SA compares spectra of a CdSe-
OA film before and after it has been soaked in a methanol
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Figure S. (A) FT-IR spectra of CdSe-OA films before (top, blue) and
after PTC ligand exchange (bottom, red). Mode assignments are based
on DFT calculations (see Supporting Information). (B) Difference
FT-IR spectra of PTC exchanged CdSe-OA films as a function of time
following Cd(Ac), treatment. Plotted spectra have had contributions
from oleate vibrational peaks removed by subtracting the CdSe-OA
spectrum shown in (A) following normalization to the alkyl stretching
transitions between 2800 and 3000 cm™'. The resulting difference
spectra are then normalized to the PTC ring stretching transition at
1590 cm™.

solution containing 10 mM PTC. Prior to PTC treatment,
peaks due to the alkyl stretches of oleate ligands are observed
just below 3000 cm ™" and a pair of peaks are observed at 1432
and 1539 cm™' that are assigned to the symmetric and
asymmetrlc carboxylate stretches of oleate bound to surface Cd
atoms.”® Upon PTC treatment, each of these peaks undergoes a
noticeable decrease in amplitude, indicating that oleate is
displaced from the NC surface. As these features disappear,
three narrow peaks at 1590, 1494, and 970 cm™! are observed
to grow in that are assigned to the C=C ring stretching, N—H
wagging, and S—C—S asymmetric stretching modes of PTC on
the basis of DFT calculations (see Supporting Information). In
addition, a broad band centered at 1337 cm™ can be seen that
arises from a combination of ring and C—N stretching modes.
These results suggest that PTC indeed displaces oleate and
binds to the surface of our CdSe NCs. While the magnitude of
the decrease in the oleate stretching features should in principle
allow us to estimate the amount of oleate displaced by PTC,
extracting a quantitative value for the number of displaced
ligands is complicated by the fact that our films experience
some degree of NC material loss when treated with methanol.
Hence, we refrain from making an estimate of this value at this
point.

Figure 5B plots how the FT-IR spectra of CdSe-PTC films
change upon exposure to Cd(Ac),. To highlight changes

associated with PTC ligand binding, peaks due to oleate have
been removed from this data by subtracting the spectrum of
CdSe-OA after scaling it to match the amplitude of the alkyl
stretching peaks that appear from 2800 to 3000 cm™'. With
increased exposure time, we observe a decrease of all peaks in
our spectra due to partial desorption of NCs from our film. To
account for this effect, we have normalized our plotted spectra
to the PTC C=C ring stretching peak at 1590 cm™" as this
peak is predicted to display a minimal shift between different
PTC binding geometries (see Supporting Information, Figure
SSB).

Gains in amplitude upon Cd(Ac), treatment can be seen
near 1430 and 1540 cm™' and can be attributed to the
symmetric and asymmetric stretching transitions of acetate
molecules that coordinate to the surface. More interestingly,
the normalized spectra reveal that the asymmetric S—C—S
stretching peak at 970 cm™" decreases in amplitude and shifts to
higher frequency with increasing exposure time to Cd(Ac),,
suggesting that Cd(Ac), alters the average geometry through
which PTC molecules attach to CdSe. DFT calculations of
PTC molecules bound to a CdSe {110} surface in chelating and
two different bridging geometries indeed show that the
asymmetric S—C—S stretch shifts between these different
geometries (see Supporting Information, Figure SS). While the
lack of quantitative agreement between our DFT calculations
and experimental spectra prevents us from assigning the shifts
we see in our measured FT-IR spectra to changes in the
populations of specific surface bound species, our spectra and
calculations suggest that different PTC species are present on
our NC surfaces, one of which may be responsible for the rapid
hole cooling that we observe in SR-TA measurements.

Discussion of Rapid Hole Cooling in CdSe-PTC. Excited
holes often relax via EVET as they cannot access Auger
channels due to the larger energy level spacing of the CB versus
the VB. Though the exact details of this hole cooling
mechanism are debated, recent reports have shown that
EVET to both phonon modes*”*® and surface bound
ligands®***° contribute to hot carrier cooling. In particular,
vibrations involving atoms directly anchored to the NC surface
are expected to be important acceptors of excess energy due to
their close proximity to the NC core. Examining the FT-IR
spectrum shown in Figure SA of CdSe-OA, we see that the
symmetric and asymmetric carboxylate stretches fall at 1432
and 1539 cm™, respectively, placing both these modes close to
the energy difference between the 2S5/, and 1S;),(,) states
(~1685 cm™). Likewise, as these modes are associated with the
oleate headgroup, they should be readily accessible to
photoexcited holes. Taken together, these two effects suggest
that EVET to these vibrational modes likely accounts for the
observed rapid hole cooling in CdSe-OA.

Assuming that EVET similarly drives hole cooling upon PTC
exchange, there are two explanations that may account for the
increased hole cooling rate in CdSe-PTC: (1) hole cooling is
facilitated by a single or collection of PTC modes that lie in
close resonance with the 2S;/,4,)—1S;/,) energy gap when
PTC is bound to CdSe in one particular geometry but not
others, or (2) spatial extension of the hole increases the
coupling strength of the carrier and ligand via direct wave
function overlap. However, taking stock of the two-species
model suggested by the recovery of the hole cooling kinetics of
CdSe-PTC upon treatment with Cd(Ac),, both of these
scenarios can be ruled out as we argue below.
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On the basis of the energy gap between the X1 and X2
exciton states, whose value represents the energy spacing
between the 2S;,;) and 1S5y, states, we expect that a
vibrational mode with a frequency of ~1685 cm™" would have
the proper energetic alignment to accept excess energy from a
hot hole. Examining the FT-IR spectrum of CdSe-PTC (Figure
SA), we see that modes assigned to stretching and bending of
PTC’s aromatic ring fall close to this energy difference and
could possibly serve as accepting modes for the excess energy
of a hot hole. To address scenario 1, we have used DFT to
examine how the vibrational spectrum of PTC changes when it
is bound in both chelating and bridging geometries to the
{110} surface of CdSe to determine if any of the modes
described above experience large shifts tied to binding
geometry (see Supporting Information, Figure SSC). While
many of the ring modes do indeed display frequency shifts
between these two geometries, many of these changes are small
(<20 cm™) and are likely insufficient to rationalize a 2X change
in hole cooling rate due to the removal of PTC molecules that
preferentially bind in one of these two different geometries.

The spectrum shown in Figure SA also provides a hint as to
why we can exclude scenario 2. While PTC does possess
vibrational modes with frequencies close to 1600 cm™!, these
modes are primarily associated with stretching and bending
motions of PTC’s phenyl ring. However, prior work that has
examined exciton delocalization imparted by PTC has shown
that its S,C—NH bridging group is responsible for most of the
change in the density of states of CdSe’s VB upon binding,**
indicating that hole density is preferentially associated with this
group rather than PTC’s phenyl ring. The spatial separation of
the hole and phenyl ring would suggest that ring stretching and
bending modes should be poor acceptors for the excess energy
of hot holes. While vibrations involving the S,C—NH binding
group would be expected to couple strongly to hot holes and
facilitate EVET, the spectra shown in Figure SA indicate that
these modes are significantly detuned from the 2S; 51,)—1S; 1)
energy gap. This suggests that EVET involving these modes
must involve the simultaneous excitation of multiple lattice
phonons, reducing the likelihood of this event. On the basis of
these arguments, we believe that we can rule out EVET to PTC
as the primary pathway leading to hole cooling.

As vibrational relaxation appears to be insufficient to explain
our results, we have developed an alternative scenario to explain
this rapid hole cooling phenomenon. SR-TA tracks hole cooling
by measuring a loss of amplitude of the Al-induced absorption
band. However, if excited holes were to be physically removed
from a NC, this would similarly lead to a loss of Al-induced
absorption. Thus, a scenario that can explain our results is one
wherein PTC molecules bound to the NC core in a particular
geometry trap hot holes, extracting them from the NC. This
picture is consistent with prior work that demonstrated that
PTC can quench the photoluminescence (PL) of CdSe NCs.*'
However, while this work assumed that PTC quenching was
diffusive in nature, involving unbound PTC molecules in
solution, the femtosecond rate of quenching suggested by our
results indicates that it must involve a species directly bound to
the NC surface. Hence, we hypothesize that rather than
unbound PTC scavenging holes as previously reported, a subset
of PTC molecules bound to the surface can rapidly remove
photoexcited holes from the NC core, quenching photo-
luminescence (PL) and increasing the apparent rate of carrier
cooling.

This mechanism for fast hole trapping in CdSe-PTC is
supported by steady-state PL measurements, shown in Figure 6.
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Figure 6. (A) Photograph depicting photoluminescence of CdSe-OA,
CdSe-PTC, and PTC + Cd(Ac), under 365 nm excitation. (B) PL
spectra of CdSe-OA (black), OA + Cd(Ac), (green dashed) CdSe-
PTC (red), and PTC + Cd(Ac), (blue dashed). Spectra are plotted
relative to the PTC + Cd(Ac), emission maximum.

Figure 6B shows the relative emission spectrum of CdSe-OA,
CdSe-PTC, PTC + Cd(Ac),, and a control sample composed
of CdSe-OA with added Cd(Ac), (denoted OA + Cd(Ac),).
From the relative QY from each sample we see that PTC-
capped NCs are highly quenched, displaying a QY that is only
0.79% of that of CdSe-OA. However, this effect is clearly
reversed upon addition of Cd(Ac), In the PTC + Cd(Ac),
sample we see recovery of the photoluminescence QY
exceeding the CdSe-OA sample as well as the control sample
OA + Cd(Ac),. This increased photoluminescence intensity of
PTC + Cd(Ac), shows that only a small portion of the gain in
photoluminescence intensity can be attributed to passivating
surface electron traps. Therefore, it is likely that some oscillator
strength is borrowed from the PTC ligand, as predicted by
previous work,”"** which would account for the remaining
increase in photoluminescence QY.

In addition to the PL data, transient absorption and time-
correlated single photon counting (TCSPC) kinetics provide
evidence for a hole-trapping mechanism induced by PTC
exchange. Examining the PA absoaption feature that reports on
the presence of trapped holes,>**"** we find that for each of the
CdSe samples described above this feature develops with an
~180 fs time constant (see Supporting Information, Figure S6),
indicating that all of our CdSe suspensions rapidly trap holes.
To determine the percentage of holes that populate trap sites,
we can compare the amplitude of the PA band to the initial
amplitude of the BI bleach as this reports on the number of
excited electrons placed in the 1S, state by our excitation
pulse (Table 1). Interestingly, we find that the PA:B1 ratio
decreases by nearly 2X for CdSe-PTC relative to CdSe-OA.
This suggests that CdSe-PTC traps fewer holes at sites that
contribute to the PA absorption feature. While this result may
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Table 1. Maximum Amplitude of the PA (Averaged from 600
to 750 nm) and B1 Spectral Features”

PA peak amplitude Bl peak amplitude ~ PA:BI ratio
sample [mOD] [mOD] (%)
CdSe-OA 0.185 18.8 0.98
CdSe-PTC 0.11 194 0.57
PTC + 0.18 13.5 1.33
Cd(Ac),

“The ratio of these amplitudes reflects the relative number of
photoexcited holes trapped in each sample. Absolute values of the B1
amplitude have been used in calculating the PA:B1 ratio due to the
opposite sign of these features.

at first seem counterintuitive if PTC treatment induces
additional hole traps, it is consistent with a picture wherein
PTC-induced traps are strongly ligand-associated rather than
residing on the NC surface or core. The PA absorption feature
arises from lattice defects and unpassivated surface sites that
generate midgap states. As these species reside on the NC itself,
they can optically access states within the NC VB, leading to
the appearance of the PA absorption band. In contrast, if PTC
creates hole traps that primarily reside on the ligand, absorption
transitions between these PTC-centered states and deeper
states within the NC valence band are expected to have low
oscillator strength due to their spatial separation. Thus,
trapping a hole on a PTC molecule would lead to a decrease
of the PA feature rather than an increase. Treatment of CdSe-
PTC with Cd(Ac), increases the PA:BI ratio, suggesting that it
removes PTC-associated hole traps.

The long-time kinetics of the B1 feature also support a
scenario wherein PTC creates additional ligand-associated hole
traps. Figure 7A shows the recovery of the B1 feature up to 1.65
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Figure 7. (A) Normalized decay traces of the Bl spectral feature for
X1 pumped CdSe-OA (black), CdSe-PTC (red dash dot), PTC +
Cd(Ac), (blue dashed), and OA + Cd(Ac), (green). (B) TCSPC
decays for CdSe-OA (black), CdSe- PTC (red), and PTC + Cd(Ac)2
(blue). CdSe-PTC shows an instrument limited decay, indicating
relaxation occurs primarily through nonradiative pathways.

28231

ns after photoexcitation for each of the three NC samples. The
CdSe-PTC sample shows a rapid, nonexponential decay of the
B1 amplitude within the first 100 ps followed by an additional
slow decay that can be fit well by an exponential with a 2.7 ns
time constant. This rapid decay is echoed by TCSPC
measurements (Figure 7B) that are dominated by an
instrument-limited decay followed by a slower decay over 2.7
ns. This behavior is in stark contrast to that of CdSe-OA, which
after a short ~30 ps decay exhibits a 5.2 ns exponential decay
that is consistent with TCSPC measurements. As the Bl
amplitude tracks the population of electrons in the 1S, state,
these results indicate that PTC treatment creates a new
pathway that either traps electrons or leads to their
recombination with holes. While we do not have definitive
evidence that can differentiate electron trapping from electron—
hole recombination, one piece of data that suggests that PTC-
trapped holes nonradiatively recombine with 1S, electrons
comes from the PA band, which shows a decay that matches
the recovery of the CdSe-PTC Bl bleach (see Supporting
Information, Figure S8). This is consistent with a scenario
wherein nonradiative recombination between PTC-associated
trapped holes and 1S, electrons occurs rapidly, leading to the
sub-100 ps B1 bleach decay. Transfer of trapped holes from NC
defects to PTC-associated traps over longer time scales would
then lead to a decay of the PA and B1 features that closely track
one another due to rapid recombination of 1S, electrons with
PTC-associated traps. As with the PA:Bl ratio described in
Table 1, upon addition of Cd(Ac), to CdSe-PTC, we see that
both the rapid decay of the B1 amplitude and TCSPC decay
recover, indicating the elimination of PTC-associated traps.

To summarize, our work suggests that there are likely two
different PTC species attached to CdSe NC surfaces following
ligand exchange. Further treatment of CdSe-PTC with Cd(Ac),
results in a drastic change in both intraband hole cooling and
global relaxation rates, measured by transient absorption
experiments, as well as increased photoluminescence QY and
lifetime. These findings led us to conclude that Cd(Ac),
removes a species that facilitates the population of nonemissive,
hole trap states on a sub-picosecond time scale after
photoexcitation. The removal of this species eliminates access
to this trapping pathway, allowing photoexcited holes to cool
via EVET, similar to CdSe-OA.

Although definitive assignment of the hole trapping species is
not possible with the given data, PTC bound in a monodentate
geometry is likely to serve as a hole trap as it has an exposed
lone pair. The existence of such species is supported by
simulations by Azpiroz and De Angelis that showed their
presence on CdSe NCs, albeit in small numbers.** Moreover, a
scenario wherein monodentate PTC molecules act as hole traps
is also consistent with our observation that Cd(Ac), treatment
results in a removal of these traps. The addition of Cd** atoms
repairs surface defects, as indicated by an increase in PL
quantum efficiency and a slight red-shift in the absorption
maximum of CdSe-OA samples. The addition of Cd** atoms to
a NC surface would provide additional attachment sites for
PTC molecules, likely reducing the number coordinated to the
surface in a monodentate geometry. Figure 8 depicts our
proposal for how PTC treatment and subsequent Cd(Ac),
treatment modify the surface of CdSe NCs. EVET to oleate
ligands dominates hole cooling in CdSe-OA NCs. Following
PTC exchange fast transfer of photoexcited holes to
monodentate PTC molecules can occur. Hole relaxation is
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Figure 8. Cartoon depiction of ligand-dependent hole cooling
mechanisms. PTC exchange induces fast hole transfer (~580 fs) to
PTC in CdSe-PTC with monodentate PTC as the hole acceptor.
Removal of monodentate PTCs by Cd(Ac), leads to hole cooling via
an EVET pathway, similar to CdSe-OA.

again dominated by EVET following removal of monodentate
PTC molecules by Cd(Ac),.

As the observed hole relaxation rate in CdSe-PTC represents
a sum of the rates for both the formation of PTC-associated
traps and hole cooling, we can extract a rate for PT C-associated
trap formation assuming the intrinsic time scale for hole cooling
is unchanged by PTC treatment. Under this assumption, we
find that the time scale for PTC-associated trap population is
580 fs (1/236 fs = 1/580 fs + 1/398 fs). As our measurements
cannot determine the number of PTC-associated traps per NC,
this time scale represents an upper bound on the rate of
trapping at these sites as it is the product of the rate of
populating a single PTC-associated trap and the number of trap
sites on a NC.

IV. CONCLUSIONS AND OUTLOOK

We have presented evidence that the EDL PTC binds to CdSe
NC surfaces in multiple geometries and that these geometries
greatly impact the NC’s excited state dynamics. Specifically, we
have isolated the effects of two different species by using
Cd(Ac), to alter the average binding geometry of PTC
molecules bound to the surface of CdSe NCs. By measuring the
hole cooling rate for different NC samples, we have shown that
a subset of PTC molecules bound to the surface can trap
photoexcited holes and facilitate nonradiative recombination. In
contrast, NCs that have been treated with Cd(Ac), relax

primarily through radiative recombination, suggesting removal
of these quenching PTC molecules.

On the basis of SR-TA measurements, we find that in CdSe-
PTC holes populate trap states in ~580 fs, indicating that fast
hole transfer to the PTC ligand can compete with carrier
cooling to the band edge. Upon treatment of CdSe-PTC with
Cd(Ac), we see the hole cooling rate recover to similar values
measured for CdSe-OA (~400 fs), and the photoluminescence
QY greatly increases beyond that of the NL-capped NCs. This
data indicates that Cd(Ac), removes a surface-bound species
that introduces ligand associated trap states, while maintaining
the absorption red-shift induced from the addition of PTC to
the NC solution.

This last result is interesting in that it shows that EDLs do
not necessarily drive rapid carrier cooling via EVET despite
extended wave function overlap between the NC core and
these ligands. Rather, we see that hot carrier cooling dynamics
appear to be highly dependent on both the binding geometry of
the EDL and the details of its vibrational density of states.
Indeed, we find that OA is likely a major contributor to hot
hole relaxation in the NCs we have examined due to good
energetic matching of the vibrational frequencies associated
with its carboxylate binding group and the splitting between the
NC 28,5 and 1S3, states. Exchange of OA for a different
capping NL coupled with careful control of the PTC binding
geometry could perhaps further extend the lifetime of hot holes
and allow their extraction. This work informs the use of EDLs
to design systems that facilitate hot hole transfer and improved
carrier transport in thin films.
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