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ABSTRACT

This paper describes spectroscopic evidence for the photoinduced transfer of a hole from the
biexcitonic state of a CdS quantum dot (QD) to a phenothiazine (PTZ) molecular acceptor,
covalently linked to the QD through phenyldithiocarbamate (PTC), with power-dependent yields
of 8% - 21%. Visible and near-infrared transient absorption spectroscopy (TA) data suggest that
the mechanisms of hole extraction include direct hole transfer from the QD’s valence band to PTZ
in 2.4+0.2 ps, or trapping of holes at the QD surface in ~1 ps, followed by sequential hole transfer
to PTZ. Both of these mechanisms potentially out-compete Auger recombination of biexcitonic
states, which occurs within these QDs in 20+1 ps. These results suggest that the PTC linkage will
be useful for extracting multiple holes from a QD photosensitizer or solo photocatalyst to drive

multi-step oxidation reactions.



INTRODUCTION

Colloidal quantum dots (QDs) have emerged as promising photocatalysts and photosensitizers

for organic synthesis!** and production of fuels>!’. Most of these reports target multi-electron
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redox reactions such as reduction of protons and carbon dioxide!>'*, water oxidation', and
carbon-carbon coupling'". Such reactions depend on fast delivery of two or more electrons or
holes from a photoexcited QD to a catalyst or directly to a substrate, so that the yield of the reaction
does not depend on the lifetimes of one-electron intermediates. The conduction and valence bands
of QDs have degenerate band-edge energy levels and can therefore accommodate multiple
excitons simultaneously (e.g., two band-edge excitons for CdSe and CdS, and four band-edge
excitons for PbS and PbSe).'*! Biexcitons or higher-order excitons can form through
photoexcitation under high fluence, or, if only a low-fluence source is available (like sunlight),
through absorption of a single high-energy photon followed by a carrier multiplication process that
creates two lower-energy excitons from a single high energy exciton.???

Creation of biexcitons in QDs is only useful for photocatalysis, however, if two of the relevant
carrier (electrons or holes) can be extracted — that is, at a minimum, if the first electron or hole can
be extracted before the biexciton decays to a single exciton via Auger recombination. For unshelled
cadmium and lead chalcogenide QD cores, time constants for Auger recombination range from
10s to 100s of ps.?*2° Coating the QD cores with additional semiconductor layers (such as CdSe,
CdS, and ZnS) that create a type-1I or quasi-type II core/shell heterojunction can decrease the
Coulombic interaction between electrons and holes and slow the Auger process to nanoseconds.?”
31 The shelling approach however usually results in confinement of one of the charge carriers in
the QD core, which dramatically lowers the turnover number of the QD catalyst. It is therefore
important to design a system where both electrons and holes are extractable from the core, and,
specifically, where the first catalytically relevant carrier is extractable from the biexcitonic state
on a timescale competitive with Auger recombination.

Electron transfer from cadmium chalcogenide QDs to molecular acceptors is typically very
fast (single picoseconds)®**; several groups have demonstrated the extraction of photoinduced
electrons from the biexcitonic states of unshelled QDs, either to multiple surface-adsorbed
molecular acceptors® or a single electron acceptor that can accommodate two electrons'®. Hole

transfer from a QD to a molecule is usually much slower than Auger recombination (nanoseconds

vs. 10-100 ps)?* 3938 due to the larger effective mass of the hole*®. Parkinson and coworkers, in
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2010, demonstrated two-electron extraction from biexcitons created by carrier multiplication,
within PbS QDs to a TiO» film, followed by two-hole collection by the sulfide/polysulfide redox
couple.*® There exist no other reports of hole extraction from the biexcitonic (or even two-hole
oxidized) state of a colloidal QD to a molecular acceptor.

Here, we demonstrate photoinduced hole extraction from the biexcitonic state of an unshelled
CdS QD to a molecular acceptor, phenothiazine (PTZ), linked to the QD through a
phenyldithiocarbamate (PTC) bridge. We*'™** and others*° have previously shown that the
orbitals (particularly, the HOMO) of PTC mix with states of the QD valence band to produce
interfacial states that delocalize the excitonic hole beyond its typical Bohr radius, resulting in
enhanced electronic coupling between the excitonic hole and any molecule that is sufficiently
coupled to PTC. We have also shown that, for certain binding geometries of PTC on the QD
surface, the dithiocarbamate group can act as a hole trapping ligand rather than a hole delocalizing
ligand.*> **Although in past work we substituted the PTC linker with PTZ at the para position of
PTC, here we attach it at the meta position, since we envision this compound to be a model
compound for a doubly substituted (2-hole) acceptor. We find that a fraction of photo-oxidation
of PTZ by the QD occurs through direct hole transfer from the QD core with a time constant that
is ~10x faster than that of Auger recombination, and that PTZ can also be oxidized by holes that
initially trap on the QD surface (in ~ 1ps) and then transfer to PTZ. Importantly, comparison of
the yields of Auger recombination at various excitation pump energies for QDs with and without
attached PTZ to the yields of PTZ"® formed at these pump energies reveals that PTZ is oxidized
by the biexcitonic states of the QDs with yields of 8% - 21%.

METHODS

Ground State and Time-Resolved Absorption Spectroscopy. Ground state absorption
spectra of QD samples were obtained on a Varian Cary 5000 spectrometer in a 2 mm quartz cuvette
in THF-d8. All spectra were baseline-corrected with a THF-d8 sample. Our transient absorption
spectroscopy setup is described elsewhere.’! TA samples were prepared in 2 mm quartz cuvettes
in a N glovebox and were measured under constant stirring. The THF-d§ used in both ground-
state and time-resolved experiments was degassed through three freeze-pump-thaw cycles.

Nuclear Magnetic Resonance Spectroscopy. All '"H NMR spectra of QD samples were
acquired in THF-d§ on an Agilent DD2 600 MHz spectrometer (128 scans with a relaxation delay



time of 2 s). '"H NMR spectra of functionalized PTZ molecules were acquired on a Bruker Avance

IIT 500 MHz spectrometer (32 scans with a relaxation delay time of 1 s).

RESULTS AND DISCUSSION
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Figure 1. (A) Anionic forms of functionalized
PTC ligands used in this study. (B) Normalized
ground-state absorption spectra of CdS QDs in
THF-ds capped with native oleate ligands
(black), with 20+5 eq. of bound PTC-C6 (red
line) and 2015 eq. of bound PTC- mPTZ (blue),
measured by solution '"H NMR. Inset: zoomed-
in region of the lowest-energy absorption peaks
of the three samples.

Preparation of Oleate-capped QDs
and Synthesis of PTC Ligands. Oleate-
capped CdS QDs are synthesized using a
literature procedure.’? As-synthesized QDs
are stored in hexanes at room temperature in
the dark. PTC-C6 (Figure 1A) is
synthesized using a literature procedure®?,
and as-synthesized PTC-C6 is stored in a
freezer to prevent thermal degradation. The
PTC-mPTZ molecule (Figure 1A) is
synthesized based on the literature
procedure for the para-substituted PTC-
PTZ molecule® and stored in a freezer (see
the SI for details and '"H NMR spectra).

Preparation of CdS-PTC-R (R = Cé6
or mPTZ) Complexes. The PTC-
functionalized QDs were prepared by
adding 30 equivalents of PTC-C6 or PTC-
mPTZ triethylammonium salts into a sample
of oleate-capped CdS QDs, dispersed in air-
free THF-d8, inside a nitrogen glovebox.
We use PTC-Cé6-capped QDs, rather than
oleate-capped QDs, as control systems for

our experiments, because it has been shown

that the PTC headgroup influences the photophysical properties of QDs.*** Addition of a redox-

inert hexyl tail to PTC increases the solubility of PTC-capped QDs in THF significantly, relative

to PTC alone, and facilitates optical and NMR measurements.



We used a well-established '"H NMR procedure to quantify the surface coverage of both types
of PTC ligands on the QD (see Figure S1 in the SI). We have demonstrated previously that one
dithiocarbamate binding group displaces, on average, two bound oleate species from the cation-
enriched surface of CdS QDs, in the form of Cd(oleate)s, > where the net charge at the surface
of the particle is balanced by PTC’s triethylammonium counterion, as evidenced by the broadening
of its NMR signals upon adsorption.’> We therefore quantify the number of bound PTC-C6 or
PTC-mPTZ ligands per QD by counting the number of displaced bound oleate on the surface of
QDs (~40+10) and inferring that both PTC-C6 and PTC- mPTZ samples have 20+5 bound PTC
ligands per QD (with the remainder of the surface coated by oleate). The error bars are standard
deviations calculated from NMR measurements on three separately prepared samples of each type
of QD.

The CdS QDs used in this system have a first excitonic absorption peak at 430 nm, which
corresponds to QD cores with an average radius of 2.3 nm.>* The excitonic peaks are shifted to
lower energy by 5 nm within the spectrum of the PTC-Cé6-coated QDs, and by 4 nm within the
spectrum of the PTC-mPTZ-coated QDs, from those of oleate-capped QDs (Figure 1B), as
expected from treatment of CdS QDs of this size with a low concentration of PTC-X ligand.>?

Dynamics of Auger Recombination. We quantify the rate of Auger recombination of

biexcitons created within the QD core by fitting
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size.>*>” The dynamics of the GSB only reflect the dynamics of conduction band-edge electrons
in CdS QDs.*? Fitting the kinetic trace for the GSB of the CdS-PTC-C6 samples collected under
low photon fluence (0.2 pJ, corresponding to an expectation value of excitons, (N) of 0.24 per
QD, see Figure S2 in the SI for details) yields four time constants: 2.1+0.2 ps, 110£10 ps,
26004300 ps, and >3 ns (beyond our time window) (Figure 2). We assign the shortest two time
constants to electron trapping processes, based on literature assignments.3? 330 Considering the
low quantum yield of QDs capped with PTC (<1%)*, the two longer components likely
correspond to non-radiative recombination of conduction band-edge electrons with trapped holes
(discussed below).

When fitting the GSB kinetic traces at Apobe = 435 nm after pumping with higher pump
energies (0.6 uJ — 2 pJ), we fix the values of the four time constants extracted from the fit of the
dynamics at 0.2 pJ pump energy (allowing their amplitudes to float), and add one additional
component to account for the Auger recombination process, see Table S2 and fits in Figure 2.
This process yields time constants for Auger recombination of between 20+1 ps (at 0.6 pJ) and
162 ps (at 2 pJ), which are consistent with previous reports for CdS QDs of this size.?® Extraction
of a hole from the biexcitonic state in these QDs would therefore require a first hole transfer that

is competitive with a ~20-ps Auger process.
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Figure 3. (A) Representative TA spectra of

CdS-PTC-mPTZ at 3 ns, after subtracting the
contribution from the photoinduced absorption
(PTIA) of QDs, collected with pump energies
labeled in the legend. (B) Kinetic trace of the
formation of PTZ'®, obtained from the
deconvolution procedure described in the text.

oxidation of PTZ by the QDs.

Evidence for Photo-oxidation of PTZ in
the CdS-PTC-mPTZ Complex. Hole transfer
from the QD to the PTZ acceptor is confirmed
by the appearance of the characteristic
absorption peak of PTZ"* in the TA spectra at
520 nm.®! This absorption overlaps with the
broad excited state absorptions of the QD
(referred to as the “QD shelf”) between ~480
nm and ~700 nm.*’> We obtained a pure
spectrum of the QD shelf from the TA data of
CdS-PTC-C6 samples with the same ligand
surface coverages and excitation densities as
those we used for CdS-PTC-mPTZ. We then
obtained a pure spectrum of PTZ™ by (i)
scaling this pure shelf spectrum so that it
matches the raw TA spectrum of CdS-PTC-
mPTZ between 600 nm to 700 nm, a region
where PTZ'™ does not absorb, and (ii)
subtracting the pure shelf spectrum from the
raw spectrum of CdS-PTC-mPTZ sample at a
late time point (~3 ns) when the hole transfer
process is complete. Figure 3A shows the pure

PTZ"™ spectrum, and confirms the photo-

Dynamics of Hole Trapping and Hole Extraction. With the pure PTZ"® and QD excited state

(“shelf”) spectra, obtained as described directly above, as basis spectra, we used a previously

reported algorithm to deconvolve the raw TA data for the CdS-PTC-mPTZ samples at all time-

points into a linear combination of the two features.’® % The similarity between the kinetic trace

for the QD shelf feature obtained with the deconvolution procedure and the kinetic trace extracted

from the raw (convolved) TA spectrum at 670 nm, where PTZ"® does not absorb, confirms the

accuracy of this deconvolution, see Figure S3 in the SI.



Figure 3B shows a representative set of deconvolved kinetic traces corresponding exclusively
to the formation of PTZ"™® after pumping CdS-PTC-mPTZ at a series of different excitation
densities. All traces can be fit adequately with a sum of three simple exponential terms. Under 0.2
uJ pump energies, the corresponding time constants are z,7; = 2.4+0.2 ps, a2 = 35£5 ps, w13 =
700£100 ps (Table 1; Table S3 contains data for higher pump energies). Each of these time
constants must correspond to a photo-induced hole transfer process (hence their abbreviations 77y,
etc.) because photoinduced hole transfer from the QD to PTZ is the only means of producing PTZ"*
in this system.3* 3% 61,64

To identify the mechanisms of hole transfer corresponding to the time constants for PTZ"™®
formation listed in Table 1, we first determine the fate of photoinduced holes in the QDs without
PTZ present. Figure 4A shows a set of raw TA kinetic traces extracted at 670 nm for CdS-PTC-
C6. This probe wavelength is within the broad set of photoinduced absorptions of the
aforementioned “QD shelf”, primarily comprising contributions from absorptions of conduction
band electrons and trapped holes on the QD core and in surface states.®> % Consistent with previous
reports®® 4% %4 the dynamics for the CdS-PTC-C6 samples in this region (500 nm - 680 nm) are
wavelength-independent (Figure S4). Most of the signal and dynamics at 670 can be accounted for
by conduction band electrons, as evidenced by the large instrument limited rise at 670 nm, and
similarity of decays of the kinetic traces at 670 nm and at the GSB (compare light blue traces in
Figure 4B). Unlike the GSB, however, the kinetic trace at 670 nm for the CdS-PTC-C6 sample
(collected at 100 uW) has an initial fast, but measurable, rise: 7.se; = 1.1+0.1 ps, Table 1. This
time constant matches a fast decay (zaecays = 1.3£0.1 ps in Table 1) at 1400 nm (primarily valence
band holes)®" ® of the same sample, and therefore can be assigned to hole trapping from the
valence band to a lattice or surface trap. This hole trapping process increases in rate with increasing
excitation pump energy — zrise; = 0.8+0.1 ps at 2 pJ, see Figure 4A and Table S4 — probably due
to increased density of valence band holes.

Although difficult to discern from inspection of Figure 4B, fitting of the kinetic traces in this
figure shows that, upon introduction of PTZ, the absolute population of trapped holes decreases,
evidenced by decreases in A,ise1, the amplitude of the hole trapping component in the kinetic trace
at 670 nm, and Adecay1, the % of the total amplitude of decay at 1400 nm attributed to hole trapping
(Table 1). This decrease in the yield of hole trapping upon introduction of PTZ occurs in spite of
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Figure 4. Normalized kinetic traces extracted
from a representative set of TA measurements
on CdS-PTC-C6 QDs in THF-ds, photoexcited
at 420 nm with increasing excitation pump
energy labelled in the legend, probed 670 nm
(the QD shelf). (B) Normalized Kinetic traces
extracted at 670 nm (open squares and circles)
and 435 nm (solid squares and circles) of the
TA data from CdS-PTC-C6 (light blue) and
CdS-PTC-mPTZ (navy blue), collected with
0.2 pJ excitation.

a slight increase in the apparent rate of hole
trapping (from 1.1+0.1 ps without PTZ to
0.8+0.1 ps with PTZ), Figure 4B and Table 1.
The latter is probably due to a convolution of
hole trapping and direct hole transfer to PTZ
in our observed time constant.’¢%7 We suspect
the decrease in yield of hole trapping is due to
direct hole transfer from the VB of the QDs to
PTZ, discussed below.

Differences between samples with and
without PTZ are also apparent in the lifetimes
of these trapped holes. Table 1 also lists the
amplitude-averaged lifetimes of the signal at
670 nm; for 0.2 pJ excitation, 7ue at 670 nm
decreases from 1400+400 ps to 690+60 ps
upon introduction of PTZ. Most of this change
can be accounted for by acceleration of decay
of CB electrons upon introduction of PTZ
(compare light blue and navy blue solid traces
in Figure 4B). There is, however, a long-lived
population of trapped holes®!> % in CdS-
PTC-C6 that creates a mis-match of the kinetic
traces of the GSB and 670-nm at t > 1 ns
(compare light blue traces in Figure 4B). This
population disappears upon introduction of
PTZ (compare navy blue traces in Figure 4B).

We therefore suspect that PTZ can be oxidized

by trapped holes. This result is significant because the hole trapping process is fast enough (~1 ps)

to compete with Auger recombination of a biexciton (~20 ps), and therefore provides an additional

pathway for oxidation of PTZ by the biexcitonic state of the QD.



Table 1. Time Constants for Hole Trapping (zyises, Tdecay1), Decay of Trapped Holes (z4.), and
Formation of PTZ"* (z;7:) in PTC-Capped QD Samples, with Pump Energy = 0.2 pJ .*

Trisel, PS Tdecayl, PS Tave, PS ThTl, PS Th12, PS ThT3, PS
}bprobe = }\fprobe = }\fprobe = PTZ"* PTZ"* PTZ"*
670 nm 1400 nm 670 nm? (Ar)° (A2)° (A3)°
(Arisel )b (Adecayl )C

h* ht - direct trapped trapped
trapping trapping h* transfer h* transfer h" transfer

QD-PTC-C6 1.1£0.1 1.3+0.1 1400+400 - - -
(-40%) (75%)
QD-PTC- 0.8+0.1 0.8+0.1 690+60 2.4+0.2 35+5 700100
mPTZ (-30%) (60%) (47%) (27%) (26%)

“Time constants listed in this table are extracted from fits to kinetic traces of TA datasets at the
indicated probe wavelengths, after pumping at 420 nm with 0.2 pJ pump energy. Analogous
tables for other pump energies are in the SI. A/ is the absolute % amplitude extracted from
the fit to the kinetic trace at 670 nm attributable to hole trapping. This value is negative because
it manifests a rise instead of a decay at this wavelength. “Agecays is the % of the total amplitude
of the decay of the signal at 1400 nm attributable to this component. “This time constant is the
amplitude-averaged lifetime of decay of the signal at 670 nm. “This time constant is extracted
from the fits to the deconvolved PTZ ™ kinetic traces; Y.23 A; = 1.

Given this information about hole trapping rates and trapped hole lifetimes, we can assign the
fastest component of PTZ"™® formation, zar; = 2.44+0.2 ps at pump energy = 0.2 pJ, to the direct
extraction of valence band holes to PTZ because (i) it is competitive with the fastest time constants
for hole trapping (~1 ps); and (i1) despite a slight acceleration of hole trapping, the yield of hole
trapping decreases upon introduction of PTZ, Table 1. This result suggests that fewer holes are
trapping in CdS-PTC-mPTZ than in CdS-PTC-C6 because, we suspect, some of them are instead
directly transferred to PTZ via direct extraction from the VB with time constant zx7;.

We can assign the second and third components of PTZ"® formation, zs7> = 35+5 ps at 0.2 uJ
and 7,73 = 700£100 ps at 0.2 pJ, and faster at higher pump energies, see Table S3 of the SI, to
transfer of a hole from a trap state at the QD/PTC interface to PTZ because (i) these processes are
much slower than the rate of hole trapping, and (ii) a population of trapped holes present in CdS-
PTC-C6 does not exist in CdS-PTC-mPTZ (Figure 4B). We suspect that population of initially
trapped holes is being subsequently transferred to PTZ with time constants zx72 and z73.

Hole Transfer from QDs That Have Biexcitons. We have so far concluded that photoinduced

hole transfer occurs directly from the VB of the QD to PTZ, and from trap states at the QD-PTC
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interface. Here, we provide evidence for the extraction of holes specifically from biexcitonic states
of QDs to PTZ. Our logic is that, if a QD is photo-oxidizing PTZ from a biexcitonic state, then the
number of biexcitons that undergo Auger recombination should decrease upon introduction of
PTZ. Furthermore, to prove that loss of Auger yield is attributable to photo-oxidation of PTZ by
biexctions, there should be a direct correspondence between the decrease in the number (or
percentage) of excitons that decay via Auger and the increase in the percentage of excitons that
donate a hole to PTZ to form PTZ"*.

In this analysis, we again limit the number of excitons created per QD at any pump energy to
two, bounded by the degeneracy of the band-edge excitonic state and our pump energy. At each

pump energy, we calculate the percentage of QDs that have zero or one exciton (P, P;) with the

Poisson distribution P, = e

~(NY) % , where n = 0, 1. Then, P, = 1 — P, — P,, because we

assume that all QDs that absorb two or more photons have biexcitons. The percentage of excitons

within single or bi-excitonic states that are available to decay through Auger recombination
P, 1

(“Theoretical Auger %) is .
Py+P, 2

1. .. . . s
The prefactor 5 indicates that a maximum of one exciton within

a biexciton can undergo Auger recombination before decaying via another pathway (we see no
evidence that Auger recombination of trions occurs in a significant population of QDs, and that
recombination pathway almost certainly has a time constant distinct from that we assign to
biexciton Auger recombination). The percentage of excitons in the ensemble that actually do
undergo Auger recombination (“Actual Auger %) is the normalized amplitude of the 20-ps Auger
component of the total GSB decay in the TA spectrum of each sample. The Auger yield at each
excitation density is defined as (Actual Auger %)/(Theoretical Auger %), and these values are
listed in Table 2.

Table 2. Auger Yields in CdS-PTC-Cé6 and CdS-PTC-mPTZ Samples.

Pump Theoretical | Actual Auger % Actual Auger % Auger Yield Auger Yield
Energy Auger % | (CdS-PTC-C6)” (CdS-PTC-mPTZ)’ | (CdS-PTC- (CdS-PTC-
(ud) C6)° mPTZ)*
0.2 0 0 0 0 0
0.6 17 8 7 47 41
1.0 31 17 13 54 42
1.6 38 26 19 68 50
2.0 44 28 19 63 43

“The detailed calculation of single and biexciton populations is included in Table S5 of the SI.
bExtracted from the fits to the GSB kinetic traces. “Defined in the text.
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For CdS-PTC-C6 samples, the Auger yield increases with increasing pump energy, until
decreasing slightly at pump energy = 2.0 pJ. For CdS-PTC-mPTZ samples, the Auger yield is
lower than that of CdS-PTC-C6 at pump energies. Since the excitation pump energies and sample
concentrations are the same for samples with and without PTZ, we hypothesize that the differences
in the Auger yields between CdS-PTC-C6 and CdS-PTC-mPTZ, listed as “Loss in Auger Yield”

in Table 3, are due to extraction of holes from biexcitons of QDs to PTZ molecules.

Table 3. The % of the Biexciton Population in CdS QDs that (i) No Longer Decayed by Auger
Recombination, and (ii) Decayed by Hole Transfer, upon Introduction of PTZ.

Pump Energy Loss in Auger Yield (%)“ X, (%)’
(")
0.2 0 0
0.6 6 8
1.0 12 12
1.6 18 20
2.0 20 21

“ Defined as “Auger Yield (CdS-PTC-C6)” - “Auger Yield (CdS-
PTC-mPTZ)” from Table 2. ’Defined as the percent yield of
extraction of a hole from a biexciton within CdS-PTC-mPTZ, eq 1.
X, by definition, is 0 for CdS-PTC-C6.

To test this hypothesis, we calculate the yield of hole extraction from biexcitons of QDs at
different pump energies and compare it to the decrease in Auger yield at that pump energy. The
yield of hole extraction from a QD that, upon photoexcitation, contains n excitons, X,,, is related
to the concentration of PTZ"® measured by TA ([PTZ"*]) through eq 1. X; is the yield of extraction
of a hole from a QD

[PTZ™*] = £33 X, P, [QD] (1)
that forms a single exciton upon photoexcitation. X, is the yield of extraction of a hole from a QD
that forms a biexciton upon photoexcitation. For the biexciton, X, is an average yield, specifically
the weighted average of the yields of extracting one hole from the biexciton and of extracting two
holes from the biexciton. Again, P, is the probability of creating »n excitons in a QD, and [QD] is
the concentration of QDs, see the SI for details. We do not specify whether a hole extracted from
a biexciton originates from the biexcitonic state or the single-exciton state that originates from a

biexciton in this calculation.
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We calculate [PTZ"*] from the TA signal of the PTZ"® radical feature and an experimentally
measured extinction coefficient (¢ = 8000 cm'M™! at 520 nm, similar to the reported value for the
un-functionalized PTZ%, 9300 cm™'M™). This analysis shows that X; = 13% — that, is, the yield of
extracting one hole from a single exciton is 13%. We assume that X is constant at pump energies
since it is not related to the yield of Auger recombination. We then calculate X, for each pump
energy and list the results in Table 3. For example, when pump energy = 0.6 pnJ, X, = 8% — that
is, at this pump energy, the average yield of hole transfer from a QD that was photoexcited to a
biexcitonic state is 8%. If we assume, based simply on the low overall yield of hole extraction, that
no biexciton transfers both holes to separate PTZs on the same QD, then we can conclude that 8%
of QDs excited to a biexcitonic state transfer one hole to a PTZ. That yield is 21% for pump energy
=2 ul.

The agreement between the two columns of data in Table 3 indicates that we can account for
all of the biexciton population that stop participating in Auger recombination upon introduction of
PTZ with biexcitons that participate in hole transfer to PTZ. Recall that these two columns of data
are derived from TA signals of two separate species: the loss in Auger yield from the normalized
amplitude of the Auger component of the GSB of the QDs, and X, from the magnitude of the
PTZ"* signal at 520 nm. Their quantitative correspondence at all pump energies therefore strongly
indicates that we are extracting holes from the biexcitonic states of QDs (rather than the single
excitons to which biexcitons decay). In fact, this correspondence indicates that al/ of the holes
extracted from QDs that initially contain two excitons come from the biexcitonic state. We suspect,
but have not proven, that single excitons formed from biexcitonic precursors do not participate in
hole transfer because Auger recombination leaves the high-energy exciton formed through impact
ionization vulnerable to thermalization of hot holes to localized trap states that are not coupled
electronically to PTZ.

CONCLUSIONS

In summary, when CdS QDs are capped with exciton delocalizing PTC ligands, photoinduced
holes undergo ultrafast trapping in ~1 ps. When a hole acceptor PTZ is covalently attached to the
meta position of the phenyl ring of the PTC moiety, holes can be extracted directly from the
valence band of QDs by PTZ to form PTZ"® in 2.4 ps, or trapped at the QD/PTC interface (in ~ 1
ps) and subsequently oxidize PTZ in tens-to-hundreds of ps. Comparison of the yield of Auger

recombination (which occurs in ~20 ps) for QD samples with and without adsorbed PTZ,
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combined with the pump-energy dependence of the yield of PTZ"®, reveals that PTZ is photo-
oxidized by biexcitonic states of QDs, with yields of 8 — 21%.

This work shows that the PTC linker is a good strategy for the ultimate goal of extracting two
holes from a biexciton to a single molecular acceptor, in order to photo-trigger oxidative two-
electron chemistry. The PTC linker both (i) strongly electronically couples the organic hole
acceptor to the QD core, resulting in fast direct hole transfer from the QD core to the molecule
(even faster if the hole acceptor is connected in the para-position of the linker*® ®-7%), and (ii)
serves as an interfacial hole trap to quickly extract holes from transient excitonic states and then
pass those holes onto the terminal acceptor. This work also demonstrates that hole extraction can
out-compete Auger recombination, but that extracting both holes from a biexciton may require

passivation strategies that eliminate trapping of hot holes to localized surface states.

SUPPORTING INFORMATION
Synthesis of PTC-mPTZ, NMR data, determination of the surface ligand coverage, description of
the TA setup, and additional TA data and analyses. This information is available free of charge via

the internet at http://pubs.acs.org.
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