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ABSTRACT: This paper describes the use of a phenyl bis(dithiocarbamate)
(PBTC) linker to enhance the quantum yield of photoinduced electron transfer
(eT) from a zinc porphyrin (ZnP) molecule (donor) to a CdSe quantum dot
(QD) (acceptor), where quantum yield is defined as the fraction of
photoexcited ZnP molecules in the sample that donate an electron to the
QD. The PBTC ligand links the ZnP to the QD by coordinating to Cd** on the
surface of the QD and the Zn metal center in ZnP via its dithiocarbamate
groups. Compared with the donor—acceptor complex formed in the absence of
PBTC linkers, where the ZnP molecule adsorbs to the QD through its
carboxylate moiety, the PBTC linkage increases the binding affinity between
ZnP molecules and QDs by an order of magnitude, from 1.0 X 10° + (0.7 X
10) M~ to 1.0 X 10° + (1.0 X 10°) M, and thereby increases the eT

quantum yield by, for example, a factor of 4 (from 8% to 38%) within mixtures where the molar ratio ZnP:QD = 1:1.

B INTRODUCTION

This paper describes the enhancement of the quantum yield of
electron transfer (eT) from a substituted zinc porphyrin—((2-
cyano-3-trans-(4-(2-(10,20-bis(2,6-di(n-hexoxy)phenyl)-15-
(N,N-diphenylbenzenamine)ethynylporphyrinato)zinc(II)-5-
yl) ethynyl)phenyl)acrylic acid), here abbreviated as “ZnP”—to
a CdSe quantum dot (QD) upon selective photoexcitation of
the ZnP, by linking the donor—acceptor pair via a phenyl
bis(dithiocarbamate) (PBTC) molecule, Figure 1A. We define
quantum yield of €T as the fraction of photoexcited ZnP
molecules in the sample (bound to a QD or freely diffusing)
that transfer an electron to a CdSe QD rather than decaying by
another radiative or nonradiative pathway. For electron transfer
to quantitatively out-compete other radiative and nonradiative
electron relaxation pathways within QD-molecule systems, it
needs to occur on the single-picosecond to hundreds-of-
picoseconds time scale." The majority of previous studies of eT
between colloidal QDs and molecular redox partners have
demonstrated the sensitivity of eT dynamics to donor—
acceptor distance, where the QD and the molecule are
separated by an inorganic shell’™ or a molecular linker,®” "
and energetic driving force, which is tuned by the size and
material of the QD' ™" and the redox potentials of the
molecule.'®'® We have shown in several examples that ultrafast
eT across the QD-molecule interface only occurs when the
molecular redox partner is in close contact with the inorganic
surface of the particle—either through a covalent linkage or by
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permeating the native ligand shell of the QD to physisorb to its
core.” ' An optimal linking strategy is therefore one that
leads to a high binding affinity between the QD and the
molecule, and thereby allows the maximal number of absorbed
photons to result in charge separation. Here we show that the
PBTC linker increases the affinity of the ZnP donor for the
surface of the QD acceptor (relative to a carboxylate linkage).

We demonstrate that PBTC links the ZnP to the QD by
coordinating to Cd** on the surface of the QD through one of
its dithiocarbamate groups and coordinating to the Zn metal
center in ZnP with its second dithiocarbamate group. We
compare the quantum yield of €T for PBTC-linked ZnP—QD
complexes to that of ZnP—QD complexes formed in the
absence of PBTC (these complexes are presumably linked
through the carboxylate functional group appended to the ZnP,
Figure 1B). The PBTC linking chemistry increases the fraction
of QDs that participate in eT with ZnP by, for example, a factor
of 4 for QD/ZnP mixtures with a molar ratio ZnP:QD = 1:1
from that of samples without added PBTC by increasing the
average number of ZnP molecules adsorbed per QD. The
dynamics of formation of the reduced QD reveal that the eT
process influences the dynamics of the donor—acceptor system
on the 100 ps time scale, but the overlapping signals of the ZnP
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Figure 1. Most probable adsorption geometries and photoinduced eT
schemes for carboxylate-functionalized ZnP molecules on CdSe QDs
coated with a mixed monolayer of OPA and PBTC ligands (A) and on
OPA-coated CdSe QDs (B). In part A, the ZnP molecule binds to the
QD through the coordination of PBTC to the Zn metal center. In
both cases, the ZnP is selectively excited at 700 nm, and subsequently
transfers an electron to the QD.

and the QD in the transient absorption spectrum of the
complex prevent us from precisely measuring the time constant
for eT. Although it would be ideal to know the difference in the
eT rate for PBTC vs carboxylate-linked complexes, the precise
value of this rate does not influence the quantum yield of eT,
because the decay pathway that competes with eT, the decay of
the singlet excited state of ZnP ('*ZnP), is dominated by
intersystem crossing to the long-lived **ZnP state (the
quantum yield of fluorescence is only ~1% for ZnP), and
charge separation is energetically favorable from both '*ZnP
and **ZnP. The quantum yield of eT therefore only depends
on the number of photoexcited ZnP molecules that are bound
to a QD within the mixture. It is this binding affinity that is
enhanced by the PBTC linkage.

B EXPERIMENTAL METHODS

Synthesis and Purification of QDs. We combined 90%
technical grade trioctylphosphine oxide (TOPO, 7.76 g, 20.08
mmol), hexadecylamine (HDA, 7.76 g, 24.12 mmol), and
cadmium stearate (CdSt,, 0.448 g, 0.660 mmol) in a dry 100

5196

mL three-neck round-bottom flask and heated the mixture, with
stirring, to 150 °C for 1 h. Nitrogen flowed through one arm of
the flask over the solution. This step serves to remove any
water in the reaction mixture. The flask was sealed and heated
to 330 °C under positive nitrogen flow. After the CdSt,
completely dissolved, we rapidly injected trioctylphosphine
selenide (TOPSe, 4 mL of 1 M solution in TOP, prepared and
stored in a glovebox). We let the reaction run for 25 min and
then let the flask cool to room temperature under ambient
conditions. The QDs were precipitated in methanol and
centrifuged at 3500 rpm for S min. We dispersed the resultant
QD pellet in a minimal amount of hexanes (~10 mL),
centrifuged for 5 min, and extracted the colored supernatant,
which sat in the dark overnight while excess ligands
precipitated. We again centrifuged the QD dispersion,
separated the hexanes portion from the solid white pellet,
and precipitated the QDs again by addition of acetone. We
discarded the supernatant, dispersed the resulting pellet in a
minimal amount of hexanes (~10 mL), and precipitated the
QDs by addition of acetone a final time. The colored pellet was
dispersed in ~20 mL of dichloromethane (CH,Cl,). The native
ligand on the final QD product is n-octylphosphonate
(OP A).22'23

Synthesis of Ammonium Phenyl Bis(dithiocarbamate)
(PBTC). We combined p-phenylenediamine (1.73 g, 16 mmol)
with NH,OH (20 mL, 28-30%), stirred at 0 °C for
approximately 20 min, added carbon disulfide (CS,) (4 mL,
64 mmol) dropwise, and stirred the reaction mixture overnight
at 0 °C. The resulting precipitate was gravity-filtered through
VWR filter paper (Grade 413, qualitative). We washed the
NH,—PBTC product with hexanes and chloroform and dried it
under ambient conditions to yield a light yellow powder.

Synthesis of Ammonium Phenyldithiocarbamate
(PTC). We combined aniline (1.5 mL, 16 mmol) with
NH,OH (10 mL, 28—30%), stirred at 0 °C for approximately
20 min, added CS, (2 mL, 32 mmol) dropwise, and stirred the
reaction mixture overnight at 0 °C. The resulting precipitate
was gravity-filtered through VWR filter paper (Grade 413,
qualitative). We washed the NH,—PTC product with hexanes
and chloroform and dried it under ambient conditions to yield
a light yellow powder.

Synthesis of the Zinc Porphyrin (ZnP) Molecules.
Chemicals for the synthesis of (2-cyano-3-trans-(4-(2-(10,20-
bis(2,6-di(n-hexoxy)phenyl)-15-(IN,N-diphenylbenzenamine)-
ethynylporphyrinato)zinc(II)-5-yl)ethynyl) phenyl)acrylic acid
(ZnP) were used as received from Sigma-Aldrich and Strem
chemical companies. Solvents were dried following standard
procedures prior to use and all chemicals were manipulated
under nitrogen atmosphere. We recorded 'H and *C NMR
spectra of porphyrin dye on an Agilent 400-MR NMR
spectrometer, and performed matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry on
a PE Voyager DE-Pro MALDI-TOF mass spectrometer
(Bruker) in positive, reflector ionization mode, using dithranol
as a matrix. The ZnP molecules were synthesized following
Scheme S1 in the Supporting Information from [S,15-
bis(ethynyl)-10,20-bis[2,6-di(n-hexoxy)phenyl]porphinato]zinc
(1), 4-iodo-N,N-diphenylbenzenamine (2), and 2-cyano-3-(4-
iodophenyl)acrylic acid (3), which were synthesized according
to literature procedures.”*™> We deoxygenated a stirring
mixture of 1 (100 mg, 0.102 mmol), 2 (33.8 mg, 0.113
mmol), 3 (27.9 mg, 0.113 mmol), Cul (7 mg, 0.037 mmol),
and PPh, (36 mg, 0.138 mmol) in 10 mL of NEt,/toluene (1:5
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v/v) for 10 min and then added Pd,(dba); (32 mg, 0.034
mmol) . The solution was then stirred at 40—50 °C for 12 h.
We collected the crude compound after solvent evaporation
and then purified it using silica-gel column chromatography
(dichloromethane/methanol (95:5 v/v)) to obtain pure
product (85.5 mg, 60% yield). The Supporting Information
contains the NMR spectra and mass spectrometry data for this
compound.

Ligand Exchange Procedures and Formation of QD—
ZnP Complexes. We prepared PTC- or PBTC-coated QDs by
displacing the OPA ligands on as-prepared CdSe QDs with
PTC or PBTC in a solution-phase ligand exchange process. We
added the appropriate mass of the NH,PTC or NH,PBTC
solid into a 10 M dispersion of the OPA-coated QDs in
CH,Cl,, sonicated the mixture for 3 h, and then filtered the
mixture to remove the undissolved solids.

We prepared the QD—ZnP complexes by simply mixing the
QDs coated with mixed monolayers of OPA and PTC or PBTC
with ZnP molecules in CH,Cl, at a series of ZnP:QD molar
ratios. Throughout the series of samples we present, the ZnP
concentration is fixed and the QD concentration varies.

Transient Absorption Measurements. We used a
commercial TA spectrometer (Helios, Ultrafast Systems) to
collect the TA spectra for pump—probe delay times from 200 fs
to 3200 ps and a commercial TA spectrometer (EOS, Ultrafast
Systems) to collect the TA spectra for pump—probe delay
times from 0.5 ns to 1 us. Detailed descriptions of TA
measurements are in the Supporting Information. The pump
wavelength was 700 nm for all TA measurements (this
wavelength selectively excites the ZnP, so no excitons are
formed on the QDs in these experiments), and the pump
power was approximately 0.4 y] per pulse. Since the absorption
spectra of the ZnP molecules shift for different ZnP:QD molar
ratios, we adjusted the excitation power at 700 nm such that the
expectation value of excited ZnP molecules is the same (~0.1)
for all samples.

B RESULTS AND DISCUSSION

Phenyl Bis(dithiocarbamate) Ligands Link ZnP Mole-
cules to the QDs by Coordinating to the Zn Metal
Center. Figure 2 shows the ground state absorption spectra of
ZnP molecules (“ZnP”), and of CdSe QDs (“QD”), in CH,CL,
The spectrum of ZnP has two absorption peaks: the Soret band
at 450 nm and the Q-band at 660 nm. The first excitonic
absorption peak of the QDs is at 609 nm, based on which we
estimate the size of the QD to be 2.5 nm in radius.”®

We chose a ZnP molecule as the electron donor because (i)
it has a high-extinction absorption feature that is spectrally
isolated from the absorption spectrum of the QD, so it can be
selectively excited when QDs are present, (ii) there is sufficient
driving force for charge separation from both the singlet (Eg ~
1.8 eV, extracted from the absorption spectrum) and triplet (Er
~ 1.6 eV) excited states of ZnP** ! to the ZnP*—QD~ radical
pair (Egp ~1.0 eV, see the Supporting Information), and (iii)
dithiocarbamates have a high affinity for Zn,** so the ZnP
presents a potentially high-affinity binding site for PBTC-
coated QDs. Porphyrins are attractive candidates for light
harvesting within photovoltaic and photocatalytic cells due to
their reducing power, high extinction coefficients across the
visible spectrum, and an electronic structure that is tunable by
both functionalizing the ring system and substituting different
cations into the core.””**™>* The ZnP derivative that we use in
this study, Figure 1, is particularly interesting for solar energy
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Figure 2. Ground-state absorption spectra of ZnP, OPA-coated CdSe
QDs (“QD”), mixtures of ZnP and PTC with increasing amounts of
PTC (from 0 mg to the amount that most ZnP molecules are
coordinated) added to a 1S uM solution of ZnP (“ZnP + PTC”), a
mixture of ZnP and OPA-coated CdSe QDs in a molar ratio ZnP:QD
3.3:1 (“QD—ZnP”), and a mixture of ZnP and PBTC/OPA-coated
CdSe QDs in a molar ratio ZnP:QD 3.3:1 (“QD—PBTC—ZnP”), in
CH,Cl,. The vertical dashed lines highlight the bathochromic shift of
the Q-band of the ZnP molecules upon coordination of the Zn either
by excess hexadecylamine in the QD—OPA~ZnP sample, by PTC in
the ZnP+PTC samples, or by PBTC (and, possibly some hexadecyl-
amine) in the QD—PBTC—ZnP sample. The arrows indicate the
evolution of the spectra or kinetic traces with increasing amounts of

added PTC ligands.

conversion applications because the triphenylamine moiety
delocalizes the excited singlet state (compare the absorption
spectrum of the ZnP molecule with that of a model compound
without the triphenylamine and 2-cyano-3-(4-iodophenyl)-
acrylic acid moieties, Scheme S1 in the Supporting
Information), and, upon electron donation, the radical cation
of the conjugated system.””*’

We examined the photoinduced eT dynamics of two
different QD—ZnP complexes, differentiated by their available
adsorption geometries for the ZnP on the surface of the QD.
The native ligand of QDs is octylphosphonate (OPA). To
prepare the first complex (which we denote “QD—ZnP”, Figure
1B), we made mixtures of ZnP and OPA-coated CdSe QDs in
CH,Cl,. Figure 2 shows the ground state absorption spectrum
of this mixture (“QD—ZnP”), where the molar ratio of ZnP to
QDs is 3.3:1. Comparison of this spectrum to the spectrum of
free ZnP molecules (also Figure 2) shows that the Q-bands of a
portion of ZnP molecules in the QD—ZnP mixture shift to
lower energy by ~20 nm. This type of shift is characteristic of
coordination of the zinc metal center in ZnP with an electron
donating ligand;‘m’41 we believe the coordinating molecule is, in
this case, hexadecylamine, which is a reagent in the synthesis of
QDs and is not always completely washed out during
purification. Figure S3 in the Supporting Information shows
that this shifted Q-band is also present in the spectrum of
mixtures of ZnP with hexadecylamine (in the absence of QDs).
The most probable adsorption geometry for the QD—ZnP
complex in the absence of any added linker is coordination of
the carboxylate functional group of the ZnP molecules to Cd*"
on the surfaces of the QDs, Figure 1B, although some ZnP
molecules may be physisorbed to the ligand shell of QD.

To prepare the second type of QD—ZnP complex, which we
denote “QD—PBTC—ZnP”, Figure 1A, we first treated the
OPA-coated CdSe QDs with various amounts of the bifunc-
tional PBTC molecules (with NH," as the counterion) by
mixing in CH,CIl, and sonicating for 3 h to facilitate ligand
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Figure 3. TA spectra acquired after 700 nm excitation of the ZnP for mixtures of ZnP and QDs under various conditions. Following the selective
excitation of the ZnP molecules, a bleach of the ground state of the CdSe QDs forms at 610 nm; this bleach is due to photoinduced €T from ZnP
molecules to CdSe QDs to form the QD anion. (A) TA spectra at a series of pump—probe delay times of a mixture of ZnP and OPA-coated CdSe
QDs (QD—ZnP). Some QD™ forms due to binding of the ZnP to the QD through its carboxylate group and subsequent eT (Figure 1B). (B) TA
spectra at a series of pump—probe delay times of a mixture of ZnP and PBTC-coated CdSe QDs (QD—PBTC—ZnP, where the QDs were treated
with 20 mg PBTC). The maximum amplitude of the bleach at 610 is much more prominent in the presence of PBTC than in part A. Evolution of the
ZnP bleach after S00 ps (once the eT is over) is due to unbound ZnP. (C) TA spectra at a delay time of 1500 ps for mixtures of ZnP with PBTC-
coated CdSe QDs where the QDs have been treated with different amounts of PBTC ligands. The molar ratio ZnP:QD is 3.3:1 for all samples. (D)
Comparison of the TA spectra at a delay time of 1500 ps (where the bleach reaches maximum amplitude) for mixtures of ZnP with PBTC-coated
QDs (reproduced from panel B), mixtures of ZnP with OPA-coated QDs (reproduced from panel A), and mixtures of ZnP with PTC-coated QDs

(where the QDs were treated with ~5 mg of PTC).

exchange. The mixture was then filtered to remove the
undissolved PBTC. The PBTC salt is only sparingly soluble
in CH,Cl,, so we report the mass, rather than molarity, of
PBTC we add to the QDs for each experiment. Dithiocarba-
mates are known chelators of Cd**** and we have shown
previously that phenyldithiocarbamate has a high affinity for the
surface of cadmium chalcogenide QDs.* ™ We have not
quantified the surface coverage of PBTC on the QDs because
the NMR spectra of tightly bound ligands on QDs are too
broadened to integrate accurately,” and because these QDs are
too large to display a measurable bathochromic shift of their
absorption spectra upon addition of dithiocarbamate.*” As
expected based on the limited solubility of free PBTC, the
NMR spectrum of the solution of PBTC-coated QDs does not
show the presence of free PBTC (see Figure S4 in the
Supporting Information).

Figure 2A shows the ground state absorption spectrum of a
mixture of ZnP and PBTC-coated QDs (“QD—PBTC—ZnP”),
prepared by adding 20 mg of PBTC to 2 mL of 10 uM QDs, at
a molar ratio ZnP:QD of 3.3:1. The ratio of intensities of the
red-shifted Q-band to the unperturbed Q-band of ZnP is
approximately a factor of 2 larger in the spectrum of the QD—
PBTC—ZnP sample than in the spectrum of the QD—ZnP
sample. The difference between these two absorption spectra is
the first piece of evidence that the bifunctional PBTC linker
provides an additional geometry through which the ZnP
molecules adsorb to the QDs, and that this adsorption
geometry, Figure 1A, involves coordination of the Zn.

In order to confirm that the absorption spectrum that we
collected for the QD—PBTC—ZnP sample is indicative of

coordination of PBTC ligands to ZnP molecules through the
Zn, and not, for example, nonspecific interaction of ZnP with
the QD, we acquired the absorption spectra of ZnP molecules
in CH,Cl, with various amounts of added phenyldithiocarba-
mate (PTC, with NH,* as the counterion), which only has one
dithiocarbamate group on the phenyl ring. There are no QDs in
these samples. We use PTC, and not PBTC, in this control
experiment because (i) PTC is more soluble in CH,Cl, than is
PBTC, and (ii) we do not want to form PBTC-linked dimers of
ZnP, which could have additional spectral features due to ZnP—
ZnP interactions. Figure 2A shows that the addition of
increasing amounts of PTC to ZnP molecules (in the absence
of the QDs) does, in fact, lead to a decrease in the intensity of
the Soret band of uncoordinated ZnP and an increase in the
intensity of the red-shifted Soret band of coordinated ZnP, the
same trend we observe in the QD—PBTC—ZnP mixtures.
Figure SS in the Supporting Information shows that the PL
spectra of samples of ZnP evolve similarly to the absorption
spectra with increasing added amounts of PTC.

Use of PBTC to Link the ZnP Donor with the QD
Acceptor Increases the Yield of Electron Transfer by
Increasing the QD—-ZnP Binding Affinity. We measured
the yield of photoinduced eT in QD—ZnP and QD—PBTC—
ZnP complexes with TA spectroscopy. Parts A and B of Figure
3 show the TA spectra for QD—ZnP (A) and QD—PBTC—
ZnP (B) samples (where we prepared the PBTC-coated QDs
by adding 20 mg of PBTC to 2 mL QDs of 10 uM), at a series
of delay times after selective photoexcitation of ZnP molecules
at 700 nm (the QDs do not absorb light at this wavelength).
The molar ratios ZnP:QD are 3.3:1 for both types of samples.
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The Supporting Information, Figures S6 and S7, contains the
TA spectra of isolated QDs and isolated ZnP molecules that we
used to assign these peaks in the spectra of the complexes.
Upon excitation at 700 nm, we observe the formation of
bleaches of the Q-band and Soret bands of ZnP at ~680 and
460 nm, respectively. The spectra also include a series of broad
photoinduced absorptions (PIAs) between 500 and 675 nm
associated with the reduced QD (QD", peaked at $56 nm), and
corresponding to the singlet and triplet excited states of ZnP,
where the oscillator strength of '#*ZnP is approximately a factor
of 10 larger than that of **ZnP.*® Parts A and B of Figure 3
show that as the photoinduced absorptions of ZnP decay, a
bleach of the ground state of the QDs (centered at 610 nm)
forms. We do not observe the formation of a bleach at 610 nm
in the TA spectra of ZnP in the absence of QDs (see Figure
S6). Bleaching of the QD ground state spectrum is a result of
filling of the 1S, level (LUMO) of the QD,* so the observed
evolution of the TA spectra indicates that eT is occurring from
the LUMO of ZnP to the LUMO of the QD to form QD™. The
presence of the QD bleach without excitation of the QDs is
conclusive evidence of electron transfer; neither energy transfer
nor hole transfer is possible in this system given the relative
bandgaps and the energies of the frontier orbitals of the QD
and ZnP (see the Supporting Information, Figure S2).
Furthermore, we did not observe any two-photon absorption
by the QDs at the excitation wavelength of 700 nm and the
power of 0.4 yJ per pulse.

Electron transfer from ZnP molecules to QDs occurs in both
QD-ZnP (Figure 3A) and QD—PBTC—ZnP (Figure 3B)
samples, but the maximum bleach signal at 610 nm for QD—
PBTC—ZnP complex is clearly more prominent than that for
the QD—ZnP complex. Since the QD:ZnP molar ratio and the
average number of ZnP molecules excited are the same for both
samples, the enhanced magnitude of the ground state bleach
signal indicates that more QDs are reduced by ZnP within
samples of QD—PBTC—ZnP complexes than within samples of
QD—ZnP complexes.*® This result suggests that the function-
alization of the QDs with PBTC linkers increases the number
of ZnP molecules and QDs that are bound in eT-active
geometries. As we asserted previously, the absorption and
fluorescence spectra of QD—PBTC—ZnP are characteristic of
ZnP with coordinated Zn, and indicate that this eT-active
geometry is that shown in Figure 1A.

Figure 3C shows the TA spectra, at 1500 ps after selective
excitation of ZnP at 700 nm, for a set of QD—PBTC—ZnP
samples where the QDs have various surface coverages of
PBTC. We achieve these different surface coverages by treating
the QDs with different amounts of PBTC during the ligand
exchange, as noted in the legend. All five samples have a molar
ratio ZnP:QD of 3.3:1. The maximum magnitude of the QD
ground state bleach increases as the surface coverage of the
PBTC increases; the trend appears to saturate between 12 and
20 mg added PBTC. We therefore conclude that ZnP has a
higher binding affinity for PBTC-coated QDs than for OPA-
coated QDs.

To verify that the binding geometry of ZnP molecules on
PBTC-coated QDs is, in fact, through coordination of Zn by
the second dithiocarbamate group, we prepared QDs coated
with PTC, rather than PBTC, by sonicating the QDs (2 mL, 10
uM) with ~5 mg PTC for 3 h. PTC binds to the QD through
its dithiocarbamate group, but, unlike PBTC, it does not have
available a second dithiocarbamate group to bind to the ZnP.
Also unlike PBTC, addition of more than 5 mg of PTC to the
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QDs causes the QDs to precipitate because the solubility of
these ligands in CH,CI, allows them to efliciently displace
solubilizing OPA ligands. Figure 3D shows the comparison of
TA spectra for (i) QD—ZnP (presumably linked through the
carboxylate, Figure 1B), (ii) a mixture of ZnP with PBTC-
coated QDs (where QDs were treated by 20 mg PBTC), and
(iii) a mixture of ZnP with PTC-coated QDs, all at a delay time
of 1500 ps, when the QD bleach reaches its maximum value.
The ZnP:QD molar ratio is 3.3:1 for all these samples. The
amplitude of the QD bleach signal in the spectrum of QD—
PTC—ZnP complex is similar to that in the spectrum of QD—
ZnP; both are four times smaller than that in the spectrum of
QD-PBTC—ZnP. This result supports the binding geometry
that we propose in Figure 1A, and indicates that the
bifunctional PBTC ligand is the key to increasing the fraction
of QDs that participate in the eT process.

We estimate the equilibrium adsorption constants, K, for
complexes of the QDs and ZnP with and without the PBTC
linker from the dependence of the magnitude of the QD bleach
signal on the molar ratio ZnP:QD within a series of samples of
these complexes, with molar ratios ZnP:QD between 1:1 and
1:8. We fit these data with the expression for K, given by eq 1,
where AAqp is the magnitude of the fully formed QD bleach
signal

mAAQD
[QD]O(QYeT,mt[Z“P]o - ’"AAQD)

a

(1)

after €T, m is the magnitude of the bleach due to reduction of
one QD in the sample (the “extinction coefficient” of QD™),
[QD], and [ZnP], are the concentrations of QDs and ZnP
molecules, respectively, added to the mixture, and Qy,r,, is the
intrinsic quantum vyield of eT for a bound QD—ZnP pair, the
number of charge separated states produced per photoexcited
ZnP molecule within a QD—ZnP complex. This intrinsic yield
is always ~1, because, regardless of binding geometry, both
%ZnP and 3*ZnP have enough energy to undergo charge
separation to QD™—ZnP* (see refs 29 and 30 and the
Supporting Information), which, as we describe below, occurs
in less than 1 ns. The vast majority of '*ZnP states will
therefore decay by eT or by ISC (since fluorescence occurs on
the nanosecond time scale), and the vast majority of **ZnP
states will decay by eT (since phosphorescence occurs on the
microsecond time scale). We present a detailed derivation of eq
1 in the Supporting Information.

Figure S8 in the Supporting Information shows a plot of the
QD ground state bleach signal as a function of [QD], and
corresponding QD:ZnP molar ratio for a series of QD—
PBTC—ZnP and QD—ZnP complexes. Fit of these data by eq 1
yields adsorption constants of K, = 1.0 X 10° + (1.1 X 10°)
M for QD—PBTC—ZnP (where the QDs have been treated
with 20 mg PBTC) and K, = 1.0 X 10° + (0.7 x 10*) M~ for
QD—ZnP complexes, where the uncertainty originates from the
quality of the fit (the noise in the magnitude of the transient
absorption signal is negligible relative to the signal).

We calculate the total €T quantum yields (QY,r,), the
fraction of photoexcited ZnP molecules (bound or unbound)
that transfer an electron to a CdSe QD rather than decaying by
another radiative or nonradiative pathway, for the QD—ZnP
and QD—PBTC—ZnP systems, using eq 2. For example, for
QD-ZnP and QD—PBTC—ZnP (with 20 mg
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[QD—ZnP]
[ZnP], ()

added PBTC) mixtures with a molar ratio QD:ZnP of 1:1, we
use the binding constants K, and QY,r;, (= 1) for the two
types of complexes and eq 2 to calculate QY. = 38% for the
QD-PBTC—ZnP complex and QY,r,, = 8% for the QD—ZnP
complex. The presence of bifunctional PBTC linkers increases
the total eT quantum yield by a factor of 4 by enhancing the
binding affinity of the QD—ZnP complex.

Estimated Dynamics of the eT Process. Figure 4 shows
the dynamics of formation and partial recovery of the signal at

QYeT,tat = QYeT,int

1 QD-PBTC-ZnP PBTC amount:
0.044 probed at 610 nm 0mg
0.03 * 3mg

] = 7mg
0.02 - = 12mg
0.01 20 mg
0.00 3,5x|o’}

1 | 610 nm
-0.01 4 . 3.0x10'<‘

12 zsnu‘}

0.2 ¢ J
1= 2.0)(")’J
-0.03 4 {
1510 —
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Figure 4. Kinetic traces extracted from the TA spectra of QD—ZnP
and QD—PBTC—ZnP complexes (with varying surface coverages of
PBTC on the QDs) at 610 nm. These traces are fit with a sum of three
exponential components for the decay, and one additional exponential
component for the recovery of the bleach. Inset: Intensity-averaged
rate constants (1/74yg) for the decay of TA signal at 610 nm, plotted
as a function of the amount of PBTC added to the QD dispersion
during the ligand exchange.

610 nm, the peak of the QD ground state bleach, for the series
of QD—PBTC—ZnP complexes with different surface coverage
of PBTC ligands (controlled by the amount of PBTC added in
the ligand exchange, between 0 and 20 mg). The main
contributors to the signal at 610 nm are the QD bleach and the
photoinduced absorption (PIA) of '*ZnP. All samples have a
molar ratio ZnP:QD of 3.3:1. Since we do not excite the QDs
directly, the bleach only forms as a result of eT. At 610 nm, we
observe three time components for decay of the signal, 7,, 7,,
and 73. The value of 7, is always approximately 2 ps, regardless

of the surface coverage of PBTC on the QDs. The values of 7,,
and 73 depend on the surface coverage of PBTC on the QDs;
see Table 1.

We know that none of these time constants is directly
assignable to the eT process because, even in the absence of
QDs, the excited state of the ZnP molecule decays with three
time constants: 7; = 2.2 ps (33%), 7, = 37.7 ps (25%), and 7; =
572 ps (42%), Table 1. The triexponential nature of the excited
state decay of '*ZnP (and the perturbation of the ground state
absorption spectrum of this compound relative to unfunction-
alized ZnP) are a result of its ethynyl linkages to
diphenylbenzenamine and 2-cyano-3-(4-iodophenyl)acrylic
acid moieties, and the resulting delocalization of B7ZnP, as
has been seen in other ethynyl-linked ZnP complexes and ZnP-
TPA complexes.””*** When not linked to these groups, the
excited state of the ZnP decays with one exponential
component with a time constant of ~3 ns, corresponding to
the intersystem (ISC) process (see Figure S9 in the Supporting
Information). Our electrochemical measurements, which show
simultaneous oxidation of ZnP and triphenylamine, and DFT
calculations that show a HOMO delocalized over both
components, provide strong evidence of electronic conjugation
of ZnP and triphenylamine (see Figures S9 and S10 in the
Supporting Information). In such large, highly conjugated
systems, ultrafast dynamics are often due to vibrational
reorganization and cooling of the singlet excited state, %! so
we assign the two faster time components 7; and 7, of ZnP
(without added QDs) to this reorganization, and not to any
intramolecular charge separation process. We assign 73 to ISC
to form **ZnP.

Upon addition of PBTC to the QDs, the intensity averaged
time constant for the dynamics at 610 nm (z,yg Table 1)
decreases (see the inset to Figure 4), due mostly to a decrease
in 73 and an increased contribution from 7,. We interpret this
result to mean that, as the fraction of ZnP molecules that
participate in eT increases (which we know occurs from the
increasing amplitude of the QD bleach), the dynamics of the
eT process increasingly contribute to the observed dynamics on
the time scale of 7, and 7; (i.e,, the ~100 ps time scale).

B CONCLUSIONS

In summary, we have demonstrated that the bifunctional PBTC
ligand facilitates electron transfer from photoexcited ZnP
molecules to CdSe QDs within the CdSe QD—ZnP complexes
by acting as a linker between Cd** on the QD surface and the
Zn metal center of the porphyrin. This linkage increases the
binding constant for the QD—ZnP pair by a factor of 10 over
that for the pair bound by the carboxylate functionality on the
porphyrin, which, in turn, increases the overall quantum yield

Table 1. Time Constants, 7 (and Fractional Amplitudes, A) for Decay of the TA Signal at 610 nm (peak of the QD Bleach) for

QD—ZnP and QD—PBTC—ZnP Complexes

ZnP only

ZnP—QD (no PBTC)
ZnP—QD with 3 mg PBTC
ZnP—QD with 7 mg PBTC
ZnP—QD with 12 mg PBTC
ZnP—QD with 20 mg PBTC

71/ps (A1)”
22 + 02 (0.330)
1.6 + 0.5 (0.137)
23+ 03 (0.052)
17 + 02 (0.052)
2.6 + 0.3 (0.056)
3.2 + 0.3 (0.069)

72/ps (A2)“ 73/ps (A3)“ TavG /psb
37.7 + 3.0 (0250) $71.7 + 16.5 (0.420) 550 + 4
47.4 + 7.4 (0.200) $57.3 + 142 (0.660) 544 + 4
634 + 3.0 (0.168) 536.5 + 11.6 (0.780) 525 +£3
8.8 + 1.9 (0.207) 464.8 + 5.3 (0.740) 451 +2
56.8 + 1.4 (0.297) 4054 + 52 (0.647) 384 +2
51.2 + 1.3 (0.373) 345.8 + 5.3 (0.558) 319 +2

“Uncertainties are standard errors of the multiexponential fits of the data in Figure 4. bIntensity—averaged time constant: Tyyg = (Al'7)® + A2-7,” +
A3-7y%)/(Al't) + A2-7, + A3-73). Uncertainties are propagated from the uncertainties of the individual time constants.
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of eT (the fraction of photoexcited ZnP molecules in the
sample that donate an electron to the QD) from 8% to 38% for
mixtures of QDs and ZnP with a molar ratio ZnP:QD of 1:1.
The eT influences the excited state dynamics of the QD—ZnP
complex on the 100 ps time scale, but we cannot determine
exact rate constants for €T in the various binding geometries
because of overlapping signals from the ZnP and QDs over the
entire visible spectrum.

Our work indicates the bifunctional PBTC and structurally
similar ligands are useful for facilitating eT in both QD—co-
catalyst complexes within homogeneous catalytic systems and
QD—electrode or QD—metal cluster complexes in heteroge-
neous systems, by providing a high-affinity, geometrically well-
defined linkage between the QD and its redox partner.
Importantly, in systems where the QD serves as the sensitizer
(as opposed to the system we have here, where the porphyrin is
the sensitizer), the observed rate of eT scales linearly with the
number of adsorbed electron or hole acceptors, so the effects of
PBTC on eT dynamics, and not just on eT yield, will be
amplified.
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