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ABSTRACT

The combination of CdSe nanoparticles as photosensitizers with [FeFe]-hydrogenase mimics is
known to result in efficient systems for light-driven hydrogen generation with reported turnover
numbers in the order of 10*-10%. Nevertheless, little is known about the details of the light-induced
charge-transfer processes. Here we investigate the timescale of light-induced electron transfer
kinetics for a simple model system consisting of CdSe quantum dots (QDs) of 2.0 nm diameter
and a simple [FeFe]-hydrogenase mimic adsorbed to the QD surface under non-catalytic
conditions. Our (time-resolved) spectroscopic investigation shows that both hot electron transfer
on a sub-ps timescale and band-edge electron transfer on a sub-10-ps timescale from photoexcited
QDs to adsorbed [FeFe]-hydrogenase mimics occurs. Fast recombination via back-electron-
transfer is observed in the absence of a sacrificial agent or protons, which, under real catalytic

conditions, would quench remaining holes or could stabilize the charge separation, respectively.
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Nanoparticles based on cadmium chalcogenides, in particular CdSe, have attracted considerable
attention in the past decades as photoactive materials in photocatalysis.!™ They exhibit high
absorption coefficients in the visible region and a rich surface chemistry, all of which can be tuned
by changing synthesis parameters and, accordingly, size and shape of the particles. Absorption of
a photon generates an exciton, which can dissociate into free charge carriers and the charges can
directly be transferred to a substrate,* i.e., the nanoparticle itself acts as catalyst, or to a cocatalyst
supporting the catalytic reaction, i.e. the nanoparticle acts as photosensitizer.”’ Catalytic centers,
which have been coupled to CdSe nanoparticles, include metal nanoparticles, semiconductor
nanoparticles, or molecular catalysts.® For use in artificial photosynthesis and as reduction center
in the hydrogen evolution reaction, [FeFe]- and [NiFe]-hydrogenase enzymes (Hzases) have been
thoroughly investigated with cadmium chalcogenide nanoparticles as sensitizer.” '? These systems
have been widely probed for their photon-to-hydrogen conversion efficiencies and displayed high
turnover numbers (TONSs) of 10° with CdSe@CdS nanorods as photosensitizer and a molecular
redox-mediator. .

Despite the huge potential in this sensitizer-cocatalyst combination, the principal mechanistic
steps underlying the light-driven catalytic mechanism are still under investigation. In particular,
time-resolved spectroscopic studies elucidating the relevant charge transfer processes have only
gained traction in the past few years. These mostly focused on nanosecond or longer timescales.
1422 Charge transfer to Hoase enzymes was found to occur on the nanosecond timescale with rate
constants of electron transfer in the range of 10%-10° s1.16192> Here, the slow interfacial electron
transfer from the nanoparticle surface to the enzyme is limiting the efficiency of hydrogen
generation due to the competition with exciton recombination on the same timescale. Small

molecular redox-mediators, which shuttle charges from the excited semiconductor particle to the



enzyme, have been successfully used to enhance hydrogen conversion efficiency.:'%!131%24 Critical
parameters to consider are the distance to the catalytic center, which is influenced by the nature of
the surface-capping ligands,!® the structure of the enzyme itself,>> and the number of adsorbed
enzymes per nanocrystal. This becomes particularly important for quantum dots (QDs), which are
comparable in size to Hrases and have only limited surface area for enzyme adsorption.?® Thus,
combining QDs and so-called Hrase mimics, which are simple and small molecular structures
derived from the catalytic center of Hase,!! has become a promising approach and TONs of 10*-
10° for CdSe QDs as photosensitizer have been reported.!*!522

Reported rates of electron transfer to Hrase mimics are also in the range of nanoseconds but
remain only estimates based on Stern-Volmer analyses of photoluminescence (PL) quenching and
time-resolved PL or transient absorption (TA) spectroscopy with nanosecond resolution. In the
Stern-Volmer analysis, the quenching process is usually treated as a dynamic (diffusion controlled)

14,26

process, yielding bimolecular quenching constants at low H>ase mimic concentrations, while

static quenching due to adsorption of the mimic to the surface is often not considered. For a CdSe

‘I was estimated based on ns-TA

QD-Hzase mimic assembly, a rate constant of ~107 s
spectroscopy,?? but this value only offers a lower limit of the actual electron transfer rate, as the
recorded decay trace of the QD:Hyase mimic complex lay within the response function of the
detector. In particular, it is known that electron transfer from photoexcited cadmium chalcogenide
nanoparticles to surface-proximal small organic molecules can occur on a tens of picoseconds or
faster timescale.?’ >4 However, this timescale has never been probed for a system of small [FeFe]-
Hase mimics and CdSe QDs.

This lack of insight into the actual electron transfer step from the QD to the H;ase mimic

motivated us to conduct a fundamental study of the light-induced electron transfer step in a model



system  consisting of CdSe QDs and the simple Hjase mimic 1,3-(pu-
propanedithiolato)diironhexacarbonyl (HM) (Figure 1A) employing steady-state and ns-time-
resolved PL as well as fs-TA spectroscopy. To focus solely on the electron transfer step in the
absence of catalytic activity, the investigation was performed in inert solvent (toluene) and in
absence of any sacrificial agent. HM does not possess any defined binding groups, e.g. thiols,
which excludes changes in the observed exciton dynamics caused by trap state upon binding of
the anchoring group to the QD surface.*>*® However, even in the absence of covalent binding, our
investigations show that a stable complex (on the timescale of the investigated processes) between
HM and the QD is formed, giving rise to a static quenching process and electron transfer on a sub-
100-ps timescale.

CdSe QDs were synthesized by the hot-injection method.*” Their absorption spectrum in toluene
(Figure 1A) shows three characteristic transitions at 360, 418, and 463 nm. These are ascribed to
the 1Pc-1P3n(h) (subsequently referred to as 1P), 1Se-2S32(h) (2S) and 1Se-1Ss32(h) (1S)
transitions, respectively.*® From the absorption peak position of the 1S transition, size and
absorption coefficient & of the QDs were derived,*! yielding a particle diameter of 2.0 nm and
€463 = 3.9 x 10* M"! cm™!. A complementary transmission electron microscopic analysis yields a
diameter of (1.9 + 0.7) nm (SI Figure S1 and S2). The absorption spectrum of HM (Figure 1A)
exhibits a sharp and strong (e330 = 13500 M™' cm™!) absorption in the UV (Amax = 330 nm) and
broad, considerably weaker (465 = 1200 M™' cm™) absorption in the UV/Vis (Amax = 465 nm).
These features are assigned to metal-to-ligand- and metal-to-metal-charge-transfer transitions,

respectively.*>4
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Figure 1. Absorption and photoluminescence (PL) spectroscopy of QDs in presence and absence
of HM. A. Absorption spectra of 2.0 nm CdSe QD (red) and HM (blue, structure shown) recorded
in toluene. The spectrum of HM was scaled by a factor of 3 for better visibility. B. Steady-state
PL (Aex =400 nm) of QDs at various HM concentrations. The inset shows time-resolved PL (Aex =
390 nm) of QDs recorded at different HM concentrations. Data points are shown as semi-
transparent points, while a biexponential fit is shown as a solid curve. The grey line indicates the

instrumental response function (FWHM = 1 ns). For all PL experiments, cop = ¢ = 1.83 M.

The QD PL spectrum (Aex = 400 nm) is characterized by a narrow PL band, which is only slightly
red-shifted (Amax = 480 nm) from the lowest energy absorption maximum, and a very broad, more
pronouncedly red-shifted (Amax = 655 nm) band extending to the near-infrared (1B). The narrow
band corresponds to band-edge PL from the recombination of conduction band electrons with holes
located in the valence band, while the broad band originates from trap- or surface-state PL due to

radiative recombination of electrons and holes trapped in vacancies, usually attributed to

undersaturated surface ions.*



In presence of HM, which is not photoluminescent itself, the spectral shape of PL remains
unchanged (Figure 1B). However, both band-edge and surface-state PL is quenched upon addition
of HM. A Stern-Volmer plot of the integrated PL at different HM concentrations reveals a complex
quenching behavior with a linear relationship only at HM concentrations below 5 uM, i.e., a ratio
QD:HM of 1:3 (SI Figure S3). To gain further understanding of the quenching process, time-
resolved PL was recorded (Figure 1B, inset). PL of pure QDs exhibits a bimodal decay with time
constants and corresponding amplitudes tpr,1 = 40 ns (A1 = 0.65) and tpr2 = 157 ns (A2 = 0.35).
The fast decay represents the radiative recombination of band-edge electrons and holes, while the
slower decay is a result of thermal equilibration between the populations of so-called shallow trap
states and of the band-edge.*** The PL decay recorded at different HM concentrations (in the
range from 0 to 10 pM) does not differ significantly from that recorded in the absence of HM
(Figure 1B, inset) with time constants and corresponding (relative) amplitudes remaining virtually
unchanged (see SI Figure S4 and Table S1Fehler! Verweisquelle konnte nicht gefunden
werden.). A quencher-concentration independent PL decay suggests a static quenching
mechanism, where only surface-adsorbed HM quenches PL on a timescale well below the time-
resolution of the setup of 1 ns.*” Even though HM does not contain any specific moiety for surface
binding such as thiols or amines, previous reports already demonstrated that for colloidal
semiconductor nanocrystals, static quenching to an adsorbed, not covalently bound quencher
occurs on a ps-timescale.?’ >3 Diffusion-controlled quenching, on the other hand, occurs on a ps
timescale, much longer than the exciton lifetime in the CdSe QDs investigated.

These sub-ns photoexcited dynamics of the CdSe QDs were subsequently investigated by TA
spectroscopy with a sub-100-fs time-resolution in the absence and presence of HM. The ratio of

QD:HM of 1:1 was chosen in the linear regime of the SV analysis of the steady-state PL (SI Figure



S3). Samples were excited at 390 nm with sufficiently low power densities to prevent excessive
generation of multiple excitons per QD, which would show as an additional decay component due
to, e.g., Auger recombination,>® and probed with a white-light continuum ranging from 350 to 750
nm up to delay times of 1800 ps. Both pure QD and QD:HM were measured in inert atmosphere
under identical conditions, i.e., same QD concentration and laser fluence, to ensure comparability
of the data.

TA spectra of pure QDs (Figure 2A) are mainly characterized by two negative features peaking
at 400 and 450 nm, respectively. By comparison with steady-state absorption, these are assigned
to bleaching due to state filling of the 2S and 1S transitions.*** Additionally, an intense photo-
induced absorption (PIA) and a comparatively weak PIA were recorded at 480 nm and in the
wavelength range 520-750 nm, respectively. The positive feature at 480 nm is ascribed to the
"biexciton effect": when the excitation fluence is adjusted to mainly generate single excitons in
the QDs, absorption of the probe pulse to the 1S. level leads to the generation of a second exciton.
The (attractive) interaction between these pump-pulse- and probe-pulse-generated excitons lowers
the 1S transition energy and, accordingly, leads to a PIA which is bathochromically shifted from
the ground-state absorption maximum.>*** The broad, minute PIA between 520 and 750 nm has
been attributed to surface-localized ("trapped") holes.’>® Both bleach features increase in
amplitude within the first 100s of fs after excitation, while the signal associated with trapped holes
increases. After these initial dynamics, all signals partially decay until the end of our detection

window (1800 ps).
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Figure 2. TA spectroscopy of 2.0 nm CdSe QDs in (A) absence and (B) presence of equimolar
amounts of HM. Transient spectra were recorded at the specified delay times. The inset depicts
kinetic traces (points represent data and straight lines represent the modeling on the basis of a

multiexponential fit) at selected wavelengths. For QD:HM, the "parallel" model was used (see

text).

The temporal and spectral evolution of the TA data was analyzed via global analysis. As for
non-passivated QDs, the temporal evolution of the bleach region represents the electron population
in the conduction band>’ > and the weak photo-induced absorption represents the population of
trapped holes, the spectral regions of 400-500 (2S and 1S bleach and PIA from the biexciton effect)
and 550-680 nm (trapped holes) were fitted separately to account for the different origins of the
observed dynamics.

The bleach recovery dynamics in pure QDs are best represented by four exponential terms (with
the fourth time constant indicating a decay longer than our observation window of 1800 ps). It has
to be noted that the assignment of time constants and corresponding amplitudes to specific

processes is not straightforward in CdSe nanocrystals,*®>° but it still presents a quantitative basis



for the subsequent discussion. The first process, an instrument-limited (11 <200 fs) increase of the
bleach amplitude, corresponds to the intraband "cooling" of "hot" electrons: as 390 nm excitation
does not selectively address a single electronic transition, multiple transitions to higher electronic
states are addressed in the QD ensemble. These quickly "cool down" to the band-edge of the 1P,
2S., and 1S, levels, respectively.®® The bleach then decays with T2 = (0.4 = 0.1) ps and T3 = (9.6 +
3.9) ps, which correspond to electrons being trapped to shallow and deep trap states.>®-61-64
Recombination of biexcitons, which were produced in small concentrations under the low laser
fluence as well, occurs on a similar timescale: the kinetics recorded at ca. 470 nm, i.e., the zero-
crossing between S1 bleach and PIA of the TA spectrum at long delay times, is indicative of
biexciton recombination®® and yields a biexciton recombination rate in the order of (2 ps)™!. Finally,
T4 > 1800 ps describes the radiative and non-radiative recombination of excitons on a timescale
longer than our observation window.

TA spectra recorded for the QD:HM system are qualitatively not different from those in the
absence of HM, i.e., are characterized by negative contributions of the 2S and 1S bleaches, and
PIA from the biexciton effect and trapped holes. However, all signal contributions are less intense
and, additionally, decay considerably faster than recorded for pure QD. Comparison of transient
spectra recorded in absence and presence of HM at a delay time of 600 fs, i.e., the minimum of the
bleach build-up, shows that the amplitudes for the 1S and 2S bleaches in QD:HM are 30 % less
than those of pure QD (Figure 3A). The QD concentration in both experiments was identical and
the contribution of absorption of HM at the excitation wavelength, which could reduce response,
is negligible. Similar effects have been observed in, e.g., metal nanoparticle tipped or molecularly
functionalized systems, and have been related to ultra-fast transfer within the instrument

resolution, e.g. originating from hot electron transfer.®%” The photon energy of the excitation

10



pulse is sufficient to initially excite higher excitonic levels. A fast transfer of conduction band
electrons competing with intraband relaxation to the band edge reduces the population of the band

edge states and, hence, reduces the bleach signal intensity after the initial cooling process.
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Figure 3. Kinetic traces of (A) bleach recovery (recorded at 450 nm) and (B) trapped holes

(averaged from 550 to 680 nm). Data points are shown as points, whereas multiexponential fits

are shown as solid lines.

Second, bleach recovery is significantly faster for QD:HM than for pure QD. However,
comparison of normalized kinetic traces recorded at delay times >100 ps reveals that the excited
state decay at longer delay times is not affected by the presence of HM (see SI Figure S5). This is
in accordance with the unchanged recombination kinetics probed by time-resolved PL on the
nanosecond timescale: only QDs with proximal HM undergo accelerated excited state decay, while
the excited state decay of the remaining QDs is unchanged. In the TA spectroscopy experiment,
both populations, i.e. QDs with and without HM, are excited. Thus, in order to unravel the electron
transfer kinetics to HM, the population of unquenched photoexcited QD has to be taken into

consideration. Here, we used two complementary models: in the first (subsequently referred to as

11



"parallel"), we assume two additional, parallel decays from the initially "cool" excited state, while
the decay of pure QDs is scaled by a factor x representing residual QDs which are not quenched.
In the second model ("differential"), we subtract the fitted data derived for pure QDs from the
QD:HM measurement scaled by AA(1000 ps)op:nm/AA(1000 ps)op (Figure S9). In both models, a
three-exponential decay was needed to satisfactorily represent the data. It is important to note that
a multiexponential decay cannot be distinguished from a lifetime distribution which has also been
presented in previous reports on the interaction of photoexcited QDs by molecular quenchers.®®
For the parallel approach, one obtains t1,p” < 0.2 ps, T2p” = (0.3 £ 0.1) ps and 13,," = (3.8 = 1.8) ps,
and for the differential one t1,¢” = (0.3 £0.1) ps, 24" = (2.7 = 1.6) ps and 13,4’ = (36.8 £ 8.6) ps (SI
Table S2). We interpret the sub-ps time constants (t1p’, T2p’ and t1,4’) as the timescale of hot
electron transfer to HM, which efficiently competes with intraband cooling. The distinctively
slower electron transfer (represented by t3p’, T24” and t34’) on a picosecond timescale then
describes the transfer from the relaxed band edge states.?”®® Also contributions from shallow
surface trap sites cannot be ruled out in this investigation: for CdTe/CdS core-shell QD with an
electron acceptor covalently bound to the surface, electron transfer rates from surface trap states
in the order of (2-8 ps)! have been identified,’” a view substantiated by theoretical modeling.”
Thus, electron transfer might occur both from the band-edge as well as from shallow trap states.
So far, we have only considered the transient signals reporting on population of conduction band
levels with electrons. The PIA signal spanning 550-680 nm reports on the dynamics of holes
trapped in surface states (Figure 2B). This signal is formed with a rise time of < 0.2 ps. In absence
of the HM, this signal decay can be described by two time constants of (103 + 8) and >1800 ps.
The decay is attributed to recombination with conduction band electrons.*® Similar to the 2S and

IS bleach signals, the amplitude of the PIA signal is reduced in presence of HM. Due to the

12



energetic band position, a direct ultrafast hole transfer to HM is ruled out and the reduction of the
trapped-hole PIA amplitude might be due to (weak) surface passivation of adsorbed HM. An
acceleration of the PIA signal decay in the QD:HM complex compared to the pure QDs is
observed. Here, the decay was modelled only using the parallel approach, as the decay of the
trapped hole PIA at long delay times in presence and absence of HM differ significantly (Figure
S10). A single time constant of (10.1 = 0.4) ps was obtained. We interpret this acceleration as
indication of recombination processes between the electrons transferred to HM and holes trapped
in surface defect sites. It has already been shown for CdSe QDs that an ultrafast (2 ps) electron
transfer to an adsorbed organic acceptor is followed by a slower back-electron-transfer to shallow
hole traps on a timescale of tens of ps.>? As our experiments were conducted in the absence of any
additional hole scavenger, this back-electron transfer is also feasible here.

In summary, these results show that, if contact is sufficiently close between a QD and a [FeFe]-
Hzase mimic, electron transfer from photoexcited QDs to [FeFe]-Hzase mimics can occur on a sub-
10-ps timescale and even transfer of hot electrons on the sub-200-fs timescale is possible. Further,
we observed fast recombination of the electron transferred to HM and holes trapped at surface
defects of the QD. (Scheme 1). Our experiments were performed in inert solvent an in absence of
sacrificial agents that are typically available under catalytic conditions. The interaction with
protons in the real reaction medium and fast quenching of trapped holes can contribute to a
stabilization of the charge at transferred to the [FeFe]-H>ase mimic. Future studies should increase
the complexity of the environment and address these additional interactions and their impact on
the charge transfer efficiency and rate and the lifetime of charge separation under conditions closer

to an actual catalytic experiment.
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Scheme 1. Summary of the interaction of a CdSe QD with HM. In the absence of HM, an electron
is promoted to the conduction band (CB), while a hole is left in the valence band (VB). The "hot"
electron quickly relaxes to the band edge and the hole is trapped (HT) on a similar timescale. The
excited QD returns back to the ground state on a nanosecond timescale. With a proximal HM, hot
electron transfer (HET) efficiently competes with intraband cooling. Another electron transfer
(ET) step to HM also efficiently competes with band-edge recombination, while back-electron

transfer (bET) to trapped surface holes also occurs on a timescale of ~10 ps.
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Supporting Information

Experimental

Synthesis

Synthesis [FeFe] Hzase mimic HM - 1,3-(u-propanedithiolato)diironhexacarbonyl was
synthesized by a modified procedure from Huttner and coauthors.! A stirred solution of 0.466 g
triiron dodecacarbonyl and 0.1 g 1,3-propanedithiol in 20 ml dry toluene was heated to 80 °C for
1 hour under nitrogen atmosphere. The resulting brown mixture was concentrated under reduced
pressure and purified by column chromatography (eluent: cyclohexane) to get 0.285 g (yield 80 %)
of a red solid from the mayor red band.

'"H-NMR (600 MHz, CD,Cl», 297 K) § (ppm) = 2.16 (br s, 2H), 1.80 (br s, 1H).
BC {'H}-NMR (151 MHz, CD,Cl, 297 K) § (ppm) = 208.6, 30.9, 23.8.

Synthesis Quantum dots — CdSe quantumdots were synthesized adopting a protocol published
by Manna and coauthors.> 3.0g of Trioctylphosphine oxide (TOPO), 0.280g of
Octadecylphosphonic acid (ODPA) and 60mg of Cadmium Oxide (CdO) are mixed in a 25ml
three-neck flask, heated to 150°C and exposed to vacuum for 1 hour. Then, under nitrogen, the
solution is heated to 300°C to dissolve the CdO until it turns optically clear and colorless. At this
point, 1.5g of Trioctylphosphine (TOP) is injected into the flask. The temperature is raised to
350°C, and TOP:Se solution (0.058g Se + 0.360g TOP) is injected and the reaction mixture
immediately cooled down by removing the heating mantle. After the synthesis, the nanocrystals
are precipitated with methanol, and are washed three times in total by redissolution in toluene and

precipitation with the addition of methanol.
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Transmission electron microscopy (TEM) - TEM images were collected with a TEM Jeol JEM-
3010 HR equipped with a LaB6 cathode. Size distribution was calculated using ImagelJ 1.53e.’
Spectroscopic Characterization

All spectroscopic measurements were performed in anhydrous toluene (spectroscopic grade).

Absorption spectra were recorded in a quartz cell (d = 1 cm) using a JASCO V780 UV-
Visible/NIR spectrophotometer (JASCO GmbH, Pfungstadt, Germany). All measurements were
performed in a wavelength range of 200 nm to 800 nm. A cuvette with pure solvent was always
measured as a reference.

Photoluminescence spectra were recorded in a quartz cell (d = 1 cm) using an FLS980
photoluminescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK) in a 90° geometry.
An excitation wavelength of 400 nm was used to record photoluminescence spectra covering a
wavelength range of 410 nm to 800 nm. The optical density of the dispersions was set to 0.05-0.10
to avoid inner filter effects and reabsorption of photoluminescence.

The quenching of the PL intensity of the CdSe quantum dots in presence of HM was investigated
by adding stepwise small aliquotes (1 pl each) of a HM stock solution in toluene to a QD solution
in toluene (3 ml). PL spectra were recorded after each addition. Effects of dilution could be ruled
out by a reference measurement by adding similar volumes of pure toluene to a solution of QDs.
No decrease in PL intensity was observed under these conditions.

Spectrally resolved photoluminescence decay curves were determined employing a Hamamatsu
HPDTA streak camera (C4334, Hamamatsu Photonics K.K., Hamamatsu, Germany). Samples
were excited by pulses centered at 390 nm created by frequency-doubling the output of a Ti:
sapphire laser (Tsunami, Newport Spectra-Physics GmbH, Berlin, Germany). The repetition rate

of the fundamental is reduced to 400 kHz by a pulse selector (model 3980, Newport Spectra-
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Physics GmbH, Berlin, Germany). Photoluminescence was collected for solutions from a 1 cm
cuvette in a 90° angle and spectrally dispersed on the detector using a CHROMEX spectrograph
(Chromex, Albuquerque, NM, USA). The optical density of the solutions was adjusted to circa 0.1
at the excitation wavelength. Measurements were performed with a polarizer set to magic angle,
i.e., set to 54.7° with respect to the excitation polarization, in the detection path. A glass plate was
used to record the instrumental response function (IRF) by reflecting parts of the attenuated
excitation beam directly into the detector. IRFs were typically in the order of 1 ns. The emission
was spectrally integrated and the resulting decay traces fitted with DecayFit software.* For the
investigation of the impact of HM on the PL lifetimes, a series of samples was prepared with
similar content of QD but increasing amount to HM.

The fs time-resolved measurements were performed on a system consisting of a Ti: sapphire
amplifier (Legend-Elite, Coherent Inc., Santa Clara, CA, USA), producing pulses centered at 795
nm with a repetition rate of 1 kHz and a pulse duration of <100 fs. The pump pulses centered at
390 nm were generated by second harmonic generation from the fundamental. A white light
continuum with a spectral range from 340 to 750 nm was generated by focusing a fraction of the
fundamental into an eccentrically rotating CaF> crystal to probe the sample. The pump pulses were
delayed with respect to the probe pulses by means of an optical delay stage (maximum delay: 2
ns) and focused into the sample by a lens (f = 75 cm). The repetition rate of the pump pulses was
reduced to 500 Hz by a mechanical chopper and the polarization of the pump with respect to the
probe pulses was set to the magic angle (54.7°) using a Berek compensator (Thorlabs GmbH,
Bergkirchen, Germany) and a polarizer. The power density of the pump pulse at the sample
position was adjusted to 0.2 to 0.6 W cm™, ensuring 0.6 photon absorptions per QD or less. The

white light continuum was split into probe and reference. The probe pulse was focused onto the
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sample by a concave mirror (f = 500 mm) and spatially overlapped with the pump pulse. Probe
and reference were collected by a detection system (Pascher Instruments AB, Lund, Sweden)
consisting of a spectrograph (Acton, Princeton Instruments, Trenton, NJ, USA) equipped with a
double-stripe diode array detector. The diode array is read out with the laser repetition rate and the
signal (AA) is calculated from two consecutive probe pulses, corresponding to pump-on and pump-
off conditions. Samples were prepared under inert conditions in a glove box using quartz cuvettes
with 1 mm path length, which were additionally closed with parafilm. Samples were stored in a
desiccator under inert atmosphere until shortly before the measurement. The sample contained QD
and HM in aratio 1:1. As reference a sample containing the same concentration of QDs in absence

of HM was measured. Global fits were performed with a program provided by Jens Uhlig.

Transmission Electron Microscopy

Figure S1. TEM images of the synthesized CdSe quantum dots in different magnifications
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Figure S2. Size distribution determined from the TEM images, mean value 1.9 nm, FWHM 0.7

nm

PL Quenching
For a Stern-Volmer analysis of the PL quenching, both band-edge and trap-state PL was

spectrally integrated at different HM concentrations. Then, the ratio of PL in the absence of HM

and presence of HM was plotted against HM concentration. The resulting curve (Figure S3) was

then fitted with
PLo K. [HM] +
= X
PLyy v Y

with the integrated PL in the absence of HM PLy, the integrated PL at the HM concentration
[HM] PLuwm, the Stern-Volmer constant Ksy and the offset y (ideally, y = 1). The curve was only
fitted for [HM] <5 pM and Ksv = (2.0 £0.2) x 10° M ! and y = 0.98 + 0.04 were obtained.

Deviation from the linear behavior at higher HM concentrations suggests a complex quenching
behavior at high concentrations. At low concentrations, most QDs are in contact with only one or
less HM molecules. Addition of more HM leads to adsorption of multiple HM molecules to the

QD surface and thus complex electron transfer mechanisms in this concentration regime.
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Figure S3. Stern-Volmer plot of the integrated PL intensity over HM concentration. The solid blue
line indicates a fit according to the Stern-Volmer equation in the range [HM] = (0,5) uM. The

dashed line is a guide to the eye and was not used in the fitting procedure.

PL lifetime measurements

The average lifetime Tave Was calculated via 74,5 = Ty X A7 + 7, X (1 — 4y).

Table S1. PL lifetimes and relative amplitudes obtained from a biexponential fit of the PL decays.

Ratio HM:QD ([HM]) t1/ ns (A1) 12/ ns (1-Az) Tavg/ NS
0:1 (0 uM) 40 (0.64) 157 (0.35) 82
1:1 (1.98 pM) 33(0.61) 148 (0.39) 78
2.4:1 (4.34 pM) 41 (0.64) 138 (0.36) 76
3.3:1 (6.08 pM) 41 (0.67) 164 (0.33) 82
4.5:1 (8.21 uM) 44 (0.70) 177 (0.30) 84
5.5:1 (10.00 uM) 35 (0.67) 166 (0.33) 75
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Figure S4. Plot of PL lifetimes obtained from a biexponential fit. Vertical lines represent average

lifetimes with (t_1) = (39 £4) ns, (t_2) = (157 £ 13) ns, and (t_avg) = (79 = 4) ns.

Transient Absorption Spectroscopy — Description of fitting procedures
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Figure SS5. Kinetic traces at 450 and 490 nm recorded for 2.0 nm CdSe QDs in the absence (red)
and presence (blue) of HM. These traces have been normalized to the amplitude at a delay time of

1000 ps of pure QDs.
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Description of the different fitting models

k,  QD,/QD:HM, k'

(Y ¥ ¥), ¥ ¥

aQD, QD, QD, * QD:HM, QDHM,

Scheme S1. Kinetic scheme of the fitting model for pure QD and the parallel approach for QD:HM.

For the TA data analysis for pure QDs in toluene, we assumed an initial state QD1 which is
directly populated by the excitation beam g(i), assuming a normally distributed pulse duration in
the order of 100 fs. This state decays to n other states OD,, (for the spectral range of 410-500 nm,
n = (2,4) and for 550-680 nm n = (2,3)) with a rate constant k;. Each state 0D, then decays
separately from the others with a rate constant k,. The time-dependent changes in the concentration

follows the following rate equations:

d[QD,

90— raloni + 90
aloD,] _

dt - _kn[QDn] + kl [QDl]

The obtained rates were converted to time constants, which are summarized in Table S2. The

kinetic scheme is summarized in Scheme S1. Species-associated spectra are shown in Figure S6.
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Figure S6. Species-associated spectra of QD in the region of (A) conduction band electron and

(B) trapped hole dynamics. Associated time-constants are displayed.

Table S2. Fitting parameters for the kinetic modeling of the electron and hole dynamics in the

photoexcited QD.

spectral range T/ ps T/ ps T/ ps Tl ps
410-500 nm ’< 0.2 04+0.1 9.6+3.9 4200
550-680 nm <0.2 103 +£8 Offset (>> 1800 ps) —

For the measurements with the addition of HM, two different approaches were used:

The parallel model has already been applied to nanorods, in which a sub-ensemble was decorated
with nanoparticles,® and for a molecular Ni catalyst adsorbed to the surface of QDs.® An initially
excited state OD:HM, is assumed, which is directly populated by the excitation beam g(i),
assuming a normally distributed pulse duration in the order of 100 fs. OD:HM, reflects the

population of initially excited QDs both in absence and presence of HM. This state then decays to
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n other states OD,, (for the spectral range of 410-500 nm, n = (2,4) and for 550-680 nm »n = (2,3))
scaled by a factor of x and OQD:HM,, (for the spectral range of 410-500 nm, m = (2,3) and for 550-
680 nm m = 2 and with a rate constant k;’. The states OD,, then decay with the same rate constants

as they were obtained for pure QD, while OD:HMndecay with ky’. The rate equations are as

follows

% = —k,'[QD: HM;] + g(i)

O] — - (~kal@Da] + e TQD: HM)
% = —kp'[QD: HM,,] + ky'[QD: HM,]

For the hole dynamics, k;” was assumed to be identical to k;. The obtained rates were converted
to time constants, which are summarized in Table S3. The kinetic scheme is summarized in

Scheme S1. Species-associated spectra are shown in Figure S7.
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Figure S7. Species-associated spectra of QD:HM obtained using the parallel approach in the

region of (A) conduction band electron and (B) trapped hole dynamics. Associated time-constants
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are displayed. Spectra obtained for pure QD within this approach are shown as semi-transparent

lines.

A conceptually similar approach to the differential model has been used in the modeling of
transient absorption data of dye-sensitized nanoparticle films.” the difference between transient
spectra obtained for the QD:HM complex 7AS(t)op:um and transient spectra obtained from the fit

for pure QD TAS(t)qp,fic was calculated. 7AS(t)qp,ic were scaled by

A
fllleAS(1000ps)QD:HM|

A
2|TAS(1000pS) gpfic|

which is the ratio of the integral of transient spectra in the wavelength range (A1,A2) obtained at
a delay time of 1000 ps. The obtained data was then fit using the same approach as for pure QD.
An additional small offset was included in the fit to accommodate for small deviations stemming
from the subtraction of the two datasets. The obtained rates were converted to time constants,
which are summarized in Table S3.
Table S3. Fitting parameters for the kinetic modeling of the electron and hole dynamics in the

photoexcited QD:HM complex using the differential and parallel model.

spectral model T’ ps '/ ps '/ ps Fraction x
range

arallel <0.2 0.3+0.1 3.8+1.8 0.22+0.00
410-500 nm

ifferential 0.3 £0.1 27+1.6 36.8 £8.6  0.18+0.02

550-680 nm parallel <0.2 10.1+04 — 0.22+0.13
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Figure S8. Modeling of the QD:HM excited state dynamics using the "differential" method. A.
Transient spectra obtained after scaled subtraction of QD transient spectra from the QD:HM

spectra. B. Obtained kinetics using a multiexponential fit (solid lines).
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Figure S9. Species-associated spectra of QD:HM obtained using the differential approach in the

region of conduction band electron and dynamics. Associated time-constants are displayed.
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Figure S10. Spectrally integrated kinetic traces between 550 and 680 nm recorded for 2.0 nm

CdSe QDs in the absence (red) and presence (blue) of HM. These traces have been normalized to

the amplitude at a delay time of 1000 ps of pure QDs.
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