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1. Instrumentation

Absorption spectra were recorded on a Cary 5000 absorption spectrophotometer. Ensemble
photoluminescence (e.g. fluorescence, photon upconversion, power dependence, etc.) spectra were
recorded on a Maya 2000-Pro Spectrometer (Ocean Optics Inc.) with continuous wave (CW) solid-state
lasers from Coherent Inc. (405 nm: OBIS LX 50 mW; 488 nm: OBIS LS 60 mW; 532 nm: Sapphire SF
532; 640 nm: OBIS LX 40 mW; 730 nm: OBIS LX 30 mW). Neutral density filters (Thorlabs) were used
to tune the excitation source power without changing its beam size. Semrock notch filters were used to
prevent excitation light from hitting the detector. Laser power was measured with a benchtop optical power
and energy meter (2936R, Newport Corp.) and Si wand detector head (818-ST2/DB, Newport Corp.).
Fourier Transform Infrared (FTIR) spectra were measured by a Thermo Fischer Scientific iS50
spectrometer using a diffuse reflectance (DRIFTS) tool.

X-ray diffraction (XRD) measurements were performed via a PANalytical Empyrean X-Ray system using
Cu Ko radiation with a wavelength of 1.54 A. TEM characterization of Si quantum dot (Si QD) samples
was performed on a Tecnai T12 120 kV instrument. Samples were prepared by drop-casting Si QD solutions
onto a supported thin-film carbon grid.

Nanosecond transient absorption (TA) measurements were performed using an enVISion spectrometer
(Magnitude Instruments) employing 532 nm excitation pulses, with repetition rates varying from 200 Hz
to 10 kHz depending on the scanned time delay range. The excitation energy density was ~300 pJ/cm? for
a 10 kHz repetition rate. Si QD samples were housed in a nitrogen glove box prior to TA measurements
and placed into sealed cuvettes for TA experiments (Spectracell R-4001-T). Oxidation of NC samples was
checked by measuring changes in their TA kinetics at a probe wavelength 505 nm, which denotes a spectral
peak in the excited state absorption of 3-ethylperylene (3EP)’s lowest-excited triplet (T;) state.

2. Sample Preparation and Characterization

A) Materials

I-octadecene (ODE, tech., 90%) was acquired from Acros Organics and was heated to 120 °C under
vacuum to remove low boiling point impurities. Indocyanine green (95%) was purchased from Chem-
Impex Int'l. Inc. Platinum octaethylporphyrin (PtOEP, 98%) used for triplet sensitization experiments was
obtained from Sigma Aldrich. Dry acetone, dichloromethane, and toluene were purchased from Alfa Aesar
and degassed with a JC Meyer solvent purification system. Dried methanol was acquired from Sigma
Aldrich and was introduced into a glove box after degassing. Mesitylene (98%) was purchased from Sigma
Aldrich and dried with molecular sieves. All other chemicals were used as received.

B) Organic synthesis

3-vinylperylene (3VP) was synthesized from 3-bromoperylene using Molander’s organotrifluoroborate
precursor, potassium Vinyltriﬂuoroborate.l 2,5,8,11-tetra-tert-butylperylene, denoted in the main text and
below as tBusperylene, was synthesized according to Askes et al.?

C) Silicon Quantum Dot Synthesis

Si QDs were produced using a capacitive non-thermal plasma, which allows for production of high-purity
materials in the gas-phase. QDs are synthesized by inputting an argon-silane gas precursor mixture (1.36%
SiH4 in Argon) at a flow rate of 60 sccm into a 5 mm internal diameter borosilicate tube wherein it is
exposed to a non-thermal plasma powered by a copper ring electrode on the outside of the tube. The
electrode was connected to a radio frequency power supply (Advanced Energy RFPP RF-5S) outputting
between 23 W and 30 W, which was coupled to the system via a matching network (MFJ-989D Versa
Tuner). Particle size was controlled through material residence time in the plasma and gas pressure within
the plasma region, which ranged between 1.32 Torr and 1.50 Torr for the samples used. Termination of Si
QD surfaces with hydrogen atoms was accomplished through addition of a 100 sccm flow of hydrogen gas
into the plasma afterglow. Following their synthesis and surface termination, QDs were collected on a
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stainless steel mesh downstream of the reactor. Air-free transportation was done by closing valves both
upstream and downstream of the collecting mesh, allowing for that section to be detached from the synthesis
system and brought into a glovebox for processing.

D) Silicon Quantum Dot Radical-initiated Hydrosilylation

For the AIBN-initiated radical hydrosilylation of Si QDs, 0.425 mg of Si QDs were mixed with 1.0 mg of
AIBN. Subsequently, 0.21 mol eq of ODE was added, corresponding to 0.06 mL of ODE. 3VP was added
in different amounts to vary the mole ratio with respect to ODE, and the solution topped with toluene to a
final volume of 1.12 mL. This solution was sealed, stirred, and heated in a nitrogen glovebox at 60 °C for
15 hours. Successful QD hydrosilylation is signaled by the cloudy mixture turning clear.

Methanol was used to separate functionalized QDs from free 3VP precursor molecules. Each reaction
mixture was divided into two 5 mL centrifuge tubes. The original vial was rinsed with 3 mL of methanol,
resulting in a total volume of ~1.5 mL in each tube. Si:3EP was precipitated by centrifuging at 14,000 rpm
for 20 mins. The precipitated Si:3EP in each centrifuge tube were individually redispersed in 0.5 mL of
toluene, followed by addition of 1.5 mL of methanol and centrifugation at 14,200 rpm for an additional 20
min. This cleaning procedure was repeated three times and resulted in full removal of free 3VP and ODE
molecules in solution as shown by the absence of 3VP features in absorption spectra of the supernatant.

E) Structural Characterization of Si:octadecane and Si:3EP QDs

XRD, TEM, and optical absorption and emission measurements were used to assess the crystallinity of Si
QDs following radical-initiated hydrosilylation (Figure S1A). XRD measurements of octadecane-
functionalized Si particles (Si:ODA) show peaks that match Si’s diamond lattice. Scherrer analysis applied
to the 111 peak at 26 = 28.6° yields an average crystalline domain size of 2.75 nm. TEM images of Si:ODA
particles (Figure S1A inset) show the appearance of lattice fringes, although the low contrast of Si relative
to the TEM background precludes an accurate analysis of the particle size distribution. Absorption spectra
of Si:ODA particles (Figure S1B) show a broad, featureless emission extending throughout the visible
region that is characteristic of Si QDs. Emission spectra of these particles show a broad peak centered at
780 nm that is consistent with an average QD diameter of 3.4 nm based on reported sizing curves.** This
slight discrepancy in QD size predicted from emission spectra and the crystalline domain size indicated by
XRD likely results from partial air exposure of samples used for XRD measurements, which can induce
oxide growth that reduces the size of a QD’s crystalline Si region.

"3 1.0 A \ - — -Absorption B E
© \ —— Emission 15 &
2, 0.8 \ e
> 8044 == S
£ 0.6 - 1 £l
2 FWHM = 3.2° s \ F10 3
Qo i — 16 \ s
c 0.4 \ 7]
= 0N —
o (e20) 2024 \ <
£ 0.2 < \ -5 =
- V- AN 8
2 \

£, e 3
O ; \\N a
n l T T T T T 1 0 T Ty 1 -y T o -

20 30 40 50 60 70 80 300 400 500 600 700 800 900 1000
20 [degrees] Wavelength [nm]

Figure S1: (A) XRD pattern of Si:ODA (blue) with the expected peak pattern for a Si diamond
lattice (grey). (B) Absorption (blue) and emission spectra (red, Agx = 488 nm) for Si:ODA.

Attachment of 3EP and ODA to hydrogen-terminated Si QDs was confirmed using FTIR spectroscopy
performed using a DRIFTS stage (Figure S2). Following functionalization of Si particles with a mixed
ligand shell containing 3EP and ODA, intense bands appear between 2800 — 3000 cm™ and a weaker band
at 1455 cm™ that are characteristic of C-H stretching and bending modes of ODA, respectively. Weak
features are also seen at 1590 cm™, ~1380 cm™, ~810 cm™!, and 765 cm™! that stem from 3EP. These bands
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are reduced in amplitude relative to those of ODA due to the higher concentration of ODA of the surface.
A small peak in the Si:3EP spectrum at 1017 cm' likely arises from Si-O stretching, indicating some surface
oxidation of FTIR samples.
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Figure S2: FTIR spectra of Si:3EP, 3VP, and hydrogen-terminated Si QDs. Bands appearing at
2700 — 3000 cm™ and ~1450 cm™ confirm attachment of ODA to Si while bands at ~1600 cm™,
~1375 cm™, ~815 cm™, and ~765 cm™ indicate attachment of 3EP, albeit in lower concentration.
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F) Attempted Functionalization of Si QDs with 3EP via Thermal Hydrosilylation

The radical-initiated hydrosilylation approach described in section C was used to attach 3VP to Si QDs as
attempts to use a thermal hydrosilylation method previously employed to functionalize hydrogen-
terminated Si QDs with 9-ethylanthracene’ yielded a black precipitate that showed no indication of photon
upconversion when mixed with perylene-based triplet fusion annihilator. Rather this precipitate exhibited
a broad, featureless emission spectrum, when excited at 532 nm (Figure S3) suggesting it consists of an
inhomogeneous mixture of nano-silicon and molecular species. This is perhaps not surprising as vinyl
groups, such as that contained by 3VP and ODE, are known to polymerize when heated to the temperature
used for thermal hydrosilylation (180 °C).® Use of low-temperature, radical-initiated hydrosilylation instead
yields a dispersible functionalized Si material that readily undergoes photon upconversion when mixed with
perylene-based triplet fusion annihilators.
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Figure S3: Thermal hydrosilylation of hydrogen-terminated Si QDs with 3VP:ODE = 0.02:1 at
180 °C produced a black precipitate that exhibited the plotted spectrally-broad emission spectrum
when excited at 532 nm in toluene. This precipitate produced no photon upconversion when mixed
with perylene-based triplet fusion annihilators.
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3. Estimating the average number of surface-bound 3EP ligands, (N3gp)

We used absorption spectra of solutions of functionalized Si:3EP and Si:ODA to estimate the average
number of 3EP molecules that attach to Si QDs, (N3p), within different Si:3EP samples. To assess Si QD
concentration, we examine the extinction of solutions at a wavelength of 488 nm as Si QDs show an
appreciable absorption at this wavelength while 3EP does not. Measurements of the extinction coefficient
of Si QDs at 488 nm span a range of reported values that we estimate to fall between 1.3 x 10* M'em™ to
7.0 x 10* M'em™.**7 We note that some of the reported estimates for the Si QD extinction we have
employed correspond to values measured for QDs that differ in size from the 3.4 nm diameter QDs we
employ. We have scaled these values assuming the QD extinction scales linearly with their volume. To
calculate the concentration of 3EP molecules in a sample, we assume the extinction coefficient of 3EP when
attached to Si in toluene at its absorption maximum is unchanged from that of perylene in cyclohexane
(39000 M'cm™ at 436 nm).® While electronic coupling between Si and 3EP may question the accuracy of
this assumption, small variations in the perylene extinction coefficient will have no impact on our
qualitative conclusion that equilibration of the excited triplet exciton population between a Si QD and 3EP
molecules bound to its surface is needed to reproduce our reported TA spectra. Using the extinction values
above, we estimate between 0.9 — 4.6 3EP molecules are on average bound to the Si QDs we employed for
transient absorption measurements in the main text (Figures 2 and 3) whereas 1.2 — 6.5 3EP molecules on
average were bound to Si QDs used for photon upconversion measurements (Figure 4).

4. Triplet Sensitization of 3-vinylperylene

Following photoexcitation of Si, TA spectra of Si:3EP QDs show growth of a sharp photoinduced
absorption peaked at 505 nm and a similarly sharp photobleach at 450 nm. These features are similar to
bands previously assigned to T, state of perylene,” suggesting their appearance signals triplet energy
transfer from excited Si QDs to 3EP. To test this assignment, we measured the TA spectrum of 3-
vinylperylene (3VP) in toluene via a triplet sensitization experiment employing platinum
octaethylporphyrin (PtOEP) as a sensitizer. A mixture of 3VP and PtOEP in toluene was prepared by mixing
0.05 mL of a 1.4 mg/mL PtOEP solution with 0.35 mL of a 1 mg/mL 3VP solution and 4.6 mL of toluene.
This yields a mixture containing 0.35 mg/mL of 3VP and 0.07 mg/mL of PtOEP, which makes the mass
ratio of PtOEP to 3VP 20%. Photoexcitation of PtOEP’s Q-band at 532 nm places it into its lowest excited
singlet state, which rapidly intersystem crosses to its triplet state on a ~165 fs timescale.'” As PtOEP possess
a triplet energy of 1.9 eV'! that is higher than that of 3VP (~1.53 eV), diffusional collisions of photoexcited
PtOEP with ground state 3VP molecules can result in triplet energy transfer from PtOEP to 3VP.
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Figure S4: (A) TA spectra of a PtOEP:3VP mixture following PtOEP excitation at 532 nm. As
spectral signatures from PtOEP’s T; state decay, new features appear between 400 — 520 nm that
are due to 3VP’s T, state. (B) Comparison of the TA spectrum of 3VP’s T; state to that seen at long
time delays (20 us) following photoexcitation of Si:3EP signal triplet energy transfer from Si QDs
to 3EP molecules at their surface.
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Figure S4A plots TA spectra of the PtOEP:3VP solution following PtOEP photoexcitation at 532 nm. At
short time delays (100 — 200 ns), a prominent photobleaching transition is seen at 385 nm from PtOEP’s
Soret band. At longer wavelengths, a broad photoinduced absorption peaked at 420 nm appears that matches
well prior assignments of PtOEP’s T state.'” Over time, these features from PtOEP’s T; state decay, leaving
behind a series of peaks at 435, 472, and 505 nm as well as a negative feature at 452 nm. This latter feature
agrees well with the primary absorption band of 3VP’s ground state while the induced absorption bands
agree with prior assignments of perylene’s T; state,” leading us to assign these features to triplet energy
transfer from PtOEP to 3VP.

Importantly, TA spectra of Si:3EP following the decay of Si QD photoinduced absorption reveal features
that strongly resemble 3VP’s T1 TA spectrum but shifted to slightly longer wavelengths (Figure S4B).
Such a shift is consistent with that seen for ground state absorption spectra of 3VP upon binding to Si
(Figure 1, main text) and has previously been noted for similar molecules, such as 9-ethylanthracene,’
upon Si attachment. This leads us to conclude that the appearance of these features in TA spectra of Si:3EP
signal triplet exciton transfer from Si to 3EP.

5. Exciton Dynamics of Si:ODA

Figure 2A of the main text shows photoexcitation of Si:ODA particles produces a photoinduced absorption
band that extends across the visible spectrum. This band has previously been assigned to intraband
transitions of photoexcited carriers®!>~!° and its relaxation is non-exponential, which has been attributed to
the presence of carrier traps dispersed among a Si QD ensemble. Previously, we showed the nonexponential
relaxation kinetics of Si QD ensembles could be well reproduced by a kinetic model that assumed different
types of traps with characteristic carrier trapping timescales were distributed among the ensemble.’ Briefly,
this model takes the relaxation rate of a QD within the ensemble to be given by:

ks =kg + Y Nk, (S1)

Here, kJ; represents the intrinsic relaxation rate of a Si QD in the absence of carrier trapping while the sum
runs over different types of characteristic traps, {m}. Each type of trap is taken to have a characteristic
trapping rate, k,,, while N,,, represents the number of traps of a specific type on a given QD. Assuming
these traps are distributed among QDs according to a Poisson distribution, the excited Si QD exciton
population as a function of time can be solved for analytically:'®

[Si*(t):l = exp(—kgitaL;<Nm>(exp(—kmt)—l)) (S2)

Here, (N,,,) represents the average number of each type of trap contained by Si QDs within the ensemble.
Consistent with our prior work examining Si QDs grown via nonthermal plasma synthesis,” we find two
types of traps with distinct relaxation rates are needed to model our spectra (Figure S5).

Interestingly, comparing the relaxation rates we obtain for the set of Si QDs employed in our present study,
which were functionalized with ODA via a radical-initiated hydrosilylation method, against the relaxation
rates for Si QDs functionalized with ODA via thermal hydrosilylation® reveals that QDs employed in the
present study exhibit a longer exciton lifetime due to a reduction in trap density (Table S1). We leave to
future work an assessment of the extent to which this reduced trap density reflects the different methods
used to functionalize these samples, improvements to our handling of Si QDs post-synthesis to reduce
surface oxide growth, or the larger size of the QDs employed in the present study. With the fit parameters
from Table S1 in hand however, we can use them to model the relaxation behavior of excitons within 3VP-
functionalized Si QDs, as outlined in section 6.

-S6-



Si:ODA Relaxation Kinetics

0.8
£ 0.6
1
s
s
w 0.4-]
o
S Experiment

024  ..-.Fit

04 -
10° 102 10 104 105 10®

Time Delay [ns]

Figure S5: TA kinetics of Si:ODA dissolved in toluene measured at a probe wavelength of 1000
nm following 532 nm photoexcitation. This trace reports the relaxation rate of photogenerated
excitons within ODA-terminated Si QDs and can be well reproduced by Eq. S2 (red dashed).

1/kg; (V1) 1/ky (Nz) 1/k, (N3) 1/ks
Current Study 210 ps 0.040 197 ns 0.46 57.4 us -- --
Reference ° 180 s 0.51 4.95 ns 0.43 213 ns 0.47 5.59 ps

Table S1: Best-fit parameters for the relaxation kinetics of Si:ODA extracted from data in Figure
S5 vs. those reported in Ref. 5. Only two types of exciton traps were needed to model the behavior
of Si:ODA reported here whereas three traps were required to model data reported in Ref. 5.

6. Kinetic Model for Si-to-3EP Triplet Exciton Transfer

Figure 3B of the main text displays a Jablonski plot that summarizes the kinetic model we use to model Si-
to-3EP triplet exciton transfer. This model is similar to one we previously employed to describe triplet
exciton transfer from Si QDs to 9-ethylanthracene,” but now explicitly allows for back energy transfer from
the triplet acceptor to the Si QD to which they bind. Briefly, this model assumes our samples are comprised
of an ensemble of QDs with different exciton energies that reflect their size distribution. Individual QDs
within this ensemble can bind differing numbers of 3EP molecules. Following photoexcitation, a Si QD
can either transfer a triplet exciton to one of the 3EP molecules on its surface or relax to its ground state.
This behavior is described by the following differential equation:

s _
dt

Here, [Si*] and [3E P*] represent the concentration of Si QD excitons and 3EP spin-triplet excitons, kg;
denotes the deactivation rate of Si QD excitons, kg and krpgr respectively signify the rates of triplet
energy transfer from Si to 3EP and from 3EP to Si, and N3zp specifies the number of 3EP molecules bound
to a QD’s surface. Carrier traps on a Si QD are assumed to facilitate exciton recombination, hence we
assume rates for carrier trapping add to kg; according to Eq. S1. Similarly, we describe the population of
3EP triplet excitons using:
d[3EP*|

T =—kypp

Here, k3gp denotes the rate of decay of 3EP triplet excitons to the ground state. To account for differences
in the triplet exciton energy of a Si QD, Es;, and a 3EP molecule bound to its surface, E5gp, we use a Miller-

g, [ Si*] = kepgr (B2 ) Nugp [ Si*]+ Ky (EI" ) [3EP*] (S3a)

a

[BEP*]+ kypy (EL™ ) Ny [Si*] = ey (EL7 )[BEP*] (S30)

a
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Abrahams rate expression'”!® to describe krgr:
kg exp(=E/" [k, T) if E) >0

TET\ _
b (E7) = K if 77 <0
TET a -

TET _ _
where E= =FE,,,

E (S4a)

An analogous Miller-Abrahams expression can be written for the rate of triplet energy back transfer from
a 3EP molecule to the QD to which it is bound:

Krggr exp(—E/™ [kT) if E)"" >0
K if E™7 <0

TEBT

Krgr (E S ) =

a

where E." =Eg,—E,, (S4b)

As Eq. S4a and S4b are a pair of linear, coupled first order differential equations, they can be solved
analytically under the initial condition that the excitation pulse only excites the Si QDs within a sample:

. [Si*] y ]
[Sl*(t)}zﬁo((Q—A)ei +(Q+A)e“) (S5a)
[Si*] N, ppkrgr N t
[3EP*(1) = °2Q (" —e*') (S5b)
where:
ko 4 Noko o 4k, +k ko + Nk —k. —k
/’LL :_( Sl+ 3EP TET2+ 3EP+ TEBT)iQ, A: Si + 3EP TET2 3EP TEBT , Q:\/A2+N3EPkTETkTEBT ,

and [Si*], denotes the concentration of Si QD excitons excited by the laser pulse at t = 0.

To account for the spread of QD exciton energies, the distribution of carrier traps among QDs, and
heterogeneity in the number of 3EP molecules bound to individual QDs within the ensemble, we compute
exciton populations via Eq. S5a and S5b using a series of values for the Si QD exciton energy (Ej;), the
number of traps of each type on a QD ({N,,}, Eq. S1), and the number of 3EP molecules bound to a QD,
N3gp. We then construct the dynamics of the ensemble by taking a weighted average of the populations
calculated for different pairings of these parameters wherein the weights are determined by assuming the
distribution of exciton energies follows the emission spectrum of Si:ODA and the number traps within Si
QDs and 3EP molecules bound to their surface are distributed according to Poisson statistics.

While at first glance it may seem as if this model has several free parameters, many of them are constrained
by independent measurements. For example, the average number of 3EP molecules bound to Si QDs within
an ensemble, (N55p) is determined from their ground state absorption spectrum. Likewise, parameters
governing the intrinsic and trap-mediated relaxation of Si QDs to their ground state are constrained by TA
measurements of Si:ODA.

Table S2 summarizes best fit parameters used to reproduce TA spectra showing the growth and decay of
3EP triplet excitons following photoexcitation of Si:3EP. As seen in Figure 3A of the main text, the fit
reproduces well the dynamics of the 3EP triplet population over 6 decades of time with only a few adjustable
parameters. To fit this population fully, we found we needed to slightly alter the average number of carrier
traps distributed throughout the Si:3EP population relative to those found when fitting TA spectra of
Si:ODA (Table S1). Such changes to our model were also found necessary in prior work examining energy
transfer from Si QDs to surface-bound 9-ethylanthracene molecules® and could reflect slight changes in the
surface structure of Si QDs upon functionalization with triplet exciton acceptors.
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Parameter Method of Determination
(N3gp) 3.2 Range estimated from absorption spectra of Si:3EP
1/k25r 4.22 us Floated to fit Si:3EP dynamics
1/k%g5r 22.0 ns Floated to fit Si:3EP dynamics
1/k3gp 2.26 ms Floated to fit Si:3EP dynamics
1/k; 210 ps Constrained when fitting Si:3EP based on Si:ODA decay
(Ny) 0.17 Floated to fit Si:3EP dynamics
1/k4 197 ns Constrained when fitting Si:3EP based on Si:ODA decay
(N5) 0.58 Floated to fit Si:3EP dynamics
1/k, 57.4 us Constrained when fitting Si:3EP based on Si:ODA decay
Espp 1.53 eV Estimated from References 19-23

Table S2: Best-fit parameters for the kinetic model described by Eq. S5a and S5b used to describe
triplet energy transfer between Si QDs and surface-bound 3EP molecules.

7. Transient Absorption Spectra of 9-Ethylanthracene Functionalized Si QDs
A key finding of our report is that we observe equilibration of an excited spin-triplet exciton population
distributed between Si QDs and 3EP molecules covalently tethered to their surface. This equilibration is
enabled by the long lifetime of these triplet excitons relative to timescales for their exchange between Si
and 3EP. We note this finding lies in contrast to results we recently reported on a related system comprised
of Si QDs functionalized with 9-ethylanthracene (9EA) ligands.’ Upon photoexcitation of Si in this latter
system, we found triplet energy transfer to occur from Si to 9EA with a time constant of 15.2 ns followed
by decay of the 9EA triplet state back to the ground state on a 1.16 us timescale. This decay timescale is
accelerated relative to the triplet lifetime of 9EA molecules freely diffusing in deoxygenated solution (~3
ms),** suggesting involvement of additional triplet quenching pathways in our prior measurements. In the
time since this work, we have improved our sample preparation and handling conditions to allow for better
removal of oxygen and reduced formation of Si QD defects that can quench triplet excitons, as discussed
in section 5. As such, we felt it prudent to record the photoexcited dynamics of Si:9EA samples prepared
with these improved sample protocols in place.

Figure S6 shows TA spectra of Si:9EA dissolved in toluene. To prepare these samples, hydrogen-
terminated Si QDs were synthesized in accordance with methods detailed in section 2C followed by
functionalization with a mixed ligand shell containing a mixture of 9EA and ODA using thermal
hydrosilylation as detailed in Ref. 5. Following photoexcitation of Si, we observe growth of an induced
absorption band peaked at ~435 nm over the course of ~10 ns that indicates population of 9EA’s T; state,
consistent with our prior work.” However, rather than exhibiting the 1.16 ps lifetime we previously reported
for this band, we find the 9EA T state persists for several tens of microseconds. By the longest time delay
we report (58 us), this band has only decayed from its maximum intensity by ~35%, suggesting a T, state
lifetime of at least 135 us. Interestingly, we find the rate of decay of the 9EA T state appears to match that
of induced absorption bands stemming from intraband transitions of excitons within the Si QDs seen at
longer wavelengths. This matching of the decay rate between the excited 9EA and Si QD population
suggests establishment of a dynamic equilibrium that allows excitons to move between these materials on
a timescale that is fast relative to the rate of triplet exciton decay, which is consistent with the observations
we report for Si:3EP in the main text.
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Figure S6: (Left) TA spectra of Si:9EA dissolved in toluene following photoexcitation of Si at 532
nm. Growth of a photoinduced absorption peaked at 435 nm is attributed to formation of the 9EA
T, state. (Right) Growth and decay kinetics of the 9EA T state (red) and Si QD exciton induced
absorption (grey). Both bands decay with similar rates over several tens of microseconds,
suggesting equilibration of triplet exciton population between 9EA and Si QD states.

8. Photon Upconversion with Si:3EP as a Triplet Photosensitizer

Samples for photon upconversion measurements were prepared by dispersing the contents of a centrifuge
tube discussed in section 2D in a toluene solution containing 0.5 mM tBusperylene. Solutions were
transferred to fluorescence cuvettes under air-free conditions in a glovebox (Starna 3-Q-10-GL14-S). The
optical density at 532 nm of the Si QDs in this solution was held in the range of 0.1 to 0.2 for accurate
measurements.

Our group has previously reported on the calculation of upconversion quantum yields (®yc).”> We employ
Rhodamine 6G (R6G, 95% fluorescence quantum yield) as an emission intensity reference. The expression
used to compute @y from emission spectra of Si:3EP in the presence of triplet fusion annihilators is given
by Equation S6.

photons aborbed by reference . upconversion PL

D =2xD
uc ;
refrence photons absorbed by upconversion reference PL
36)
; -0D (
— 2 * D * nUpconversion % [Area]Upcanversign « 1— 10 R6G
) e ; A —ODy; oD
Rrec [Area]y, 1-10

where ®rgs is the fluorescence quantum yield of R6G, nypconversion and nrgs denote the refractive indices of
the solvents for Si QD upconversion (toluene) and R6G reference (ethanol) solutions, [Area]upconversion and
[Area]rsc are the integrated areas of the photon upconversion and R6G emission peaks, and ODs; gp and
ODgg¢g denote the absorbance of Si QDs and R6G at the excitation wavelength used to excite each sample.

9. Estimating the Efficiency of Triplet Exciton Extraction from Si:3EP

While our kinetic model indicates photoexcitation of Si:3EP creates a quasi-equilibrium distribution with
some excitations centered on Si QDs and others localized on 3EP molecules, the dynamic nature of this
equilibrium suggests many of these excitations can be harvested by triplet exciton acceptors diffusing in
solution. To examine the efficiency with which triplet excitons can be extracted from Si:3EP, we have
added to our kinetic model an additional energy transfer pathway that allows for the transfer of triplet
excitons from surface-bound 3EP molecules to an acceptor in solution, such as tBusperylene (Figure S7).
Recent work that examined triplet exciton extraction from tetracene-functionalized PbS QDs found triplet
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Figure S7: Kinetic model used to estimate the fraction of triplet excitons that can be extracted from
Si:3EP.

harvesting by rubrene triplet acceptors occurs with a second-order rate constant of 28 ps'M™.?% Assuming
a similar rate holds for extraction of triplets from Si:3EP yields a pseudo first-order rate constant for triplet
extraction of 1.4 x 10 ps™' for an acceptor concentration matching that used for photon upconversion
measurements reported in the main text (Figure 4). Inserting a similar first-order rate constant to our model
leads to the following modifications to Eq. S3a and S3b:

d|[Si*]

dt - _kSi [Si ] kTET (ETET )N3EP [Si *] kTEBT (ETEBT )[3EP *] (S7a)
d|3EP*
[ dt ] - _(k3EP Ry ) [3EP *] + Ky (EaTET ) Nigp [Si *] — Koy (EJEBT )[3EP *] (S7b)
d|Ac*
—[dtc ] =k, [3EP¥] (S7c)

where [Ac*] is the concentration of excited triplet acceptors and k4. is the pseudo first-order rate constant
describing triplet energy transfer from 3EP to these acceptors. This set of linearly-coupled differential
equations can be solved to yield the following values for the Si QD exciton population ([Si*]), 3EP triplet
exciton population ([3EP*]), and [Ac™]:

s ()] = *] L b ((0-a)et +(a+a)e") s
[3EP*(t)] = [Si *]Ozlgmkm (e‘*t —e“) (S8b)
[Ac*(t)] _ [Si *]0 A;SgEZPkTETkAc (%(eﬂ*t _1)_%(6m _l)j (S8¢)

where the values of (), A, and A have been modified according to:
(k + N,k +kypp + k. +k

1 = TEBT) 0. A= k + NSEPkTET — kSEP — kAc _kTEBT
* 2 Y 2

, and

Q= \/A2 + N3EPkTETkTEBT .
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Figure S8: (A) Concentration of photoexcited species computed using the kinetic model illustrated
by Figure S7 and Eq. S7. (B) Taking k. to be equal to 1.4 x 102 us™', we predict 35% of excitons
produced by the Si:3EP system described in the main text can be extracted (blue). Our model
predicts this yield can be further increased to 77% if the Si QD exciton energy is raised by 215
meV (purple), 92% if the exciton energy is raised together with removing Si QD exciton traps
(gold), and to 96% if (N;gp) is doubled together with raising the exciton energy and eliminating
traps (red).

Figure S8A plots the population dyanamics computed for this model using our experimentally determined
parameters for Si:3EP (Table S2) together with a value of k4. of 1.4 x 102 us™. We find that the dynamic
equilibrium extablished between Si and 3EP allows for over a third of these excitations, 35%, to be extracted
by the acceptor.

To identify steps that can be taken to improve this yield, we have systematically examined the role of
different exciton loss pathways in our model (Figure S8B). We find the largest gains in triplet extraction
efficiency can be achieved by shifting the exciton equilibrium in favor of 3EP by creating a moderate energy
difference between the Si QD and 3EP exciton states. Specifically, by narrowing the size dispersion of the
Si QDs and raising their exciton energy such that it lies 215 meV above the triplet energy of 3EP (1.53 eV),
or model predicts the triplet extraction yield can be improved to 77% (Figure S8B, purple). Improving the
processing of Si QDs to eliminate traps that quench excitons (Table 1) can further push the extraction yield
to 92% (Figure S8B, gold). This value can be boosted to nearly 96% if additional steps are taken to ensure
nearly all Si QDs in the ensemble bind a 3EP molecule to their surface by doubling (N5gp) (Figure S8B,
red). We note that speeding k,. will likewise act to improve each of these predicted yields.
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