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Abstract: Triplet energy transfer (TET) underlies key applications in energy storage, conversion, and
utilization such as photovoltaics, photon upconversion, singlet fission, and photocatalysis. Fast and long-
distance TET is generally desirable in these applications to enhance performance and limit back transfer.
However, conventional TET in the weak coupling regime only occurs over short distances between donor
and acceptor as Dexter-type electronic coupling for TET decreases exponentially with increasing separation.
One way to achieve long-distance TET is to enhance the electronic coupling between donor and acceptor
by designing conjugated linking bridges. Here, we reveal three new silicon quantum dot (Si
QD):Anthracene hybrid systems with variable-length -[SiMe,],- (n=2—4) linkers as bridges to promote
long-distance TET. Transient absorption experiments and density functional theory calculations show that
electronic coupling in each of these four systems is intermediate between non-conjugated ethyl and -
conjugated vinyl bridges. In addition, the TET rates between Si QDs and anthracene facilitated
by -[SiMe,],- (n=1—4) linkers do not show the expected exponential decay trend with increasing separation.
Rather we observe an increase in the rate of TET when n is increased from 2 to 3, which we propose arises
from greater bridge chain flexibility that opens access to geometries where the anthracene can directly
engage the Si QD surface via through-space van der Waals interactions. By controlling the average number
of tethered anthracene transmitters, we are able to optimize the performance of Si QD:Anthracene hybrids
as photosensitizers for triplet-triplet annihilation photon upconversion, obtaining efficiencies of 6.2 + 0.4%,
3.4+ 0.1%, 4.1 £ 0.2% and 3.9 + 0.1% (out of 100%), respectively for n=1-4. This work provides insight
into the role that electronic coupling plays in hybrid materials to move triplet excitons across semiconductor
junctions, which sheds light on material design principles for applications in optoelectronics and
photocatalysis.
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Introduction:

Triplet energy transfer (TET) plays a crucial role in processes like photocatalysis, singlet fission,
and photon upconversion' where rapid, directed TET over long distances is desirable. In triplet-triplet
annihilation (TTA)-based photon upconversion, fast, unidirectional TET between a donor and acceptor
contributes to a higher photon upconversion efficiency with lower excitation power.*¢ In singlet fission,
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fast TET facilitates rapid separation of triplet pairs to prevent geminate recombination, thus producing two
excitons from one photon.” 3 However, conventional TET is limited to short distances because it obeys a
Dexter energy transfer mechanism, which often features an effective transfer radius of about 1 nm that
rapidly decays with increasing donor-acceptor distance.’ The ability to improve both the rate and efficacy
of TET by tuning steric and electronic factors motivates this work.

We recently established that the electronic coupling between silicon quantum dot (Si QD) donors
and tethered anthracene triplet acceptors can be tuned by modulating the chemical structure of their bridging
units!® ' Weak and intermediate coupling resulted from saturated methylene and Si(CHj), bridges,
respectively, while strong electronic coupling was observed with sp? hybridized C=C bonds between the Si
QDs and attached anthracene. In weakly-coupled Si QD:Anthracene hybrid systems, the rate of TET from
QD donor to attached anthracene acceptors is governed by the driving force for energy transfer.
Experimentally, a TET time constant of ~15 ns is observed when the QD photoluminescence maxima, a
proxy for the QD bandgap, is resonant with the triplet acceptor state. In contrast, in strongly-coupled
systems bridged by vinyl groups, the excitonic wavefunctions of the QD significantly mixes with the
attached molecules, resulting in delocalized excitonic states over the inorganic nanocrystal and organic
chromophore. This strong coupling reduces the TET time constant to 3 ns. For Si QDs bridged by SiMe,
(Figure 1a) to anthracene, the electronic coupling strength falls between the weakly-coupled and strongly-
coupled systems and TET unfolds with a slower rate than that seen in the case of strong coupling'!. These
variations highlight the critical role played by the structure of the bridge in gating the electronic coupling
between QD donors and molecular acceptors during TET.

Over the course of our prior studies'!, a key question that emerged was how increasing the
oligosilane chain length influences both triplet energy transfer between a Si QD and anthracene ligands and
the system’s resulting ability to facilitate TTA-based photon upconversion. It is well-understood that in the
tunneling regime the rate of triplet transfer decays exponentially with increasing molecular length. The
attenuation factor B is typically shallower for bridging units that experience stronger electronic coupling.
Extracting the  value thus provides a metric that characterizes the fundamental efficiency with which
oligomeric bridges mediate triplet energy transfer. Previously, we have explored the triplet transfer rate and
photon upconversion quantum yield as a function of para-phenylene bridges between CdSe QDs and
anthracene transmitters'? 13, We found that depending on the end group binding the oligophenylene to the
QD, B = 0.43 — 0.72 A-l. Meanwhile, efforts to investigate methylene spacers in photoinduced electron
transfer from QDs have revealed steeper B values for alkanes!4, although in other systems, the flexibility of
the alkane chain allows the bridge to backbite in such a way that the terminal acceptor can directly engage
the QD through van der Waals interactions, leading the transfer rate to be approximately the same,
regardless of the alkane chain length of the bridge!? 1°.

In addition, tunneling electronic transport through alkanes, oligosilanes, and phenylenes in
conductive single-molecule junctions have revealed that, on a per length basis, oligosilanes have a similar
inverse conductance decay value as oligophenylenes'® 7. However, similar to alkanes, oligosilanes have
conformationally flexible tetrahedral c-bonds that may be similarly capable of the backbiting characteristic
of alkanes'8. Meanwhile, it has been shown that long oligosilane chains experience strong stereoelectronic
effects upon dihedral chain twisting that profoundly influence their molecular orbital properties compared
to alkanes'®-2°, We wanted to explore these implications in the context of TET.

Here we investigate four Si QD donor/anthracene acceptor hybrids that are linked by
dimethylsilylene chains of increasing oligomer length (Si:[SiMe,],A, n=1—4, Figure 1a). The surface-
bound anthracene ligands, [SiMe,],A, serve to transmit energy from a Si QD triplet photosensitizer to 9,10-
diphenylanthracene (DPA) emitters for TTA-based photon upconversion. The photon upconversion QY
under steady-state conditions with CW excitation is a proxy for the efficiency and rate of TET, the latter
experimentally obtained via nanosecond transient absorption spectroscopy. These hybrid systems show an
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intermediate electronic coupling strength between the Si QD and anthracene acceptor, compared to the
previously reported Si:[CH,CH,]A (i.e., Si:9EA) and Si:[CH=CH]A (i.e., Si:9VA) systems, as inferred by
their triplet excited state absorption and lifetime trends. The best photon upconversion quantum yields of
the Si:[SiMe,],A (n=1—4) hybrid systems with DPA emitters were 6.2%, 3.4%, 4.1%, 3.9% for n=1—4
respectively, out of a maximum of 100%. Notably, both the photon upconversion efficiency and the triplet
transfer rate decreased upon lengthening the bridge from one to two SiMe, units, but a slight increase
followed by a plateau is observed as the bridge length was further increased. This outcome is unexpected
as the rate of triplet transfer should exponentially decay with increasing distance. From classical molecular
dynamics simulations, this deviation from the Dexter model of energy transfer can be attributed to both the
torsional flexibility and electronic structure of the dimethylsilylene bridge, which may provide a viable
means to promote long-distance triplet energy transfer for optoelectronic applications.
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Figure 1: (a) Si:[SiMe,],A (n=1—4) hybrid structures with increasing lengths of dimethylsilylene bridging
units between the Si QD and anthracene transmitter; (b, c, d, €) Absorption and photoluminescence spectra
of HSiMe,A, H[SiMe,],A, H[SiMe,];A and H[SiMe,]4A molecules in toluene at room temperature
(excitation at 375 nm).

Results: The transmitter molecules (H[SiMe,],A, n=1—4, Figure 1a) were synthesized for dehydrocoupling
attachment onto H-terminated Si QDs (see SI for synthetic details). Figures 1b-1e plot the absorption and
photoluminescence (PL) spectra of these anthracene molecules in toluene. All show the typical vibrational
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fine structure of the Sy — S, transition corresponding to anthracene absorption between 300-400 nm?!. The
absorption maxima of HSiMe,A is located at 390 nm. This peak redshifts to 395 nm for H[SiMe,],A and
397 nm for both H[SiMe,];A and H[SiMe,]4A. This redshift suggests increased conjugation between
the -SiMe,- bridge and anthracene core as more Si atoms are added. As seen in Figure 1b, the PL spectrum
of HSiMe,A shows the vibrational fine structure associated with anthracene fluorescence. However, for
H[SiMe,],A, H[SiMe,];A and H[SiMe,]4A, the PL peak broadens and loses its fine structure, suggesting
the oligosilane chain is conformationally flexible?’. The fluorescence quantum yields of HSiMe,A,
H[SiMe,],A, H[SiMe,];A and H[SiMe,],A were measured to be 51.4%, 88.7%, 12.4%, 7.8%, respectively,
using DPA in toluene (fluorescence QY of 90%) as a standard??.

These trends in diminishing quantum yield and loss in fine vibronic structure with increasing
oligosilane chain length broadly match previously reported fluorescence trends for increasing
dimethylsilylene order in a,m-dinapthyloligosilanes and a,®-dianthracenyloligosilanes.?*?* Quantum yields
in oligosilanes generally decrease as chain length increases. The greater conformational flexibility
introduces additional non-radiative decay pathways as chain dihedrals rotate between transoid, ortho, and
gauche states. However, it has also been observed that aryldisilanes commonly experience high quantum
yields, presumably because the emergent delocalized Si-Si bond enables a strong ¢-n interaction, yet is not
long enough to possess discrete transoid, ortho, and gauche -Si-Si-Si-R- orientations that would otherwise
contribute to non-radiative decay?. These considerations may rationalize why PLQY increases from the
monosilane to the disilane, but continues to decrease for the trisilane and tetrasilane.

A non-thermal plasma was employed to prepare Si QDs with SiH, and H, gas as precursors®®.
During the synthesis, as part of the surface functionalization, 1-dodecene vapor was introduced into the
plasma reactor with a H, carrier gas immediately after the formation of Si QDs, to yield dodecane-capped
Si QDs (Si:dodecane) that were soluble in hydrophobic solvents for subsequent functionalization with
transmitter molecules (see SI for details). As shown in Figure S1, previously reported methods using AIBN
radical initiators?”-28 or high-temperature heating failed to attach these silane-functionalized anthracenes to
the Si QDs, as no anthracene features were observed after the reaction. As shown in Scheme 1, the Si QDs,
dimethylsilylene-anthracene precursors, and the di-tertbutylperoxide (DTBP) radical initiator were
dissolved in mesitylene and heated at 145 °C for 3 hours, generating Si QDs functionalized with a mixture
of 1-dodecane and -[SiMe;,],-Anthracene ligands (denoted here as Si:[SiMe, ], A, n=1—4). After the reaction,
the Si QD:anthracene hybrids were separated from the unbound molecules and dimerization side products
by repeated centrifugation and re-dispersion steps (see SI for details).

>r0..o
n g % (DTBP)

@ Men  145°C, 3hrs,
in mesitylene

Si QD H[SiMe,] A; n=1-4 Si:[SiMe,] A; n=1-4

Scheme 1: Surface functionalization of Si QDs with H[SiMe,],A (n=1—4) using di-fertbutylperoxide
(DTBP) as a radical initiator.

Electronic absorption spectra measured after the reaction confirm successful attachment of
dimethylsilylene-anthracene molecules to Si QDs. Figure 2 shows the absorption spectra of Si:dodecane
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and Si:[SiMe,]|,A (n=1—4) with different amounts of transmitter molecules on the QD surface. The
featureless character of the Si:dodecane absorption spectrum reflects the Si QDs’ indirect bandgap. In
contrast, Si:[SiMe,],A absorption spectra display a series of peaks near 400 nm assigned to anthracene-
centered transitions. These bands grow as the surface coverage of transmitter molecules increases.
Comparison of the amplitude of these bands to extinction spectra of HSiMe,A indicates that < Ngjpe,a >,
the average number of anchored anthracenes per Si QD, varies from 0.4 to 4.1 depending on the amount of
HSiMe,A added to the functionalization reaction. The higher-order oligosilane bridges fall within similar
ranges, where < N([sipe,],4 > = 0.8-2.4, < Nisipe,1,4 > = 0.9-3.1, and < Nisime,],a > = 0.8-3.2
(see SI for more detail).

o8 b os :
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Figure 2: Absorption spectra of (a) Si:SiMe,A, (b) Si:[SiMe,],A, (c) Si:[SiMe,];A, and (d) Si:[SiMe;],A
in toluene at room temperature (loading: amount of dimethylsilylene-anthracene added for reaction with Si
QDs, HSiMe,A for Si:SiMe,A, H[SiMe,],A for Si:[SiMe,],A, H[SiMe,sA for Si:[SiMe,];A, and
H[SiMe;]4A for Si:[SiMe,J4A; < Nisime,],4 > : the average number of attached anthracenes per Si QD).
The molecular vibrational fine structure around 400 nm is typical for anthracene absorption, indicating the
successful attachment of anthracenes to Si QDs.

Photon upconversion measurements of Si:[SiMe,],A (n=1—4) systems were conducted with DPA
emitters in toluene at room temperature under nitrogen atmosphere. During photon upconversion, the Si
QDs absorb low-energy photons, creating bright excitons with spin-singlet character that equilibrate with
dark excitons?’. These triplet-like, dark excitons at the band edge can photosensitize surface-bound
anthracene transmitters. The triplet excitons in anthracene transmitters are transferred down an energy
gradient to emitter molecules diffusing in solution. When two emitters undergo triplet-triplet annihilation,
one molecule returns to its ground state while the other is promoted to its lowest-energy spin-singlet excited
state. Fluorescence from this singlet excited state results in photon upconversion.
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To measure the photon upconversion quantum yield, diluted DPA in toluene (10 uM) was
employed as an emission standard (See SI). For the Si:dodecane system without anthracene transmitters,
the photon upconversion quantum yield was negligible (< 0.4%), which is reasonable since the long
dodecane ligands present a formidable barrier for triplet energy transfer from a Si QD to a DPA emitter if
there is no molecular transmitter. Figure 3 shows emission spectra of the hybrid Si:[SiMe,],A sensitizers
in 5.2 mM DPA in toluene under 488 nm CW irradiation that excites the Si QDs, but not anthracene. The
emission seen at 700—800 nm is attributed to Si QD PL and the peak between 400—500 nm corresponds to
photon upconverted emission from DPA. Interestingly, for all Si:[SiMe,],A (n=1—4), photon upconversion
quantum yields increased with more surface bound anthracene up to a point, reaching a maximum above
which the upconversion quantum yield dropped as the anthracene loading grew. The optimized photon
upconversion efficiencies for Si:;[SiMe,],A (n=1—4) with DPA emitters (all values are out of 100%
maximum) were 6.2%, 3.4%, 4.1%, and 3.9%, respectively. The photon upconversion quantum yield was
the highest for the transmitter ligand with one dimethylsilylene unit, then dropped by a factor of 2 to
between 3.4—4.1% for the other 3 ligands. This trend is unexpected, as the triplet transfer rate from Si QDs
to anchored anthracene should decrease exponentially with increasing distance between donor and acceptor
if governed solely by Dexter energy transfer.

Q
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Figure 3: Upconversion emission spectra of (a) Si:SiMe,A, (b) Si:[SiMe;],A, (c) Si:[SiMe,];A and (d)
Si:[SiMe;]4A generated by Si QDs functionalized with differing numbers of anthracene ligands,
< Nisime,],4 > - Spectra were collected using DPA emitters (5.2 mM) in toluene, exciting each system
with a CW 488 nm laser at RT.
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= Figure 4: (a, b, ¢, d) TA spectra of Si:SiMe,A, Si:[SiMe;],A, Si:[SiMe,];A, and Si:[SiMe,]4A in toluene at

room temperature, recorded following excitation at 532 nm. The induced absorption around 450 nm
(red/orange) in Si:[SiMe,],A (n=1—4) corresponds to the T;=>T, absorption of anchored anthracenes,
confirming TET after photoexcitation of the Si QD. Data reported for Si:SiMe,A originally appeared in
Ref. 11.
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To identify rates of triplet exciton formation in these systems, we performed transient absorption
(TA) measurements over both femtosecond and nanosecond time scales. Femtosecond measurements that
photoexcited the Si QDs in each hybrid system showed dynamics consistent with exciton cooling over
femtosecond-to-picosecond timescales that were independent of the QDs’ ligand shell composition (Figure
S5). In contrast, features signaling Si QD-to-anthracene TET were observed in TA measurements that
employed nanosecond-to-microsecond delays (Figure 4). Following photoexcitation of the Si QDs by a
532 nm nanosecond pulse, a broad induced absorption in the NIR region is seen for each of the Si:[SiMe,],A
(n=1—4) hybrids that is characteristic of the Si QD excited state absorption (ESA)!%21.30-34 Qver time, this
band relaxes over the course of a few tens of nanoseconds concomitant with the growth of an induced
absorption band peaked around ~450 nm that corresponds to the triplet (T, T,) ESA of attached anthracene
molecules in Si:[SiMe,],A (n=1—-4). As the 532 nm laser used for these measurements only excites the Si
QDs, not the attached anthracene molecules, the anthracene triplet ESA signal must arise from triplet
transfer from photoexcited Si QDs, thus confirming TET occurs during photon upconversion.

TA measurements were also performed to identify the triplet absorption spectra of free anthracene
monomers (H[SiMe,],A, n=1—4) via sensitization experiments that employed Pt(Il) octaethylporphyrin
(PtOEP) as a triplet sensitizer (Figure S4). As time evolves in these measurements, for each H[SiMe;],A
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molecule we observe broad positive features centered between 430 — 435 nm that appear concomitantly
with the decay of TA features associated with PtOEP’s T state, which we assign to their T;=>T, absorption.
Comparing these spectra to the T, T, absorption features seen in TA measurements of the Si:[SiMe,], A
hybrids reveals that attachment of the H[SiMe;],A to a Si QD induces a redshift of their triplet absorption
bands. This shift takes on values of 15 nm, 7.5 nm, 17.5 nm and 20 nm respectively as n increases from 1
to 4 (Figure 5). This redshift between free and anchored anthracenes on Si QDs directly correlates with the
strength of the electronic coupling between surface-bound anthracene and Si QDs, and the values seen for
Si:[SiMe,],A are larger than that of the weakly coupled Si:9EA system (2.5 nm), but smaller than that of
the strongly coupled Si:9VA system (55 nm)'% '!- 21, Thus, the electronic couplings in the Si:[SiMe,],A
(n=1—4) hybrid systems are intermediate to those seen in Si:9EA and Si:9VA.
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Figure 5: Comparison of the triplet ESA of H[SiMe;,],A measured via PtOEP sensitization (black) and TA
spectra of Si:[SiMe,],A measured at a time delay of 25 us (red): (a) SiMe,A, (b) [SiMe,],A, (¢) [SiMe; ;A
and (d) [SiMe,]4A. The shift of the triplet absorption band between these spectra reflects the strength of the
electronic coupling between Si QDs and anchored anthracenes. Data reported for Si:SiMe,A originally
appeared in Ref. 11.

Kinetic traces describing the growth of the anthracene triplet state following photoexcitation of the
Si:[SiMe;],A (n=1-4) hybrid systems were extracted from the TA spectra (Figures S6 & S7). The triplet
population for each system was found to reach a maximum after a few tens of nanoseconds. A single
exponential fitting function was employed to fit the triplet kinetics to obtain the triplet transfer time
constants from Si QDs to anchored anthracenes, which were found to be 24.2 +3.0 ns, 92 +43 ns, 42 £ 9
ns, and 33 £ 11 ns for Si:SiMe,A, Si:[SiMe,],A, Si:[SiMe,]3A, and Si:[SiMe,]4A, respectively.
Interestingly, the triplet transfer times do not lengthen as more dimethylsilylene units are introduced into
the bridge. This is unexpected as lengthening the dimethylsilyene bridge should exponentially slow the
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TET rate according to Dexter’s model*>. We note this trend holds even when accounting for variations in
the average number of ligands that bind to the Si QDs in each sample (See SI, Section 11.6).

To visualize how the photon upconversion and triplet transfer rate evolve from Si:SiMe,A to
Si:[SiMe;]4A, we plotted the photon upconversion quantum yields and triplet transfer rates versus #, the
number of repeating dimethylsilylene units for Si:[SiMe,]|,A (n=1—4) (Figure 6). Notably, the photon
upconversion quantum yield shows a similar trend to the triplet transfer rate as a function of the -[SiMe,],-
bridge length. The efficiency of triplet energy transfer’® 37 from the Si QD to the bound anthracene, ¢rgr,
is line with this trend. As n increases from 1 to 2, ¢ decreases from 90% to 6.6%, then increases to 61%
and drops to 55% for n =3 and 4 respectively. ¢rgr is extracted from the change in the Si QD time-resolved
emission decay with and without the transmitter ligand (Details are provided in SI Section I1.7).
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Figure 6: Triplet transfer rate (black curve) and photon upconversion quantum yield (blue curve) as a
function of the dimethylsilyene bridge length connecting Si QDs and anchored anthracenes.
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To elucidate the relationship between the dimethylsilane bridge length and the electronic coupling
strength, we employed density functional theory (DFT) calculations using methods developed in our
previous work!% 38 3% Briefly, we used semi-periodic boundary conditions on a slab of silicon to model the
interface between a Si QD and an anthracene molecule (details in SI Section V Figures S9-S10). Using
spin-polarized DFT calculations, we obtained the triplet density of states (DOS) for the Si:[SiMe;],A
(n=1-4) slabs and projected the anthracene molecule’s carbon p-orbitals from the triplet DOS. In the DOS,
the gap is clear enough to assign electron and hole states. For qualitative analysis, the joint electron-hole
DOS, formed by convolving densities above and below the gap, is a surrogate for the triplet exciton DOS
(eDOS, Figure 7a dotted lines). The molecule’s p-orbital contribution to the triplet density of states (pDOS,
Figure 7a solid lines) comes from a convolution of the p-orbital projected density of electron and hole
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states. In the Anderson-Newns model** 4!, the p-orbitals are quantum impurities that can hybridize with the
solid. The extent of broadening in the anthracene’s carbon pDOS is proportional to the square of the
coupling strength between those orbitals and the solid. The nonadiabatic Dexter theory of the exciton
transfer rate is proportional to the same squared coupling strength*?. The full-width at half-maximum
(FWHM) from the pDOS for each system, therefore, measures the excitonic coupling between the molecule
and the silicon QD, and should scale as the triplet transfer rate. The FWHM for various linker lengths
(Figure 7b) shows how the electronic coupling strength depends on the linker length. The data show weak
dependence of the excitonic coupling strength with increasing »n that mirrors the transition from a
mechanism based on direct orbital overlap to superexchange-mediated tunneling in theoretical models of
donor-bridge-acceptor systems*. While the changes in the coupling are small for n=3,4—consistent with
experimental observations in Figure 6—the large deviation from the expected trend for n=2 suggests there
is additional physics that needs to be described.

As in our earlier work, the electronic structure calculations do not compute excitonic states using,
for example, the Bethe-Salpeter equation, to compute the electron-hole interaction. They also ignore
structural fluctuations of the linking groups and the chromophore. In previous work, the differences
between the systems under consideration were qualitatively larger than the changes computed here.
Additionally, the linking groups were shorter and more rigid, so structural fluctuations were negligible.
Therefore, the conclusions were less susceptible to both inaccuracies in the DFT calculations and the
neglect of structural fluctuations.

The situation is different here, as both excitonic effects and structural fluctuations are difficult to
compute. The number of atoms in the system makes Bethe-Salpeter calculations or time-dependent DFT
computationally infeasible, and potentials for molecular dynamics in the molecule-nanocrystal hybrids
presented here are not well-developed compared to other systems. With these limitations in mind, we
conducted some calculations using classical molecular dynamics simulations to model structural
fluctuations at room temperature for QDs, not slabs. The longer chains, Si:[SiMe,],:A (n = 3, 4) fold back
to the surface or extend into solution as seen for Si:[SiMe,]4:A in Figure 8b. The extended structures are
like those we modeled in DFT at zero Kelvin (Figure 8c¢). Additional details and figures for Si:[SiMe;],:A
(n=1-3) are given in the Supporting Information (Figures S11-S12). Unfortunately, the calculations of the
excitonic coupling are computationally infeasible for folded chains because they require even larger
simulations. But anthracene molecules folded to the surface may have a larger triplet transfer rate than those
extended into the solution, simply because they are closer to the surface. For n=3, 4, the folded
configurations may be responsible for the relative increase in the triplet transfer rate and upconversion QY
observed in Figure 6.

Finally, we note this oligosilane chain-folding model that may rationalize the flat k7gr and UCQY
trends we observe is consistent with proposals by others who have studied photoinduced electron transfer
across permethyloligosilane bridges. Ito, Tamao, and coworkers invetsigated photoinduced electron
transfer across permethyloligosilane ([SiMe,],,, n=1-5) bridges in Cqp-oligosilane-zinc porphyrin dyads'> 4+
45, Similar to our observations here, these authors also did not find a linear trend in charge recombination
rate or radical-ion pair lifetime with increasing oligosilane bridge length, finding a flat trend in both cases.
These plateaus in lifetime and rate were attributed to combinations of extended, chain length-dependent
through-bond interactions and folded, chain length-independent through-space interactions between the Cg
and zinc porphyrin termini; these states coexist due to the flexible nature of the oligosilane chain. As it is
the same permethyloligosilane chains that are involved in the bridges here, we are likely seeing similar
conformational effects.

-10-
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Figure 7: Exciton density of states analysis of Si:[SiMe,],A (n=1—4) systems (blue, teal, red, black,
respectively). (a) The silicon states obfuscate the changes from the ligand in the total eDOS (dotted lines).
The anthracene’s carbon p-orbital contributions to it (pDOS) show resonances that broaden as the coupling
between the anthracene m-orbitals and silicon states increases (solid lines, magnified by a factor of 50). (b)
The full-width at half-maximum (FWHM) of a Gaussian fit to the main peaks of the pDOS measures the
excitonic coupling between anthracene and silicon and should scale as the triplet transfer rate. The FWHM
error is dominated by computational convergence, as explained in SI Section V. The disagreement with the
experimental trend at n=2 suggests these static calculations do not capture all necessary physics. Due to the
good agreement in our previous work with shorter linker lengths, we elect to explore the effect of structural
dynamics.
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Figure 8: Classical molecular dynamics for Si:[SiMe;,]4A. (a) We ran molecular dynamics at 300 K for 500
ps over four different trajectories, each with a different velocity seed. We describe the extent to which the
linker is folded with the radius of gyration (details in the Supporting Information). Large jumps indicate a
significant change in how the chain is configured. (b) The configuration given by Ry ~ 10.70 is achieved
during the equilibration stage (not shown) for each of the trajectories. The specific snapshot shown is from
t = 200 ps during trajectory 4. For most of the simulations, the linker displays minor fluctuations around
this configuration. (b) During trajectory 2 and trajectory 4, the linker spontaneously regains a configuration
that is mostly perpendicular to the surface of the Si QD. The snapshot shown is from t = 300 ps during
trajectory 4. The majority of the time, the linkers are able to find a configuration that brings the anthracene
closer to the surface of the Si QD, leading to stronger coupling and faster triplet exciton transfer than
predicted by the zero-temperature DFT calculations. The plotted radius of gyration and representative
snapshots for Si:[SiMe2],A (rn=1-3) are shown in the SI.

Conclusions: In summary, a series of H-[SiMe,],-anthracene (n=1—4) transmitter molecules were
synthesized and successfully attached to Si QDs to form Si:[SiMe,],A (n=1—4) hybrid structures with
increasing dimethylsilylene units, », in the bridge. We found the electronic coupling between Si QDs and
anchored dimethylsilylene anthracenes in these hybrid systems is intermediate between our previously
reported Si:9EA and Si:9V A systems. By optimizing the surface density of tethered anthracene transmitters,
the highest photon upconversion QY of 6.2% was obtained for Si:SiMe,A with DPA as an emitter. As the
dimethylsilylene units increase in the bridge, neither the photon upconversion QY or rate of triplet transfer
show an exponential decay with increasing bridge length. Although we are limited by the capabilities of
existing methods, our preliminary computational methods suggest this discrepancy is caused by dynamical
structural fluctuations that modulate the spatial separation between Si QDs and surface-bound anthracene
triplet acceptors. We hope this work stimulates ideas exploiting the conformational flexibility in
oligosilanes for hybrid organic and inorganic nanostructures that show efficient long-range energy or charge
transport.
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characterization, computational methods (PDF), etc. are available in the Supplementary Information.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00926c

