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ABSTRACT

Polyyne bridges have attracted extensive interest as molecular wires due to their shallow distance dependence during charge transfer. Here, we
investigate whether triplet energy transfer from cadmium selenide (CdSe) quantum dots (QDs) to anthracene acceptors benefits from the high
conductance associated with polyyne bridges, especially from the potential cumulene character in their excited states. Introducing n-electron
rich oligoyne bridges between the surface-bound anthracene-based transmitter ligands, we explore the triplet energy transfer rate between
the CdSe QDs and anthracene core. Our femtosecond transient absorption results reveal that a rate constant damping coefficient of is 0.118
+0.011 A7, attributed to a through-bond coupling mechanism facilitated by conjugation among the anthracene core, the oligoyne bridges,
and the COO® anchoring group. In addition, oligoyne bridges lower the T; energy level of the anthracene-based transmitters, enabling
efficient triplet energy transfer from trapped excitons in CdSe QDs. Density-functional theory calculations suggest a slight cumulene character
in these oligoyne bridges during triplet energy transfer, with diminished bond length alternation. This work demonstrates the potential of
oligoyne bridges in mediating long-distance energy transfer.

Published under an exclusive license by AIP Publishing.

INTRODUCTION ished bond alternation. Compared to saturated alkane bridges and
phenylene-based molecular wires, the exponential attenuation fac-
tor, f3, for the distance-dependent charge transfer rates for polyynes

Conjugated molecular wires with high conductance are inter- e ¢
is0.17-0.23 A7, lower than 0.94 A~ for methylene (-CH,-),” and

esting model systems that establish the limits of charge and energy
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transfer in soft matter. Molecular wires also play an important role
in hybrid organic-inorganic molecular-nanocrystal systems where
energy or charge must be transferred efficiently. Examples of large
tunneling transmission values are found in all-carbon sp-hybridized
linear chains in the form of polyynes or cumulenes. Polyynes are a
series of alternating single and triple carbon bonds, while cumulenes
are a chain of connected carbon-carbon double bonds with dimin-

0.42 A™" for p-phenylene.

Here, we investigate if the high conductance associated with
polyynes for charge transfer applies to triplet energy transfer (TET)
from CdSe nanocrystal donors to anthracene acceptors. This is a
model system for photon upconversion, where incoherent sources
of light, e.g., from the sun, can be combined via triplet-triplet
annihilation (TTA) to produce high energy photons. Other than
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the low damping coefficient § in a polyyne bridge, we were inter-
ested in the possibility that excited state geometries might involve
a cumulene-based resonance contributor. Cumulene character in
the excited state of polyyne bridges offers the tantalizing pos-
sibility of enhanced triplet energy transfer with increasing car-
bon chain length. Typically, coherent tunneling processes decay
exponentially with distance, but the reversed bond-length alter-
nation in cumulenes results in the opposite trend, where single
molecule conductance can increase with the length of the molecu-
lar wire. Scanning tunneling microscopy break junction (STM-BJ)
methods have shown either increasing conductance with increas-
ing length® or length independent single-molecule conductance in
cumulenes anchored by thioanisole to gold electrodes.” Nonequi-
librium Green’s function density-functional theory methods predict
either ballistic transport’ or an inverse relationship between charge
transmission and length.”’

In related work with organic donor-acceptor complexes, Zie-
leniewska reported an increase in the rates of charge recombination
with increasing carbazole-oxadiazole distances bridged by polyynes
(n = 1-4)."" This unusual distance dependence was explained by
increased accessibility to low-lying bridge states with increasing
bridge length/conjugation and calculations suggesting cumulenic
character in the bridge in the excited state that induced strong
vibronic coupling between the carbazole donor and oxadiazole
acceptor. In a separate study, Milani et al. showed that polyynes
terminated with conjugated n-systems showed cumulene character
with the modification of bond length alternation (BLA)."

Long, linear polyynes must be stabilized with bulky end-caps,
e.g., pyridyl (n = 4),"'"""" bulky pyridyl (n = 24),"”'° and BF; for-
mazanate dyes (n = 10)."” This means synthetic accessibility to
long, symmetric polyynes is possible, whereas asymmetric polyynes
are less tractable, limiting charge or energy transfer measurements
to shorter polyynes. For example, the first reports on asymmetri-
cally functionalized acetynyl and butadiynyl (n = 1 and 2) bridges
in 1997'¢ were followed by n = 1-4 oligoyne groups between
the N,N-diisopropylanilino donor and the 1,1,4,4-tetracyanobuta-1,
3-diene (TCBD) acceptor from Stefko et al.'” Vail et al. mea-
sured a § = 0.06 A" for the back electron transfer rates between
a Zn-porphyrin donor and fullerene acceptor bridged by alkyne
groups, where n = 2, 3, and 4. This low distance dependence
was attributed to the strong electronic coupling between the
Ceo acceptor, the oligonol bridge, and the phenyl group of the
porphyrin.”’

Here, rigid acetylene bridges are explored for enhancing triplet
energy transfer (TET) between the nanocrystal donor and transmit-
ter acceptor ligands for photon upconversion. Three anthracene-
based transmitter ligands with n = 0, 1, and 2 are employed:
9-anthracene carboxylic acid (9ACA), 9-carboxylic acid acetylene
anthracene (CAA), and 9-carboxylic acid di-acetylene anthracene
(CDAA), respectively. Our steady-state photon upconversion mea-
surements show that the upconversion quantum yield (QY) with
532 nm excitation using CdSe QD donors with 2,5,8,11-tetra-tert-
butylperylene (tBuyP) emitters decreases from 9.88% to 3.08% to
1.07% as n increases from 0 to 2 with 9ACA, CAA, and CDAA
transmitter ligands, respectively. Note that 50% is the maximum
upconversion QY. In addition, femtosecond transient absorption
(TA) measurements show that the rate of TET from QD to the trans-
mitter, TET; (krer1), shows a shallow distance dependence. The
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damping coefficient § for TET; is 0.118 + 0.011 A™", which is 4-6
times lower than that using the phenyl spacer with an anthracene
transmitter. Li and co-workers in 2016 demonstrated that when the
distance between CdSe QDs and the anthracene transmitter ligand is
increased by adding the rigid phenyl bridges, the TET| rate constant
is distance dependent following the Dexter energy transfer model
with the damping coefficient, 8 = 0.43 + 0.07 A" Another study
shows that when phenylene bridges are added between the CdSe
QD donor and anthracene acceptor, the triplet energy transfer path-
way changes from tunneling to a hopping mechanism over the 1 nm
Dexter distance.”” They also calculated that the damping coefficient
B is 0.7236 + 0.0005 A™" during the tunneling mechanism. Our cal-
culations show the coupling between CdSe QDs and the anthracene
core with polyyne spacers is dominated by the COO® anchoring
group, enabled by the conjugation between the acetylene bridge and
the anthracene core. In addition, there is slight camulene character
in CAA and CDAA during TET, where bond length alternation is
diminished. This work demonstrates that the acetylene spacer can
extend the delocalization of triplet excitons between photosensitized
donors and acceptors.

Triplet-triplet annihilation (TTA) based photon upconver-
sion can convert two lower energy input photons to a higher
energy photon. TTA can be used to enhance the performance
of organic light emitting diodes (OLEDs),””** photovoltaics,” *’
and biomedical applications.”*”” Hybrid molecule-nanocrystal sys-
tems for TTA based photon upconversion take advantage of the
small singlet-triplet energy splitting of excitons in semiconduc-
tor nanocrystals, or quantum dots (QDs).”” ** There are multiple
steps in the TTA based photon upconversion, including the first
triplet energy transfer from the photosensitizer QDs to the trans-
mitter ligand molecule (TET:), the second triplet energy transfer
from the transmitter ligand to the emitter molecules (TET>), and the
triplet-triplet annihilation (TTA) between the emitter molecules.
The total photon upconversion quantum yield, ®@uc, can be defined
as written in the following equation:

Dyc = 7 x Drerr X Prer2 X Orra X OFL, (1

where 7 is the spin statistical factor defining the probability of form-
ing a bright singlet state from a pair of annihilating triplet states.
@1 is the triplet energy transfer efficiency from the photosensi-
tizer to the transmitter ligand. ®@rgr2 is the triplet energy transfer
efficiency from the transmitter ligand to the emitter. @rra is the effi-
ciency of the triplet-triplet annihilation and ®gy is the fluorescence
efficiency of the emitters.

Figure 1(a) illustrates the TTA based photon upconversion pro-
cess in this work. In the energy diagram, 2.68 nm diameter CdSe QD
with the first exciton (1S352) transition at 529 nm is photoexcited
with 532 nm/2.34 eV photons at the band edge (see transmission
electron microscopy image and the size distribution in Fig. S1).
Note that 9ACA, CAA, CDAA (n = 0, 1, and 2 acetylene groups,
respectively), DPA, and tBusP do not absorb this green excitation.
Our previous work has shown that both bright and dark excitons
at the band edge in CdSe QDs have triplet character.”” The triplet
exciton is transferred to the transmitter ligands (9ACA, CAA, or
CDAA) and then to the DPA or tBuyP emitters via TET; and TET,,
respectively. Two emitter molecules in their triplet excited state
can undergo TTA to create a singlet, emitting a 3.06 or 2.47 eV
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FIG. 1. (a) The energy diagram shows the first triplet energy transfer (TET4) step
from the CdSe sensitizer excited with 2.34 eV to the transmitter ligands (9ACA,
CAA, or CDAA), which have different T4 energy levels (orange for 9ACA, magenta
for CAA, and cyan for CDAA). Then, the second triplet energy transfer (TET;) from
the transmitter ligands to the emitters (DPA or tBu,P) involved in photon upcon-
version via triplet-triplet annihilation (TTA). 3.06 eV (blue line) or 2.47 eV (purple
line) photon upconversion luminescence are observed depending on the emitter
molecules DPA or {Bu4P, respectively. (b) Normalized absorption (solid), fluores-
cence (dashed), excited with 375 nm. 9ACA (orange), CAA (magenta), CDAA
(cyan), DPA (blue), and tBusP (purple) are prepared in deoxygenated tetrahydrofu-
ran solution, and CdSe is prepared in deoxygenated toluene solution. All samples
are prepared at room temperature (RT) in the nitrogen glovebox with the molec-
ular absorption peaks or QD first exciton (1S3;,) wavelength at 529 nm < 0.1 to
eliminate the inner filter effect.

photon from DPA or tBuyP, respectively. Figure 1(b) shows the
steady-state absorption and fluorescence with 375 nm excitation
of the transmitter ligand molecules in tetrahydrofuran and CdSe
in toluene. The novel CAA and CDAA transmitter ligands and
nanocrystals are synthesized in house (see the details in Sec. 2 of the
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supplementary material). The red shift in the absorption and fluores-
cence maxima observed as # increases from 0 to 2 in the transmitter
ligand molecules is due to the extended m-conjugation (Table I).
Compared to 9ACA, CAA and CDAA show more distinct vibra-
tional peaks in fluorescence. This is because, at the Sy and S; minima,
the anthracene core in 9ACA has different dihedral angles with
respect to the COOH group at the 9-position.”* We found that this
dihedral angle goes from 58° in Sy to 29° torsion in S; (Fig. S2). In
contrast, in CAA and CDAA, both Sy and S; minima have COOH
coplanar with respect to the anthracene core; therefore, the S; min-
ima does not shift with respect to the So (Fig. S2). This results in
a smaller Stokes shift and more distinct peaks in the fluorescence
spectrum (Fig. S3). According to the wb97xd/6-31g(d) calculations,
phosphorescence peaks also bathochromically shift as more acety-
lene groups are added, from 807, 884, to 915 nm (Table I). The
fluorescence quantum yield, ®pr, for 9ACA, CAA, and CDAA is
42.8%, 60.1%, and 40.0%, respectively. The CdSe nanocrystals show
absorption peaks at 480 and 430 nm that may correspond to the 2S3/,
and 1Sy, exciton transitions, respectively, as discussed below.*” The
emission at > 600 nm is attributed to trapped excitons with lower
energy.

Steady-state photon upconversion was conducted with 532 nm
CW lasers for 2.7 uM CdSe QDs functionalized with 9ACA, CAA, or
CDAA in the presence of 3 mM DPA or tBuyP emitters in toluene.
The average number of ligands per QD is calculated from the steady-
state absorption spectrum after the ligand exchange (Fig. S4) by
using the molecular extinction coefficient, which is obtained follow-
ing previously reported work (see the details in Fig. S5).°® As shown
in Fig. S4, the average number of surface bound 9ACA, CAA, and
CDAA ligands is 10, 24, and 17, respectively, for samples with the
highest upconversion QY, correspond to the most efficient TET. The
QD-transmitter CdSe-9ACA (n = 0) photosensitizer produces 3.06
and 2.47 eV photons via TTA with both DPA and tBuyP emitters,
respectively, under 532 nm excitation (Fig. 2 top panel), with com-
parable upconversion quantum yields (UCQYs) at 10.7% and 9.88%,
respectively, calculated from Eq. S1 (Table I). Note that the maxi-
mum theoretical value of the UCQY is 50% due to the two-to-one

TABLE I. Important parameters for TTA-based photon upconversion with anthracene transmitter ligands of different numbers of acetylenes.

Transmitter ®yc with  dyc with tBuy  Distance

ligand Nabs (nm)* A (nm)’ Appos (nm)° Ty (eV)*  @pr (%)°  DPA (%) P (%)° (A" krer (s
9ACA 382 436 807 1.83 42.8 10.7 9.88 1.54 10.3+£0.53
CAA 416 444 884 1.63 60.1 0.02 3.08 4.28 8.72+3.44
CDAA 430 465 915 1.56 40.0 0.00 1.07 7.02 5.34+£0.79

*The absorption peak wavelength of the lowest energy.
"The fluorescence peak wavelength of the highest energy.

“The vertical phosphorescence peak wavelength from the wb97xd/6-31g(d) calculations method.

4T1 energy level by DFT calculations at ©b97xd/6-31g(d) level.

“Relative fluorescence quantum yield excited at 375 nm. DPA is used as a reference, with a fluorescence quantum yield of 90%."

fPhoton upconversion quantum yield with a 3 mM DPA/toluene emitter excited at 532 nm.
DPA reference is 90% in toluene excited at 375 nm (Eq. S1).

8Photon upconversion quantum yield with a 3 mM tBu4P/toluene emitter excited at 532 nm.
at 405 nm.”

The theoretical maximum value is 50%. The photoluminescence quantum yield of the

The photoluminescence quantum yield of the tBu4P reference is 70% in toluene excited

"The distance is reported to be the acetylene spacer length between the anthracene core and the carboxylic acid ligands.

IThe intrinsic rate constant of the triplet energy transfer from QDs to the transmitter ligands.
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FIG. 2. Photon upconversion luminescence spectra of CdSe-9ACA, CdSe-CAA,
and CdSe-CDAA with 3 mM DPA in toluene solution (blue) and with 3 mM tBu,P
in toluene solution (red). The photon upconversion quantum yield (®yc) with 3 mM
DPA emitter (blue) for CdSe-9ACA, CdSe-CAA, and CdSe-CDAA is 10.7%, 0.02%,
and 0.00%, respectively. The @y with 3 mM Bu,P emitter (red) for CdSe-9ACA,
CdSe-CAA, and CdSe-CDAA is 9.88%, 3.08%, and 1.07%, respectively. The max-
imum theoretical value of @ is defined to be 50%. All samples are prepared in
the nitrogen glovebox and excited at 532 nm.

photon process of TTA based photon upconversion. Compared to
CdSe-9ACA, CdSe-CAA and CdSe-CDAA do not perform upcon-
version with the DPA emitter (blue curves in Fig. 2). Note that QD
band edge emission at 550 nm and trap state emission at 750 nm are
observed when using CdSe-CDAA (Fig. 2, bottom panel; the 532 nm
is notched). This is due to higher QD concentration and the higher
excitation power used for the upconversion measurement of CdSe-
CDAA (Sec. 4.2 of the supplementary material). Upon changing the
emitter from DPA to tBuyP and, thus, lowering the T energy level
from 1.77 to 1.53 eV, a downhill energy cascade from CAA or CDAA
to tBuyP is expected, as TET, is no longer uphill such as in the
case of DPA. As shown in the red curves in Fig. 2, both CdSe-CAA
and CdSe-CDAA show 2.47 eV photon upconversion luminescence
with 532 nm excitation in the presence of the perylene emitter, with
UCQYs of 3.08% and 1.07% compared to negligible upconversion
with DPA. We assume that this is because the T; energy level of
CAA and CDAA is below 1.77 eV (T; of DPA) and above 1.53 eV
(T of tBuyP), thus allowing TET, from CAA or CDAA to tBuyP but
not to DPA. Our calculations assign the decrease in T energy level
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from 1.83 eV in 9ACA to 1.63 eV in CAA and to 1.56 eV in CDAA,
consistent with our photon upconversion results (Table I). Itis inter-
esting to compare the fact that there is no photon upconversion
with the DPA emitter from the acetylene bridged transmitter ligands
here, whereas the phenyl spacer samples show photon upconversion
with DPA. This indicates that acetylene lowers the T; energy level
of the anthracene core, while the phenyl group causes little pertur-
bation. Table S1 compares the UCQY between acetylene and phenyl
spacers. Taking into account the lower tBuyP fluorescence quantum
yield of 70% compared to DPA’s 90% and also the fact that smaller
CdSe QDs with a larger driving force for TET were used with the
phenylene bridges, the acetylene spacer shows a higher UCQY for
all samples with the tBuyP emitter, in contrast to the phenyl-bridged
samples with the DPA emitter.

The threshold intensity is another important factor for pho-
ton upconversion. The threshold excitation density is defined as
the minimum incident power for the transition from a quadratic
to a linear regime when plotting the upconverted emission against
the excitation power density. In the quadratic regime, most of the
triplets decay unimolecularly, while in the linear regime, TTA dom-
inates. Figure S6 shows the upconverted 2.5 eV emission from
3 mM tBuyP sensitized by 2.7 uM CdSe-9ACA, CdSe-CAA, and
CdSe-CDAA vs the power density using 532 nm excitation. The
experimental threshold excitation density increases in the order of
CdSe-9ACA, CdSe-CAA, and CdSe-CDAA, with values of 2800,
3700, and 6100 mW/cm?, respectively. This trend is anticorrelated
with UCQY with the tBusP emitter for CdSe-9ACA, CdSe-CAA,
and CdSe-CDAA, which is 9.88%, 3.08%, and 1.07%, respectively.
All UCQY reported here is in the linear regime, where UCQY is the
constant.

To investigate the triplet energy transfer mechanism in the
acetylene spacer samples, femtosecond (fs) transient absorption
(TA) was conducted with CdSe, CdSe-9ACA, CdSe-CAA, and CdSe-
CDAA in toluene. The samples are pumped at 530 nm, which
selectively excites the CdSe first exciton but not 9ACA, CAA, or
CDAA. Details of the experiment setup are provided in Sec. 5.1 of
the supplementary material. Figure 3(a) shows the TA spectra of
CdSe-CAA from 0.5 ps to 0.3 ps. TA spectra for other samples (CdSe,
CdSe-9ACA, and CdSe-CDAA) are shown in Fig. S7I. At early delay
times, <1 ns, the TA spectra for all samples are dominated by the
ground state bleach (GSB) at 425, 480, and 530 nm and the excited
state absorption (ESA) at 450 nm. Since only the 1S electron in the
CdSe conduction band is excited under a 530 nm pump, the 425, 480,
and 530 nm GSB can be assigned to the bleaching of the 1S1/2, 2S3/2,
and 1S3/, exciton transitions that involve the 1S electron, consistent
with the CdSe ground state absorption in Fig. 1(b). The 450 nm ESA
may be caused by the spectral red shift induced by the Stark effect in
the excited state.”” Compared to the pure CdSe sample, the presence
of the transmitter ligands (9ACA, CAA, or CDAA) leads to faster
recovery of the GSB signals and the appearance of new ESA signals
at late delay time (>0.2 ps), as shown by the blue dashed spectrum
in Fig. 3(a). To clearly observe the new ESA signals, nanosecond
(ns) TA measurements with longer delay times were conducted,
and the spectrum from 2 to 250 ps is shown in Fig. S8. Figure 3(b)
shows the ESA spectra of 9ACA, CAA, and CDAA obtained from
the smoothed ns-TA spectra of CdSe-9ACA, CdSe-CAA, and CdSe-
CDAA averaged at 10-11 ps when there is no CdSe contribution as
discussed below. These ESA spectra show clear peaks at 435, 450,

J. Chem. Phys. 161, 094707 (2024); doi: 10.1063/5.0223478
Published under an exclusive license by AIP Publishing

161, 094707-4

80:¥2:20 20T dunf 0¢


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7397992
https://doi.org/10.60893/figshare.jcp.c.7397992

The Journal
of Chemical Physics

(a) 5
. . SCAA*
A"'\\,M"_ o
[ - o AP
AV
Q -54
£ — 05-1ps
g — 5-6ps
101 — 100-120 ps
1-12ns
15 6-8ns
== 0.2-0.3 ps (x10)
400 450 500 550 600
Wavelength (nm)
(c)
2
04------
o
O -2
E
p:
-4
o 3CAA*(x2)
5 A QD-CAA 2S XB
QD 28 XB

10° 10" 102 10° 10* 10° 10° 107
Delay time (ps)

ARTICLE

pubs.aip.org/aipljcp

T T
400 440 480 520
Wavelength (nm)

AA (a.u.)

QD-9ACA

4 QD-CAA

7 QD-CDAA

— Fit

10° 10" 102 10° 10* 10° 10°
Delay time (ps)

FIG. 3. (a) fs-TA spectra for CdSe-CAA in toluene excited at 530 nm. (b) T4 to T, ESA spectra for CdSe-9ACA (red), CdSe-CAA (blue), and CdSe-CDAA (green) obtained
from ns-TA excited at 532 nm. (c) Transient kinetics of 2S5, exciton bleach (2S XB, brown up triangle) and CAA triplet (CAA”, dark blue square) in CdSe-CAA. Also shown is
the 2S XB in the pure CdSe sample (gray square). (d) Scaled 2S XB kinetics in CdSe (gray square), CdSe-9ACA (red circle), CdSe-CAA (brown up triangle), and CdSe-CDAA
(orange down triangle). The black curves are fitting to the kinetics. After considering the average number of ligands on the CdSe surface, the intrinsic triplet energy transfer
rate constants from the fitting kinetics are obtained as 10.3 + 0.53 us™" for CdSe-9ACA, 8.72 + 3.44 us~" for CdSe-CAA, and 5.34 + 0.79 us~' for CdSe-CDAA.

and 490 nm for 9ACA, CAA, and CDAA, respectively. The CdSe-
9ACA ESA spectrum matches well with the previous report on the
9ACA T, to T, absorption spectrum,”*’ which suggests that these
late time ESA spectra in Figs. 3(b) and S8 are the triplet excited state
absorption in 9ACA, CAA, and CDAA. Together, the faster GSB
recovery in QD and the triplet formation in the transmitter ligands
confirm the TET] step, as expected in Fig. 1(a). From the ns-TA data
(Fig. S9), the lifetime of the triplet in 9ACA, CAA, and CDAA is
found to be 288, 164, and 46 us, respectively (details of the fit-
ting are provided in Sec. 5.2 of the supplementary material). This
shorter triplet lifetime as the number of acetylenes increases results
in that the UCQY decreasing from 9ACA to CAA to CDAA since
the TET; efficiency decreases. This is in line with reports that the
non-radiative decay rates of polynes increase as # increases.’ ' """ o

To further investigate the influence of the acetylene spacer on
TET), we now focus on the TET kinetics in the three samples. These
triplet energy transfer kinetics can be followed by both the band
edge exciton decay in the QD part and the triplet formation in the
transmitters. The exciton kinetics are monitored at the 2S5/, exciton
bleach (2S XB) position at 480 nm to avoid the scattered pump light
(details in Sec. 5.1 of the supplementary material), and the transmit-
ter triplet kinetics are obtained by subtracting out the overlapped
QD signal as detailed in Sec. 5.3 of the supplementary material. Note
that although both band edge excitons and trapped excitons (elec-
tron in the conduction band and hole in trap states) can contribute

to the GSB signal in CdSe QDs and both can act as triplet donors,*’
it is unnecessary to separate their contributions in this study since
the difference in TET| between the three samples is introduced only
by the transmitters or by the acetylene spacers. Figure 3(c) shows
the 2S XB kinetics in pure CdSe and CdSe-CAA. The initial decay
part (<10 ps) is independent of the presence of acceptors and is the
same in all the samples [Fig. 3(d)]. Thus, this early decay is likely due
to biexciton Auger recombination’”** rather than acceptor-induced
charge or energy transfer. However, CdSe-CAA shows much faster
2S XB decay than pure CdSe at > 10 ps. Meanwhile, the CAA triplet

signal (*CAA") shows growth kinetics that agree well with the QD
28 XB decay kinetics, which are more clearly shown in Fig. S13. Fur-

thermore, the *CAA’ signal reaches its peak amplitude when the
2S XB signal decays to 0. The same phenomenon was observed for
CdSe-9ACA, as shown in Secs. 5.5 and 5.6 of the supplementary
material. For CdSe-CDAA, the 3CDAA” Kinetics were not available
due to decreased signal intensity in the femtosecond TA experi-
ment (Fig. S7Ih). Nevertheless, based on the results of CdSe-9ACA
and CdSe-CAA, it is expected that the faster 2S XB decay reflects
the TET, process in all three samples. Note that our previous stud-
ies have shown that the adsorption of transmitters on QD surfaces
through the carboxylic group does not introduce other decay path-
ways such as electron trapping.”” " Figure 3(d) compares the 2S XB
kinetics in CdSe-9ACA, CdSe-CAA, CdSe-CDAA, and pure CdSe
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FIG. 4. (a) The Ln value of the intrinsic triplet energy transfer rate constant (kcr, black squares), the squared spin density (p?, red dots), the squared QD exciton radial
distribution function (RDF,? blue up triangles), and the calculated TET rate constant (k., green down triangles), plotted as a function of the QD-transmitter distance. The
dashed lines are linear fits to the Ln values. (b) Schematic of the triplet energy transfer coupling between CdSe QD and 9ACA, CAA, and CDAA. The orange shadow
represents the RDF of the band edge exciton in CdSe. The spin density distribution of the T4 state in 9ACA, CAA, and CDAA is shown. The yellow dashed circle indicates
the integration volume of the spin density (p) around the anchoring COO® group in each transmitter. (c) Calculated TET rate constant as a function of driving force from band
edge excitons (BE, solid lines) and trapped excitons (TE, dashed lines). The colored bars at the top x-axis indicate the reorganization energy A in 9ACA (black), CAA (red),
and CDAA (blue). Inset: schematic of energy level alignment in the QD—transmitter complexes. Green area: energetic distribution of band edge exciton and orange area:

energetic distribution of trapped exciton.

QDs. The kinetics are clearly non-single exponential and can be well
fitted by a stretched exponential decay function, as shown in the
following equation:

A(t) = Age () @

In Eq. (2), Ao is the signal amplitude, o is the effective decay time
constant, and /3' describes the distribution of 7y, or its reciprocal,
the decay rate constant k. Fitting details are given in Sec. 6 of the
supplementary material. The fit results are shown in Fig. 3(d), and
the parameters are listed in Table S2. The stretch exponential decay
function reflects a broad distribution of TET; pathways, such as
transfers from band edge excitons and trapped excitons with dif-
ferent energies. Overall, the fitting yields a phenomenological TET;
efficiency of 80%-90% for all three samples (Table S2). Taking into
account the average number of transmitter ligands adsorbed on each
QD, we obtain the intrinsic triplet energy transfer rate constants
(i.e., rate constant per acceptor): 10.3 + 0.53 ps™' in CdSe-9ACA,
8.72 +3.44 us~" in CdSe-CAA, and 5.34 + 0.79 us™ ' in CdSe-CDAA,
as summarized in Table I. These rate constants are consistent with
literature reports of the same process in CdSe QD and 9ACA.”"***

Previous studies have suggested that triplet energy transfer
between CdSe QDs and 9ACA follows the Dexter energy transfer
mechanism,””"""’ where the rate constant krgr can be described
by*0-52

2
kgt = £|V|2FCWD. 3)

In Eq. (3), FCWD is the Frank-Condon overlap weighted density
of states. V is the electronic coupling between the initial and final
states,””

62

eZ
Vo< (Wﬂahl’f} = (‘I/D;‘PA| |1//D1//A,j>: 4

rD-A

where yp« () and yyu (y,) are the wavefunctions of the excited
triplet state (the groun(i state) in the donor and acceptor, respec-
tively. It is expected that the coupling term V decays exponentially
along the donor-acceptor distance rp_a. As a result, under the
assumption of constant FCWD, the rate constant should show the
similar distance dependence,

krer(r) o< [V(r)* = [V(0)[*e ™. (5)

In Eq. (5), V(r) and V(0) are the coupling terms at a
donor-acceptor distance of  and 0, respectively, and f is the decay
constant. Indeed, many recent studies on the distance-dependent
triplet energy transfer in QD-acceptor systems confirmed the expo-
nential decay of krgr when tuning the distance with QD shell
thickness,””" QD surface ligand length,”> or intervening phenyl
bridge length.”**"" Figure 4(a) shows the exponential fit to the mea-
sured krpr vs the QD-transmitter distance in CdSe-9ACA, CdSe-
CAA, and CdSe-CDAA. The distance is defined from the carboxylic
anchoring group to the anthracene core. The fitting shows a decay
constant ﬁk’TET of 0.118 + 0.011 A™! (see details in Sec. 6 of the
supplementary material), which is much smaller than those mea-
sured along phenyl bridges (0.32-0.72 A™"),”*>"" saturated hydro-
carbon bridges (0.52 A™1,% and inorganic shells (0.62-3.4 A1
In terms of CdSe photonsensitizer and anthracene transmitter
donor-acceptor systems, Li et al. demonstrated in 2016 that when
the distance between CdSe QDs and the anthracene transmitter lig-
and is increased with rigid phenyl bridges, the TET, rate constant is
distance dependent following the Dexter energy transfer model with
the damping coefficient 8 = 0.43 + 0.07 A™'.2! We have also shown
that the triplet energy transfer pathway changes from tunneling to
hopping”” with a damping coefficient 8 of 0.7236 + 0.0005 A~" when
the driving force for TET is larger.

This shallow distance dependence of kypr introduced by
the acetylene spacers may originate from a different coupling
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mechanism between the QD and the anthracene core. A recent study
by He et al. suggests that the through-space coupling dominates
when the QD exciton wavefunction leakage is large and directly
overlaps with the anthracene core.”” However, when the exciton
wavefunction leakage is small, such as in type I core/shell struc-
ture, the through-bond coupling starts to contribute to the triplet
energy transfer. Under this assumption, the 2.68 nm CdSe QD in
this study should also present a large exciton wavefunction leak-
age and prefer a through-space coupling. According to Eq. (4),
assuming that y,+ dominates on the anthracene core in 9ACA,
CAA, and CDAA, the through-space coupling indicates that the
distance dependence mainly originates from ypx, or the radial dis-
tribution function (RDF) of the exciton wavefunction, as illustrated
in Fig. 4(b). To test this model, we examined the RDF of the exciton
wavefunction in our QD. Details of the RDF calculation are given
in Sec. 7 of the supplementary material. Figure 4(a) shows an expo-
nential fit to the squared RDF (RDF?). The decay constant B is
5.00 + 0.32 A™!, much larger than By rgr> indicating that the slow
decay of kygr in CdSe-CAA and CdSe-CDAA cannot be explained
by the through-space coupling mechanism. We also note that
although previous studies with different types of spacers between
QD and triplet acceptors show much larger f; ;- than the acetylene

spacers here, those measured f ;- s (0.32-0.72 A~ are also sig-
nificantly smaller than the 8> calculated above. This comparison
may also exclude the through-space coupling mechanism in those
systems.

On the other hand, we also examined the through-bond
coupling mechanism. The through-bound coupling medi-
ated triplet energy transfer is well understood in molecular
donor-bridge-acceptor systems,” " where the donor’s orbital is
mixed with the bridge’s orbital.”” To compare different transmitters
on QD surfaces in this model, we focused on the transmitter
wavefunction y,+ near the QD surface. In particular, the T state
spin density (p) 1ntegrated around the carbon atom (within the
integration spheric radius of 1.8 A, yellow dashed circle in Fig. 4(b)
in the carboxylic anchoring group) is compared between 9ACA,
CAA, and CDAA. The calculation of p is given in Sec. 8 of the
supplementary material. Figure 4(a) shows the exponential fit to
the squared p (p*) with a decay constant B, of 0.161 + 0.035 A

closely matching the measured f; ;- of 0.118 + 0.011 AL, This
result indicates a through-bond coupling mechanism between the
CdSe QD and the anthracene core with acetylene spacers, which
may be promoted by the conjugation among the COO® group, the
acetylene group, and the anthracene core. Indeed, Fig. 4(b) shows
that the T, state spin density in CAA and CDAA extends from the
anthracene core to the COO® group through the acetylene spacer.
In contrast, the conjugation with phenyl spacers is hindered by
sterics,”” which may reduce the y,: amplitude at the anchoring
group and weaken the coupling.

Based on the through-bond coupling mechanism, we now
involve the FCWD factor to further explain the shallow distance
dependence of krgr. The FCWD factor can be written following a
Marcus-like theory,” and Eq. (3) is reformed as follows:

2
:2—h”|V|2FCWD:%T|V\2 ! exp[—(“AG)]. )

Ak, T 4k, T

ARTICLE pubs.aip.org/aipl/jcp

In Eq. (6), A and AG are the reorganization energy and driving force
for the triplet energy transfer reaction, respectively, and k;, is the
Boltzmann constant. The coupling V is represented by the spin den-
sity p. A and the T, energies are obtained from DFT calculations
(Sec. 9 of the supplementary material). AG is calculated as the differ-
ence between the T; energies and QD exciton energies: AG = T} —

As discussed above, both band edge excitons and trapped excitons
can transfer energy to the acceptors, and the rate constant obtained
from the stretched exponential fitting is averaged over these different
pathways. Therefore, the rate constant can be reproduced as follows:

keat = f Pse(E)kse(AG)dE + f Pre(E)krs(AG)dE.  (7)

Pty (E) describes the probability distribution of the QD band
edge (trapped) exciton state with energy E and can be estimated
from the QD PL spectral profile, which includes both band edge (BE)
exciton and trapped exciton (TE) emission, as shown in Fig. 1(b)
and Fig. S18. More details are given in Sec. 10 of the supplementary
material. k(AG) is given by Eq. (6). Figure 4(c) shows the calcu-
lated probability-weighted rate constant P(E)k(AG) as a function
of AG for both the band edge excitons (solid lines) and trapped
excitons (dashed lines). The reorganization energies are also indi-
cated at the top x-axis in Fig. 4(c). The inset in Fig. 4(c) illustrates
the energy alignment of QD excitons and transmitter triplets. In
CdSe-9ACA, the high 9ACA T energy (1.83 eV) renders a smaller
absolute free energy change or driving force (|AG| = |E — T1|, where
E is the band edge or trapped exciton energy), and the triplet energy
transfer from both band edge exciton and trapped exciton falls into
the Marcus normal region. As a result, the band edge exciton with
a larger driving force contributes mostly to the overall rate con-
stant. This is consistent with our previous PL lifetime measurements
in CdSe QD-9ACA," where the triplet energy transfer rate from
band edge exciton is much larger than that from the trapped exci-
ton. In CdSe-CAA and CdSe-CDAA, the transmitter T energies
are lower, 1.63 and 1.56 eV, respectively, resulting in large driving
forces for TET. Consequently, the triplet energy transfer from band
edge exciton falls into the Marcus-inverted region, while the transfer
from trapped excitons remains in the normal region. Compared to
CdSe-9ACA, the trapped excitons in CdSe-CAA and CdSe-CDAA
show a larger driving force for TET in the normal region and, thus,
show larger transfer rates, compensating for the quick decay of the
band edge exciton transfer rate from CdSe-9ACA to CdSe-CAA and
CdSe-CDAA.

The calculated average rate constants k. are plotted against
the acetylene bridge length in Fig. 4(a). An exponentlal fit to kg
gives a rate decay constant B, , of 0.103 + 0.026 A™!, agreeing
well with B 1, and .. The smaller Bical. than B indicates that
the FCWD factor allev1ates the exponential decay of krgr and that
the exponential decay trend is dominated by the electronic cou-
pling term. In the above simulation, the coupling V is set the same
in both kse(AG) and krg(AG). Since the trapped exciton wave-
function should be more localized due to the trapped hole, V is
expected to be smaller for krg(AG). A decreased V in kp(AG) will
reduce the trapped exciton contribution and lead to a larger B, ;.
closer to the experimental value. However, complete removal of the
trapped exciton contribution leads to a f, ; of 0.459 + 0.074 A
which is inconsistent with the experimental results and suggests
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that the trapped exciton contribution is necessary. Note that only
trapped excitons with energies larger than T; energies are consid-
ered in the modeling. We note that in the literature’”"’ and the
results here, the trapped exciton emission with energies lower than
T, is also quenched by triplet acceptors, indicating an endothermic
triplet energy transfer,”* which is not involved in the above model.
This model is further verified by simulating the XB decay kinetics
(Sec. 11 of the supplementary material) using the exciton energy
distribution and the triplet energy transfer rate constant calculated
from the Marcus-like theory [Eq. (6)]. Figure S19 shows that the
simulated kinetics qualitatively agree with the experimental results:
slowest decay in CdSe-9ACA and fastest decay in CdSe-CAA. This
consistency validates the triplet energy transfer model featuring a
Marcus-like theory and the trapped exciton contribution.

Finally, we consider the possibility of cumulenic character in
CAA and CDAA enhancing the triplet energy transfer rate from
CdSe to the anthracene core. As shown in Table S6, there is a reduc-
tion of the bond length alternation (BLA) in the T, state of CAA
and CDAA, indicating increased cumulenic character. This may
contribute to enhance the electronic coupling between the CdSe
and anthracene units and, thus, promote more efficient TET. The
cumulenic character increases from CAA to CDAA due to its larger
polyyne length, in agreement with the literature and the BLA values
reported for similar compounds with sp*-based end groups."!

CONCLUSION

Our femtosecond transient absorption results demonstrate that
the oligoyne bridges between CdSe QDs and anthracene cores intro-
duce a damping coefficient 8 of 0.118 + 0.011 A™" for the triplet
energy transfer rate constant. We attribute this shallow distance
dependence to the strong through-bond coupling between CdSe
QDs and CAA or CDAA promoted by the acetylene spacer. The
oligoyne spacers can extend the anthracene core wavefunction to the
COO® anchoring group to enhance the coupling strength. In addi-
tion, we found out that oligoyne spacers lower the T, energy level,
which opens a possible triplet energy transfer pathway from the
trap states. The trapped excitons contribute significantly to triplet
energy transfer from CdSe to the CAA and CDAA transmitter lig-
ands. Our DFT calculations support a slight cumulene character
in the triplet excited states for CAA and CDAA, where the rate of
triplet energy transfer is maintained even though the bond length
is increased. Altogether, this work shows that oligoyne spacers allow
energy transfer over longer distances while maintaining a fast energy
transfer rate, especially when compared to conventional phenylene
molecular bridges.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses experimental meth-
ods, synthesis, data fitting procedures, and computational details.
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