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ABSTRACT: Quantum dot (QD) sensitized molecular triplet excited TET
state generation has been a promising alternative for traditional triplet ) ,/

state harvesting schemes. However, the correlation between QD bright/ g{;?:st Dark L

dark states and QD sensitized triplet energy transfer (TET) has been e OStLtes\ % ) s L3 s I s
unclear. Herein, we studied the bright/dark states contribution to TET TET a2 VA VY
with CdSe/CdS core/shell QD-oligothiophene as the model system. hu Gl

Equilibrium between QD bright and dark states was tuned by changing CdSeII)CdS T6
temperature, and TET dynamics were monitored with transient -

absorption spectroscopy. Analysis of acceptor triplet excited state growth

kinetics yields rates of TET from bright and dark states as 0.492 + 0.011

ns™' and 0.0271 + 0.0014 ns™" at § K, suggesting significant contribution of bright states to TET. The result was rationalized by
bright state wave function components with the same electron/hole spin projections leading to nonzero TET probability. The study
provides new insights into QD sensitized TET mechanisms and inspiration for future TET efficiency optimization through QD
exciton engineering.

KEYWORDS: quantum dot, triplet energy transfer, exciton fine structure, transient absorption spectroscopy

Molecular triplet state generation has received extensive charge transfer virtual states'®’°™>’ and TET mediated by
research interest because of its wide applications in sequential charge transfer with charge separated state
photodynamic therapy,"” photon up-conversion® > and photo- intermediate.”**

catalytic organic reactions.”” Traditional approaches for triplet While unique properties of QDs have been utilized to
excited state formation include intersystem crossing of target improve the TET efficiency of QD-acceptor complexes, their
molecules and triplet energy transfer (TET) from molecular influences on mechanisms of QD sensitized TET have rarely
sensitizers. Both approaches involve intersystem crossing from been discussed. Molecule-to-molecule TET through direct
singlet excited states generated by light absorption, a process Dexter mechanism involves optically forbidden triplet excited
with large energy loss because of the relatively large energy gap states of the donor and acceptor molecules. In QDs, because of
between molecular singlet and triplet states.” Recently, strong spin—orbit coupling, spin is no longer a good quantum
quantum dot (QD) sensitized TET"™'' has been developed number and bright and dark exciton states resulted from the

as a promising route for triplet excited state generation because
of the unique advantages of QD sensitizers, including large
extinction coefficients,'”"> tunable absorption from visible to
near- and mid-infrared regions,”’15 and small bright and dark
state energy difference. %17 So far, TET from QDs to

molecular acceptors has been demonstrated for QD sensitizers 6,36— . . .
including Cdge,ls’lg PbS. 20 InP’' Cds,2 %d CsPbBr, tures.' 7 For example, in CdSe QDs with a wurtzite crystal

o3 . ; structure, the 2-fold degenerate 1S, , electron level, and 4-fold
perovskite® and has been integrated into photon up- : .

L 23-26 > . . 2758 degenerate 1S;/, hole level form 8 exciton states with total
conversion and photocatalytic organic synthesis.””

The TET mechanisms from QD sensitizers to molecular
acceptors have also been studied as it is a key step to determine
the overall efficiency of up-conversion or photocatalysis
systems.”” Inspired by TET and other triplet excited state
generation schemes in molecular donor—acceptor systems,
similar mechanisms have been proposed for TET in QD-
acceptor complexes, which include direct TET mediated by

bound conduction band (CB) edge electron and valence band
(VB) edge hole pair are determined by their total angular
momentum. These degenerate bright and dark exciton states
are further split by electron—hole exchange and QD shape or
lattice asymmetry to form band edge exciton fine struc-
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Figure 1. (a) Photophysical processes (arrows) in CdSe/CdS QD-T6 complex following QD excitation. The QD bright state generated by
excitation can relax to the dark state, and both bright and dark states can undergo triplet energy transfer (TET) to T6. (b) UV—vis absorption
spectra of free CdSe QDs (blue), free CdSe/CdS QDs (red) and CdSe/CdS QD-T6 complexes (yellow) embedded in polymer films at room

temperature.

angular momentum of 0, 1, and 2, respectively, which are
further split according to their angular momentum projection
along the wurtzite hexagonal axis (z axis) to form exciton fine
structures with a manifold of bright and dark states spanning
an energy range of a few to tens of meVs.'® These bright and
dark states have mixtures of electron spin singlet and triplet
characters, and it is unclear and has not been demonstrated
experimentally how QD band edge exciton fine structure
affects the TET process from the QD sensitizer to molecular
acceptors. Such ambiguity in QD sensitized TET mechanisms
could impede further optimization of the TET efficiency.
Therefore, detailed examination of the effect of exciton fine
structure on QD sensitized TET is necessary.

In this work, we systematically tune the relative population
of bright and dark states in CdSe/CdS core/shell QDs by
varying the temperature and study its effect on the TET
dynamics from the QD to attached triplet acceptors with
transient absorption (TA) spectroscopy. We use a function-
alized oligothiophene (3”,4”-dihexyl-
[2,2:5',27:5",2":5",2"":5"" 2" -sexithiophene]-5-carboxylic
acid (T6)) (shown in Figure la) as the acceptor following a
previous report of efficient TET in CdSe-T6 complexes.'’
With increasing population of dark states at lower temperature,
kinetics of triplet excited states of T6 show slower growth.
Further kinetics analysis shows that rate of TET from the
bright states to T6 is higher than that from the dark states. The
bright states contribution to TET can be attributed to the wave
function components with triplet-state-like spin characters,
resulting in nonzero TET transition probability.

CdSe/CdS core/shell QDs and T6 molecules were
synthe31zed according to procedures from previous litera-
ture,'”*" and the preparations of QD-T6 complexes dispersed
in toluene or embedded in a polymer matrix on the surface of
glass substrate are described in Supporting Information (SI)
Sections SI1 and SI2. CdSe/CdS core/shell QDs instead of
bare CdSe QDs were selected as the sensitizer because of their
low trap state population, which may also contribute to triplet
energy transfer and complicate the analysis.*”** The UV—vis
absorption spectra of the QD and QD-T6 complexes are
shown in Figure 1b. The 1S,—1S, absorption peak of the QD is
centered at 570 nm and shows negligible shift after T6
adsorption. The QD-T6 spectrum shows an additional peak
centered at 400 nm due to the T6 S;—S; absorption.19 It was
shown previously that there exists an equilibrium of T6
molecules bound on the QD surface and dissolved in solvent,
and the average number of bound T6 per QD for samples
prepared under the same condition was estimated to be
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~0.5." The surrounding temperature of the QD-T6 complex
was tuned by placing the film sample into a Janis STVP-100
cryostat (more details in Section SI1). As shown in Figure S2
in Section SI3, when temperature is decreased from room
temperature to 40 K, the 1S;—1S, exciton peaks of the QD and
QD-T6 both blue shift to 550 nm, consistent with previous
observations.”” However, in the temperature regime of 5—40
K, there is a negligible 1S, —1S, absorption peak shift of QD
and QD-T6, indicating a negligible change of the QD to T6
TET driving force in this temperature range.

Thermal equilibrium of bright and dark states in free CdSe/
CdS QDs was studied with temperature dependent TA
spectroscopy. TA spectra of QDs at room temperature with
550 nm pulse excitation (Figure 2a) show the exciton bleach

a) b)
0 AMAARAANRM AP A
Al M 0 7 7
0.10- .': V! f Qqodf / \‘ /
(0] 10 { Vi Y QD 298K o 10 | \‘. J QD 5K
£ ! t o —1-20ps E |} v ‘ — 120 ps
i | 20-500 ps I} ! 20-500
<<)1:—2()- ! 1-5ns 2:'20" 1 i 1-5ns Pe
{ 5-20 ns ! 11 5-20 ns
] | 20-50 ns \j | 20-50 ns
i ] — 50500 ns -30+ ! — 50-500 ns
-301 | —— 500-1000 ns i | —— 500-1000 ns
]
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)
d)
3004 O QD Lifetime
2250
(0]
£2004
QD
3

1504

10° 10 ¥
Time (ps) T (K)

Figure 2. Temperature dependent TA spectra and kinetics of free
CdSe/CdS QDs measured with 550 nm pulse excitation. Average TA
spectra of QDs at (a) 298 and (b) S K at indicated delay time
window. (c) Comparison of 1S,—1S, XB kinetics of QDs at indicated
temperatures from S to 298 K (open symbols) and their fits to
stretched exponential function (black solid lines). (d) Average
lifetimes of 1S;,—1S, XB recovery kinetics as a function of temperature
(open symbols) and fit to the model of thermal equilibrium between
bright and dark states (black solid line). Details of the model are
described in the main text.
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(XB) of 1S,—18S, transition at 570 nm and the transition from
higher hole levels to the 1S, level (denoted as the T band) at
473 nm, respectively, similar to previous reports.** As
temperature decreases from room temperature to 40 K, XB
peaks of 1S,—18, transition and T band blue shift to ~550 and
459 nm, respectively, along with decrease of the peak line
width, as shown in Figure 2b and Figure S3 in Section SI4. In
the temperature regime of 5—40 K, the position and line width
of the XB peaks show negligible changes. The result is
consistent with the QD UV—vis spectra change as a function of
temperature and can be rationalized by decreasing lattice
expansion and exciton—phonon coupling with decreasing
temperature.”*>*® As shown in Figure 2c, the 15,—1S, XB
kinetics show slower decay from 40 to 5 K, which can be
attributed to increasing population of dark state with longer
lifetime at lower temperature,”’ =’ consistent with previous
reports of temperature dependent photoluminescence lifetimes
of CdSe QDs.** Compared to XB kinetics at 40 K, XB kinetics
at 298 K shows slower decay from 1 ps to 10 ns and faster
decay from 10 ns to 1 us. The difference is attributed to not
only bright—dark state population change but also the change
in trap state population from 40 to 298 K.>°~>” For this reason,
our analysis is focused on the temperature dependent changes
from 40 to S K, which can be attributed to changes in bright
and dark state populations with negligible effects caused by a
change of trap states.”® Note that XB decay is dominated by
decay of bright/dark states to ground states instead of other
nonradiative pathways because of the high photoluminescence
quantum yield of QD in this temperature regime.**

XB kinetics from S to 40 K can be well-fit with stretched
exponential function, as shown in eq 1.

A(t) = Age™ W 1)

In eq 1, A(t) and A, are signal amplitudes at time ¢ and t = 0,
respectively, and 7, and f are the time constant and stretching
exponent of the stretch exponential function. The fitting
parameters are listed in Table S1 in Section SIS. Average
lifetime of XB kinetics can be calculated from fitting
parameters according to

. zzri]
@ ﬂ(ﬁ (2)

where I is the gamma function.”” Average XB decay lifetime as
a function of temperature is plotted in Figure 2d. On the basis
of a kinetics model involving forward and backward transfer
from bright to dark states in QD (more specifically +1" bright
states and +2 dark states) and their decays to ground state,48
temperature dependent average XB decay lifetime can be fit as

L BT 4 L
1 o

g = e—E/kT (3)

where (7) is the average lifetime of XB kinetics; 7, and 74 are
the decay time constants from bright and dark states to ground
state, respectively; E is the energy difference between bright
and dark states, and k is the Boltzmann constant. (More details
in Section SIS and Figure S4). Herein, it is assumed that
contribution of bright state to XB is as large as that of dark
state based on a simplified fine structure model described in
Section SIS and Figure S4. The fitting yields E = 1.21 + 0.55
meV, 7, = 46.5 + 7.0 ns, and 74 = 486 + 117 ns. The result
agrees with findings of temperature dependent QD photo-

+1

3899

. . . . . 47—49,54,55
luminescence experiment in previous literature. For

example, it has been reported that the dark exciton lifetime
decreases from ~1.4 to ~0.3 us when the CdSe QD diameter
increases from 1.7 to 6.3 nm."® In summary, equilibrium
between bright and dark states (+1" and +2, respectively) in
CdSe/CdS QD can be tuned by temperature.

Temperature dependent TET from CdSe/CdS QDs to
attached T6 was studied with TA spectroscopy. Because there
is no absorption of T6 at 550 nm (see Figure 1b), QD can be
selectively excited with a 550 nm pump—pulse, as confirmed in
Section SI6 and Figure SS5. As shown in Figure 3a,b and Figure
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Figure 3. (a and b) TA spectra of QD T6 complex from 1 ps to 1 s
with S50 nm excitation at 298 and S K, respectively. (c and d)
Comparison of 1S, —1S, XB kinetics of QD in QD-T6 complex (blue)
and in free QD (red) at 298 and S K, respectively.

S6 in Section SI7, TA spectra of QD-T6 complexes at all
temperatures show the same spectral features as those of free
QD:s at corresponding temperatures from 1 to 20 ps, indicative
of QD exciton generation. The TA spectra show growth of an
additional broad positive peak at 600—850 nm due to the T6
T,—T, absorption'” along with decay of the QD XB signal on
the 500 ps to 500 ns time scale, indicative of formation of T6
T, state (well-defined spin state) by TET from QD. With a
temperature decrease from 298 to 40 K, the T; — T, peak of
T6 shows a slight decrease of maximum peak amplitude and
slight red shift with peak maxima from 735 to 755 nm, while
negligible peak shift is observed in 5—40 K. The peak shift may
be attributed to aggregation of adsorbed T6 molecule at low
temperature.”® The 1S,—1S, XB signal in QD-T6 complexes
recovers faster than free QDs after ~100 ps, as shown in
Figures 3c,d and S7, consistent with TET from the QD to T6.
XB decay kinetics of QD-T6 complexes is consistent with
kinetics of T6 triplet signal growth, as shown in Figure S8,
suggesting direct Dexter type TET from QD to T6 without
other intermediates. This also agrees with a previous report of
direct Dexter type TET from CdSe QDs to adsorbed T6
molecules."”

Temperature dependent TET from QD to T6 is further
demonstrated in T6 triplet signal growth kinetics extracted
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from TA. The kinetics can be obtained by averaging kinetics
from 700 to 800 nm of QD T6 TA spectra and is shown in
Figure 4a,b. Because of negligible QD signal amplitude in this
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Figure 4. Temperature dependent T6 triplet signal (T, — T, induced
absorption) growth kinetics and the corresponding kinetics model.
(a) T6 triplet signal growth kinetics from 1 ps to 1 us in temperature
regime of S K (purple) to 40 K (yellow) and at 298 K (light pink)
plotted in log scale. (b) T6 triplet signal growth kinetics from 1 ps to
100 ns in temperature regime of 5—40 K plotted in linear scale. The
fitting of the kinetics based on the kinetics model is shown as black
solid lines. (c) Kinetics model for fitting the T6 triplet signal growth.
The model considers the intrinsic decay of bright (+1") and dark
states (+2) of QD to ground state (black arrows), forward and
backward transfer from bright state to dark state (black arrows), and
TET from bright and dark state to form Té6 triplet (red and blue
arrows, respectively).

regime, the kinetics solely represents the growth of T6 triplet
excited state population. As shown in Figure 4a, T6 triplet state
mainly grows from 100 ps to 100 ns and shows a relatively
small difference for increasing temperature from 5 to 40 K.
The small difference can be better resolved in the kinetics plot
in Figure 4b and Figure S9 in Section SI8. The kinetics shows
almost no dependence on temperature in the delay time range
of 1-5 ns but shows slightly slower T6 triplet growth with
decreasing temperature in the delay time range of 10—100 ns.
The difference is manifested from 5 to 10 K and is not obvious
for higher temperature, coinciding with change of thermal
equilibrium between brigh and dark states with temperature.
The result is consistent with slower 1S,—1S, XB decay with
increasing temperature (shown in Figure S10 in Section SI8).
Therefore, TET from QD to T6 is influenced by temperature
and is related to bright and dark states equilibrium. To better
rationalize the result, we applied the kinetics model in Figure
4c to fit the T6 triplet growth kinetics. The kinetics model
involves intrinsic decay of bright/dark states of QD to ground
state, exchange between bright/dark states, and potential TET
from both bright and dark states to T6 triplet excited state.
Considering the large energy difference between QD exciton
and T6 triplet excited states (AE = 0.41 eV),"” at the low
applied temperatures, back energy transfer from T6 to QD is

3900

neglected. On the basis of the model (with more details in
Section SI9), T6 triplet excited state growth can be described

as
1]

B+ lleﬁlt -1 B+ ﬂzelzt -

[T] = NBOkbt(

(A4 = )4 (A = )4,
+ Nk kreﬁ‘t -1 kreﬂzt -1
podl =) (4= )4, (42)
where
B = ke M 4 ky + ky (4b)

Ny, is the bright state population at t = 0, and 4, and 4, (4, >
A,) are the solutions for the following equation:

P+ (ky + ky, + b+ kg + kg + ke )2
+ (ky + ky, + k) (kg + kg + ke ) — k2™ =0
(4c)

Because in the Dexter energy transfer framework, the rate of
TET from donor (D) to acceptor (A) follows Fermi’s golden
rule:

2

kopr = " [Vlpgr” FCWD

(5)
where |Vl is the coupling strength and FCWD is the overlagp
integral of the Franck—Condon weighted density of states.”’
Coupling strength for TET is described by wave function
overlap and thus is temperature independent for bright and
dark states. FCWD can be described by spectra overlap
between T; — S, transition of the donor and S, — T,
transition of the acceptor and is temperature dependent.””"
Additional term u(T) was added to the fitting to account for
changes of ky,, and kg, from § to 40 K by change in FCWD as

FCWD(T)
FCWD(5K)
(6)

Herein u(T) is assumed to be the same for bright and dark
states because of the small energy difference between these
states.'® Figure 4b and Figure S9 show the fitting results, which
yield the TET rate from bright states to be 0.492 + 0.011 ns™",
the TET rate from dark states to be 0.0271 + 0.0014 ns™* at §
K, the relaxation rate from bright to dark states to be 0.368 +
0.016 ns™}, and u(T) to be 1.00, 1.00, 0.99, and 1.04 for T =
10, 15, 20, and 40 K, respectively. The negligible change of
FCWD from 5 to 40 K further supports that change in TET
growth kinetics is mainly due to change in bright/dark state
equilibrium. This is consistent with negligible spectra shift and
line broadening for both QD and T6 triplet signal from 5 to 40
K in TA spectra of QD T6 complex, suggesting little change in
FCWD with temperature. The bright to dark states relaxation
rate obtained from fitting is slower compared to values
reported in previous literature, which is attributed to the
difference in the QD sizes.” It should be noted that because of
the distribution of QDs with different numbers of adsorbed T6
molecules, there should also be a distribution of TET rates
from bright and dark states from these QDs.'”?° However,
under our experimental conditions, with the estimated average
number of adsorbed T6 per QD of ~0.5, the TET signal is
dominated by QDs with one adsorbed T6." For simplicity,

kbtordt(T) = kbtordt(sl<) u(T) = kbtordt(SIi)
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only one TET rate constant from the bright and dark exciton
states is used in our fitting model.

The faster TET from QD bright states than from dark states
differs significantly from TET between molecular donors and
acceptors. As shown in Figure S11 in Section SI9, T6 triplet
growth would be faster with decreasing temperature if TET
occurs solely from dark states based on the kinetics model,
which contradicts the experimental observation. Therefore,
current experimental result suggests the significant contribu-
tion of TET from bright states of QD to attached acceptor.
The nonzero rate of TET from the bright state of QD can be
accounted for by evaluating spin characters of bright/dark
states in QD and TET rate expressions. With the wave
function expressions of doubly degenerate 1S, electron states
of CdSe/CdS QD and 4-fold degenerate 153/2 hole states
(shown as eqs S8—S10 in Section SIlO),lé the wave functions
of 0% +1Y, 0Y, £1% and +2 states can be calculated by
considering the asymmetry of QD shape and lattice and
electron—hole exchange interaction and shown as eqs S12a—i,
which were demonstrated in previous literature.'® By
separating out the spin wave functions of the electron and
hole, exciton states wave functions can be generally written as

( ) = cx (/’X(l ( ’h)' (DA

+ CX (PX ey s 10 L Ny
cﬂx Vg 1)l L)1
Doy Dy 1)l L)l L)y @)

where @y)(r,r,) is the part of the wave functions of exciton
state X involving real space coordinates and consists of
envelope functlons and Bloch functions with real space
coordinates, and cX ) is the corresponding constant. Therefore,
specifically for CdSe/CdS QD, all exciton states consist of
components with the same and opposite electron/hole spin
projections, as shown in Figure 5, although spin of electron
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+2—>

+1”
P — |

e h* e h*
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Figure 5. Diagram of bright and dark states in CdSe/CdS QD. The
lowest dark states are &2 states, while the lowest bright states are +1
states. Wave functions of these states all consist of components with
the same and opposite electron/hole spin projections.

and hole in QD is not a good quantum number because of the
angular momentum coupling. Note that this characteristic of
QD bright/dark state wave functions differs from many
molecular sensitizers with well-defined singlet and triplet
excited states, but shares some similarity with organometallic
sensitizers with strong S0 T, transitions caused by strong
spin—orbit coupling.””

With the wave functions of bright/dark states of QD, the
rate of TET from QD can be evaluated. Because of similar
FCWD in rates of TET from bright and dark states due to a
small energy difference between these states, coupling strength
is the factor resulting in the difference of the TET rate of
bright and dark states. In Dexter’s formula for TET, coupling
strength is described as two-electron exchange integral:
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IVl <¢Ho(1) rpLU(Z) <0LU(2) ¢H0(1)>

X O(}?O(I)U(QO(I)KX&(Z)W&(Z)) (8)

where HO and LU stand for HOMO and LUMO orbitals and
7 is the spin wave function (either I1) or I})).”” Equation 8 can
be applied to evaluate the exchange integral for TET from QD
to T6, with the QD wave function given by eq 7. For example,
when considering TET from QD to the triplet excited state of
the T6 with the same electron spin projections in HOMO and
LUMO (mg = +1, in which S = 1 is total spin of electrons in
T6), the integral in eq 8 will be nonzero only if spin
projections of QD electron and hole are the same. Because
both bright and dark states contain components with the same
electron and hole spin projections, as shown in eq 7 and Figure
S, the TET coupling matrix elements are nonzero for both
bright and dark states. The analysis is consistent with
experimental results that both bright and dark states of QD
can undergo TET to form a T6 triplet excited state. More
quantitative evaluation of the relative TET coupling strengths
from the bright and dark states is difficult because they are
determined by not only the relative contribution of spin triplet
components to the QD wave function but also the wave
function overlaps between the QD and T6 triplet states. The
evaluation of the latter is beyond the scope of this work and
would likely require advanced modeling of the wave functions
of the QD-T6 complexes. TET pathways with charge transfer
virtual states have been considered to outcompete direct
Dexter energy transfer described by two-electron exchange
integral. 32657 In this scenario, one-electron integral for
electron/hole transfer should be evaluated, in which the
same spin integral terms (y110(1)lrii0(1)) and (yPu(2)lrfiu(2))
will be included. Therefore, the conclusion that bright and dark
states both can undergo TET in CdSe/CdS QD is still valid for
TET pathways involving virtual states.

In summary, we demonstrate the TET in CdSe/CdS core/
shell QD-functionalized oligothiophene complex sensitized by
both bright and dark states through analysis of dependence of
TET dynamics on temperature, which could shift equilibrium
between bright and dark states. Nonzero TET rate of bright
and dark states can be rationalized by considering the electron
and hole spin projections in wave functions of QD, with
components of the same electron/hole spin projections
bringing about nonzero TET probability. The conclusion is
applicable to various TET pathways involving direct two-
electron exchange Dexter energy transfer and charge transfer
virtual state mediated TET. Similar analysis may also be
applied to other QDs, including PbS and CsPbBr; QDs. Our
finding suggests that simple analogy between bright/dark states
in QDs and singlet/triplet excited states in molecules cannot
be made, and the mechanisms for QD sensitized TET should
be treated differently in certain aspects compared to
mechanisms for TET in molecular donor—acceptor complexes.
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