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Triplet photodynamic and up-conversion
luminescence in donor–acceptor dyads with
slip-stacked vs. co-facial arrangement†

Young Ju Yun, ab Francesca Peccati, c Gary P. Wiederrecht, d

David J. Gosztola, d Benjamin T. Diroll, d Gonzalo Jiménez-Osés ce and
A. Jean-Luc Ayitou *ab

The design/synthesis and characterization of organic donor–acceptor (D–A) dyads can provide precious

data allowing to improve the efficiency of classical photo-induced bimolecular interactions/processes. In

this report, two novel triplet D–A dyads (4 and 5) were synthesized and fully characterized. While the

optical absorption and emission profiles of these new systems exhibit similar spectral structures as that

of the triplet donor/sensitizer quinoidal thioamide (QDN), the transient absorption (TA) spectra of these

two dyads produced new features that can be associated with triplet transients and charge transfer spe-

cies. However, the kinetics of the excited-state processes/dynamics is significantly influenced by the

geometrical arrangement(s) of donor/acceptor chromophores. Further analysis of the TA data suggests

that the dyad with slip-stack geometry (4) is less effective in undergoing both intra- and inter-dyad

triplet energy transfer than the dyad with co-facial geometry (5). Subsequently, triplet sensitization of

9,10-diphenylanthracene (DPA) using both dyads led to upconverted photoluminescence via triplet–

triplet annihilation of DPA triplet transients. But, it was found that a maximum upconversion quantum

yield could be achieved at a low power density using the co-facial type dyad 5. Altogether, these results

provide valuable guidance in the design of triplet donor–acceptor dyads, which could be used for light-

harvesting/modulation applications.

Introduction

Organic triplet donor–acceptor (D–A) dyads are versatile scaf-
folds for many light-induced processes, viz., photovoltaic
devices,1–7 light-emitting diodes,8–10 and photocatalysis.11–14

To maximize the efficiency of the aforementioned processes,
it is crucial to design/engineer the ideal D–A scaffolds such that
the excited-state interaction(s) between the triplet energy donor
(D) and the acceptor (A) is not constrained by intra-dyad

geometrical parameters or extra/inter-dyad quenchers.15–19

In various pertinent literature, it has been reported that
the distance separating the D/A chromophores,20 the overlap
of the D/A wavefunctions/orbitals or dipole–dipole inter-
actions,20,21 the optoelectronic bandgap,22–24 and the structural
orientation of D/A units can affect the overall photophysics of a
triplet dyad.25–27 For example, Min-Ji et al.25 have found that the
geometrical features (ortho-, para-, and meta-) in triplet dyads
could impact photophysical events in these systems. Alexei
et al.28 also demonstrated that depending on the geometry/
length of the molecular linker/spacer in a D–A dyad, photo-
induced energy transfer could follow either the Dexter mecha-
nism or the Förster-type dynamics. The investigation of geometry
effect in co-facial type and slip-stacked perylene-diimide (PDI)
based dyads (known to undergo singlet fission to generate triplet
pairs) have also been investigated by Wasilewski et al.29,30 In this
work, it was found that the co-facial type PDI dyad shows the
rapid formation of excimer over the slip-stacked system. The
investigation of these systems has led to the conclusion that due
to slower excitons deactivation, via excimers formation, in the
slip-stacked D–A dyad, this scaffold could be used to improve the
performance of optoelectronic devices.
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Contrary to the investigation by Wasilewski et al., we wish to
report two triptycene-based dyads, where the co-facial D/A
interaction(s) is preferred and could lead to efficient intra-
and inter-dyad TEnT. The present investigation complements
a recent work22 (from our group), where a triptycene-based dyad
3 (Fig. 1) – synthesized from a quinoidal naphthylthioamide (QDN)
triplet energy donor and 3-ethynyl perylene (Per) – underwent
essentially photo-induced charge transfer (CT)31–34 in place of the
desired QDN - Per triplet energy flow (TnET) (ESI,† Fig. S13).

With dyad 3, it was further rationalized that the CT
dynamics stemmed from a change in the electronic bandgap
of the acceptor Per. The introduction of the acetylenic spacer
has contributed to reducing the HOMO/HOMO�1 levels of the
acceptor unit, albeit the triplet energy level of the acceptor
(ET E 1.53 eV)35 remains unchanged. Concurrent to the report
on dyad 3, we also reported36 that QDN (with ET E 1.77 eV in
DCM at 77 K and 1.67 eV in PEG200) could be used to perform
endothermic triplet sensitization of 9,10-diphenyl anthracene
(DPA) (ET E 1.78 eV)37 leading to DPA triplet–triplet annihilation
photon upconversion (TTA-UC) with a quantum yield (FUC) of
2% (4% after correcting for inner filter effect). By replacing Per
(in dyad 3) with DPA, it is expected that the QDN - DPA TEnT
process will not be affected but the issue with mismatched
electronic bandgap would be ‘‘corrected’’ based on the relative
energies of the frontier molecular orbitals (see Fig. 6). Furthermore,
the new molecular dyad(s) exhibits slip-stack and/or co-facial
geometrical features, which may influence the kinetics of the
QDN - DPA TEnT process. Herein, we report the synthesis and
photophysical characterization of two triptycene-based dyads 4 and
5 using anthracene/DPA derivatives A1 and A2 (Fig. 1). In the

present work, we investigated the kinetics of intra-dyad TEnT as
well as intermolecular TEnT in the presence of free DPA. While the
mechanism of the intermolecular triplet sensitization (via either
QDN or A1/A2) cannot be fully elucidated in the present work,
spectroscopy tools such as time-resolved pump–probe setup were
used to establish that formation of CT species during intra-dyad
TEnT could affect the efficiency of the TTA-UC process and/or its
underlying photophysical steps.

General methods

The synthetic procedures for all precursors for sensitizerQDN and
acceptors A1 & A2 are reported in the ESI† (Schemes S1–S7). All
spectroscopy measurements were performed using spectroscopy-
grade solvents. All NMR characterizations were carried out on a
Bruker 300 MHz spectrometer at 298 K. High-resolution mass
spectrum data were recorded on a Bruker microTOF II or
Shimadzu IT-TOF spectrometer in positive (ESI+) ion mode. All
spectroscopy measurements were performed using spectroscopy-
grade solvents. UV-vis absorption spectra were recorded on an
Ocean Optics spectrometer (DH-MINI UV-vis-NIR light source
and QE-Pro detector). Emission spectra were recorded on an
Edinburgh Instrument FLS980 spectrometer. Time-resolved
pump–probe spectroscopy was performed using an amplified
Ti:sapphire laser system (Spectra Physics Spitfire) equipped with
an optical parametric amplifier (OPA, Light Conversion, TOPAS).
This system produces 130 fs pulses at 5 kHz centered at 800 nm.
95% of the output from the amplifier is directed to the OPA to
generate tunable pump pulses in the visible and near-infrared

Fig. 1 Chemical structures of the triplet energy donor/sensitizer (QDN), acceptors (Per, A1, and A2), and the corresponding dyads 3, 4, and 5.
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spectral regions. For operation with 130 fs temporal resolution, the
pump pulse and the remaining 5% of the output from the amplifier
are directed to a transient absorption spectrometer (Helios from
Ultrafast Systems), where the 5% output is used to generate a
continuum probe pulse extending from 450 nm to 1400 nm by
focusing into a thin sapphire window. The pump pulse is chopped
at half the repetition rate to measure a difference spectrum for the
transient absorption measurement. The incident pump pulse for
these experiments at 510 nm had energy on the sample of 300 nJ
per pulse, focused to a 200 mm-diameter spot. The transmitted
probe light was collected, and fiber optically coupled to a spectro-
graph that used a visible (Si) array detector. Data were collected for
continuum wavelengths from 450 nm to 750 nm as a function of
delay track position for the continuum probe relative to the
undelayed pump pulse. The temporal chirp of the data was
experimentally determined and corrected before analysis. For longer
time scale processes, the probe light comes from a continuum light
source (EOS from Ultrafast Systems). In this case, the system
operates at 1 kHz and has a time resolution of 200 ps per point.
Decay times of several hundred microseconds can be measured.

Computational methods

Full geometry optimizations were carried out with Gaussian
1638 using the CAM-B3LYP hybrid functional39 and 6-31+G(d,p)

basis set40 with ultrafine integration grids. Bulk solvent effects
in dichloromethane and ethanol were considered implicitly
through the IEF-PCM polarizable continuum model.41 The
possibility of different conformations was taken into account
for all structures. All stationary points were characterized by a
frequency analysis performed at the same level used in the
geometry optimizations. Potential energies (DE) were used for
the discussion on the relative stabilities of the considered
structures. The quasiharmonic approximation reported by
Truhlar et al. was used to replace the harmonic oscillator
approximation for the calculation of the vibrational contribution
to enthalpy and entropy.42 Vertical excitations were computed at
the same level of theory with TD-DFT (Tamm–Dancoff
approximation43) with a linear response non-equilibrium treatment
of the solvent.44 In this regime, only the fast degrees of freedom of
the solvent are equilibrated with the excited state electronic redis-
tribution. Computation of solvent accessible surface areas and
orbital representation were performed with UCSF Chimera.45

TTA-UP procedure

The upconversion study was performed using a 532 nm continuous
wave laser beam (Nd:YAG with varying power from 20 mW to
2500 mW), which was focused onto the samples in a 2 mm
cuvette. The laser beam spot size had a diameter of 118 mm.

Scheme 1 Syntheses of triptycene-based D–A dyads 4 and 5.
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Samples of dyads 4 and 5 were prepared freshly in inhibitor-free
THF with 0.1 O.D. at 532 nm, then an equal amount of DPA
(saturated in THF) was added to each sample followed by 3
cycles of freeze–pump–thaw for deaeration. A 532 band stop
filter was used to block the incident light from the detector.
Upconverted photoluminescence emissions were collected and
processed with Igor Pro v8 software.

Syntheses of dyads 4 and 5

Dyad 4 and 5 were synthesized following a convergent synthetic
strategy, as shown in Scheme 1. The synthetic procedures for all
precursors of dyads 4 and 5 are comprehensively described in
the ESI† (Schemes S1–S7). Triplet sensitizerQDN (and Br–QDN) was
previously reported by our group.22,46 Dyad 4 and 5 were synthe-
sized using Suzuki coupling reaction conditions, where Trip-1 was
reacted with Br–QDN to afford Trip-2 (ESI,† Scheme S5). Then,
Trip-2 was reacted with anthracene A1 or A2 under Suzuki coupling
conditions to afford dyads 4 and 5, respectively (ESI,† Schemes S6
and S7). Both 4 and 5 were fully characterized by 1H and 13C NMR
(ESI,† Fig. S1–S12).

Results and discussion
UV-Vis and emission spectroscopy

Compared to the UV-vis absorption and emission spectra for
sensitizer QDN and acceptors A1 & A2 (Fig. 2A), the spectra of
dyads 4 and 5 (Fig. 2B) seemingly exhibit characteristics
features from the donor and acceptor(s) chromophores. Similar
to parent sensitizer QDN, dyads 4 and 5 can also harvest green
photons up to ca. 580 nm with noticeable absorption maxima at
402–404 nm. Interestingly, the transition around 450 nm points
to an expected ground-state CT species, which has been
observed in other investigations from our group.22 On the
photoluminescence behavior(s) of the two dyads, one can see
that the fluorescence emission spectra (lexc = 510 nm) are quite
similar, but the band of dyad 5 is slightly red-shifted at ca.
575 nm. For the two dyads, the broad and unstructured
fluorescence emission spectra are reminiscent of overlapped
transitions from the lowest singlet excited-state and (CT)*
species, as observed with dyad 3.22 Importantly, the quantum
yields (FF) for these emissions (FF_4 = 0.01 and FF_5 = 0.008) are
four times higher than that of parent sensitizer QDN (FF_QDN =
0.002) (Table 2) indicating that besides the intrinsic emission
from the S1 of QDN, there are additional radiative transitions,
presumably from (CT)* species. With these modest FF values
from these molecular systems, it was expected that the phos-
phorescence emission band of the QDN chromophore could be
recovered (Fig. 2A), unless the T1 ’ S1 Intersystem Crossing
(ISC) is significantly quenched. For both dyads, the phosphor-
escence emission spectra (recorded at 77 K in ethanol/dichloro-
methane glassy matrix) exhibit maximum intensities at ca. 722–
725 nm (Fig. 2B) with the typical profile of the parent QDN
chromophore. However, while the phosphorescence decay trace
of parent QDN was fitted with a mono-exponential function
with lifetime t725 = 0.4 ms, the decay traces for both dyads 4 and

5 showed bi-exponential kinetics with lifetimes t720/722 E
1.2 ms (major component) and 14 ms (minor component)
(Table 2). Based on our previous investigation with dyad 3,22

we ascertained that the major component (1.2 ms) is the
intrinsic phosphorescence lifetime of 3(QDN)* unit (within
the dyads) and the longer lifetime (14 ms) can be attributed
to either the phosphorescence lifetime from 3(A1)*/3(A2)* or the
triplet charge-transfer state 3(CT)* of the dyads.

Conformational analysis

A conformational analysis of dyads 4 and 5 in the ground state
(S0) was performed in two solvents: dichloromethane and
ethanol (see Computational methods). The optimized geometries
of four low-energy conformers of each compound and the relative
energies are presented. No significant difference in the relative
conformational energies for each dyad in the two examined
solvents was found. Alternative stackings of the donor QDN and
the A1/A2 moieties yield a variety of conformers in some cases
almost degenerate in energy (4a–c and 5a–c).

The geometries of both 4 and 5 were re-optimized in the T1

excited state from their most stable conformers in S0 (4a and
5a, respectively). In both cases, it was found that the spin
density (i.e. the unpaired electrons) was essentially localized
on the QDN fragment (Fig. 4). Calculations also revealed that
the energies of the singly occupied molecular orbitals (SOMO)
are very similar in both 4a and 5a (data not shown). Vertical

Fig. 2 UV-Vis absorption and emission spectra: (A) QDN, A1, and A2; (B)
dyads 4 and 5. Samples O.D. = 0.2 at lExc = 470 nm for QDN, O.D. = 0.1 at
lExc = 400 nm for A1 and A2, and O.D. = 0.1 at lExc = 510 nm for 4 and 5.
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excitations to different open-shell singlets calculated through
TD-DFT revealed low-wavelength (323–337 nm) charge-transfer
(CT) transitions for both dyads 4 and 5 (see ESI,† Table S1 and
Fig. S15–S30).

Using the solvent-accessible surface area (SASA) method, we
established that dyad 5 is more accessible to solvent and other
molecules than 4 (Table 1). Hence, we expect that bimolecular
DPAfree� � �DPAdyad interactions would be more efficient in dyad
5 than in 4.

Transient absorption spectroscopy

Next, time-resolved transient absorption spectroscopy (TA) was
employed to decipher the excited-state dynamics (TEnT or CT)
of the dyads upon excitation using pump wavelength 510 nm,
where acceptors A1 and A2 do not absorb (Fig. 5). As depicted in
Fig. 5A, B and 3D, E, the femtosecond TA (fs-TA) spectra of the

two dyads show an absorption band between 625 and 720 nm,
which was ascribed to the singlet 1(CT)*. Importantly, these
absorption bands match the position of the 1(CT)* emission
from dyad 3 (ESI,† Fig. S13D).22 However, the absorption signal
intensity for the 1(CT)* species is weaker for dyads 4 and 5 than
that of 3 (ESI,† Fig. S14), which indicates that in addition to the
CT process, an efficient ISC is simultaneously occurring
through either direct T1 ’ S1 or triplet CT state. However,
the isosbestic point at ca. 630 nm for 4 and 635 nm for 5
indicates an ISC mechanism leading to the formation of the
corresponding triplet transients (Fig. 5B and E). The decay
traces of 1(CT)* at 670 nm (4 and 5) were fitted with a mono-
exponential function leading to time constants of 34.7 ps for 4
and 43.4 ps for 5.

As one can see, the decay of the CT band centered at 670 nm
is accompanied by a simultaneous rise of the bands at ca. 600
and 550 nm. While the band centered at 600 nm can be
assigned to both 3(CT)* and 3(4)*/3(5)*, the one centered at

Fig. 3 Geometries of low-energy conformers optimized for 4 and 5 with CAM-B3LYP/6-31+G(d,p) in dichloromethane.

Table 1 Relative potential energies (in kcal mol�1) and solvent-accessible
surface areas (SASA, in A2) of four low-energy conformers of 4 and 5. For
comparison, the most stable conformer for each compound was arbitrarily
assigned zero potential energy

DEdichloromethane DEethanol SASA

4a 0.00 0.00 955.36
4b 1.97 1.82 954.10
4c 1.59 1.48 976.56
4d 7.48 7.24 980.41
5a 0.00 0.00 1024.69
5b 0.03 0.04 1024.53
5c 1.52 1.70 1018.11
5d 4.10 4.11 1031.41

Table 2 Optoelectronic data of QDN, 4 and 5

Entry Cpd. ea (M�1 cm�1) lmax
Abs

b (nm) lmax
F

b (nm) fF
b (%) lmax

P
e (nm) tP

f (ms) tT
g (ms)

1 QDN 12 444 454 545c 0.20c 725c 0.4 10.2c

2 4 5825.5 402, 404 567d 1.00d 722d 1.2 (80%) 4.2 � 0.002d

13.4 (20%)
3 5 4191.1 404 575d 0.80d 720d 1.3 (89%) 5.9 � 0.003d

14.7 (11%)

a Extinction coefficient was measured in THF. b UV-Vis absorption and fluorescence spectra were recorded in DCM. c lExc = 470 nm for QDN and.
d lExc = 510 nm for 4 and 5. e Phosphorescence spectra were measured in 50 : 50 (v/v) DCM :EtOH glass at 77 K. f Phosphorescence decay kinetics.
g Triplet state lifetime recorded by nanosecond pump–probe method in oxygen-free THF.

Fig. 4 Spin density at the T1 optimized geometry of 4a and 5a optimized
with CAM-B3LYP/6-31+G(d,p) in dichloromethane (surface isovalue =
0.002 a.u.).
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550 nm is characteristic of the triplet transients of the QDN
chromophore. However, for both dyads 4 and 5, despite that the
time constants (33.2 ps for 4 and 46.8 ps for 5) for the rise of the
triplet transient band(s) at 550 nm match well with the decay of
the 1(CT)* at 670 nm, these values could also correspond to the
time constant for direct T1 ’ S1 to form the triplet transient of
QDN (within the dyads). Moreover, using the bi-exponential
function to fit the band centered at 600 nm, it was possible to
extra time constants values of (2.7 ps and 46.7 ps) for dyad 4
and (26.4 ps and 103.6 ps) for dyad 5 corresponding to the
formation of the 3(CT)* and triplet transients 3(4)*/3(5)*. From
these analyses, it is clear that faster excited-state kinetics
observed with the slip-stacked dyad 4 would not be ideal for
efficient bimolecular DPAfree� � �DPAdyad interactions, in agree-
ment with our SASA calculations (Table 1).

If the above analysis holds true, the nanosecond TA (ns-TA)
experiments/results will provide additional proofs that geome-
trical features in the dyads of interest could impact the overall
photophysical characteristics including the TTA-UC process.

The ns-TA spectra for both dyads show the expected positive
absorption bands that correspond to the T1- Tn (Fig. 5C and F),
matching the band at a longer time scale in the fs-TA data. The
decay traces for these bands at 545 nm were fitted using a mono-
exponential function resulting in time constant values of 4.2 ms
for 4 and 5.9 ms for 5. Again, these values are in agreement with
the initial hypothesis (vide supra) that the slip-stack geometry
would induce rapid deactivation of the excited-state of the dyad
due to non-ideal orbital interactions (Fig. 6).

From the TA data analyses, we demonstrated that dyads 4
and 5 can still perform both TEnT and CT processes; but the
degree of (CT)* formation is significantly reduced in these
scaffolds than what was previously observed for dyad 3 (ESI,†
Fig. S14). In our analysis of the energies of the frontier
molecular orbitals and triplet state for the donor and all
acceptor units (Fig. 6), we found that while the sensitizer can
perform both endothermic and exothermic TEnT to Per, A1,
and A2; the HOMO�1 level for Per (compared to A1 and A2) is
lower in energy than that of the sensitizer QDN. Hence, the CT

Fig. 5 Time-resolved transient absorption 2D intensity map/spectra for dyads 4 and 5, and corresponding kinetics recorded in oxygen-free THF.
Samples with optical density O.D. = 0.4 at lExc = 510 nm. (A and B) fs-TA map/spectra for 4; (D and E) fs-TA map/spectra for 5. (C) ns-TA spectra for 4; (F)
ns-TA spectra for 5. Pump power = 0.3 mJ per pulse and 2.5 kHz repetition rate for fs-TA and 1 mJ per pulse and 1 kHz repetition rate for ns-TA.

Fig. 6 (A) Optoelectronic bandgap of QDNa, A1, and A2. (B) Singlet/triplet energy levels of QDN, A1, and A2. Note: QDNa represents QDN with one N-
bromo-phenyl substituent.
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process will be the dominant photophysical process in dyad 3,
whereas in dyads 4 and 5 the TEnT process should be the most
favored, but to different extents.

Compared to dyad 3, as the dominant process with dyads 4
and 5 is the TEnT, our first instinct was to explore intermole-
cular (inter-dyad) triplet sensitization of free DPA in the
solution. With this in mind, the fs-TA and ns-TA experiments
were performed using samples of dyad 4/5 in the presence of
free DPA (1 : 3 molar ratio) so that we can rationalize effective
DPA/dyad interaction(s) in the excited-state (Fig. 7). In Fig. 7A, B
and D, E, the TA results show a broadening of the fs-TA spectra
(compared to spectra of the dyads alone). Additionally, these
spectra feature different excited-state absorption structures at
670 nm (Fig. 7 and 8), suggesting some interaction between
transients of the dyads and DPA molecules (DPA� � �D–A or
D–A� � �DPA). In this scenario, energy transfer to free DPA should
be expected, and the changes seen in the absorption bands can
point to the formation of DPA transient(s).

As illustrated in Fig. 8, the comparison of the fs-TA spectra
(in the absence and presence of free DPA) indicates a decrease
in intensity of the absorption band at 640–730 nm, suggesting
an inter-dyad TEnT process. Although the direction of the
energy transfer could not be established in this work, the
analysis of the decay traces for the band centered at 670 nm
with free DPA produced a longer time constant value (41.4 ps)
than the time constant for 1(CT)* from dyad 4 alone (34.7 ps).
On the other hand, the kinetic trace of 5 + free DPA remained
unchanged (ca. 44 ps). The variation in the kinetic of the triplet
excited-state for the two samples (Fig. 7C and F) suggests that
dyad 5 is a better chromophore for intermolecular/inter-dyad
TEnT to free DPA than dyad 4. The changes in triplet lifetime
went from 4 and 6 ms (for 4 and 5 alone, respectively) to ca. 3 ms

for the two dyads indicating that the (4)* is dominated by CT
dynamics whereas ISC is preferred in dyad 5, and the later
system can perform both intra- and inter-dyad TEnT more
efficiently due to its larger, more extended electronic density.

Triplet–triplet annihilation photon up-conversion

Samples of dyads 4 and 5 alone did not show any TTA-UC
photoluminescence upon excitation at 532 nm. To ascertain the
observed inter-dyad TEnT to free DPA in solution, we recorded
the photoluminescence emission of samples of the dyads + free
DPA by varying the power density of the 532 nm incident light.
The upconverted emission spectrum of DPA is shown in Fig. 9A
and B with lmax = 434; this emission profile matches the
intrinsic emission of DPA alone (lmax = 400 nm). The residual
photoluminescence from the dyads, most likely from the (CT)*
state, were also recovered around 540–750 nm. The non-linear/
quadratic behavior of the TTA-UC process can be revealed by
plotting the corresponding logarithmic values of the emission
intensity and the power density (Fig. 9C and D). The compre-
hensive photophysical pathways for the two dyads are
described in Fig. 10.

As one can see, the double logarithmic plots produced slope
values of 2.0 and 1.4 for both dyads. The power density thresh-
old (Ith), where maximum TTA-UC quantum yield values (FUC)
will be observed, can be determined by intersecting the low and
high power density regimes. The calculated Ith for 4 and 5 were
3061 and 1520 mW cm�2, respectively. The higher value of Ith
for dyad 4 suggests that the inter-dyad interaction/TEnT with
free DPA molecules is competing with the formation of the CT
state/species. On the other hand, the lower Ith value, for co-
facial type dyad 5, correlates with previously reported data
(from our group),36 where the TTA-UC process using free

Fig. 7 Time-resolved transient absorption 2D intensity map/spectra for dyads 4 and 5 in the presence of free DPA in oxygen-free THF. (A and B) fs-TA
map/spectra for 4 + DPA and (D and E) fs-TA map/spectra for 5 + DPA. ns-TA spectra and kinetics of 4 + DPA (C) and 5 + DPA (F). Sample O.D. = 0.4 at
lExc = 510 nm. Pump power = 0.3 mJ per pulse and 2.5 kHz repetition rate for fs-TA and 1 mJ per pulse and 1 kHz repetition rate for ns-TA. The molar ratio
of dyad :DPA is 1 : 3.
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QDN and DPA chromophores gave FUC = 2–4% in PEG200 with
the Ith value of 1790 mW cm�2. The comprehensive dyads’

photophysical pathway and TTA-UC process are summarized in
Fig. 10.

Fig. 8 Differential fs-TA absorption spectra of the dyads (A) 4 and (B) 5 at time 1 ps after pump/pulse: (Red) without free DPA and (Blue) in the presence
of free DPA.

Fig. 9 Upconverted emission spectra of DPA in the presence of (A) 4 and (B) 5 excited at 532 nm (samples O.D. = 0.1 at 532 nm) in deaerated THF (3
cycles of freeze–pump–thaw). Double logarithmic plot of the upconverted emission (at lmax = 430 nm) for (C) 4 + DPA and (D) 5 + DPA as a function of
the logarithmic of the power density of the 532 nm Nd:YAG laser.

Fig. 10 Photophysical pathway of 4 and 5 (D–A) with TTA-UC process in the existence of free acceptor DPA (A).
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Conclusions

Using UV-vis emission and absorption and time-resolved tran-
sient spectroscopy tools, we demonstrated that molecular
arrangement and interactions in triplet donor–acceptor dyads
could influence the overall photophysics, viz., intra-dyad TEnT
and triplet sensitization. Photophysical characterization of
dyads 4 and 5 indicated that while subtle differences in
optoelectronic energies between donor QDN and the acceptor
(A1 or A2) chromophores cannot be ignored, the T1 ’ S1 ISC
was greatly influenced by the donor/acceptor geometrical
features. Slip-stacked dyad 4 was found to produce more
persistent CT species than the co-facial type dyad 5. On the
other hand, the later dyad was found to perform better in terms
of intermolecular/inter-dyad TEnT likely due to its larger sur-
face area. Furthermore, dyad 5 can sensitize free DPA acceptor
at a lower power density than dyad 4 (1520 vs. 3061 mW cm�2).
Consequently, it was possible to achieve TTA-UC of DPA using
these dyads as light-harvesting triplet sensitizer(s). The present
study provides key/exciting results and a further step in our
ongoing investigation on triplet donor–acceptor dyads, which
could be used as single-component chromophores for TTA-UC
in the solid state.
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