
Chinese Chemical Letters 31 (2020) 2965–2969

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
Communication
Singlet relaxation dynamics and long triplet lifetimes of
thiophene-coupled perylene diimides dyads: New insights
for high efficiency organic solar cells

Qingxuan Fana,1, Wenjun Nib,1, Lingcheng Chena,*, Gagik G. Gurzadyanb,*, Yi Xiaoa,*
a State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian [40_TD$DIFF]116024, China
b State Key Laboratory of Fine Chemicals, Institute of Artificial Photosynthesis, Dalian University of Technology, Dalian [40_TD$DIFF]116024, China
A R T I C L E I N F O

Article history:

Received 10 April 2020
Received in revised form 9 June 2020
Accepted 10 June 2020
Available online 13 June 2020
Keywords:
Ultrafast relaxation dynamics
Triplet excited state
Exciton lifetime
Photophysical process
Organic solar cell
* Corresponding authors.
E-mail addresses: lcchen@dlut.edu.cn (L

(G.G. Gurzadyan), xiaoyi@dlut.edu.cn (Y. X
1 These authors contributed equally to t

https://doi.org/10.1016/j.cclet.2020.06.018
1001-8417/© 2020 Chinese Chemical Socie
. Chen), gu
iao).
his work.

ty and Ins
[42_TD$DIFF]A B S T R A C T

In the active layer of organic solar cells (OSCs), the lifetime of triplet excitons is one of the decisive factors
in the diffusion length and therefore has important impact on the power conversion efficiency of the
devices. Herein, we have investigated singlet excited state relaxation dynamics and their triplet exciton
lifetimes of two thiophene-coupled perylene diimides (PDI) dyads (2PDI-Th and fused-2PDI-Th), in order
to provide a unique explanation in depth on their different performances in OSC devices. From the
transient absorption (TA) spectra, the singlet excitons of 2PDI-Th form excimers in the time scale of 1.5 ps.
Then the excimers go into the triplet state via intersystem crossing (ISC). In fused-2PDI-Th, triplet
excitons are generated directly from the singlet excited excitons via the efficient ISC. Density functional
theory (DFT) calculations further support the formation of excimers. DFT results indicate that 2PDI-Th
exhibits an H-typed molecular configurationwhich is beneficial to form the excimers, while fused-2PDI-
Th gives a twisted X-shaped configuration in the optimized ground and excited state. In steady-state
emission spectra, 2PDI-Th shows abroad and featureless spectral characteristics of the excimers with a
decay time of 840 ps, which is much shorter than those of PDI (5.5 ns) and fused-2PDI-Th (3.3 ns). The
triplet lifetime (67ms) of fused-2PDI-Th is factor of 3 longer than that of 2PDI-Th (22ms). These results
demonstrate that ring-fused structure is an efficient strategy to eliminate excimer formation and prolong
the lifetime of triplet excitons, which provides a new insight for design of optoelectronic molecules for
high efficiency organic solar cells.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Due to the long-lived property, the triplet excitons of photo-
responsive materials are extremely useful in the applications of
photodynamic therapy [1–3], photocatalysis [4–6], triplet-triplet
annihilation photon up-conversion [7–9], light-emitting diodes
[10,11], and photovoltaics [12,13]. Especially in the photovoltaic
field, the lifetime of excitons directly determines their diffusion
lengths, and thereby affecting the power conversion efficiency
(PCE) of the device. The singlet excitons with the short lifetime are
easily quenched and thereby transporting less than 10 nm, while
the triplet ones can overcome these disadvantages and increase the
diffusion length up to 10mm [14]. In the cases of perovskite and
silicon solar cells, due to the long lifetimes of the excitons, it is
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titute of Materia Medica, Chinese
possible to increase the thickness of the active layer more than
1mm to gain enough solar photons and have achieved the PCEs
over [43_TD$DIFF]25% [13,15]. Generally, for the organic dyes, the intersystem
crossing (ISC) process is spin-forbidden, and usually quantumyield
is quite low. Chemists have developed several ways to enhance
ISC, such as introducing the heavy metal atom in the molecules
[16–18], linking the triplet photosensitizer [19–21] and construct-
ing the electron donor-acceptor (D-A) structures [22–24]. Besides
these, extending the non-planar p-conjugation is found to
facilitate ISC via strengthening the spin-orbit coupling [25].

Perylenediimides (PDI) dyes are knownasphotothermally stable
compounds. They have strong absorption in the visible and
controllable electron energy levels. Therefore, they are one of the
most important electron acceptor materials in the non-fullerene
organic solar cells (OSCs) [26–30]. However, for the PDI monomer,
the large phase separation strongly decrease the exciton separation
efficiency [31]. To inhibit the intermolecular aggregation, there are
lots of twisted PDI derivatives created for high PCEs [32–37]. Among
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. [38_TD$DIFF]Steady-state absorption (a) and emission (b) spectra (inset with small scale
of y-axes) in dichloromethane of PDI, 2PDI-Th, fused-2PDI-Th; Optimized ground-
(c, e) and excited-state (d, f) geometries for 2PDI-Th and fused-2PDI-Th,
respectively.
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them, the bay-position derived PDI dimers, constructed by a donor-
acceptor structure, are designed to control the phase separation
domain and greatly improve the efficiencies of the OSCs [34,35,38–
40].An interesting result is that thebest PCEsof thePDIdimers could
bepromotedagainafter forming the ring-fused structure [35,38,39].
For example, in the previous publications [38,39], two thiophene-
coupledPDIdyads (asshowninFig.1, ring-unfused2PDI-Thandring-
fused fused-2PDI-Th) as electron acceptor materials in OSC devices
were tested under the same conditions. The PCEs of OSC based on
2PDI-Th and fused-2PDI-Th are [44_TD$DIFF]3.65% and 6.72% [38], (or 2.19% and
3.44% [39]) respectively. The improved device performance was
attributed to the appropriate phase separation domain, high and
balanced carrier mobility, raised lowest unoccupied molecular
orbital (LUMO)levels,anddecreasedgeminaterecombination.These
explanations are undoubtedly reasonable from their individual
perspectives of OSC devices. However, it is necessary to consider the
differences in the properties of excitation states (especially long life
triplet excitons, as mentioned previously) for the two electron
acceptors of the unfused and fused PDI dimers.

Looking at the unfused and fusedmolecular structureswith two
identical PDI units, it is logical to assume that there exist crucial
differences in excited state photophysical processes and lifetimes
of the excitons. They control whether the excitons can reach at the
interface for charge separating to achieve high short circuit
currents (JSC), because an obvious fact is that the devices based on
ring-fused compounds gave higher JSC than those of the ring-
unfused ones in the bulk-heterojunction OSCs [38,39]. Therefore,
we desire to investigate their intrinsic properties of the singlet
transition processes and exciton lifetimes of this typed PDI dimers,
which are never be considered.

Herein, 2PDI-Th and fused-2PDI-Th have been investigated by
the ultrafast transient absorption (TA) spectroscopy. As a result, the
two compounds exhibit absolutely different singlet excited state
relaxation dynamics and triplet excited lifetimes of the excitons.
The singlet excited excitons of 2PDI-Th firstly format the PDI
excimers within 1.5 ps, and then the triplet state is generated from
these excimers via intersystem crossing (ISC) within 0.5–1.1 ns,
while the singlet excited excitons of fused-2PDI-Th directly format
the triplet excited state with a generation time of 3.3 ns. And the
triplet exciton lifetime of fused-2PDI-Th is about 67 ms, which is
over 3 times longer than that (22 ms) of 2PDI-Th. All these results
indicate that such excitons of fused-2PDI-Th, with not excimer
formation but long lifetime, could diffuse in a long distance, which
are beneficial for achieving high PCEs in OSCs.

The two compounds were synthesized according to the
previous publications [38,39]. To understand the photophysical
processes of the two compounds, the parent PDI monomer (Fig. 1)
was also measured as a reference. All the compounds were fully
characterized with NMR andMS spectra (Supporting information).
The ground-state geometries and the corresponding energy levels
are optimized by the density functional theory (DFT) calculations
using the B3LYP functional and a 6-31G(d,p) basis set. The excited-
[(Fig._1)TD$FIG]

Fig. 1. Molecular structures of PDI, 2PDI-Th and fused-2PDI-Th.
state geometries and the corresponding energy levels are
simulated by TD-DFT with the same basis set as that of DFT.

As shown in Fig. 2a, the UV–vis absorption spectra was
measured in dilute dichloromethane with a concentration of
1�10�5mol/L. Compared with PDI, 2PDI-Th exhibits a broad and
red-shifted absorption band, while fused-2PDI-Th shows a narrow
and blue-shifted spectra with an increased absorbance in the
higher energy region due to the rigid thiophene fused p-conjuga-
tion. All three compounds show strong visible absorptionwith the
maximum molar extinction coefficients of 72,000, 61,000 [45_TD$DIFF]and
68,000 L mol�1 cm�1 for PDI, 2PDI-Th [46_TD$DIFF]and fused-2PDI-Th, respec-
tively. As shown in Fig. 2b, an analogous trend was found in the
fluorescence spectra of fused-2PDI-Th with the emission maxi-
mum of 540 nm, slight red-shift compared with that of PDI. From
the emission spectra, we see clearly that the fluorescence
intensities are different, which indicates very different fluores-
cence yields in three compounds. For 2PDI-Th, it emits relatively
strong fluorescence in the solution with an absolute fluorescence
quantum yield (FF) of 0.17. The fluorescence spectra of 2PDI-Th
becomes very weak (with a low FF of 0.02), broader and
featureless with strong red-shifted emission peak at 674 nm,
which is the conspicuous feature of excimers [41–44]. In addition,
the excimer formation is well-known as a trapping exciton process
and has a serious impact on exciton transporting [31,45–49].
Although the reported structures that can easily form the excimer
state excitons are the face-to-face geometry via N-position-
connected PDI dimmers [42,42,43,44,50], we believe that 2PDI-
Th derived from the bay-position connection may also get into this
state.

We simulated the molecular geometry using DFT and TD-DFT
calculations. As shown in Fig. 2c, the optimized ground state (S0)
configuration of 2PDI-Th is a twisted structure with a dihedral
angle of 72� between the two separated PDI units. In their
optimizedfirst excited singlet state (S1) (Fig. 2d), the dihedral angle
is decreased to 42�. Although two PDI monomers are not bound in
the face-to-face geometry, especially in excited state, they are
similar to an H-configuration. Thus, this molecular configuration is
beneficial to form the excimer state. Furthermore, it is commonly
known that molecular rotations often dissipate the excited state
energy through the exothermic way and therefore quenching the
fluorescence of dyes [51]. Indeed, from S0 to S1 of 2PDI-Th, the
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dihedral angle has changed of 30�, which can explain the extremely
low fluorescence quantum yield. We conclude that the steady-
state emission spectra is attributed to the excimer excitons. For
fused-2PDI-Th, in spite of the enhanced planarity and rigidity of
the molecule by ring fusion, there is still a twist angle of 29�

between the two separated PDI units in the optimized S0 state
(Fig. 2e). In the optimized S1 state (Fig. 2f), the molecular
configuration is nearly the same as that of S0 with a twist angle
of 28�. The entire molecule of fused-2PDI-Th exhibits an X-shaped
configuration, which is different from that of 2PDI-Th. Therefore,
the DFT and TD-DFT calculations reveal that the different
molecular configurations determine their unique steady-state
spectra properties.

The fluorescence maps of PDI, 2PDI-Th and fused-2PDI-Th in
dichloromethane were measured by time-resolved single photon
counting (TCSPC) technique at lex = 400 nm (Fig. 3). For PDI
(Fig. 3a), the fluorescence at 520�650 nm, corresponds well with
the steady-state fluorescence spectrum and exhibits a mono-
exponential decay with a lifetime of 5.5 ns (Table S1 in Supporting
information), in agreement with the publication [52]. However,
2PDI-Th exhibits different emission properties (Fig. 3b). The
fluorescence is red shifted (550�780 nm), moreover it decays
biexpontially with major component of 840 ps and minor
contribution of 100 ps (Table S2 in Supporting information). We
assign this red shifted emission to fluorescence of excimer. It
should bementioned that theweak fluorescence at 500�550 nm is
due to remaining impurities of fused-2PDI-Th, since their decay
times are similar, comparing 3.5 ns with 3.3 ns of fused-2PDI-Th
(Tables S2 and S3 in Supporting information). We have also
observed that 2PDI-Th is photochemically highly sensitive, i.e.,
easily can be transferred into fused-2PDI-Th. For fused-2PDI-Th,
the TCSPC map spectrum corresponds well with the steady-state
fluorescence spectrum (compare Figs. 2b and 3 [47_TD$DIFF]c). And from the
deconvolution results, the fluorescence exhibits monoexponential
decay with the lifetime of 3.3 ns (Table S3).

For further detailed study of photochemical and photophysical
processes, the femtosecond transient absorption (fsTA) technique
were applied with excitation wavelength of 500 nm (Fig. 4). The
fsTA spectra of PDI are presented in Fig. 4a. Excited-state
absorption (ESA) band was observed at 700 nm, which is assigned
to singlet-singlet absorption with decay lifetime of 5.3 ns (Fig. 4b
and Table S4 in Supporting information), in agreement with the
time-resolved fluorescence data and that from the publication
[52]. Negative parts of TA at 450�570 nm and at 570�600 nm are
due to ground-state bleaching (GSB) and stimulated emission,
respectively, which also correspond well with the maxima of
steady-state absorption and emission spectra.

As shown in Fig. 4c, the fsTA spectra of 2PDI-Th exhibit broad
GSB band in the range of 450�585 nm. Moreover, the fsTA spectra
of 2PDI-Th displays no stimulated emission, which indicates the
formation of excimer. Narrow positive band was also observed
with the maximum at 620 nm at early times; further, it broadened.
We assign this band to the excimer absorption [42–44,50]. The
kinetics of this absorption band indicates that the rapid formation
of excimer occurs within 6 ps (Fig. 4d and Table S5 in Supporting
[(Fig._3)TD$FIG]

Fig. 3. TCSPC maps of (a) PDI, (b) 2PDI-Th, and (c) fus
information). It is in agreement with the two-step mechanism of
the excimer formation: hot excimer is formed within ultrashort
time of <100 fs; vibrational cooling transfers hot excimer into
relaxed “cold” excimer within 4�8 ps [42–44,50]. This is also
accompanied by significant variation in the molecular configura-
tion; the molecular geometry has changed a lot with a dihedral
angle of 30� from S0 to S1. Kinetic fit at 620 nm results in excimer
lifetime of 500 ps (Table S5), which is in agreement with the time-
resolved fluorescence data. Moreover, the transient spectral
features show that the decay of the excimer results in appearance
of a relatively long-lived band at 475�585 nm, which corresponds
to triplet excited state absorption [50,53]. The kinetics at 490 nm
contains two time components: decaywith 39 ps and a rise time of
1800 ps. Because the triplet excited state absorption overlaps with
the GSB, the short time component of 39 ps is due to the GSB. The
time of 1800 ps represents the generation of triplet state. The fsTA
spectral data are in good agreement with the fluorescence results
of TCSPC.

Compared with that of 2PDI-Th, the fsTA spectra of fused-2PDI-
Th (Fig. 4e) is very different. The transient spectra shows a broad
GSB band in the region 450�520 nm, a weak stimulated emission
(SE) band at 525 nm [42–44] and two positive absorption bands
covering between 525 nm and 660 nm. Due to strong overlap with
GSB, the ESA in the range of 480�560 nm is not detected. The
absorption spectrum with peak at 610 nm is attributed to S1-Sn
transition. Decay of the singlet excitons with t =3.4 ns results in
appearance of 530 nm ESAwith trise
Supporting information), i.e., decay of singlet state results in triplet
state formation via ISC.

To extract the excited state dynamics, evolution-associated
spectra (EAS) of global fit are as shown in Fig. S5 (Supporting
information). According to the results of global fitting, for 2PDI-Th
(Fig. S5a), the EAS with the shortest time component shows that
singlet excited state decay and excimer growth occur within 1.5 ps.
Moreover, the decay time of excimer is 630 ps. For fused-2PDI-Th
(Fig. S5b), its singlet lifetime is 4.5 ns, that is, the time of the
intersystem crossing process is 4.5 ns. The results of the global fit
are basically consistent with the results of the previous bi-
exponential fit.

Nanosecond transient absorption (nsTA) spectroscopywas used
to investigate the long-lived kinetic processes. For PDI, long-lived
transient excitons were not traced in nsTA, neither in fsTA. As
shown in Fig. 5a, the spectra of 2PDI-Th in dichloromethane
exhibits two GSB bands in the range of 310�390 nm and
540�600 nm at lexc = 532 nm. Due to the overlap with the ESA,
GSB in the wavelength range of 400–540 nm is not observed.
Moreover, there is a strong ESA from 480 nm to 540 nm, which is
assigned to the triplet state absorption. Through kinetic fitting at
510 nm, triplet state decays with lifetime of 22 ms (Fig. 5b). The
nsTA spectroscopy of fused-2PDI-Th reveals a broad GSB covering
300�490 nm range, weak ESA at 490�500 nm and an intense
absorption peak at 550 nm (Fig. 5c). Obviously, these two ESA
bands belong to the same process, i.e., triplet state absorption. The
decay trace monitored at 550 nm gives a long triplet state lifetime
of 67 ms (Fig. 5d), which is factor of 3 times longer than that of

= 4.7 ns (Fig. 4f and Table S6 in
ed-2PDI-Th in 1 cm cuvette, excitation at 400 nm.
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Fig. 4. Femtosecond time-resolved absorption spectra (a, c, e) and the time-absorption profiles (b, d, f) in CH2Cl2 of [39_TD$DIFF]PDI, 2PDI-Th, and fused-2PDI-Th, respectively.
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Fig. 5. Nanosecond transient absorption spectra (a, c) and their decay trances (b, d) of 2PDI-Th and fused-2PDI-Th, respectively.
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2PDI-Th. The long lifetime of the triplet state excitons is favorable
to the exciton transporting and provides more possibilities for the
charge separation at the donor-acceptor interface of the active
layer in OSCs.

Since both 2PDI-Th and fused-2PDI-Th own long lifetime of the
triplet state excitons, we used them as the triplet photosensitizers
to oxidize triplet oxygen and measured the quantum yields (QY) of
singlet oxygen generation [25,54,55]. Using 1,3-diphenylisoben-
zofuran (DPBF) as a singlet oxygen scavenger and Ru(bpy)3(PF6)2 as
the standard (QY: [48_TD$DIFF]57.0% in acetonitrile). In non-polar solvent of
hexane, amoderate value of 30.0%was obtained for fused-2PDI-Th,
while a very low value of 1.3% was observed for 2PDI-Th. In the
polar solvent of dichloromethane, fused-2PDI-Th gives an en-
hanced QY of 48.4%, however in 2PDI-Th QY is very small (4.9%).
From TD-DFT calculations, the first triplet energy levels (T1) are
estimated of about �1.6 and �1.0 eV for fused-2PDI-Th and 2PDI-
Th, respectively. As we know, the T1 of singlet oxygen is at
�0.98 eV, which means that the triplet excitons of 2PDI-Th and
fused-2PDI-Th can sensitize the triplet oxygen. All these results
indicate that fused-2PDI-Th exhibits efficient ISC and longer
lifetimes of triplet excitons, which proved their important role for
high efficiency OSCs.

In summary, we have performed detailed study of the excited
states relaxation properties of two thiophene-coupled PDI dyads
2PDI-Th and fused-2PDI-Th. From the DFT calculations, 2PDI-Th
exhibits a similar H-typed molecular configurationwith a dihedral
angle of 72� in the optimized ground state between the two PDI
units. Especially in excited state, the dihedral angle decreases to a
less value of 42�, which is beneficial for the formation of excimers.
Compound fused-2PDI-Th shows an X-shaped configuration that
retains the same structure from S0 to S1. Compared to that of fused-
2PDI-Th, the steady-state emission spectrum of 2PDI-Th indicates
weak broad fluorescence of excimers. The lifetime of the excimers
(840 ps) is much shorter than those of the excitons of PDI (5.5 ns)
and fused-2PDI-Th (3.3 ns). From the fsTA spectra of 2PDI-Th, the
excimers are generated within 1.5 ps and decay with formation of
triplet statewithin 0.5–1.1 ns. For fused-2PDI-Th, the triplet state is
generated directly from the singlet state within 4.7 ns. The long
triplet lifetime (67 ms) of fused-2PDI-Th is factor of three longer
than that (22 ms) of 2PDI-Th. Moreover, for fused-2PDI-Th, the
efficiency of singlet oxygen generation (in dichloromethane) is
high, indicating an enhanced ISC. These results demonstrate that
ring fusion is a useful method to reduce the possibility of excimer
formation and extend the exciton diffusion length, which results in
overall improvement of photovoltaic devices. This strategy
provides not only a new insight for the high PCEs, but also a
rational design for the organic optoelectronic materials to achieve
high efficiency OSCs.
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