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AbstraE

The eproMf singlet fission (SF) materials in optoelectronic devices is restricted by the

limited n @ SF materials available and developing new organic materials that undergo

singlet fissi@fgi significant challenge. Using new strategy based on conjugating strong

donor r building blocks, we have designed and synthesized the small molecule

{

(BDT(DPP polymer (p-BDT-DPP) systems knowing that bisthiophene-2,5-

U

Dihydrop ,4-c]pyrrole-1,4-dione (DPP) has a low lying triplet energy level, which is

furthe ed by Time-Dependent Density Functional Theory (TD-DFT) calculations. TD-

A
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DFT and natural transition orbital (NTO) analysis were conducted to gain insight into the

photophysical properties and features of excited states in BDT(DPP),, respectively.

Femtosecmnosecond transient absorption spectroscopy were used to investigate

the excite tics in the synthesized compounds. A global target analysis (GTA) was
N

also appl to help analyze the transient absorption data and identify the individual

features. @nation of triplet pairs in thin film of p-BDT-DPP and BDT(DPP), and the

equilibriunaaf tion of correlated triplet pairs and S; from triplet-triplet annihilation in
solution o PP), is evidence of SF in these compounds. The short triplet lifetime, as a
result of excitonic recombination pairs, provides additional support for their

formationfthrough singlet fission.
n

Singlet ) is a spin-allowed process in which absorption of one photon in an

1. Intr

assembly s two nearby chromophores forms two triplet excitons from an excited singlet.m

It can be d under favorable energetics when the energy of the first singlet state
(E(Sy)) is at twice that of the corresponding first triplet (2><E(T1)).[2'3] The first report of
singlet&ion dates back to 1965 where it was proposed to explain the photophysics
of anth#ecrystals.m SF has attracted great attention in recent years as it has the

potential Ese the maximum efficiency of solar cells from the Shockley-Queisser limit
of 32%{35%}5@ To exceed the single junction limit, two charge carriers must be
extracted fro h triplet excitation generated through SE,
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High triplet population efficiencies and long triplet-state lifetimes make singlet fission
particularli attractive for practical applications. SF has been reported in a limited number of
systems smcenes[w, oligophenyls™™®, diphenylisobenzofuran,'* carotenoids,****!
conjugate 1481 and dimers.™® 7! Although the range of compounds capable of
N
undergoing singlet fission continues to grow, a highly efficient system incorporated into real
photovolt‘c app,cations remains to be discovered™® with only limited literature reports of
SF materimhave been successfully incorporated into a solar cell™. Furthermore, a

detailed understanding of the SF mechanism remains obscure.

In most of the existing systems, the singlet fission mechanism is intermolecular in which the
initial singg shares its energy with a neighboring chromophore and this leads to the
formatiomtriplets on adjacent molecules.” The formation of a bimolecular excimer
in the is a limiting step because of its intermolecular nature, and it requires
strong§oupling between the nearest neighbors.[21] A potentially more attractive
alternative is to promote multiexciton generation based on intramolecular processes, in
which twc“excitons are generated in the same molecule. The fission in these systems
is less den molecular orientation and does not require intermolecular coupling.[zz'

2l Intram singlet fission (iSF) has been observed in some conventional conjugated

polym ers but the yields to date have not exceeded 30%.24] Recently, highly

S

efficient i been reported in polytetracene, polypentacene and electron donor-
s

acceptor 120,22, 26-28] 110 key requirements for iSF in these systems are: the triplet

state @uld be close to half of the photoexcited singlet energy level®: and a
[29]

significant charge transfer character should exist to facilitate the SF process
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Singlet fission can be achieved through two mechanisms:"% (i) coupling the first singlet state

(S1) directly to the correlated triplet state (TT), which is a two electron process, or (ii)

coupling mstates via a charge transfer state, which is achieved through two
consecuti tron processes. It has been demonstrated that the second coupling is
N

stronger tfan the first resulting in the charge transfer state playing a significant role in the

singlet fisfon pratess.3%

The follomwc model was proposed from previous experimental and numerical

simulatio:s[“:

S1t+Sso= =T, +T; (1)

This acce el describes the conversion of an excited and ground singlet state to an
intermedia e known as the correlated triplet pair which plays an important role in the
SF process. intermediate state subsequently converts into two independent triplet
excitorts:. advances in ultrafast spectroscopy make it possible to observe the

intermediSe steps in more detail. To date there is very little information about the
dynamics correlated triplet pair[33]. However, this intermediate state is crucial in
mediating s it is an overall singlet state” so investigating its dynamics can help

unders, i re about the mechanism of SF.

th

Exploiting lar design based on the intramolecular donor-acceptor approach allows

U

variation electron withdrawing building block to be used to tune the singlet energy

level i to the triplet energy level to meet SF energy level requirements. This

A

molecular design leads to a new series of compounds capable of singlet fission for third

generation optoelectronic devices. For inclusion in organic solar cell devices, it is also

This article is protected by copyright. All rights reserved.
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desirable that the SF material can be solution processed, and in addition promote singlet

fission in the solid state. This is important as many of the recent studies on SF materials

have beegdoaut in solution and either studies in the solid state have not been
undertak terials do not show SF in the solid state.!?% 3%

{

Bisthiophbdihydropyrrolo[3,4—c]pyrrole—1,4—dione (DPP)-based systems have recently

demonstr

C

let fission with high yield.[35'37] Due to its polyene character, DPP exhibits

a low-lying tfiplét excited state and so is a promising structure upon which to base new

$

[

molecule let fission applications. 38 |n this work we describe the development of a

U

solution processable, solid state SF material where we have combined 4,8-bis(5-(2-

1

ethylhexy(4. Ithiophen-2-yl)benzo[1,2-b:4,5-b'ldithiophene (BDT) as the strong

electron don d DPP as the electron acceptor with low triplet energy level, to synthesize

d

the m T(DPP),) and a corresponding polymer (p-BDT-DPP). TDA-DFT (Time-

Dependen y Functional Theory with the Tamm-Dancoff Approximation)lag] and NTO

M

(natural transition orbital) calculations were performed and confirmed the possibility of
singlet fis iiage rms of the energetic landscape. We investigated singlet fission in both the

molecule (& glymer in the solid state and in solution. We report singlet fission in

614

BDT(DPP).gi ion and in a thin film, and p-BDT-DPP in a thin film, with triplet yield of

20% a o, ectively.

th

2. Results

U

2.1. Str and electronic properties

A

TDA-DFT (with the CAM-B3LYP" functional approximation to take into account possible CT

excitations) and NTO analyses were conducted to gain insight to the photophysical
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properties and features of excited states in BDT(DPP),, respectively. The optimized structure

of BDT(DPP), is shown in Figure S1 and its coordinates are reported in the Table S1

supplememj‘mrmation. The thiophene ring, which is attached to the BDT core, is

twisted a of 44° relative to the BDT core, whereas the backbone structure is
N

coplanar. §he lowest-lying singlet excited state (S;) is strongly dipole-allowed (f=1.73) with

4

the vertic@l excitd@tion energy of 2.24 eV. Moreover, the first triplet excited state (T), which

G

is a dark sgat s the vertical energy of 1.15 eV. It is found that for this compound and

S

chosen level of theory HOMO-> LUMO excitation acts as the main configuration. The

U

electron a NTO patterns for the S; and T, states, and the distribution patterns of the

highest o@upied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

fl

(LUMO), onstrated in Figure 1. It was demonstrated that the splitting between

d

singlet and“t t is proportional to the exchange integral Kuomo,.umo =Kn which is the
repulsion o identical overlap charge densities, defined by the product of HOMO (h) and
LUMO ¢ important factor for the K, is the degree to which the HOMO and the
LUMO avd@id residing on the same atoms. As a result, the large degree of spatial overlap

between Qand LUMO supports the large singlet and triplet energy gaps and the

electrons a ocalized over the whole molecule in which the LUMO is mostly located on

the eleﬁvitrogen and sulfur atoms. The exciton wave function in the electron and

hole NME S, state has large overlap similar to HOMO/LUMO patterns. As a result,

the S; state in BPT(DPP), has a mixture of LE/CT character. On the other hand, the NTO

J

electron e pairs of the T, state are localized within the DPP unit so the T; state of
BDT(DPP), is acterized dominantly by LE character. Therefore, the energies of such LE

states are not influenced by AE,. whereas the excitation energy of the S; state is directly

This article is protected by copyright. All rights reserved.
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influenced by AEy... Knowing this fact can assist the design of new structures with optimized

energy levels.

HUMD LLIME
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Figure 1. (a) Representation of the highest occupied molecular orbital (HOMO) and lowest
unoccupiehcular orbital (LUMO), (b) NTO electron and hole pairs for the S; state
(middle) a te (bottom) and (c) negative (right) and positive (left) difference densities
of BDT(DP@a

th

It has be rted in several organic chromophores including pentacene, push-pull

polymers yrrolopyrrole and diphenylisobenzofuran, that charge transfer (CT) states

[22, 36, 41-42]

play a rtant role in mediating the singlet fission process. It was

A

demonstrated that fast singlet fission needs the contribution of a CT-state, either through a

singlet state with strong CT character or a virtual state.®® 3% %3 Also, the amount of CT

This article is protected by copyright. All rights reserved.
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character of the excited state affects the singlet-triplet energy level splitting. Therefore, we
investigated the CT character of the first excited state for BDT(DPP), and the results are
summarizegmimglable S2 in the supplementary information. The results show a smaller
charge trgnce for BDT(DPP), compared to DPP™ and also confirms that the S;
N
state has 5mixture of LE/CT character. Another of the main requirements for a compound
to under@hat the energy of the first triplet state of the molecule is less than or at
least equalgt If of the first singlet state energy level. In addition, we can deduce the
mixed LEMacter from inspection of the difference densities between the So and S,
states as Fig. 1 c). While this figure clearly indicates that there must be partial LE
characterfilwe can qualitatively see the partial CT character for this state from additional

TDA-DFT mions with a functional approximation that is known to severely
t

transitions, namely B3LYP.1**! TDA-B3LYP, when applied with the same

basis set as , predicts the S; state to be red-shifted by nearly 0.5 eV (excitation energy
of 1.7 . transition was a conventional local valence excitation, we would expect a

[48]

underesti

red-shift dffabout 0.15 eV between both methods.

To conclu on our calculations, the triplet energy level for BDT(DPP), (T;=1.15 eV) is
nearly hal first singlet excited state energy (S;=2.24 eV). These theoretical results
sugges PP), is a potential candidate for SF.

2.2. Optical and @lectrochemical properties

The st<absorption and fluorescence spectra of BDT(DPP),, p-BDT-DPP, DPP and
BDT in chlorofoffh solution and in thin films are shown in Figure 2A-D. BDT shows a sharp
absorption peak at 405 nm and a broad absorption band in the region of 500-700 nm, Figure

This article is protected by copyright. All rights reserved.
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2A. The compounds p-BDT-DPP, BDT(DPP), and DPP each show two absorption bands in

solution with maxima positioned respectively at about 750, 620 and 550 nm for the low

energy bm& 385 and 340 nm for the high energy band, see Figure 2A. The high

energy b uted to a -1 transition and the low energy band is ascribed to the
N

HOMO MO 1t — 1t* intramolecular charge transfer (ICT) transition between the donor

E

and acce@re is a slight red shift in the absorption and fluorescence spectra of
BDT(DPP) gy easing the polarity of the solvent, Figure S4, which suggests some charge
transfer cﬁ of the lowest energy optical excitation, which is also well characterized
for DPP-b lecules in several reports.!**Y The absorption and fluorescence profiles of
BDT(DPP)3show a bathochromic shift compared to BDT and DPP in both solution and thin
film, whic result of the intramolecular charge transfer process between BDT and the
DPP unit. mon, the polymer of BDT-DPP displays a large (~¥150 nm) red-shifted, broad
absorption sEum in both solution and thin film and a red-shifted fluorescence in
compa T(DPP), as a result of the -A-D-A-D- type structure. A new red-shifted
feature apSears in the absorption profiles of BDT(DPP), and DPP in thin films, which is more
distinct f PP),. Also, there is a large bathochromic shift in the fluorescence of
BDT(DPP), and DPP in the thin films compared to the solution suggesting the formation of J
aggreg& solid state. The absorption spectrum of p-BDT-DPP in the solution of
chloroform shows fine vibronic structures with resolved 0—0 and 0—1 peaks, similar to the
absorptio um of the film and there is no spectral shift between solution and solid
state a<spectra. These results show that the p-BDT-DPP aggregates strongly in
solution just as ifi'the film. This behavior was already observed for other D—A copolymerslsz'
>3 as a result of the high planarity and rigidity of the backbones and it means that even in

This article is protected by copyright. All rights reserved.
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solution the chains do not lose their conjugation length and their m—m stacking. To

investigati this Wenomenon in more detail, we performed a temperature dependent UV-

vis absor easurement in chloroform solution, Figure S5. The results show that

interchaingns decrease and copolymer chains are allowed to separate at higher
N

tem peratLL
N\
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Figure 2% orption spectra of BDT(DPP),, p-BDT-DPP, DPP and BDT in solution of

chIoroforrﬁbsorption and fluorescence spectra of (B) DPP, (C) BDT(DPP), and (D) p-

BDT-DPP i form solution and thin film.

The qu{of p-BDT-DPP is significantly quenched in the thin film to such a degree

that the fluorescence spectrum could not be determined. This may suggest that a new

This article is protected by copyright. All rights reserved.
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pathway exists for singlet state quenching in the polymer in the solid state. The optical

bandgaps of BDT|DPP)2, p-BDT-DPP and DPP in solution and the solid state are calculated

from the of absorption (Figure 2A-D) and are summarized in Table S3 in the
suppleme ation.
N

To obserhhosphorescence of a purely organic compound, the radiative rate of

phosphor should outcompete the non-radiative rate. To meet this criterion,

spectroscmyogenic temperature (77 K) is required.®**® The emission of BDT(DPP), in

2-methyl-:rofuran (m-THF) at room temperature and 77 K in the spectral area of

1000-1500 nm (with >1200 nm highpass filter) is shown in Figure S2. By decreasing the
temperatG K, the non-radiative loss pathways are frozen out 57 and a peak appears

at about {3 (0.95 eV) which is assigned to emission from the triplet state. This
sugges DPP), in solution matches the energy level requirement for SF, that is, the
triplet ene 295 eV) is close to half of the singlet energy level (1.88 eV).

An estimate of the absolute energy levels against vacuum can be determined from cyclic
voltammetr H the cyclic voltammograms of BDT(DPP),, p-BDT-DPP and DPP are shown in

Figure S3\ OMO and LUMO energy levels and the electrochemical bandgaps of

BDT(DPP)! p-BDT-DPP and DPP are estimated from the onsets of the oxidation and

reductin are summarized in Table S3.

2.3. p-BD cited state dynamics in solution and thin films

The p@DT-DPP was designed based on the donor-acceptor interactions in a

polymer chain and appears to be strongly aggregated in solution. Femtosecond transient
absorption (TA) measurements were used to probe the dynamics of excited states in this

This article is protected by copyright. All rights reserved.
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compound. The TA spectra in the NIR region and kinetic traces at selected wavelengths of p-

BDT-DPP, following excitation at 630 nm in both solution and thin film, are shown in Figure

3A-D. In ien, a ground state bleach (GSB) in the region of 800-900 nm and a broad
photoind tion (PIA1) in the 900-1250 nm region, are observed in the TA spectra,
N

with simil@t but mirrored kinetics (see Figure 3C). After 100 ps, there is no detectable TA

signal in er r@gion indicating that the exciton generated from photoexcitation of p-BDT-

G

DPP decawa to the ground state with a ~10 ps time constant without forming any

long-lived intermediates. On the other hand, the TA spectra (Figure 3B) of the thin film show
aGSBint 60 nm range and a broad positive absorption signal (PIA1) in the 960-1250

nm regionll In contrast to the solution, the PIA1 and GSB features are still observed at delay

times of 3 50 ps in the thin film (Figure 3D). Comparing the excited state kinetics of
p-BDT-DP tion and film at 1100 nm, see Figure 3D, indicates the formation of a long-
lived feature: shown in Figure 3D, the decrease in AA of the S;-S, absorption band
foIIowz of another feature on a time scale of about 100 ps suggesting that PIA1

in the fiIn!sampIe comprises the overlap of more than one feature which is confirmed by

other evid iscussed below.

This article is protected by copyright. All rights reserved.
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Figure 3. ient Absorption spectra of p-BDT-DPP in a chloroform solution (A),and in thin
film (B imnex delays of 10, 20, 300 and 850 ps; kinetic traces of p-BDT-DPP at 850 nm

and 1,15Qenm in chloroform solution (C), and 1150 nm in solution and thin film (D). The

£

solution a i film of p-BDT-DPP were excited at 630 nm with a fluence of 10 w/cm?.

O

To find mg il about the kinetics of the long-lived species in p-BDT-DPP in thin film, we

n

have ¢ anosecond transient absorption (ns-TA) measurements with excitation at

630 nm ic trace at 1200 nm is shown in Figure S10. It shows a single exponential

Lit

decay wit e constant of 150 ns.

In ligh fast decay of singlet excited state as indicative from Time-correlated single

A

photon counting (TCSPC) at low temperature (Figure S6), the presence of a long-lived

This article is protected by copyright. All rights reserved.
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species in the ns-TA measurement and non-exponential kinetics at 1150 nm in fs-TA (Figure

3D), a two species sequential model A - B - GS was assumed as the simplest model of p-

BDT-DPP i in film. We tentatively assign species A to the S; state, which decays with a
time cons =40"ps from the fast component in fs-TA and species B to the T; state that
N

decays with a time constant of 150 ns from ns-TA.

]

C

The triple ation technique has been used to find the triplet absorption spectrum and

the moIar%on coefficient for triplet-triplet absorption. Palladium octaethylporphyrin

(PdOEP) :en as the triplet sensitizer. Since PAOEP has two narrow and isolated

absorption bands at 400 and 550 nm (Figure S7) and they both overlap with the absorption
band of pEP, the sensitizer cannot be excited selectively. As a result, the sensitized
transient MOn spectrum is a linear combination of the PdOEP, p-BDT-DPP triplet
spectr on-sensitized p-BDT-DPP spectrum. Thin film TA spectra of PAOEP show a
narrow, n ground state bleach (GSB) at 550 nm and no positive photoinduced
absorption following excitation at 400 nm as shown in Figure S8. The kinetic traces of the

sensitizedh’]—sensitized p-BDT-DPP films at selected wavelengths of 650 and 1100 nm

are showre 4A and B, respectively. The population of the triplet state occurs at a

time dela ut 100 ps, and is assigned to triplet energy transfer from the PdOEP to p-
BDT-DPP. the triplet absorption spectrum, global target analysis was performed on
p-BDT-DP blend film (Figure S9). A global target analysis (GTA) was used to analyze
the transi orption data to help identify the individual features and their population

Variati@e.[m GTA yields the associated spectra and concentration profile for S; and

T4, which are shown in Figure S9.

This article is protected by copyright. All rights reserved.
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Figure 4. (A) and (B) Kinetic traces of p-BDT-DPP thin films with and without palladium

octaethyl;hn (PdOEP) as a sensitizer at 650 nm, and 1100 nm, respectively. (C)

Transienton spectra of a p-BDT-DPP:PdOEP blend film for time delays of 10, 20, 300
and 85ring excitation at 400 nm, with a fluence of 10 uj/cmz.

Fast triMion (<100 ps) in p-BDT-DPP films can be one piece of evidence for ruling
out inters@ossing (ISC) as the dominant mechanism of triplet formation, because ISC
on such a sh escale is mostly observed in the systems with heavy atoms that facilitate
spin orbi ing, however, there are a few counterexamples in the literature.? To find

more detail about the dynamics of the sensitizer-generated triplet species in p-BDT-DPP

This article is protected by copyright. All rights reserved.
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films, we have conducted nanosecond transient absorption (ns-TA) measurements with

excitation at 400 nm. The triplet state decay for the sensitized p-BDT-DPP film, monitored at

1200 nm,m Figure S10. The best fit analysis indicates biexponential decay with

time cons ut 130 ns and 2 ps, indicating two different triplet excited states in the
N

p-BDT-DPREPAOEP blend film. The longer lived triplet exciton is assigned to the single triplet

7

species f@rmed Yfrom the sensitization experiment and the shorter-lived component

C

correspon e triplet pair that is generated from direct excitation of p-BDT-DPP, which

S

matches with the results of ns-TA of pure p-BDT-DPP. A faster recombination rate for SF

U

generate would be expected for correlated triplet pairs resulting in an enhanced

contributi@n of spin-allowed geminate triplet-triplet annihilation compared to the sensitizer

)

generatedgsi triplets, with a slower recombination rate. The results are strongly

d

suggestive nglet fission occurs in the thin film of p-BDT-DPP but not in aggregated

solution alt the ground state absorption spectra are similar in both solution and thin

\

film. hat the singlet is very low in energy in solution, and the localized triplet

states arefinot very strongly affected by the presence of many repeat units in the polymer,

[

so the en uirements of 2T,<S; are difficult to satisfy and inhibit singlet fission in

Q

solution.

n

t

24.B cited state dynamics in thin film

Ultimately, for Wnclusion into printed solar cells new SF materials must be solution

U

processable romote SF in the solid state. Therefore, solid state dynamics of BDT(DPP),

A

were exa using TA measurements on thin films of BDT(DPP),. TA spectra and kinetics

of BDT(DPP), after exciting at 630 nm, are shown in Figure 5A and B, respectively. A negative

This article is protected by copyright. All rights reserved.
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ground state bleach (GSB) signal in the region of 520-740 nm, mirroring the steady state

absorption and a_broad positive photoinduced absorption (PIA1) in the near-infrared (NIR)

S

region wi imum intensity at 1100 nm, appears at the first delay period of the
measure , 5B. The shape of the PIA1 in the TA spectrum at a time delay of 600 ps
N

is differen§from the spectrum at the earlier times, as shown in the inset graph of Figure 5A,
suggestin@is broad peak comprises more than one overlapping excited state feature.
To confirmgthi GTA was performed on the transient absorption data set of BDT(DPP), in
thin film Mequential A - B = GS model. The associated spectra and concentration
profile forE are shown in Figure 6. The spectrum of species B is very similar to that of
the triple@tion of BDT(DPP),, which is derived from the PdOEP-sensitized experiment

and is dism more detail in the next section (Figure 7). As a result, we assigned A to

the S; stat

—

decays in t14=85 ps, and B to the T; state that decays in 13=380 ps.

0.0010
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barTy 7 —— 1100 nm
0.0005 - R4 N
’ \
. /, ‘\ /‘/\
£ 000004 —— \ = I A 054
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Figure 5. ;;ln ; transient absorption measurement data for BDT(DPP), with 630 nm
excitat 0 w/cm? A) Spectral slices at 10, 100, 500 and 850 ps, the steady state
absorption (dashed line) is also shown for comparison, and B) kinetic traces of the GSB and

PIAL.
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Figure 6. gassociated spectra and (B) concentration profile versus time for S; and T,
from the gk&rget analysis for BDT(DPP); in thin film.
To confirm signment of species B from the GTA as a triplet, the triplet sensitization
technique in been used. Before performing time-resolved measurements, the steady
state emiSSiegp of PdOEP in the presence of BDT(DPP), was investigated to find out more
about gy transfer. A Stern-Volmer quenching plot of the sensitizer (PdOEP), see

Figure S11, indicates a decrease of the phosphorescence of the sensitizer (PdOEP) by

[:

increasing oncentration of BDT(DPP),, suggesting triplet energy transfer from the

sensitizer

O

(DPP),. Finally, TA experiments were performed for PdOEP sensitized

BDT(DPP)athin films (60:40 weight ratio) to find the triplet absorption spectrum and the

g

I

lifetim ated triplets. The kinetic traces of the sensitized and non-sensitized

BDT(DPP), films @t 650 and 1100 nm are shown in Figure 7A and B, respectively. In the

Gl

BDT(DPP),: blend film, the kinetic trace of the GSB shows that the excited state of

BDT(DPP), ing repopulated on timescales exceeding 300 ps attributed to triplet exciton

energy transfer from the PAOEP to BDT(DPP),. The same trend is observed in the dynamics
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of the positive peak centered at 1100 nm when BDT(DPP), is sensitized showing the

repopulation of triplet state in that system. The thin film TA spectra for BDT(DPP), in the

presence P following excitation at 400 nm are shown in Figure 7C for different time
delays. T ypositive photoinduced absorption peak in the near-infrared (NIR) region
N

in the nes BDT-DPP, decays to zero within 850 ps film whereas in the photosensitized
experiment the Signal at 1100 nm is still present at longer times, which is assigned to the

triplet (T 2T duced absorption arising from triplet generation on BDT(DPP), due to

S

sensitization from PdOEP. As previously mentioned, the sensitizer cannot be excited

3

selectivel sensitized TA spectrum is a linear combination of the PAOEP, BDT(DPP),

triplet spe€trum, and the PAOEP sensitized BDT(DPP), spectrum. As there is no TA signal at a

fl

time dela ps for either BDT(DPP), thin films (Figure 5), or PdOEP, any positive

al

photoinduced orption band of the PAOEP sensitized BDT(DPP), thin film at time delay of
800 ps can ciated with triplets on BDT(DPP), generated via sensitization (Figure 7D).
The a ectrum of species B from the GTA is similar to the triplet induced
absorptiofiifrom the sensitization technique as shown in Figure 7D. The spectral agreement

of the Tl—'Q absorption spectra from the sensitization experiment and the second

excited sta m GTA suggests that triplets are being generated on an ultrafast time scale

folIowi@tation of the BDT(DPP), in the solid state. As discussed above, the fast

triplet W(doo ps) supports ruling out ISC as the main mechanism of triplet

formation_in BD SJPP)Z.
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Figure 7. iA, B; Kinetic traces of sensitized and non-sensitized thin films of BDT(DPP), for

selected \&elengths of (A) 650 nm and (B) 1100 nm, (C) TA spectra of thin film sensitized

BDT(DPP) m e delays of 10, 100 and 850 ps after exciting at 400 nm at 10 w/cm? and

(D) Ty-ind sorption spectrum of the BDT(DPP), derived from triplet sensitization
techni ociated spectrum of 2" excited state species from GTA.
To furthe ate the dynamics of the triplet feature in the sensitized BDT(DPP), film,

we have conducted ns-TAS measurements for the BDT(DPP),: PdOEP blend film excited at
400 nn1S onitored the triplet state decay at 1050 nm, see Figure S12. In the sensitized

experiment, the generated triplets on the sensitizer are transferred to the organic
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chromophore and form isolated triplets.[34] The isolated triplets formed via

photosensitization have a single, long lifetime of 2.2 us compared to the lifetime of the

triplets ge in the BDT(DPP), alone film (about 1 ns). This fact suggests the formation
of the tr in BDT(DPP), thin films is via singlet fission (SF), and the faster
N

recombin

3

n rate of triplet pairs compared to the isolated triplets may be due to the

enhancedfContrilution of spin-allowed geminate triplet-triplet annihilation rather than the

C

slower remtion of isolated triplet excitons. The results are strongly suggestive that
the triplet pairs are formed via SF in thin film.
2.5. BDT(I;:;;Z excited state dynamics in dilute solution

G

One remalning question is whether the SF in BDT(DPP), is inter- or intramolecular. We have

examined ted state dynamics of BDT(DPP), in a dilute chloroform solution (10 uM),

to red SSi
traces

negative iround state bleach (GSB) signal in the region of 520-690 nm is seen in the TA

e bimolecular interactions. Selected fsTA spectra and extracted kinetic

P), after exciting at 630 are shown in Figure 8A and B respectively. A

(SE) peak

spectra, mirraring the steady state absorption, along with a negative stimulated emission
@780 nm that corresponds to the BDT(DPP), fluorescence. Also, a broad

positive !otoinduced absorption (PIA1) in the near-infrared (NIR) region with maximum
intensitm nm appears at the first delay time. A second photoinduced absorption

(PIA2) at 550 nm, strongly overlapping the GSB, is also observed and grows in with the

Ul

decaying of P Figure 8B. The kinetic trace of this signal, a mix of the decreasing GSB and
increasin shows that it changes from negative to positive AA at about 400 ps. The

steady state absorption and emission spectra of BDT(DPP), are also plotted for comparison
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with the GSB and SE signals, Figure 8A. According to the kinetic traces at the selected

wavelength of 570 and 710 nm, the GSB and SE signals decay at different rates indicating

i Ay

that the fimtate (S1) populates another excited state, i.e. the TA data of BDT(DPP),

in dilute mprises the overlapping of more than one excited state features,
N

confirme lobal target analysis discussed below.

1.0+, B
0.000 -4 05-
=
2 “E‘
5 g
= <
Ea =]
0.001 — 10ps |
— 100 ps
——— 50 ps
BS0 ps
L DL L A . . L T - T - T - T . T
500 600 To0 800 900 1000 1100 1200 1300 [V 200 $00 B0 BO0
Wavelength (nm) Time delay (ps)
Figure 8. Tr nt absorption measurement data for BDT(DPP), in dilute solution of

chloroform with 630 nm excitation at 10 p/cm?. A) Spectral slices at 10, 100, 500 and 850

ps, the stMte absorption (dashed line) and fluorescence (dotted line) are also shown

for compd B) kinetic traces at selected wavelengths of 550, 570, 710 and 1100 nm.
To furth! cEaracterize the excited states in a dilute solution of BDT(DPP),, TA

measurements were performed in a series of solvents with different polarities. The kinetic

traces of IBBDT(DPP)Z in cyclohexane, dichloromethane and chloroform are shown in
Figure S13. Th is no polarity dependence on the decay kinetics of the PIA1 at 1100 nm,
suggesik of charge transfer character in this state.
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We performed a global analysis on the transient absorption data of BDT(DPP), in dilute

solution using a two-species model (A - B - GS). The associated spectra and concentration

profiles vmfor the A and B features are shown in Figure 9A and B. The first

compone d to the photogenerated singlet exciton which has a lifetime of about
N

50 ps acc@kding to target analysis. The first singlet exciton forms species B with a rate (Ks)

of k=0.01< ps'i, >/hich subsequently decays with a rate (K:) of 0.006 ps™. Species B has

different tw absorption spectrum to that of the PAOEP-sensitized triplet absorption of

BDT(DPP), (Figure 7D) at short wavelengths. By looking closer at the fitted model, we found

that the E spectrum at time delays greater than 600 ps is very similar to the

absorptio! from the S; state. According to the literature,®®®% the vibronic progression of

the isolat igiet transition might be different from the triplet-pair state resulting in a
abso

different on spectrum. As a result, we assign species B as a correlated triplet-pair
(T,T,) state sults from SF equilibrium. We proposed the model shown in Figure 9C for
BDT(D e solution. In this model, the singlet exciton undergoes a spin-allowed

internal cSversion to an overall singlet, correlated triplet-pair state on the ps time scale.

However, idence shows that this correlated triplet pair could not diffuse apart to form
separated ¢ ated triplets and they annihilate together to re-form the S; excited state. It
was re chemical systems in which triplet exciton interactions are very strong and

the tripwnot spatially separate might yield only the interacting triplet pair.m This is

clearly apparent¥in the short triplet-pair lifetimes reported in some systems such as
conjugz{ners and covalently tethered molecular pairs_[59, 61 \We assume that SF in
BDT(DPP), is intramolecular character and confinement of two triplet excitons on one
molecule results in faster biexcitonic recombination rates. The results are strongly
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suggestive that the triplet pairs are formed via SF in both solution and thin film of

BDT(DPP),.
o7
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Figure 9. (ﬁssociated spectra and (B) concentration profile versus time for S; and T;T;
from the @ target analysis for BDT(DPP), in dilute solution and (C) Energy level

schematid@and kinetic model for SF dynamic in solution.

no

{

2.6. De he triplet yield

U

There are common methods to calculate the triplet yield of singlet fission materials.

One is ing the number of molecules in the singlet state that are converted to the

A

triplets by measuring the changes in the ground state bleach during the interconversion

process, however this method is not very accurate for our system due to the large overlap
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between singlet and triplet state absorption.[zz] Another method is triplet sensitization in
which a well-known triplet sensitizer such as PAOEP is used to transfer triplet energy to the
triplet sta he molecule of interest and so the extinction coefficient for triplet-triplet
absorptileculated.[GZ] The triplet concentration can then be determined from the
N
magnitud&} of the TA signal and the triplet yield can be calculated. Using the triplet
sensitizati@wique, it is determined that the triplet yields are 70% and 18% for p-BDT-
DPP and P), in thin film, respectively (more details in the Supplementary
Information). Although BDT(DPP), is believed to undergo SF in dilute solution, as indicated
by the ve fluorescent time constant and formation of correlated triplet-pair (T,T)

state, no gnal for triplet (T,) are detected in the GTA. Therefore, the triplet yield cannot be

determinmin thin films of BDT(DPP),, the triplet yield calculation contains significant
s th

errors, a DT(DPP), SF generated triplets have a short lifetime, undergo fast
recombinati d the singlet and triplet absorption spectra of BDT(DPP), have a large
overlap? let vyields, single triplet and triplet pair lifetimes of P-BDT-DPP and

BDT(DPP)flin solution and the solid state are summarized in Table 1. The results suggest that

BDT(DPP)Qoes singlet fission in both dilute solution and thin film and p-BDT-DPP
shows sing sion only in the thin film. However, p-BDT-DPP has a higher singlet fission

yield a iplet pair lifetime in the thin film compared to BDT(DPP),.

th

Table 1. iglet yields, isolated triplet and triplet pair lifetimes of p-BDT-DPP and

U

BDT(DPP) e solution and thin film.
q Triplet pair lifetime isolated triplet
Sample SF yield
(ns) lifetime(ps)
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p-BDT-DPP in film 150 2 70%
p-BDT-DPP i
H - - NO SF
BDT(DPP), in Cannot be
solution determined
BDT(DPP), in film ~1 2.04 18%

G

3. Discus

S

The results indic@te that triplet pairs are formed in BDT(DPP), in thin film through SF as

J

shown in 0B. The evident also shows that correlated triplet pairs are formed via SF

£

in a single ophore of BDT(DPP), in solution but they did not diffuse apart to form

separatedNri pairs before recombination. The results show that SF mechanism is

=]

indepen intermolecular orientation and coupling, which is an indirect indication of

M

intram imglet fission (iSF). Also, the short lifetime of the triplet pairs and triplet-

triplet annjhilation provide additional support to the intramolecular nature of singlet fission

[

in BDT(DPP, confinement of two triplet excitons on one molecule results in faster

biexcitoni

O

bination rates. However, p-BDT-DPP shows SF only in thin film but not in

solution although the ground state absorption spectra are similar in both solution and thin

q

[

film as gure 10A. We believe that the singlet is very low in energy in solution, and

the localized triplet states are not very strongly affected by the presence of many repeat

Gl

units in th er, so the energy requirements of 2T.<S; are difficult to satisfy in the

A

solution a is why it is not undergo singlet fission in solution. There is a higher

probability for efficient localization of the resulting triplets in well-separated polymer
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chains, which would result in slower biexcitonic recombination rates suggesting why singlet

fission is more efficient and the triplets live longer in the polymer sample. Besides, the

=

triplets ar ted in p-BDT-DPP resulting in slower biexcitonic recombination rates.

Figure 10. of (A) Intermolecular singlet fission process where a singlet exciton (blue)

splits into iplet excitons (red) on neighboring molecules in aggregate form, (B)
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Intramolecular singlet fission process where a singlet exciton (blue) splits into two triplet

excitons (red) on the same chromophore in both solution and aggregate form.

Accordint al.™ the best choice of chromophore for charge transfer mediated SF

is throughesiamaetric and direct linking of two chromophores when the link is planar. The
charge trahate can act as a real intermediate state in the incoherent transformation
of the lo ited state (S;) to the double triplet state (TT) and facilitate SEY 5o the
acceptor—%ceptor module with linear backbone is a good candidate structure for
designing omophores for mediated SF. However, the problem for such a system is
that direc% of two chromophores converts the two chromophores into a single
chromop%ﬁt reduces the first singlet energy level (S;) and might even lie below twice
the energm triplet and make the SF endothermic. Thus, it is important to choose the
right d that there is sufficient charge transfer for SF while keeping the singlet
energy le er than twice the energy of first triplet for exothermic SF. These
considerations can assist towards new molecular designs with higher SF yield in future work.

It is alsoh that the distance between two triplets that are generated in one

chromopugh the intramolecular SF process plays an important role so introducing
a spacer the donor and acceptor can result in separating the two triplet excitons
resulti lived triplets and more efficient SF.

{

4. Conclusion

U

Designi compounds based on conjugating strong donor and acceptor building blocks

A

provides a pa y for the generation of new materials capable of singlet fission suitable

for optoelectronic devices. An organic molecule (BDT(DPP),) and polymer (p-BDT-DPP)
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based on a donor-acceptor framework comprising benzodithiophene (BDT) as electron rich

and bisthiophene-2,5-Dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) as electron deficient

were desiemesized and investigated for singlet fission. TDA-DFT calculations show

that the d holes in the first singlet excited state of BDT(DPP), are delocalized
N

over the Wwhole molecule and the first singlet excited state in BDT(DPP), has a mixture of

[

LE/CT cha@mwever, the electron and hole NTOs of the T; state are localized within
the DPP upit. so shows that the first triplet excited state has the energy level of about
half of th%glet excited state. The steady state measurements also confirm that this
compounsthe energy level requirement for singlet fission. The ns and fs transient

absorptio!spectroscopy measurements were used to investigate the excited state kinetics

in the synm compounds. Fast formation of the triplet state (<100 ps) in p-BDT-DPP in
g

thin film s singlet fission is operating but there is no sign of triplet formation in the
solution. O other hand, singlet fission occurs in BDT(DPP), in both thin film and in
dilute ggesting that the SF mechanism is more probably intramolecular than

intermoIeSIar in this molecule. The results suggest the formation of correlated triplet pairs
in a single phore of BDT(DPP), but they did not diffuse apart to form well-separated
triplet pairs. triplet pair lifetimes and the triplet yields in p-BDT-DPP and BDT(DPP); in
thin fil t 150, 1 ns and 70% and 20%, respectively. The short lifetime of triplets in
BDT(DPMes additional support to the intramolecular nature of the singlet fission as

confinement of#two triplet excitons on one molecule results in faster biexcitonic
recom%es. The results of this work can lead to the development of a new class of
SF materials tential application in third generation optoelectronic devices.

5. Experimental methods
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5.1. Material synthesis

The coWavailable chemicals were purchased from Sigma-Aldrich, Boron Molecular,
Matrix Scix Finechem, Univar, Luminescence Technology Corp. and Suna Tech Inc.
and ally ehemigals were used as received. 4,8-Bis(5-(2-ethylhexyl)-4-hexylthiophen-2-
yI)benzo[*—b']dithiophene (BDT) and di-borylated-BDT were prepared according to
published res.®® Both BDT(DPP), and p-BDT-DPP were synthesized using palladium-

catalysed fSuzukl coupling reactions. The detailed experimental procedure and full

SC

characteriSf all new materials is presented in the Supplementary Information.

5.2. Film ;Cion

Glass sub ith dimensions of 2.5 cm x 2.5 cm x 0.1 cm were cleaned by sonicating
sequentially in"@Cetone, isopropanol and chloroform. Before thin film casting, the substrates
were dried Estrong flow of nitrogen and then subjected to UV/ozone treatment for 30
min. S BDT(DPP), or p-BDT-DPP were prepared by dissolving the samples into
chIoroforrs with a concentration of 1 mg/100 uL, respectively. To prepare blend films for

sensitizedeents, solutions of BDT(DPP), or p-BDT-DPP in chloroform mixed with
t

palladium o hyl porphyrin (PdOEP), were prepared by dissolving the compounds with

mass rﬁo (sensitizer:organic dye). Solutions were then set to stir overnight in the

dark un ambient conditions. Finally, thin films were cast onto clean glass substrates via

spin coatimlo rpm/s and spun for 1 min.

5.3. St te spectroscopy

This article is protected by copyright. All rights reserved.
30



WILEY-VCH

Absorption spectra were recorded for BDT(DPP),, p-BDT-DPP and DPP samples using a

Varian Carr 50 UV-vis spectrophotometer. Fluorescence spectra were recorded on a Varian

Eclipse s orimeter using excitation wavelengths of 630, 730 and 550 nm for
BDT(DPP),, p-BDT-DPP and DPP, respectively.
N

Photolum&e (PL) spectra in the near-IR region were recorded with a spectrometer
(Horiba Joki on iHR320) and an amplified InGaAs photo-detector (Electro-Optical
System). wnation source was a supercontinuum laser (NKT Photonics, SuperK
Extreme) ation wavelengths tunable across the 450-750 nm region. The excitation

beam was mechanically chopped and the detector output was fed into a lock-in amplifier

synchroniGe chopper frequency. A 750 nm high pass filter was used to remove the
second ome excitation and fluorescence. PL experiments at cryogenic temperatures
were capai in a liquid nitrogen cryostat (Oxford Instruments, Optistat DN).

Time-corr single photon counting (TCSPC) in the near-IR region (800 nm) was

performed using the supercontinuum laser described above as the excitation source at a

pulse reh rate of 7.8 MHz, and a single photon avalanche diode (EG&G

OptoelecPCM) coupled to the NIR spectrometer described above.

Cyclic Mry (CV) experiments were performed at a sweep rate of 100 mVs™
(SoIartronE supporting electrolyte was 0.10 M tetrabutylammonium
hexafluorop ate (BusNPFg) in DCM. The solutions were deoxygenated by sparging with
argon pri ach scan and blanketed with argon during the scans. The glassy carbon

working electrode was prepared by polishing with 5mm alumina, washed and dried. The
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ferrocene/ferrocenium redox couple was used as a standard. The HOMO and LUMO energy

levels were calculated from the onset of the oxidation and reduction potential of the

Compound)'\/lo): '(E1/2, oX Vs Fc+/Fc+5-1) eV and E(LUMO)= '(E1/2, red vs Fc+/Fc+5-1) ev.

5.5. Subrnan@second Transient absorption spectroscopy

A mode-lggketly Ti:sapphire oscillator (Coherent, Mira Seed) seeded a Ti:sapphire

Gl

regenerativ plifier system (Coherent, RegA 9050) to produce pulses of about 50 fs

S

duration tition rate of 92 kHz and a wavelength centered at 800 nm. A portion of

the light was usefl to generate the 400 nm pump beam using a BBO (barium borate) crystal,

Ll

and the 6 30 nm pump beams were generated with an optical parametric amplifier

(1

(OPA9450, Coherent). The pump beam was mechanically chopped at ~3.5 kHz, and the

arrival ti e pump pulses relative to the probe was manipulated using a variable

a

optical ine (Newport, UTS150PP with ESP 300 controller). The broadband probe was

derive residual 800 nm beam focused onto a 3 mm sapphire substrate (Crystal

M

Systems) for measurements in the visible region (450-800 nm) and a 5 mm undoped YAG

[

substrate ( | Systems) for the infrared region (800—1400 nm). After passing through the

O

sample, t e beam was analyzed with a CMOS detector (Ultrafast Systems) at 7077

spectra/s,@nd the excess 800 nm laser fundamental was blocked using low- and high-pass

g

[

filters f isible and IR regions, respectively. The relative orientation of the pump and

probe polarizatiBn was 54.7° and all spectra were corrected for the chirp of the

G

superconti robe. Nitrogen was blown over films for all measurements.®¥

A

5.6. NanosecondVisible transient absorption measurements
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Nanosecond visible transient absorption spectroscopy (ns-TA) was employed to monitor the

triplet excited state lifetime of BDT(DPP),. The measurements were conducted by a home-

{

built transj orption spectrometer with a N, laser (LTB Lasertechnik Berlin GmbH, MNL
202-C) pu ser (LTB Lasertechnik Berlin GmbH, ATM200, 700 ps pulse duration) as
N

an excitation source. Transient absorption signal was probed by a Xe lamp (Photon

Technolo Int@national) light through two monochromators (Acton, Princeton

G

Instrumengs), detected by a Si based nanosecond detection system (Unisoku Co., Ltd.,

S

TSP-2000SN, time resolution: 1.2 ns (FWHM), monitoring wavelengths: 400~1,100 nm) with

U

a fast osci (Tektronix, TDS 3052C, Digital Phosphor Oscilloscope 500 MHz 5 GS/s).[¢°!

Transient @ata were collected with 400 nm excitation with a repetition rate of 2 Hz at 22 °C.

)

The pulse jon intensity was adjusted to 30 uJ/cmz.

d

Nanos infrared transient absorption spectroscopy (ns-TA) was employed to

monitor t t excited state lifetime of p-BDT-DPP. The measurements were conducted

M

by a home-built transient absorption spectrometer with a Nd:YAG laser (EKSPLA, NT340

[

series, 5 duration) as an excitation source. Transient absorption signal was probed
by a Xe Ia and detected by a InGaAs based nanosecond detection system (Thorlabs,
DET20C/ i ise: 25 ns, monitoring wavelengths: 800~1700 nm) with a fast oscilloscope
(Tektr 0, Two channel digitizing Oscilloscope 500 MHz 500 MS/s). Transient data

{

were coll th 550 nm excitation with a repetition rate of 10 Hz. The pulse excitation

U

intensity sted to 30 w/cm?.

5.7. Com nal details

A
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All of our calculations were performed with the Gaussian09 program Rev. E.01.°¢! The
geometry optimization of the ground state was carried out using dispersion-corrected

density qultheory (DFT) at the TPSS-D3(BJ)**”*" /6-311G(d)"™ level of theory and the

environm
H

model (IESCM‘”” using ethanol as a solvent. In order to reduce computational costs, we

s have been taken into account through the polarizable continuum

have repl<ed th> long side chains in the compound by methyl groups, as the length of the

alkyl chaimno significant impact on the optical properties.’? Vertical excitation

energies and partial atomic charges of the electronically states were calculated via time
dependem functional theory within the Tamm-Dancoff Approximation (TDA-DFT)

using the!CAM—B3LYP[4O] range-separated hybrid functional approximation and the 6-

311G**"0 jg-orbital basis set and IEFPCM based on the optimized geometry. A range-
separated de functional approximation was chosen to ensure that potential charge-
transts could also be appropriately treated. Moreover, it has been shown that
this m of the most accurate hybrid functional approximations with an expected

accuracy s 0.18 eV for medium-sized and large chromophores.mg] The pairs of hole and

electron Qransition—orbitals (NTOs)[73] for the S; and T, states were calculated to
e

assess th

calcula@(ial atomic charge (PAC) were conducted using the Merz-Kollman (MK)[74]

schemewmd to define the CT distance (dcr), the transferred charge (qgcr), the dipole

d locally excited (LE) contribution of each excited state. DFT and TD-DFT

(Mer) and _H ind€x based on the partial atomic charges is discussed in detail in the

9

supplem information, and is similar to the procedure described by Jacquemin et al.l44l

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Designing new compounds based on conjugating strong donor and acceptor building

blocks provides a pathway for the generation of new materials suitable for optoelectronic

devices. mmolecule (BDT(DPP);) and polymer (p-BDT-DPP) based on a donor-

acceptor comprising benzodithiophene (BDT) as electron rich and bisthiophene-
N

2,5-Dihyd rrolo[3,4-c]pyrrole-1,4-dione (DPP) as electron deficient were designed,

synthesizeédl and lvestigated for singlet fission.
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