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Solid-State Absorption, Luminescence, and Singlet Fission
of Furanyl-Substituted Diketopyrrolopyrroles with Different

n-Stacking Arrangements

Matous$ Kratochvil,” Muhammed A. Thottappali,” Stanislav Lunak, Jr.” Karel Pauk,"
David Rais,” Aneta Markova,” Jifi Pfleger,” Ale$ Imramovsky,*? and Martin Vala*®

Small modifications of the diketopyrrolopyrrole (DPP) molecular
structure induced remarkable changes in its spectral and
photophysical behavior. Using furan (F) heterosubstitution
instead of thiophene (T) substituent resulted in a small blue
shift and decreased Huang-Rhys factor of the absorption
spectra in solution, irrespectively to N,N-alkyls. Branching of
alkyl side chains by formal 2-ethylation of n-hexyl substituent
(C6 to EH) switched the slipped-stack arrangement, irrespec-
tively on the heteroatoms. Consequent changes in steady-state
absorption spectra of thin films were interpreted using time
dependent density functional theory calculations, carried out

Introduction

Singlet fission (SF) is an example of a multiexciton generation
process, in which the singlet state splits into two triplet states.!"
Although the research of SF is motivated mainly by its possible
impact on increasing photovoltaic efficiency,” some other
applications are also considered.” SF can proceed either in an
intra- or inter-molecular way and requires exoergicity, i.e. the
lowest triplet state should be about half or less of the energy of
the lowest singlet state. Typical examples of molecules that
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on model dimers. Solid-state luminescence is weak and partially
dependent on an excitation wavelength. Singlet fission was
observed by femtosecond transient absorption spectroscopy,
with considerably different yields for variously n-stacked FDPP-
EH (30%) and FDPP-C6 (160%). The shape of triplet-triplet
absorption spectra was also influenced by various m-stacking.
The results are discussed in terms of different mixing of both
Frenkel and charge transfer states in model dimers and different
excitonic and electronic coupling in both types of z-stacks,
visualized by natural transition orbitals.

fulfill this condition are some acenes, dyes (ryleneimides,
diketopyrrolopyrroles, and carotenes), polymers, and various
diradicaloids.”” Except for energetics, the distance and mutual
orientation of the chromophores play a crucial role in the SF
efficiency.”’ Interchromophoric coupling parameters can be
tuned either by a connecting unit in covalently bound
oligomers undergoing intramolecular SF,® or by crystal engi-
neering in solids, where intermolecular SF takes place.”
Covalently linked diketopyrrolopyrroles (DPPs) show an intra-
molecular SF only rarely,® as they usually undergo different
nonradiative deactivation, like charge separation.” On the other
hand, intermolecular SF always takes place in thiophene (T)
disubstituted DPPs with various N,N'dialkyls (TDPPs in
Scheme 1, Figure 1) in a solid state.'™ SF of DPP furanyl
heteroanalogues (FDPPs in Scheme 1) was never studied,
although the theoretical calculations predict their suitable
energetics on a molecular level,"" confirmed partially by triplet
fusion experiments.'?

Light absorption in molecular aggregates results in the
generation of singlet excitons."” These aggregates can be
classified as J (H), according to negative (positive) excitonic
(Coulombic, dipole-dipole) coupling, i.e. according to the bright
(dark) character of the lowest Frenkel (FE) state.' Charge

X =0, R=n-hexyl FDPP-C6
X =S, R=n-hexyl TDPP-C6
X =0, R=2-cthyl-hexyl FDPP-EH
X =S8, R=2-ethykhexyl TDPP-EH

Scheme 1. Compounds under study.
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Figure 1. Fluorescence excitation (black lines) and emission spectra (red
lines) in chloroform. TDPP-EH g, 612 nm, A, 340 nm; TDPP-C6 A, 611 nm,
Agm 339 nm; FDPP-EH ¢, 597 nm, Ag,,, 340 nm; FDPP-C6 Ag, 593 nm, A¢,

340 nm.

transfer (CT) states can arise if the long-range Coulombic
interaction is accompanied by short-range coupling between
the molecules with a wave function overlap."*' Generally, the
vibronic structure of the solid-state absorption (SSA) bands of
conjugated molecules, described by a ratio of the intensities of
0-1 and 0-0 bands Rg,"*? is modulated by the vinylene/ring
stretching progressions and depends on the Huang-Rhys factor
S of an isolated molecule and the strength of the excitonic
coupling. The short-range interaction may give rise to a
separate CT band in SSA, which is, however, often overlaid by
the vibronic progression of the more intense bright FE band
and may cause a red shift of the FE band even for H-aggregates.
Thus H-aggregates are unambiguously defined by the higher
energy of the bright (carrying the oscillator strength) FE excited
state with respect to the dark one, regardless of whether the
transition energy of the aggregate bright state lies above or
below the transition energy of the monomer."*¥ Singlet exciton
can be converted to the correlated triplet pair with overall
singlet multiplicity either directly or by an indirect mechanism,
mediated by the CT state." Although J-type aggregation
should be theoretically preferred for SF, H-aggregates are also
able to show very efficient SF near the upper 200% limit."?
TDPPs molecules crystallize in a limited number of usually
H-type slipped-stacked arrangements, forming crystal columns
with an energy splitting of FE and CT states, which considerably
depends on the mutual translation between neighbour mole-
cules that can be efficiently influenced by B-branching of
N,N'dialkyls."” Consequently, markedly different R,zs were found
for TDPP-EH, as compared to TDPP-C6."® Furthermore, the
broad SSA spectral bands were found to be composed of two
electronic transitions with an energy separation dependent on
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1.2 1.2 the side alkyl branching."® On the other hand, only medium SF
g | & TDPP-EH g | TDPP-C6 efficiency was found in both cases, 110% and 70% for TDPP-C6
é 0.9 §0»9 and TDPP-EH respectively."® A similar value (120%) for TDPP-
3 5 C6 was also found later."® On the other hand, the early report
g o6 goe on the almost absolute SF efficiency found for N,N'-dimethyl
% § TDPP"® was later down corrected.'® FDPP-C6"® shows the
’g 03 S 03 same type of slipped stacked arrangement, but with a smaller
plane-to-plane (PP) distance and higher molecular rigidity with
00 500 800700800 °° 200 m00 eo0 oo soo  respect to the heteroaryl torsion,"” compared to TDPP-C6."™
Wavelength (nm) Wavelength (nm) X-ray diffraction (XRD) of the crystalline TDPP-EH®” suggests
12 12 even a longer PP distance compared to TDPP-C6, while the
z _Erxnc FDPP-EH & _Erxnc FDPP-C6 packing arrangement of FDPP-EH is unknown.
809 F09 The smaller the Huang-Rhys factor S of an isolated
n_.g_ ; molecule, the lower the torsional flexibility of terminal
06 D06 (hetero)aryls.”" Since FDPPs are generally more rigid than
2 = TDPPs, we have synthesized a set of four m-isoelectronic DPP
% 0.3 go.s derivatives (Figure 1) to tune independently both parameters
= < that influence the shape of the SSA bands, i.e. molecular
00—y 00— Huang-Rhys factor by S—O formal heterosubstitution, and

intermolecular excitonic coupling, driven by different molecular
stacking that depends on the alkyl branching. More distinct
spectral features in the SSA spectra of FDPPs allowed us to
determine the energies of FE and CT states and the bandwidth.
Furthermore, SF efficiency could be established more precisely,
and relatively good quality SF invoked triplet-triplet absorption
(TTA) spectra were extracted from transient absorption spectra
and interpreted in terms of their dependence on molecular
stacking.

Results and Discussion

The spectral and photophysical properties were measured in
chloroform (Table 1, Figure 1). FDPPs show a very small but still
detectable hypsochromic shift (~0.04 eV) with respect to TDPPs,
a smaller Stokes shift (< 0.04 eV) than TDPPs (~0.06 eV) and a
similar distance between 0-0 and 0-1 vibronic bands related to
vinylene stretching (0.18-0.19 eV in the excitation spectrum)
and similar fluorescence quantum yields (PLQY) and lifetimes.
The Huang-Rhys factor S obtained from the emission spectra is
generally lower than in excitation (Figure 1), indicating higher
rigidity of the emitting state. Comparing the Huang-Rhys factors
obtained from the excitation spectra, we found it considerably
lower for FDPPs (~0.60) than for TDPPs (over 0.80), confirming
the expected higher torsional flexibility of the latter in the
ground state.['*?"

Table 1. Optical properties of DPP derivatives in chloroform. The main
peaks are marked in bold.

Compound Amax (NM) PLQY T
Absorbance Excitation Emission %) (ns)
FDPP-C6 499; 539 498; 539 548; 593 85+2 5.87
FDPP-EH 500; 540 500; 540 549; 597 91+3 5.93
TDPP-C6 513; 550 511; 550 564; 611 79+5 6.00
TDPP-EH 514; 547 514; 548 565; 612 90+t4 5.96
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SSA spectra of the vacuum evaporated films do not show
such resolved vibronic bands as in the solution (Figure 2), but
they are sufficiently resolved for an analysis of the impact of the
excitonic coupling on Rygs=ly1/lo, (Table 2). The qualitative
analysis shows at least three important spectral features. First,
all compounds show a bathochromic shift of absorption
maxima as compared to the maxima in solution. This shift is
remarkable for C6 substituted derivatives (0.23 and 0.19 eV),
while for EH derivatives it is considerably smaller (0.03 and
0.07 eV). Second, the R, ratio is always higher than the
corresponding Huang-Rhys factor S in solution absorption. Their
mutual ratio Rags/S is 1.15 and 1.25 for FDPP-C6 and TDPP-C6,
respectively, and bigger for FDPP-EH (1.81) and TDPP-EH (3.19).
Third, the local absorption maximum of FDPP-C6 at 2.59 eV is
0.52 eV blue shifted with respect to 0-0 maximum. This shift is
out of the usual vinylene stretching vibronic patterns, modified
by excitonic coupling.™ This distinct spectral feature is missing
in the SSA spectrum of TDPP-C6. According to the theory," all
four compounds should be in H-aggregates, due to Rugs>S.
Considerably lower R,z of C6 with respect to the corresponding
EH derivatives with almost the same S, indicates a smaller
excitonic coupling. The higher bathochromic shift for C6

1 1.2
s FDPP-C6 5 TDPP-C6
= _—(2.07,1) =
a <3 (2.06, 0.97), \(2 21, 1)
o 0.9 o 09 =
38 2.28, 0.68) 8
< [228.0 < (2.38, 0.66
he] kel —(2.38, 0.66)
o 06 (2.59, 0.43) @ 06
N Pl N
© ©
£ £
o 0.3 o 0.3
zZ zZ
098 2.0 25 3.0 0935 2.0 25 3.0
Energy (eV) Energy (eV)
1.2 1.2
5 FDPP-EH (247, 1) S TDPP-EH (244.1)
B N (2,64, 0.92) 2 /
5 > a5 ~(2.51, 0.96)
S 0.9 e S 0.9
2 (2.27,0.92) 8
< <
el el
80 20 @1s03
© ©
£ £
o 0.3 c 03
4 4
0.0 0.0
1.5 2.0 2.5 3.0 1.5 2.0 25 3.0

Energy (eV) Energy (eV)

Figure 2. Absorption spectra of thin films prepared by vacuum vapor
deposition.

Table 2. R,gs and energy of 0-0 transition in the solid state absorption and
emission spectra.

Compound Absorption Emission
Eqo [eV] Rags Eqo [eV]

FDPP-C6 2.07 0.68 1.92

FDPP-EH 2.27 1.09 2.11

TDPP-C6 2.06 1.03

TDPP-EH 2.19 2.84
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derivatives in the solid state should be a result of destructive
interference of long-range Coulombic and short-range elec-
tronic coupling.”? The irregular band in the SSA spectrum of
FDPP-C6 is considered a candidate for the CT transition.

Solid state emission (SSE) of both FDPPs (Figure 3, Table 2)
is generally weak (PLQY less than 0.01, as for TDPPs reported
earlier"®), and, hence, it does not form an important
deactivation channel after excitation. Both emissions show
similar Stokes shift (0.15 eV with respect to the absorption,
0.14 eV with respect to the excitation maxima), considerably
higher as compared to Stokes shift in solution. Both emission
spectra of FDPPs (especially of FDPP-C6) are considerably more
blurred than in solution, so the excitation ones. The excitation
spectra of both FDPPs show differences with respect to SSA.
The short wavelength area below the 0-2 progression of the
excitation spectrum is enhanced with respect to the 0-0 peak
in FDPP-C6, as compared to SSA, while in FDPP-EH the area
around 0-1 progression is partially reduced relative to the
intensity of 0-0 band. Both these observations mean that
(contrary to the solution) the minor radiative relaxation process
does not follow Kasha's rule. No dependence on excitation
wavelength was observed for the major process, i.e. singlet
fission (vide infra).

A simple quantum chemical (QCH) modelling based on
density functional theory (DFT) was carried out to understand
the details of the SSA and SSE spectra of FDPPs. A set of six
slipped n- stacked dimers, characterized by center-to-center
(CQ) and plane-to-plane (PP) distances, was found using dimer
optimization of non-alkylated model FDPP-H with M06-2X xc
functional (Figure S1), as in the previous report on TDPPs."” The
dimer optimization at ®B97X-D/6-31G(d,p) level gives only
dimers 1-4 (Table S1). The geometries (Figure 4) of the most
stable dimers 3 (found experimentally for both TDPP-C6"* and
FDPP-C6"") and 4 (found for TDPP-EH"®' and assumed to be
present also in FDPP-EH), computed with ®B97X-D xc func-
tional, were chosen for excited state calculations using time
dependent (TD) DFT, as they give more realistic PP distances
(Table S1). The characteristics of computed adiabatic excited
states of these model dimers, computed with proven-2"
®B97X-D xc functional, are presented in Table 3. As the absolute
values of computed excitation energies of FDPP-H are about
0.6-0.7 eV higher than measured 0-0 maxima of both alkylated

1.2 1.2
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—o— Excitation FDPP-C6 FOFE-EH —0— ExcitaFtJion
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Figure 3. Absorption, emission, and excitation luminescence spectra of FDPP
derivatives thin films. FDPP-C6 A¢,. 700 nm, A¢,, 540 nm; FDPP-EH A,
612 nm, Ag,, 477 nm.
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Dimer 3

Dimer 4

Figure 4. DFT (0B97X-D/6-31G(d,p)) optimized dimer 3 (CC=4.656 A,
PP=3.171 A) and 4 (CC=4.510 A, PP=3.263 A) of model FDPP-H.

Table 3. TD DFT (0B97X-D/6-31 + G(d,p)) computed excitation energies on
optimized geometries of the dimers composed of model FDPP-H
molecules from Figure 4. S, state of a monomer was located at 2.849 eV
with f,,.=0.591 at the same computational level. E.,.=excitation energy,
fosc = 0scillator strength.

Dimer State Eeec [€V] fosc Orbital configuration
3 1A, 2.672 0 H—1—L

1A, 2.738 0.793 H—L

2A, 3.146 0 H—L+1

2A, 3.290 0.223 H-1—L+1
4 1A, 2.559 0 H—L

1A, 2918 0.817 H—L+1

2A, 3.144 0.157 H-1—L

2A, 3.181 0 H-1—L+1

FDPPs (Table 2), the difference values (Table 4) were computed
according to previously reported methodology."” Two directly
comparable energy differences give remarkable agreement
between theory and experiment. First, the energy difference
between 0-0 maxima for FDPP-C6 and FDPP-EH (Table 2) is
0.20 eV, while the difference between 1A, states of dimers 3
and 4 of model FDPP-H is 0.18 eV. Second, the energy differ-

Table 4. The excitation energy difference between monomer and dimer
Epm=Eex(monomer, 1A)—E.(dimer, 1A,), excitonic coupling Eg=1/2
(Eexc(dimer, 1A))—E.(dimer, 1A)), energy splitting between allowed CT
and FE state E.=E.(dimer, 2A)—E(dimer, TA)) and the ratio of their
intensities Rec=f., (dimer, 1A))/f..(dimer, 2A,) of model FDPP-H molecules
from Figure 4. Negative value of Eg. means J-aggregate, positive H-
aggregate. E,,. and f.,. were taken from Table 3.

Dimer Eom [eV] 2-Egc [eV] Ecr [eV] Rec
3 +0.111 —0.066 0.552 3.56
4 —0.069 —0.359 0.226 5.20

ChemPhotoChem 2023, 202300201 (4 of 9)

ence between 0-0 maximum and irregular peak in SSA of
FDPP-C6 is about 0.52 eV, while the difference between the 1A,
and 2A, states in the dimer 3 of FDPP-H is 0.55 eV (Table 4).
The computed E values 0.23 eV and 0.55 eV (Table 4) relate
also well to the values obtained for TDPPs with either linear
(0.47-0.49 eV) or p-branched (0.23 eV) alkyl chains."® The
absence of a distinct spectral feature, relating to a transition to
CT state for TDPP-C6 (PP=3.408 A), with the same type of
slipped stack arrangement as FDPP-C6 (PP=3.296 A), is
ascribed to the shorter plane-to-plane distance from XRD for
the latter."” The considerably bigger E. values for the slipped
stacked dimer 4 lead to a long wavelength tail in SSA, i.e. to
the difference between the shape of the absorption edge below
0-0 peak for FDPP-EH and TDPP-EH, as compared to FDPP-C6
and TDPP-C6 (Figure 2). As expected,’* higher E¢ of the dimer
4, compared to dimer 3, also causes a considerable increase of
Rags (Figure 2, Table 2), when going from FDPP-C6 to FDPP-EH.
Thus, we consider the slipped stacked arrangement of FDPP-EH
in dimer 4-like configuration as confirmed and the FDPP-H
model as giving relevant results on a semiquantitative level for
further discussion. According to H/J assignment, FDPP-C6 is a
weak red-shifted H-aggregate, while FDPP-EH is a strong blue-
shifted H-aggregate. We note only, that the geometrical
calculation gives a bit lower PP values, than the experimental
ones. We can only speculate by analogy with TDPPs,""” that PP
for B-branched FDPP-EH will be considerably higher than for
FDPP-C6, i.e. around 3.5 A.

Generally, TD DFT computed excited states are adiabatic.
So, the assignment of 1A, and 2A, states to the allowed FE and
CT states, respectively, describes only their prevailing character
arising from the FE/FE long-range and FE/CT short-range mixing
of pure diabatic states. Strong FE/FE mixing thus dominates
FDPP-EH in the dimer 4 arrangement, with an E. value more
than five times higher than for dimer 3 of FDPP-C6. On the
other hand, more than twice the higher value of E. for FDPP-
C6 slip-stacked in dimer 3 fashion signalizes considerably higher
FE/CT mixing and thus more pronounced participation of CT
character in the lowest bright excited state.”™ From the
symmetry point of view the allowed FE and CT transitions of
both FDPPs are of a,—a, and a;—a, character, respectively.
There is a considerable difference between these transitions,
with respect to the changes of the electron density in the area
between the molecules, as visualized by corresponding natural
transition orbitals (NTOs) in Figure 5. As expected from the
lower Ec value for FDPP-EH both allowed states show a
relatively pure FE (Figure 5c) and CT (Figure 5d) character
without the significant changes of electron density between the
monomers. On the other hand, the intermolecular density is
considerably changed during the excitation to both allowed
states of FDPP-C6 in a mutually opposite way. It is increased for
transition 2 (Figure 5a) and decreased for transition 4 (Fig-
ure 5b). Such a dramatic change in electron density distribution,
accompanying the transition, causes more efficient electron-
phonon coupling with intermolecular vibrations and conse-
quently the main spectral bands in both SSA and SSE are more
blurred, as compared to FDPP-EH, where the transition to pure
FE state shows less significant intermolecular vibrational

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH

35UB017 SUOWWOD aAIRa1D a|gedl|dde ay) Aq pausenob ae safoie YO ‘asn Jo sajnl Joj ArigiT auluQ AS]1M UO (SUO I IPUOD-pUe-SWLRIW0D A | 1M Al 1 pUl|UO//:SAdnY) SUoiIpUOD pue sWwid | 8Yl8as “[£202/TT/62] uo AkeiqiTauluQ AN Bd1gnpled elizdAlun Aq TOZ00EZ0Z 21d2/200T 0T/I0p/wod A3 1M AR.d 1 puljuoadone-A1s iWeyd//sdny wouy pepeojumocl‘o ‘2€60/952



Research Article
ChemPhotoChem

doi.org/10.1002/cptc.202300201

Chemistry
Europe

European Chemical
Societies Publishing

o SSSBB3
R

33
{2 .

Figure 5. Highest occupied (H, always at the bottom of a given pair) and
lowest unoccupied (L, always at the top of a given pair) NTOs for allowed
transitions in dimer 3 (a, b) and dimer 4 (c, d) of FDPP-H by TD DFT (0B97X-
D/6-31G(d,p)). The second transitions of both dimers are left (a, c), the fourth
for dimer 3 (b) and the third for dimer 4 (d) HNTO and LNTO are right.
Isovalue is always 0.02, the weights of a hole—particle (HNTO—LNTO)
monoexcitation for a given transition are 94.2% (a), 94.9% (b), 88.1% (c) and
88.9% (d).

coupling. The difference between absorption and excitation
spectra of solid state films (Figure 3) may come from a different
character of 2A, state in both arrangements. In FDPP-EH, the
increment from the pure CT state is missing in the excitation
spectrum with respect to the absorption, as it may behave as
an excimer-like trap. Excitation to the second allowed state for
FDPP-C6 leads to a localization of the electron density on
monomers and, consequently, to its higher participation on
overall SSE, coming generally from the lowest allowed state
with the partially CT character. Nevertheless, the main portion
of photophysical behaviour takes place at the bottom of the
first excitonic band (vide infra).

The methodology of femtosecond transient absorption (fs-
TA) measurements and experimental data analysis are outlined
in the experimental section and have been previously described
in detail elsewhere."® Similar to most TDPPs studied so far,'”
the singlet fission was observed by fs-TA in both solid-state
FDPPs samples. However, notable differences have been found
between FDPP-C6 and FDPP-EH.

The differential absorption spectra recorded on thin films in
subsequent delay times are shown in Figures 6a and 7a, for
FDPP-C6 and FDPP-EH, respectively. The spectra show some
common features: the excited state absorption (ESA) bands
located at wavelengths longer than 620 nm at early delay times
after the excitation and absorption bands located at shorter
wavelengths between 450 and 580 nm developed mostly at
longer times, assigned to long living triplets. For FDPP-C6
samples this transition takes place typically within 100 ps. There
is also an intermediate ESA band developed within 10 ps after
photoexcitation, centered at 600 nm. This band is more
pronounced in FDPP-EH. Simultaneously to the ESA bands,
there is a negative differential absorption observed in the
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Figure 6. fs-TA spectra of FDPP-C6 thin film after photoexcitation by laser

pulses with central wavelength 450 nm and 200 nJ energy in pulse.

(a) Transient absorption spectra at selected time delays shown in the legend.

(b) SADS spectra obtained by global analysis. (c) Time course of the

difference absorbance (circles) at a selected probe wavelength (600 nm)

fitted according to the model in Figure 8 (solid line) (d) Concentration

profiles of the target analysis model.
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Figure 7. fs-TA spectra of FDPP-EH thin film after photoexcitation by laser
pulses with central wavelength 450 nm and 200 nJ total energy in pulse.

(a) Transient absorption spectra at selected time delays shown in the legend.
(b) SADS spectra obtained by global analysis. (c) time course of the differ-
ence absorbance (circles) at a selected probe wavelength (555 nm - GSB
peak) fitted according to the model in Figure 8 (solid line), (d) Concentration
profiles of the target analysis model.
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Table 5. Rate constants of excited state decays (k; from Figure 8) from global analysis of fs-TA data. @5 is a triplet state quantum yield.

FDPP k, (ps) o (ps) k, (ps) o (ps) ks (ps) o (ps) RMS D; (%)
c6 0.173 0.004 0.018 0.0002 6.1-10°° 2-10°° 0.000134 160
EH 0.133 0.003 0.0097 0.0001 40-107° 5.107° 0.000133 30

wavelength region of the steady-state optical absorption from
around 500 to 620 nm, originating in the ground state bleach.
The maxima of the ground state bleach are slightly shifted from
those observed in the steady state absorption due to the
overlap with the positive ESA observed in the same region. No
signal that could be ascribed to the stimulated emission has
been observed, in agreement with the relatively weak emission
of solid state FDPPs derivatives. Analogical fs-TA experiments
carried out on dilute solutions of FDPPs in chloroform could not
be exactly evaluated due to the considerable photodecomposi-
tion of the samples under intense laser excitation (about
200 nJ/pulse). We suppose, that no triplet formation would be
detected as in the previous report on TDPP-C6 and TDPP-EH,
because of the marginal yield of intersystem crossing (usually
<0.01) and the absence of singlet fission"®" in monomers, in
accordance with their high fluorescence quantum yields, even
higher for FDPPs as compared to corresponding TDPPs
(Table 1). Consequently, solid solutions, more photostable by
our experience,"* were also not studied.

To explain the time evolution of the measured TA spectra,
we performed target analysis testing various three-compart-
mental models, one fully sequential and the other three that
include also a parallel decay channel (Figure S2 and correspond-
ing fitting parameters in Table S2). It has been found that the
observed TA spectra of the thin films of the FDPP derivatives
under study are best fitted using a three-compartment model
(Figure 8), where the initial excited state 1 first relaxes to an
intermediate state 2, from which either decays via singlet fission
giving long living triplets or decays nonradiatively through the
second parallel branch to the ground state. The corresponding
species associated difference spectra (SADS) obtained by the
global analysis are shown in Figures6b and 7b, and the
development of the concentrations of the respective compo-
nents in Figures6d and 7d for FDPP-C6 and FDPP-EH,

Figure 8. The three-compartmental model used for the target analyses of
FDPP-C6 and FDPP-EH.
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respectively. The corresponding rate constants are shown in
Table 5. In Figures 6¢ and 7¢, the time course of the TA at the
selected wavelength is compared to the TA decay calculated
with the parameters obtained from the target analysis, a good
agreement between the model and the experimental data.
There is a notable difference found in the decay rate constant
k, of the intermediate state, FDPP-C6 decays almost twice faster
than FDPP-EH. Both decay rate constants k; for FDPP-C6 and
FDPP-EH (Table 5) relate to the triplet state lifetimes in an order
of tens of nanoseconds.

The ground state depletion method was used to obtain the
triplet-triplet absorption spectra (TTA) and SF quantum yields
(®4) of long-lived species assigned to triplets, as previously for
TDPPs." The extracted TTA spectra are shown for both FDPP-
C6 and FDPP-EH thin films in Figure 9, and in Figure 10 as
decomposed to individual TTA vibronic bands. The SF quantum
yields, obtained within this method with a small relative error
(10% and 3%) thanks to the relatively well-resolved spectra,

—— GSB scaled !
2.0 —TA 05
—— e 0= 16
1.5 0.0
o110 o-05
<
<05 <40
0.0 L~ N\ ——
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0.5 50 —TA
—— Aeprp 0= 0.3
1.0 5 A @

500 550 600 650
Wavelength (nm)

500 550 600 650
Wavelength (nm)

Figure 9. Quantification of the triplet exciton yield in thin films by the singlet
depletion method. Triplet-triplet absorption spectrum (blue), scaled GSB at
100 % yield (black), and the triplet SADS (red). Left - FDPP-C6, right - FDPP-
EH.
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Figure 10. Triplet-triplet absorption spectra of thin films of FDPP-C6 and
FDPP-EH with 0-0 maxima at 2.16 eV and 2.34 eV, and Rygs=0.92 and 1.44,
respectively. Excitation wavelength 450 nm, excitation pulse energy 200 nJ.
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were estimated as 160% and 30% for FDPP-C6 and FDPP-EH,
respectively. The SF efficiency also determines the branching
factor that allows calculating the rate constants k,; and k,, from
the overall decay constant k, of the state 2. The branching
ratios ky;:k,, were 0.80:0.20 and 0.15:0.85 for FDPP-C6 and
FDPP-EH, respectively. If considering the net effect, when going
from solution to the films, both FDPPs show almost complete
aggregation caused quenching (ACQ), as expected for planar
stacked chromophores, forming H-type aggregates. But, while
fluorescence is almost quantitatively transformed into the
triplet formation for FDPP-C6, in the case of FDPP-EH this
process is only minor. We tentatively ascribe the dominant
quenching in the latter case to singlet exciton migration to
the dark traps, as usual for polycrystallines.”® Consequently, the
formation of correlated triplet pair can be considered a self-
trapping process, much more efficient for more tightly bounded
FDPP-Cé6.

TTA spectra of FDPPs in Figure 10 show an effect of
excitonic coupling, invoked by m-stacked arrangement, on the
energy and spectral shape of a monomer’s most intense T1—T6
transition (Table S3). These TD DFT computed TTA absorption
wavelengths are only slightly blue-shifted with respect to the
corresponding TDPPs, thus the experimental FDPPs' TTA spectra
generally cover a similar spectral area as those of corresponding
TDPPs." The vibrational pattern resembles the shape of the
main band in a singlet - singlet SSA (Figure 2, Table 2), only
with a bit higher Rygs. The ratios of Rygs (SSA)/Rpgs (TTA) are very
close (0.73 and 0.76 for FDPP-C6 and FDPP-EH, respectively)
suggesting the same effect of excitonic coupling and probably
higher (hypothetical) molecular Huang-Rhys factor S for T,—T;
than for S,—S, transition of a monomer. SF is supposed to
undergo in the lowest excited singlet state,"™” i.e. from the
bottom of the lowest singlet excitonic band, represented by a
forbidden 1A, state for both FDPPs in dimer approximation
(Table 3). Supposing, that T, energy (and consequently also an
energy of correlated triplet pair) is less sensitive to intermolec-
ular effects, due to triplet localization,”” the changes in 1A,
state energy, provoked by m-stacking, may be decisive for SF
efficiency. Truly, less efficient FDPP-EH has its energy of the
lowest singlet state (and thus the driving force for SF) about
0.11 eV lower than FDPP-C6 (Table 3). Finally, although the
prevailing character of the 1A, state of both FDPPs should be
FE, the participation of FE/CT mixing is quite clear from NTOs
relating to the first forbidden transition, especially for dimer 3,
i.e. FDPP-C6 (Figure 11). Thus the fast and efficient SF for FDPP-
C6 is conditioned by bigger driving force and pronounced CT
mediated delocalization. Nevertheless, LNTO, delocalized be-
tween both monomers, enabling accommodation of an arisen
triplet pair (biexciton) to both monomers of a dimer, is
computed also for dimer 4, representing FDPP-EH, explaining
thus its non-zero SF efficiency.

Altogether, the triplet formation through singlet fission in
FDPPs is confirmed by the apparent similarity of the triplet
species photophysics (fast rise, slow decay and quantum yield
over 100% in some cases) and TTA spectral range with broadly
verified (including sensitization experiments) TDPPs.'” Even
more conclusive is the analysis of extracted TTA spectra of

ChemPhotoChem 2023, 202300201 (7 of 9)
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Figure 11. Highest occupied (H, at the bottom of a given pair) and lowest
unoccupied (L, at the top of a given pair) NTOs for the first forbidden
transitions in dimer 3 (left) and dimer 4 (right) of FDPP-H by TD DFT (©B97X-
D/6-31G(d,p)). Isovalue is always 0.02, and the weights of a hole—particle
(HNTO—LNTO) monoexcitation for a given transition are 80.7 % (left) and
84.7 % (right).

FDPPs, with the distinct vibronic progressions in solid-state,
which show the same effect of excitonic coupling, depending
only on the n-stacking geometry, on the shape of correspond-
ing TTA and SSA spectra, i.e. perfectly relating to the
theory."*'7]

Conclusions

Intermolecular interactions considerably affect the physical
properties. If the molecules can form crystals with columnar
structures fixed by so-called slipped n-stacking, the intermolec-
ular excitonic and electronic coupling between adjacent
monomers is decisive for the excited state behavior. Furanyl-
substituted diketopyrrolopyrroles were found to form two
distinct types of m-stacking, dependent on the branching of
their alkyl side chains, as in the case of m-isoelectronic
thiophene DPPs. Both these structures were found to form H-
aggregates with considerably different energetics in terms of
mixed FE and CT states. The different character and strength of
both couplings lead to the remarkable diversity in solid-state
singlet-singlet (and triplet-triplet) absorption and emission,
otherwise similar on the molecular level in solution. Thus, small
changes in the molecular structure of these m-isoelectronic
compounds enabled tuning the ratio of intensities between 0-1
and 0-0 progressions in solid-state absorption from about 0.68
to 2.84. The combined effect of the molecular structure and
solid-state arrangement led to fast and efficient CT mediated
singlet fission, with one the highest efficiencies (160%) ever
reported within the DPP family and thus potentially perspective
for photovoltaics and other applications. The dramatic effect of
marginal molecular changes on solid-state photophysics may
serve as a guide for the further development of new materials
through crystal engineering.

Experimental Section

Syntheses, thin film preparation FDPP, and TDPP pigments were
synthesized according to published studies, e.g. in!®¥ NN'-
dialkylated derivatives FDPP-C6, TDPP-C6, FDPP-EH, TDPP-EH were
also prepared according to generally known literature
approaches.2>
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Solid thin films were deposited onto 2.6x2.6x0.1 cm® glass slides,
first cleaned in an ultrasonic bath in a clean-room facility (iso
class 3) for 10 min in acetone and 10 min in isopropyl alcohol and
blow-dried with nitrogen. Physical vapor deposition of 190+ 10 nm
thick films onto substrates tempered at 90°C was carried out at
1A/s deposition rate under 1-10°mbar in an MBRAUN MB-
ProVap-5 glovebox (< 0.1 ppm H,0, <0.1 ppm O,). The films were
subsequently solvent annealed at room pressure and temperature
by exposure to saturated dichloromethane vapor. The samples
were then kept under vacuum for 24 h to remove the residual
solvent.

For the spectroscopic experiments, the thin film samples were
encapsulated in a nitrogen atmosphere in a glovebox by enclosing
the film in a gap between the substrate and an additional glass
window, with poly(ethylene-vinyl acetate) (pEVA) foil inserted
between the slides around the perimeter, serving both as a spacer
and a gas-tight seal. The whole assembly of supporting glass/pEVA
+active layer/cover glass was fixed by binder clips and heated at
90°C in a vacuum oven for 10 min at 1-1072 mbar. The samples
were cooled to laboratory temperature outside the oven in the
glovebox.

Absorption and fluorescence measurements The UV-Vis absorp-
tion was measured employing Varian Cary Probe 50 UV-Vis
spectrometer (Agilent Technologies Inc.). The steady-state photo-
luminescence was acquired using SF5 spectrofluorometer (Edin-
burgh Instruments). The spectra in solution were measured at
concentration 2.9x10°° mol/L. The photoluminescence quantum
yields (PLQYs) were determined by an absolute method employing
integrating sphere SC-30 (Edinburgh Instruments). Photolumines-
cence of solid-state thin film samples was investigated using
Fluorolog 3 (Horiba Jobin Yvon), PLQYs were determined by
absolute method using Quanta-Phi integrating sphere. Time-
resolved fluorescence was recorded using the time correlated single
photon counting method (TCSPC) with a Horiba Jobin Yvon
Fluorocube Both R, in solid-state spectra” and Huang-Rhys
factors S in solution were computed from the ratio of the intensities
of the first two vibronic progressions l,_1/l, .

Transient absorption Femtosecond transient absorption (TA)
spectroscopy was performed using HELIOS femtosecond Transient
Absorption Spectrometer (Ultrafast Systems, LLC., USA). The exper-
imental setup was described in detail in our previous work.'"¥
Unless otherwise noted, the TA experiments were made with the
angle a=54.7° (magic angle) to eliminate the effects of photo-
induced anisotropy decay on the recorded kinetics. This approach
allowed using a polarization filter in the probe light collection
optics located in between the sample and the photodetector,
which reduced the artifacts caused by stray light from the pump
beam. Thin films of the FDPP derivatives were excited with laser
pulses with the central wavelength i.,=450 nm. Energy per pulse
was typically around 200 nJ/pulse with the beam crosssection
around 300 um FWHM. The sample was mounted on the translation
stage and it was moving with a scan rate of 1 mm/s during the
measurement. The samples were measured in the air under
ambient conditions.

Quantum chemical calculations Final geometries of centrosymmet-
ric cofacial slipped stacked dimers were obtained using DFT with
M06-2X?? xc functional with 6-311G(d,p) basis set by full geo-
metrical optimization, starting from various centrosymmetric geo-
metries. No symmetrical constraints were used. The geometries
were checked by vibrational analysis. Binding energies were
computed as the difference between dimer energy, obtained with
the same functionals using an extended 6-311+ G(2d,p) basis sets
with involved counterpoise (CP) procedure,®” and optimized
monomer energy, obtained in the same way. The geometries used

ChemPhotoChem 2023, 202300201 (8 of 9)

for TD DFT calculations were obtained from dimer optimization
with ®B97X-D functional®” and 6-31G(d,p) basis set. All calculations
were carried out with Gaussian 09 software.’” The resulting
geometries were characterized by plane-to-plane (PP) and center-
to-center (CC) distances between DPP cores of both monomers in a
dimer."” Computed PP and CC were evaluated by Mercury 3.9.5%
Excitation energies of the lowest six singlet states of the dimers
were computed by TD DFT with ®B97X-D xc functional and 6-31+
G(d,p) basis set. Natural transition orbitals (NTO) were calculated by
TD DFT with ®B97X-D xc functional and 6-31G(d,p) basis set.
Triplet-triplet absorption of the monomers was modelled by TD
DFT B3LYP (6-311+G(2d,p)) excitation energies on T, geometry
(DFT B3LYP (6-311G(d,p)).
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Furanyl-substituted diketopyrrolopyr-
roles (DPP) with different branching of
the alkyl side chains were studied.
Both formed two distinct types of n-
stacking leading to H-aggregates with
considerably different energetics in
terms of mixed lowest Frenkel and
charge transfer (CT) states. The
combined effect of the molecular
structure and solid-state arrangement
lead to fast and efficient CT mediated
singlet fission, with one of the highest
efficiencies (160 %) ever reported
within the DPP family.
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