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We used a systematic approach to shed light on the inherent differences in perylenes, namely monoi-
mides versus diimides, including coplanarity and dipole moment, and their impact on singlet fission (SF)
by designing, synthesizing, and probing a full fledged series of phenylene- and naphthalene-linked
dimers. Next to changing the functionality of the perylene core, we probed the effect of the spacers and
their varying degrees of rotational freedom, molecular electrostatic potentials, and intramolecular inter-
actions on the SF-mechanism and -efficiencies. An arsenal of spectroscopic techniques revealed that for
perylene-monoimides, a strong charge-transfer mixing with the singlet and triplet excited states restricts
SF and yields low triplet quantum yields. This is accompanied by an up-conversion channel that includes
geminate triplet—triplet recombination. Using perylene-diimides alters the SF-mechanism by populating a
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charge-separated-state intermediate, which either favors or shuts-down SF. Napthylene-spacers bring
about higher triplet quantum yields and overall better SF-performance for all perylene-monoimides and
perylene-diimides. The key to better SF-performance is rotational freedom because it facilitates the
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Introduction

New and innovative strategies are necessary to overcome the
so-called photoelectric limit, a theoretical threshold that
describes limitations in power-conversion efficiency in single
p-n junction solar cells."? One such strategy uses singlet
fission (SF). In SF, a singlet excited state (S;) is down-converted
into two lower-energy and separated triplet excited states (T +
T;).>” Such a singlet-to-triplet transition starts at (S;S,) and
proceeds via a correlated triplet pair '(T;T;), in which the spin
multiplicity is maintained. This renders the generation of
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overall excited-state polarization and amplifies intramolecular interactions between chromophores.

(T, T,) rapid and efficient, in contrast to conventional intersys-
tem crossing (ISC).5™*

For SF to occur, the molecular system must meet a number
of criteria. These include, among others, matching the ener-
gies of (S;) and (T;) so that E(S;) > 2E(Ty). Its difference deter-
mines the thermodynamic driving force of SF.®™" Electronic
communication is ensured either by crystal packing in the
solid state or high concentration in solution and governs inter-
molecular SF.">"° A drastically different approach involves the
use of molecular dimers, for which SF is intramolecular (i-SF)
and the molecular spacers influence the SF mechanism, its
rates, efficiencies, and quantum yields.'®2°2°

Mechanistically, SF proceeds mainly via two general path-
ways: one in which the initial (S,S,) state transforms directly
into *(T,Ty), or the second, in which an intermediate state is
populated prior to *(T;T;). In most cases, this intermediate
state might be a charge transfer (CT) state, either virtual or
real, or even a charge separated (CS) state."*?**?¢72> Once
formed, *(T,T,) is subject to spin decoherence, which sets up
the path to two separated triplet excited states (T; + Ty). If the
electronic coupling is, however, too strong, spin decoherence
is no longer inactive. Instead, either triplet-triplet annihilation
(TTA), by which the electronic ground state is recovered, takes
over, or up-conversion via geminate triplet-triplet recombina-
tion (G-TTA-UC) occurs to yield (S;S,).**33° 743

This journal is © The Royal Society of Chemistry 2022
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Recently, several families of molecular building blocks have
been demonstrated to be SF-active: these include first and fore-
most linear acenes>**? such as tetracene and pentacene, fol-
lowed by carotenoids,**™° diketopyrrolopyrroles,>®>*%°"%” and
rylenes®®*7® such as perylene- and terrylene-diimides. Lately,
we shifted our attention to a dimer of perylene-monoimide
with napthylene as a spacer (PMI-N-PMI). At room tempera-
ture, PMI-N-PMI shows fast G-TTA-UC rather than SF. But,
G-TTA-UC could be suppressed by either lowering the tempera-
ture (~140 K) or using polar solvents (benzonitrile)."® Both
approaches helped stabilize the correlated triplet pair *(T;T;).
The strong electronic coupling between the two PMIs pre-
vented, however, the disentanglement into (T, + T;). Instead,
the electronic ground state was reinstated via TTA.

In this contribution, we build on our findings regarding
PMI-N-PMI and explore two novel SF aspects. First, we
changed the dipole moment in the dimers by replacing pery-
lene-monoimides (PMI) with perylene-diimides (PDI). Second,
we altered the intramolecular interactions, while restricting
the rotational freedom, by changing from a napthylene- to a
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Fig. 1 Chemical structures of PDI-P-PDI, PDI-N-PDI, PMI-P-PMI, and
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phenylene-spacer (Fig. 1). By doing so, we shed light on the
impact of dipole moments within monomers and dimers and
the intramolecular exchange coupling on the SF-mechanism,
-kinetics, and -efficiencies.

Results and discussion
Synthesis

PDI-N-PDI, PDI-P-PDI, and PMI-P-PMI were synthesized by
condensation of a perylenemonoanhydride, either PMAMI’’ (for
the first two compounds) or PMADE’® (for the latter), with the
corresponding arylenediamine using molten imidazole as solvent
and DMAP as catalyst (Scheme 1) in 61%, 51%, and 51% yields,
respectively (see ESIT for details). It is interesting to note that
PDI-P-PDI has been previously synthesized in 5% yield after 4
days of reaction,”® while our method afforded it in 51% after
5 hours. Characterization was carried out by "H-NMR, *C-NMR,
FT-IR, UV-vis, and HR-MALDI-TOF (Fig. S1-S61).

Theory

We used gas-phase calculations to investigate inherent geo-
metrical differences as follows; firstly, we focused on the geo-
metries of the PMI and PDI base core (Fig. S541). PDI with
fused imide groups displayed a large-area coplanar confor-
mation, whereas in PMI-Ref the perylene core exhibits torsion
of approximately 5° due to the break of coplanarity caused by
the terminal ester groups. Optimized distances of non-covalent
interactions between oxygen (O) and hydrogen (H) atoms in
the bay region and details on the coplanarity were also ana-
lyzed (Table S97). Overall, PMI-P-PMI and PMI-N-PMI exhibited
lower electron-deficiency in the monomeric planes, when com-
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Scheme 1 Synthesis of the phenylene- and naphthylene-linked perylene-monoimide and perylene-diimides dimers PMI-P-PMI, PDI-P-PDI, and

PDI-N-PDI.
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coplanarity is responsible (Table S9, Fig. S55%). In-depth ana-
lyses were carried out among the central spacers. Longer dis-
tances between neighboring O- and H-atoms in the bay
regions, 3.5 A for PDI-N-PDI and 3.2 A for PMI-N-PMI versus
3.0 A for PDI-P-PDI and PMI-P-PMI, are consistent with larger
twist-angles between monomer- and spacer-planes, approxi-
mately 89.5° for PDI-N-PDI and 77° for PMI-P-PMI versus 69°
for PDI-P-PDI and PMI-P-PMI. At this point, we conclude a
less-hindered rotation for the napthylene-spaced dimers
(Table S9Y).

Next, we examined the molecular electrostatic potentials
(MEP). We found that the negative surfaces around the
O-atoms overlap well with the positive ones associated with
the H-atoms of the spacer, perhaps indicating C-H:--O hydro-
gen bonds, which also result in larger dipole moments in the
phenylene-spaced dimers (Table S107).**"®* The resulting geo-
metry leads to highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs) of, for
example, PMI-P-PMI that are delocalized over the two PMIs
without any appreciable coefficients on the spacer itself
(Table S117). The situation is different for the napthylene
spacers. HOMOs are delocalized across the entire molecule
including the spacers themselves. Only the LUMOs lack contri-
butions on the spacers (Table S127). Finally, HOMO and
LUMO of PDI-P-PDI are distinctly localized on one or the other
of the two PDIs. A more heterogeneous charge distribution is
the consequence (Table S137).

Photophysics

Monoimides versus diimides. First we focused on the com-
parison between the previously reported PMI-N-PMI *° and the
newly synthesized PDI-N-PDI. The steady-state absorption
spectra reveal a 20 nm bathochromic shift and a doubling of
the extinction coefficients for PDI-N-PDI relative to PMI-N-PMI
for all solvents (toluene - Tol, tetrahydrofuran — THF, benzo-
nitrile - BN) and did not reveal any signs of aggregation
(Fig. 2). The extinction coefficients of PDI-N-PDI were indepen-
dently confirmed by a comparison with PDI-Ref,** a bay-substi-
tuted PDI monomer as reference (Fig. S71). The bay-substi-
tution prevented the monomer from forming aggregates and,
thus, serves as a better reference for non-aggregating dimer.
The extinction coefficients in PDI-N-PDI are nearly three times
higher than PDI-Ref (Fig. S137).

Steady-state fluorescence measurements of PDI-N-PDI
revealed similar fluorescence quantum yields (FQY) to PMI-N-
PMI. The lowest FQYs were found in THF, with higher values
in Tol and BN (Fig. 2). For PDI-N-PDI, the FQYs are 89% in
Tol, 38% in THF, and 69% in BN. Compared to PDI-Ref with
100% in Tol, 96% in THF, and 85% in BN, the fluorescence is
quenched in PDI-N-PDI (Fig. S13, Table S17).

Regarding the excitation spectra, similar changes in the
oscillator strength upon probing different solvents, as in the
case of PDI-N-PDI, were interpreted as CT contributions to
(S1)."”” Regarding the fluorescence spectra, significant changes
contrast the case of PDI-N-PDI and confirm the involvement of
CT. A closer look into this matter came from recording time-
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Fig. 2 Absorption (a) and fluorescence (b) spectra of PDI-N-PDI in Tol
(black), THF (red), and BN (blue), respectively.

resolved emission spectra (TRES) for PDI-N-PDI (Fig. S19bf¥).
PDI-centered fluorescence maxima evolve for PDI-N-PDI in BN
at 537 and 575 nm. As time progresses, the former splits into
554 and 578 nm maxima, while the latter remains largely
unchanged (Fig. S19b¥). We ascribe these observations to an
equilibrium between a fluorescent (5;S,)/(S1S0)so1 and an emis-
sive (S1So)cs — vide infra.

In time-correlated single-photon counting (TCSPC)
measurements, a mono-exponentially decaying fluorescence
with a 3.6 ns lifetime was found for PDI-N-PDI in Tol. The fluo-
rescent decay of PDI-N-PDI is doubly exponential in THF and
BN. The lifetimes are 1.4 and 3.7 ns in THF and 2.5 and 26.0
ns in BN (Fig. S19, Table S3f). Only a single fluorescent
species was found for PMI-N-PMI,'° regardless of the solvent.
In other words, multiple, solvent dependent, fluorescent
species are only present in PDI-N-PDI. It is notable that
PDI-Ref featured only a mono-exponential fluorescence decay
in all solvents (Fig. S17, Table S37).

Next, we performed electrochemical and spectro-electro-
chemical (SEC) measurements to determine the reduction and
oxidation potentials of PMI-P-PMI, PDI-P-PDI, PMI-N-PMI, and
PDI-N-PDI and also to identify the spectral fingerprints of
their one-electron reduced and oxidized forms. One-electron
reduction and oxidation for PDI-N-PDI occurred at —0.84 and
+1.48 V versus Fc/Fc', respectively (Fig. S87).

This journal is © The Royal Society of Chemistry 2022
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In SEC assays with PDI-N-PDI, applying a negative potential
led to the fully reversible formation of the one-electron
reduced form, which features maxima at 700 and 960 nm. In
contrast, a positive potential resulted in the irreversible for-
mation of the one-electron oxidized form. Here, a rather broad
maximum at about 600 nm evolved (Fig. 3). Both the one-elec-
tron reduced and oxidized SEC fingerprints agree fairly well
with previous reports.

Finally, time-resolved transient absorption measurements,
on the femto- (fs-TAS, 0 ps - 5.5 ns) and nanosecond (ns-TAS,
0 ns - 350 ps) timescales, revealed details about the excited-
state kinetics and SF-process of PDI-N-PDI and its differences
to PMI-N-PMI. TAS data were evaluated via GloTarAn® target
analyses. First, we refocus on PMI-N-PML'® Our previous study
revealed that PMI-N-PMI is subject to an efficient up-conver-
sion via geminate triplet-triplet recombination (G-TTA-UC). At
room temperature, G-TTA-UC inhibits the observation of any
triplet excited state.

Independent confirmation for TTA-UC came from steady-
state and time-resolved fluorescence measurements. Lowering
the temperature, on the one hand, and/or turning to polar sol-
vents, on the other, assisted in deactivating the up-conversion
and activating SF. Next to up-conversion via G-TTA-UC, a med-
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Fig. 3 Spectro-electrochemical features of the (a) one-electron

reduced and (b) one-electron oxidized species of PDI-N-PDI in a

toluene/acetonitrile solution (4/1 v/v) with 0.1 M tetrabutylammonium

hexafluorophosphate (TBAPFg) as supporting electrolyte.
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iating (S;So)cr, which is based on a rather strong mixing
between charge transfer, singlet, and triplet excited states, is
involved."’

Turning to PDI-Ref, photoexcitation (1ex = 480 nm, 400 nJ)
led to formation of broad maxima at 680 and 910 nm, together
with minima at 463, 533, 581, and 625 nm. The former two
minima represent ground-state bleaching (GSB), while the
latter two stem from stimulated emission (SE).

On the fs-TAS timescale, all features red-shift within pico-
seconds regardless of the solvent (Tol, THF, BN). The corres-
ponding transition relates to solvent reorganization of the
initially formed (S;) and results within roughly 7 ps in (S1)sor-
Subsequently, the ground state is reinstated within about 5 ns
in all solvents. Measurements on the ns-TAS timescale corro-
borate the (S;)so; deactivation and that no triplet excited state
via, for example, intersystem crossing (ISC), is formed
(Fig. S24-S29, Table S4+).

Switching to PDI-N-PDI, photoexcitation (1ex = 480 nm, 400
nJ) led to the instantaneous formation of broad maxima at 705
and 920 nm, together with GSB and SE minima at 455, 527,
571, and 620 nm, respectively. These are the characteristics of
(S1S0)- On the fs-TAS timescale, a red-shift of GSB, SE, and
maxima indicates solvent reorganization in all solvents (Tol,
THF, BN). This solvent reorganization takes about 1 ps and
transforms (S;S) into (SiSe)sol. In Tol, (S1Se)so1 €xperiences
direct ground-state recovery, which is completed after 3.50 ns
without the population of any other intermediates (Fig. S307).
In stark contrast, in THF and BN the (S;So)so1 features are
replaced by a new species after 1.40 and 1.68 ns, respectively.
The newly evolving maximum at 955 nm is most notable. The
fs-TAS timescale is, however, insufficient to resolve all the
characteristics of this species fully, making it necessary to
examine it more closely with ns-TAS. Here, the full range of the
new species could be resolved. It included maxima at approxi-
mately 600, 700, and 955 nm. All of them are in perfect agree-
ment with the spectral fingerprints of the radical anion and
radical cation features seen in the SEC assays (Fig. 3), which
was illustrated by an overlay of the individual species (Fig. 5a).
From this agreement, we conclude that a symmetry-breaking
charge separated (S;So)cs state evolves. It is notable that in BN,
the spectral fingerprints are somewhat sharper than in THEF,
which points to some solvent stabilization of (S;S)cs (Fig. 4
and S347). This stabilization was furthermore corroborated by
means of TRES in BN - vide supra. The stabilization governs
the subsequent (S;S,)cs decay. For example, (S;S0)cs continues
in THF to transition after 7.62 ns into two subsequent species.
They both exhibit maxima at 440, 500, and 555 nm next to GSB
at 427 nm rather than any NIR transient or SE (Fig. 4).

All of these features reflect the triplet excited state. Triplet—
triplet sensitization measurements (Fig. S23f) with a
N-methylfulleropyrrolidine (N-MFP) sensitizer (Fig. S20t) and
an overlay of the respective species confirmed our spectral
assignment (Fig. 5b). We therefore come to the conclusion
that these species relate to the correlated *(T;T;) and uncorre-
lated triplet pair (T, + T,) states. Their lifetimes are 35.3 ns
and 81.7 ps, respectively. In other words, (5;S)cs mediates in

Nanoscale, 2022, 14, 5194-5203 | 5197
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Fig. 4 (a) Ns-TAS spectra (lex = 480 nm, 400 nJ) of PDI-N-PDI in THF with time delays between 0-350 ps. (b) Respective time absorption profiles
at 501, 525, 553, 595, 608, and 700 nm. (c) Deconvoluted and GSB normalized ns-TAS spectra of the solvent relaxed singlet excited state (S;So) (red),
charge separated state (5,S0)cs (blue), singlet correlated triplet pair (T,T,), and uncorrelated triplet pair (T, + Ty) of PDI-N-PDI in THF as obtained by

target analysis. (d) Respective population kinetics.

THF the population of the triplet excited states. In BN, only a
single species of, however, low intensity and a long lifetime of
161.6 ps was found. From a spectroscopic comparison, we con-
clude that it is the triplet excited state (Fig. S34}). As above-
mentioned, solvent stabilization of (S;Sy)cs goes hand-in-hand
with a longer lifetime of 31.44 ns, but seems to prevent popu-
lation of '(T,T,). Instead, only (T,) is formed either as a
product of charge recombination or as a product of a slow and
inefficient ISC (Table S57).

The triplet quantum yield (TQY) was determined by normal-
izing the GSB in the deconvoluted species-associated spectra
(SAS) derived in the GloTarAn target analyses (see ESIf for
details), resulting in a TQY for PDI-N-PDI in THF of 36%.}

An alternative mechanism for the population of the
different triplet excited states implies charge recombination
from the charge separated state and, in turn, population of
two isolated triplets, rather than a correlated triplet pair.®® The
long-lived triplet excited states might stem from conformation-
al changes that occur on longer time scales.®® In the past, such

11t should be mentioned that the overlap of GSB and triplet excited state fea-
tures hampers a precise determination of its TQY to its full extent. Furthermore
the yield for the transition from (T, T) to (Ty + Ty) is around 90%.
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a behaviour has been reported for pentacene dimers, for
which rather long distances between pentacenes assisted in
decoupling them and in supporting the described SF mecha-

nism.%¢

Under such conditions, rotational freedom of the
naphtylene-linker is likely to be responsible for decoupling the
perylene-diimides. Considering the complete absence of a
nanosecond-lived triplet feature in BN renders a CS-mediated
mechanism more reasonable.

At this point, we conclude that when utilizing perylene-
monoimides, a CT pathway enables SF. It takes, however, low
temperatures and/or polar environments to suppress up-con-
version via G-TTR-UC and to detect SF. Instead, when using
perylene-diimides, a CS pathway is activated. It, however, med-
iates SF and, in turn, '(T,T,) population, only in moderately
polar environments such as THF. In a very polar environment
such as BN, (S;So)cs is a trap state, which shuts down any SF.*”
In this scenario, only one (T;) species is formed as a product
of charge recombination.§

§Here it should be noted that the photo-salient feature of the naphthylene-
linker could also, in theory, lead to the population of PDI excited states via
energy transfer, especially with excitations less than 387 nm.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Spectral overlay of (a) the one-electron reduced species (red),
the one-electron oxidized species (purple) from SEC of PDI-N-PDI in
toluene/acetonitrile solution (4/1 v/v), and (S1So)cs (blue) from ns-TAS of
PDI-N-PDI in toluene/acetonitrile solution (4/1 v/v), after adjusting the
intensities of the spectra and (b) the sensitized (Ty) (black), “(T,Ty)
(green), and (T; + Ty) (orange) from nsTA of PDI-N-PDI in THF.

Phenylene- versus naphthylene-linker. The same set of
experiments was conducted for the phenylene-spaced PMI and
PDI dimers: PMI-P-PMI and PDI-P-PDI to shed light onto
emerging differences between phenylene- and napthylene-
spacers. Overall, the results of the steady-state absorption and
fluorescence measurements with PMI-P-PMI and PDI-P-PDI
were exactly the same as summarized for PMI-N-PMI and
PDI-N-PDI. Notably, the extinction coefficients were lower than
those of the naphthylene-spaced dimers, but higher than
those of the references (Fig. S12 and S14, Table S17).

The FQYs are Tol > BN > THF. Despite the fact that the
FQYs of PMI-P-PMI and PDI-P-PDI were the lowest in THF,
they were still rather high when compared to PMI-N-PMI and
PDI-N-PDI with values of 68% and 73%, respectively (Fig. S12
and S14, Table S1}). This per se indicates the worse perform-
ance of phenylene spacers to drive SF in PMIs and PDIs.
Deeper insights came from the TCSPC measurements. For
PDI-P-PDI, the fluorescence of only one species was found in
Tol, while two fluorescent species were detected in THF and
BN. PMI-P-PMI featured much like the observations for PMI-N-

This journal is © The Royal Society of Chemistry 2022
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PMI a mono-exponential fluorescence decay in all solvents.
Also, their respective lifetimes are quite similar with roughly 4
ns for PMI-P-PMI and PMI-N-PMI (Fig. S16, Table S2t). What
changed, however, was the lifetime of longer-lived species,
which was for PDI-P-PDI in THF much longer than for PDI-N-
PDI (Fig. S18, Table S37).

SEC measurements were successful in terms of reducing
PMI-P-PMI with its 650 nm fingerprint, but its oxidation failed
(Fig. S91). For PDI-P-PDI, both reduction and oxidation
resulted in characteristic fingerprints at 700/960 and 600 nm,
respectively (Fig. S107). Overall, the SEC fingerprints are nearly
identical for PMI-P-PMI/PDI-P-PDI and PMI-N-PMI/PDI-N-PDI.

Turning to fs-TAS and ns-TAS measurements, we first
focused on PMI-P-PMI. Measurements were conducted at
room and cryogenic (140 K) temperatures, to corroborate the
temperature dependent triplet-triplet interactions as seen in
PMI-N-PMI. At room temperature, the deactivation sequences
of PMI-P-PMI and PMI-N-PMI are identical. First, population
of the singlet excited state (S;S,) takes place. Second, (S;So)
transitions to a state with charge-transfer character (S;So)cr-
Finally, (S;So)cr populates a species, which has the same spec-
tral shape as (S;S,) before the ground state is recovered, indi-
cating up-conversion via G-TTR into (S;So)uc (Fig. S35-S37,
Table S6t). Unlike PMI-N-PMI, a change in solvent polarity did
not influence the deactivation sequence of PMI-P-PML

Fs-TAS and ns-TAS measurements at 140 K revealed the
population of the correlated triplet pair state '(TyT,), mixed
with a significant CT character, noticeable by a shoulder at
around 650 nm especially in BN and at 140 K. This is very
much like PMI-N-PMI, albeit with much lower efficiency
(Fig. S38, Table S6t).|| The triplet excited state features, that is,
a maximum at 530 nm and a GSB at 510 nm, were furthermore
confirmed through triplet-triplet sensitization measurements,
using anthracene (Fig. S207) as sensitizer (Fig. S217). Overall
the same SF-mechanism is applicable to PMI-N-PMI and
PMI-P-PMI (Fig. S39-S47, Table S7f). But, the overall SF-
efficiency, namely the TQY of (T;T;)cr, is with 4.1% very mod-
erate and, as such, lower than in PMI-N-PMI.**

Switching to PDI-P-PDI, its deactivation pattern was quite
similar to PDI-N-PDI, with, however, one notable difference. In
Tol, photoexcitation generates (S;S,), which undergoes solvent
relaxation to afford (S;S¢)so1 and ground state recovery. In THF
and BN, (S;So)so1 converts into (S;Sg)cs with 22.56 and 41.64
ns, respectively (Fig. S48-S53t). Spectroscopic evidence came
in the form of the characteristic 600, 700, and 955 nm finger-
prints. But, unlike PDI-N-PDI, neither the correlated '(T,T,)
nor the uncorrelated triplet pair (T; + T;) state evolved.
Instead, in both THF and BN only one long-lived state is

§/Steady state and TCSPC measurements at 140 K led to a red-shifting and nar-
rowing of the absorption and fluorescence features next to a decreasing of the
lifetimes (Fig. S15 and S16, Table S2+).

|| For PMI-N-PMI, polar solvents facilitated and allowed the population of corre-
lated triplet pairs.

**Obtained via normalizing the GSB in the obtained species associated spectra
(SAS) from GloTarAn target analysis — see ESI} for more details.
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formed as a product of charge-recombination (Table S87),
which we correlate to a single triplet excited state *(SoT;) due
to its similar appearance and lifetime to the sensitized (T;)
(Fig. S221).

The consequence of replacing a naphthylene-spacer with a
phenylene-spacer is that the SF-efficiency is either reduced, in
the case of PMI-P-PMI, or even shut down, in the case of
PDI-P-PDI. These changes occur despite the closer inter-PMI
and -PDI distances in PMI-P-PMI and PDI-P-PDI. A likely
rationale is based on the geometrical restrictions of the free
rotations. Weaker electronic couplings and interactions
between the two PMIs and PDIs are due to the phenylene-
spacers. Theory presented another key difference between
the phenylene- and naphthylene-spacers. We probed the
hole (h") and electron (e7) distributions, on one hand, and
the excitation assignments of the S, — S; transition, on the
other hand (Table $13%).%%%° Both h* and e~ distributions
in PMI-P-PMI and PDI-P-PDI are almost identical. They are
localized on both PMIs/PDIs, but not on the phenylene-
spacers. This sheds light onto the (S;) nature in PMI-P-PMI
and PDI-P-PDI, namely locally excited states, and explains
the poor SF-efficiency. For PMI-N-PMI and PDI-N-PMI, e~
distributions are on the naphthylene-spacers, while h* distri-
butions are on both PMIs/PDIs. This explains the generally
better SF-performance in the naphthylene-spaced dimers. In
terms of excitation assignments, PMI-P-PMI showed evenly
degenerate and delocalized transitions, whereas PDI-P-PDI
showed evenly degenerate but localized transitions. Taking a
closer look at PMI-N-PMI, it featured a transition with
56.6% partial CT character, whereas the transition in PDI-N-
PDI is composed of 61.6% partial and 8.7% full CT charac-
ter (Table S13+).

a) PMI-P-PMI
(S:50) B
 pm—e 130)cr 1
(Slslc)uc\‘ - m
1 1
hv 5 G-TTR | TTA
! @297K | @140K
| i
i —— Tol (PDI-P-PDI, PDI-N-PDI)
b) PDI-P-PDI & PDI-N-PDI ~ — THF (PDI-P-PDI)
—— THF (PDI-N-PDI)

S,S,
5550 (S1So)sai (S:So)cs —— BN (PDI-P-PDI, PDI-N-PDI)
"

= mm)
\\ (SoTy) \ (T,+T,)
Rkl ol

hv

A=
————

v

(SoSo)

Fig. 6 General mechanistic schemes illustrating the deactivation
mechanism of PMI-P-PMI (a) with all observed transitions at room
temperature and 140 K together with the respective deactivation
mechanisms of PDI-P-PDI and PDI-N-PDI (b) contingent on the utilized
solvent.
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Conclusions

Building upon on our previous study of a naphthylene-spaced
perylene-monoimide dimer (PMI-N-PMI) we exchanged, on
the one hand, the chromophore from a perylene-monoimide
to a perylene-diimide and, on the other, the spacer from a
naphthylene to a phenylene and investigated the effects on
SF. In PMI-N-PMI, SF is mediated via a CT state but needs
to overcome G-TTR-UC, by either lowering the temperature
or using a polar solvent. In PDI-N-PDI, SF is mediated via a
CS state, in which solvent polarity plays a crucial role as it
either enables, in THF, or suppresses, in BN, the population
of (TyTy). The change in mechanism between perylene-
monoimides and perylene-diimides relates to the differences
in MEP surface area and deviations from coplanarity.
Immediate consequences are changes in dipole moment
and geometry vector.

Changing the spacer from naphthylene to phenylene exerts
no notable effects on the SF. The only notable difference is the
lower efficiency in PMI-P-PMI and PDI-P-PDI relative to PMI-N-
PMI and PDI-N-PDI. The closer proximity in the phenylene-
spacers comes at the expense of a higher polarization magni-
tude and no communication across the spacer as seen in
PDI-P-PDI, where SF is absent. For the naphthylene-spacer we
observe overall stronger interactions like in PDI-N-PDI. The
spacer is part of the excited state polarization and together
with a lower MEP results in the right communication between
the PDIs/PMIs. This minimizes loss channels and, in turn,
increases the population of '(T,T,). Fig. 6 illustrates the de-
activation mechanisms in PMI-N-PMI, PDI-N-PDI, PMI-P-PMI,
and PDI-P-PDI as a function of temperature and solvent

polarity.
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